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PREFACE
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Institute of Technology. The author is grateful for the critical review of that material by his
preliminary examination and dissertation committee members and their encouragement to pursue
this topic in greater detail. The author acknowledges these members of his committee, namely
Dr. Elizabeth Davis, Dr. Dennis Folds, Dr. M. Jackson Marr, Dr. Neff Walker, and his advisor,
Dr. Gregory M. Corso. The author also acknowledges the resources provided by the Noise
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INTRODUCTION

The ability to maﬁcuver and emit motor acts directed at environmental stimuli is
fundamentally dependent on a coordination between multimodal sensory inputs and between these
integrated inputs and subsequent motor responses. Moreover, this coordinative process must be
relatively continuous to deal with the complex spatial dynamics of the environment. James

.Gibson (see, e.g., Gibson, 1979) posited that examination of these spatial dynamics must focus
upon the continuous flow of information available through the spatio-temporal patterning of
dynamic physical events. (see, e.g., Gibson, 1979) focused upon the dynamics of the visual scene,
however many of his followers have further extended these views to the domain of auditory
perception (see, e.g., Schiff & Oldak, 1990; Shaw, McGowan & Turvey, 1991). The impact of
this ecological approach to perception lies in its provision for a concise description of
environmental objects and events of importance to the perceiver through spatio-temporally
defined invariants or consistencies. According to this approach, these invariant properties in the
environment provide important cues or, in Gibson's terms, affordances, regarding objects and
events. In this sense, Gibson's notion of invariants and affordances provides a direct,
coordinated linkage between sensation and action. Furthermore, this approach stresses the
important role of a dynamic perceiver that acts upon its surrounding environment in order to
observe the emergent invariant relationships the exisf between objects and their surrounds. While
Gibson's theory introduces the notion of the perceiver as a dynamic element within the
environment, his theory fails to be an adequate account of the complex biological processes
involved in perception. It is well established that perceivers transduce, analyze, and synthesize
perceptual information and subsequently emit responsive motor acts within a intricate
coordination of physiological systems. Therefore, it is evident that a consideration of multimodal
perceptual integration and motor coordination is incomplete without the inclusion of an
information-processing description of the perceiver.

In viewing the perceiver as an information-processing organism, one must examine the
various modalities, pathways, and codes that are implemented in the processing of information
that impinges upon the sensory organs. In analyzing information about spatial arrangements and

spatial dynamics of the external environment, two modalities of particular interest are vision and




audition. The specific encoding, analysis, and synthesis of spatial information in these two
modalities is explored in detail. Moreover, the integration of information analyzed by the visual
and auditory modalities to produce a unified spatial percept is explored. Finally, the role of these
integrated dynamic percepts in guiding complex motor actions such as rapid aimed movements,
continuous tracking, and locomotion is considered.

In visual perception, light reflected from distal environmental objects is projected onto the
human perceiver's two retinas creating two slightly eccentric two-dimensional proximal images.
The light cast upon these two retinal mosaics of photoreceptors is thereupon transduced into
patterns of neural activity. These patterns are partially determined by the nature of the
photoreceptors' sensitivity to the intensity and wavelength of light, but are also reflective of the
subsequent structure of neural connections in the visual system. The most signiﬁcanf of these
neural connections is the early segmentation of information into two separate parallel pathways,
the magnocellular and parvocellular pathways (Livingstone & Hubel, 1988; Lennie, et al., 1990).
These distinct pathways are presumed to carry separate visual codes, the magnocellular being
responsible for conveying low-resolution dynamic position and motion information, whereas the
parvocellular is predominantly responsible for conveying high-resolution form information.
Moreover, luminance contrast information is presumed to be segmented early in the visual system
through patterns of neural activity across a wide range of spatial frequency selective channels.
Only low spatial frequency information is presumed to be carried through the magnocellular
pathway, whereas, detailed high spatial-frequency information is coded in the parvocellular
pathway.

The transient, low spatial ﬁequency tuning of the magnocellular system renders it
important in conveying information about rapid, temporally dynamic patterns such as motion and
flicker. Thus, information analysis conducted along this pathway has been described as giving rise
to a "short-range" percept of motion (Braddick, 1974; Braddick, 1980). However, this "short-
range" percept of motion can be ambiguous due to the correspondence problem that arises
because of inherent uncertainty regarding which points in two time-sampled proximal images refer
to the same physical features in a dynamic environment. Resolution of this ambiguity relies upon
top-down constraints regarding rules of object dynamics as well as integration of form

information from parvocellular processing in order to converge upon a common "long-range”




motion solution. Based on psychophysical observations, it is posited that the dynamic spatial
layout is incrementally built up from interactions of the magnocellular dominated "short-range"
motion process and the subsequent analysis of form mediated predominantly by the parvocellular

- pathway and the imposition of featural constraints comprising the "ldlig-range" motion detection
process. While the theoretical distinction between “short-range” and “long- range” motion
solutions sufficiently accounts for motion along the fronto-parallel plane, it fails to provide a
complete account of three-dimensional visual spatial perception since it ignores the processing of
motion-in-depth information and the perception of changing optical flow patterns associated with
locomotion of the perceiver.

When objects in the environment move in depth or when the perceiver locomotes through
the environment, local and global changes in the flow patterns of the optic array occur. These
flow patterns induce expansion and compression of feature boundaries projected in the proximal
images. Local expansion or compression suggests motion of an environmental object in depth,
whereas global expansion or compression is indicative of locomotion by the perceiver. David Lee
(1980) suggested that the relative rate of local or global optical expansion uniquely defines
motion-in-depth. Moreover, the variable specifying this relative rate of expansion, signified by the
Greek letter tau (1), further specifies the time-to-contact of environmental objects with the point
of observation and is therefore critical for collision avoidance during locomotion. Psychophysical
and physiological research conducted by David Regan and his colleagues (see Regan, Beverley &
Cynader, 1979 for an overview) has demonstrated a biological basis for the computational
processing of this motion-in-depth information within the visual system. In Regan, etal.'s (1979)
model of processing motion-in-depth information, a solution for the recovery of dynamic three-
dimensional object motion is developed through several stages. The optical flow pattern is
sufficiently specified monocularly, but in the case of local changes, it is ambiguous with respect to
changing size or changing position in depth. Optic flow information can be disambiguated
through the accumulation of other monocular cues such as texture gradients and occlusion when
such information is sufficiently defined in the environment. Moreover, as with fronto-parallel
motion, a complete motion-in-depth solution must incorporate top down constraints and three-

dimensional stereoscopic form information. In this sense, optic flow may be regarded as giving




rise to a short-range or low level solution for motion-in-depth. However, a long-range or high
level solution is requisite of time-sampled monocular and binocular depth cues.

The specification of monocular and binocular cues for depth and their interactions has
been a topic of empirical inquiry for some time. Of particular interest is the manner in which these
depth cues such as occlusion, relative size, foreshortening, linear perspective, shading, and
binocular disparity are combined to produce a singular percept of object depth. The combined
influence of monocular pictorial cues and binocular disparity information for disambiguating the
percept of depth is viewed as a cooperative additive factor process (Landy, et al., 1991).
However, utilization of these cues appears to be dependent upon prior form segregation and
therefore suggests that such a solution is derived relatively late in the course of visual processing .
Moreover, computation of binocular disparity requires comparisons of visual codes from the two
eyes and therefore, it too occurs relatively late in the course of visual processing. Not
surprisingly, both monocular pictorial cues and binocular disparity are presumed to be mediated
predominantly through parvocellular pathways and are assumed to be constituents of a high level
or long-range computation of depth.

From these theoretical accounts of visual processing based upon voluminous research
literature recounting psychophysical and physiological findings, it can be posited that the visual
system reconstructs a representation of the three-dimensional dynamic spatial layout through an
incremental accrual of motion and form information. The manner in which this representation is
incrementally accrued can be likened to a series of cascading filters converging upon a single
cohesive array of spatio-temporal parameters. In this manner, rapid motion information can be
accrued and augmented by more detailed form and position information obtained through
monocular and binocular image filtering and synthesis in which three-dimensional object structure
and position is recovered.

Spatial information can also be accrued through the auditory modality. However, due to
the inherent non-spatial character of acoustic signals, spatial information must be recovered
through a concomitant analysis of acoustical form. Consequently, unlike vision, in audition the
analysis of location and motion is interdependent with an analysis of acoustical structure. In
auditory perception, perturbations of air caused by environmental sound sources impinge upon

receptive cells on the basilar membrane in the inner ears where transduction into neural codes




signaling pitch and loudness occurs. Three-dimensional localization information is reflected in the
characteristics of these neural codes and can be understood through a consideration of the
perturbations that the intensity and frequency spectrum characteristics of the sound signal
undergo prior to reaching the two inner ears (see Middlebrooks & Green, 1991 for a recent
review). These perturbations are created by features of the environment as well as features of the
listener's anatomy. Absorption and diffraction of the sound wave by the listener's head leads to
interaural intensity, time and phase differences that can be analyzed through time-sampled neural
analysis of the sound profile. While these interaural differences can provide information regarding
azimuthal sound source location, adequate determination of sound source location can only be
understood by consideration of the distortion cues provided by the structure of the pinna or outer
ear (see Batteau, 1967). This filtering by the pinna significantly alters the sound spectra of high
frequency sources and consequently can act as a monaural cue to sound source localization
particularly important for detecting spatial location in elevation. While the pinna only provides
localization cues at relatively high frequencies, at low frequencies, diffraction of sound waves by
the listener's upper torso can potentially provide cues to location. The role of these various
anatomical distortions can be described through head-related transfer functions (HRTFs) that
describe the perturbation of sound waves by the listener's anatomical features.

Prior the contact with the listener, sound emanating from an object can be altered as it
travels through the air and is reflected and absorbed by materials in the environment. The
alterations of the frequency spectrum produced by these perturbations of the sound wave as it
travels over distance to reach the listener provide auditory cues to depth (cf., Coleman, 1963;
Mershon & King, 1975). These cues are provided by the decrement in sbund pressure level or
intensity over distance, the differential attenuation of frequency components as they travel through
air, and the differential absorption and reflectance of frequency components by materials in the
acoustical environment. These cues give rise to percepts reflecting the egocentric distance of
sound sources. Similarly, acoustical properties of dynamic sound sources such as the Doppler
shift and the relative rate of change in sound level can provide information regarding their relative
location and motion in depth. Thus, distortions in the spectral profiles of environmental sound
sources by structures in the environment and structures of the listener's anatomy provide cues

from which a representation of the.dynamic spatial layout can be acoustically derived.




However, auditory and visual spatial percepts rarely are derived independently. Rather,
these spatial representations appear to be conveyed through a common spatial metric or yardstick.
Consequently, comparisons across modalities regarding spatial layout can be made without
reliance on franslational processes (cf., Auerbach & Sperling, 1974). Nonetheless, the
predominance of vision in conveying information about spatial layout biases the weighting of
spatial cues in favor of those obtained visually. This visual dominance can result in the aiding of
auditory spatial judgments, but can also bias spatial percepts to favor visual information over
auditory information in the presence of cross-modal discrepancy (see Welsh & Warren, 1986 for a
review). However, the visual modality suffers from a restriction in the field-of-view and
consequently is incapable of providing continuous spatial information across the full 3609 in
azimuth and elevation. Since the auditory system is not spatially restricted in the same manner as
the visual system, it can provide a means for conveying dynamic spatial information regarding
objects and features that lie outside the immediate field of view. For example, Perrott and his
colleagues (see Perrott, et al., 1990, Perrott, et al., 1991) have demonstrated that peripheral
auditory spatial cues can aid visual search performance. Moreover, the use of localized auditory
display information has been shown to aid in the task of air traffic avoidance under visual flight
conditions (see Begault, 1993). Thus, preliminary research indicates that auditory spatial cues can
serve to aid in the detection of visual objects under conditions imposed by visually demanding
task scenarios.

However, the interaction of multimodal representations is dependent on temporal as well
as spatial contiguity. In fact, the spatio-temporal characteristics of information presented in one
modality has a significant impact on the perception of conco.mitant signals presented through a
second modality (O'Leary & Rhodes, 1984). In general, temporal covariance of multimodal
signals has been repeatedly shown to provide redundancy gain in signal detection tasks (see, €.g.,
Loveless, Brebner, & Hamilton, 1970). Redundancy gain from bimodal spatial and temporal
covariants in signal presentation remains to be demonstrated, however evidence strongly suggests
that vision and audition are commonly conveyed through a unified spatio-temporal representation.
The additive and interactive contributions of multimodal cues to this spatio-temporal
representation provide a means through which redundancy gain can be observed as a function of

bimodal redundancy. Furthermore, this common spatio-temporal representation is presumed to




be the vehicle through which plans for motor action are formulated in reference to the dynamic
spatial layout of the environment.

Complex motor activities consist of sequences of rapid, ballistic movements arranged in
hierarchical temporal sequences (cf., Miller, Galanter, & Pribram, 1960; Pew & Rosenbaum,
1988). Thus, higher level motor action plans serve to specify the spatial and temporal parameters
for specific motor programs that signal the execution of discrete motor actions. These spatial and
temporal parameters are perceptually specified by the incremental accrual of information
regarding the three-dimensional dynamic spatial layout of the performance environment and
provide the requisite information for motor guidance. Mass properties of the organism and
objects in the environment are parameterized through learning and the prior history of the
organism and are specified in motor programs along with spatio-temporal information regarding
the dynamic layout of the environment. This learning occurs through the provision of knowledge
of results regarding the outcomes of guided motor actions thereby allowing for precise
specification of appropriate mass, spatial and temporal parameterization of future actions (cf.,
Salmoni, Schmidt, & Walter, 1984). These space, time, and mass parameters serve to
computationally specify the force required for ballistic motor responses as well as the
synchronization of action sequences (cf., Schmidt, 1975).

Thus, rapid ballistic aimed movements of particular extremities serve as the functional
units of more complex motor activities. Lawful function relationships between the spatio-
temporal demands of these motions and the speed and accuracy of execution have been
demonstrated in tasks that are spatially and/or temporally constrained. Furthermore, research has
suggested that the nature of these relationships between spatio-temporal demands and movement
speed and accuracy are mediated by the microstructure of submovements as well as by task
demands. The microstructure of submovements was originally posited to involve iterative
corrections based upon sensory feedback regarding the discrepancy between actual and desired
positions of the extremity in relation to the target of the motor action. However, more recent
theories have suggested that these submovements are the result of an optimizing strategy that
attempts to dynamically re-specify force parameters in the presence of inherent neuromotor noise
(cf., Meyer, et al., 1988; Meyer, et al., 1990). Thus, the speed and accuracy characteristics of a

single motor action unit is functionally dependent on the quality of initial spatio-temporal response




parameters and the degree of central and peripheral variability in the transmittal of these
parameters through the psychomotor pathway. In spatially constrained tasks, the size and
distance of the target at which aimed movements are made adequately reflect task difficulty and
consequently serve as sufficient parameters for describing motor performance. In temporally
constrained tasks, on the other hand, movement velocity directly influences endpoint variability in
aimed movements and consequently it serves as a sufficient parameter for describing task
performance in such situations. In the case of indirect manipulation tasks, the control gain and
control order of the device used to mediate and transmit motoric responses to the action
environment interact to determine overall task difficulty. Thus, it is evident that the programming
of motor responses involves the parameterization of spatio-temporal characteristics of the
environment and mass and force properties of the organism's effectors and manipulation devices
associated with intermediating control systems. Furthermore, the specification of these
parameters is stochastically optimized to counteract the effects of inherent noise in the central and
peripheral psychomotor pathways.

