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ABSTRACT

The Influence Of Second-Order Motion On The Induction Of Vection
Cindy Potechin

Optical flow fields composed of spatiotemporal luminance modulations (first-order) versus
spatiotemporal contrast modulations (second-order) differ in their ability to induce the
illusions of motion aftereffect (MAE) and structure from motion. The inability of second-
order (SO) motions to support structure from motion except in response to simple motion
stimuli has led to the suggestion that SO motions cannot support computations relating to
motion-in-depth. Three experiments were used to determine the ability of first-order (FO)
and SO motion stimuli to induce vection, the illusion of 3-D motion induced by image
flow. Subjects reported the duration and latency to onset of the MAE and vection illusions
in response to stimuli composed of mulitiplicative combinations of a basic vection signal
(radially expanding concentric rings) with three different carriers. The stimulus patterns
contained different amounts of FO and SO motion energy (ME). The results indicated that
a SO motion signal can induce vection but the vection responses will have slower onsets
and shorter durations than those induced by a FO motion signal. As well, the vection
response to the SO signal is not the result of contamination by FO artifacts, suggesting that
the visual system contains a mechanism specialized for the detection of SO motions and that

the activation of these mechanisms is sufficient to induce a sense of self-motion.
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The Influence Of Second-Order Motion On The Induction Of Vection

Motion processing is so crucial to our survival that Nakayama (1985) described it
as a fundamental biological sense, as basic as sensitivity to contrast and color. Visual
motion processing subserves many functions including the co-ordination of head and body
movements, the avoidance of collision with objects in the environment, and the separation
of objects from their backgrounds. Researchers have been able to provide evidence for
low-level motion detection mechanisms based on the principle of spatiotemporal energy
detection to explain the detection of simple motions such as a white bar moving across a
dark background. However, there are some classes of motion cannot be explained on the
basis of these low-level mechanisms such as theta motion (Zanker, 1993), where an object
defined by dot motion in one direction is actually moving in the opposite direction, and
nonFourier motion (Chubb and Sperling, 1988), which refers to stimuli which are
perceived to be moving coherently but that show no coherent direction of motion in local
patches of the image. Different theories suggest that motion detection of these complex
motions is either constructed late in the visual system or represents an elementary cognitive
process.

The idea that motion is mediated by multiple mechanisms is a relatively recent
development in motion research. Many early motion studies examined stroboscopic
motion, a form of apparent motion rather than real or continuous motion. Stroboscopic
motion refers to the experience of movement induced by successive presentations of
stationary stimuli while real motion pertains to the continuous movement of objects.
Initially, there was some concern over using apparent motion as an approximation of actual
motion. Braddick (1974) suggested that apparent motion created with small displacements
was processed by the same early stage mechanism which mediated the perception of
continuous motion. Evidence supporting the idea that apparent motion is processed by the

same mechanism as real motion was not demonstrated until 1984.



Gregory and Harris (1984) were able to present real and apparent motion in
opposing directions on a single disc by using two different light sources, continuous and
strobe lighting, to illuminate a rotating disc with equally spaced black and white sectors.
They were able to reduce the two motions to ambiguous jitter by adjusting the relative
luminances of the two light sources. The finding that real and apparent motions presented
in opposing directions can cancel each other out suggested that the two motion signals are

extracted by the same neural mechanism (Gregory, 1985; Gregory and Harris, 1984).

A) Short-Range versus Long-Range Motion

Braddick (1974) was the first to propose the involvement of two separate visual
pathways in motion detection. In a study comparing different types of apparent motion, he
found large differences in the properties of motion induced by random dot kinematograms
(RDKs) and motion induced by larger displacements of large discrete forms. RDKs are
pairs of images containing randomly distributed black and white dots that are alternated in
time. A central region of dots is displaced uniformly from one frame to the next whereas
all dots outside this region vary randomly. When the two patterns are alternated at an
appropriate rate, an oscillating “object” appears to move over a background. Braddick
(1974) named the two processes as long-range and short-range mechanisms because of the
existence of two different maximal displacement limits (D,,,) in the detection of apparent
motion in each of the proposed motion mechanisms. Braddick pointed out a number of
specific differences in the characteristics of the short-range and long-range systems
including spatial range, temporal range, and the ability to detect motion dichoptically.
Cavanagh and Mather pointed out the additional belief that the two systems showed
differences in the ability to produce motion aftereffects (MAEs), a phenomenon where
extended viewing of a unidirectional moving pattern results in an illusion of motion if the
pattern subsequently stops drifting.  Short-range motion was detected over short

displacements and brief durations when the stimulus was observed binocularly but not



when viewed dichoptically. Additionally, short-range motion could produce MAEs.
Long-range motion was detected over longer distances and longer durations and could be
observed without dichoptic presentation but it could not produce MAEs.

Unfortunately, the short-range versus long-range distinction proved to be
inconsistent with psychophysical evidence as was demonstrated by the following cases: 1)
The so called short-range motion can be seen over large distances. Chang and Julesz
(1983) showed that D, is related to the size of the elements in the RDK; D_, can be
increased by increasing the size of the RDK elements. Conversely, long range motion can
be detected with small shifts in the image. Many stimuli can produce compelling
impressions of motion with small displacements and it appears that the smallest
displacements under which motion is detected falls into the same range as for acuity
measures (Baker & Braddick, 1985). 2) Although Braddick (1974) reported a progressive
deterioration in the perception of an oscillating square as the interstimulus interval (ISI)
separating successive frames went from 10 to 80 msec, Mather (1988) found that apparent
motion could be detected for ISIs of up to 500 msec. 3) Cavanaugh and Mather (1989)
suggested that Braddick (1974) failed to show motion perception in response to
dichoptically presented RDKs because after-images interfered with the motion displays.
However, Cavanaugh and Mather (1989) presented a short-range motion stimulus
sequence in response to which motion could be detected easily. 4) Von Griinau (1986)
demonstrated that a MAE could be produced in response to long-range stimuli under the
appropriate testing conditions. 5) It was assumed that short-range motion detection
occurred early in the visual process and that the long-range process operated at a higher
level in the visual system to detect motion through the feature tracking. Chubb and
Sperling (1988) built a model to explain the responses of the visual system to both long-

range and short-range stimuli using a low-level mechanism.



B) First- order (FO) versus Second-Order (SO) motion

Cavanagh and Mather (1989) suggested an alternative motion encoding dichotomy
to Braddick’s (1974). Their argument was that Braddick’s (1974) long-range versus short-
range distinction was actually a stimulus distinction which did not necessarily represent the
existence of two fundamentally different mechanisms. The short-range process was based
on the properties of RDKs, spatiotemporal variations in image intensity, while the
traditional stimulus for long-range motion studies were individual shapes presented in
succession at different spatial locations. Therefore, Cavanagh and Mather (1989) proposed
two stimulus distinctions, FO and SO motion, which do not necessarily support the
existence of different motion mechanisms.

FO properties are defined in terms of the dimensions of regions that vary in the
image. FO stimuli are characterized by individual points that differ in terms of FO
properties, luminance and possibly color. This represents information received at the
earliest level of the visual system and which is conveyed through the visual system up to
the level of the striate cortex with little modification. SO properties describe the frequency
with which specific combinations occur for pairs of points in the image. SO images refer
to image regions which have identical mean luminance but which differ in SO properties
such as contrast modulation, texture, temporal modulation, or ocular distributions (depth,
relative motion) of luminance. FO and SO motions refer to spatiotemporal displacements
of FO and SO properties, respectively. Cavanagh and Mather (1989) suggested that
separate mechanisms are required to process FO and SO motion although they did entertain
the possibility that a single mechanism might be able to handle the processing of the two

stimulus classes.

C) Fourier versus nonFourier motion
Chubb and Sperling (1988) proposed a distinction between Fourier and non-

Fourier motion which is similar to the FO/SO distinction of Cavanagh and Mather (1989).



Stimulus movement can be represented mathematically as a spatio-temporal luminance
function (such as L(x,y,t)) but it can also be expressed in terms of a spatio-temporal
frequency domain by the application of a Fourier transform to the luminance function
(Nakayama, 1985). Fourier stimuli refer to image motions that produce a concentration of
Fourier components on a plane through the origin of the spatio-temporal frequency domain.
Consequently, such motion can be extracted by Fourier based motion detectors.
NonFourier stimuli are patterns that do not display a coherent shift in their intensity profile
across space and time. The Fourier analyses of nonFourier stimuli do not contain a
concentration of energy on a single plane in the Fourier domain and, therefore, these
motions are invisible to Fourier based detectors (Chubb and Sperling, 1988). According
to Mather and West (1993) SO motion stimuli correspond to a sub-set of non-Fourier

motion stimuli, those involving SO contours.

Motion Detection Schemes

Theories of motion detection fall within two basic categories, feature matching and
motion energy extraction. Theorists normally promote one motion detection scheme over
the other but Smith (1994) argued that both computational strategies are used by the human
visual system. Feature matching models were originally designed to account for the
properties of apparent motion rather than continuous motion. A typical feature matching
model suggests that the visual system first identifies salient image features and then tracks
the position of these features over time. For example, in the minimal mapping theory of
motion (Ullman, 1979), motion was detected on the basis of correspondences established
between low-level image features such as points, edge fragments, and blobs. Matching
models allow for the determination of velocity of features in the image (Adelson & Bergen,
1985).

Depending on how a feature is defined, feature matching models can provide a

good account of the motion of FO stimuli such as a horizontally moving bar but are less



able to account for the perceived motion of SO stimuli such as beat stimuli, patterns which
alternate in contrast, and contrast modulated dynamic noise. FO stimuli appear to be
detected more easily than SO stimuli on the basis of feature detection but this does not
imply that feature matching models cannot be used to detect SO motion. Within the feature
matching framework questions such as What constitutes a feature? and What exactly is
being matched? have not been satisfactorily answered. The following circumstances pose
problems for the matching model: 1) The projected properties of a moving object change
over time. For example, when an object is rotated, markings on the surface of an object
have visually different representations over time; e.g., circles painted on a rotating cylinder
will appear as ellipses at different times during the rotation, 2) different directions of local
motion are perceived at different locations in the image for complex images such as random
noise patterns, and 3) motion sequences can be constructed in which the objects
represented in alternating frames are different but motion is perceived nevertheless. The
visual system clearly perceives motion under all these conditions (Adelson & Bergen,
1985). Therefore an alternative to the feature matching model may be required to explain
these phenomena.

RDKs are defined only by the displacement of a dot region over successive frames.
That is, RDKs cannot be detected in a single frame alone. Therefore, it is unlikely that
motion detection in RDKSs is based on feature matching because motion detection precedes
object identification (Zanker, 1994a). The visual system must perform a correlation type
operation to encode motion of RDKs which has lead a number of theorists to promote
motion energy (ME) mechanisms as an alternative to the feature matching framework
(Adelson & Bergen, 1985; Wilson, Ferrera & Yo, 1992). ME models assume that the
image first undergoes an initial stage of processing by linear spatiotemporal filters,
followed by a squaring nonlinearity, and finally, local responses are pooled to provide an

estimation of the motion phenomenon (Wilson et al., 1992).



Reichardt Type Motion Detectors
A simple type of comparator, the Reichardt type detector, has often been implicated

in the ME process. In its simplest form, the Reichardt detector (Reichardt, 1961) is a
direction selective system which uses a time delay to compare signals from spatially
separated photoreceptors. Figure 1 represents a Reichardt detector subunit specialized for
the detection of rightward motion. As the stimulus travels across the visual field, the

motion signal from receptor R, at time t, is correlated with the activity of receptor R, at time

t,+ At. The signal from receptor R, is delayed relative to that of R, before the two inputs

are multiplied together to form an integrated motion signal. The product of the multiplier is
large when the two signals arrive at the multiplication unit at the same time, signaling a high
probability of rightward motion. The Reichardt detector can process stimuli travelling
within a particular range of speeds. For stimuli travelling outside of that range, the inputs
of the two receptors will not reach the multiplier with sufficient overlap in time.

The Reichardt detector is composed of 2 subunits tuned to motion in opposite
directions (Figure 2). To calculate the response of the detector, the response of the M,
subunit is subtracted from the response of the M, subunit. That is, a positive output
represents rightward motion and a negative output represents leftward motion. Each
subunit can detect motion by itself but when the two subunits are combined the motion
detector is better able to distinguish between non-motion stimuli, such as flicker, from
continuous motion stimuli (Dosher, Landy, and Sperling, 1989).

The classic Reichardt detector was developed to explain motion detection in insects.
To predict human psychophysical behavior, van Santen and Sperling (1985) developed the
Elaborated Reichardt detector (ERD; Figure 3), an enhanced version of the classic motion
detector. Each subunit receives inputs from two spatiotemporal filters and the output is put
through a low-pass linear time filter rather than being compared using a pure time delay.
The outputs of the time filter are multiplied with the other unfiitered signal and then put

through a time averaging operation, to correlate the undelayed and delayed signals. Lastly,
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Figure 1. Schematic of the basic Reichardt detector subunit specialized for rightward
motion. Visual inputs from the two retinal receptors, R1 and R2, are correlated after a time
delay is applied to the signal from the leftward receptor.
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Figure 2. Schematic of the classic Reichardt detector. Two subunits tuned to motion in
opposite directions provide an opponent motion detector which is better able to distinguish
motion from non-motion phenomena than the individual subunits.
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Figure 3. Schematic of the elaborated Reichardt detector. Subunit input is first fed into a
spatiotemporal filter (SF) and then a linear time filter (TF). The two subunit signals are
then multiplied before being correlated by a time averaging operation (TA). Lastly, the
subunit outputs are subtracted to yield the ERD output.
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elaborated version of the Watson and Ahumada (1985) model and the Adelson and Bergen
(1985) model have been shown to produce equivalent outputs to the ERD (van Santen and
Sperling, 1985) although the order of operations differs in the three models.

