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ABSTRACT
Motion differences contribute to the segregation of a figure from its background. While
some important work has addressed the role of motion in figure processing, many questions
remain as to the cortical structures involved and their particular activation properties. In the
research described here, I measured steady-state visual evoked potential responses to moving dot
displays in which figure regions emerged from and disappeared into the background at a specific
temporal frequency (1.2 Hz, F1), based on differences of dot direction, speed, motion coherence,
dot lifetime, and dot density settings. Experiment 1 compares responses to displays of
qualitatively different figure/ground contrast relationships. Experiment 2 explores evoked
responses to quantitatively controlled magnitudes of contrast, revealing cortical tuning patterns to
figure/ground differences in direction, speed, and coherence of motion. For each of the condition
groups, response tuning likely reflects two functional components of motion-defined form
processing: motion contrast magnitude and a magnitude-invariant response (possibly related to
figural grouping). Experiments 3 - 5 validate and expand upon the assumptions of Experiment 2.
Experiment 3 manipulates dot lifetime settings to examine how the response to motion-defined
form displays will modulate as local-level motion vectors are increased or decreased. Experiment
4 changes dot density settings to investigate the dependence of the evoked responses on locallevel motion contrast information, or edges. Experiment 5 uses a 128-electrode montage to better
isolate the location of the tuned responses along the scalp.
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Chapter 1

Complex Motion & Object Processing
Like all other forms of sensory information, motion provides animals with details about
their environment and how to interact with it. In broad terms, the function of motion can be
divided into two major categories: information about shape, size, and trajectory of objects moving
in the environment, and cues to the heading and direction of an animal’s own movement through
space (known as egomotion). Unlike other types of sensory information, however—including
other components of vision—motion provides an animal with direct and accurate insight into the
geometry of the environment, affording animals with an efficient means of interacting with their
surroundings that is vital for survival. The processing of egomotion cues, also referred to as optic
flow, has been studied extensively, and much is known of its computation of global motion
patterns from simple local inputs, as well as the brain regions that specialize in such computation.
The computation of object cues from motion is also thought to result from local-to-global
hierarchical processing, although the cortical regions important for the processing of objectrelated motion—particularly those involved in the segregation of a two-dimensional figure from
its background—remain poorly understood. The experiments described in this thesis attempt to
add to our understanding of cortical specialization of motion-defined figure processing,
specifically the tuning of evoked responses to displays of motion-defined figures of varying
magnitudes of motion contrast, as well as the temporal and spatial thresholds of the responses.

Motion Information & the Environment
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As mentioned above, motion primarily serves to provide information about the size,
shape, and movement of objects in the environment; and about an animal’s own movements.
Wide-field optic flow patterns, which provide heading and direction cues of egomotion through
an environment (Gibson, 1950, 1979; Lee, 1980; Longuet-Higgins & Prazdny, 1980; Koenderink,
1986, 1987), are derived from combinations of three motion components—unidirectional
translation, radial expansion, and rotation (Lee, 1980; Lishman, 1981; Koenderink, 1986;
DeBruyn & Orban, 1991; Lagae et al., 1994)—each of which corresponds to a type of selfmovement (see Figure 1 below).

Figure 1: The components patterns of optic flow. From left to right, unidirectional translation, radial
expansion, and rotation.
Global translation patterns emerge on the retina when the eyes, head or body turn to the
left or right, or when the eyes or head move upward or downward. Wide-field radial expansion
patterns result from environmental landmarks moving past the retina according to the propulsion
of one’s body through space. Retinal rotation patterns can result from smooth pursuit eye
movements, or from the bending of the neck (Lappe & Hoffman, 2000; Britten, 2008). Although
information from other modalities—such as vestibular cues and efference copy, for instance—
also contribute to the awareness of one’s locomotion and movement, wide field optic flow
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patterns provide a continuous stream of information to better track and control one’s progression
through the environment.
The presence of occluding objects in the environment will necessarily impose variation
upon these otherwise uniformly distributed wide-field global optic flow patterns on the retina.
Importantly, different variations of motion contrast within retinal patterns can inform a stationary
or moving observer of the nature of objects in the visual field. For instance, a wide-field pattern
of radial expansion with a regional difference in speed corresponds with motion parallax—a
depth cue based on relative speeds, with proximal objects moving along the retina at faster speeds
than more distal ones. If the wide-field expansion is moving across the retina at a faster speed
than the regional difference, the pattern likely reflects self-locomotion through a tunnel or
doorway (see Figure 2a). If, on the other hand, the wide-field expansion is traveling at a slower
speed than the regional difference, the pattern likely reflects self-locomotion toward a stationary
object (Figure 2b). If the region of contrast on the retina is composed of directional differences as
well as those of speed, this will correspond to an object in action (Figure 2c), be it an inanimate
object moved by an external force, or a living animal.

