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ABSTRACT
Motion provides animals with fast and robust cues for navigation and object detection. In
the first case, stereotyped patterns of motion referred to as “optic flow” inform a moving
observer about the direction and speed of its movement. In the case of object detection,
regional differences of rigid motion allow for the segmentation of figures from their
background, even in the absence of color or shading cues. Both classes of patterns are
examples of complex motion, and are thus both dependent upon the integration of basic
motion information across the visual field. Previous studies have attempted to chart visual
evoked potential (VEP) response sensitivity to global space-time information in order to
understand integrative versus local motion processing in the brain. However, important
gaps remain, and so the experiments of this dissertation attempt to address these gaps. For
instance, previous VEP studies on speed sensitivity concentrated only on one pattern type
at a time, and only on optic flow. Experiments 1 and 3 therefore investigated the influence
of pattern type on speed sensitivity for optic flow patterns and motion-defined figures,
respectively. Experiments 2 and 4 provide human electrophysiological data for comparison
with other studies on the temporal properties of motion integration mechanisms. Here, dot
lifetimes were varied to determine the temporal constraints of the VEP responses to optic
flow and motion-defined figures. Some of the results point to common mechanisms for the
self- and object-motion patterns. Largely, however, the data suggest differential sensitivity:
not only across the two classes of motion, but also across the patterns within each class,
across scalp, and across speeds. Thus, the results demonstrate that normal cortical
processing of integrative motion is much more complex than is often assumed.
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Chapter 1:
Optic flow, 2D figures, and complex motion
Like other sensory modalities, vision provides information that enables an animal’s
interaction with its surroundings. Two tasks that are crucial for such interaction are
navigation through an environment and the detection of other entities in that environment.
With regard to navigation, stereotyped patterns of motion are elicited across an animal’s
retina as it locomotes. These patterns, referred to as optic flow (Gibson, 1950), provide a
moving animal with information about direction and speed of its locomotion. With regard
to object detection, regional differences of motion facilitate the segmentation of a rigid
figure from its background. Although navigation and object processing are conventionally
treated as distinct tasks instantiated by separable cortical pathways, there is much
evidence to suggest significant interaction between these systems. Indeed, both optic flow
and motion-defined figure information are derived from complex motion patterns, and are
thus dependent upon the integration of local space-time changes across the visual field. The
experiments described in the following chapters were thus designed to examine
spatiotemporal constraints of evoked cortical responses to complex motion patterns of
optic flow and motion-defined figures in human adults. Specifically, they explore how
visual evoked potential (VEP) response amplitude varies as a function of pattern and speed,
and how manipulations of the temporal properties of a dot display can reveal distinct
processes of space-time integration across the patterns. This work can serve as a point of
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comparison for future work on normal and abnormal development of motion integration in
the brain.

Motion and the Environment
Motion provides observers with information about surrounding objects and
animals, as well as information about their own bodies as they move through their
environment. While many aspects of vision collectively help to address the tasks of
navigation and object detection in primates—for instance, stereoscopic cues to depth and
chromatic cues to object boundaries—visual motion cues are particularly important, as
they provide rapid, reliable information about the three-dimensional geometry of an
environment that is complex and dynamic. In the instance of navigation, elements of the
environment move across the visual field of a locomoting observer in stereotyped
combinations of wide-field radial expansion and contraction, rotation, and translational
motion patterns (Gibson, 1950). The dominant visual pattern is radial expansion, which is
associated with forward motion in depth (Gibson, 1950; Lee, 1980). Additionally,
movement of an observer’s eyes and head impose patterns of rotation and translational
motion onto the retina (Lappe et al., 1999; Britten et al., 2008). These patterns, referred to
as optic flow (Gibson, 1950), provide information about the observer’s direction of heading
and speed of movement (Gibson, 1950; Longuet-Higgins & Prazdny, 1980; Warren &
Hannon, 1988; Warren et al., 1991).
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Additionally, self-motion can facilitate object segmentation. In this case, objects
surrounding a locomoting observer will move past the visual field at different speeds
according to their relative distance from the observer (Gibson et al., 1950; 1979; Regan,
2000), eliciting a cue to depth known as motion parallax (Gibson et al., 1959; Koenderink &
van Dorn, 1975; Rogers & Graham, 1979). Thus, speed differentials within a moving
observer’s optic flow field contribute to the segmentation of stationary objects according to
relative depth (Gibson, 1950; Regan, 2000). Regional differences in motion—or motion
contrast (Regan & Beverly, 1984)—can also provide cues to the detection of moving or
animate objects. Here, objects with their own trajectory of movement produce directional
motion that is contrasted from the stereotyped directional patterns of optic flow, and can
be segmented via regional direction contrast relative to the observer’s internally driven
flow patterns (Regan, 2000). Motion contrast information is quite important for the
detection of objects despite ambiguities of natural visual scenes. Such ambiguities (for
instance, the irregular distribution of light in a sun dappled forest, or animal camouflage)
can prevent object detection via static visual cues such as luminance or color-defined
contours, yet segmentation-from-motion information provides rapid, robust information
about the true geometrical layout of the surrounding environment.

Self versus Object Motion Processing
Optic flow and motion-defined figure patterns are conventionally regarded as
distinct from one another, and are usually studied separately. First, optic flow patterns can
be interpreted as early sources of egocentric information (Lee, 1980; Neisser, 1988), while
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object information naturally pertains to entities other than the self. Moreover, self-motion
and object motion information are often assumed to be processed independently in the
brain. Mishkin & Ungerlieder (1983)’s interpretation of brain anatomy as reflecting distinct
dorsal and ventral visual pathways has lead some to assert that the two pathways
independently instantiate spatial and dynamic versus static and featural information,
respectively (Haxby et al., 1991; Goodale & Milner, 1992; Wang et al., 1999), though the
extent to which these pathways are distinct remains controversial (Braddick et al., 2000;
Franz et al., 2000; Franz & Gegenfurtner, 2008; Braddick & Atkinson, 2007; Konen &
Kastner, 2008; Kravitz et al., 2011). Nevertheless, animals must simultaneously attend to
both self- and object information as they move through and observe their surroundings,
and so the interaction of form and motion cues in the brain is important for the perception
of natural scenes, particularly for tracking objects in motion. Because of this, cross-modal
sensitivity in some brain regions should be expected. Indeed, there is some evidence to
suggest that integration of featural and dynamic information occurs even the earliest stages
of visual cortical processing (Geisler, 1999; Burr & Ross, 2001). Additionally, a growing
number of studies show evidence of sensitivity to objects and contours that does not vary
across cue types, including both dynamic and static contour cues (Appelbaum et al., 2006;
Zeki et al., 2003; Appelbaum et al., 2008; Vinberg & Grill-Spector, 2008). While the fact of
integration can be assumed, the extent to which the processing of self- and object-related
information overlap in the brain is not well understood. The experiments described in the
following chapters were thus designed to address this issue. Collectively, they examined
sensitivity profiles of evoked potential responses to optic flow patterns and motion-defined
figures, in order to determine how similar or distinct the responses are from one another.
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Object flow and 2D figures as complex motion
A basic, but nonetheless important, commonality between optic flow and motiondefined figures is that they are both examples of complex motion; that is, they depend upon
the integration of individual motion vectors across the visual field. This means that they
share the same “units” of information—localized changes of luminance in space and time—
and likely depend upon some common cortical mechanisms for the integration of this
information. Among primates, this early processing of space-time changes in luminance
occurs in primary visual cortex—or V1 (Hubel & Wiesel, 1968). Motion mechanisms in V1
are conceptually similar to a Reichardt detector (Reichardt & Egelhaaf, 1987; for a more
biologically plausible model of V1 motion detection, see Adelson & Bergen, 1982). As with
the Reichardt detector, changes in luminance over time provide motion-sensitive cells in
V1 with local direction and speed information, and these cells exhibit a variety of direction
and speed sensitivity profiles (Hubel & Wiesel, 1959; 1968). Their receptive fields,
however, only represent small, localized portions of the retinal visual field. The responses
of these “local” motion detectors therefore are not sensitive to changes that may occur at a
more global level. For instance, V1 cells are not sensitive to the correlation of dot motion
across an entire visual display, referred to as global motion “coherence” (Morgan & Ward,
1980; Adelson & Movshon, 1982; see Figure 1). This is because the local motion signals of
V1 are subsequently integrated in adjacent cortical areas (Tusa et al., 1978; Williams &
Sekuler, 1984; Newsome & Pare, 1988; Hedges et al., 2011).
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Although local motion serves as the basic unit of space-time information for all
complex motion patterns, the cortical architecture for motion integration is only partially
understood. A feed-forward circuit from V1 and V2 to the medial temporal area (in
macaques; hMT or V5 in humans) is important for early motion integration (Snowden,
1992; Nowlan & Sejnowski, 1995; Born & Bradley, 2005). The connective and functional
properties of V5/MT—for instance, its direct connections to and from V1, and its cells with
large receptive fields—has led many to interpret this particular region as being crucial for
motion integration (Adelson & Movshon, 1982; Movshon et al., 1985; Born & Tootell, 1992;
Morrone et al., 2000; Huk et al., 2002). Newsome & Pare (1988) tested sensitivity of MT
cells to varying degrees of global motion coherence within a random-dot kinematogram
display, and found that the area is indeed sensitive to variations of this integrative motion
parameter. In contrast, the responses of V1 cells do not differentiate between globally
incoherent versus uniform motion, and only modulate according to local parameters such
as the direction and speed of dots in their respective receptive fields (McKeefry et al., 1997;
Angelucci et al., 2002). MT is also thought to be important for figural segmentation from
motion (Born & Tootell, 1992; Marcar et al., 1995; Born et al., 2000; Pack et al., 2004),
possibly via feedback to earlier areas such as V1 (Mendola, 2003; Berzhanskaya et al.,
2007; Likova & Tyler, 2008; Grossberg, 2010; Raudies & Neumann, 2010; see Figure 2).
Other regions of visual cortex are thought to play more specific roles in the
processing of either optic flow or motion-defined figures. For instance, adjacent to MT in
macaque cortex is the medial superior temporal (MST) region, the dorsal part of which
(MSTd) is thought to be important specifically for self-movement processing,
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demonstrating optic flow sensitivity (Saito et al., 1986; Stein, 1989; Tanaka et al., 1989;
Tanaka & Saito, 1989; Lagae et al., 1994; Duffy & Wurtz, 1997; Lappe et al., 1999;
Kleinschmidt et al., 2002; Heuer & Britten, 2004; Wall & Smith, 2008; Lappe et al., 2012).
Additionally, this area is sensitive to the interaction of visual and vestibular flow cues
(Bremmer et al., 2002; Cardin & Smith, 2010). With regard to motion-defined figures, areas
such as V3, V3a, V3b, and the lateral occipital complex (LOC) have been described as being
specialized for contour or object processing (Zeki, 1978; Grill-Specter et al., 1999; Zeki et
al., 2003). V3b, sometimes referred to as the Kinetic Occipital (KO) region, has also been
interpreted as “specialized in the processing of kinetic contours” (Dupont et al., 1997; van
Oostende et al., 1997), thereby serving as the principle processing hub of information for
motion-defined figures, but this claim has been disputed (Zeki et al., 2003; Larsson &
Heeger, 2006).
In fact, several areas thought to serve as specialized modules for either optic flow or
object processing have been shown to play more general roles, including both information
types. For example, area V3b has not only demonstrated sensitivity to contours, including
motion-defined contours, but also to static displays of varying magnitudes of binocular
disparity (Tyler et al., 2006) and optic flow patterns with speed differentials that are
appropriate for motion in depth (Beer et al., 2002). Tyler et al. (2006) assert that the area
likely exhibits a more general specialization of depth structure processing. Similarly, area
V3a’s sensitivity to diverse cues such as binocular disparity (Adams & Zeki, 2001; Preston
et al., 2008; Cottereau et al., 2011) and contour information (Zeki et al., 2003) suggests that
this region may also play a more general role in depth processing. Perhaps supporting this
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interpretation, separate human electrophysiological studies reported prominent activation
among dorsomedial occipital channels in response to coherence modulations of global
rotational motion (Wattam-Bell et al., 2010) and motion-defined figures (Fesi et al., 2011),
respectively. Wattam-Bell et al. (2010) interpreted their response to global rotation as
reflecting activity in V3a, while the response properties reported by Fesi et al. (2011)—
specifically a response weighted to the magnitude of figural contrast—are generally
compatible with those reported by Preston et al. (2008), who localized a similar disparityweighted response to area V3a. Thus, processing of optic flow and motion-defined figures
may be less spatially modular across visual cortex than had been previously thought. A
comparison of sensitivity to integrative motion properties across the two classes of motion
patterns provides a more direct way to investigate this possibility of common processing in
the brain.