It is widely accepted that FO motion can be detected by using motion energy in the
image as input to the conventional Reichardt detector described above. As previously
mentioned, Chubb and Sperling (1988) argued that Fourier stimuli contain luminance
contours oriented in space and time which give rise to energy that can be extracted by
Fourier based motion detectors. If the image motion does not contain luminance contours
oriented in space and time then the stimulus will be invisible to Fourier based motion
detectors. SO motion is readily detected by the observer (Cavanagh & Mather, 1989) but
the visual process by which SO motion is encoded has remained in contention. FO
detectors would show ambiguous responses to SO stimuli because the motion energy in
these stimuli is drift balanced, that is, the motion energy is equal in opposite directions,
even after spatiotemporal filtering by the visual system (Chubb & Sperling, 1988).

The fact that it is not possible to extract SO motion from conventional FO motion
detectors has led to the proposal that two distinct mechanisms are required for processing
FO and SO stimuli. Methods suggested to encode SO motions include high-level feature
matching (Ledgeway & Smith, 1994) and post-attentive object tracking (Cavanagh, 1992).
The SO motion mechanism appears to operate more slowly than the FO system because
longer stimulus durations are required to discriminate motion features such as direction of
motion (Cropper & Derrington, 1994; Derrington, Badcock, & Henning, 1993).

Although the slower operation of the SO mechanism may be due to the fact that the
SO system must analyze the spatial structure of the image before motion analysis can begin
(Cavanagh & Mather, 1989), this does not appear to be the most logical explanation. Beat
stimuli refer to SO stimuli formed by the addition of two sinusoidal gratings that differ in

spatial frequency that show a periodic variation in contrast that is visible as a “beat” pattern.
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Beat stimuli can be detected even at short stimulus durations at which motion direction is
indiscriminable. This suggests that motion detection is what slows down the detection of
SO motion direction rather than detection of spatial structure of the image (Derrington et al.,
1993).

The distinction between FO and SO motion is not just a theoretical one. A number
of empirical results suggest that FO and SO motion may be mediated by different
mechanisms. For example, in contrast to FO stimuli, SO stimuli do not evoke optokinetic
nystagmus (Harris & Smith, 1992), nor do SO stimuli permit the recovery of 3-D structure
from 2-D motion images, a phenomenon called the kinetic depth effect (Dosher, Landy &
Sperling, 1989; Landy, Dosher, Sperling, & Perkins 1991), unless the display contains
only a small number of moving features (Prazdny, 1986). Also, SO stimuli produce weak
or nonexistent (Derrington & Badcock, 1985; Nashida, Ashida, & Sato, 1994) MAEs to
static test stimuli which is not the case for FO stimuli.

Other results support the idea of two separate but qualitatively similar motion
systems. Mather & West (1993) demonstrated similar direction discrimination functions in
response to SO versus FO motion stimuli. Detection thresholds for contrast modulations
and motion direction show similar variations in response to manipulations of drift speed
and eccentricity of FO and SO motion stimuli (Smith, Hess, and Baker, 1994). Neither FO
nor SO mechanisms are capable of providing very reliable signals in response to plaid
patterns of high spatial frequencies (Derrington, Badcock, & Holroyd, 1992).

If SO and FO mechanisms work according to similar principles, there may be some
interaction between the mechanisms (Derrington & Badcock, 1985). Previous research has
reported effects consistent with the combined effects of FO and SO responses such as in
the case of direction specific adaptation (DSA). After exposure to an adapting stimulus
moving continuously in one direction (for example, rightward), DSA occurs when the
detection threshold for a test stimulus moving in the same direction (rightward) is elevated

relative to a stimulus moving in the opposite (leftward) direction. DSA and direction
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specific cross-adaptation has been reported for FO and SO stimulus types (McCarthy,
1993; Turano, 1991). Based on the study of plaid patterns that move in discrete jumps
rather than smoothly, Derrington, Badcock, and Holroyd (1992) indicated that there is a
trade-off between the FO and SO mechanisms. The plaid patterns they used were
configured so that the FO components of the plaid would jump at the same rate as the plaid
envelope but the SO components would only jump by 1/2 the rate of the FO components.
Theoretically for jump sizes of 1/4 period of the envelope of the plaid, a SO mechanism
signal would give rise to an ambiguous motion percept and the ability to detect the plaid
direction should be at chance levels. However, their subjects’ responses indicated that the
plaid direction detection levels were much greater than chance at jump sizes of 1/4 period.
This suggests that under conditions where the SO motion system is at a disadvantage, the
FO system may predominate in order to reduce motion ambiguity.

Not all researchers agree that FO and SO motions are encoded by separate motion
mechanisms. FO and SO stimuli may contain elements in common which could be
processed by a common mechanism in the motion pathway or FO and SO signals may
involve an interaction between mechanisms (Wilson et al., 1992) at a higher level in the
visual pathway. Chubb and Sperling (1988) pointed out that in some cases SO motion can
be encoded by energy-based processes if the motion signal of the stimulus is first
nonlinearly transformed (e.g. rectified) and then passed through the appropriate spatial and
temporal filters. That is, there is no need to resort to a theory of feature tracking to explain
SO motion (Smith, 1994). Grzywacz (1992) suggested that both FO and SO motions
could be detected by a common mechanism composed of a rectified band-pass filter in front
of a ME filter (Chubb & Sperling, 1988). One possibility is that both FO and SO stimuli
contain common elements which could be processed by one low-level mechanism. For
example, Smith & Ledgeway (1997) argued that many of the SO stimuli used in
experiments to test the FO versus SO distinction may contain FO artifacts which could be

used by a FO system to detect motion. However, the fact that SO stimuli cannot elicit
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certain visual phenomena which are elicited by FO stimuli provides evidence against the
viability of one common low-level motion mechanism.

The kinetic depth effect (KDE) can be driven by both FO and SO stimuli but the
effect is not very robust in response to complex SO stimuli such as luminous tokens
moving on a less luminous background where the contrast polarity of the tokens is
alternated (Landy et al., 1991). However, the KDE does produce a clear perception of
motion for simple SO stimuli such as the dynamic noise on static noise background
displays representing simple wire forms used by Prazdny (1986). It is possible that the SO
system was intended only to enhance the functioning of the FO system by providing
additional input into the process. Landy et al. (1991) suggested that even though the SO
motion mechanism is weak, low in spatial resolution, and concentrated at the fovea, there
are some indications that SO mechanisms provide input into the shape computations of the
KDE.

Albright (1992) described cells in area MT of monkeys which supported the idea
that SO stimuli are less salient for the visual system than FO stimuli. Although Albright
found that many of the MT cells acted as generalized motion detectors in that they respond
to both FO and SO motions, SO stimuli elicited similar but weaker responses than FO
stimuli. However, these effects could be equated if the contrast of the FO stimuli was
reduced. If one stimulus provides only weak input to the visual system, its “salience” may
be reduced when the two stimulus types are presented together. This might explain the
chance-level direction discrimination perforrance in the Mather and West (1993) study in
which subjects were asked to detect apparent motion in kinomatograms where the frames
alternated between texture-defined blocks (SO) and intensity-defined dots (FO) of equal
contrast. For kinematograms where both frames contained only one of the stimulus types,
direction discrimination performance was a function of displacement size.

Smith (1994) promoted the existence of three motion-detection mechanisms in

human vision, an intensity based mechanism sensitive only to FO motion, an intensity
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mechanism involving a nonlinear transformation of the luminance profile of the image so
that the mechanism is sensitive to SO motion, and a third feature tracking mechanism that
can detect both stimulus types. Smith suggested that SO stimuli may be processed by two
discrete mechanisms because he demonstrated that SO stimuli can be perceived based on
the principles of either a feature-matching theory or an energy theory depending upon the
viewing conditions. In Smith’s experiments, the energy system was dominant but the
feature based process took over when the energy system was disabled.

Whether or not FO and SO stimuli are processed by separate mechanisms, it is clear
that these two stimulus types do not give rise to identical motion percepts in all cases.
Dosher, Landy, and Sperling (1989) demonstrated that SO motions were unable to support
the KDE. In the continuation of these KDE experiments, Landy et al. (1991) supported the
idea that SO motions can contribute to the KDE even though SO motions alone may not be
able to support the KDE. On the other hand, Prazdny (1986) was able to demonstrate KDE
in response to SO motions when the stimuli simulated simple wire-frame objects. These
results raise questions about the involvement of SO motions in depth computations. These
questions are similar to those raised by Livingstone and Hubel (1988) concerning the role
of chromatic signals in the recovery of 3-D structure. The purpose of this research study is
to address whether SO stimuli can induce a phenomenon which requires the perception of

motion in depth, the vection illusion.

Vection

A major problem for the visual system is the discrimination between passive
locomotion and object motion because objects in motion relative to the stationary observer
may generate similar or identical optic flow patterns to the flow patterns generated during
passive transport of the observer. During active movement, interacting sensory
subsystems including the skeletal and muscular, vestibular, visual, cutaneous, and

kinesthetic subsystems work together to produce a signal indicative of self-motion of the
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individual (Johansson, 1977). When the individual moves about in the environment in an
active way such as during walking or running, there is corroborating information available
from a number of sensory subsystems upon which to interpret the motion experience.
Lishman and Lee (1973) demonstrated that vision plays a dominant role in the subsystem
complex.

If an individual is passively transported under conditions of acceleration or rotation
with respect to the earth, the self-motion signal arises mainly from visual and vestibular
input. Under these conditions, the motion signal relies heavily on the acceleration signal
arising from the vestibular input (Johansson, 1977). The visual input merely serves to
supplement the vestibular inputs in self-motion perception. Physiological evidence of this
phenomenon is demonstrated by cells in the vestibular nuclei which respond to visual
motion in one direction and to vestibular signals arising from body rotation in the opposite
direction (Howard and Heckman, 1989).

The situation becomes more complicated when an individual is transported under
conditions of constant velocity. The laws of physics indicate that the states of rest and
uniform linear motion (that is, at zero acceleration) are mechanically indistinguishable.
While the presence or absence of flow in the visual field may help the observer to
distinguish between these two states, visual flow may serve to confuse the individual.
Unlike vestibular stimuli which lead to a particular sensation of body motion, visual motion
stimuli can result in two perceptual interpretations (Brandt, Dichgans, & Koenig,1973;
Lishman & Lee, 1973. Egocentric motion perception occurs when observers perceive
themselves as stationary while faced with a moving visual field. Exocentric motion
perception occurs when observers perceive the moving surround as stable and see
themselves as moving. Brandt et al. (1973) suggested that exocentric motion perception
occurs when central nervous systems, which normally receive vestibular input, use visual

input as a substitute to determine the observer's motion relative to the environment.
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Illusory self-motion or vection occurs when an observer misinterprets motion in the
visual field as a signal arising from self-motion (Telford & Frost, 1993; Anderson &
Braunstein, 1985). Vection characteristically is an all-or-none phenomenon (Johansson,
1977) which may be perceived as indistinguishable from actual self-motion. Under natural
circumstances, the input of certain subsystems, such as the vestibular and kinaesthetic
subsystems, is reduced or unavailable when an observer is towed through the environment
without any active movement on the part of the observer. This can partially explain the
vection illusion, that is, vection occurs in the absence of sensory signals to oppose the
interpretation of the visual flow as arising from self-motion. In the case of passive
transport under conditions where no acceleration occurs, the vestibular system provides
only a weak response. Therefore, the visual input is the dominant factor used to signal
self-motion relative to the environment.

Vection occurs when the observer is stationary, a circumstance which produces
similar sensory input to conditions of zero acceleration. That is, there is no sensory input
provided to the vestibular system and visual input alone is used to determine whether the
observer is moving through the environment. The visual system may have a role in
suppressing vestibular processing during the vection experience. Conversely, the active
vestibular system may play a role in restraining the vection illusion as suggested by the fact
that greater vection magnitudes normally are evoked in stimuli which simulate motion about
an axis which is not expected to stimulate the otoliths (Telford & Frost, 1993). The fact
that certain subjects experience motion sickness in response to vection stimuli suggests that
visually induced self-motion interacts with vestibular processing (Anderson & Braunstein,
1985).

As vestibular processing provides information to indicate that either the observer is
not moving or the observer is travelling at a constant speed, it suggests that, in certain
cases, a sensory ambiguity must be overcome in order to experience vection. Johansson

(1977) suggested that the subjects who cannot resolve this sensory ambiguity will not
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experience vection. This finding was supported when all subjects reported self-motion
under conditions where the total visual field was covered by moving stimuli and conflicting
signals were minimized (Brandt et al., 1973; Johansson, 1977). In all cases, the vection
stimulus is initially seen as object motion before the interpretation switches to self-motion.