While most research examining discrete motor actions limit the degrees of freedom of
motion to one axis, it has been demonstrated that these general relationships between the speed
and accuracy of movement and spatio-temporal characteristics of the task environment are
extensible to motor actions made along two and three-dimensions of control movement (see, €.g.,
Jagacinski & Monk, 1985). In these multi-axis movement tasks, it has been demonstrated that the
coordination of effectors in relationship to these axes of motion is not completely independent,
nor is it completely integrated. That is, movement trajectories along multiple axes exhibit
characteristics that indicate neither a pure Euclidean metric nor a pure city-block metric for
parameterizing multi-axis motor coordination. These characteristics of multi-axis control
performance as a function of the distance and size of the movement target have been
demonstrated to hold for motions involving the head and eyes as well as the extremities indicating
the ubiquity of such controlling relationships.

When these simple ballistic units of motor actions are temporally and hierarchically
sequenced they functionally operate as coordinated components of a motor planning sequence. In
dynamic task environments, the execution of such plans require continuous monitoring of

outcomes in relation to desired results and this feedback serves to update force parameters for




subsequent motor responding. In continuous manual control of dynamic systems, the continuous
updating of spatio-temporal force parameters can be described through a feedback loop such as
that detailed in the optimal control model (OCM) of iterative corrections regarding misalignments
between actual and desired system states (cf., Baron & Levinson, 1980). These iterative feedback
loops serve to update state space parameters in the internal spatio-temporal representation of the
task environment and dynamically correct for sensori-motor delays and transmittal noise during
the course of information processing. Consequently, these parameters optimally specify the force
parameters required for corrective motor responses. In this manner, perceptual-motor
coordination can be achieved in highly dynamic environments.

The ability to specify spatial and temporal parameters for continual motor responding in
these dynamic task environments is dependent upon the quantity and quality of state information
that can be conveyed through sensory channels. The quantity and quality of this information can
be increased through augmentation of the display that conveys system state space information to
the operator. Such augmentation can be achieved by providing increased preview of upcoming
system states and spatio-temporal representations of predicted future conditions (cf., Poulton,
1974). Such augmentation can be conveyed through pursuit and compensatory displays in either
the visual or auditory modality. System states are typically conveyed through visual displays,
however auditory frequency, intensity, and spatial cues have also been used for providing
information regarding the relative discrepancy between actual and desired system states. The
quality of control responding to information conveyed through these alternative modalities is
functionally dependent on the perceptual abilities of the operator to detect changes in the
properties of the tracking display whether they be spatial or featural in nature.

In tasks involving more direct manipulation of the environment, such as locomotion,
spatio-temporal characteristics of the terrain and potential obstacles are similarly represented
though a build-up of multimodal sensory information. These spatio-temporal parameters serve to
define the requirements for action plans regarding responsive movements. Moreover, the
continual updating of relative changes in these spatio-temporal parameters conveyed through
acoustical and optical flow serve to iteratively update the relationships between the dynamic
organism and features of the surrounding environment. In this manner, spatio-temporal

characteristics of the environment can be continually updated through acoustical and optical flow




parameters such as the point of expansion (POE) which defines the direction of travel and tau (T)
which specifies the relative rate of travel and the instantaneous time-to-contact with objects in the
environment. Through the incorporation of these parameters into motor response plans, the
organism can successfully navigate through a cluttered terrain and emit responsive actions in
reference to environmental features. In this manner, a complex coordination between multimodal
sensory inputs and motor responses can be achieved.

The continual coordination of multimodal sensory percepts and motor actions is
fundamentally dependent on a process in which spatio-temporal characteristics of the environment
can be parameterized through a successive build-up of information conveyed by multiple
modalities and pathways. A theoretical model is developed in which spatio-temporal information
comes to be conveyed through a common representation of the dynamic spatial layout that can
receive cascading information from various auditory and visual pathways. The cascading nature
of information flow in this model allows for the incremental accrual of increasingly detailed
motion, form, and location parameters from successively higher levels of processing within a
respective modality. In this manner, spatio-temporal parameters for motor plans can be estimated
expeditiously thereby allowing for rapid responding to potentially threatening conditions in the
environment and can be incrementally updated and optimized through the accrual of fine detail
spatial information thereby allowing for precision in motor responding. Such a scheme in which
auditory and visual spatio-temporal information is conveyed through a combined, weighted
representation of the dynamic spatial layout makes several predictions regarding the utility of
bimodal cueing in complex perceptual-motor domains. In particular, it is expected that the degree
of spatio-temporal congruity between auditory and visual inputs should directly influence task
performance. Moreover, the incremental build-up of information from multiple modalities into
this common representation of the dynamic spatial layout suggests that the auditory modality,
which is not as spatially restricted as the visual modality, can provide for early estimation of
spatio-temporal parameters specified in plans for motor action. It is posited that, to the extent
auditory and visual spatio-temporal information can be equated and commonly represented,
auditory position and motion information at peripheral locations can be employed as preview for

visually guided motor tasks. This auditory preview information can consequently aid performance
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in motor tasks directed at visual objects to the extent that it is compatible or veridical with respect

to the position and motion of its corresponding visual object (see Elias, 1994).
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DYNAMIC SPATIAL COORDINATION /

The Coordination of Perception and Action

The nature of an organism's ability to integrate multimodal sensory inputs and emit
appropriate motor actions within the complex dynamics of the physical environment is a
phenomenon of particular interest in experimental psychology. The scientific inquiry into such
processes becomes quickly engrossed in the complex details of specific sensory modalities on the
one hand and precise descriptions of motoric actions on the other. Far too infrequently are there
any systematic attempts to integrate the functional processes of multimodal sensation and
complex motor responses into unified theoretical accounts. Therefore, in attempting to describe
the complex coordination of multimodal sensation and motor performance, the thesis presented by
John Dewey in his classic essay, The Reflex Arc Concept in Psychology, (Dewey, 1896, reprinted
in Watson, 1979) is particularly apropos. In criticizing the disjoint analysis of sensory processing
and motor responding prevalent in the experimental methodologies and theoretical accounts of

perception and action during his time, Dewey asserted that:

...the reflex arc idea, as commonly employed, is defective in that it
assumes sensory stimulus and motor response as distinct psychical
existences, while in reality they are always inside a coordination and
have their significance purely from the part played in maintaining or
reconstituting the coordination... It is the coordination which
unifies that which the reflex arc concept gives us only in disjointed
fragments. (Dewey in Watson, p. 233 and 240).

This notion of a coordination between perception and action has been recapitulated in Pew and
Rosenbaurmn's (1988) recent review of research on human motor control. Pew and Rosenbaum
(1988) refer to the difficulty in empirically and theoretically addressing the nature of this
coordination as the perceptual-motor integration problem. In their review, the nature of this
problem is discussed in reference to motor performance research on continuous manual control
and rapid discrete movements. Clearly, Dewey's comments are relevant to understanding many of

these current research trends in the study of human performance. For example, in manual
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tracking tasks, the coordination between human motor responses to system disturbances and
outcomes is typically represented in terms of functional models that describe this coordination
between the human and the machine (see e.g., Poulton, 1974; Sheridan & Ferrell, 1974; Wickens,
1984). Similarly, Fitts' Law and similar accounts of rapid aimed motor movements focus on the
functional relationships between visual objects and motor acts directed toward them (e.g.,
Schmidt, et. al, 1979; Meyer, et al., 1990). These functional descriptions erﬁphasize the
coordination between qualities of the stimulus and aspects of the motor response. However,
these research paradigms can become prone to criticisms like those levied by Dewey (1896) when
they fail to address the simple fact that motor acts directed at stimuli necessarily change the nature
of those stimuli. As Dewey (1896, in Watson, 1979, p. 239) emphasizes, "the so-called response
is not merely fo the stimulus; it is into it". Clearly, the tracking and rapid motor response
paradigms attempt to account for the inherent change in the stimulus introduced by the response,
however, more satisfactory theoretical accounts of response consistency in the face of this ever
present change can be obtained from studies in ecological psychology that assume an active
perceiving organism. Thus, an exploration of the nature of interactions between objects, events,
and motor responses made by an active perceiver from the standpoint of ecological psychology
provides a common description of the spatial layout and spatial dynamics of the environment that

can serve as a solid foundation for theoretical accounts of sensori-motor coordination.

The Environment, Objects, and Events

This notion of consistency of action in the presence of a seemingly ever-changing world or
environment was a major impetus for the ecological approach to perception and action often
referred to as the Gibsonian view after its principle advocate, James Gibson (see Gibson, 1979).
Gibson (1979) introduced the concept of stimulus invariants, or functional relationships of
stimulus properties that remain consistent over time and space. Consequently, invariants can only
be defined spatio-temporally, and are revealed to the observer or organism through active
exploration of the environment which includes locomotion and the emission of motor acts
directed toward environmental stimuli. Gibson therefore maintains that the important features for

*perception are revealed in the dynamic flow and disturbances in the ambient optic array defining

the totality of light reaching the observer (cf., Bruce & Green, 1985) . While Gibson stressed the
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importance of the visual features of the environment, his principles can be generally extended to
the realm of auditory perception. Indeed, as Gibson suggests that the ambient optic array serves
to define the information utilized by the visual modality, the ambient acoustic properties of an
environment serve to define the information utilized by the auditory modality (cf., Handel, 1989;
Folds, 1990). Presently, detailed consideration will be given to visual objects and events whose
perception arises from spatio-temporal sampling of the optic array while auditory ambience will be
considered later within the context of auditory spatial perception.

Gibson (1979) considers three major focal areas in visual spatial perception: (1) the
perception of surface layout, (2) the perception of changes in that layout, and (3) the perception
of movement on behalf of the perceiver. The first of these areas revolves around the perception
of objects in the environment, whereas the latter two areas focus on the perception of events (cf.,
Johansson, von Hofsten, & Jansson, 1980). In the visual pickup of object information, Gibson
(1979) stresses the importance of structure. However, Gibson does not consider object structure
in the classical psychophysical analysis of form which ignores the importance of figure-ground
relationships to focus instead on object form devoid from the role of the stimulus surrounds. On
the contrary, Gibson contends that the perception of objects must be considered through the
invariant structural relationships that exist between objects in the environment and the background
texture elements from which they are segregated. Consequently, Gibson termed his theory a
ground theory of perception and distinguishes it from the more prevalent air theories that analyze
stimuli in isolation (cf., Bruce & Green, 1985).

Invariant structural relationships can be represented in static scenes through higher-order
relationships or ratios between objects and their surrounds. For example, in the perception of
three dimensional layout, depth is conveyed in the environment through the changing texture
density gradient. That is, as depth increases, the size and spacing between texture elements
decreases. This texture density information provides the background upon which object size
constancy emerges. In particular, an object's size is conveyed by the number of texture elements
it occludes (see Figure 1a) . Therefore, size is not an inherent visual property of the object but
rather is an emergent invariant that describes the object in relation to its environment. The
structure of the visual environment can also provide the perceiver with knowledge of his own

position and orientation. For example, the horizon provides important invariant information
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conveyed in the horizon ratio relation which is consistent across environmental objects identical in
height. The ratio of the proportion of upright objects above and below the horizon line is
constant regardless of distance (see Figure 1b). Hence, sampling of these horizon ratio relations
can provide sufficient information for determining eye-height above the terrain (Sedgewick,
1986). Through perception of such invariant properties relationships between the perceiver and

environmental features can be directly ascertained.

O, _
/ -

(a) (b)

Figure 1. Examples of (a) size constancy from texture occlusion
and (b) the invariant horizon ratio of environmental objects
providing information regarding eye height (after Gibson, 1979).

However, Gibson asserted that cases involving static observation of an unchanging
environment by the perceiver such as those discussed above are quite uncommon. Rather, objects
in the environment including the perceiver exhibit motion and chaﬁge. Therefore, while Gibson
recognizes the role of static pictorial cues, he focuses primarily on emergent higher-order
invariants in the dynamic optical array. These changes in the optic array over time serve to
identify events. In particular, local disturbances in the optic array specify movement of objects in

the environment whereas global disturbances in the optic array specify movement of the perceiver.
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Thus, motion of objects in three-dimensional space parallel to the line of sight can be conveyed by
the progressive covering and uncovering of textural elements as an object translates across the
terrain. Motion in depth is similarly conveyed by this reversible occlusion of textural features, but
is further specified by the rate of magnification or minification of the object (Gibson, 1979; see
also Lee, 1980; Bruce & Green, 1985; Warren, 1988). This relative rate of magnification or
minification can be uniquely specified by a single spatio-temporal invariant specifying the rate of
motion in depth or conversely specifying the time before the object in motion will collide with the
viewpoint (see Lee, 1980). This specification of motion in depth from invariant characteristics of
the pattern of magnification and minification will be considered in greater detail in Section 2.4 on
dynamic cues for depth perception. In the current discussion, the relevance of such an invariant is
readily apparent for collision avoidance with dynamic objects in the environment and therefore is
of significant survival value. The notion of magnification and minification also points to the role
of invariants in distinguishing motion from changing size. Ambiguities regarding whether
minification or magnification signals changes in object size or changes in object depth are
particularly problematic to "air" theories of perception. However, Gibson's "ground"” theory
provides a direct means for disambiguating motion from changing size by specifying changes in
the object relative to its surround. That is, while changing size is specified solely by magnification
or minification, motion in depth is specified by magnification or minification coupled with
reversible occlusion of textural features. Hence, assumptions of object rigidity are unnecessary
for specifying object motion since object form is uniquely specified through segregation of the
object from the surrounding textural elements. Consequently, elastic transformations of the object
coupled with motion in three-dimensions is directly perceived through the spatial continuity and
reversible nature of textural occlusion. Thus, three dimensional motion of fluid objects can be
directly perceived by their local magnification, minification and the systematic covering and

uncovering of textural features upon which these objects move.