The Development of Cortical Integration Mechanisms
The use of motion coherence displays have proven useful not only to test for global
speed sensitivity profiles and temporal integration thresholds of adult global motion
mechanisms (Morgan & Ward, 1980; Duffy & Wurtz, 1991; Britten et al., 1992; Stoner &
Albright, 1992), they have also provided a way to compare global motion sensitivity across
stages of development. For instance, Kiorpes & Movshon (2004) used displays similar to
those of Newsome & Pare (1988) to assess how the spatial displacement and temporal
frequency of dots in a kinematogram display constrains behavioral sensitivity to the
direction of globally coherent translation in infant monkeys. By comparing detection
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profiles across ages, the authors were able to chart sensitivity to global space-time
information across development in the monkey. They showed that young infants detected
translational motion only at high levels of global coherence and at high dot speeds, but that
the range of speeds and coherence levels that could facilitate detection gradually increased
with age to eventually include slow speeds and low levels of global coherence.
Monkey models, as well as human infant behavioral paradigms (Wattam-Bell et al.,
1994; Banton et al., 1999; 2001) are important ways to assess developing visual sensitivity
in non-verbal populations, yet their methods remain quite distinct from those used for
adult humans, and so the generalizabilty of their results across age groups remains unclear.
For instance, although adult psychophysical experiments can be quite similar in design to
preferential looking paradigms used to test infants (e.g., Fantz, 1964; Teller, 1979), there
are important differences between the observed behaviors—e.g., adult decisional
processes versus infant reactions to novelty—that can complicate interpretations of data
across the populations. Fortunately, non-invasive electroencephalography (EEG) recording
techniques allow researchers to compare local field potential activity of adult human cortex
with infants, children, and non-human primates. Additionally, the fine temporal precision
afforded by EEG is ideal for recording and distinguishing cortical responses that occur in
fractions of a second. Recording steady-state visual evoked potential (SSVEP) responses in
particular allows for an analysis of EEG responses with respect to harmonics of
predetermined temporal frequencies of a display (Regan, 1977). This analysis can
dissociate responses to integration motion properties from those to local motion
information, and thus is a particularly well-suited approach to investigate visual
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development. In this regard, findings from developmental SSVEP studies suggest that infant
sensitivity to local space-time changes of a display is similar to that of adults, indicating an
early maturation of basic motion processing; however, sensitivity to various global motion
properties is more protracted (Gilmore et al., 2007; Hou et al., 2009; Weinstein et al., 2011),
perhaps reflecting a transition in instantiating circuitry from primary cortical dominance to
increasingly lateral cortical dominance (see Johnson & Morton, 1991).

Understanding Normative Human Processing
Before infant and child SSVEP response sensitivity to integrative motion can be
properly understood in the context of development, however, it is necessary to understand
normal sensitivity of adult cortex. One example is to determine the extent to which
responses to integrative motion properties normally differ across pattern types. In an
attempt to replicate the findings of Kiorpes & Movshon (2004) among human infants and
adults, Hou et al. (2009) investigated the space-time sensitivity profiles of SSVEP responses
to dot displays transitioning from globally coherent rotation to incoherent motion. A
frequency analysis of the recorded activity allowed for the dissociation of responses to the
frequency of global coherence modulation and responses to the rate at which dots were
displaced across the screen, which corresponded to local-level changes of the display. The
authors reported similar speed tuning trends among infants and adults for responses at the
dot update rate, but found distinct tuning for responses to coherence modulation. The
results suggest a differential development of sensitivity to local versus global motion
information, yet the extent to which the data can be generalized across patterns is not
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known. Just as Kiorpes and Movshon focused on global translation displays, Hou et al.
(2009) only used global rotation patterns to investigate speed sensitivity, and so did not
compare response tuning across the different optic flow patterns. A previous study by
Gilmore et al. (2007) comparing SSVEP responses to direction reversals across the three
types of coherent optic flow demonstrated differential response sensitivity across the
pattern types. Here, the strongest responses among adults for radial motion patterns, while
the infant responses were strongest for left-right translation. Their results suggest that the
speed profiles reported by Hou et al. (2009) for adults and infants may not be generalizable
to all types of optic flow. It is therefore critical to investigate the extent to which global
space-time sensitivity is pattern-general or pattern-specific. Two experiments of this
dissertation assess the effect of pattern type on the speed tuning of SSVEP responses in an
attempt to fill this gap. One of these experiments compares tuning across optic flow
patterns, while the other compares across motion-defined figure types. Additionally,
Gilmore et al. (2007) and Hou et al. (2009) used low-count electrode montages to record
the SSVEPs, leaving open the possibility that the activity related to global motion had not
been fully captured. High-density electrode nets were therefore used for each of the
experiments here to better determine the spatial distribution of the responses across the
scalp. The goal of these experiments is to obtain a more thorough understanding of normal
space-time tuning of cortical responses to integrative motion patterns. Thus, while Gilmore
et al. (2007) and Hou et al. (2009) compared the responses of infants and adults, the
experiments here focus only on adult human participants. Nevertheless, while they don’t
explicitly focus on development, the adult data reported here can serve as a normative
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reference for future studies investigating how sensitivity across patterns changes across
development.
Because they used only continuous smooth dot motion for their displays, Gilmore et
al. (2007) and Hou et al. (2009) were not able to assess temporal constraints on the evoked
cortical responses to coherent optic flow. Determining temporal thresholds has been a
useful way to investigate differential processing mechanisms of integrative motion. Neural
processes often require time to integrate inputs, a constraint which likely helps to increase
signal amidst noisy or ambiguous patterns of stimulation (Barlow, 1958). Basic processes,
then, are assumed to require less integration and occur earlier than comparatively complex
processes (Burr, 1981). It’s therefore possible to identify separable mechanisms that may
require distinct windows of time to process their respective information. The simplest way
to determine temporal constraints of a visual process is to vary the duration of display
presentation. For instance, Burr & Santoro (2001) measured participant’s detection
sensitivity to global optic flow patterns of varying duration of presentation, and found a
distinct psychophysical threshold for translation relative to the other patterns of flow.
Similarly, physiological studies varied stimulus duration of motion displays to assess the
temporal thresholds of visual cortical cells for global stimuli (Mikami et al., 1986; Duffy &
Wurtz, 1991; Liu & Newsome, 2003), including for global optic flow stimuli (Lagae et al.,
1994; Duffy & Wurtz, 1997). Another way to constrain the global space-time sampling of
integrative motion mechanisms is to use displays with limited dot lifetimes. “Dot lifetime”
corresponds to the number of frames during which the dots remain at a given position
before being randomly relocated (see Figure 3). Short dot lifetimes limit the extent of
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smooth, continuous motion in a dot display, and have been shown to affect sensitivity to
globally coherent motion (Williams & Sekuler, 1984; Edwards & Badcock, 1995; Braddick,
1997). This manipulation does not necessarily reveal temporal integration thresholds as
Burr & Santoro (2001) did by varying presentation times, but can be used to gauge the
amount of temporal coherence among display components necessary for sufficient spacetime sampling of the global motion signal. Differences between responses, then, can offer
insight with respect to differential integration processes of global motion mechanisms.
Additionally, it’s not yet clear how temporal integration data from single-cell studies of
monkeys and human psychophysical experiments relates to non-invasive
electrophysiological data in humans. To date, no human VEP study has focused on the
temporal constraints of evoked responses to global motion stimuli, or compared response
thresholds across the different patterns of optic flow. Hence, this is another gap to be
addressed in order to understand motion integration in the human brain.
Finally, the studies on global motion sensitivity focus only on patterns related to
optic flow, and so the response profiles of mechanisms for figure-related motion
information—i.e., motion contrast between figure and ground—have not yet been
considered. Many studies on motion-defined figure sensitivity relied upon comparisons
with qualitatively different stimuli (Orban et al., 1995; Dupont et al., 1997; van Oosetende
et al., 1997; Zeki et al., 2003; Larsson & Heeger, 2006; Likova & Tyler, 2008). Sensitivity to
figural motion has been explored parametrically, though mainly via single-cell studies of
non-human animals (Zeki et al., 2003) and psychophysical experiments of human adults
(Regan & Beverly, 1984; Regan, 1989; Nawrot & Sekuler, 1990; Sekuler, 1990; Banton &
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Levi, 1993; de Bruyn & Orban, 1999; Segaert et al., 2009;), with some addressing spacetime constraints on response sensitivity (Regan & Hamstra, 1992a; 1992b;), and still others
focusing on its development (Kaufmann-Hayoz et al., 1986; Giaschi et al., 1997; Gunn et al.,
2002; Johnson & Mason, 2002).
To date, there has only been one experiment investigating VEP sensitivity to motiondefined figures (Fesi et al., 2011). This looked at SSVEP response properties across
magnitudes of motion contrast, and isolated two responses that modulated in amplitude
across motion contrast magnitudes. One response, observed among dorsomedial occipital
channels, was weighted to the magnitude of contrast. The other response, observed among
lateral channels, peaked at a critical value of contrast and then saturated across subsequent
values. These response trends looked very similar across the three types of motion contrast
(direction, speed, and global coherence), suggesting that the mechanisms for the responses
may exhibit cue-invariant sensitivity to regional motion contrast information. The authors,
however, did not address how global space-time information constrains VEP response
sensitivity to motion contrast. Regarding speed sensitivity across figure types, the distinct
ecological contexts of the different types of motion contrast—for instance, speed contrast
relating to segmentation in depth via an observer’s own movement versus direction
contrast providing cues to moving objects—may serve to qualify the extent to which the
responses reported by Fesi et al. (2011) are indeed pattern-general. More broadly, the
approach can enable an understanding of how motion constrains and contributes to object
processing in the brain, as well as how this relates to the processing of optic flow patterns.
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Spatiotemporal sensitivity of cortical responses to self- and object-related motion
The experiments described in the following chapters were conducted in an attempt
to address some of the gaps in research concerning the space-time sensitivity of evoked
cortical responses to complex motion, specifically for human adults. The four experiments
collectively explore the speed sensitivity profiles and temporal constraints of SSVEP
responses to optic flow and motion-defined figures. Experiment 1 compares responses to
coherent optic flow across speeds and pattern types, while Experiment 2 investigates how
the duration of a global motion signal affects the pattern-speed interaction of Experiment 1.
Regarding motion-defined figures, Experiment 3 compares responses to regional motion
contrast across speeds and contrast types, while Experiment 4 investigates how the
duration of global motion affects response sensitivity to figures defined by motion. All
studies have utilized high-density electrode nets, in order to capture the spatial
distribution of the evoked responses across scalp. The distributions were visualized via
two-dimensional topographic maps and modeled cortical sources of the SSVEP responses,
which allow some ability to distinguish between separable cortical loci. These studies will
serve as the first electrophysiological investigation of global-space time sensitivity across
different patterns of motion; additionally, it is the first body of research to assess
sensitivity to complex motion related to both self and object movement, and the first to try
to constrain the processing mechanisms—albeit roughly—to cortical space. The results of
the experiments provide insight into the generality of global motion processing, and can
also serve as a reference for investigations of how optic flow and figure processing in the
brain changes across development.
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Chapter 2:
Cortical responses to optic flow across patterns and speeds
Optic flow patterns are important visual cues for navigation, as they provide moving
observers with dynamic information about their own locomotion, particularly heading and
speed of movement (Gibson, 1950). This information can be helpful for tracking, as well for
the attenuation of internally driven stimuli (i.e., patterns resulting from an observer’s
postures and movements) for focus on external events.
Optic flow patterns are examples of globally meaningful visual patterns. This means
that each pattern of motion is distinct only when compared across the visual field, and is
thus dependent upon integration of local motion vectors. As mentioned in Chapter 1, all
motion consists of changes in spatial properties over time, and early stages of motion
detection in visual systems occur in localized space. In primate primary visual cortex (V1),
early motion detector cells are organized topographically with respect to retinal field
space, but their receptive fields are small, and their information is not integrated. It is only
in later processing stages, occurring in cortical areas surrounding V1, that such integration
of space-time changes across the visual field takes place.
Ever since the groundbreaking discovery by Hubel & Wiesel (1959; 1968) that cells
in V1 are selectively responsive to basic featural information, researchers have sought to
understand how this basic information, including motion, is integrated in the brain. Studies
designed to explore global sensitivity to motion in the brain have pointed to area MT in
macaque (V5 in humans) and surrounding areas as important for motion integration, and
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thus important for the processing of global patterns such as optic flow (Newsome & Pare,
1988; Morrone et al, 2000; Born & Bradley, 2005). In order to study behavioral sensitivity
to global properties of motion, Morgan & Ward (1980) used random dot kinematogram
displays with varying correlation of motion among the dots. This varying of “global
coherence” has offered a way to investigate cortical as well as behavioral sensitivity to
integrative motion properties; for instance, Newsome & Pare (1988) and Britten et al.
(1992) used similar displays to demonstrate the sensitivity of areas MT and MST to global
motion statistics. Efforts to understand the development of global as opposed to local
motion information have also incorporated similar displays, and have demonstrated a
protracted maturation of global motion sensitivity across development (Kiorpes &
Movshon, 2004; Hou et al., 2009; Weinstein et al. 2011), relative to local motion sensitivity,
which matures in early infancy (Gilmore et al., 2007; Hou et al., 2009). These findings are
compatible with Johnson & Morton (1991)’s postulation that development proceeds from
predominantly subcortical processing to increasingly cortical dominance, with a later
progression from primary cortical areas to lateralized association cortex enabling
increasingly complex perceptual processes.
While this may be the broad course of development for global motion processing in
the brain, normal motion integration in the adult brain is not yet fully understood. For
instance, it is unclear if space-time sensitivity to global motion information differs across
motion patterns. Optic flow patterns are often used interchangeably as examples of global
motion patterns (Morrone, et al., 2000; Britten et al., 2002; Kiorpes & Movshon, 2004; Hou
et al., 2009; Wattam-Bell et al., 2010; Weinstein et al., 2011). However, there is some
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reason to think that normal cortical processing may not be consistent across the different
optic flow pattern types. For instance, Burr & Santoro (2001) found distinct temporal
thresholds for direction discrimination across the three types of optic flow. Similarly, while
Hou et al. (2009) found a difference of speed tuning across age groups for steady-state
evoked potential (SSVEP) responses to shifts from incoherent (random) dot motion to
globally coherent rotation displays—thus demonstrating a developmental difference in
global, but not local, space-time tuning—Gilmore et al. (2007) found that SSVEP response
amplitudes varied across the optic flow pattern types, with adult responses strongest for
radial motion and infants strongest for linear translation. Gilmore et al. (2007) did not
explicitly investigate space-time tuning of global motion, however, and so normal adult
sensitivity to global optic flow patterns has yet to be fully addressed.
This experiment aims to investigate adult cortical sensitivity to global space-time
changes across the three component patterns of optic flow. Its design is similar to that of
the Hou et al. (2009) study, but modified to investigate responses across optic flow
patterns as well as across dot speeds. Because our current understanding of development
of optic flow sensitivity (and global motion processing in general) relies on data from
studies that did not investigate pattern-specific differences, the data from this experiment
will hopefully add to our understanding of normative cortical processing of optic flow in
the human adult, and therefore serve as proper reference for future investigations of global
motion sensitivity across development.
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Method
Participants
Two groups of 20 adults (10 female each; mean age: 21.15 yrs) participated in this
experiment. Subjects were recruited from an undergraduate subject pool for research
credit, or were research assistants who volunteered to participate. All subjects had normal
or corrected-to-normal vision, as determined by a brief evaluation of binocular Snellen
optotype acuity.