A distinction is usually made between three types of illusory self-motion: 1) Linear
vection refers to the perception of self-motion in a linear direction that often occurs along
the line of sight (Telford & Frost, 1993). For example, Lishman and Lee (1975) used
linear vection to make their subjects believe they were on a moving trolley in a set-up where
the walls could be moved independently of the floor. 2) Circular vection refers to a
sensation of turning (Howard & Heckman, 1989). To induce circular vection, a drum with
alternating black and white stripes is rotated around a stationary subject (Brandt et al.,
1973). 3) Curvilinear vection corresponds to the impression of taking a bend (Sauvan &
Bonnet, 1993). This type of vection corresponds to an experience such as turning a corner
in a vehicle.

In response to non-competing motion signals, the illusion is always perceived in the
direction opposite to the direction of visual stimulation (Dichgans and Brandt, 1978).
Telford, Spratley, and Frost (1992) demonstrated that for stimuli composed of component
motion signals of opposing directions, vection strength is not reduced but the perceived
direction of self-motion may be related to the relative depth cues in the stimulus. They
compared displays with the center and surround moving in opposite directions versus wide
angle displays using only one motion direction and found that vection strength as measured
by latency to onset and tracking speed was not significantly different for the two displays.
However, the direction of the vection experienced was determined by the portion of the
display which was perceived as being the more distant.

Other psychophysical evidence supports the idea that vection is produced by the
more distant of two superimposed visual displays. For example, Brandt, Wist, and

Dichgans (1975), observed a weaker vection response to stereoscopic displays where
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stationary bars were made to appear behind a moving display but not when the bars
appeared to be in front of the moving display. It is the display which appears more distant
rather than the display which is actually more distant which influences the vection response
(Howard & Heckman, 1989; Ohmi, Howard, & Landolt, 1987; Telford et al., 1992)
regardless of whether the observer fixates on the near plane or the far plane (Heckman &
Howard, 1991). Ohmi et al. (1987) found that subjects shown depth displays presented
monocularly as two superimposed images at the same distance as for binocular
presentations indicated that the depth relationship reversed periodically along with a
corresponding reversal of the vection direction.

One clue the visual system can use to make the discrimination between object and
self-motion is the image flow pattern in the visual display. Movement of the observer often
generates a continuous flow of visual information over the whole retina while object motion
often results in local flow information overlaid on the total flow of a stationary
environment. However, this general rule does not always hold true such as when the only
available movement information to the observer is through the window of a vehicle moving
linearly and at a constant speed (Johansson, 1977).

Another ciue the visual system may use to determine whether the observer is in fact
moving is the perceived depth in the display. Anderson and Braunstein (1985) found a
correspondence between subjects’ ratings of perceived depth and strength of the vection
experience in response to stimuli in the central visual field. When this finding did not hold
for increased display sizes, Anderson and Braunstein (1985) suggested that the motion in
the periphery of their displays interfered with perceived depth information contained in the
central region of the display.

Factors such as the size, eccentricity, and speed of the stimulus have been reported
to influence the vection experience. Vection magnitude has consistently been reported to
correlate with the total area of the inducing stimulus area (Brandt et al., 1973; Post, 1988;

Telford et al.,, 1992) but the relationship between vection magnitude and stimulus
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eccentricity is not as clear. Telford and Frost (1993) observed a reciprocal relation between
vection strength and eccentricity. An increase in the retinal velocity of the stimulus
increases the perceived speed of self-motion (Brandt et al., 1973).

Typically, vection is induced in response to large optical flow fields but the illusion
can also be induced by the stimulation of select portions of the visual field. The vection
experience has been demonstrated to occur in response to central visual field stimulation
(Anderson & Braunstein, 1985; Anderson & Dyre, 1989) and peripheral visual field
stimulation (Brandt et al., 1973; Dichgans & Brandt, 1978; Johannson, 1977). Initially it
was believed that peripheral vision was primarily responsible for the vection experience and
that stimulation of the central visual field was specialized for object motion (Dichgans &
Brandt, 1978). However, this erroneous conclusion was based on studies which did not
control for stimulus size or retinal location (Telford et al., 1992). Post (1988) found no
difference in vection magnitude in response to stimuli of identical area which were
presented either centered in the median sagittal plane of the subjects or 45 deg to the right of
that location.

The reason why some of the early studies failed to demonstrate self-motion in
response to central visual field stimuli may have been related to the displays used in the
experiments. In the early studies, identical displays were presented in both the central and
the peripheral fields. According to Anderson and Braunstein (1985), self-motion can be
induced in response to either central or peripheral field stimulation but the type of
stimulation necessary to induce vection in these regions differs. Retinal location and optic
flow patterns may have been confounded (Stoffregen, 1985, as cited in Telford & Frost,
1993). In order for the motion signal to be consistent with natural vision images, the
optical flow would have a lamellar structure in the peripheral field and a radial structure in
the central field. Lamellar patterns contain elements that traverse the length of the visual
field at constant velocity. Radial patterns expand outwardly from a central point and

element velocity varies as a function of perceived depth. Telford and Frost (1993) found
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that radial flow fields generated increased linear vection magnitude regardless of the retinal
location which they ascribed to the internal depth structure in the images. In the lamellar
displays all image elements were in the same simulated depth plane but in the radial
displays the elements appeared in different simulated depth planes.

Using postural sway as an objective measure of the inducement of self-motion,
Anderson and Dyre (1989) supported the importance of the central visual field in self-
motion because there is greater sensitivity to motion and higher acuity in the central field as
compared to the peripheral visual field. These researchers found that central visual field
information could help the observer discriminate between self-motion and object motion in
the environment. These advantages included the ability to make finely tuned postural
adjustments, to determine the spatial layout of the environment and to detect changes in the

orientation of the observer with respect to the environment with greater accuracy.

Physiology

Although the visual world is perceived as unified, the visual system breaks down
the visual input into many different components, often arranged in hierarchical fashion.
Visual system components that are selective for the patterns which occur during self-motion
may not appear before the level of the medial superior temporal area (MST). However,
inputs into the motion detection mechanism occur earlier in the visual system. The question
remains as to how input received at the level of the retinal receptors is translated into a
signal of self-motion.

Livingstone and Hubel (1988) reviewed the two major visual pathways originating
from the retinal receptors, the parvocellular and magnocellular pathways. Although both
pathways respond to motion stimuli to some extent, the magnocellular pathway (Figure 4)
is primarily responsible for motion detection for middle and high velocity stimuli (Merigan
and Maunsell, 1993). Anatomical and physiological studies of primate visual pathways

indicate that the middle temporal cortex (MT) is important in motion encoding. MT
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Figure 4. Schematic of the magnocellular pathway in the visual system. Area MT which is
important for motion encoding receives most of its input directly from the striate cortex
(area V1) but it also receives input indirectly via area V2.
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receives most of its input directly from the striate cortex (area V1) but it also receives input
from V2, the second visual area of the cortex (DeYoe and Van Essen, 1985). Wilson et al.
(1992) postulated that the direct motion pathway accounts for the detection of first-order
stimuli and the indirect pathway accounts for the detection of second-order stimuli.

Wilson et al. (1992) proposed a model that combined the responses of the FO and
SO motion pathways to explain the perceived direction of moving 2-D patterns. That is,
the two motion pathways may be independent at lower stages of the visual processing
pathway but as the visual signal moves up the pathway to the level of area MT the outputs
of the lower two motion pathways are combined to provide input into the next stage of the
visual processing system. Single cell recordings have shown the existence of neurons in
area MT (Albright, 1992) and other areas (Zhou & Baker, 1993) in the visual pathway
which respond to the motion of both FO and SO motion.

A good candidate for the next step in the mechanism to encode vection is area MST.
Area MT has direct projections to MST. Although no causal link has been established
between MST and self-motion estimation, Perrone & Stone (1994) developed a model of
self-motion estimation which suggests that image motion is first processed by MT type
cells before the information is integrated in MST.

Duffy and Wurtz (1991a, 1991b) studied motion selective neurons in the
dorsomedial region of the medial superior temporal area (MSTd). These neurons were
directionally selective for moving visual images, preferred the stimulation of large visual
flow fields, and responded to flow fields produced by different motion patterns such as
rotating, expanding, or translational patterns of optic flow. These characteristics suggest
that the MSTd cells are appropriate for the analysis of optic flow fields generated as an
observer moves through the environment or as the environment moves with respect to the
observer. As the vection illusion relies on the perception of self-motion, MSTd cells may

play a role in vection induction.
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In light of the information given above, one can speculate that separate visual
pathways are initially required for the detection of FO and SO motions. FO motions appear
to be detected in a direct pathway from V1 to MT. An indirect pathway from V1 to V2 to
MT may account for the detection of SO motions. Wilson et al. (1992) proposed that the
outputs of these two mechanisms are combined at area MT and there is physiological
evidence to support this proposal. The question arises then as to whether neurons
responsive to second-order motions at area MT or at lower levels in the visual pathway can
provide input to propel the neurons in the MSTd which are involved in self-motion

perception.

As mentioned before, MAE refers to phenomena where extended viewing of a
unidirectional moving pattern results in an illusion of motion if the pattern subsequently
stops drifting. Normally the perceived direction of the MAE is opposite to the direction of
the adapting pattern. It has been generally assumed that MAE is the result of adaptation of
motion-sensitive components in the visual system. MAE has a long history dating back to
at least the time of Aristotle but it was first reported scientifically by Addams in 1834 (as
cited in Wade, 1994). MAEs have been used extensively in vision experiments as a tool to
explore the organization of the visual system (Verstraten, Fredericksen, Van Wezel,
Lankheet, & Van de Grind, 1995) and to provide a link between psychophysics and
physiology (Wade, 1994).

FO and SO motions have been studied in relation to their effects on the MAE and
certain distinctions have emerged. For example, MAE with static test patterns is strongly
induced by FO motions but only slightly or not at all by SO motions (Derrington &
Badcock, 1985; Nishida & Sato, 1995) whereas MAE with dynamic test patterns is
strongly induced by both FO and SO adapting motions (Nishida & Sato, 1993). Nishida
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and Sato (1994) used the relationship between the two MAE types and FO and SO motion
to suggested that different motion mechanisms may underlie static and dynamic MAEs.
According to Nishida, Ashida, and Sato (1994), static MAE reflects the operation of a
lower-level motion system used predominantly in the processing of FO signals while
dynamic MAE reflects the operation of a higher-level motion system that can process both
FO and SO signals. Considering that MAE shows big differences in response to FO and
SO signals, MAE may be useful as a comparison for the effects of FO versus SO motions

on vection perception.

FO and SO stimuli differ in their ability to induce static MAE (Nishida et al., 1994)
and the kinetic depth effect (Dosher et al., 1989; Landy et al., 1991) despite the fact that
both stimulus types can induce certain phenomena such as direction specific adaptation
(McCarthy, 1993; Turano, 1991). FO and SO motions may subserve different visual
functions. Therefore it is possible that in contrast to FO motion, SO motion stimuli may be
unable to support visual functioning related to depth perception except in the case of simple
visual patterns (Prazdny, 1986).

Vection is a “behavior” induced by optic flow patterns. The KDE and vection share
their dependence on image flow requirements to produce an illusion of 3-D motion but the
visual input required for vection may be simpler. The optic flow patterns used to drive
vection can be composed of images where the image velocity remains constant at a point as
opposed to the complex stimuli used by Landy et al. (1991) to examine the KDE which had
image velocities that changed over time at each retinal position. Prazdny (1986)
demonstrated that SO motions permit the recovery of 3-D structure from motion if the
motion stimuli depict very simple forms. Therefore, it is possible that SO motion signals
can support vection and yet be inadequate to support the recovery of complex 3-D structure

from motion.
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To evaluate this possibility, a series of three experiments examined the induction of
vection and MAEs by patterns with fixed velocity at each image point. Two questions were
of particular interest: 1) Can SO stimuli support the vection illusion?, and 2) Are vection

and MAE similarly affected by the FO/SO distinction?



27

General explanation of the stimuli used in Experiments 1 and 2 to test the influence of FO
and SO motions on vection and MAE

Radial expansion patterns were chosen as the vection stimuli because flow fields of
this type have been shown to induce self-motion along the line of sight (Anderson &
Braunstein, 1985; Ohmi & Howard, 1988; Telford & Frost, 1993). All the experimental
stimuli approximated forward linear motion through a cylindrical tunnel whose walls were
shaded in the form of a sinusoidal grating. The mathematical definition of the basic vection

stimulus (i.e., the radial expansion pattern) is given by equation 1:

V (x, y, ©) = sin (2rnc/ d + 2nwt) n

where ¢ represents a constant related to the spatial frequency of the pattern, d = (x* + y*)'”

represents the distance from the origin of the image, ¢ / d is the spatial frequency of the

image at d, t represents time, and @ represents the temporal frequency. The spatial

frequency of V (x, y, ?) decreases as a function of the distance from the origin, d. The

temporal frequency, ®, was fixed at 3 Hz. Thus, the instantaneous velocity increased as a

function of d. V (x, y, ¢) takes on the values [-1,1].

From Equation 1, one can derive a conventional FO vection stimulus having the

form

S,y D=p+0aVxy? 2)
where o is the amplitude of the mean-zero vection signal, and P, the mean luminance is

chosen so that S, (x, y, #) 2 0. Figure 5 presents a static image of the stimulus described in



Figure 5. V, the basic vection signal.
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Equation 2. This stimulus, which served as the control stimulus for the experiments
reported here, is the visual image of a forward linear path through a cylindrical tunnel with

walls “painted” in the design of a sinusoidal grating.