The Perceiver
While local changes and textural occlusion specify motion of external objects, global
motion of the optic array uniquely specifies the parameters of observer motion in three

dimensions. As the perceiver locomotes about the environment, the global changes in the optic
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array form a motion pérspective that uniquely specify the direction and speed of travel (Gibson,
1979; Warren, 1988; Larish & Flach, 1990; Mestre, 1992). Locomotion in depth, perpendicular
to the direction of gaze, is specified by inflow and outflow of the optic array (see Figure 2).
Outflow indicates forward motion or approach. The center of the outflow pattern, termed the
point of expansion, specifies the destination of travel on the current trajectory. Conversely,
inflow indicates backward motion or recession from the central point of convergence. The point
of convergence serves to specify the perceiver's origin or the point at which the direction of travel
last changed. Furthermore, shifts in the point of expansion or point of convergence signal
changes in direction, whereas preservation of the same point of expansion or point of convergence
over time specifies motion along a single, constant trajectory. A constantly changing point of
expansion or point of convergence corresponds to a continuous turn, and consequently in such
cases these parameters only specify the instantaneous direction of motion. Nonetheless, the rate
of turn can be sufficiently conveyed through the invariant rate of optical flow with respect to
frontoéparallel and depth axes (see Lee, 1980; Mestre, 1992). Finally, motion parallel to the
direction of gaze produces global optical flow in the direction opposite the perceiver's motion (see
Figure 2¢). In all three of these cases, the velocity or speed of travel is directly conveyed in the
rate of change in the optical flow field. The rate of motion produced by optical flow is
functionally specified by the velocity of the perceiver and the perceiver's height above the terrain
(Lee, 1980; Larish & Flach, 1990) . The manner in which eye-height above the terrain can be
determined through the invariant horizon ratio has be previously discussed. Thus, given that both
eye-height above the terrain and the rate of global optical flow can be optically specified, absolute
velocity of the perceiver can be derived from optical cues and can provide information for the
guidance of egomotion. Similarly, motion parallax produced by lateral egomotion, parallel to the
line of sight, produces optical flow that is specified by the velocity of motion as well as the height
above the terrain and the distance of environmental objects. Since egocentric distance, eye-
height, and the rate of lateral optical flow can be specified by invariant relationships, absolute
velocity parallel to the line of sight can similarly be optically determined. More detailed
consideration of how such rate of change variables signal the speed of motion will be provided in
later discussions of the computational issues surrounding motion perception along the fronto-

parallel plane and motion in depth.
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Figure 2. Locomotion of the perceiver specified by (a) outflow
indicated forward motion or approach, (b) inflow specifying
backward motion or recession, and (c) lateral flow of the optic
array opposite the direction of travel. In locomotion in depth (a
and b) the point of expansion (POE) and point of convergence
(POC) uniquely define the destination and origin of travel on the
current trajectory.

Thus, according to Gibson, invariant properties of objects and the environment provide
information about the spatial layout of the environment and the occurrence of events within that
environment such as object motion and locomotion on behalf of the perceiver. Gibson also
describes how this specification can provide information regarding action. This specification for
action is conveyed through affordances that specify what a particular object or event offers,
provides, or furnishes for the perceiving organism (Gibson, 1979). Based upon the utility of a
given affordance given the organism's particular status at the given moment in time, appropriate
actions can be made. Consequently, "...the concept of affordances provides a powerful way to
bridge the gap that exists in more cognitive theories between 'perception’ and 'action' " (Bruce &
Green, 1985, p. 199). Indeed, Gibson's theory in totality serves to describe the coordination of
perception and action within the complex dynamics of the environment. However, while Gibson's

theory focuses on specifying the relationship between the perceiver and its environment, it fails to
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provide an adequate description of the computational processing that takes place within the
perceiving organism. By suggesting that the linkage between perception and action is direct,
Gibson fails to address the intricate physiology and psychology of the organism that mediates the
coordination between perception and action. Nonetheless, his theory is important for several
reasons. First, it stresses the role of higher-order variables or invariants critical for perception and
action. Second, it focuses upon the perception of dynamics and the specification of these dynamic
properties through higher-order invariants. Finally, it stresses the importance of texture and
ground in conveying information about objects and events in the environment. Consequently,
Gibson's theory provides an important framework that specifies the variables critical to the
perception of three dimensional spatial layout and spatial dynamics. As Gibson stresses, the
emergence of such percepts is not the result of the analysis of static, isolated object features, but
rather is the result of higher-order structural and dynamic relationships between objects and their
surrounds. These specifications provide the framework upon which an integrated computational
account of perception and action can be based. That is, while Gibson ends his inquiry with
consideration of perceptually important environmental relationships, a complete account of the
organism must go beyond this environmental description and focus upon the processing of this
information through neural channels from initial transduction of the optic array to the emission of
a responsive motor action. In the following chapters, theoretical accounts of these computational
processes that mediate the relationship between multimodal sensory inputs regarding three-
dimensional spatial dynamics on the one hand and guided motor responses on the other will be
considered in detail. Physiological and psychophysical evidence for these computational
descriptions will be discussed and these theoretical and empirical accounts of multimodal
sensation and motor actions will be integrated into a cohesive account of dynamic spatial
perception and action guidance. First, building upon Gibson's framework for visual perception,

detailed consideration will be given to computational models of visual spatialization.

19




VISUAL SPATIALIZATION

The perception of spatial location in the visual modality is the result of an analysis of the
proximal images cast upon the retinal mosaics of the two eyes. Early segmentation of the neural
codes representing these proximal images carries separable information through two parallel
pathways, the magnocellular and parvocellular pathways. These two pathways can be clearly
distinguished by the spatio-temporal tuning and receptive field sizes of component neurons.
These distinguishing features suggest that the magnocellular system is particularly adapted to
detecting motion whereas the parvocellular system is responsible for, among other things, form or
pattern perception. Theoretical accounts suggest that the magnocellular system may act
independently to produce rapid "short-range" solution to changing position, whereas more
complete "long-range" motion solutions arise from cooperation between the magnoceltular and
parvocellular systems. The contribution of the parvocellular system lies in its identification of
elemental and textural features that provide the basis upon which invariant structural relationships
can be computed. Moreover, the parvocellular system is posited to mediate the computation of
binocular disparity. Consequently, the parvocellular system can be seen as contributing a large
number of static viewer-centered depth cues which can be time sampled and combined with
dynamic motion cues computed through the magnocellular system to produce a complete neural

representation of the spatial layout and spatio-temporal dynamics of the environment.

Parallel Processing of Form and Location

Upon transduction of the optic array of light impinging upon the retinal mosaics of the
two eyes, a representation of this optical structure comes to be conveyed through neural codes.
As the photoreceptive rod and cone cells transmit information to the bipolar cells and
subsequently to the retinal ganglion cells forming the optic nerve, these signals are functionally
segregated into two distinct parallel pathways: the magnocellular and parvocellular pathways (ct.,
Livingstone & Hubel, 1988; Lennie, et. al., 1990). These pathways are comprised of cells that
can be distinguished by their receptive field sizes and spatio-temporal response profiles. That is,
while cells of the magnocellular system typically exhibit large receptive fields and demonstrate low

spatial frequency tuning and high temporal frequency tuning, cells of the parvocellular system
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have smaller receptive fields and demonstrate tuning to higher spatial frequencies and little or no
responding to temporal frequency. Consequently, cells of the magnocellular system have been
described as being transient or phasic, whereas cells of the parvocellular system have been
described as being sustained or tonic (cf., Lennie, et al., 1990). These pathways have further been
described as giving rise to information regarding the "where" and "what" of the dynamic spatial
layout, however this simplistic distinction obscures the complex contributions of each of these

distinct pathways to the visual perception of dynamic spatial layout.

spatial frequency

luminance

spatial position

Figure 3. Luminance distribution indicating changes in spatial
frequency and spatial phase which are reflected in the spatio-
temporal tuning of X and Y cells. While X cells are phase-specific,
Y cells demonstrate responding to phase modulation or drift.

Dendritic field sizes and receptive fields of magnocellular cells are significantly larger than
those of parvocellular cells. Specifically, magnocellular cells typically exhibit receptive field
centers approximately three times larger than their parvocellular counterparts (Lennie, et al.,
1990). Among both magnocellular and parvocellular cells, receptive field sizes increase with
increasing eccentricity, however magnocellular cells are more frequently encountered in the
periphery whereas parvocellular cells are more concentrated foveally. These distinguishing
characteristics were first evidenced in physiological research on receptive properties of retinal

ganglion cells in the cat (see DeValois & DeValois, 1980 or DeValois & DeValois, 1988 for a
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review). These distinct classes of retinal ganglion cells in the cat were classified as X- and Y-
cells!. While X-cells have been demonstrated to be narrowly tuned to certain spatial frequencies
and are phase or position specific , Y-cells demonstrate broader tuning to lower spatial
frequencies and sensitivity to phase modulation or drift (see Figure 3). The nature of the
receptive field characteristics among these distinct classes of cells indicates that Y-cells play a role
in the analysis of temporal changes and motion, whereas the X-cells provide precise information
regarding location and form.

These X and Y cells project primarily to the lateral geniculate nucleus (LGN). Projections
to the superior colliculus are also evident among Y cells. These collicular projections appeared
early in the evolution of the visual system and appear to play a major role in motion detection and
guidance among lower species. In more elaborately evolved visual systems, the projections to the
thalamus predominate and serve to distinguish separate parallel pathways along which these X and
Y cells, or P and M cells as they are frequently referred to in primates, travel (cf., Lennie, et al.,
1990). These functionally divergent pathways are termed magnocellular and parvocellular in
reference to the laminae or layers in the LGN to which these X and Y cells project. The
parvocellular layers receive inputs exclusively from X cells, whereas magnocellular layers receive
inputs from both X and Y cells, although projections from Y cells predominate. The
magnocellular and parvocellular cells can be differentiated primarily on the basis of their
differential temporal patterning, and to a lesser extent, in terms of their spatial properties. In
particular, magnocellular cells demonstrate greater temporal sensitivity and are broadly tuned to
low spatial frequencies whereas parvocellular cells are finely tuned to increasingly higher spatial
frequencies (see Figure 4). Further differences among these systems include the sensitivity to
color contrast among parvocellular cells that is not evident in magnocellular cells. This suggests
that the parvocellular system plays a role in color vision. However, the distinction of these two
systems on the basis of color sensitivity is of little interest in the present inquiry since evidence has
repeatedly demonstrated dependence on luminance contrast for the computation of spatial and

motion percepts (Cavanagh, 1987; Livingstone & Hubel, 1988). Nonetheless, percepts of

1Generally, X cells are considered components of the parvocellular system, and Y cells
components of the magnocellular system. Although, some X cells do project to magnocellular
layers of the LGN.
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position, form, and motion reflect a complex symbiosis of the magnocellular and parvocellular
systems. However, at early levels of processing these two parallel pathways act independently to
analyze information regarding form and motion. The manner in which specific form segregation is
computed primarily through the parvocellular system will now be considered in reference to its
role in the determination of spatial layout. Subsequently, the role of the magnocellular pathway in
early motion detection and the integration of magnocellular and parvocellular inputs in the

computational recovery of dynamic spatial layout will be considered in detail.
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Figure 4. A schematic representation of the division of spatio-
temporally tuned filters between the magnocellular and
parvocellular pathways of the visual system (contrast with Hess &
Snowden, 1992).

Spatial Filtering, Edge Detection, and Form Segregation

Cells of the striate cortex receiving projections from the parvocellular pathway
characteristically demonstrate tuning to spatial frequency and orientation. That is, cells
demonstrate optimal responding to sinusoidal gratings of particular spatial frequency and
orientation placed within their receptive fields (see DeValois & DeValois, 1988). Deviations from
this optima are characterized by decreases in cell firing rates that follow an inverted-U function of
spatial frequency or orientation. Based upon these response characteristics, it has been
hypothesized that these cells act as filters that decompose the luminance profiles of a visual scene

into its fundamental spatial frequency components across a series of ranges. Research has
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suggested that there may be a few as six such spatial frequency filtering mechanisms in human
vision, demonstrating peak responding at 0.8, 1.7, 2.8, 4.0, 8.0, and 16.0 cycles per degree of
visual angle (Wilson, 1986). Across these channels, spatial frequency bandwidths, measured by
the degree of change in spatial frequency that decreases responding to 50% of optimal firing,
decrease from approximately 2.5 to 1.3 octaves. The characteristics of cell firings across these
channels of progressively higher resolution can provide information about luminance contrast in a
local area. Thus, the overall contrast sensitivity function of a perceiver can be seen as an envelope
comprised of these more narrowly tuned neural channels (see DeValois & DeValois, 1980;
DeValois & DeValois, 1988 for detailed reviews). Pooling from these local orientation and
spatial frequency selective channels can consecjuently serve to provide detailed luminance contrast
information to higher levels of the visual system. Tootell, Silverman, and DeValois (1981)
examined the organization of spatial frequency selective cells in the primary visual cortex.
Findings indicated a regular columnar arrangement of cells as a function of spatial frequency.
More recent research by Silverman, et al. (1989) has indicated that there is a definite regularity
and systematic organization of cortical neurons that are particularly tuned to various spatial
frequencies. Evidence from these studies suggests that there is a regular, periodic anatomical '
arrangement of spatial frequency tuning among cells in the striate cortex. Furthermore, there is a
unimodal distribution of peak tuning with the majority of cells demonstrating the greatest activity
in response to intermediate spatial frequencies. From these findings, it appears that the primary
visual cortex is comprised of neurons arranged into modules of spatial frequency and orientation
selectivity. Based upon this physiological evidence, DeValois and DeValois (1988) have
proposed a model of the striate cortex in which their is an orthogonal arrangement of spatial
frequency and orientation selective columns. While this model only offers a rudimentary
description of feature processing at relatively low levels of cortical processing, it can be posited
that the conglomeration of firing patterns within this matrix of orientation and spatial frequency
selective columns could produce a filtered spatial frequency "signature” of a given visual scene
which can subsequently be integrated at higher levels of visual processing.

David Marr and his colleagues (see especially Marr & Hildreth, 1980; Marr, 1982) offer a
means through which this primary spatial filtering can provide information for edge detection.

Marr's algorithm posits that visual information is processed in several functional stages. The first
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stage, which could be physically carried out by low-level spatial frequency selective neurons,
serves to filter the visual scene across local regions. This process of filtering can provide inputs to
a second stage in which luminance information conveyed through these filtered signals can be
differentiated with respect to spatial position. In particular, this later processing would serve to
perform a function equivalent to mathematically taking the second derivative of the luminance
profile with respect to spatial position or location in the low-level spatial representation. This
function would serve to extract what Marr terms zero-crossings that refer to edges in the Qisual
scene. Thus, "the model of Marr...postulates spatial filtering as a preliminary stage to a system of
edge detectors" (DeValois & DeValois, 1980, p. 330). Marr's (1982; cf., Marr & Hildreth, 1980)
theory posits that the visual system progresses through several stages, the first serving to filter
two-dimensional luminance contrast information across the visual scene. The spatial frequency
filtering characteristics of neurons in the visual system could potentially carry out this requisite
filtering during early stages of visual processing. Later cells in the visual system could
subsequently serve to extract edges from these filtered signals. According to Marr (1982), this
process is accomplished by spatial differentiation of the luminance profile defined through these
filtered signals. The actual algorithm employed in Marr's (1982) model involves the convolution
of the two-dimensional image array with the Laplacian transform of a Gaussian filter function
(V2G *1I). The result of this process is referred to as the raw primal sketch and conveys
information regarding the spatial location of perceptible contrast changes in the optical array. The
position of these contrast changes are termed zero-crossings because they refer to points at which
the algorithmic second-derivative function has a value of zero. While these zero-crossings
provide a rudimentary representation of featural and textural boundaries in the visual scene, the
contrast changes that they signal may be produced by shadows or noise and therefore are not
sufficient indicators for object form segregation. Consequently, several theoretical accounts
attempt to describe the subsequent processing of this low-level edge information to perceptually
recover form boundaries.