Figure 2: Regional differences in direction and speed reflect surface geometry. In the first two figures, speed
differences contribute to motion parallax, a depth cue. In the first, an expanding pattern with regional difference of
smaller speed reflects movement towards an entrance or hole. In the second, an expanding pattern with regional
difference of faster speed reflects movement toward an occluding object. In the third figure, the regional difference
of direction and speed likely reflects an object in action.
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These variations of direction and speed contrast, then, inform the observer of the
geometrical details of the surrounding environment with a consistency that is absent in other
components of visual perception. Regional differences of luminance and color, for instance, can
contribute to the edges and contours of objects, and relative luminance levels can provide a cue to
depth, but, unlike motion, these cues are dependent upon an even distribution of ambient light.
Color constancy is an example of a perceptual process that corrects for variations of reflected
light, but this is dependent upon a preceding segregation of a coherent figure (Maloney &
Wandell, 1986). Because of this, true geometry in natural environments, in the absence of motion
information, is easily obscured if ambient light is not evenly distributed. Similarly, some animals,
such as chameleons, are able to change the chromatic and textural patterns on their bodies to
match the luminance and color distribution of their immediate surroundings. It is only when such
animals move against their backgrounds that detection becomes possible, and the geometrical
details of these animate objects are revealed. This ability of motion to accurately reflect the
geometry of the environment makes it an especially powerful tool for animals to quickly and
efficiently navigate through, and interact with, their surroundings.

Local and Global Processing of Motion
The perception of object-related motion and self-movement cues both result from
complex integrative processes, and are dependent upon the interaction of several regions of visual
cortex. Motion processing in the brain proceeds hierarchically from local feature information to
more integrative, “global” patterns. Global coherence of motion refers to the extent to which local
directional inputs contribute to a larger emergent vector of motion in a particular direction or
pattern. Static on a television screen is illustrative of completely incoherent motion, while a flock
of migrating birds is an example of local directional vectors contributing to a global direction
pattern of comparably higher coherence than the static. The three component patterns of optic
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flow—translation, radial expansion, and rotation—are global motion patterns that result from a
computation of local motion vectors relative to one another on the retina. Similarly, local
differences in direction and speed contribute to the kinetic edges that make up the contours of a
motion-defined figure (Hubel & Weisel, 1965; Shapley & Tolhurst, 1973; Heitger et al., 1992;
Williams & Jacobs, 1997; Geisler et al., 2000; Poom, 2002; Poom & Borjesson, 2004). At the
same time, global processing contributes to the rapid perceptual segmentation of a figure region
from its background (Wertheimer, 1923; Koffka, 1935; Kanisza, 1979; Palmer & Rock, 1994),
whether by lateral interactions (Gerrits & Vendrick, 1970; Grossberg & Mingolla, 1985; Pao et
al., 1999) or by top-down feedback mechanisms (Lamme & Roelfsema, 2000; Qiu & Von der
Heydt, 2005; Zhaoping, 2005; Craft et al., 2007; Likova & Tyler, 2008). Incidentally, much of the
research related to motion-defined form focuses on kinetic edges and contours (Orban et al.,
1996; Dupont et al., 1997; Van Oostende et al., 1997; Marcar et al., 2000; Zeki et al., 2003;
Larsson & Heeger, 2006; Mysore et al., 2006), although studies on motion-derived shape
discrimination (Handa et al., 2008; Mysore et al., 2008) focus on more global aspects of motiondefined form processing.