Carrier Signals and Contrast Envelopes

To create a larger class of vection stimuli, the basic vection stimulus in Equation 1
was used as a contrast envelope which modulated the amplitude of a carrier signal. The

modulating contrast envelope has the form

M y=10+V(x y 1 3

where V (x, y, #) is the mean-zero vection signal from Equation 1; M (x, y, ¢) takes on the
values [0,2].

Three different carriers were used which will be referred to as the concentric, noise
and radial patterns. Examples are shown in Figure 6. The carrier patterns can generally be

described as

CixydH=n+Dxyt) @

where D (x, y, t) is one of the carrier patterns, each of which was mean-zero with values

ranging from n =1 to -1, and n is the mean of C (x, y, ).

The concentric carrier (Figure 6a) had the same form as V but its spatial frequency was
three times higher. The radial carrier (Figure 6b) portrays a tunnel with constant intensity
lines, with a sinusoidal cross-section of the 64 cycles, running through the tunnel. The
third carrier was random noise (Figure 6c) with a check size of 2 x 2 pixels. The intensities

in the noise carrier were drawn from the distribution sin(u), where u is a random
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Figure 6. Three static carriers were combined with the basic motion signal, V, to
create the MAE and vection stimuli used in the experiments. Three sequences
were created using different carriers. The concentric carrier (a) had the same
form as V but its spatial frequency was three times higher. The radial carrier (b)
is a sinusoidal function of angle which goes through 64 cycles per 360 degrees.
The third carrier was quasi-random noise (c).
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variable between 0 and 2x.

Combining the Modulator and the Carrier

The carriers and the modulator were multiplied to yield stimuli of the form

Sy =p+oaMxy HCxy 1) &)

The constant p was chosen so that S (x, y, t) 20. The constant o. was used to control the
average contrast of the stimulus. The value of o was set to 0.3 fL. and the value of | was
set to 1.33 fL in Experiments 1 and 2. In Experiment 3, the value of o was set to 0.6 fL.

and the value of i was set to 2.33 fL.. To examine the form of the stimuli in greater detail,

Equation 5 can be expanded using equations 2 and 3 [the space and time indices (X, Y, t)

have been removed to increase legibility]:

S=p+0a(l.0+V)n+D)=Q+on)+onV+aD+aVD 6)

It can be seen from Equation 6 that the stimuli contain four terms: a constant, a term
representing the basic vection signal, a term representing the carrier pattern, and a term
representing the product of the vection signal and the carrier pattern. The explicit presence

of local components of the vection signal V depends upon the value of n.

The Effect of Varying n
The constant n has a critical effect on the properties of the stimuli in Equation 6.

When n = 0 Equation 6 reduces to



32

S=pn+aD+0aVD )

The vection signal, V, exists only in combination with the carrier term, D, as part of the
product derived in the last term of equation 7 so that the local Fourier components of V are
not explicitly present in S. When n = 1, the value of C is greater than or equal to zero and
V then occurs explicitly as one of the additive terms contributing to stimulus S. That is,

when n = 0 the local Fourier components of V are not explicitly present in the stimulus and
when n # O the local Fourier components of V are explicitly present in the stimulus. It

should be noted that the elimination of the Fourier components of V does not by itself yield
a non-Fourier stimulus. It also depends on the carrier with which V is combined. A case in
point is the radial display. Local Fourier components can be eliminated in the multiplicative
combination of the radial carrier with the modulator but this stimulus has no non-Fourier
representation in the spatiotemporal domain. Any spatiotemporal analysis of a one
dimensional slice of the image starting from the center of the stimulus results in an average
luminance level which is greater than zero.

Figure 7 presents nine stimuli used in Experiments 1 and 2. Each carrier was
combined multiplicatively with the vection signal, using three values of 7.

The mean of S varies with n. The contrast of S also changes with n but the exact
nature of this change depends on how contrast is defined. Using the standard Michelson

contrast

C=(L,, - L) Qe + L) (8)

where L__ and L, refer to the highest (peak) and lowest (trough) pixel intensities

respectively, contrast is inversely related to n. A measure of the depth of the contrast

modulation is given by
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M = (C,, - Cpi)/ (Coony + Conie) 9)

where C_, and C,;, refer to the maximum and minimum contrasts in the image (as defined
by equation 8). This measure is not informative for the contrast modulation because M = 1
for all values of n (C_,, = O irrespective of n).

The luminance profiles of the images also varied with n., as can be shown by the
schematic of the luminance profile of the noise stimulus in Figure 8.

An important question is how variations in n value affect the ME mechanism used
to detect FO and SO signals. Based on the contrast modulated noise stimulus carriers with
(n = +1 or -1) and without (n = 0) explicit Fourier components described above, Gurnsey,
Fleet, and Potechin (1998) used a ME model to determine how ME mechanisms differ in
response to n value in the FO and SO channels. The FO channel represented the operation
of the ME mechanisms described above. The response of a SO channel was approximated
using a non-linear transformation of the luminance values. Each spatial slice in the space-
time representation of the signal was convolved with a small center-surround filter and the
results were half-wave rectified. The ME mechanism was then applied to the rectified filter
responses. The effects of varying n value were evident in the FO channel analysis. That
is, a sizable amount of ME is eliminated from the signal in the FO channel when n = 0.

Conversely, the approximated SO channel was relatively unaffected by changes in n value.

Unique Qualities of the Radial Carrier

Although all three carriers are static irages, only the radial carrier is consistent with
the image flow observed during self-motion. If an observer moved through a tunnel with
walls drawn as for the radial carrier, no motion would be detected if the observer traveled
without a change in role, pitch, or yaw (rotation about the x, y, and z axes with respect to

the center of gravity of the observer). For this reason, modulating the radial carrier (Figure
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Figure 8. Luminance profiles of the noise stimuli and the components
used to make them. Each trace represents a horizontal section through
the image and indicates the luminance changes as a function of spatial
position. The noise stimuli were produced by the multiplication of a
sine wave grating (a) and a quasi-random noise carrier (b). The
resultant image was luminance modulated at n =1 or -1 (c or ¢) and
contrast modulated at n =0 (d).
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6c) produces a motion signal which is consistent with self-motion through a tunnel. The
concentric and the noise carriers are inconsistent with natural image flow produced as the
observer nears an object because they remain static while the motion signal expands. It has
been demonstrated that the presence of a stationary textured background can cause a
decrease in MAE (Smith, Musselwhite and Hammond, 1984) and vection (Brandt et al.,
1975) strength. However, Smith et al. (1984) reported that MAE could be enhanced if all
motion elements in the display moved in the same direction. As the motion signal of the
radial carrier would not appear differently if the radial carrier was moved outward relative
to the origin, all elements in the radial display may be interpreted as moving in the same
direction. Therefore, it would be expected that the noise and concentric carriers would
reduce vection and MAE strength because it is apparent that these carriers are not in motion.
On the other hand, the radial carrier may not affect or may even serve to increase vection
and MAE strength because there is no information in the motion signal to contradict the
perception that the radial carrier is moving along with the modulator.

Mather and West (1993) indicated that certain stimuli would not be considered to be
SO stimuli although they could be called nonFourier. This is true in the case of the radial
carrier. Although the radial stimulus could be considered to represent SO motion, the radial
carrier differs from the other carriers in that it may not be considered nonFourier. Explicit
Fourier components can be eliminated from the image when n = 0 but a one dimensional
slice of the signal through the origin never yields a signal with an average luminance level
equal to zero. In other words, the multiplicative combination of the radial carrier with V
never produces a SO stimulus even when the local Fourier components have been
eliminated from the motion signal. Therefore, the multiplicative combination of the radial
carrier with V using different values of » may be thought of as different forms of a FO
stimulus. At n = O the radial stimulus will contain less FO motion energy than for other

values of n.
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In summary, combining the three carriers with different values of n creates stimuli
with different formal properties. When n # 0, local Fourier components of V are explicitly

present in the motion signal, irrespective of carrier type. The radial carrier is consistent
with the vection signal, V, while the concentric and noise carriers are not. Therefore the
concentric and noise carriers may provide additive noise to the signal but the radial carrier
combined multiplicatively with V would be expected to produce locally coherent (FO)
motion. When n = 0, local Fourier components of V are not explicitly present in the
motion signal, irrespective of carrier type. The multiplicative combination of the concentric
and noise carriers with V results in standard SO motion signals. However, in the case of
the radial carrier, the resulting signal produces locally coherent motion, even though the

local FO components of V are not explicitly present in the stimulus.
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EXPERIMENT 1

Although it has been established that motion can be perceived in SO stimuli, the SO
mechanism may not support motion in depth as suggested by the fact that SO motions do
not always support the KDE, an illusion that simulates motion in depth. However, if the
SO motion mechanisms respond to visual flow in a manner similar to the FO channel, the
SO motions may be expected to elicit vection. The purpose of Experiment 1 was to
determine whether FO and SO motions differ in their ability to induce vection. The ability
of FO and SO motions to elicit MAEs was also examined to determine whether there is an
association or dissociation between FO and SO motions with respect to their abilities to

induce vection and MAE.

Method

Subjects
Five subjects (three males, two females) participated in the experiment. All

reported 20/20 or corrected to 20/20 vision. The subjects included one experienced

psychophysical observer and four naive observers.

The Display
The stimuli were generated on and controlled by a PowerMac 7100/66 computer

and were presented at a frame rate of 67 Hz. An INFocus Panel Book 550 display tablet
combined with a Dukane projector was used to back-project the stimuli onto a 305 cm x
230 cm vinyl screen (CINEFLEX, rear-projection screen, Draper Shade & Screen,
Spiceland, Indiana). Distortion products refer to luminance modulations which occur in
contrast-modulated images that have been non-linearly transformed and which have the

same waveform as the contrast modulation. The computer’s CLUT was gamma corrected
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to eliminate nonlinearities in the display which could introduce moving distortion products
into the SO stimuli. Such distortion products are FO motions that SO stimuli are supposed
to eliminate. Subjects viewed the screen, at a distance of 130 cm, from within an
observation booth. The booth was intended to enhance the authenticity of the image flow
as motion that arises from self-motion (Telford & Frost, 1993). An 84 cm x 61 cm
rectangular opening of the observation booth provided relative depth cues in the form of
occlusion edges to the observer. There was a distance of approximately 60 cm from the
front end of the booth to the screen. The visual angle of the display inside the booth was

90° x 65°. The experimental set-up is represented in Figure 9.

Step 1: Computing the equivalent luminance point for each subject.

All the carriers used in the experiment were mean zero signals which yield an
physically isoluminant display only when n = 0. At this n value the stimulus contains
alternating regions of high and low contrast with identical physical mean luminance at all
regions in the display. When non-linearities exist in the transduction process, the
transduced signal may not be perceptually isoluminant at n = 0 (For example, luminance
artifacts may arise from non-linearities in CRT displays or non-linearities may arise within
the observer’s visual system; Smith & Ledgeway, 1997). In effect, Fourier components
may be introduced into motion stimuli when they are assumed to be absent. To compensate
for possible nonlinearities due to the transduction process, the point of psychophysical
isoluminance was determined for each carrier type for each subject using a method based
on the minimum-motion method for measuring the effective luminance of a pattern (Brown,

1995).

Stimuli
Each stimulus sequence consisted of four frames, two low frequency counterphase

vertical sine wave gratings interleaved with two counterphase gratings defined by contrast
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modulations which were displaced by a quarter cycle from their sine wave counterparts.
An example of this sequence is shown in Figure 10. To create stimuli which approximated
the nonFourier stimuli used in Step 2, three stimulus sequences were created using
different carriers. Two carriers, one vertical and one horizontal, had a spatial frequency
three times that of the vertical modulator and the remaining carrier was random noise
(Figures 11a, b, and c.)

The low contrast regions of the contrast modulated carrier were fixed in intensity
and the high contrast region varied with the n value. When the high contrast regions of the
contrast modulation were perceptually brighter than the low contrast regions, motion was
perceived in a rightward direction because the visual systern matches areas of similar
brightness on each frame to determine the direction of motion. For similar reasons, motion
was perceived in a leftward direction when high contrast regions are perceptually darker
than the low contrast regions. At the point where the high and low contrast regions are
perceptually isoluminant, the direction of motion of the image was ambiguous to the

observer.

Procedure

Interleaved grating sequences were created for each carrier and the isoluminance
point of each carrier was determined separately for each. Subjects were presented with 15
second motion sequences as described above and asked to indicate the perceived direction
of motion by pressing predetermined computer keys (von Grinau & Dubé, 1993).
Subjects were informed that some stimuli would give rise to ambiguous motions while
other stimuli would give rise to more stable motion percepts. The method of constant
stimuli was used with »n ranging from -.5 to +.5 in steps of .1 units. A block of
randomized trials consisted of one presentation of each of the 11 stimulus conditions. For

each carrier type there were two blocks of trials.
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Figure 10. Stimulus sequence used to establish the point of subjective isoluminance.
Two counterphase sine wave gratings were interleaved with two counterphase contrast
modulated carrier sequences. Each sequence presentation was a quarter cycle out of
phase with the sequence presented on the previous frame.
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Modulating Pattern

Carrier Patterns

o AR

Figure 11. Components of the stimuli used to test psychophysical isoluminance. The
modulator (top panel) was combined with one of three static carriers to form the test
stimuli described in Figure 6. The concentric carrier (a) has the same form but three
times the spatial frequency of the modulator. The radial carrier (b) has the same form
as the modulator but has three times the spatial frequency and its spatial orientation is
perpendicular to the modulator. The noise carrier (c) is quasi-random noise.