Marr (1982) proposed that locally, orientation and contrast similarities alohg with
proximity can serve to recursively aggregate zero-crossing points into common place tokens
defining regions of uniform contrast or texture discontinuities (cf., Julesz, 1981; Bruce & Green,

1985). Essentially, these place tokens group local edge features based upon the similarity of their
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characteristics such as proximity, orientation, and curvature. This process of feature aggregation
can operate through iterative computations of successively higher feature levels and has three
principal forms or constraining properties imposed upon the grouping of features. The first of
these is position aggregation or clustering whereby edge features in local proximity come to be
organized into a perceptual group. Second, curvilinear aggregation allows for the recovery of
continuous curved demarcations or boundaries through iterative groupings of local features of
similar orientation through the imposition of constraints similar to the Gestalt principles of closure
and good continuation (cf., Bruce & Green, 1985). Finally, a process Marr (1982) terms theta
aggregation allows for the recovery of textural features or illusory contours as they are
sometimes termed through the grouping of similarly oriented textural details. The specific
algorithmic techniques for recovering these visual features is beyond the scope of the current
inquiry, but its general strategy is notable in that it reflects the implementation of higher level or
top-down constraints on object characteristics that lead to the recovery of feature boundaries.
This notion of processing constraints is significant and will be reintroduced several times
throughout this inquiry regarding visual spatialization in reference to high level recovery of
monocular and binocular motion and position information. Currently, discussion will focus on
these top-down constraints in reference to a recent theoretical account of form segregation:
Biederman's recognition by components (RBC) model of feature detection.

Biederman's (1987) model of object component recognition is particularly appealing as a
description of the segregation of form boundaries because it focuses on a small set of unique
features from which all conceivable two-dimensional views of three-dimensional objects can be
constructed. Therefore, this unique set of features constrains the perceptual recovery of object
boundaries by indicating those edge groupings that can be considered components of a solid
three-dimensional geometric object in the visual scene. Biederman (1987) suggests that a
relatively small set (about 36) of geometric generalized-cone components termed geons comprise
the set of sufficient features for object construction and these geons can be perceptually recovered
through determination of two-dimensional edge properties of curvature, collinearity, symmetry,
parallelism, and codetermination. Indeed, this theory describes a precise means through which the
jterative computational aggregation of local edge information can lead to the recovery of object

boundaries by the imposition of higher level constraints regarding the structure of featural
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components. Indeed, Biederman's RBC model can be seen as an extension of Marr's own
theoretical analysis of object recognition in which he and his colleagues similarly suggest that
generalized-cone components are the constraining features of three-dimensional objects and can
be perceptually recovered through analysis of the two-dimensional arrangement of object surface
characteristics (see Marr & Nishihara, 1978; Marr, 1982). Thus, current theoretical approaches
to form segregation posit that the demarcation of object boundaries in the visual scene can be
accomplished through a series of computational processes involving the initial decomposition and
filtering of the optic array, the subsequenf recovery of edges or contrast boundaries, and finally
the perceptually grouping of these boundaries through the imposition of constraints regarding the
grouping of local edge features.

This cursory review of the vast literature on the processing of luminance contrast
information and the perception of form in the visual system has only touched upon the major
themes represented in these writings. Further inquiry into the nature of form processing is clearly
critical for a complete analysis of the dynamic spatial layout and consequently the analysis of
visual form will be reintroduced at various points throughout this consideration of visual
spatialization in reference to the computational recovery of high-level object motion information,
the segregation of texture and object features that cue depth, and the determination of feature
correspondence in the recovery of binocular disparity information. Presently, the consideration of
visual spatial processing will focus upon a detailed consideration of the perceptual recovery of
motion information. In this analysis of motion, it is posited that the rapid detection of motion,
mediated primarily through the magnocellular pathway, is subsequently augmented at higher levels
by texture and feature information provided predominantly by parvocellular analyses of luminance

contrast through computational processes such as those previously described.

Motion Detection

Based upon the functional distinction between transient magnocellular and sustained
parvocellular responding, these systems have been relegated to tasks of motion detection and
form identification, respectively. However, a complete representation of the dynamic spatial
layout requires the integration of information regarding motion and form. A theoretical

consideration of how this motion and form information is integrated to create a dynamic percept
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of spatial layout follows. This integrated model suggests that the need for rapid information
regarding motion and precise information regarding form and position is achieved through two
processes, one for rapidly extracting dynamic motion information, the other for providing a more
complete account of the structures and patterns of the dynamic spatial layout.

The notion of these two distinct processes for visual motion detection was introduced by
Braddick (1974, 1980). The first of these processes, termed the "short-range" process, was
presumed to operate under conditions of visual presentation that occur over a small spatial extent
and short exposure duration. Consequently, such a process is characteristic of properties typically
attributed to the magnocellular pathway. The motion solution produced by this "short-range”
process is arrived at relatively early in the stream of visual information processing. On the
contrary, the second process, termed the "long-range” process, operates on stimulus motion over
greater spatial extents and longer durations and occurs relatively late in visual processing.
Furthermore, the "long-range" motion process is assumed to be partially mediated by form
information as well as top-down constraints on object form and motion. Consequently, this
“long-range" motion solution can be seen as an integration of magnocellular and parvocellular
inputs into a recombined solution reflecting object form and motion. This presence of two
distinct processes for the detection of motion can serve to greatly enhance the dynamic range over
which the visual system is sensitive to motion in the visual field. Moreover, this architecture is
particularly adapted to the rapid detection of motion as well as subsequent analyses of visual
form.

Braddick (1974) originally proposed this two-process distinction based on results of
experiments using random dot kinematograms. Random dot kinematograms can be constructed
by initially assigning pixels in a bitmap array to different luminance contrast values. Subsequently,
in a series of display frames, a local region in this random array can be displaced in a systematic
fashion. Other pixel elements in the display may either remain stationary or may be displaced in
an uncorrelated fashion. Thus, the parameters that can be manipulated in such displays include
the absolute displacement of the region between successive frames, the interval between these
successive frames (the interstimulus interval or ISI), the luminance contrast between pixels, and.
the color contrast between pixels. When these parameters are set within a limited range, the local

region of orderly displaced elements is perceptually segregated from its background and is
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perceived as a uniform object in motion. The specification of these delimiting parameter values
serves to delineate the boundaries within which the "short-range" low-level motion system
operates.

In reference to constraints placed upon the uniform displacement of elements in the
display, minimal and maximal values for the veridical perception of motion direction can be
obtained. These values, Dy and Dyygx, have been obtained using various stimuli including
random dot kinematograms and sine wave gratings (see Sekuler, et al, 1990; Boulton & Hess,
1990a & 1990b). Within the range over which motion is veridically perceived, psychometric
functions of accuracy in the estimation of motion direction exhibit an inverted-U distribution with
peak sensitivity to motion at an intermediate displacement value termed Dgpy . Amongst these
delimiting values, Dy;qx is particularly important because it specifies the boundary between
conditions under which the "short-range" and "long-range" processes operate. That is, when
displacement is less than Dy, qx movement can be perceived in a sequence of display frames
without a concomitant determination of object form, whereas displacement over distances greater
than Dy, qyx requires further assumptions regarding the consistent form of the displaced object.
Braddick's early work (see Braddick, 1974), indicated that the value of Dy,qx was a constant
assuming a value of approximately 15 arc minutes of visual angle. More recent research has
indicated that this original conclusion was erroneous and Dy, gy increases linearly with retinal
eccentricity with displacements of up to 90 arc minutes being perceived coherently beyond‘IOO of
eccentricity in the peripheral field (see Sekuler, et al., 1990). Moreover, Dyqx is highly
dependent on spatial frequency (Anstis, 1986; Sekuler, et al., 1990; Watson, 1990; Boulton &
Hess, 1990a & 1990b). Recent research has demonstrated this interaction between maximal
displacement and spatial frequency using sequential frame presentations of sinusoidal gratings
under conditions of varied phase displacements between frames. By representing Dygx in
relation to spatial frequency, the maximal displacement assumes a value between 1/6 and 1/2 of
the spatial wavelength depending on what particular study is cited (see Sekuler, et al., 1990;
Boulton & Hess, 1990a & 1990b). Indeed, motion can be most economically and efficiently
conveyed through quadrature pairs of motion detection units having receptive fields spaced at 1/4
wavelength intervals (see Adelson & Bergen, 1985). Consequently, it is predicted that a

displacement of a sinusoidal grating of 1/4 wavelength will be optimal with respect to the
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discrimination of the direction of apparent motion. However, psychophysical studies indicate that
these spatial motion detection units might be separated by less than 1/4 wavelength, since Dopt
exhibits values of approximately 1/5 or 1/6 of the spatial wavelength (Boulton & Hess, 1990a and
b). In any case, the perception of "short-range" motion is spatially limited by an upper bound that
is interactively determined by the displacement distance and spatial frequency characteristics of
the display elements. Moreover, this spatial limitation is dependent upon stimulus contrast. In
particular, Dyyjy, values (but not Dyyqy values) demonstrate decrements in sensitivity to motion
with increasing contrast (Boulton & Hess, 1990a). Thus, apparent motion over short spatial
extents can occur independent of form identification but is limited by a complex interaction
between the extent of the displacement and the spatial frequency and contrast characteristics of
the stimuli.

The perception of apparent motion in such displays is further limited by temporal
characteristics of the display sequence. In general, the perception of coherent motion in random
dot kinematograms is diminished with increasing ISI durations and has an upper bound of
approximately 40-80 msec beyond which motion cannot be perceived in successive frame
displacements (Braddick, 1974; Anstis, 1986; Petersik, 1989). Furthermore, spatial displacement
parameters interact with IS In particular, Dyqy decreases with increasing ISI (Petersik, 1989).
This evidence suggests that the perception of motion is the function of processing a spatio-
temporal sampling of the luminance profile across successive frames or scenes. Several important
theoretical assertions can be made from this conclusion regarding the spatio-temporal nature of
visual encoding. The constraints placed upon the perception of motion by these above discussed
spatial and temporal parameters suggests that there is a "window of visibility" delimiting the
spatio-temporal range where coherent motion can be perceived by the "short-range" processing of
the magnocellular system (cf., Watson, Ahumada, & Farrell, 1986). Consequently, theoretical
accounts of how motion information is recovered within this "short-range” system typically
involve the differentiation of spatial luminance characteristics with respect to time (see especially,
Marr, 1982). The tuning of "short-range" motion detection units is such that within the
boundaries specified above, motion can be readily perceived without reliance on a concomitant
solution of object form. Recent theories have stressed that low-level motion information is

represented as a distribution of spatio-temporal energy derived from the time sampled luminance
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profile (Watson & Ahumada, 1985; Adelson & Bergen, 1985). These energy models equate the
detection of motion with the detection of orientation in a two dimensional scene except that the
image vector varies across time instead of space. Such a system could be physically realized by a
lattice of phase modulation sensitive cells such as those characteristic of the magnocellular system
(see Figure 5). An arrangement of these local phase modulation detectors separated by 1/4 of
their tuned spatial wavelengths could signal movement in a particular direction?. This could be
accomplished through neural temporal encoding in which time sampled energy is compared across
motion sensitive cells. Orientation and direction of travel can be signaled by embedded AND and
NOT gates in the neural motion detection lattice. This lattice structure can be replicated across
the proximal space and demonstrate local cooperativity to signal the direction of motion in
regions of the optic array. Consequently, a rapid determination of motion can be determined
through spatio-temporal energy changes in the lattice of motion detecting units independent of an
analysis of object form.

However, form is readily perceived in random dot kinematograms and distinct edges arise
from the apparent motion of a local region. Therefore, it appears that in these instances form
information is deduced from lower level motion information as well as higher order constraints.
Such a process could be easily defined if it were not for the indeterminacy of correspondences
between spatial elements sampled across time, the so called correspondence problem . Given the
random pixel mapping defining the bitmap of a random dot kinematogram, the correspondence
between moving pixels in the display cannot simply be derived at a feature level that operates on
individual pixel or photoreceptor elements because the mapping of such an element in one time-
sampled image to the correct corresponding element in a second time-sampled image is
indeterminate. Yet, coherent motion of a uniform object or region can be extracted from
successive displacements across frames suggesting that the correspondence problem is solved at a

feature level higher than individual photoreceptor elements (see Marr, 1982; Adelson & Bergen,

2While Adelson & Bergen's (1985) spatio-temporal energy model explicitly posits a lattice
structure comprised of quadrature paired neurons tuned to optimal phase separations of 1/4
wavelength this merely represents the most economical structure. Therefore, this lattice can be
constructed with neurons whose tuning characteristics are more narrowly separated in reference
to phase. Therefore, this model in its general form is not discrepant with psychophysical data
indicating narrower tuning to spatial phase modulation (see Watson, 1990; Boulton & Hess, 1990
aand b).
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1985). This suggests that motion and form information interact at various levels along the visual
pathway despite their early segregation. In this manner a uniform percept of object motion and
object form can be derived through a successive build-up of information along these pathways in
conjunction with input from higher level constraint parameters. Therefore, the level of depth in
visual processing at which the "short-range" process occurs is of considerable interest and will

now be considered in detail.
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Figure 5. A lattice of quadrature paired local phase modulation detectors that
signal motion in a particular direction (after Marr, 1982 and Adelson and Bergen,
1985).