The Processing of Motion in the Brain
This hierarchical procession from local to global processing is reflected in the visual
cortex. Complex cells in primary visual cortex (V1) respond selectively to stimuli moving in
specific directions and at preferred speeds, in addition to certain orientations. These cells are
retinotopically organized, and so their activity corresponds to the stimulation of photoreceptors at
particular local coordinates of the retina. The local feature information of these V1 cells serves as
the basic input for later integration in visual association areas, and global motion results from this
integration of local inputs.
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Perhaps the most important cortical areas implicated with integrative motion processing
are the visual association areas in extrastriate cortex known as MT and MST in macaque, and V5
(or hMT+) in humans (Zeki et al, 1991; Rees et al., 2000). With direct connections to primary
visual cortex (Zeki, 1969; Born & Bradley, 2005), hMT+ computes velocity from local V1 inputs
of direction and speed. It is disparity-selective, and is sensitive to wide-field motion (Britten et
al., 1992; Celebrini & Newsome, 1994; Shadlen et al., 1996; DeAngelis & Newsome, 1999;
DeAngelis & Uka, 2003; Liu & Newsome, 2003; Born & Bradley, 2005; Nover et al., 2005). Not
surprisingly, hMT+ also plays an important role in the processing of various types of global
motion patterns (Britten & Newsome, 1998; Lam et al., 2000; Braddick et al., 2001; Vaina et al.,
2001; Nakamura et al., 2003; Bucher et al., 2006; Cowey et al., 2006; D'avossa et al., 2007),
including optic flow (Showden et al., 1991; De Jong et al., 1994; Lagae et al., 1994; Smith et al.,
1998; Tanaka & Saito, 1998; Morrone et al., 2000; Ruschmann et al., 2000; Ptito et al., 2001;
Beer et al., 2002; Smith et al., 2006; Gilmore et al., 2007; Tashiro et al., 2007; Bartels et al.,
2008). It is likely that any complex motion pattern that is comprised of integrated local inputs,
including a motion-defined figure pattern, then, results from some processing role of this region;
however, the exact role of hMT+ in motion-defined figure processing is unclear.

Neural Substrates of Motion-Defined Figure Processing
Studies on the neural correlates of motion-defined form perception are informative, yet
the body of data culled from such studies is neither comprehensive nor conclusive. For instance,
hMT+ may play an important processing role—since motion-defined figures result from global
integration of local motion differences—but this is a matter of contention. The area is responsive
to the motion disparity components of motion-defined form displays, but some researchers
nonetheless assume no specialized functional role (Orban et al, 1995; Van Oostende et al, 1997;
Zeki et al, 2004). Others, however, have implicated hMT+ both in motion-defined shape
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discrimination (Handa et al., 2008) and in top-down feedback processes for figural grouping
(Super & Lamme, 2007; Likova & Tyler, 2008). Additional research is needed to clarify the exact
role of this multifaceted processing area.
Single-cell and local field potential (LFP) recording studies on macaque visual cortex
(Zeki, 1978; Marcar et al, 2000; Zeki et al, 2003; Mysore et al., 2008), as well as functional
imaging studies on adult humans (Orban et al 1995; Dupont et al, 1997; Tootell et al, 1997; Van
Oostende et al, 1997; Appelbaum et al., 2006; Zeki et al, 2003; Marcar et al, 2004; Larsson &
Heeger, 2006) have revealed several other cortical areas that likely play important roles in
motion-defined figure processing such as V3, V3a, V3b (sometimes referred to collectively as the
V3 complex), V2, V4, hMT+, and Lateral Occipital Complex (L.O.C.). However, there are
discrepancies as to the significance and exact role of many of these areas in processes related to
motion-form. For instance, in addition to the opposing views on the role of hMT+ in motiondefined form processing, the functional role of area V3b has been the subject of much contention.
Considered by some (Orban et al 1995; Dupont et al, 1997; Van Oostende et al, 1997) to be the
primary region for motion contour processing, V3b has also been conceptualized as a cueinvariant contour processing region (Zeki et al., 2003; Larsson & Heeger, 2006) and a general
integration area that specializes in depth-related differentials of motion (Beer et al., 2002, Tyler et
al, 2006).
Clearly, more research is needed to determine the precise areas involved in the various
components of motion-defined figure processing, as well as their particular functions. With the
exception of some single unit recording studies on monkey cortex, most investigations of the
neural correlates of motion-defined figure or contour processing focus on basic comparisons of
responses across different brain areas to qualitatively distinct visual stimuli. Because of this, we
have a very poor understanding of cortical areas or networks that are sensitive to the magnitude of
motion contrast that contributes to figure segregation. Additionally, it is important to isolate a
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region or network whose activation reflects later global processing of this motion contrast
information, such as that necessary for the segregation of a coherent figure from its background.
Once these relevant processing regions and their response properties are determined, it would be
informative to reveal how these later integrative processes relate to the simple motion detection
mechanisms in V1, which operate according to particular stimulus criteria according to both
spatial and temporal frequency.