Results

The total time that the test stimulus was seen as moving rightward (R) or leftward
(L) was calculated for each observer. The ratio of responses of rightward motion to motion
in either direction was computed as R/(R+L). The point at which the resulting function
crossed .5 (i.e., the point of equal probability that R or L motion was observed) was
deemed to be the psychophysical isoluminance point and will subsequently be designated
as n = 0*. Figure 12 shows a typical result for one subject and the isoluminance points for
each subject are summarized in Table Cl1, in Appendix C. Not all the observer’s
psychophysical isoluminance points corresponded with the point of physical isoluminance
(n = 0). However, no subject’s subjective isoluminance point deviated from the physical
isoluminance point by more than .05 units of n. Deviations from the physical isoluminance

point occurred in both the positive and negative directions.

Step 2: Testing Vection and Motion Aftereffects.

The question of interest in Experiment 1 was whether the presence or absence of
Fourier components in the stimulus has an effect on the inducement of vection and MAE.
Therefore only a subset of the nine stimuli described above were required to make this

determination.

Six experimental stimuli were formed by the multiplication of V with the three
different carriers using two different n values. In one case, n was set to the point of
psychophysical luminance for the carrier in question (n» = 0*) to eliminate explicit Fourier
components in the stimulus. In a second case, n was set to 1 in order to introduce Fourier

components into this stimulus. Static representations of the six stimuli are depicted in

Figure 11 under the headings » = 0 and » = 1. The mean luminance in the display was [t
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Figure 12. A typical subject's response pattern in the determination of the pscychophysical
isoluminance point in Experiment 1. The open arrow on the x-axis indicates the point of
pscychophysical isoluminance (n = 0*) for the subject.
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when n = 0, and 1L + o when n = 1. The center of each stimulus was covered by a gray

patch to hide aliasing in the highest frequency portions of the stimulus.

Stimuli

The basic vection signal, V (Figure 5), was included in the experiment as a control
stimulus. The results of the control condition were used as reference to estimate the
effectiveness of the experimental stimuli because the control stimulus had previously
demonstrated the ability to reliably produce vection and MAE (Potechin, 1995). The
control stimulus is simpler than the other stimuli because of the absence of a carrier pattern.

It has a background that is consistent with the image flow produced during self-motion.

Procedure

Testing was conducted in a darkened room. Each trial consisted of three parts
presented in the following order: 1) a 30 s motion sequence of one of the seven stimuli
described above designed to test for vection, 2) presentation of a uniform gray screen for
500 ms, and 3) a 20 s presentation of a static version of the previously moving stimulus to
test for MAE. The moving stimulus drifted at 3 Hz, which was determined in pilot studies
to be adequate to drive both the vection and MAE illusions in the control conditions.
Subjects signaled the presence or absence of each visual illusion by pressing predetermined
computer keys. Subjects were asked to press the "/" computer key to indicate the onset of
the illusion and no responses were to be made on trials where they did not experience the

illusion. Termination of the illusion was signaled by the depression of the "z" computer
key. During the vection sequence, subjects could alter their responses as the illusion came

and went by switching back and forth between the "/" and "z" keys but during the MAE
sequence subjects were asked to record only the onset and offset of the first MAE episode.
Each stimulus display was presented six times in random order. Subjects were asked to

fixate on a small dot placed slightly below the center of the screen. In many vection
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stimulus conditions, the fixation dot was ‘“captured” by the motion in the image and

appeared to be moving along the “floor” of the tunnel ahead of the viewer.

Results

Illusion duration and latency to onset (Anderson, 1986; Anderson & Dyre, 1989)
were used as the dependent measures. Latency to onset of vection was designated as the
time period between the start of the vection stimulus presentation and the subject's initial
response (depression of the "/" key). The vection experience could appear intermittently
throughout the trial with equal strength and therefore the vection duration measure included
multiple vection periods. Vection duration was calculated for each trial as the sum of all
time periods between the depression of the "/" and "z" (termination of illusion) keys during
the vection stimulus presentation. Latency to onset of MAE was designated as the time
period between the start of the test stimulus presentation and the subject's first depression
of the "/" key after the appearance of the test stimulus. Only the first MAE episode was
considered in the statistical analysis and was calculated as the time period between the
depression of the "/" and "z" keys.

The results were analyzed using 4, 3 (carrier) by 2 (n value) within subjects,
Analyses of Variance (ANOVAs); Latency to onset and Duration for both vection and
MAE. The control condition was not included in the statistical analyses. The ANOVA
results for Latency to Onset and Duration are summarized in Tables 1 and 2, for both
vection and MAE respectively. The means and standard deviations are summarized in
Tables Al and Bl, in Appendices A and B, for vection and MAE, respectively.
Orthogonal contrasts were also used to determine whether response to the radial carrier

differed significantly from that of the other two carriers (Table 3) because the radial carrier
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has a representation consistent with veridical image flow produced during forward linear
motion through a tunnel while the other two carriers do not. Planned comparisons were
used to determine whether the results of the » = 1 and the n = 0* conditions were

significantly different for each carrier type (Table 4).

Latency to Onset
MAE

The ANOVA revealed significant results for the main effects of carrier type [F(2,8)
= 12.26, p<.01] and » value [F(1,4) = 13.44, p<.05] and for the interaction [F(2,8) =
11.59, p<.01]. As can be seen in the top panel of Figure 13, subjects responded fastest to
both types of radial stimuli and slowest to the noise and concentric stimuli where the
Fourier components were not explicitly present. The orthogonal contrasts indicated that
there was a significant difference between the results of the radial carrier versus the other
two carriers for the n = 0* [F(1,8) = 40.68, p<.001] but not the »n = 1 conditions. That is,
the performance of the radial carrier versus the other carriers differed for stimuli where the
explicit Fourier components were absent but not for stimuli with explicit Fourier
components. The planned comparisons indicated that the presence of Fourier components
decreased the latency to onset for the concentric [F(1,8) = 16.62, p<.01] and the noise

[F(1,8) = 41.52, p<.001] carriers but not for the radial carrier.

Vection

The ANOVA revealed significant results only for the main effect of carrier type
[F(2,8) = 8.04, p<.05]. As can be seen in the bottom panel of Figure 13, subjects
responded quickest to radial stimuli and approximately equally quickly to noise and
concentric stimuli. Although subjects responded more quickly to displays with explicit
Fourier components than to the other displays, the difference was not significant. The

orthogonal contrasts indicated that there was a significant difference between the results of
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Table 1
ANOVAs for latency to onset: Experiment 1
Source SS df MS E
Motion Aftereffect
Subject 48.94 4 12.23
n Value 158.51 1 158.51 13.44*
n Value x Subject 47.17 4 11.79
Carrier Type 96.27 2 48.14 12.26**
Carrier Type x Subject 31.42 8 3.93
n Value x Carrier Type 104.86 2 52.43 11.59%%*
n Value x Carrier Type x Subject 36.20 8 4.52
Vection
Subject 1463.27 4 365.82
n Value 67.98 1 67.98 3.23
n Value x Subject 84.25 4 21.06
Carrier Type 887.34 2 443.67 8.04*
Carrier Type x Subject 441.74 8 55.22
n Value x Carrier Type 1.99 2 1.00 0.13
n Value x Carrier Type x Subject 60.94 8 7.62

Note. Where appropriate, all degrees of freedom have been adjusted using the Hundt-Felt

Epsilon.
*p < 0.05. **p < 0.01.



Table 2
ANOVAs for duration: Experiment 1
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Source SS daf MS E
Motion Aftereffect "
Subject 79.16 4 19.79
n Value 148.87 1 148.87 135.47***
n Value x Subject 4.40 4 1.10
Carrier Type 132.25 2 66.13 23.42%*
Carrier Type x Subject 22.58 8 2.82
n Value x Carrier Type 3.86 2 1.93 1.18
n Value x Carrier Type x Subject 13.08 8 1.63
Vection
Subject 1636.40 4 409.10
n Value 92.22 1 92,22 8.53*
n Value x Subject 43.25 4 10.81
Carrier Type 794.32 2 397.16 13.80**
Carrier Type x Subject 230.20 8 28.78
n Value x Carrier Type 6.39 2 0.64 0.55
n Value x Carrier Type x Subject 39.77 8 497

Note. Where appropriate, all degrees of freedom have been adjusted using the Hundt-Felt

Epsilon.
*p < 0.05. **p < 0.01. ***p < 0.001.
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Table 3

Post hoc analyses comparing the radial versus the concentric and noise carriers: Experiment
1

Source SS df MS E
Latency to Onset of MAE

n Value=1 0.00 1 0.00 0.00

n Value=0 184.09 1 184.09 40.69***
Latency to Onset of Vection

n Value = 1 419.76 1 419.76 55.10%**

n Value=0 443.86 1 443.86 58.27%*%*
MAE Duration

n Value =1 45.55 1 45.55 27.87***

nValue=0 89.94 1 89.94 55.03%%*
Vection Duration

n Value=1 468.20 1 468.20 94.19***

n Value=0 331.16 1 331.16 66.62%**

Note. Where appropriate, all degrees of freedom have been adjusted using the Hundt-Felt
Epsilon.

*k* p < 0.001.
Table 4
Post hoc analyses comparing the FO (n = 1) versus the SO (n = 0*) carriers: Experiment 1
Source SS df MS E
Latency to Onset of MAE
Concentric 75.19 1 75.19 16.62**
Radial 0.33 1 0.33 0.07
Noise 187.85 1 187.85 41.52%%*
Latency to Onset of Vection
Concentric 15.79 1 15.79 2.07
Radial 19.58 1 19.58 2.57
Noise 34.60 1 34.60 4.54%*
MAE Duration
Concentric 57.49 1 57.49 35.18%**
Radial 20.87 1 29.87 18.28**
Noise 65.36 1 65.36 39.99***
Vection Duration
Concentric 16.53 1 16.53 3.33
Radial 56.71 1 56.71 11.41%**
Noise 25.38 1 25.38 5.11

Note. Where appropriate, all degrees of freedom have been adjusted using the Hundt-Felt
Epsilon.

*p < 0.05. **p < 0.01. ***p < 0.001.
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Figure 13. Results of the latency to onset conditions of Experiment 1 plotted as a function
of carrier type (concentric, radial, noise) and n value(l, 0*%). The solid line in both panels
is the mean response to the control condition.
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the radial carrier versus the other two carriers for both the n = 0* [F(1,8) = 55.02, p<.001]
and n = 1 conditions [F(1,8) = 27.87, p<.001]. That is, the performance of the radial
carrier always differed from that of the other carriers. The planned comparisons indicated
that the presence of Fourier components did not affect the latency to onset for any of the

carrier types.

Duration
MAE

The ANOV A revealed significant results for the main effects of carrier type [F(2,8)
= 66.13, p<.001] and » value [F(1,4) = 135.47, p<.01] but not for the interaction. As can
be seen in the top panel of Figure 14, the longest responses were elicited by radial carrier
stimuli and by stimuli where explicit Fourier components were present. The orthogonal
contrasts indicated that there was a significant difference between the results of the radial
carrier versus the other two carriers for both the n = 0* [F(1,8) = 58.27, p<.001] and n =1
conditions [F(1,8) = 55.10, p<.001]. Performance of the radial carrier always differed
from that of the other carriers. The planned comparisons indicated that the presence of
Fourier components increased the duration of MAE for all three carrier types, [F(1,8) =
35.18, 39.99 p<.001, and 18.28, p<.01] for the concentric, noise, and radial carriers,

respectively.

Vection

The vection duration results were similar to those of MAE duration. The ANOVA
revealed significant results for the main effects of carrier type [F(2,8) = 13.80, p<.01] and
n value [F(1,4) = 8.53, p<.05] but not for the interaction. Again, the longest responses
were elicited by radial carrier stimuli and by stimuli where explicit Fourier components
were present, as can be seen in the bottom panel of Figure 14. The orthogonal contrasts

indicated that there was a significant difference between the results of the radial carrier
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versus the other two carriers for both the n = 0* [F(1,8) = 55.02, p<.001] and n =1
conditions [F(1,8) = 27.87, p<.001]. Performance of the radial carrier always differed
from that of the other carriers. The planned comparisons indicated that the presence of
Fourier components increased the vection duration of the radial stimuli [F(1,8) = 11.41,
p<.01] but not the other carrier types.

The mean data for vection and MAE were highly correlated for illusion duration
(r=.88) and moderately correlated for latency to illusion onset (r=.70) suggesting that the
motion mechanisms underlying both illusions may be affected in similar fashion by the
visual stimuli used in this experiment. All stimuli were able to induce the two illusions but
not to an equal extent. Vection and MAE duration were significantly decreased in response
to stimuli where the local Fourier components of V were absent. These results support the
argument that two mechanisms exist to encode stimuli for the two motion classes, FO and
SO motion. The mechanism which encodes FO stimuli will strongly induce the MAE and
provides strong inputs into the mechanism responsible for the vection illusion. The
mechanism responsible for SO motion encoding induces very poor MAEs although it
appears to provide at least moderate input into the vection process.