Braddick's (1974) initial investigation of "short-range" motion percepts included
conditions in which successive frames of the random dot kinematogram was presented
dichoptically, alternating successive frames between the two eyes. Results demonstrated that no
apparent motion of the regional displacement was witnessed under these conditions. Similar

effects have been well documented and lead to the conclusion that the process of "short-range”
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motion detection is a peripheral one occurring prior to binocular pooling (Petersik, 1989). Other
evidence suggests that the "short-range" detection of motion occurs quite early in the stream of
visual information processing. For example, studies conducted using stimuli which alternated
stimulus contrast between successive frames resulted in no perceived apparent motion (Petersik,
1989). These results lead to the conclusion that information available to the "short-range"
process is not phase insensitive and further suggests that the "short-range" process does not
involve a complete solution to the correspondence problem. It has also been demonstrated that
the detection of motion at this level occurs independent of chromatic information. Using
isoluminant pixels with different chroma values in random dot kinematograms, Anstis
demonstrated that these color differences alone were insufficient for producing a percept of
motion (see Anstis, 1986). From these results, it can be concluded that the derivation of motion
information performed by the "short-range" process occurs early in the visual stream and operates
using monocular luminance contrast information. The characteristics of the "short-range" process
are strikingly similar to the receptive field characteristics of magnocellular Y-cells, and not
surprisingly, the magnocellular system described above is believed to be primarily responsible for
this rapid early detection of motion information (see Livingstone & Hubel, 1988; Lennie, et al.,
1990). However, this system is not particularly adapted for detecting luminance contrast changes
over time. Such luminance contrast changes are frequently encountered when objects traverse a
cluttered environment and reflect varying amounts of light due to the characteristics of a non-
uniform light source and shadowing effects caused by other environmental features. Therefore,
the correct interpretation of moving forms in the visual array requires computational
correspondence solutions that are insensitive to changing contrast between corresponding points.
Therefore, such a solution is presumed to function at a higher level and involves the pooling of
form and motion information. This higher level or "long-range" process is critical for perceiving
dynamic spatial layout in a coherent fashion and will consequently-be considered in detail.
Perception of form from random dot kinematograms is presumably constrained by the
spatio-temporal envelope under which "short-range" motion processing occurs because such
displays lack any information in which form can be distinguished independent of motion. In more
typical configural displays or environmental scenes, the interpretation of form can have a dramatic

influence on the motion percept witnessed by observers. The phenomenological study of such
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percepts has a rich history associated with the Gestalt movement in psychology during the first
half of this century (see, €.g., Bruce & Green, 1985 for a review). One class of stimuli
demonstrative of the influences of higher level interpretations of form on percepts of motion is the
Ternus display, named after the Gestalt researcher who first performed research using these
stimuli (see Marr, 1982; Anstis, 1986; Petersik, 1989). A typical configuration of a Ternus
display is shown in Figure 6. In such a configuration, the outer element or elements of a linear
arrangement are displaced about a series of inner elements that maintain their position across
frames. The outer element or elements are subsequently returned to their initial position and this
sequence can be iterated any number of times. In such displays, either the outer elements can be
perceived to move to either side of the stationary inner elements, or all display elements can be
perceived to undergo a coordinated displacement to and fro even through the two inner elements
remain stationary. Research has demonstrated that the erroneous percept of group motion could
be abolished by having subjects focus on the central elements (see Anstis, 1986). Subsequent
research has demonstrated that under conditions favoring "short-range” processing, the motion is
perceived as displacement of the outer elements. However, when conditions of presentation
permitted processing at higher levels (i.e., an imposition of grouping strategies) the erroneous
perception of group movement predominates (see Anstis, 1986). In particular, biasing
perceptions with the Ternus display can be achieved by varying the ISI. With brief ISIs between
displacements (less than approximately 40-100 msec), conditions favor the perception of outer
element movement, whereas longer ISIs bias perception toward coherent group motion.

Thus, the Ternus effect of perceived group motion can be seen as a function of high level
rectification of the correspondence problem through the imposition of constraints. In particular,
the Ternus effect provides a condition of indeterminacy with respect to the correspondence
problem. Since each element is identical and consistently equidistant across frames, a conclusive
correspondence cannot be deduced. It appears that in these instances the observer employs two
key heuristics for solving the correspondence problem resulting in the percept of group motion.
First, the observer may simply use a proximal judgment heuristic suggesting that correspondence
mappings should be made between objects that have displaced the smallest distance from one
frame to the next. Second, monocular depth cues may play an important role in this

correspondence judgment. Since the objects in the Ternus display appear to be on the same depth
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plane, a correspondence solution that correctly maps the outer elements to successive positions on
either side of the inner elements seems physically impossible because the two inner elements block

this motion path.

Frame 1 O O O

Frame 2 O O O
Frame 3 O O O

Figure 6. A sample of a typical Ternus display. The outer element is displaced to
either side of the central element and these frames can be displayed in an iterative
fashion.

Sekuler, et al. (1990) describes evidence that several other heuristic assumptions of this
type influence motion processing at higher levels. The first of these assumptions is that of inertia,
which states that objects in motion will tend to stay in motion. The impact of this assumption can
be seen in displays of rotary motion. If only two frames are presented in a rotary motion display,
the direction of motion is ambiguous and can be perceived as being either clockwise or
counterclockwise. Howeyver, if a third frame is presented, the sequencing of these three frames is
sufficient to produce a unambiguous percept of a single direction. The second assumption is that
of rigidity which holds that all features of a moving body move approximately in synchrony. This
assumption may allow for partial solutions to the correspondence problem based on more global
structural features, but is often violated in dynamic real world scenes. For example, Gunnar
Johannson and his colleagues (see Johannson, von Hofsten, & Jansson for a review; cf., Bruce &
Green, 1985) have extensively studied the perception of biological motion in which global rigidity
is absent. However, in the motion of biological organisms, rigidity does exist at local levels. That
is, movement occurs only at the joints which serve to demarcate regions of local rigidity.
Research has demonstrated that presentation of the synchronized movements of just these joint
locations, accomplished by placing lights on the joint areas of a moving organism in an otherwise

completely darkened viewing environment, leads to high rates of correct object identification. In
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essence, it can be concluded that the recovery of form from the motion of these discrete points is
accomplished by a perceptual filling-in of regions of rigidity that lie between the lighted joints.
The perceptual recovery of form information is believed to be the product of a vector analysis of
the discrete points that provides information regarding their relative movement which
consequently places constraints upon grouping strategies. Therefore, an assumption of rigidity at
local levels using relative motion information allows for the build-up of a global form
representation. A third assumption, closely related to the concept of rigidity, is that of covering
and uncovering or the perceived persistence of a object with occlusion (Sekuler, et al., 1990).
For example, in a two frame presentation in which two objects are presented in the first frame and
only one of these objects is presented in the second frame and a simple path of motion can be
assumed, a percept that the missing object in the second frame has moved behind the other object
can be formed. Thus, "...the visual system seems to assume that an object continues to exist even
if the system has to fabricate the supporting evidence" (Sekuler, et al., 1990, p. 219). Movement
in a cluttered environment is particularly prone to occlusion during the course of travel.
Consequently, an interaction of lower-level and higher level processes must occur to extrapolate
the rate and direction of movement of a particular object that becomes momentarily hidden from
view. First, an occluded object is presumed to maintain form and maintain trajectory
characteristics demonstrated prior to occlusion (see Hochberg, 1986). Second, the constant
velocity or acceleration of the moving object can be accurately estimated with increasing exposure
prior to occlusion thereby allowing relatively precise estimation of location during occlusion
(Rosenbaumn, 1975; Jagacinski, Johnson, & Miller, 1983). Consequently, it is evident that higher-
level constraints are placed upon the motion of occluded objects that allows for persistent
representation of their spatio-temporal characteristics through estimated "cognitive trajectory”
parameters (Jagacinski, Johnson, & Miller, 1983). The quality of these "cognitive trajectory”
representations diminishes over time due to noise and equivocation of information regarding the
objects spatio-temporal properties and consequently spatial judgments become increasingly
variable with increasing time in occlusion. Nonetheless, the ability to make estimates regarding
the position of hidden moving objects demonstrates the importance of top-down constraints such
as inertia, rigidity, and object permanence in the construction of a spatio-temporal representation

of the dynamic spatial layout of the environment.
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Figure 7. Examples of relative motion trajectories (gray lines) that deviate from the
veridical motion of the objects (black lines) and are induced by the motion of
neighboring or adjacent objects (from Gogel, 1974 and Gogel, 1978).

Thus, it appears that a higher level segregation of form information leads to the
implementation of constraints regarding object properties and is subsequently combined with
lower level motion information to produce an overall percept of spatial dynamics. As
demonstrated in the Ternus display, boundary conditions arise when form information is
ambiguous and attempts to impose figural constraints in these scenarios results in non-veridical
percepts. These boundary conditions between "short-range” and "long-range" motion are further
demonstrated in the adjacency principle proposed by Walter Gogel (1974; 1978; cf., Johansson,
von Hofsten, & Jansson, 1980; Mack, 1986). In the Ternus display, the impact of proximity
constraints appear to be a major contributing cue to the percept of group motion. Gogel (1974)
has demonstrated that in other configural displays, the perceptual grouping of two distinct

features in motion is a function of their adjacency or fronto-parallel separation. In particular the
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adjacency principle states that "...the effectiveness of cues between objects is an inverse function
of object separation” (Gogel, 1974, p. 425). Consequently, when two adjacent features are
placed in motion along orthogonal axes in which their absolute motion vectors are separated by
900 (black Lines in Figure 7a), perceptual grouping of these items leads to a motion percept that
tends toward their common motion vectors (gray lines in Figure 7a; Gogel, 1974; Gogel; 1978;
Johansson, von Hofsten & Jansson, 1980). With decreasing separation between items, the
perceived motion vector approaches the common motion vector and is less influenced by the
veridical relative motion vectors of the objects. On the contrary, when an object is imbedded
within another object, the objects are perceptually segregated into figure and ground. Therefore,
the assumption of moving objects on a stationary ground leads to the percept of inner element
motion even when the veridical percept is one of frame motion (Figure 7c). Similarly, when the
inner element and the frame move along orthogonal axes, the frame is perceived to remain
stationary while the inner element is perceived to move along a relative motion vector (Figure 7d).
Figure 7b demonstrates a particularly difficult case. In this scenario, the outer elements can either
be segregated from the inner element or be grouped together with it. Typically, segregation
occurs through implementation of a simplicity constraint and the percept that arises is one of inner
element motion along a relative motion vector and stationary outer elements. That is, if one
assumes a grouping of the items, a motion-in-depth or changing size percept would arise.
However, no other cues are available to substantiate a motion in depth percept and changing size
in inherently complex and unlikely. Therefore, the simple relative percept of inner element motion
along a relative motion trajectory arises.

In all of these cases, the percept of motion is a relative one. That is, the perceived
direction of motion is dependent upon grouping strategies and the relative motion vectors of
objects as compared to adjacent features. As separation between display items increases, motion
becomes more veridical with respect to the absolute motion vector. Therefore, high-level form
processing and the imposition of featural constraints can be presumed to mediate percepts of
relative and common motion. Of course, the magnocellular system's low spatial resolution
renders it poorly adapted for the segregation of multiple features in motion over a small spatial
extent. Therefore, the high-resolution parvocellular system apparently mediates this phenomenon

by providing partial form solutions which are subsequently subjected to high level featural
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constraints. When separation becomes sufficient, absolute motion predominates for two reasons.
First, the distance can be sufficient for discrete analysis by low spatial frequency tuned motion
detectors. Second, the large separation renders higher resolution form detectors to conclude that
the features are components of distinct objects. Thus, over short spatial extents, the adjacency
principle posits an intermediating role of "long-range" motion detection to give rise to movement
along common or relative trajectories, whereas over larger spatial extents, "short-range" and
"long-range" motion cues signal motion along absolute trajectories in a fashion consistent with the
spatio-temporal tuning characteristics of magnocellular and parvocellular input pathways. Thus,
as evidenced in the Ternus display and the relative motion trajectories of adjacent objects, the
"long-range" motion detection process appears to place influential top-down figural constraints on
the percept of spatial dynamics.

Consequently, the "long-range" motion process described thus far appears to be influenced
by an analysis of object form in addition to top-down constraints imposed by a consideration of
this form information. Therefore, it is evident that such solutions occur later in the visual stream
than solutions attributed to the "short-range" process. Psychophysical evidence supports this
conclusion of a late motion processing stage reliant upon form processing and the imposition of
top-down constraints. First, dichoptic presentation of configural motion displays such as the
Ternus display does not diminish the perception of motion (Petersik, 1989). This suggests that
the "long range"” process operates on pooled binocular information. Flirthermore, apparent
movement of isoluminant, color contrast stimuli is perceptible to the "long-range" process,
whereas the "short-range" process is sensitive only to lJuminance. Finally, changes in contrast and
even changes in form characteristics of objects across frames does not destroy perceived object
motion, suggesting that the "long-range" process does not operate at the level of photoreceptor
elements, but rather it functions at some higher level of abstraction of that information. In fact,
this "long-range" process appears to be the result of a representation of spatial layout and spatial
dynamics that arises from a pooled interaction of magnocellular and parvocellular inputs.

Many of the key findings regarding the "short-range" and "long-range" processes have
been described above. These findings have been replicated using stimuli other than the random
dot kinematograms for "short-range" effects and the Ternus display for "long-range" effects, but

these stimuli are those most frequently associated with this line of research. "Short-range”
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phenomena have also been studied using sinusoidal gratings and other narrow-band stimuli, while
"long-range" processes have been examined with a myriad of configural displays which are
sometimes filtered to examine spatial frequency effects of such stimuli. The general conclusions

of these research efforts are summarized in Table 1.

Table 1. The principal findings regarding "short-range" and "long-range" motion processes
(sources: Marr, 1982; Petersik, 1989).

Short-Range Long-Range

Operates over small spatial extents - Operates over a large spatial range - several

approx. 15' centrally up to 90" in the far degrees

periphery

Requires small ISIs - <40-100 msec Preference for long ISIs - 300 msec or
greater

Bright ISI destroys motion perception ISI may be bright or dark

Motion effect cannot be produced Dichoptic presentation results in motion

dichoptically percept

Requires luminance contrast gradients Chroma differences between stimuli and
background is sufficient

Sensitive fo luminance and contrast Not sensitive to luminance changes

changes across frames

Sensitive to form changes across frames Not affected by form changes in the stimuli

Motion detection precedes edge extraction | Edge extraction precedes motion detection

Prefers low spatial frequencies Prefers high spatial frequencies

From this evidence a reasonable assumption can be made that the "short-range" motion
solution functions as a precursory peripheral process that provides information to the higher level,
more central "long-range" process. Further evidence for this conclusion is provided by studies of
motion aftereffects (see Anstis, 1986; Petersik, 1989). Motion aftereffects appear to be the
function of the low-level "short-range" process and in particular, they can be attributed to
fatiguing of low level directionally selective receptors. Indeed, motion aftereffects are limited in
their spatio-temporal extent in a manner consistent with the aforementioned properties of the
"short-range" process (Anstis, 1986). However, motion aftereffects exhibit interocular transfer
and the degree of transfer is highly correlated with measures of binocular depth thought to be the

function of more central processes (Anstis, 1986). This seems to defy the conclusion that motion
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aftereffects can be sufficiently accounted for by the "short-range” process. Rather this finding
leads to the logical conclusion that the higher level "long-range" process serves to integrate low
level motion information from the "short-range" process with other information from the visual
display such as information about depth and object form. Much of the other research previously
discussed appears to converge on a similar conclusion and allows for the conceptualization of a
generalized framework for understanding the interactions between the "short-range" and "long-
range" motion processes. In the following discussion, models that specify how this interaction

might be computationally specified will be considered in detail.
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Figure 8. Petersik's framework for describing the relationship
between short-range and long-range processes with respect to a
single unified motion percept. (from Petersik, 1989, p.124).