Display
Subjects viewed random dot kinematogram displays on a monochrome Macintosh
G4 monitor with an 800 x 600 pixel resolution, at a viewing distance of 60 cm, and a 24 x
24 visual angle. The displays were generated using Power Diva software (version 3.4,
Smith-Kettlewell Eye Research Institute), and consisted of white dots (dot size: 7 arcmin)
moving against a black screen (mean luminance: 39.844 cd/m2, contrast: 90%) at a dot
update rate of 24 Hz.

Figure 4 shows a schematic depiction of the displays used in the experiment.
Displays featured dot motion modulating from 100% coherent global motion (indicating a
direction range of 0) to 0% coherent motion (indicating a direction range of 180) at a
fixed temporal frequency of 1.2 Hz (referred to as the fundamental frequency, or F1). A full
display cycle consisted of 833 ms of on/off motion modulation, with 417 ms of Coherent
and 417 ms of Incoherent.

20

All subjects viewed three optic flow pattern types (radial motion, rotation, and
left/right translation) at three different speed settings each. Thus, each subject viewed a
total of nine conditions, with ten trials recorded per condition (yielding a total of 90 trials
per subject session). Separate groups of participants viewed one of two ranges of dot speed
settings. Speed Group 1 viewed displays with the following dot displacement settings: 5
arcmin, 10 arcmin, and 20 arcmin. At the frame rate of 24 Hz, this yielded dot speeds of 2, 4,
and 8 deg/s, respectively. Speed Group 2 viewed displays with the following dot
displacement settings: 2.5 arcmin (1 deg/s), 10 arcmin (4 deg/s), and 40 arcmin (16
deg/s).

Because the PowerDiva software plots radial and rotational dot motion in polar
space (and thus appear within a radial annulus area) while the translational displays are
plotted in Cartesian space with a square display area, an opaque display mask was created
to ensure that the display areas were identical across all conditions, featuring a diameter of
24. In order to control for speed differentials that occur in the fovea of the expansion and
rotation conditions, a second mask subtending 4.77of visual angle (5 cm in diameter) was
placed on the fixation cross to cover the region of the speed differentials. A small hole was
cut into this second mask so that the center of the fixation cross was visible to participants.
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Procedure
Participants were instructed to fixate on the hole at the center of the fixation cross
and to try not to move or blink during trials. Each trial consisted of ten cycles of 833 ms, for
a total duration of 8.33 seconds. Ten trials were recorded for each condition, and a typical
session took take about 30 minutes to complete recording. To minimize adaptation of
direction-selective cells, conditions were recorded in blocks, with each of the nine
conditions being presented once per block, in random order. Subjects were encouraged to
stretch and rest or close their eyes between recording blocks.

VEP Recording & Analysis
Steady-state evoked potential (SSVEP) responses were recorded via a 128-electrode
dense array (SensorNet, Electrical Geodesics, Inc.). The electrodes were referenced to the
vertex (Cz), and then re-referenced to the net average. EEG was collected at a 500 Hz
sampling rate, and the signal was run through a 50 Hz low pass filter. Electrode impedance
for each session was at or below 50 kOhms for all electrodes. Artifact rejection parameters
were employed to reject display cycles containing raw amplitudes that exceeded a
threshold of 50 V, as well as entire trials with 15% of rejected cycles. Activity was
analyzed offline via PowerDiva Host 2.9 software. Topographic visualizations of the data
were created with mrCurrent (Smith-Kettlewell Eye Research Institute) software. The
software analyzes EEG amplitudes that occur at harmonics of the modulation frequency
(1.2 Hz, F1) of the displays and are phase-locked to the stimulus. Statistical significance of

22

signal from noise is determined via a two-dimensional t-test called the Tcirc2 (Victor & Mast,
1991). Topographic visualizations of the data were created with mrCurrent (SmithKettlewell Eye Research Institute) software.

VEP Cortical Source Models
Source modeling techniques were employed to constrain the SSVEP responses to
normalized brain space, providing information about likely cortical sources of the
responses recorded at the scalp. The inverse solutions of each response harmonic were
computed via MNE Suite (Mosher et al., 1999) software, and fitted to an average brain of
305 healthy adults (the MNI305 brain, see Evans et al., 1993), available via Freesurfer
software (http://surfer.nmr.mgh.harvard.edu). Visualizations of the modeled sources were
generated with mrcDataViewer (Smith-Kettlewell Eye Research Institute) software.

Results

Figure 5 depicts a spectral plot of responses of one participant at channel 75 (Oz),
which serves to represent the harmonics of interest in this experiment. Aggregate groups
of channels over occipital scalp were created for statistical comparisons of response
amplitudes across scalp regions (see Figure 6).
Responses at 1.2 Hz (1F1) were statistically above noise levels for most conditions,
and responses at 24 Hz (1F2) were statistically significant for all conditions among medial
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channel groups (p<.05). Figure 7 illustrates response amplitudes at 1F1 for adult groups 1
and 2, and Figure 9 shows normalized 2D topographic plots of the spatial distribution of
the 1F1 responses across sensor space. At 1F2, response amplitude increased with speed
(see Figure 8). Responses at 1F1 were strongest for the radial motion conditions for both
groups. Also, overall, the 20 deg/s condition yielded the largest amplitudes across the
pattern types. The topographic plots show that responses to radial motion are observed
among lateral occipital channels at slower speeds, but transition to dorsomedial occipital
channels as speed increases. Rotation and translation, unlike radial motion, have similar
spatial loci at slow speeds—a focal region among medial occipital channels—but at fast
speeds exhibit a dorsomedial occipital distribution similar to responses for radial motion.
Separate linear mixed effects multivariate analyses of variance (MANOVAs) were
run for each group’s data at 1F1, with amplitude by channel group as the outcome variable,
and subject as a random factor. For Group 1, a significant effect of pattern (F(2,
6272)=13.67, p<.0001) was found, as well as a significant interaction of pattern*speed
(F(4, 6272)=4.08, p<.01). For Group 2, significant main effects of pattern (F(2,
6272)=63.08, p<.0001), and speed (F(2, 6272)=10.2, p<.0001) were found, as well as their
interaction (F(4, 6272)=6.83, p<.0001).
Subsequently, separate mixed-effects analyses of variance (ANOVAs) were run for
both groups at 1F1, including channel group as a factor. For Group 1, effects of pattern
(F(2,6236)=14.25, p<.0001), and channel group (F(4,6236)=72.47, p<.0001) were
significant, as were the interactions pattern*speed (F(4,6236)=4.25, p<.01) and
pattern*speed*channel (F(16,6236)=2.11, p<.01). For Group 2, effects of pattern
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(F(2,6236)=67.61, p<.0001), speed (F(2,6236)=10.93, p<.0001), and channel group
(F(4,6236)=102.72, p<.0001) were significant, as were the interactions pattern*speed
(F(4,6236)=7.32, p<.0001), pattern*channel (F(8,6236)=3.18, p<.01), and channel*speed
(F(8,6236)=4.45, p<.0001), but the 3-way interaction was not significant. Linear contrasts
comparing radial motion conditions to the other two motion types revealed a significant
difference of Radial>Others among both groups (Group 1: t(6236)=2.13, p<.05; Group 2:
t(6236)=1.97, p<.05).
Within the 2 deg/s conditions, an ANOVA was run among lateral channel groups to
test for effects of pattern, and a significant effect was found (F(2, 941)=7.8, p<.0001), with a
separate linear contrast indicating that radial motion was significantly different from
rotation and translation (t(941)=3.9, p<.001), and no significant difference was found
between rotation and translation. An ANOVA was run among medial channels at 16 deg/s,
and a significant effect of pattern was found (F(2,398)=5.8, p<.01), with linear contrasts
showing a difference of radial patterns (t(398)=3.1, p<.01), but not a significant difference
between rotation and translation.

Discussion

The results of Experiment 1 indicate that evoked cortical responses corresponding
to the onset of coherent global motion can vary substantially across optic flow patterns,
depending on the speed of motion. In some respects, the findings support those of earlier
SSVEP investigations of sensitivity to optic flow. At slow speeds, the spatial loci of