The Post hoc analyses comparing the FO versus SO stimuli for each carrier type
separately indicated that explicit Fourier components in the stimulus had a greater effect in
the case of MAE than in the case of vection. There was a significant difference in all the
MAE comparisons except in the case of latency to onset for the radial stimulus. On the
other hand, only the duration of vection for the radial carrier appeared to be affected by the
presence of explicit Fourier components in the stimulus.

The latency to onset results did not demonstrate as clear a pattern as the duration
results. In most cases, increased latency to onset occurred in response to stimuli in which
local Fourier components of V were absent. The one exception was when the radial carrier
conditions for MAE did not differ significantly. The radial carrier differed from the other

two carriers in all cases which may be related to the fact that this stimulus produces a
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motion signal which is consistent with natural self-motion through a tunnel while the other
two stimuli do not.

Motion stimuli made up of two components may alternate between periods of
transparency and coherence (Adelson & Movshon, 1982; von Griinau & Dubé, 1993). For
the stimuli used in this experiment, transparency occurs when the modulator and the carrier
are seen as two separate structures originating from different surfaces. For example, the
noise stimulus would be seen as a static wall of dots with rings expanding in front of it.
Alternatively, the two components may cohere to form a more complex image which
appears to move as one unit. In this case, the stimulus is viewed as a tunnel. Most
subjects spontaneously reported that 1) vection was achieved in response to motion images
which were coherent and 2) that the radial stimulus was easier to see as being coherent.
When the display was perceived as being transparent, the static portion of the image, the
carrier, was always perceived to be in the background and expanding rings were perceived
as making up the foreground. This distinction was not mentioned as being important for
the perception of MAE. This point will be discussed further in the general discussion. For

the present, the focus remains on the FO versus SO distinction.

EXPERIMENT 2

The results of Experiment 1 suggested that stimuli containing Fourier motion
components of V produce longer vection durations and longer MAEs than stimuli for
which the Fourier components of V are absent. An alternative explanation for the obtained
results is that the overall luminance of the display rather than the presence or absence of
explicit Fourier components is responsible for the differences in vection and MAE

durations. In Experiment 1, when n was set to zero, the mean luminance in the display
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was approximately equal to p but when n was set to 1, mean luminance increased to 1 + o

(see Equation 5 in the general explanation of the stimuli). Therefore it might be argued that
the mean luminance differences in the displays rather than the presence or absence of
Fourier components was responsible for the demonstrated differences in Experiment 1.

To rule out the possibility that changes in mean luminance level are responsible for
the results obtained in the previous experiment, Experiment 1 was repeated using three n
levels (-1, 0%, and 1). The n=1 and n = -1 displays both contain the Fourier components
of V but have higher or lower mean luminances, respectively, than the n = 0* displays. For
n=-1, 0, and 1, the Michelson contrasts are .82, .45, and .31 respectively. If contrast is
defined in terms of the expected mean intensities in the peaks and troughs of the contrast
modulations then the contrasts for n = -1, 0, and 1 are .29, 0.0, and .18, respectively.
These contrasts show a quadratic dependence on n with a minimum at n = O because the
mean luminance is the same in the peaks and troughs of the contrast modulation. If MAEs
and vection are influenced by the overall luminance level of the display then one would
expect there to be a linear relationship between n value and illusion strength. Conversely,
if MAE and vection are dependent on the presence of Fourier components in the display,

then illusion strength should be at it’s lowest when n = 0*.

Method

Subjects
Six subjects (2 males, 4 females) participated in both steps of the experiment. Two

of the subjects had participated in Experiment 1 and the rest were naive observers. All

reported 20/20 or corrected to 20/20 vision
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Procedure
The procedure for steps 1 and 2 for Experiment 2 was identical to that of

Experiment 1 with the following exceptions:

Step 1: Computing the equivalent luminance point for each subject

The equivalent luminance point for each subject was computed using the identical
procedure to that used in Experiment 1. The isoluminance points for each subject are
summarized in Table C1. As in Experiment 1, no subject’s psychophysical isoluminance
point deviated from the physical isoluminance point by more than .05 units. For all
subjects, the psychophysical isoluminance point was almost always equal to or slightly
below the point of physical isoluminance. The one exception occurred for subject 5 in the

radial condition.

Step 2: Testing Vection and Motion Aftereffects.

Stimuli

Ten different stimulus displays were used in the experiment. The control stimulus
was the basic vection signal, V, shown in Figure 5. Nine experimental stimuli were
formed by the multiplication of V with the three different carriers used in Experiment 1
(Figures 6a,b,c), with the parameter 7 set to three different values (see Equation 6). In one
case, n was set to the point of psychophysical isoluminance for the carrier in question (n =
0*) to eliminate explicit Fourier components of V in the stimulus. Otherwise, n was set to
either +1 or -1 to introduce Fourier components into the stimulus. In effect, three

additional stimulus displays were tested in addition to those used in Experiment 1. Figure
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11 depicts static versions of the stimulus set used in this experiment, which was described

at the end of the introduction.

Results

Illusion duration and latency to onset were used as the dependent measures and
were calculated as described in Experiment 1. The results were analyzed using 4, 3 (carrier)
by 2 (n value) within subjects, Analyses of Variance (ANOVAs); Latency to onset and
Duration for both vection and MAE. The control condition was not included in the
statistical analyses. The ANOV A results for Latency to Onset and Duration are summarized
in Tables 5 and 6, for both vection and MAE respectively. The means and standard
deviations are summarized in Tables A2 and B2, for both vection and MAE respectively.
Quadratic trends (as a function of n value) were tested separately for each carrier and are
summarized in Table 7. Orthogonal contrasts were also used to determine whether the
results of the n = 1 and the n = -1 conditions differed for each carrier type and are

summarized in Table 8.

Latency to Onset
MAE

The ANOVA revealed a significant main effect of n value [F(2.10) = 4.78, p<.05].
The main effect of carrier type and the interaction were not significant. As can be seen in
the top panel of Figure 15, the shortest onset intervals were elicited by stimuli where the
Fourier components of V were not explicitly present. The quadratic trend (as a function of
n value) was significant for the noise carrier [F(1,20) = 24.39, p<.001] but not for the
other two carriers. The orthogonal contrasts indicated that there were no significant
differences between the results for the n = -1 and the n = 1 conditions for any of the

carriers. That is, there was no difference between subject performance in response to



Table 5
ANOVAs for latency to onset: Experiment 2
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Source SS df MS E
Motion Aftereffect
Subject 886.81 5 177.36
n Value 186.11 2 93.06 4.78%*
n Value x Subject 194.67 10 19.47
Carrier Type 52.18 2 26.09 3.73
Carrier Type x Subject 69.96 10 7.00
n Value x Carrier Type 69.72 4 17.43 2.02
n Value x Carrier Type x Subject  172.134 20 8.61
Vection
Subject 1316.85 5 263.37
n Value 139.56 2 69.78 7.92%*
n Value x Subject 88.14 10 8.81
Carrier Type 368.80 2 184.4 2.82
Carrier Type x Subject 654.78 10 65.48
n Value x Carrier Type 17.49 4 4.37 0.50
n Value x Carrier Type x Subject  175.29 20 8.76

Note. Where appropriate, all degrees of freedom have been adjusted using the Hundt-Felt

Epsilon.
*p < 0.05. **p <0.01.



Table 6

ANOVAs for duration: Experiment 2

61

Source _ 88 df MS E
Motion Aftereffect
Subject 98.58 5 19.72
n Value 240.14 2 120.07 10.64**
n Value x Subject 112.90 10 11.29
Carrier Type 214.75 2 107.37 28.12%**
Carrier Type x Subject 38.18 10 3.82
n Value x Carrier Type 10.72 4 2.68 1.58
n Value x Carrier Type x Subject 33.81 20 1.69
Vection
Subject 1677.02 5 335.40
n Value 263.99 2 132.00 14.37%*
n Value x Subject 91.85 10 9.18
Carrier Type 874.75 2 437.37 4.12%
Carrier Type x Subject 1060.60 10 106.06
n Value x Carrier Type 40.64 4 10.16 0.75
n Value x Carrier Type x Subject  272.33 20 13.62

Note. Where appropriate, all degrees of freedom have been adjusted using the Hundt-Felt

Epsilon.
*p < 0.05. **p < 0.01. ***p < 0.001.
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Table 7

Post hoc analyses comparing the FO (n = 1 or -1) versus the S n = 0%*) carriers:
Experiment 2

Source SS df MS E
Latency to Onset of MAE

Concentric 31.14 1 31.14 3.62
Radial 11.19 1 11.19 1.30
Noise 209.90 1 209.90 24 .39%*x*
Latency to Onset of Vection

Concentric 60.93 1 60.93 6.95*
Radial 18.48 1 18.48 2.11
Noise 65.86 1 65.86 7.51%
MAE Duration

Concentric 34.99 1 34.99 20.70***
Radial 94.89 1 94.89 56.13%**
Noise 90.64 1 90.64 53.62%**
Vection Duration

Concentric 134.09 1 134.09 0.85%*
Radial 24.03 1 24.03 1.76
Noise 135.89 1 135.89 Q.98 **

Note. Where appropriate, all degrees of freedom have been adjusted using the Hundt-Felt
Epsilon.

#%% p < 0,001 **p<0.01 *p<0.05
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Post hoc analyses comparing high (n = 1) versus low (n = -1) luminance displays for each

carrier: Experiment 2

Source SS df MS F
Latency to Onset of MAE

Concentric 1.41 1 1.41 .16
Radial 0.47 1 0.47 .82
Noise 1.73 1 1.73 .20
Latency to Onset of Vection

Concentric 9.28 1 9.28 1.06
Radial 1.15 1 1.15 .13
Noise 1.35 1 1.35 .15
MAE Duration

Concentric 7.84 1 7.84 4.64%
Radial 16.60 1 16.60 9.82%*
Noise 5.90 1 5.90 3.49
Vection Duration

Concentric 5.19 1 5.19 .38
Radial 0.19 1 0.19 .01
Noise 5.24 1 5.24 .38

Note. Where appropriate, all degrees of freedom have been adjusted using the Hundt-Felt

Epsilon.
** p<0.01 *p<0.05
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Figure 15. Results of the latency to onset conditions of Experiment 2 plotted as a function
of carrier type (concentric, radial, noise) and n value(-1, 0%, and 1). The solid line in both
panels represents the mean response to the control condition.
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stimulus types with explicit Fourier components but with different overall luminance levels

in the display.

Vection

The ANOVA revealed a significant main effect of n value [F(2,10) = 7.92, p<.01]
and a marginal trend of carrier type [F(2,10) = 2.82, p<.11]. The interaction was not
significant. As can be seen in the bottom panel of Figure 15, the onset of vection took
longer in response to stimuli where the explicit Fourier components of V were absent. The
quadratic trend (as a function of n value) was significant for the concentric carrier [F(1,20)
= 6.95, p<.05] but not for the other two carriers. The orthogonal contrasts indicated no

significant differences between the n = -1 and the n = 1 conditions for any of the carriers.

Duration
MAE

The ANOVA revealed significant main effects of carrier type [F(2,10) = 28.12,
p<.01] and n value [F(2,10) = 10.64, p<.01]. The interaction was not significant. As can
be seen in the top panel of Figure 16, radial stimuli and stimuli with explicit Fourier
components produced longer MAE durations. The quadratic trend (as a function of n value)
was significant for all three carriers [F(1,20) = 20.696, 56.13, and 53.61, p<.001 for the
concentric, radial, and noise carriers, respectively]. The orthogonal contrasts indicated that
there were significant differences between the results for the n = -1 and the n = 1 conditions
for the concentric [F(1,20) = 4.64, p<.05] and radial carriers [F(1,20) 9.82, p<.01] but

not for the noise carrier.

Vection
The vection duration results were similar to the MAE durations. The ANOVA

revealed significant results for the main effects of carrier type [F(2,10) = 4.12, p<.05] and
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Figure 16. Results of the duration conditions of Experiment 2 plotted as a function of
carrier type (concentric, radial, noise) and n value(-1, 0*, and 1). The solid line in both
panels is the mean response to the control condition.
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n value [F(2,10) 14.37, p<.15] but not for the interaction. Again, the longest responses
were elicited by radial carrier stimuli and by stimuli where explicit Fourier components
were present, as can be seen in the bottom panel of Figure 16. The quadratic trend (as a
function of n value) was significant for the concentric [F(1,20) = 9.85, p<.01] and noise
carriers [F(1,20) = 9.98, p<.01] but not for the radial carriers. The orthogonal contrasts
indicated no significant differences between the n = -1 and the » = 1 conditions for any of
the carriers.

Had mean luminance levels been related to vection and MAE, illusion strength
should have been strongest in the n = 1 conditions, followed by the n = 0* conditions, and
weakest in the n = -1 conditions but this was not the case. In fact, illusion strength was at
its lowest level in the n = 0* conditions and was not significantly differentinthe n=1 and
n = -1 conditions for all three carriers. Therefore, the results suggest that vection and MAE
strength are not dependent upon overall luminance levels in the displays.