Based upon physiological and psychophysical data distinguishing the two parallel
pathways and two motion detection processes discussed above, a theoretical models of visual

spatial processing can be formulated. Petersik (1989) has developed at least a partial account of
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this processing which is replicated in Figure 8. However, this framework is incomplete because it
obscures many of the subtle distinctions between the "short-range" and "long-range" motion and
their relationship to parallel pathways in the visual system. First, what Petersik (1989) refers to a
"Form Processing” encompasses several distinct functions such as luminance segregation, edge
detection, and structural processing as well as color, depth and binocular analysis of the optical
array all of which are mediated predominantly by the parvocellular system. Moreover, the rapid
detection of spatio-temporal change giving rise to "short-range" motion solutions is largely a
function of the magnocellular system. Consequently, the subsequent "long-range" motion
solution appears to be the result of some computational weighting processes that operates on the
pooled information from the magnocellular and parvocellular system. As demonstrated by
interocular transfer of motion aftereffects discussed above (cf., Anstis, 1986), the input of "short-
range" magnocellular motion signals to higher levels accrues with increasing exposure durations.
Consequently, inputs from the "short-range" process appear to have both direct and indirect or
mediated inputs to a common representation of motion in the optical array that reflects the spatial
dynamics of the environment. That is, the rapid "short-range" solution functions interactively
with higher level feature information and imposed motion constraints to yield a "long-range"
motion solution. The overall dynamic spatial representation can consequently be seen as the
result of weighted additive and interactive inputs from motion detectors, feature detectors, and
top-down form and motion constraints. Moreover, this common spatio-temporal representation
can be incrementally built-up and revised in a cascading fashion. That is, the common dynamic
spatial or motion representation formulated initially based upon rapid low level "short-range"
inputs need not be entirely reformulated in the face of discrepant information from higher level
"long-range" processes but rather can simply be re-parameterized to reflect the weighted inputs of
form and motion integration accrued over time. In this manner, the visual system can provide
rapid motion information and subsequent structural information upon which a spatio-temporal
representation of the dynamic optic array can be incrementally constructed over time. This

structure has been well adapted to the critical detection of motion from an ecological standpoint.

As Marr (1982) notes:

Perhaps the key to the puzzle is that in the analysis of motion -
more so, perhaps, than any other aspect of vision - time is of the
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essence. This is not only because moving things can be harmful,
but also because, like yesterday's weather forecast, old descriptions
of the state of a moving body soon become useless. On the other
hand, the detail of the analysis that can be performed depends upon
the richness of the information on which the analysis is based, and
this in turn is bound to depend upon the length of time that is
available to collect the information (Marr, 1982, p. 162).

The evidence that there are two distinct stages in the stream of visual processing is
significant. Moreover, it highlights the interaction of the magnocellular and parvocellular
pathways in constructing a unique representation of the dynamic spatial layout that conveys both
form and motion information. Up to this point, the recovery of form and motion information has
only been considered in reference to the optical structure along the fronto-parallel plane.
However, the visual environment is inherently three-dimensional in character and consequently the
representation of spatial dynamics and spatial layout must include reference to position and
changes in position along the depth axis. Therefore, discussion will now turn toward a detailed

consideration of the computation of motion-in-depth.

Dynamic Cues for Depth Perception

The invariant dynamic cues to depth conveyed through local and global flow in the
arﬁbient optic array was an area of particular interest in Gibson's (see e.g., Gibson, 1979)
ecological approach to visual perception. In Chapter 1, it was demonstrated how these flow
pattcms produce invariant optical information regarding the motion in depth of environmental
objects and the perception of self motion. At this juncture, the neural analysis of these invariant
patterns in the flow of the dynamic optical array and subsequent synthesis into a unique spatio-
temporal representation of the visual environment will be described in detail. As Gibson (1979)
demonstrated, the rate of movement in depth of an object or of the perceiver is specified by the
rate of global or local optical flow. David Lee and his colleagues (see Lee, 1980 for an overview)
hévc demonstrated the importance of this optical flow rate in guiding motor actions. David Lee
(1980) has described the invariant properties of this optical flow rate as giving rise to information
regarding the time-to-contact with the viewpoint of objects in motion relative to the perceiver.

Psychophysical and physiological research conducted by David Regan and his colleagues (see
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Regan, Beverley & Cynader, 1979 for an overview) hé_ls demonstrated a biological basis for the
computational processing of such motion-in-depth information within the visual system.
Therefore, inquiry into these dynamic cues for the perception of depth will begin with a precise
description of the optical flow rate and will subsequently turn toward a detailed analysis of how
this information may come to be represented through neural processing.

Rectilinear motion of an object toward the perceiver or motion on behalf of the perceiver
produce local or global expansion of the optical array along radial flow lines emanating from the
point of expansion (cf., Gibson, 1979; see Figure 2). This pattern of expansion provides unique
invariant information conveying the rate of motion in depth and the time-to-contact of
environmental objects with the viewpoint at any given time (Lee, 1980; see Figure 9). In Figure
9, the manner in which the rate of motion in depth is uniquely specified through the expansion of -
proximal image size is illustrated. The image of a distal object, R, at a given time, t, is cast upon
the perceiver's retina forming a time-sampled proximal image, r(t). The rate of motion toward the
viewpoint or focal point of the lens, V(t) is directly proportional to the rate of expansion of the
proximal image, v(t). Consequently, the time-to-contact of the distal stimulus with the viewpoint
can be determined through the following series of spatio-temporal computations. Since the
distance from the nodal point of the lens to the retina is constant it is assigned a value of unity for
computational simplicity. Therefore, based upon the geometry of similar triangles it can be shown

that:
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By differentiation of these size distance relationships with respect to time, relative velocity in

depth can be specified as follows:
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This derived higher-order optical variable specifying the relative velocity of approaching
environmental objects, termed tau (T), is critical for specifying parameters for the timing of
responsive motor actions relative to objects in the environment (cf., Lee, 1980). When velocity is
constant, tau(t) uniquely specifies time-to-contact of the object with the viewpoint. However,
when an object exhibits acceleration, tau (1) will overestimate the time-to-contact (Lee, et al.,
1983). Therefore, estimations of contact times of accelerating objects must include a "delay
parameter” that compensates for the change in relative velocity since the last instance of sampling
the dynamic optic array. Research has demonstrated that tau (7) is a sufficient optical variable for
specifying timing information regarding the movement of objects in depth and accounts for
response performance in estimating arrival times of various environmental stimuli (see, e.g., Todd,
1981; Schiff & Oldak, 1990; Caird & Hancock, 1992). This estimation of arrival time has been
demonstrated be a crucial factor for guiding motor actions directed at objects moving in depth in
tasks such as hitting and catching a ball (see Todd, 1981; Lee, et al., 1983; Boostsma & Peper,
1992). Additionally, the specification of higher order relative dilation and minification of features
in the optic array uniquely specified by tau (T) have been demonstrated to play a critical role in the
maintenance of posture and the negotiation of obstacles during egomotion and the maneuvering of

transportation vehicles (Bruce & Green, 1985; Caird & Hancock, 1992). Consequently,
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rectilinear motion-in-depth comes to be represented by the spatio-temporal information conveyed
in the relative rate of expansion of proximal images and provides critical information utilized in
subsequent motor planning and the programming of responses directed at environmental objects

with three-dimensional dynamic properties.
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Figure 9. Representation of the optical specification of the relative
velocity of an object or self motion (V(t)) conveyed through
expansion of the proximal size of environmental features (r(t)).
(after Lee, 1980)

Earlier, the neural specification of motion along the fronto-parallel plane was discussed in
reference to two processes: (1) the "short-range" magnocellular dominated rapid detection of
motion, and (2) the more complete "long-range" integration of magnocellular motion signals and
parvocellular form and position information. In the following discussion the means through which
motion-in-depth can be conveyed in this framework will be considered. Earlier, it was suggested
t:.hat the functional segregation of the visual system is particularly adapted for conveying rapid
information regarding potentially threatening objects independent of and prior to a
computationally intensive analyses of form. This is particularly true in the case of motion-in-depth
and consequently, it can be posited that analysis of such motion-in-depth information can be

specified though separate low-level motion processing and higher-level integration of this motion
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information with featural analyses of three-dimensional structure. David Regan and his colleagues
(see Regan, Beverley, & Cynader, 1979; Regan & Beverley, 1979; Regan & Beverley, 1980;
Regan, Kaufman, & Lincoln, 1992) have posited such a scheme in which motion-in-depth
information is analyzed along the separable pathways of the visual system and subsequently
converge upon a unique motion-in-depth stage. This model is based ﬁpon psychophysical and
physiological data suggesting specific mechanisms for the detection of motion-in-depth.

In psychophysical experiments using adaptation techniques, Regan and his colleagues (see
Regan, Beverley, & Cynader, 1979; Regan & Beverley, 1979; Regan & Beverley, 1980; Regan,
Kaufman, & Lincoln, 1992) demonstrated the dependence on local directionally selective motion
detectors for signaling changing size and motion-in-depth. Regan and Beverley (1980) presented
stimuli in which objects exhibited varying degrees of inphase and antiphase oscillation, where
pure antiphase oscillations were equivalent to motion-in-depth, and pure inphase oscillations were
equivalent to motion along the fronto-parallel plane (see Figure 10). Through these combinations
of inphase and antiphase oscillations, motion along various three-dimensional trajectories were
simulated. Subjects were adapted to each of these trajectories of motion and subsequently
indicated their threshold for the detection of pure inphase and pure antiphase oscillation using the
psychophysical method of adjustment. Results demonstrated that threshold elevations for the
pure inphase oscillations was functionally determined by both the amplitude of inphase and the
amplitude of antiphase oscillation in the adaptation stimulus. However, pure antiphase adaptation
produced negligible threshold elevations to inphase test patterns. On the contrary, threshold
elevation of the pure antiphase test pattern was independent of the amplitude of the inphase
component of the adaptation pattern. From these results, Regan & Beverley (1980) demonstrated
that visual responses to antiphase oscillation were independent of the presence of inphase
components. Based upon this evidence, it was concluded that the visual system contains changing
size channels that receive input from local motion filters that signal x- and y- axis change along
stimulus boundaries. These changing size filters consequently can compute an objects rate of
expansion or compression which is functionally equivalent to its velocity along the z-axis (cf.,
Regan, Hamstra, & Kaushal, 1992). In earlier research, it was demonstrated that while pure
antiphase oscillations rarely produced a sensation of motion-in-depth, afterimages of antiph‘ase

adaptation patterns produced strong percepts of motion-in-depth without any perceived change in
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object size (see Regan, Beverley & Cynader, 1979). Therefore, it was posited that changing size
channels signal motion-in-depth solutions by default unless other cues are available to suggest
otherwise. Such an arrangement is clearly adaptive given that motion-in-depth is more probable
and more likely to Tequire rapid motor responses such as avoidance (cf., Regan, Beverley &

Cynader, 1979).
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Figure 10. Pure inphase (a) and pure antiphase (b) oscillation of
stimulus edges (after Regan and Beverley, 1980).

Regan and Beverley (1979) further demonstrated that adaptation to optical flow patterns
indicating motion-in-depth subsequently reduced sensitivity to the changing size of antiphase
oscillated test patterns. However, this adaptation to optical flow patterns produced negligible
threshold elevations for inphase oscillating test patterns. Furthermore, the degree of threshold
elevation among antiphase test patterns was demonstrated to be functionally dependent on the
correspondence between the center of the test figure and the focus of the optical flow pattern (see
Figure 11). That is, when the antiphase test pattern was presented near the focus of the
previously viewed oscillating flow pattern, large threshold shifts were evident. However, when
these test patterns were placed at greater eccentricities from the focus of the flow pattern, little or
no threshold elevation was evident. This functional relationship between the position of the
adaptation flow pattern and the oscillating test object was evidenced in peripheral as well as

foveal viewing locations. Based upon these results, Regan and Beverley (1979) concluded that
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the changing size channels in the visual system are locally sensitive to the region of centrality in an
expanding or contracting opticai feature. As was already demonstrated in Chapter 1, the
importance of the focus of expansion or contraction in conveying the relative direction of travel is
a critical invariant for guiding motor actions and egomotion. These pSychophysical findings
suggest that such an invariant is uniquely represented by locally tuned changing size channels in

the visual system.
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Figure 11. Changing size channels locally tuned to the focus of
optical flow patterns. A given channel spatially tuned to the
position of the patterns focus of expansion (F) is activated when
this point is within a given region as in (a) and (b), but not when it
lies outside of this region as shown in (c). (After Regan &
Beverley, 1979).

Thus, psychophysical evidence has indicated that information regarding the relative
direction of travel in three dimensions is computationally recovered. Lee's (see Lee, 1980)
research has further stressed the importance of the relative rate of expansion in providing invariant
information regarding the time-to-contact between objects and the viewpoint. Regan, Hamstra, &
Kaushal (1992) suggested a scheme in which the interaction of local directionally selective motion
filters and changing size filters can signal the rate of an objects expansion. This information can,
in turn, be integrated with low level form information regarding the angular extent of the object to
compute the relative rate of changing size or tau (). A modification of this scheme is presented
in Figure 12. According to this model, local directionally selective motion filters signal the

direction of motion at object boundaries. The localization of these boundaries can either be
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estimated by orientation selective spatial filtering (cf., DeValois & DeValois, 1980; DeValois &
DeValois, 1988) or can be recovered through the extraction of zero-crossings in a manner such as
that suggested by Marr (1982). In any case, a partial analysis of form can suffice in this early
rapid analysis since the motion signals are of primary interest. Comparisons of the direction of
travel along object borders serve to determine whether fronto-parallel motion or changing size is
specified. That is, if motion detection units corresponding with opposite edges of the object
signal motion in the same direction then a fronto-parallel motion signal along the x- or y- axis is
activated. On the contrary, if motion signals corresponding to opposite edges indicate motion in
opposite directions then activation of the local changing size filter occurs. As previously
indicated, the changing size filter by default signals motion-in-depth in the absence of
contradictory evidence. However, given information regarding object boundaries along
orthogonal axes, evidence for motion-in-depth can be augmented by comparison of the rate of
change of the stimulus edges along these orthogonal x- and y- axes. In pure motion-in-depth, the
rate of change along these orthogonal axes, AX and AY, are necessarily equal and comparisons
that reveal equivalent rates of change provide a strong indication of motion-in-depth. In these
cases, the time-to-contact or tau (T) can be computationally specified by determination of the
objects angular extent along either of these orthogonal axes determined from spatial filtering and

edge detection (X or Y) and the objects rate of movement along either of these orthogonal axes

(AX or AY). In particular:

3)

=X X
AX ~AY

Thus, once motion-in-depth has been signaled by changing object size, time-to-contact
information specified by the parameter tau (t) can be directly recovered from lower level
computations of local velocity changes and spatial extent. This process clearly requires a
symbiosis of motion and form information but clearly can occur prior to exhaustive computations

of form information.
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Figure 12. Model of motion in depth processing. Local motion filters signal x-
and y-axis motion. Antagonistic motion along opposite edges signal one
| dimensional changing size. Identical changing size along x- and y- axes indicate
either changing size or motion-in-depth. Additional depth cues provide
information regarding likelihood of motion-in-depth. If motion-in-depth is
perceived, time-to-contact is specified by the relative rate of change in either the x-
or y- axis. (Modification based upon Regan, Beverley, & Cynader, 1979 and
- Regan, Hamstra, & Kaushal, 1992).