25

responses differ between radial motion and the other pattern types, with responses
observed at lateral occipital channels rather than channels near the occipital pole, as was
observed for rotation and translation conditions. The finding of stronger responses for
radial motion at lateral channels is generally compatible with the findings of Gilmore et al.
(2007), and the response preference of slow speeds at lateral occipital channels seems to
support the results of Hou et al. (2009). At fast speeds, however, responses look
increasingly similar, with dorsomedial occipital activation across all pattern types, perhaps
reflecting pattern-general processing at these speeds. The dorsomedial response
distribution at high speeds is compatible with the findings of Wattam-Bell et al. (2010),
who used coherence modulations of global rotation at 8 deg/s, close to one of the faster
speeds used here. Thus, what may have been interpreted as a discrepancy of findings
between Gilmore et al. (2007) and Wattam-Bell et al. (2010) with regard to underlying
cortical mechanisms of global motion may instead reflect differential recruitment, due to
slight parameter differences, of a circuit more complex than had been assumed.
Given the lateral response distribution for radial expansion, and the slower speed of
2.4 deg/s corresponding to natural statistics of optic flow viewed in central visual field
(Calow et al., 2004; Roth & Black, 2006), it’s possible to interpret this particular response
as reflecting activation in hMT or MST to the most dominant flow pattern of forward
motion in depth (Gibson, 1950; Lee, 1980; Britten, 2008). MST in particular has been
shown to be important for self-motion (Komatsu & Wurtz, 1988; Newsome et al., 1988;
Tanaka, 1989; Their & Erickson, 1992; Duffy & Wurtz, 1997; Duffy, 1998; Huk et al., 2002;
Perrone & Krauzlis, 2008b). If this is the case, the focal response at medial occipital cortex
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to slow rotation and translation could perhaps reflect processing related to flow
components most likely imposed by head and eye movements, and less likely to reflect the
structure of the environment (Lappe, 1998; Britten, 2008; Perrone & Krauzlis, 2008b, see
Figure 10).
As for the dorsomedial occipital distribution of the responses at high speeds,
Wattam-Bell (2010) concluded that their similar response reflected the activity of area V3a.
This area, as well as surrounding area V7 and regions of the intraparietal sulcus, have been
shown to be important for a multitude of functions related to depth processing (Tsao et al.,
2003; Preston et al., 2008; Orban, 2011; Cottereau et al., 2011; Backus et al., 2012), spatial
attention, (Tootell et al., 1998; Bisley & Goldberg, 2003; Behrmann et al., 2004; Culham et
al., 2012) motoric intentions (Anderson et al., 1997; Rizzolatti et al. 1997; Nakamura et al.,
2001; Astafiev et al., 2003) and including navigation (Kriegeskorte et al., 2003; Bremmer,
2005; Caplovitz & Tse, 2007; Harvey et al., 2010). This dorsomedial distribution is also
quite similar to that of the 1F1 response to the onset of motion-defined figure contrast
reported by Fesi et al. (2011). If they reflect the same cortical region, it may speak to the
region’s general importance for tracking in depth and spatial attention. If this is the case,
the pattern-general response observed here may not reflect the processing of egomotion
per se, but could instead be important for navigation and tracking at high speeds,
demanding significantly more attentional resources than for motion at slow speeds.
If this is true, then the lateral/dorsomedial difference in spatial distribution of
responses observed at the rate of coherence modulation could reflect mechanisms of
distinct cortical functions, one being sensitive to natural statistics of optic flow
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(predominantly radial motion at speeds near 2 deg/s), and the other being more related to
spatial attention and tracking. Future experiments are needed to explicitly address this
possibility.
While the exact neural mechanisms of these responses have yet to be revealed, the
results of the experiment clearly demonstrate that normal adult cortical processing of optic
flow, and the global space-time sensitivity of the underlying mechanisms, is much more
complex and particular than is typically assumed. This has important implications for
developmental studies of global space-time sensitivity; future studies should consider such
differential processing when they use adults as a reference for comparison with infants and
children.
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Chapter 3
Temporal constraints on responses to optic flow
Although nerve conduction is rapid, most neural processes require time to integrate
their inputs, a constraint that likely increases signal amidst noise (Barlow, 1954; Burr,
1981). The duration of global dot motion displays were varied to reveal temporal
thresholds for responses of MT and MST cells to global motion patterns (Duffy & Wurtz,
1991a; 1991b; Celebrini & Newsome, 1994; Barlow & Tripathy, 1997). Similarly, duration
was varied to investigate psychophysical detection thresholds for global optic flow patterns
(Watamaniuk & Sekuler, 1992; Watamaniuk et al., 1989; Bischof et al., 1999; Burr &
Santoro, 2001), motion-defined figures (Regan & Hamstra, 1992a; 1992b; Giaschi & Regan,
1997), 3D structure-from-motion (Lappin et al., 1980; Treue et al., 1991), and biological
motion (Neri, Morrone, & Burr, 1998). Exploring temporal constraints on these processes
allows for inferences as to the stages of processing (with complex processes not only
occurring after more basic processes, but also requiring more time for integration, see
Burr, 1981), as well as the extent to which the processing of different patterns are similar
or distinct.
In this regard, Burr & Santoro (2001) sought to determine the temporal integration
profiles of detection thresholds for each of the three pattern types of optic flow. The
experimenters found that sensitivity to translational patterns peaked at much shorter
durations than those for rotation and radial motion displays, and they interpreted their
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findings as reflecting a faster integration time of an earlier, simple processing mechanism
relative to the later, slower mechanism required the discrimination of radial motion and
rotation patterns. Thus, by controlling for the duration of the global motion signal, the
authors observed evidence of differential processing of optic flow by pattern type, and
were able to make inferences about the motion processing circuit based on the different
temporal integration thresholds.
Admittedly, however, the generalizbility of monkey single-cell recording studies and
adult human psychophysical studies to human non-invasive VEP measures is unclear. For
instance, the short detection thresholds observed by Burr & Santoro (2001) for
translational patterns may reflect a differential interaction of motion cues with top-down
decisional strategies of the participants, something that would not be compatible with
infant looking behaviors. Similarly, the spiking activity of individual cells in monkey cortex
can only serve as an indirect reference for understanding human electrophysiological
responses, especially due to the reliance upon recordings of local field potential activity at
the scalp level for human participants. To date, no electrophysiological studies on the
temporal integration properties of optic flow focus on human VEP data.
The following experiment sought to determine the temporal constraints of human
VEP responses related to space-time integration of coherent optic flow. The study
compared responses across patterns and dot speeds, as well as across durations of smooth
global motion. There are two possible ways to vary the temporal properties of global
coherent motion of a random dot display for an SSVEP study: 1) change the rate at which
global motion will modulate, or 2) change the “lifetime” of the dots on the screen. In the
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first case, slower rates of modulation will yield longer durations of coherent global motion
(as well as longer durations of the “off” phase of incoherent motion), while faster rates will
yield shorter durations. This is similar to the manner in which Burr & Santoro (2001)
investigated the temporal thresholds related to sensitivity of coherent optic flow.
Unfortunately, the use of slow modulation rates increases the overall length of an SSVEP
session dramatically, and could thus yield a task too demanding for participants. Because of
this, dot lifetime settings were instead varied to constrain global space-time integration.
Dot lifetime refers to the number of frames during which a dot remained in a particular
position on the screen before being randomly relocated. Short dot lifetimes limit the
sampling of smooth local motion across the display, i.e., the “temporal coherence” of
motion. The parameter has thus been shown to affect global motion sensitivity (Braddick,
1997; Edwards & Badcock, 1995; Hou et al., 2009; Williams & Sekuler, 1984).
The results from Experiment 1 suggest that separable cortical networks may be
responsible for the processing of optic flow patterns at different speeds. At slower speeds,
radial motion elicited activation in regions of scalp very different from those regions active
for rotation and translation, thus demonstrating pattern-specific processing. However, at
faster speeds, responses seemed to reflect pattern-general processing, with each pattern
eliciting strong activation in dorsomedial occipital channels. Investigating the temporal
constraints of the responses, then, can add more insight with regard to the common or
differential nature of the processes, particularly how pattern-general the dorsomedial
response for high-speed motion may be.
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Methods
Participants
20 adults (10 female; mean age: 19.6 years) participated in Experiment 2. Subjects
were research assistants who had volunteered to participate, or were recruited from an
undergraduate subject pool for research credit. All subjects had normal or corrected-tonormal vision, as determined by a brief evaluation of binocular Snellen optotype acuity.

Display
Monitor and display settings were identical to those of Experiment 1. All subjects
viewed radial and rotational motion displays at two speeds with three dot lifetime settings
each. Thus, each subject viewed a total of 12 conditions, and ten trials were recorded per
condition (yielding a total of 120 trials per subject session). The dot lifetime settings used
were: 2 frames, 4 frames, and 16 frames per update. This yielded 83.3 ms, 166.7 ms, and
666.7 ms of globally coherent motion, respectively. Dot displacements were: 5 arcmin and
40 arcmin, which, at 1.2 Hz, yielded dot speeds of 2 and 16 deg/s, respectively. For
compatibility across experiments, the display masks used in Experiment 1 were also used
here.

Procedure, Recording & Analysis
The procedure and analysis were identical to those of Experiment 1.
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Results
Figure 11 shows plots of vector averaged SSVEP amplitudes at 1F1 across the
conditions, while Figure 12 shows topographic plots of the responses across channels.
Within responses at 1F1, a mixed-effects MANOVA was run including amplitude by
scalp as an outcome variable, and subject as a random factor. Here, effects of pattern
(F(1,8369)=30.2, p<.0001), speed (F(1, 8369)=55.7, p<.0001), lifetime (F(2, 8369)=92.4,
p<.0001) were found to be significant, as well as the interactions of pattern*speed
(F(1,8369)=90.7, p<.0001), pattern*lifetime (F(2,8369)=37.6, p<.0001), speed*lifetime
(F(2,8369)=13.2, p<.0001), and pattern*speed*lifetime (F(2,8369)=5.4 p<.01).
A mixed-effects ANOVA was then run using scalp as a factor, and a significant effect
of pattern was found (F(1,8321)=30.8, p<.0001). Significant effects of lifetime
(F(2,8321)=94.2, p<.0001) and scalp (F(4,8321)=26.5, p<.0001) were also found, with
medial responses significantly stronger than the other channel groups (t(8321)=2.2,
p<.05), and a significant linear trend observed across lifetimes (t(8321)=2.36, p<.05).
Running separate analyses for the medial channels, we found no significant effect of
pattern, although significant effects of pattern were found among lateral channel groups
(Left: F(1,1649)= 12.9, p<.001; Right: F(1,1649)= 26.4, p<.0001). Among medial channels,
all conditions yielded a significant linear trend across dot lifetimes (Radial Slow:
t(398)=2.7, p<.01; Radial Fast: t(398)=7.0, p<.0001; Rotation Fast: t(398)=2.3, p<.05),
except for the slow radial condition.
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Discussion
The results of Experiment 2 indicate that there are marked differences among
cortical responses across optic flow pattern types, speeds, and even dot lifetimes. The
general spatial distribution of responses with respect to pattern and speed generally
replicate the findings of Experiment 1, with lateral occipital channels responding to slow
radial motion focal medial occipital channels responding to slow rotation, and dorsomedial
occipital channels responding to both patterns at fast speeds. The amplitudes and
distribution of responses for slow radial motion indicate a space-time integration process
that requires about 85-160 ms of smooth, continuous motion. Interestingly, the responses
at high speeds, despite common spatial loci, differ in their temporal profiles. The response
to fast radial motion is quite rapid, with large amplitude even at the shortest lifetime.
The response to fast rotation, however, only looks like the data from Experiment 1
at the longest lifetime of 667 ms. This indicates that, although they may share regions of
processing at high speeds, the patterns nonetheless require processes with distinct
temporal profiles. Rotational patterns require a markedly longer duration of smooth
coherent motion to activate the dorsomedial occipital regions than do radial patterns.
Additionally, the responses showed a significant linear trend across increasing dot
lifetimes, indicating that a minimum magnitude of temporal coherence may serve as the
processing threshold (e.g., the point at which responses shift from medial to lateral
channels in the slow radial condition), but increasingly smooth global information enables
more integration and a stronger response. Electrophysiological studies of temporal
constraints on global motion sensitivity have only concentrated on single-cell spiking
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activity in MT and MST (Mikami et al., 1986; Duffy & Wurtz, 1991; Movshon & Newsome,
1996; Heuer & Britten, 2004), and so the graded local field potential responses of larger
cell populations have yet to be explored. This weighted response to increased exposure to
coherent motion provides more insight into the temporal dynamics of global motion
mechanisms beyond simple thresholds, and expands our understanding of the differential
integration steps necessary for the processing of optic flow.
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Chapter 4
Cortical responses to motion contrast across patterns and speeds
In addition to providing cues to self-movement, motion provides information about
objects in several ways. For instance, motion can provide cues to three-dimensional
structure, and can even facilitate categorical classification of living organisms via so-called
“biological motion” cues (Johansson, 1973; Blake & Shiffrar, 2007). At perhaps the earliest
level of object processing, motion contributes to the detection and segmentation of figures
from background (Helmholtz, 1866; Gibson, 1950; Regan & Beverly, 1984). Figures can be
segmented from static cues as well as from dynamic cues, such as luminance, chromatic,
textural, or binocular disparity information (Regan, 2000); in all of these cases, the figure is
defined via “contrast” from the background. Static cues for figure detection, however, are
less robust than motion contrast cues, due to irregularities of natural lighting, obstructed
binocular viewing conditions, and the tendency of many animals to blend in with the colors
and patterns of their habitats (Gibson, 1959; 1979). Motion contrast therefore provides
rapid, reliable information about objects, and is therefore crucial for knowing the
environment’s true geometry.
In the case of motion, figures can be defined by three types of contrast: that of speed,
direction, and global motion coherence. Speed contrast-defined figures reflect
segmentation in depth, often due to the observer’s own movement (Helmholtz, 1866;
Gibson, 1950; Regan & Beverly, 1984). Regions of rigid speed differences within an
observer’s self-generated optic flow field provide a cue to distance, where objects close to
the observer elicit motion at faster speeds than distant objects. This means that even
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stationary objects will be segmented by speed contrast, provided the observer is moving.
Direction contrast-defined figures, by contrast, reflect segmentation due to externallydriven movement, either of animal movement or of object ballistics (Regan, 2000). Regions
of rigid direction differences, then, can cue observers to an external object’s trajectory of
movement, and is thus important for tracking and steering. The last type of motion
contrast—that of global motion coherence—is perhaps the least ecologically relevant
(some possible examples include an airplane slowly passing through an undulating cloud,
or a bird diving through a large swarm of bees), and yet is interesting to explore because of
its necessary recruitment of global motion statistics like those used to study integrative
motion processing of patterns such as optic flow (for an early attempt, see Nawrot &
Sekuler, 1990). Testing sensitivity to coherence contrast-defined figures, then, provides a
more direct way to compare global space-time sensitivity related to object motion with
sensitivity related to global optic flow.
With regard to cortical speed sensitivity to motion-defined figures, there is some
evidence to suggest that areas important for object and contour processing are cueinvariant, meaning that—perhaps due to high covariance across cues in natural viewing
conditions—areas sensitive to a particular feature (e.g., contours) will respond more or
less invariantly across different cues to that feature (Zeki et al., 2003; Appelbaum, 2006;
Fesi et al., 2011). It may be, then, that areas sensitive to motion contrast will have speed
sensitivity profiles that are similar across the three types of motion contrast. As mentioned
earlier, however, the three types of motion contrast are ecologically distinct (i.e., speed
contrast is related to segmentation in depth; direction contrast is related to external
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movement trajectories; and coherence contrast rarely occurs in natural viewing) and may
therefore yield differential speed sensitivity across the pattern types. Experiments One and
Two have demonstrated that the processing of global optic flow patterns in the adult brain
is far more complex and differential than is typically assumed, and so it is important to
investigate the extent to which areas regarded as cue-invariant contour and object
processing mechanisms are indeed pattern-general.