For both vection and MAE, illusion strength was decreased (in terms of duration
and latency to onset) when local first-order components of V were absent from the
stimulus. Again, the mean data for vection and MAE were highly correlated for illusion
duration (r=.82) and moderately correlated for latency to illusion onset (r=.69) suggesting

that the vection and MAE were affected similarly by the independent variables.

EXPERIMENT 3

Smith and Ledgeway (1997) criticized the use of contrast modulated static carriers
to examine the FO versus SO distinction. In particular, they examined contrast modulated
noise, which is commonly used to create SO motions. Smith and Ledgeway argued that
whenever there is an imbalance in the ratio of light to dark pixels in a local region of the

carrier the drifting contrast modulation would produce drifting luminance modulations that
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are detectable by a standard (FO) motion energy mechanism. Increasing the size of the
individual noise units within a given area serves to increase the probability of contamination
by luminance artifacts. Smith and Ledgeway concluded that detection of “SO motion”
stimuli may actually reflect the detection of FO artifacts. If their conclusion is correct,
many motion experiments comparing FO and SO effects may actually have compared two
types of FO motions.

Using static and dynamic noise patterns, Benton and Johnston (1997) verified that
the application of a standard energy model to contrast modulated noise stimuli will result in
clearly detected motion in local patches of the stimulus. Furthermore, by increasing noise
element size and/or decreasing noise dimensionality from dynamic to static increases the
probability of contamination of the SO image by luminance artifacts. However, the motion
detected in local patches of the contrast modulations does not occur in the same direction at
each location. Benton and Johnston (1997) concluded that perception of SO motion in a
constant direction cannot be explained by a direct process of ME extraction because there is
a high probability that the luminance artifacts will be directionally balanced in contrast
modulated stimuli.

Gurnsey, Fleet, and Potechin (1998) came to a different conclusion based on their
ME analysis of contrast modulated noise stimuli. Initially, they used linearly translating
stimuli with noise element sizes ranging from 1 to 128 pixels. To estimate the response of
both FO and SO motion mechanisms, a ME mechanism was applied to both the raw image
luminance intensities (FO channel) and to a signal convolved with a small center-surround
filter before being half-wave rectified (approximation of a SO channel). The results of this
analysis indicated that local FO energy increased while SO energy decreased as a function
of noise element size.

A further analysis by Gurnsey et al. (1998) compared the two ME mechanisms’
responses to the linearly tramslating stimuli identical to the SO noise stimuli used in

Experiments 1 and 2 for the n = 0 and n = 1 conditions. The results of this comparison
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indicated that ME responses for SO mechanisms were virtually the same in then = 0 and n
= 1 conditions. However, the response of the FO mechanism showed a greatly reduced
response when n = 0. This may explain the reduced illusion strength noted in the previous
experiments for the n = 0* conditions.

Based on the ME model analysis by Gurnsey et al. (1998) , one could question
whether the responses to SO stimuli reported in Experiments 1 and 2 were actually the
result of the workings of a SO channel because the results can be explained by way of
referring exclusively to the operation of a FO channel. The assertion that only one motion
channel is required to support FO and SO motion perception is consistent with this
argument. Conversely, one could argue that a basic difference in the FO and SO stimuli
was responsible for the results obtained rather than the motion system engaged. To
address this question, Experiment 3 was conducted to determine how MAE and vection are
affected by an increase in the probability of local luminance artifacts in contrast modulated

noise stimuli.

Method

Subjects
All six subjects (2 males, 4 females) who participated in Experiment 3 had

participated in Experiment 2. All subjects reported 20/20 or corrected to 20/20 vision.

Stimuli

Nine different stimulus displays were used in the experiment. The control stimulus
was the basic vection signal, V, shown in Figure 5. Eight experimental stimuli were
formed by the multiplication of V with static noise carriers having different check sizes.

The check widths were determined as follows:
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Check width =27

Where m was a value in the range of O to 7. Examples of the stimuli used in the experiment
can be seen in Figure 17. As the pixel size is increased, there is an increased probability
that local motions within the stimulus will be luminance defined rather than contrast

defined.

Procedure

The procedure for Experiment 3 was identical to that of Experiment 1 except that the
isoluminance point was not calculated for the eight different check sizes for a couple of
reasons. First, the magnitude of a global distortion product which will result from a
luminance non-linearity of a given magnitude is not affected by variation in noise pixel size
(Smith and Ledgeway, 1997). Second, Smith and Ledgeway (1997) demonstrated that
global distortion products had little effect on the pattern of results they obtained when they
manipulated the check size in their contrast modulation displays. This indicates that the
results obtained using the physical isoluminance point versus the subjective isoluminance

point should be the same.

Results

Average duration as a function of check size was used as the dependent measure
and was calculated in a similar manner to the duration measures used in Experiments 1 and
2. Latency to onset was not used as a dependent measure because this measure proved to
have less reliable results in the first two experiments than the duration measure. The
control condition was not included in the statistical analyses. The data were analyzed using

2, one factor (check size) within subjects, ANOVAs; duration for both vection and MAE.
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Figure 17. The stimuli used in Experiment 3 arranged in order of increasing
check size.
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The ANOVA results are summarized in Table 9.

In the case of MAE, the ANOVA revealed a significant effect of check size [F(7,35)
= 10.86, p < .001]. A Tukey-T post-hoc test (Table 10) showed that the responses to
stimuli with check sizes of 1 and 2 pixels were significantly different from the responses to
all other stimuli at the .01 alpha level except for each other and the display with a check size
of 4 pixels. The MAE results are consistent with the argument of Smith and Ledgeway
(1997) that SO effects can be explained by the operation of a FO channel in response to FO
contamination in the stimulus. That is, if ME increases with check size, MAE duration will
also increase with increasing check size, as can be seen in Figure 18. For the case of
vection, the ANOVA showed no significant effect of check size. This result suggests that
FO contamination in the stimulus is not sufficient to explain SO vection effects in
Experiments 1 and 2.

As in Experiment 1, most of the subjects reported that the modulated stimuli gave
rise to two percepts, either an integrated image in motion or an image consisting of two
parts, of which only one part was in motion. In most conditions, the carrier was perceived
as the static portion of the image but for the largest check size displays the carrier could be

perceived as either being in the foreground or in the background.
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ANOVAs for duration: Experiment 3
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Source SS df MS E
Motion Aftereffect
Subject 376.19 5 75.24
Check Size 379.77 7 54.25 10.86***
Check Size x Subject 174.83 35 5.00
Vection
Subject 86.79 5 17.36
Check Size 84.32 7 12.04 1.53
Check Size x Subject 276.11 35 7.89
Note. Where appropriate, all degrees of freedom have been adjusted using the Hundt-Felt
Epsilon.
*** p < 0.001.
Table 10

Tukey-T Test as a function of stimulus check size (in pixels) for MAE duration: Experiment

3

4 8 16 32 128 64
2 X - s s S s s
1 - - s s s s s
4 - X - - - 3 S
8 S - X - - - -
16 S - - X - - -
32 S - - - X - -
128 S - - - - X -
64 s s - - - - X

Note. o =.05 and .01 for the results in the upper and lower triangles, respectively
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Figure 18. Duration results for Experiment 3. The left and right axes relate to MAE and
vection respectively. The axes have been scaled to match the performance of the control
condition (solid horizontal bar). MAE durations (black circles) increased along with check
size and the highest MAE durations were near the level of the control stimulus. Vection
durations (unfilled squares) were relatively unaffected by check size and were always
below the level of the control stimulus.
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Discussion

Researchers often dichotomize the phenomena they study. For example, short-
range versus long-range motion, first-order versus second-order, and Fourier versus non-
Fourier motion. While the use of dichotomous classification can simplify the research
process, there is a danger that the two categories will be seen as being fundamentally
different when they are not different in all cases. FO and SO motions have been shown to
differ in their ability to induce motion illusions, such as MAEs and the KDE, in some but
not in all cases. In this research project, the FO versus SO dichotomy was studied in three
ways: 1) a determination of the relative ability of FO and SO motions to induce vection, 2)
a comparison of the relative efficiency of FO and SO motions to induce MAE and vection,
and 3) an examination of how MAE and vection were affected by a systematic increase in
FO motion components to a SO stimulus. Of particular interest was the determination of
whether SO motions can support vection, an illusion which requires computations related
to motion in depth.

In the first two experiments, the results appeared to represent the effects of an
independent variable which was dichotomous. The stimuli that contained explicit Fourier
components produced vection and MAEs of a higher magnitude, in terms of initial reaction
time and duration of the illusion, than stimuli in which the Fourier components were greatly
minimized. Additionally, the independent variable had relatively similar effects on the two
illusions, suggesting that either both vection and MAE processes are either mediated by one
motion mechanism or, if two motion mechanisms are required to produce the two illusions,
the manipulations of the independent variables affected the two mechanisms in a similar
manner. Reduced illusion magnitudes in response to the SO displays could not be
attributed to general display luminance levels because the SO stimuli were less effective at

eliciting the illusions than FO displays having both higher and lower luminance levels.
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In Experiment 3, MAE strength was positively related to the ME in the image,
which is consistent with the previous experiments, but vection strength was virtually
unaffected by the magnitude of local ME in the image. This difference makes it unlikely
that MAE and vection are mediated by a common motion process in the visual system.
MAE appears to be driven by a low level visual process because it is a behavior which can
be predicted by the activity of low level receptors in the visual system. As vection cannot
be predicted on this basis, vection may be driven by a higher level operation such as a
process based on feature matching. Johansson (1977) described vection as an all-or-none
process. Once the vection experience is initiated, the illusion appears to be perpetuated
without regard to the initial evoking stimulus.

Although all stimulus displays drove the vection and MAE illusions to some extent,
SO motions produced weaker responses and it is questionable as to whether SO motions
can in fact elicit the MAE to any extent. Savoy (1987) noted the virtual impossibility of
eliminating all FO signals in an image. Just squinting or changing viewing distance can
reintroduce them (Brown, 1995). It can be argued that due to the presence of distortion
products the stimuli described in Experiments 1 and 2 as SO had enough motion energy to
activate a FO system. Effectively, this would indicate that the experiments reported here
did not compare the two stimulus classes intended, namely FO and SO motions, but rather
made comparisons between different types of FO stimuli.

However, even if distortion products do exist in SO images, it does not necessarily
follow that SO motion is detected on the basis of distortion products. A similar case in
point is the role of distortion products in the detection of displacements of spatial beats.
Badcock and Derrington (1989) acknowledge that distortion products could exist in spatial
beats. However, they argued that beat displacements could not be detected through the use
of distortion products because direction discrimination thresholds for spatial beats were not
affected when the distortion products were removal through the addition of a nulling

grating.
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MAE was highly affected by the amount of FO motion energy in the stimuli and it
seems reasonable to assume that the small amount of MAE reported in response to SO
stimuli could have been due to FO artifacts within the image. As vection was not highly
affected by local luminance patches in the display, the moderate vection effects reported in
response to SO stimuli may represent the workings of a different mechanism, perhaps a
mechanism specialized to detect SO motion.

Smith and Ledgeway (1997) promoted contrast modulated dynamic noise with the
smallest noise elements possible as the optimal second-order stimulus. While using
dynamic noise rather than static noise to create the SO image may help to eliminate
distortion products from the display it may also serve to introduce a new extraneous
variable into the experiment, difficulty level of stimulus perception. Dynamic noise
displays may increase the internal noise level (Verstraten et al., 1995). That is, due to
random stimulation in the visual receptors, the SO motion signal may be masked.
Derrington et al. (1993) demonstrated a reduced ability to detect the direction of beat stimuli
versus plaid stimuli of comparable spatial structure. The dynamic displays used by Smith
and Ledgeway (1997) may seem to cancel out any FO effects because the stimulus was less
visible and not because the dynamic display have a reduced amount of motion energy.
Therefore, the use of dynamic displays to isolate SO components of the image may not be
an improvement over the use of static displays.

The effects of transparency may serve to partially explain why vection strength was
independent of noise element size in Experiment 3. The visual system may have only
processed the portion of the image which appeared to be in motion, the modulation, and
ignored the static image component, the carrier. This would explain why the carrier did not
interfere significantly with vection perception even at the largest noise element sizes which
constitute a strong signal to the observer that self-motion is not occurring. Based on the

results of Experiments 1 and 2, where carrier type was shown to strongly influence vection
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strength, it does not appear likely that vection strength is based only on the influence of the
modulator.

Transparency may also partially explain the vection results in Experiments 1 and 2
if one considers how the different carrier types would have brought about different levels
of transparency between images with different carrier types. Whether an image is
perceived as transparent or coherent partially depends on the image luminance properties at
the junction of the two components. Images which are incompatible with physical
transparency are less likely to be perceived as arising from component motion (Stoner,
Albright, & Ramachandran, 1990). The concentric and noise stimuli contained information
which was incompatible with physical translation within a tunnel because the luminance
pattern changed continuously at the junction of the modulator and the carrier. Additionally,
the luminance patterns of the noise and concentric stimuli did not change in size over time
as expected when the image flow represents physical objects in the environment which start
out at a reasonable distance from the observer. Constant luminance levels at the junction of
the two components of the radial stimulus are consistent with the image flow produced
while moving through a tunnel and may allow the observer to perceive the radial stimulus
as a coherent image.