In cases not involving pure motion-in-depth, the trajectory of motion in three-dimensional
space can be uniquely determined by comparisons of these rates of changes along orthogonal
axes. However, the relative time-to-contact with the viewing plane is not easily recovered in such
instances. This fact is in accord with psychophysical data that suggests that judgments of times to
contact between points along transverse (pure fronto-parallel), oblique (combined fronto-parallel

and motion-in-depth) and radial (pure motion-in-depth) trajectories are the products of different
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computational mechanisms (Schiff & Oldak, 1990). Schiff and Oldak (1990) demonstrated that
contact times in transverse motion are the most accurately perceived since they can be
computationally recovered from simple analyses of the perceived spatial separation and relative
velocity along the fronto-parallel plane. In viewing radial motion in depth, on the other hand,
time-to-contact is typically underestimated and more variable. This is not surprising given its
reliance upon the determination of higher level expansion information. Furthermore, time-to-
contact in such instances is presumably underestimated due to time corrective filters and decision
processes that tend to overcompensate for the delay in computing this relative rate of expansion
information. Such a conservative corrective process is particularly adaptive since it is typically
more detrimental to overestimate the time-to-contact than underestimate it in specifying it as a
parameter for motor guidance. Moreover, the parameter is more likely to be underestimated in
experimental situations involving discrete motor responses because this time-to-contact
information may implicitly contain time based corrections that compensate for the delay
associated with parameterizing and executing more complex motor plans. In any case, itis clear
that the determination of this time-to-contact parameter in pure motion-in-depth scenarios is
dependent on a higher level computation of changing object size. Surprisingly, in cases where
travel is along oblique trajectories, accuracy in judging time-to-contact is superior compared to
condition in which motion occurs along radial trajectories. Estimation of relative velocities along
these oblique trajectories seem computationally complex in that they are only specified through
consideration of both the rate of expansion and the rate of displacement along the fronto-parallel
plane. However, in these cases, it may be that once a trajectory is determined through analyses of
the relative rates of change along opposite edges are determined, a scaling factor can be derived
and used to estimate arrival times solely from normalized x- and y- axis displacement values thus
decreasing the reliance on higher order changing size information. From these results of arrival
time judgments it appears that a model such as the one presented in Figure 12 is a reasonable
account for describing how higher order parameters conveying motion-in-depth informatioh can
be computationally realized in a biological system.

This psychophysical model of monocular recovery of motion-in-depth information from an
analysis of changing size suggests a means through which information regarding time-to-contact

can be neurally computed and determined rapidly and early in the visual system (cf., Regan,
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Beverley, & Cynader, 1979). This monocular sensitivity to changing size and optical flow can be
recovered through a partial solution for edge detection such as that provided by the zero-
crossings whose computational recovery was described by Marr (1982; cf., Marr & Hildreth,
1980). The motion-in-depth solution from these low-level spatio-temporal characteristics of
expanding edges or optical texture features provides a means for the rapid estimation of time-to-
contact that can serve to guide responsive motor actions. However, the detection of motion-in-
depth and spatial position in depth can be more precisely specified by a more exhaustive
consideration of pictorial depth cues as well as static and dynamic binocular disparity cues (cf.,
Regan, Beverley, & Cynader, 1979; Regan, et al., 1990). The details of these higher level depth
and stereo-motion computations will be elaborated momentarily. At this point, discussion will
continue along the lines of monocular motion-in-depth specification and the manner whereby form
information can be recovered strictly from the relative motion of points will be considered in
detail.

- Earlier, in discussion of experiments using random dot kinematograms, it was asserted that
top-down constraints placed upon the low-level or "short-range" detection of movement can lead
to a distinct percept of object form that recovers the boundaries of a displaced region (cf.,
Sekuler, et al., 1990). Similarly, it has been demonstrated that the systematic motion of points on
a two-dimensional projection surface can lead to the recovery of three-dimensional object
structure (Ullman, 1979; Hildreth, et al., 1990; see Figure 13). In these demonstrations of the
"kinetic depth effect", the recovery of a three-dimensional shape from the systematic displacement
of points on a two-dimensional projection is presumed to be the function of the imposition of
constraints on the relative motion signals from various points. Ullman (1979) demonstrated that
three dimensional shape can always be recovered from the accrual of relative motion information
from four points sampled over three frames, and often can be sufficiently specified through the
relative motion of three discrete points. Hildreth, et al. (1990), have suggested that even the
perception of the relative displacement of only two points can sometimes produce a percept of
three-dimensional structure. In the orthographic projection of cylindrical object onto a two-
dimensional surface, such as the counter-rotating cylinders shown in Figure 13b, a three-
dimensional structure is presumably recovered from the imposition of simplicity and rigidity

constraints placed upon the relative motion of points (Ullman, 1979; Hildreth, et al., 1990).
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However, these monocular motion cues are insufficient for completely disambiguating depth and
consequently reversals will occur in which the cylinders will perceptually change their direction of
rotation. Such ambiguities arise from the transparent nature of these stimuli and are rarely
observed in the build-up of structure from motion of solid objects. The three-dimensional
recovery from motion of such objects can be simulated in cofnputer displays by displacing random
pixels in a fashion that mimics the rates of motion of points on a three-dimensional object (see
Figure 13a). These displays demonstrate the means through which three-dimensional structure
and depth information can be recovered in the environment through the motion parallax produced
by movement of structural objects in the environment or movement of the perceiver in relation to

structural features in the environment.
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Figure 13. Stimuli in which form can only be recovered from motion: (a) If
horizontal motion of the dots is inversely proportional to the vector lengths
displayed, a three dimensional cylinder would appear. (b) Orthographic projections
of points on two counter-rotating cylinders produces apparent motion on the
projection surface from which three-dimensional structure can be recovered. (see
Ullman, 1979; Bruce & Green, 1985; Wickens, 1992).

The principal constraint giving rise to this build-up of three-dimensional structure from the
patterns of two-dimensional displacements is rigidity (Ullman, 1979; Hildreth, et al., 1990). As

Ullman (1979) emphasizes, "Any set of elements undergoing a 2-D transformation as a rigid body
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moving in space, should be interpreted as such a body in motion" (p. 409). Thus, as with the
build-up of two-dimensional structure from motion in random-dot kinematograms through the
imposition of rigidity constraints, so too the analysis of three-dimensional structure from relative
motion parallax of surface points is constructed through the imposition of higher level rigidity
constraints that suggest unique solutions for object structure. As previously suggested, these
rigidity constraints must be impbsed locally to account for the global elasticity of many real world
objects (cf., Johannson, von Hofsten, & Jansson, 1980; Hildreth, et al., 1990). Indeed, the rigidity
assumption considers that the transition between discrete points perceptually grouped as
components of the same three-dimensional object is smooth and continuous. Consequently,
Hildreth, et al. (1990), suggest that the imposition of a rigidity constraint is built-up from
comparisons of these discrete points in motion and consequently accrues over time. The manner
in which this build up of form information from low-level motion information and high-level
object constraints parallels the recovery of structure from motion in the simple case of random-
dot kinematograms. Indeed, the two-dimensional solution witnessed in random-dot
kinematograms can be seen as a special case of kinetic depth in which the imposition of rigidity
constraints lead to the build-up of a form percept of a flat object. It is interesting to note that in
the case of random-dot kinematograms, a scgregation'in depth of the displaced region from the
background is often reported. This percept can be the result of the occlusion and shearing of
neighboring pixels as the displaced region transverses the random texture array from which it is
segregated. The rigidity constraint implies that the object cannot exist on the same depth plane as
the texture from which it has been segregated through analysis of structure from motion and
therefore comes to be perceived as lying above the texture surface (cf., Gibson, 1979). In the
case of three-dimensional recovery of structure from motion, the differential rates of motion of
points on a surface presumed to exhibit rigidity allow for estimations of relative depth. As
previously noted, these relative depth cues can be ambiguous when viewed in isolation as is the
case in Ullman's (1979) demonstration of the orthographic projections of counter-rotating
cylinders. In these scenarios, motion parallax provides relative cués to depth of points which
allows for recovery of form. However, since absolute depth is not well specified, these
demonstrations lead to perceptual reversals of direction due to inherent uncertainty regarding

where the points on these transparent surfaces lie in depth. In these cases, the build-up of a three-
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dimensional spatial representation of object structure and environmental layout can be augmented
at higher levels of visual processing that incorporate characteristics of object and texture form
into the analysis of depth. Thus, the imposition of rigidity and uniqueness constraints on low-level
motion information can produce a initial estimation of three-dimensional spatial layout. This
percept of the dynamic three-dimensional layout can subsequently be augmented by a more
extensive analysis of available feature information that can provide complementary relative and
absolute cues to depth. These monocular or featural cues for depth that cooperatively augment
the perception of three-dimensional structure at higher levels of visual information processing are

consequently deserving of detailed consideration.

Static Cues for Depth Perception

Monaural pictorial cues to depth necessarily involve at least a rudimentary analysis of
object form and textural structure. These cues include: (1) the interposition or occlusion of object
regions located at a further distance, (2) the relative size of objects, (3) the relative height of
objects in reference to the horizon, (4) linear perspective created by textural features, (5) the
foreshortening or decease in size and separation of textural features, (6) the iltumination and
shading of objects produced by the characteristics of ambient light sources and shadows cast by
neighboring objects, and (7) atmospheric perspective or the filtering of light over increasing
distance (cf., Goldstein, 1984; Cavanagh, 1987; Landy, et al., 1991; Wickens, 1992). The latter
of these cues, atmospheric perspective, while recognized as a contributor to the percept of depth
in far-field viewing has not been extensively studied. However, it can presumably be recovered

- from relatively low level information provided by the spatial filtering of textural and featural
components over large scale distances. Similarly, foreshortening can provide cues that can be
isolated relatively rapidly through low pass filtering of the luminance characteristics of the
dynamic scene. The estimation of distance or depth from foreshortening can be perceptually built-
up from analysis of successively finer detail spatial information including the extraction of
boundaries or regions of contrast discontinuity in the textural gradient. Similarly, the size and
occlusion of objects at a distance can be recovered from a build-up of information regarding their
two-dimensional and three-dimensional structure. How these various cues regarding the relative

extent and location of features in a two-dimensional projection are joined additively and
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cooperatively to provide a static monocular percept of three-dimensional layout is of particular
interest (cf., Cavanagh, 1987; Landy, et al., 1991).

The manner in which static two-dimensional views lead to the recovery of three-
dimensional spatial layout is dependent upon the segregation of form and the imposition of
constraints regarding the position of rigid objects within a three-dimensional geometry (cf.,
Cavanagh, 1987). The manner in which the specific monocular cues specified above are
integrated to produce a coherent percept of the three-dimensional structure of the visual scene has
been studied in psychophysical experiments where various combinations of cues are viewed in
isolation or are placed in conflict with other available cues (see Cavanagh, 1987; Landy, et al.,
1991; DeLucia, 1991). For example, Cavanagh (1987) examined the role of occlusion and
shading for cueing depth in various images. Findings indicated that in line drawings, occlusion
could be recovered in moving, textured, and iso-luminant colored irnageé indicating that the
segregation of this static depth information occurred at a high level after these various motion,
luminance, and color attributes had been integrated. However, occlusion produced by subjective
contours and shadows could only be recovered in instances where luminance contrast information
was available, suggesting that these cues may work at lower levels of three-dimensional analysis.
These findings suggest that there is an incrg:mental build-up of information regarding geometric
position in three-dimensional space provided by the two-dimensional relationships that are
conveyed in monocular proximal images. Earlier, the recovery of three-dimensional structure
from motion was considered and this too can be seen as contributing to this synthesis of the
dynamic spatial layout at various levels in the stream of visual procéssing (cf., Braunstein, et al.,
1986). Consequently, these cues signaled at various levels of processing must be integrated to
produce-a coherent unitary representation of spatial layout.

Models of depth cue combinatorics posit that the integration of cues resulting from object
and observer motion, static monocular or pictorial structural features, and stereoscopic vision
involves additive and interactive contributions of these progressively higher level processes (see
Landy, etal., 1991). Computational rules specifying the manner in which these cues are
combined must be stochastically robust and dynamic in order to address issues of information
quality and availability. Various theoretical accounts of how these processes might be

computationally realized fall into categories of strong fusion and weak fusion models (Landy, et
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al., 1991). Strong fusion models contend that depth cues operate primarily as additive factors and
are combinatorially weighted to produce a final cohesive representation of depth information.
Weak fusion models, on the other hand, suggest that this additive factor process is further
augmented by cue interdependencies at various levels of processing. These cue interdependencies
include cue promotion and calibration which serve to normalize the information from various
stochastic depth cues thereby compensating for the inherent noise and variability introduced in the
process of computationally reconstructing the three-dimensional spatial layout. Through cue
cooperativity, missing or noisy parameters for a given cue can be estimated by consideration of
the depth values obtained from other cues, thereby allowing relative cues to act as absolute cues
for distance. Similarly, cooperation between cues can lead to calibration or normalization in
which outlying depth indicators are vetoed or devalued in the incremental computation of depth.
This further suggests that depth estimation is iteratively updated at progressively high'er levels of
visual analysis through a system of corrective computations whereby absolute depth is estimated
through cue interactions including vetoing, accumulation or additivity, interactive cooperativity,
and the disambiguation of cue uncertainty. Through this progressive calibration of depth cue
signals, a coherent pefccpt of the three-dimensional spatial layout is dynamically accrued as
information from increasingly higher levels of visual processing becomes available.