Methods
Participants
20 adults (10 female; mean age: 19.5 years) participated in Experiment 3. Subjects
were research assistants who had volunteered to participate, or were recruited from an
undergraduate subject pool for research credit. All subjects had normal or corrected-tonormal vision, as determined by a brief evaluation of binocular Snellen optotype acuity.

Display
Monitor and display settings were similar to those of Experiments 1 and 2, with
some exceptions. Displays featured dot motion modulating at 1.2 Hz from uniform dot
motion to four 9 x 9 figure regions defined by a maximum magnitude of regional motion
contrast (see Figure 13). A full display cycle consisted of 833 ms of on/off motion
modulation, with 417 ms of Figure On and 417 ms of Figure Off. The mean direction of dot
motion reversed (i.e., change in mean direction by 180 every other cycle (0.6 Hz), to
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control for adaptation of direction-sensitive cells. For compatibility with previous
experiments on motion-defined figures (Fesi et al., 2011), a display area of 28 by 28 and a
dot update rate of 36 Hz were used.

All subjects viewed three motion contrast types (direction global coherence) at five
different speed settings each. Each subject viewed a total of 10 conditions, and 10 trials
were recorded per condition (yielding a total of 100 trials per subject session). The
direction and coherence-defined figures were set to maximal motion contrast relative to
background (180 and 100% differences, respectively), and the dot displacements used
were: 2, 7, and 27 arcmin (yielding speeds of 1.2, 4.2, and 16.2 deg/s, respectively).
Although direction and coherence have natural maximum contrast values, there is no clear
maximum value for speed. With this in mind, and to avoid a visual “wrap-around” artifact
for extremely large displacements of figure dots, a setting of 7 arcmin displacement relative
to each background displacement was used for the speed-defined figures. The dot
displacements of the background dots matched those used for the other conditions.

Procedure
Procedure and VEP analysis will be identical to those of Experiments 1 and 2.
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Results
Figure 14 depicts a representative spectral plot from occipital channels. Figure 15
shows response amplitudes at 1F1 and 2F1, while Figure 17 shows topographic plots of the
distribution of responses at these harmonics, as well as the same responses fitted to
average brain space.
Responses at 1F1 (1.2 Hz) and 2F1 (2.4 Hz) were significantly above noise for all
aggregate groups, and responses at 1F2 (36 Hz) were significantly above noise among
medial channels only. Similar to Experiment 1, responses at 1F2 increased in amplitude
with dot speed (Figure 16).
Among responses at 1F1, a mixed-effects MANOVA was run using amplitude by
channel group as an outcome variable, and subject as a random factor. Effects of pattern
(F(2, 6272)=167.5, p<.0001) speed (F(2, 6236)=64.7, p<.0001), and their interaction (F(4,
6236)=55.9, p<.0001) were found to be significant. A mixed-effects ANOVA was then run
using channel group as a factor, and there was a significant effect of channel group (F(4,
6236)=82.3, p<.0001), pattern (F(2, 6236)=170.2, p<.0001) and speed (F(2, 6272)=74.1,
p<.0001), along with significant interactions of pattern*speed (F(4, 6272)=64.1, p<.0001),
pattern*channel (F(8, 6272)=22.4, p<.0001), channel*speed (F(8, 6272)=4.4, p<.0001), and
pattern*speed*channel (F(16, 6272)=2.9, p<.0001). A linear contrast of channel groups
confirmed that responses at medial channels were larger than the other channel groups
(t(6236)=3.30, p<.001).
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Based on the spatial distribution of the 1F1 responses as depicted in the
topographic plots (Figure 17), a separate ANOVA was run for 1F1 responses at medial
channels, and a significant effect of pattern was found (F(2,1232)=128, p<.0001), with
direction yielding strongest responses over all for this channel group (t(1232)=15.9,
p<.0001). Separate analyses were run for each pattern, and significant linear trends were
found for the direction and coherence conditions (Direction: t(398)=6.6, p<.0001;
Coherence: t(398)=5.8, p<.0001), but not for the speed-defined figures.
At 2F1, there was a significant effect of channel (F(4, 6236)=86.6, p<.0001), speed
(F(2, 6236)=113.3, p<.0001) and pattern (F(2, 6236)=42.8, p<.0001), with linear contrasts
showing that left and right medial channels were significantly different from the other
channels (t(6236)=5.3, p<.0001). Within each pattern, a significant effect of speed was
found (Direction: F(2,398)=50.7, p<.0001; Coherence: F(2, 398)=18.2, p<.0001; Speed:
F(2,398)=39.11, p<.0001).

Discussion
The results of Experiment 3 illustrate some important distinctions between optic
flow and figure processing, but also serves to qualify the extent to which cortical processing
of motion-defined figures is cue-invariant. The spatial distribution of the 1F1 responses for
the direction and coherence conditions look very much like those observed by Fesi et al.
(2011), and the 2F1 responses look similar (as in the previous study, both have bilateral
occipital distributions, with direction patterns eliciting more focally bilateral sites than
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coherence), although there was some change in distribution across speeds. As for
amplitudes, the two contrast types exhibited similar tuning patterns, with 1F1 responses
peaking at the middle speed of 4.2 deg/s and then saturating. The 2F1 responses were
somewhat different in amplitude, though, with coherence amplitudes much larger than
those for direction, despite the larger amplitudes for direction at 1F1. Although there are
some distinguishing characteristics between responses for the two figure types, the data
here show substantially less variation across patterns than the data of Experiment 1, and
are roughly compatible with the interpretation of motion-defined figure mechanisms as
being cue-invariant.
The case of speed-defined figures, however, is a complicating factor. While there are
some similarities across all of the patterns, such as the amplitudes and spatial distributions
(roughly, at least) for the first two speeds, the responses for speed-defined figures at 16.2
deg/s look radically different from the other two figure types. This may reflect a real
difference in speed tuning, with peak speed being approximately 4-5 deg/s, and faster
speed-segmented figures not eliciting optimal responses. This “peak” speed range falls
within the range of speeds that occur naturally in central visual field while walking (Calow
et al., 2004; Roth & Black, 2006), and so it could be argued that these data reveal an
important break from the cue-invariant processing of motion-defined figures, due to the
natural statistics of stationary objects segmented in depth via motion parallax in central
visual field, as opposed to speed profiles of objects with independent motion trajectories.
There are some other details to consider, however, before conclusions are drawn
regarding the speed-defined figures. First, the change in spatial distribution of the
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responses (both 1F1 and 2F1) at 16 deg/s indicates that different cortical areas are
activated relative to the peak response at 4 deg/s. It is therefore not accurate to describe
the amplitude trend as reflecting “tuning,” which implies changes in the activity of one
particular region as parameter values change.
What does this shift in spatial locus represent for the speed-defined figures? It is not
fully clear, although there are a few possibilities. One interpretation is that the responses at
the highest speed do not reflect a figural response at all, but result from a qualitatively
different stimulus than the other conditions, particularly due to figure dots that translate
far beyond foveal and parafoveal regions of visual field. All of the speed settings of the
experiment were implemented via different spatial displacements, as the temporal
modulation rate (F1) remained constant at 1.2 Hz. The conditions with the fastest speeds,
then, also featured the largest displacements. It’s possible to say that, since the speeddefined figures at the fastest speed featured the largest displacements of all (as the figures
defined by speed were always set at a displacement 7 arcmin greater than those of their
background, and those of all dots of the other figure types), the difference in responses for
this condition was due to figures that simply translated outside of the participant’s central
visual field. While this is a possibility, it should be noted that the very large displacements
of the 16 deg/s condition for direction and coherence yielded responses that match very
well in distributions and amplitudes with responses at 4 deg/s, while the distribution for
responses at 1F1 and 2F1 for speed-defined figures differ from the other figure types even
at the slow speeds, particularly at centrofrontal channels.
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One explanation for the overall uniqueness of the speed-defined figure responses is
the role of smooth pursuit eye movements during a passive viewing task. Previous research
has demonstrated that smooth pursuit eye movements are an important component of
segmentation in depth via motion parallax (Nawrot, 2003a; 2003b; Naji & Freeman, 2004;
Wexler & Boxtel, 2005; Nawrot & Joyce, 2006; Nawrot & Stroyan, 2009; 2011), which
would suggest that such pursuit behaviors are necessary for proper segmentation of the
speed-defined figures in this experiment, but not for the other figure types. This may
explain the unique spatial distribution of responses at 1F1 and 2F1 for the speed-defined
figures at even the slower speed settings. At these settings, there may be a pursuit-related
response among centro-frontal channels (perhaps due to inhibition, as the subjects were
instructed to fixate on the center cross) even though the figures remained in central visual
field, and segmentation would therefore likely be possible. At the highest setting, though,
where adequate pursuit behavior would most conflict with instructions to fixate centrally,
segmentation may not have been possible. This would presumably result in strong centrofrontal activation, but no bilateral 2F1 or dorsomedial 1F1 response that has previously
been associated with figural motion contrast (Fesi et al., 2011). For the sake of
compatibility with previous SSVEP experiments (as well as the other experiments
contained here), passive viewing was employed here; however it’s clear that more
research, perhaps utilizing eye-tracking methods for active pursuit, is needed to properly
address this issue.
While speed-defined figures may be an important exception, it seems evident that
the processing of motion-defined figures is markedly less variable than that for optic flow
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patterns. This helps to establish how the neural integration mechanisms are distinct, while
the experiment in the following chapter focuses on global coherence-defined figures to
investigate possible shared processing mechanisms for motion-defined figures and
coherent optic flow.
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Chapter 5
Temporal constraints on responses to coherence contrast
Experiment 3 confirmed that varying the lifetime a display’s dots can reveal spacetime integration thresholds of distinct global motion processes. This experiment used a
similar design but focused on relative global coherence, the regional contrast that
contributes to 2D figure segmentation, to compare integration properties across the two
motion classes.
With regard to the temporal properties of motion-defined figures, a study by Regan
& Hamstra (1992) found that temporal thresholds for orientation discrimination of
direction-defined figures were quite rapid, declining only for presentations under 60 ms.
Compatible with this, a study comparing SSVEP responses to direction defined figures
across dot lifetimes (Fesi et al., unpublished data, see Figure 18) found that the responses
described by Fesi et al. (2011)—i.e., the weighted response at 1F1, and the event-related
response at 2F1—were both invariantly strong for all lifetimes longer than 55 ms,
indicating a rapid temporal threshold of approximately 56-111 ms. Burr & Santoro
(2001)’s study on temporal constraints on sensitivity to optic flow patterns, however,
demonstrated that patterns less dependent upon global integration of local motion
information, such as unidirectional translation, exhibited lower temporal thresholds for
detection. Figures defined by direction, then, may similarly require less integration than
figures defined by relative information about global coherence statistics. Coherencedefined figures may therefore exhibit temporal profiles distinct from those observed by
Fesi et al. (unpublished data) for direction-defined figures.
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This experiment compares SSVEP responses to coherence contrast-defined figures
across various magnitudes of motion contrast and across various dot lifetimes. The varying
of coherence contrast magnitude was included to test for separable temporal profiles of the
1F1 weighted response and the 2F1 event-related response, specifically to investigate any
effects of dot lifetime on the monotonic weighting of the 1F1 response to the magnitude of
motion contrast.

Methods
Participants
20 adults (11 female; mean age: 21.9 years) participated in Experiment 4. Subjects
were research assistants who had volunteered to participate, or were recruited from an
undergraduate subject pool for research credit. All subjects had normal or corrected-tonormal vision, as determined by a brief evaluation of binocular Snellen optotype acuity.

Display
Monitor and display settings were identical to those of Experiment 3.