The vection results may have represented a trade-off between two opposing
elements within the stimulus. For example, Brandt et al. (1975) demonstrated that for
motion displays made up of two components presented at different depths, circular vection
strength was decreased when the background component was a stationary image. In other
words, one component of the stimulus is concordant with the image flow during self-
motion while one is not. In Experiment 3, as noise unit size increases the visual signal
becomes less representative of the optic flow encountered during self-motion if the carrier
is perceived to be in the background. This is because stationary backgrounds indicate to
the observer that they are not in motion. Observers seem to be able to interpret the noise

units as being in motion if noise unit size is small but this becomes less possible as the unit
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size increases. One would expect this effect to reduce vection strength but it may be offset
by the influence of increasing ME in the stimulus. When the stimulus components were
not in opposition, such as in the case of the radial stimuli where the entire display was
consistent with visual flow during self-motion, the illusion strength was greatly enhanced
in comparison. It is interesting to note vection strength was not greatly affected when the
noise units were perceived to be in the foreground, another example of when the stimulus
components were not in opposition.

An alternative explanation is that the invariant vection strength represents a
combination of effects. Wilson et al. (1992) promoted a motion mechanism in which the
outputs of the Fourier and nonFourier pathways are combined to produce a single motion
percept and it may be plausible that the vection results represent the combined outputs of
FO and SO mechanisms. FO energy increases while SO energy decreases as a function of
noise element size in contrast modulated noise patterns (Gurnsey et al., 1998). As the
noise unit sizes increase in contrast modulated patterns, the FO and SO vection effects
appear in a reciprocal relationship. If the FO and SO inputs were equally balanced in terms
of capacity to evoke vection, one might expect that vection strength would be independent
of check size in the noise stimulus. As there was a small but insignificant decrease in
vection strength as noise element size increased, the contribution of FO energy in this
process may be stronger under the right circumstances.

This assumption that FO and SO motions make up the combined inputs to one
motion process can also be used to explain the results obtained in Experiments 1 and 2.

When n = 0* only the responses of the SO mechanism provides input to the motion process

but when | | > O then both FO and SO mechanisms may be at work. Consequently, the

differences noted in responses to stimuli of different n values may reflect the amount of
input provided by the combined FO and SO mechanisms rather than the type of input being

analyzed.
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These results differ from those of Dosher et al. (1989) who found that SO stimuli
were unable to support the recovery of 3-D structure from 2-D motions. This may be
partly explained by the nature of the task and the complexity of the stimuli used in the two
studies. Firstly, the KDE uses relative motion cues to evoke the image of an object,
outside the observer, rotating in space while converging lines and perspective cues were
used to elicit illusory self-motion. That is, the depth cues used by the observer and the
viewpoint of the object in motion differs for the two tasks. Secondly, Dosher et al. used an
objective task with a low chance level of performance. Conditions in the three experiments
reported here were used to maximize performance and therefore the SO motion results may
be inflated to some degree. Thirdly, Dosher et al. used more complex displays that
required the integration of multiple velocity signals over space and time. The simpler
motion signals used here involved constant velocity signals at each point in time. Prazdny
(1986) demonstrated that simple 3-D structure could be recovered from 2-D motion stimuli.
This suggests that the recovery of 3-D structure from 2-D motion stimuli will occur if the
stimulus is sufficiently simple and the task requirements are not too difficult. It appears
that the image flow from translatory self-motion represents an elementary SO stimulus from
which 3-D structure can be recovered.

As reported in previous vection research (Anderson and Braunstein, 1985)
perceived depth appears to be an important factor in the vection experience. Anderson and
Braunstein proposed that the ability level of radially expanding patterns to induce vection in
central vision is determined by the effectiveness of the pattern in representing 3-D structure.
They were able to demonstrate a similarity between depth ratings and vection induction of
vection in response to an identical radial stimulus. MAE is perceived as object motion
rather than self-motion and therefore internal depth may not be very important in MAE
induction. A 2-D or 3-D object can equally be perceived as moving in space. The same
cannot be said about self-motion which may explain why internal depth cues appear to have

been more important in vection inducement than in MAE inducement. The radial carriers
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consistently provided the longest vection durations. The noise and concentric carriers
contained sufficient depth cues in the display to simulate 3-D structure from a 2-D image as
evidenced by the fact that these carriers could induce moderate vection effects. However,
under conditions of transparency, these carriers contained information which was
inconsistent with image flow contained in natural self-motion vision patterns while the
radial carrier did not contain such information. Subjective accounts that vection was not
perceived in response to images with stationary backgrounds is consistent with the results
of Heckman and Howard (1991). They found that when their subjects were presented with
images at different depth planes, vection occurred when the image perceived to be at the
farther depth plane was moving but not when the farther depth plane was perceived as a
static image. When the farther depth plane was seen as a static image the display was
perceived to represent object motion rather than self-motion.

Based on the absolute onset latencies and durations of the MAE and vection
illusions, one might conclude that the FO versus SO distinction had a stronger effect in the
case of MAE than in the case of vection. However, the direct comparison between absolute
MAE and vection magnitude based on the results obtained in these experiments may be
misleading for two reasons. Firstly, the stimuli were created in such a way as serve the
dual purpose of eliciting the two illusions. That is, the vection stimuli served as the
adapting stimuli for the MAE. Although the stimuli could effectively elicit the two
illusions, no attempt was made to determine whether the stimuli drove the two illusions
equally. From an empirical perspective, it would appear not to be the case. For example,
vection strength is correlated with the size of the vection stimulus (Telford & Frost, 1993)
while at small eccentricitiecs MAE strength is weakened with increasing display sizes
(Murakami & Shimojo, 1995). In view of the fact that large screen stimuli were used in all
experiments, the magnitude of the MAE may have been relatively reduced. In an effort to
equate the stimuli, one could use distance above threshold of the stimulus to detect the

illusion as the measure by which to equate the stimuli but there is no evidence that the
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vection and MAE illusions scale comparably in terms of this measure. Secondly, duration
calculations included only the first MAE episode but multiple vection episodes. If only the
first vection episode was counted in the calculation, the illusion strengths may have been
more comparable for the two illusions.

While the response profiles for FO and SO stimuli were similar across the three
different carrier patterns, the absolute magnitudes of the two illusions were highly affected
by the choice of carrier pattern. In agreement with the results of the Smith et al. (1984)
study, the presence of stationary texture in the background tended to suppress the
magnitude of the MAE and vection effects perceived relative to the control stimulus. The
only consistent exception to this effect occurred for the radial stimuli with explicit Fourier
components, which elicited an effect equal or greater in magnitude to that of the control
stimulus. The reasons why different carriers may affect the MAE and vection magnitudes
differentially may be due to components within the combination of the combined carrier and
modulator which contradict the motion signal. The dampening of the motion signal by the
visual system in aggregation with the signals contradicting self-motion of the vestibular,
tactile, and kinesthetic systems may provide enough information to overcome the effects of
the illusions.

Physical plausibility may be important for both the MAE and vection illusions.
MAE:s for horizontal adapting directions are shorter (Mather, 1980). The patterns of visual
flow normally experienced as the observer moves through the world (motion parallax) may
serve to suppress detectors tuned to horizontal directions more than others. Since the
stimuli used to evoke MAE in this study were radial, only a small portion of the image
represented horizontal motion. Consequently, the signals representing other directions of
motion in the display may have contributed more to the MAE percept. Vection was highly
affected by the physical plausibility of the stimulus as evidenced by the subjects’ reports of
the absence of vection in response to component motion. In this case, component motion

would be consistent with object motion rather than self-motion. Some subjects reported
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that at higher check sizes of the noise stimulus, the checks appeared to be a screen through
which they could see the moving modulator in the background. Under these
circumstances, the magnitude of the vection experience was quite robust. Out of the three
possible interpretations to this stimulus (coherent motion, checks as background, checks as
foreground), this interpretation is the most consistent with natural image flow that occurs
during self-motion. According to the composition of the stimuli, the checks should be seen
as the background. However, this interpretation is inconsistent with the vection
experience.

In conclusion, it is evident that SO motions can contribute to a process which
supports motion in depth because SO motions were able to support the vection illusion
under conditions where FO were minimized. SO motions were unable to support the MAE
induced by radial images with static carriers. Therefore, the FO versus SO dichotomy was
sufficient to explain MAE effects. MAE strength was positively related to the motion
energy in the stimulus which makes the MAE a good indicator of the amount of motion
energy in a visual display. Vection, on the other hand, was a poor indicator of the presence
of motion energy and hence the vection results of Experiment 3 are difficult to explain

entirely based on the FO versus SO distinction.
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Descriptive statistics for latency to onset for experiments 1, 2, and 3
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Table Al
Descriptive statistics for latency to onset: experiment 1

Experiment 1 First Order Second Order
Motion aftereffect
Concentric
M 1.53 7.01
SD 0.93 4.03
Radial
M 1.20 0.84
SD 0.65 0.14
Noise
M 0.87 9.54
SD 0.17 4.83
Control
M 1.16
SD 0.57
Vection
Concentric
M 16.40 18.91
SD 9.61 9.89
Radial
M 5.97 8.77
SD 5.74 6.39
Noise
M 17.98 21.70
SD 12.33 9.83
Control
M 5.32
SD 5.78




Table A2
Descriptive statistics for latency to onset: experiment 2

Experiment 2 First Order Second Order
n=-1 n=1 n=0
Motion aftereffect
Concentric
M 2.39 3.07 5.52
SD 2.24 5.17 7.04
Radial
M 1.75 2.14 3.62
SD 2.40 3.28 6.12
Noise
M 2.12 2.88 9.74
SD 3.23 5.11 9.64
Control
M 3.92
SD 7.57
Vection
Concentric
M 6.83 5.07 9.85
SD 5.94 4.31 9.51
Radial
M 2.95 3.57 5.41
SD 2.58 3.54 4.83
Noise
M 9.36 8.69 13.00
SD 7.55 8.54 11.42
Control
M 2.90
SD 1.88




Table A3
Descriptive statistics for latency to onset: experiment 3

Experiment 3 Motion aftereffect Vection

Noise unit size (in pixels)

1

M 5.52 5.06
SD 7.12 3.89

2
M 5.14 6.71
SD 6.53 5.29

4
M 3.07 5.87
SD 3.93 4.44

8
M 1.90 6.52
SD 1.61 6.04

16
M 1.55 4.58
SD 1.61 3.67

32
M 1.58 4.52
SD 1.73 4.69

64
M 2.35 3.50
SD 2.58 2.30

128
M 2.63 3.32
SD 245 2.28

Control

M 3.47 2.67
SD 3.78 2.26




Appendix B

Descriptive statistics for duration for experiments 1. 2. and 3
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Table Bl
Descriptive statistics for duration: experiment 1

Experiment 1 First Order Second Order
Motion aftereffect
Concentric
M 6.02 1.22
SD 2.06 0.97
Radial
M 9.64 6.18
SD 2.80 3.31
Noise
M 5.86 0.75
SD 2.01 1.33
Control
M 8.14
SD 1.68
Vection
Concentric
M 8.35 5.78
SD 8.66 7.94
Radial
M 20.14 15.38
SD 8.50 8.53
Noise
M 8.24 5.05
SD 11.98 7.80
Control
M 19.55
SD 8.96




Table B2

Descriptive statistics for duration: experiment 2
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Experiment 2 First Order Second Order
n=-1 n=1 n=0
Motion aftereffect
Concentric
M 5.50 3.88 1.73
SD 3.54 2.32 1.69
Radial
M 10.93 8.58 4,88
SD 3.83 2.39 1.78
Noise
M 6.42 5.02 0.96
SD 2.52 2.71 1.36
Control
M 6.29
SD 4.70
Vection
Concentric
M 17.57 18.89 12.44
SD 8.44 7.21 8.94
Radial
M 24.90 25.15 22.57
SD 4.05 5.09 6.94
Noise
M 17.76 16.44 11.27
SD 11.05 10.51 9.69
Control
M 26.33
SD 2.74




Table B3

Descriptive statistics for duration: experiment 3
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Experiment 3 Motion aftereffect Vection
Noise unit size (in pixels)

1
M 1.28 11.72
SD 1.03 3.43

2
M 1.15 9.76
SD 1.18 3.13

4
M 3.82 10.49
SD 2.89 2.62

8
M 6.23 10.13
SD 3.83 4.07

16
M 7.24 11.29
SD 4.72 1.45

32
M 7.40 12.98
SD 4.75 3.30

64
M 8.66 12.54
SD 4.21 2.88

128
M 8.07 13.69
SD 4.70 2.52

Control

M 7.40 17.28
SD 6.32 2.52




Appendix C

Subjective isoluminance points for the subjects in experiments 1 & 2
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Table C1
Subjective isoluminance points for the subjects in experiment 1

Subject Number n values

Concentric Radial Noise
1 -0.050 -0.050 -0.050
2 0.000 0.000 0.000
3 0.000 0.025 -0.025
4 0.000 0.000 0.000
5 0.050 0.000 -0.050
Table C2
Subjective isoluminance points for the subjects in experiment 2
Subject Number n values

Concentric Radial Noise
1 0.00 -0.05 -0.05
2 0.00 0.00 0.00
3 0.00 -0.05 0.00
4 0.00 0.00 0.00
5 0.00 0.05 0.00