Landy, et al., (1991) tested the predictions of this theory using a psychophysical method
termed perturbation analysis in which one depth cue in a pair of available cues is placed in
misalignment with the other by some small amount, Acue. This misalignment (Acue) is adjusted
through psychophysical teéhniques such as the method of limits, and consequently the perceived
change in overall estimated depth (Adepth) is empirically determined through analysis of
psychophysical functions of forced-choice responding. From the relationship between the degree
of misalignment (Acue) and the perceived change in distance (Adepth), the relative weighting of
the paired depth cues can be determined. Using these techniques, Landy, et al. (1991)
demonstrated that kinetic depth from motion and static textural cues interact in a linear fashion in
a manner consistent with a weighted average model of depth cue combination. That s, it is
apparent that interactions and cooperativity among depth cues is reflective of the relative
weighting of these depth cues and this weighting is, in turn, dependent upon the relative quality

and consistency of the information provided by each particular cue.
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Others have suggested that the combinatorics of monocular depth cues more closely
mimics a hierarchical interaction between lower level motion-in-depth cues and higher level static
pictorial cues (see, e.g., DeLucia, 1991). The manner in which this hierarchical processing of
three-dimensional spatial information distinguishes the interaction of depth cues indicates that the
perceptual recovery of spatial position from motion and static cues affords higher combinatorial
weighting to cues derived at later stages of computational processing. In particular, DeLucia,
(1991) examined the relative percept of time-to-contact when motion based depth information
" (MDI) obtained from the rate of optical expansion of objects and pictorial depth information
(PDI) represented through the relative size of two otherwise identical moving shapes provided
conflicting information regarding egocentric distance. Results indicated that judgments of the
time-to-contact were underestimated for larger objects and overestimated for smaller objects
indicating that time-sampled static cues of relative size were weighted more heavily than the
motion based optical expansion cues in estimating arrival time. However, when additional
pictorial cues in the form of ground intercept rods, simulated ground shadows, and foreshortened
ground reference lines augmented these displays of simulated floating objects, the overestimation
of arrival times for small objects was abolished. These findings suggest, that when combinations
of higher level static pictorial cues for depth are in accord with lower-level rate of expansion cues
a coherent accurate percept of instantaneous position and rate of motion-in-depth can be derived.
In this manner accurate spatio-temporal representations of the dynamic scene can be
reconstructed and utilized in the parameterization of responsive decisions and motor actions such
as estimation of the time-to-contact and execution of appropriate avoidance responses. On the |
other hand, when higher level pictorial cues conflict with motion-in-depth information, the
calibration of dynamic depth information is biased to favor time-sampled comparisons of those
Higher level pictorial cues even when they are relatively crude. This is somewhat surprising in
light of the earlier demonstration that the relative rate of optical expansion is a sufficient
parameter for specifying velocity in depth and the remaining time-to-contact between approaching
objects and the viewpoint (viz., Lee, 1980; cf., Todd, 1981). The nature of this perceptual
weighting bias toward static pictorial cues over motion-in-depth cues might be reflective of the
nature of the interaction between low level or "short-range" motion-in-depth signals and higher

‘level "long-range" computations of depth from comparisons of structural features in the visual
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scene. In particular, the speed and low spatial resolution of motion signals produced by low level
processes may be considered to contain a high degree of spatial uncertainty and noise.
Consequently, this information is typically augmented through an incremental build-up of higher

~ level, fine detail position information that can serve to normalize the overall dynamic three-
dimensional percept in a manner such as that described by Landy, et al., (1991). Under normal
viewing conditions, these low level motion signals and higher level static depth cues would
typically act cooperatively. However, in anomalous experimental conditions where these motion
and position cues are placed in conflict, the low level motion information may be vetoed because
it is presumed to be inherently more variable and uncertain.

Thus, from examination of psychophysical studies where various motion and pictorial
depth cues are viewed in isolation or placed in conflict, the nature of information accrual
regarding three-dimensional layout and the perceptual rules for depth cue combinatorics can be
analyzed. The relative contributions of pictorial cues for conveying depth information can be
explored further in motor guidance tasks where various combinations of pictorial cues are made
available to the operator. For example, in a series of studies, Ellis and his colleagues (see Ellis, et
al., 1991; cf., Kim, et al., 1987) had subjects perform three-axis tracking of an object whose
dynamic position along these three-dimensions was conveyed through two-dimensional
perspective projections. Results indicated that tracking objects in these perspective displays was
best at intermediate elevations, near zero azimuthal eccentricities, and when the field of view was
relatively narrow. These findings indicate that individuals can recover rather accurate estimates of
distance from familiar perspectives, however tracking using solely these monocular cues was
demonstrated to be inferior to tracking using stereoscopic displays. Not surprisingly, the earlier
described models of depth cue combinations consider stereoscopic cues to be important high level
contributors for the computational recovery of a unified percept of the three-dimensional spatial
layout. Indeed, the recovery of stereoscopic information can computationally provide absolute
indicators of position in depth (cf., Poggio & Poggio, 1984). However, the ability of perceivers
to recover this information is complicated by the correspondence that must be achieved between
points on the two spatially separated proximal images prior to analysis of the relative disparity
between these points. As was the case in resolving the motion correspondence problem,

theoretical accounts of how this binocular correspondence problem is resolved involve the
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imposition of higher level featural constraints. The specific nature of these theoretical
assumptions and the psychophysical and physiological evidence lending credence to these views is

deserving of detailed consideration and will serve as the focus of further discussion.

Stereoscopic Vision

The ability to reconstruct the separate proximal images from the two eyes into a single
coherent percept of spatial layout is dependent upon the symbiotic analysis of accommodation,
vergence, and binocular disparity computations. The latter of these three contributors to the
stereoscopic recovery of depth, binocular disparity, will be considered first since it has been the
particular focus of computational and theoretical accounts of stereopsis (see, e.g., Marr &
Poggio, 1979; Mayhew & Frisby, 1981). Subsequently, the manner in which vergence and
accommodation signals may provide key parameters for the determination of disparities between
proximal images will be considered. All three of these stereoscopic cues apparently act
cooperatively to develop a unique solution to the binocular correspondence problem of assigning
correct matches to points on the two prdximal images. However, demonstrations of the recovery
of perceived depth in the viewing of random dot stereograms through stereoscopic imaging
systems indicates that unique correspondence solutions can be derived without vergence and
accommodation information, at least over a short range. Furthermore, the recovery of disparity
information in these random dot stereograms indicates that correspondences between points on
the two proximal images can be recovered without a exhaustive, concomitant analysis of
monocular feature boundaries (cf., Regan, et al., 1990).

Random dot stereograms can be constructed by producing two random pixel bitmaps that
are identical except for a small azimuthal displacement of a uniform region of the array. When
these separate bitmap arrays are viewed independently by the two respective eyes, the degree of
disparity, which is functionally dependent upon the degree of displacement of the uniform region,
can be perceptually recovered. Consequently, viewing of these displays gives rise to the percept
of a fused image in which the binocularly displaced region exists on a different depth plane
compared to the rest of the array. This perceptual phenomenon is particularly compelling due to
the ambiguity in establishing correspondences between poinfs in the two bitmaps. The

correspondence problem introduced in these random dot stereograms is schematically illustrated
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in Figure 14. In Figure 14, points projected to the right eye (R1-R4) and points projected to the
left eye (L1-L4) can be uniquely combined in any of four manners producing 16 potential
correspondences of which only four can be correct. In actual viewing conditions, the large
number of points whose correspondence must be recovered makes the determination of possible
groupings of potential matches highly intractable. Therefore, constraints must be imposed upon

the computational processing of these potential matches so that the correct correspondence can

be recovered.

R1 R2 R3 R4 L1 L2 L3

Figure 14. Ambiguity in the correspondence of points on two
eccentric proximal images. Permutations of each of the four
projections to the two eyes (L1-L4 and R1-R4) can produce 16
potential matches. Of these 16 permutations, only four are correct
(filled circles), while the remaining 12 are "false targets". (After
Marr & Poggio, 1976; Marr & Poggio, 1979)

Marr and Poggio (1976; 1979) maintain that correspondences are computationally
recovered by the imposition of two principal constraints: (1) uniqueness, which indicates that each
point may be assigned only one correspondence, and (2) continuity, which maintains that disparity

varies smoothly across the surface of a cohesive object. These constraints were discussed earlier
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in reference to the extraction of edges and the recovery of correspondences between frames in
dynamic apparent motion displays. In the case of stereoscopic recovery of disparity, these
constraints are imposed in a cooperative matching process that operates locally upon some
extraction of rudimentary delineations of form such as zero-crossings that serve to demarcate
contrast boundaries (cf., Poggio & Poggio, 1984). Consequently, local cooperation of features
through imposed constraints of uniqueness and continuity, lead to a rudimentary fusion of
corresponding local features into what Marr and Poggio (1979; cf., Marr, 1982) refer to as the
245-D sketch. This 2%:-D sketch contains information regarding the surface structure and
distance as well as orientations and contours of three-dimensional structure. This information can
subsequently be combined with high detail form information derived through feature aggregation
processes such as those discussed earlier in reference to form segregation. In this manner, a
complete restructuring of the three-dimensional spatial layout can be achieved. |

These disparities can be recovered in a biological system through a hierarchical analysis of
the locations on the two proximal images where corresponding points lie. This analysis is
inherently interdependent with ocular-motor vergence signals and potentially relies on
accommodation information since all computed disparities are relative to the point of binocular
convergence. This point of convergence is termed the horopter or Vieth-Miiller circle and refers
to points in space that produce no binocular retinal disparity (see Patterson & Martin, 1992).
Objects aligned a small distance in depth from the horopter fall into a region known as Panum'’s
fusional area, so termed because despite the slight disparity between these corresponding points,
they are perceptually fused into a single perceived image. Beyond this fusional limit, points are
seen as double and the degree of disparity between these points can serve as a cue to depth
relative to the point of convergence, the horopter. Objects lying at further distance than the
horopter exhibit uncrossed disparities because their corresponding points on the proximal retinal
images lie on same side of any referent point cast by an object on the horopter. On the other
hand, objects lying nearer in space than the horopter create crossed disparities in which
corresponding points lie on the opposite side of the geometrically determined zero-disparity point.
Based upon this differentiation of crossed, uncrossed and near-zero disparities it has been
suggested that the location of an object in depth relative to the horopter is signaled by the rate of

activity among three pools of disparity sensitive mechanisms (see Regan, et al., 1990 for a review;
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see Figure 15). Evidence for the existence of these pools comes from samples of stereo-
anomalous individuals who are insensitive to either crossed or uncrossed disparities but not both.
More conclusive physiological research has indicated that there are cortical cells sensitive to
binocular disparity that fall intQ two distinct classes, (1) narrowly tuned binocular depth cells, and
(2) reciprocally activated near and far cells (Ozawa, DeAngelis, & Freeman, 1990; Regan, et al.,
1990). The relative activity of these reciprocally activated cells can operate to provide gross
distance or depth information regarding crossed and uncrossed disparity points. The more
narrowly tuned depth cells, on the other hand, may serve to signal small differences in spatial
position around the horopter. In this manner, coarse information regarding stereoscopic distance
across the entire range of visible depth and fine information regarding precise estimation of
relative distances between objects lying near the horopter can be achieved (cf., Patterson &
Martin, 1992). Such a system would clearly represent an economic and efficient strategy for the
binocular build-up of information regarding spatial layout derived from successive eye gazes at
different vergence points and can also be seen to be particularly adaptive for specifying depth
parameters for precision motor responding toward objects lying near the horopter and the

provision of precise feedback regarding the outcomes of such actions.

activity

horopter

Panum’s fusional area
~ distance

\J

Figure 15. Pools of neuron's sensitive to crossed, uncrossed and near-zero
disparity (based on neural characteristics detailed in Regan, et al., 1990).
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However, motor actions must often be made in reference to dynamic objects. As
described above, stereoscopic information obtained from. disparity, vergence, and accommodation
information can provide important cues for static position. Additionally, disparity information can
provide information regarding motion-in-depth. Earlier, the monocular specification of the rate of
expansion was described in detail and it was shown how this low-level process can lead to the
recovery of relative rates of motion-in-depth (viz., Lee, 1980; Regan, Beverley, & Cynader,
1979). At higher levels, the relative rate of disparity change between corresponding points can
similarly provide sufficient information for the recovery of relative rates of motion-in-depth (see
Regan, et al., 1990). It has been demonstrated that if corresponding points on a stereoscopic
display are oscillated in an antiphase manner, a percept of motion in depth arises (Regan,
Beverley, & Cynader; 1979). Moreover, adaptation to motion-in-depth decreases the sensitivity
to detection of these changing disparity patterns suggesting that, in a manner analogous to the
monocular recovery of motion-in-depth by the detection of changing size, comparisons of
changing disparity can lead to recovery of motion-in-depth (see Figure 12). In particular, Regan,
Beverley, & Cynader (1979, cf., Regan, et al., 1990) suggest that four binocular channels for left
and right motion at crossed and uncrossed disparities can converge upon two separate motion-in-
depth channels, one conveying approach, the other conveying recession of the correspondent
object. Specifically, patterns of increasing crossed disparity or decreasing uncrossed disparity
signal approach, whereas patterns of decreasing crossed disparity and increasing uncrossed
disparity signal movement of the object away from the viewer. Thus, this higher level binocular
determination of motion in depth can serve to cooperate with lower level monocular
determination of expansion rate to produce a coherent dynamic spatial percept of an object in
motion.

This interaction of monocular and binocular cues to motion-in-depth serves nicely to
recapitulate the theme of this chapter which posits that the perceptual recovery of the dynamic
spatial layout of a three-dimensional scene involves cooperative computation of information at
progressively higher levels of processing. In this manner, rapid motion information and
rudimentary form information can be provided for the parameterization of rapid response plans,
and this information can be progressively augmented through more elaborate computations of

structure and three-dimensional position thereby permitting the reconstitution of response plan
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parameters to allow for precision in motor actions. Thus, the coherent perception of dynamic
spatial layout involves a complex, symbiotic coordination of the various pathways and
mechanisms in the visual system specifically adapted to carrying out highly specialized tasks such
as the detection of motion and the analysis of fine detail. However, vision is not the only modality
capable of conveying spatial information. Hence, the focus of this inquiry will now turn to a
consideration of the perception of dynamic ‘spatial layout through information processed by the
auditory modality. In this analysis of auditory spatialization, it will be demonstrated that, unlike
vision, the recovery of auditory motion and position information is highly interdependent, a
consequence of the fact that acoustic signals are inherently non-spatial in character thereby

rendering the recovery of auditory spatial information dependent upon a concomitant analysis of

acoustical structure.
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AUDITORY SPATIALIZATION

Auditory spatialization refers to the ability to judge the direction and distance of an
environmental sound source or the percept of direction and distance achieved through headphone
simulations of three dimensional auditory spatial cues. (Moore, 1988; Wightman & Kistler,
1989b). Auditory spatialization can be further extended to include the detection of motion of
auditory sources including the perception of velocity and acceleration of sound sources in
azimuth, elevation, and dcpth. The perception of auditory spatial location and spatial dynamics is
a complex function of characteristics of the sound source, the acoustical environment, and the

physiological and anatomical characteristics of the perceiver.

The Perception of Acoustical Structure

The examination of auditory spatialization must begin with a consideration of how sound
sources come to be perceived as distinct physical entities. Unlike vision, the auditory signal
transduced by the perceiver is inherently non-spatial in character. That is, the sound signal
reaching the ears of the listener simply reflects amplitude and frequency changes over time. Itis
only through an analysis of the sound spectrum that spatial information can be recovered.
However, extraction of this dynamic spatial information is dependent upon segregation of the
auditory stream so that sounds emanating from distinct sources can be isolated from the
ubiquitous acoustical ambience present in the environment. In fact, little is k