Subjects viewed figure displays defined by coherence contrast with four motion
contrast magnitudes and three dot lifetime settings. Thus, each subject viewed a total of 12
conditions, and ten trials were recorded per condition (yielding a total of 120 trials per
subject session). The dot lifetime settings used were: 2 frames, 4 frames, and 16 frames per
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update, or 55.6 ms, 111.1 ms, and 444.4 ms of regional motion contrast. The figure dots
were always 100% coherent during the Figure On phase, while the coherence of the
background dots varied by condition. Background coherence settings were: 90%, 70%,
40%, and 0%, yielding figure/ground contrast values of 10%, 30%, 60%, and 100%. Both
figure and ground dots in these conditions had a direction mean of 0 deg, indicating
leftward and rightward motion for coherent dots, which reversed at 0.6 Hz. Dot
displacement for all displays was 10 amin (6 deg/s).

Procedure
Procedure and analyses were identical to those of Experiment 3.

Results
Figure 19 shows response amplitudes at 1F1 and 2F1.
Responses at 1F1 (1.2 Hz) and 2F1 (2.4 Hz) were significantly above noise for all
aggregate groups, and responses at 1F2 (36 Hz) were significantly above noise among
medial channels.
Among responses at 1F1, a mixed-effects MANOVA was run including channel group
as an outcome variable, yielding significant effects of coherence (F(3, 8369)=199.6,
p<.0001) and lifetime (F(2, 8369)=97.5, p<.0001), as well as their interaction (F(6,
8369)=36.2, p<.0001).
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A mixed-effects ANOVA was then run using channel as a factor, yielding significant
effects of channel (F(4, 8321)=31.46, p<.0001), coherence (F(3,8321)=205.87, p<.0001),
lifetime (F(2, 8321)=100.5, p<.0001), and significant interactions of coherence*lifetime
(F(6,8321)=37.2, p<.0001), coherence*channel (F(12,8321)=10.3, p<.0001),
lifetime*channel (F(8,8321)=2.1, p<.05), and coherence*lifetime*channel (F(24,8321)=1.8,
p<.05). A trend analysis of responses across dot lifetimes revealed a significant linear trend
(t(8321)=3.4, p<.001), and a linear contrast confirmed that responses at the shortest
lifetime were significantly smaller than the other two settings (t(8321)=2.9, p<.01). A
contrast of channel groups confirmed that responses at medial channels were larger than
the other channel groups (t(8321)=6.66, p<.001). Based on the distribution of the 1F1
responses across groups as depicted in the amplitude plots (Figure 16), a separate ANOVA
was run for 1F1 responses at medial channels, and a significant effect of coherence was
found (F(3,1649)=69.75, p<.0001), with a significant linear trend across coherence
contrast magnitude settings (t(1649)=13.6, p<.001).
At 2F1, there were significant effects of channel (F(4,8321)=25.16, p<.0001),
coherence (F(3, 8321)=302.43, p<.0001), and lifetime (F(2,8321)=475.62, p<.0001).
Significant two-way interactions of coherence*lifetime (F(6, 8321)=68.33, p<.0001),
coherence*scalp (F(12, 8321)=5.37, p<.0001), and lifetime*scalp (F(8, 8321)=5.05,
p<.0001) were observed, as well as a three-way interaction (F(24, 8321)=1.74, p<.05).
Linear contrasts showed a significant linear trend across levels of coherence
(t(8321)=7.36, p<.0001), and that responses for the first two coherence contrast values
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were significantly smaller than three larger values (t(8321)=7.56, p<.0001). There was also
significant linear trend across dot lifetimes (t(8321)=9.37, p<.0001), and responses for the
shortest lifetime were significantly smaller than for the other settings (t(8321)= 8.78,
p<.0001). Lifetime settings were analyzed separately, and a significant effect of coherence
was found (2 frames: F(3, 2777)=10.1, p<.0001; 4 frames: F(2, 2777)=148.5, p<.0001; 16
frames: F(2, 2777)=218, p<.0001), with a significant linear trend (2 frames: t(2777)=4.78,
p<.0001; 4 frames: t(2777)=20.51, p<.0001; 16 frames: t(2777)=22.9, p<.0001) for all
lifetimes, and trends compatible with a response saturation (i.e., the later two values
significantly larger than the first two) for lifetimes of 4 and 16 frames (4 frames:
t(2777)=18.25, p<.0001; 16 frames: t(2777)=21.1, p<.0001).

Discussion
The results of Experiment 4 establish how responses to figures defined by relative
coherence information are constrained by the duration of globally coherent motion,
offering some important insights into the mechanisms for motion-defined figure
processing, and for integrative motion mechanisms in general. The temporal threshold for
both 1F1 and 2F1 responses seems to be approximately 60-111 ms, which matches the
findings of Fesi et al. (unpublished) regarding direction-defined figures, and seems to
suggest a common processing mechanism. Unlike those data, however, which showed
invariantly strong responses across all dot lifetimes longer than 55 ms (see Figure 18), the
2F1 responses here have a significant linear trend across dot lifetime (Figure 20). This
response weighting across durations of global coherent motion is similar to the trend
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observed in Experiment 2, and likely reflects integration of global statistics that is not
necessary for figures defined by direction contrast.
A related finding that had not been reported for the original motion-defined figure
tuning study by Fesi et al. (2011) is that the 2F1 response is also linearly weighted to the
magnitude of coherence contrast. This may be because the original study defined its
coherence contrast values by setting the background dots as consistently coherent, and
instead varied the percent coherence of the figure dots. While both parameterizations yield
variable contrast values that can be used to explore motion contrast tuning, the settings of
this current experiment allow for a coherence onset/offset response, as well as a coherence
contrast response. This particular parameterization is closer to those on neural sensitivity
to globally coherent optic flow patterns (Newsome & Pare, 1988; Britten et al. 1992), which
also demonstrate a weighting of response magnitude to motion coherence. An area
described as being weighted to the magnitude of global coherence is hMT+, particularly
area MT/V5 (Newsome & Pare; Britten et al., 1992; Watson et al., 1993). The bilateral scalp
distribution of the 2F1 response here (and the focally lateral distribution in the 667 ms
condition at 100% coherence contrast) roughly corresponds with hMT, and so perhaps the
weighted trend reflects the integrative processes of this area. The spatial resolution
afforded by VEP methods, however, is quite poor, and so the exact locus on this area
remains unknown. Similarly, if it is true that the response weighting at 2F1 does reflect MT
activity, it is not yet clear if this should be distinguished from the 2F1 response that
appears to serve as a threshold for the contrast weighted dorsomedial occipital response at
1F1. It may be that the 2F1 response reflects the activity of one mechanism, but it’s also
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possible that the response is the summation of activity from two distinct mechanisms too
close in cortical space to be distinguished by non-invasive VEP measures. Additional
research, perhaps employing functional magnetic resonance imaging (fMRI), is needed to
conclusively address this question.
Regardless of the particular cortical region involved, the data here shed light on the
response properties of the mechanisms for motion-defined figures, and for global motion
integration. The utilization of figures defined by global coherence contrast has enabled a
way to more explicitly compare processing of integrative motion for motion-defined figures
and global patterns related to self-motion. The results indicate that this “intermediate”
stimulus type yields response trends that share commonalities with those of directiondefined figures and of globally coherent optic flow patterns, and offer the possibility that
similar regions of visual cortex may be responsible both for wide-field global motion
patterns and for regional segmentation via motion contrast.
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Chapter 6
General Discussion
This group of experiments investigated the sensitivity and spatial distribution of
evoked cortical responses in human adults to global space-time information, specifically for
optic flow and motion-defined figures. Optic flow patterns are important for the perception
of self-movement, and motion-defined figure information is important for the detection of
surrounding objects. However, both are examples of complex motion patterns, and thus
may share early integration processes. Additionally, the two types of motion frequently
interact in naturalistic viewing conditions. For instance, speed contrast-defined
segmentation of objects ordered in depth contributes to the speed gradient of a moving
observer’s optic flow field (Gibson, 1950). Accordingly, these experiments sought to
compare the two types of motion, particularly the extent to which their processing is
common or distinct. Responses for the two motion types were compared in terms of speed
sensitivity and temporal integration thresholds. Understanding how the speed of a
stimulus affects responses can provide insight into how regions of visual cortex are tuned
to the natural statistics of the environment. Moreover, a comparison of response tuning
across patterns within a category (i.e., the different patterns of optic flow or motiondefined figures) further helps to illustrate the extent to which these processes are general
or specific. Knowing the integration thresholds of evoked responses is another way to
highlight common versus distinct processing across patterns. Additionally, it can
contextualize temporal integration data from single-cell recording studies and
psychophysical data. Finally, while these studies focus exclusively on normal processing in
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human adults, they provide a thorough data set of normative functioning for future
investigations of normal and abnormal development of global motion processing. The use
of SSVEP methodology for these experiments has enabled direct comparison of this data
with data from healthy infants and children, clinical populations, and non-human primates.
Experiment 1 compared global motion sensitivity across optic flow patterns and
speeds. The goal was to determine if speed sensitivity varied across pattern types, or if the
responses showed pattern-general sensitivity. Results showed that radial motion elicited
the strongest responses overall. While there was a significant effect of speed for Group 2,
(with 16 deg/s eliciting the strongest responses) this effect was not observed for Group 1.
This perhaps reflects the significant pattern*speed*channel interaction that was found for
Group 1, but not Group 2. At 2 deg/s, radial patterns elicited strong responses in lateral
channels, while rotation and translation elicited responses near the occipital pole. At 8
deg/s, however (as well as at 16 deg/s), each pattern elicited similar dorsomedial occipital
activity. This three-way interaction was not expected, but indicates that spatial distribution
and response sensitivity for coherent optic flow varies substantially depending on both the
pattern and the speed of motion.
Experiment 2 compared responses to radial motion and rotation across dot
lifetimes and speeds, in an attempt to characterize the space-time integration thresholds of
the responses. Similar to Experiment 1, the results showed effects of pattern and speed,
with radial motion and the speed of 16 deg/s eliciting the strongest responses overall, as
well as the significant pattern*scalp*speed interaction. There was also an effect of dot
lifetime, with a significant linear trend observed across the lifetime settings. Separate
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analyses by condition revealed that the linear increase was present for all conditions
except the fast radial patterns, which perhaps reflects uniquely rapid integration for this
response. Surprisingly, the integration threshold for fast radial motion was quite distinct
even from the threshold for fast rotation. Thus, by varying the temporal coherence of global
motion, this experiment highlighted markedly different processing of the otherwise
pattern-general dorsomedial occipital responses observed in Experiment 1. Both of these
experiments contribute to a conceptualization of normal adult sensitivity to global optic
flow that is markedly more complex than is typically assumed.
Shifting away from optic flow, Experiment 3 utilized a design similar to that of
Experiment 1 in order to assess speed sensitivity of responses across patterns of motiondefined figures. The observation of two responses to the patterns—one for contrast onset
at dorsomedial channels, and one for both onset and offset at lateral channels—largely
replicated the findings of Fesi et al. (2011). In addition, the spatial distribution and speed
tuning of the responses was more consistent across figure types than that for optic flow
patterns. At 1F1, there was an effect of pattern among medial channels, with direction
eliciting the strongest responses overall. There was also an effect of speed, with 4 and 16
deg/s yielding significantly stronger responses than 2 deg/s. Separate analyses, however,
suggest that speed-defined figures may be an important exception: while direction and
coherence responses showed similar strong responses for speeds faster than 2 deg/s, this
was not found for speed-defined figures. Additionally, the spatial distribution across speeds
was quite distinct for this figure type, particularly responses at centro-frontal channels that
increase with speed. This case needs to be more fully explored in the future.
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Finally, Experiment 4 varied the duration of global motion coherence to determine
space-time integration thresholds of responses to motion-defined figures, and to examine
the effect of global integration in time on sensitivity to coherence contrast magnitude.
Results largely replicated the findings of Fesi et al. (2011) in terms of spatial distribution
and amplitude trends across contrast magnitudes, but also showed an effect of dot lifetime
for both 1F1 and 2F1 responses, with much larger amplitudes for lifetimes longer than 55.5
ms. This is compatible with findings of Fesi et al. (unpublished data), but the significant
linear trend of 2F1 responses across dot lifetimes is unique to this study. Additionally, the
2F1 response showed a significant linear increase with coherence contrast magnitude, a
trend that was not reported by Fesi et al. (2011) for coherence-defined figures. The
authors, however, used low-count electrode montages to investigate tuning to contrast
magnitude, and so perhaps this prevented them from fully capturing response tuning
among lateral channels. These unique findings highlight response properties to motiondefined figures that are compatible with findings from studies investigating sensitivity to
global motion and optic flow (Morgan & Ward, 1980; Newsome & Pare, 1988; Britten et al.,
1992; Morrone et al., 2000; Hou et al., 2009), and perhaps reflect some shared mechanisms,
such as area hMT.
As a whole, the results of the experiments provide insights into integrative motion
processing in the adult brain, and have important implications for investigations of how
these mechanisms develop. The next section attempts to synthesize the findings of the
individual experiments into a more comprehensive understanding of integrative motion
processing and its underlying neural substrates.
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Synthesis of the Four Experiments
Overall, the data reported in these experiments support the notion that patterns of
optic flow and motion-defined figures are processed in distinct and separate ways. Of
particular note is the highly differential manner in which coherent optic flow seems to be
processed, and the comparatively more uniform processing of motion-defined figures. The
unique tuning and spatial distribution of responses to speed-defined figures, however, may
serve as an important qualifier to this “uniform” processing of motion-defined figures. The
role of smooth pursuit eye movements in the segmentation in depth of figures defined by
speed contrast, or motion parallax (Nawrot, 2003a; 2003b; Naji & Freeman, 2004; Wexler
& Boxtel, 2005; Nawrot & Joyce, 2006; Nawrot & Stroyan, 2009; 2011)—is a plausible
contributing factor to explain this difference, though this hypothesis remains to be directly
investigated.
In the case of optic flow patterns, however, there is no conclusive explanation as to
why processing differs across patterns as well as across speeds. Burr & Santoro (2001)
asserted that the detection of wide-field translational motion may be faster than rotation
and radial motion because the latter two patterns require global integration for pattern
discrimination, while the unidirectional translation can yield detection with local motion
cues. This interpretation sounds plausible with regard to a top-down strategy of
participants to quickly determine the direction of motion in a behavioral task, but it does
not account for the electrophysiological data of Experiment 1. Here, rotation and
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translation at slow speeds yielded similar responses near the occipital pole, while slow
radial motion elicited responses at lateral occipital channels.
One more plausible explanation for this difference in processing is that radial
motion is the dominant component of optic flow (Gibson, 1950; Lee, 1980; Britten, 2008;
Shirai et al., 2010), with global rotation and translation often reflecting movement of the
observer’s head and eyes rather than the structure of the environment (Lappe & Hoffman,
2000; Britten, 2008). This would mean that the responses observed for optic flow patterns
at roughly 2 deg/s reflect activation related to the statistics of motion during natural
movement (Calow et al., 2004; Roth & Black, 2006)—while the responses to flow at faster
speeds may reflect activation related to steering and tracking. If this is true, the lateral
activation of the slow radial response would likely correspond to areas important for the
processing of egomotion, such as MST (Saito et al., 1986; Stein, 1989; Tanaka & Saito, 1989;
Lagae et al., 1994; Duffy & Wurtz, 1997; Lappe et al., 1999; Kleinschmidt et al., 2002; Heuer
& Britten, 2004; Wall & Smith, 2008; Cardin & Smith, 2010; Lappe et al., 2012), while the
focal medial activation for slow rotation and translation perhaps corresponds to internally
generated flow statistics that are subtracted from the optic flow field (Lappe & Hoffman,
2000; Britten et al., 2008; Perrone & Krauzlis, 2008b).
Although this is an intriguing explanation for the response trends of Experiment 1, a
formal investigation of this hypothesis is beyond the scope of this work. For instance, the
collection of SSVEP data for these experiments requires participants to view display
patterns while sitting as still as possible, so the optic flow displays were viewed in the
absence of motor or vestibular cues for self-movement. Additionally, naturalistic optic flow
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patterns feature speed gradients that reflect distance in depth (Gibson, 1950), yet we used
uniform speed settings for our flow patterns. This was to keep local motion constant across
the displays, but it nonetheless qualifies an interpretation of responses associated with
natural movement. Thus, future research is required to test this hypothesis.
In addition to differences between self- and object-motion patterns, there are some
findings reported here that may serve as evidence of shared processing mechanisms. For
instance, the bilateral response to the onset and offset of figural motion contrast may
reflect activity in hMT, which has been implicated in figure or contour processing (Marcar
et al., 1995; Born et al., 2000; Pack et al., 2004; Likova & Tyler, 2008) as well as global
motion integration (Newsome & Pare, 1988; Born & Tootell, 1992; Britten et al., 1992; Huk
et al., 2002). The results from Experiment 4 indicate that the bilateral 2F1 response to
motion-defined figures is weighted by the global coherence of local motion vectors, a
property attributed to MT (Newsome & Pare, 1988; Braddick et al., 1992; Stoner et al.,
1992; Movshon & Newsome, 1996). Additionally, at least in the case of coherence-defined
figures, this 2F1 response was also weighted by global exposure duration, which can be
interpreted as reflecting global integration processes attributed to MT (ibid). A similar
bilateral occipital activation was also observed for radial motion. If the lateralized
responses to optic flow and motion-defined figures both reflect hMT activity, this would
illustrate differential processing of patterns within a common cortical region, a notion quite
compatible with the multiple bodies of findings regarding the role of MT (e.g., Orban et al.,
1982; Morrone et al., 2000; Likova & Tyler, 2008). However, it is also possible that this
similar bilateral activation actually reflects distinct but closely neighboring areas rather
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than a common mechanism. For instance, Preston et al. (2008) used fMRI to test for percent
signal change of the blood oxygen level dependent (BOLD) response across magnitudes of
binocular disparity in static displays. The authors reported two responses that modulated
with disparity magnitude, an early on-off response located in lateral occipital complex
(LOC) that they concluded reflected an event threshold, and a later disparity-weighted
response in dorsomedial occipital cortex, particularly V3a. The two responses seem quite
similar to the contrast-modulated responses first observed by Fesi et al. (2011), and also
reported here in Experiments 3 and 4. If they do indeed reflect the same cortical areas, this
would mean that the bilateral activation at 2F1 to motion-defined figures reflects activity in
LOC, an area regarded as important for object processing (Grill-Spector et al., 1999; 2001;
Ferber et al., 2003; Stanley & Rubin, 2003; Ferber et al., 2005), which has exhibited cueinvariant sensitivity to object-related information (Grill-Spector et al., 1999; Appelbaum et
al., 2006; 2008). The fact that MT and LOC have both demonstrated sensitivity properties
that each make them candidates for this particular response illustrates the complexity of
cortical visual processing, even among areas that have been thoroughly mapped via
localization-of-function experiments (Orban et al., 1995; Van Oostende et al., 1997;
Morrone et al., 2000; Grill-Spector et al., 2001; Zeki et al., 2003; Likova & Tyler, 2008; Tyler
et al., 2008).
Another possible common mechanism for optic flow and motion-defined figure
processing is the dorsomedial occipital activation observed for all of the experiments here.
For Experiments 1 and 2, this activation was observed for coherence onset across all
pattern types at fast speeds. For Experiments 3 and 4, this was observed for contrast onset
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for all pattern types and speeds (with one exception of speed-defined figures at past
speeds, see Discussion section of Chapter 4), and was originally reported by Fesi et al.
(2011). As mentioned before, Preston et al. (2008) reported a similar weighted response
(to binocular disparity rather than motion contrast) in dorsomedial occipital cortex, which
they labeled as V3a. V3a has been associated with a number of functions related to depth
structure (Tootell et al., 1997; Tsao et al., 2003; Caplovitz & Tse, 2007; Cottereau et al.,
2011), including figure segmentation (van Oostende et al., 1997; Shulman et al., 1998; Zeki
et al., 2003), and has demonstrated cue-invariant sensitivity to depth related information
(Grill-Spector et al., 1998; Welchman et al., 2005; Appelbaum et al., 2006; Vinberg & GrillSpector, 2008). Other areas in dorsomedial parieto-occipital cortex include V7 and various
components of intraparietal sulcus, (IPS) each related to depth processing (Peuskens et al.,
2001; van Duffel et al., 2002; Bremmer, 2005; Wexler et al., 2005; Preston et al., 2009;
Cottereau et al., 2011; Orban, 2011; Theys et al., 2012), and well as spatial attention (Bisley
& Goldberg, 2003; Behrmann et al., 2004; Silver et al., 2005; Culham et al., 2012) and
motoric intentions (Rizzolatti et al., 1997; Nakamura et al., 2001; Astafiev et al., 2003;
Tunik et al., 2007) in the case of IPS. A plausible interpretation for this common
dorsomedial activation, then, is that all of the patterns recruit areas important in some way
for depth and spatial attention. For the optic flow patterns at high speeds, this may be
related to steering and navigation; for the motion-defined figures, this may be related to
segmentation in depth (with the weighted response perhaps serving as a measure of
relative depth) or tracking.
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If the similar spatial distributions observed here do reflect common processing
mechanisms, there is nonetheless evidence that patterns are processed differentially by
those mechanisms. For instance, Experiment 2 demonstrated that dorsomedial responses
to fast radial motion were stronger overall, and were observed even for the shortest dot
lifetime setting. In contrast, dorsomedial responses to fast rotation were not only weaker,
they were observed only at the longest lifetime setting, perhaps indicating a longer
integration time required for the generation of this response. Similarly, the lateral occipital
responses at 2F1 to motion-defined figures in Experiment 4 showed weighted sensitivity to
motion coherence contrast magnitude and also to the duration of smooth global motion, a
trend not observed by Fesi et al. (2011; unpublished data) for direction-defined figures.
Fesi et al. (2011) interpreted their lateral response at 2F1 to contrast onset/offset as an
early detection or segmentation response necessary for the later dorsomedial response at
1F1. In that study, the 2F1 response saturated after a critical magnitude of motion contrast,
while the 1F1 response was weighted across variations of motion contrast magnitude.
Interestingly, though, the dorsomedial response at 1F1 did not exhibit a weighted
sensitivity to dot lifetime for either figure type, but remained invariantly strong across all
dot lifetimes greater than 55 ms. This indicates that, although responses at 2F1 may be
differentially constrained by the distributions of local directions, its role as event detector
for the later dorsomedial response remains the same across conditions.
Finally, at a general level, each study yielded responses to modulations of various
integrative properties that were distinct from the response at the dot update rate, 1F2. The
focal distribution of the1F2 response at medial occipital channels looks similar across the
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various patterns and dot lifetimes used (see Figure 21). This similarity supports the notion
that the response reflects basic visual processing in V1, rather than an area sensitive to
integrative motion properties. There is some evidence to suggest that the 1F2 response is
sensitive to luminance changes that are not motion-related (Gilmore et al., Neuroscience,
2011). However, the 1F2 responses of Experiments 1 and 3 were weighted in amplitude to
the spatial displacement of the dots (see Figures 7c and 13c). This was previously reported
by Hou et al. (2009), and demonstrates that the responses reflect sensitivity to spatial as
well as temporal information at the local level, as opposed to merely reflecting a flicker
response at the dot update rate. Additionally, while the findings of Gilmore et al.
(Neuroscience, 2011) suggest that the 1F2 response may reflect both flicker and motionrelated activity, the researchers have demonstrated that examining responds trends at the
intermodulation terms for the 1F1 and 1F2 responses can reveal shared thresholds that
likely reflect the dependence of the global responses upon local motion detection. This
validation is especially important for studies on the development of cortical motion
processing, as the 1F2 response has been used to test for differential sensitivity to local
rather versus global motion (Gilmore et al., 2007; Hou et al., 2009; Weinstein et al., 2011).

Limitations of the Experiments
It’s important to note that the data reported here does not reflect all of the cortical
activity underlying optic flow or motion-defined figure processing. For instance, if it’s true
that the response observed in Experiment 1 for slow radial motion does reflect hMT+
activity, this doesn’t serve as evidence against role of area MT for the processing of global
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rotation or translation. The steady-state method is a conservative means of exploring
neural responses; only responses occurring at a harmonic of the stimulus modulation
frequency (and only those that are phase-locked to the stimulus) are included for analysis
of steady-state evoked potential responses (Regan, 1977; Victor & Mast, 1991). Because of
this, activity patterns that do not correspond to these criteria are left out of the analysis.
Figure 22 depicts topographic plots of activation for the three optic flow patterns at
representative points in time. These plots demonstrate that bilateral occipital activation
did occur for these conditions, though the activation did not meet the criteria for an
analysis dependent upon stimulus frequency and phase. Presumably, the similar lateral
activity observed across the three patterns of flow featured non-linear response properties
that are not conducive to analysis via steady-state evoked potential techniques.
Moreover, non-invasive VEP methods don’t provide the spatial resolution necessary
to distinguish between distinct areas of the general lateral complex referred to as hMT+.
The role of hMT in early motion integration has been fairly well established (Zeki, 1978;
Maunsell et al., 1983; Saito et al., 1986; Newsome et al., 1988; Born & Bradley, 2000; Majaj
et al., 2007; Perrone & Krauzlis, 2008a), and so perhaps the early lateral activation around
40 ms (see Figure 18, compatible with Mikami et al., 1986) reflects basic motion
integration, while the steady 1F1 response for slow radial motion reflects a later, more
specialized process, perhaps specifically area hMST, which has been shown to be
particularly important for self-motion as opposed to global integration (Komatsu & Wurtz,
1988; Newsome et al., 1988; Tanaka, 1989; Orban et al., 1995; Their & Erickson, 1992;
Duffy & Wurtz, 1997; Duffy, 1998; Huk et al., 2002; Perrone & Krauzlis, 2008b).
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Ultimately, while the data provide clues as to the possible cortical contributors of
the various responses observed here, the use of non-invasive electrophysiological
measures means that a spatial resolution sufficient for a satisfactory localization of
function in the brain was not possible in these experiments. The studies described here
offer much detail with regard to the response properties of adult human cortex to global
space-time information, and can be readily compared to similar data from nonverbal
populations such as infants and non-human primates. In order to authoritatively determine
the cortical sources of these responses, however, it will be necessary to conduct a follow up
study employing a method that provides finer spatial precision than is afforded by EEG,
such as functional magnetic resonance imaging (fMRI). Similarly, while the SSVEP method
is well-suited to extract and discriminate responses with respect to distinct levels of
processing, it is also necessary to understand the temporal dynamics of circuits that
instantiate these processes. An analysis of functional or effective connectivity of the regions
of interest reported here would provide valuable information about the roles of each
region, and how the roles may change in time, or by certain parameters. For instance, while
the data reported here and by Fesi et al. (2011) generally support the notion that the
weighted response among dorsomedial channels to motion contrast onset is dependent
upon the bilateral onset/offset response, an effective connectivity analysis could formally
test the validity of this causal model.
Another limitation of these experiments is the reliance upon the passive, centrally
fixated viewing of patterns that are important for action, and are naturally processed in
active contexts. The fact that different flow patterns are associated with different actions—
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for instance, radial motion reflecting forward locomotion versus rotation and translation
often reflecting eye and head movements—further compounds the problem. This is
perhaps best reflected by the results of Experiment 3, where the discrepancy between
activation for speed-defined figures and other figure types may be explained by a need for
smooth pursuit eye movements for the segmentation of objects in depth via motion
parallax. Most VEP studies employ fixation rather than free viewing—both for consistency
of stimulation across trials, and to avoid movement-related artifacts in the EEG data—and
the similarity of design with previous experiments (Hou et al., 2009 and Fesi et al., 2011 in
particular) was intended to enable a clear comparison of response trends. The problems of
restricted viewing are not unique to EEG: they extend to most neurophysiological
recording methods, including fMRI, where participants need to view displays while lying on
their backs, remaining as still as possible. It’s nonetheless important, though, to consider
methods and designs that are better suited to capture response sensitivity in more active,
naturalistic viewing conditions. Future studies, perhaps relying on eye-tracking software,
are necessary to conclusively address trends observed here that may be markedly different
simply due to viewing conditions.
On a related note, a final limitation to the study is the visual simplicity of the visual
displays used. Random-dot kinematogram displays (and other reductionist displays, such
as Gabor patches) offer convenient ways to explore various aspects of visual processing by
allowing for the isolation of one particular visual parameter at a time. This is perhaps in
keeping with the approach to understanding cortical function that was pioneered by Hubel
& Wiesel (1959; see also Livingstone & Hubel, 1987), where parameters are isolated and
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varied, and responses are recorded. Natural vision, however, is experienced via multiple
cues experienced simultaneously (not to mention non-visual cues such as proprioception,
efference copy, and vestibular information). This natural covariance across cues is perhaps
what enables areas in the brain to exhibit similar sensitivity across cue types, such as the
possible cue-invariance of areas LOC and V3a, related to object processing and depth
structure, respectively (Grill-Spector et al., 1999; Zeki et al., 2003; Appelbaum et al., 2006;
2008; Cottereau et al., 2011). It is therefore necessary to conduct experiments designed to
address such cross-modal visual processing in the brain. For instance, Mark Bradshaw and
colleagues have used psychophysical experiments to investigate how binocular disparity
and motion parallax cues interact to provide information about relative depth (Bradshaw &
Rogers, 1996; Bradshaw et al., 2000; Bradshaw et al., 2006), and yet the neural
instantiations of the interaction are not yet known. It is therefore important to explore such
cross-modal interaction in regions of the brain associated with depth structure, and how
the manipulation of the interacting parameters constrains activity in these regions. Such an
approach would build upon the knowledge that has been provided by traditional reductive
designs, but would try to address the complexity of natural object stimuli, in an attempt to
understand normative cortical processing of visual information.
Regardless of limitations, this body of experiments offer an understanding of adult
cortical processing of self- and object-related motion that is much more comprehensive and
integrative than was previously available. From the results detailed here, it’s clear that
cortical responses to optic flow vary substantially across patterns and speeds. Previous
studies used only one pattern to assess speed sensitivity of a general global motion
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mechanism, yet these results indicate that separate mechanisms are differentially recruited
depending on pattern and speed. At high speeds, the responses seem pattern-general, but
distinct space-time integration thresholds across the patterns highlights crucial processing
differences even from this pattern-general mechanism. The processing of motion-defined
figures is comparatively more uniform, although the unique trends for speed-defined
figures qualify the extent to which figure processing is cue-invariant. Moreover, the
experiments have revealed some possible common mechanisms for both optic flow and
motion-defined figure processing. The common mechanisms may not only be related to
global motion integration, but also to a more general processing of depth, and recruitment
of spatial attention. Finally, the experiments’ use of steady-state visual evoked potential
recording methods to assess cortical sensitivity provides a body of data that is readily
comparable with infants, children, and animals. Thus, the results of these experiments
provide an important reference for any future studies on normal or abnormal
development, or general animal processing of integrative motion patterns.
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Appendix: Figures

Figure 1. Three examples of global motion coherence, or the
extent to which local motion vectors correlate across a display.
From Newsome & Pare (1988).

Figure 2. Example model of motion integration that is more
complex than a standard feed-forward model. This model
(from Berzhanskaya et al., 2007) includes both object
(segregation) and flow related motion information.
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Figure 3. Schematic examples of two different dot lifetime settings: 2
frames (A) and 4 frames (B). The duration of each frame depends
upon the update rate. For instance, at an update rate of 24 Hz, each
dot is displaced every 41.6 ms. The displacement elicits apparent
motion in both of the above cases, but the motion is smoother for B
than for A. This is because the dots in Example A are randomly
relocated after 2 frames (83.3 ms) of displacement, while dots in
Example B translate continuously for 4 frames (166.7 ms) before
being relocated.
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Figure 4. Schematic depictions of the displays used in
Experiments 1 and 2. Each condition shows two
display cycles, and includes a direction reversal (at 0.6
Hz, or 0.5F1) to prevent local-level adaptation of
direction sensitive cells. Displays modulated from
100% coherent motion to 0% (or incoherent motion)
at 1.2 Hz (F1). Dot update rate was 24 Hz (F2).
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Figure 5. Representative spectral plot of responses for Experiments 1
and 2. The response at 1F1 (1.2 Hz) was the strongest, and modulated
in amplitude with speed. Responses at the dot update rate (24 Hz, 1F2)
were also significant and modulated in amplitude with speed.
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Figure 6. Depiction of aggregate groups of channels
used for amplitude plots of all experiments.
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Figure 7. Amplitudes of responses phase-locked to the stimulus,
plotted across channel groups and by speed. Responses at 1F1 are
strongest overall for radial conditions. Tuning for speed is not clear,
as the spatial distribution changes across speeds (see also Figure 10),
though fast speeds are strongest overall.
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Figure 8. At 1F2, responses are weighted to speed,
compatible with the findings of Hou et al. (2009).
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Figure 9. 2D topographic plots of responses at 1F1, for speed Groups 1 (AC) and 2 (D-F). At slow speeds, there is pattern-specific distribution, with
responses to radial motion at lateral channels, and responses to rotation
and translation at channels near the occipital pole. At higher speeds, there is
a dorsomedial occipital response for all patterns, suggesting pattern-general
activity.
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Figure 10. From Britten (2008). Schematic
depiction of how eye movement (gaze rotation)
imposes motion components in a retinal flow field
that must be corrected for proper computation of
forward motion in depth, i.e., extracting the radial
component.
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Figure 11. Amplitudes of responses at 1F1 plotted across channel groups and
by dot lifetime for radial motion at 2.4 deg/s (A) and 19.2 deg/s (B), and for
rotation at the same speed settings (C,D). Responses show distinct temporal
thresholds, even at high speeds, likely reflecting pattern-specific processing.
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Figure 12. Topographic plots and modeled inverses of responses at 1F1 for
Experiment 2. Plots consist of three lifetimes each for Radial motion at 2 deg/s
(A-C) and 16 deg/s (D-F), as well as Rotation at 2 deg/s (G-I) and 16 deg/s (J-L).
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Figure 13. Schematic depictions of the displays used in Experiments 3 and
4 (which only used coherence-defined figures). Each condition shows two
display cycles, and includes a direction reversal (at 0.6 Hz, or 0.5F1) to
prevent local-level adaptation of direction sensitive cells. Displays
modulated from a period of regional motion contrast (figure on) to uniform
motion (figure off) at 1.2 Hz (F1). Dot update rate was 36 Hz (F2).
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Figure 14. Representative spectral plot for Experiments 3 and 4. In
addition to the 1F1 and 1F2 responses, there is a significant 2F1 response
that modulates with motion contrast magnitude and with dot speed.
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Figure 15. Amplitude of responses at 1F1 and 2F1 to figures defined by direction
(A), coherence (B), and speed (C) contrast, plotted by channel group and speed.
Responses at 1F1 looks similar for direction and coherence defined figures,
although responses for the direction group are stronger overall. Speed-defined
figure responses seem to show a different trend. Response distribution and
amplitude differ across figure groups, indicating some pattern-specific processing.
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Figure 16. Amplitude of responses at the dot update rate (36 Hz, 1F2). Similar to
the data of Experiment 1, responses at 1F2 modulate in amplitude across speeds.

107

108

Figure 17. Topographic plots and modeled cortical sources of responses to figures
defined by direction (A), coherence (B), and speed (C) contrast at 1F1, and 2F1 (D, E, F).
Distributions look very similar for direction and coherence conditions, though there is
some distribution difference for direction at high speeds at 2F1. Responses to speeddefined figures at slow speeds have a dorsomedial occipital distribution at 1F1 similar to
the other patterns, but also show centrofrontal activation across all speeds. Additionally,
at high speeds, there is no dorsomedial response at 1F1, and a very distinct distribution at
2F1.
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Figure 18. Unpublished data from Fesi et al. showing responses at 1F1 (A) and 2F1 (B) to
direction contrast-defined figures across dot lifetime settings. Here, lifetimes longer than
56 ms elicited strong responses, and the responses did not vary as lifetime increased,
indicating a rapid process with no subsequent integration.
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Figure 19. Amplitudes of responses to coherence-defined figures at 1F1 (A) and 2F1
(B) across contrast magnitudes and dot lifetimes. Similar to the responses to
direction-defined figures reported by Fesi et al. (unpublished, see Figure 15),
responses at 56 ms are much weaker than all other lifetimes, indicating a similar
temporal threshold. Responses at 2F1 were distinct, however, for coherence-defined
figures, as they increase significantly with contrast magnitude as well as dot lifetime.
A bilateral response weighted both to global coherence and duration of coherence is
compatible with the response properties of MT, although the extent to which this
mechanism is unique to coherence-defined figures is unknown.
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Figure 20. Amplitudes of responses at 2.4 Hz (2F1). The data of Figure 18 are here
plotted across dot lifetimes for each magnitude of coherence contrast (A-D), in
order to illustrate the weighted response across dot lifetimes for this harmonic.
This trend was not observed for the 1F1 response, or for either response for either
response for direction-defined figures (Fesi et al., unpublished).
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Figure 21. Topographic plots of responses at the dot update rate (1F2). The spatial
distributions of the responses look very similar across patterns of optic flow (A)
and motion-defined figures (B), as well as across dot lifetime settings (C). The 1F2
response has been shown to modulate with dot speed, however, and so all plots
shown above are for patterns moving at the same speed (16 deg/s). See Figures 9
and 16 to see how 1F2 response amplitude changes across dot speeds.
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Figure 22. Representative topographic plots of responses in time for radial, rotation
and translation pattern conditions at 2.4 deg/s. (from Experiment 1). These plots are
provided to show common lateral occipital activation that occurred at similar times
(around 320 ms) for all patterns.While only the radial patterns elicited a steady-state
evoked response at 1F1 among lateral channels, this does not mean that lateral
cortical mechanisms showed no activation for the other patterns. Thus, while the
SSVEP responses show substantially different response distributions across patterns,
it is possible that earlier shared integration processes are not captured by the
frequency analysis of SSVEPs.
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