Tuning Properties & Frequency Tagging
The experiments described in this thesis attempt to address some of these unanswered
questions. To my knowledge, they are the first to parametrically investigate cortical responses to
displays of motion-defined figures that modulate direction and speed contrast information, with
the intention of locating areas that are sensitive to variations in magnitudes of motion contrast,
and to compare the shape of response sensitivity across these different motion contrast
parameters. They also attempt to characterize the spatial and temporal thresholds of the
responses, relating their properties to those of the V1 motion detection mechanisms, and thus
providing a link from these global processes to the constraints of earlier local processing.
For these experiments, brain activity in human adult participants were recorded via a lowdensity montage of five electrodes, placed on scalp locations corresponding to medial and lateral
visual cortex. Evoked responses were recorded as subjects viewed random dot displays of
motion-defined figures. The magnitude of motion contrast in the displays was quantitatively
varied, and the tuning curves of evoked responses across different magnitudes were compared
across three different motion contrast parameters. These three parameters were figure/ground
differences in dot direction, speed, and coherence (see Figure 3).
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Figure 3: Contrast parameters used for electrophysiological study on responses to motion-defined figure
displays. From left to right, direction differences, speed differences, and dot coherence differences.
In natural settings, the motion contrast components of motion-defined figures are
regional differences of direction, speed, as well as combinations of both. As was illustrated in
Figure 2, speed differences could be computed in two ways: as a comparison of absolute speed to
a zero measurement, or as a computation of relative speed differences. Because there is reason to
believe that cells in the visual cortex do not respond in any simple additive fashion to transitions
from no motion to motion (Mikami et al., 1986; Tanaka et al., 1986; Cao & Schiller, 2003), a
parametric investigation of responses to speed would not be possible for contrast values of
absolute speeds, and so relative speed differences are used in this study. Additionally, although
dot coherence, which is a global computation of directional consistency based on local inputs,
does not necessarily reflect motion properties of objects in the real world, this contrast component
was included in my investigation because of a possible functional link to the motion integration
area hMT+, which is thought to be necessary for such statistical sampling of local directional
motion information.
The spatial and temporal thresholds of evoked responses to motion-defined figures were
examined in another study (Figure 4).
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Figure 4: From left to right, an example of reduced dot density on edge and contour
information, and a comparison of longer vs. shorter dot lifetime settings.
In order to determine the size of the receptive fields of these global processing centers, the effect
of various dot density settings (which contribute to local edge information) on responses to
direction contrast-defined figure displays was examined. Then, to determine the processing speed
of the motion-defined form responses, dot lifetime settings—which determine the number of
frames the dots remain at particular coordinates on the screen before being relocated—were
parametrically controlled and their effect on evoked responses to motion-defined figure displays
was investigated. I have thus come up with a set of studies that addresses several aspects of
cortical sensitivity to motion-defined figure information.
All of these studies employed a low-density electrode montage to record steady-state
visual evoked potential (SSVEP) responses to the displays of motion-defined figures. The SSVEP
modality provides an experimenter with the ability to localize, or “tag,” functions related to the
stimulus via frequency analysis. Similar frequency-tagging procedures have been used to isolate
cortical components of Vernier processing (Skoczenski & Norcia, 1999), motion coherence (Hou
et al., 2009), general figure and ground processing centers (Appelbaum et al., 2006; Appelbaum
et al., 2008). Additionally, the excellent temporal sensitivity of EEG allows researchers to capture
the activity of very rapid motion integration processes; thus, although functional magnetic
resonance imaging (fMRI) can provide a fine spatial resolution that would serve a functional
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localization study well, the dependence of the BOLD signal on blood flow results in a temporal
resolution that may not be adequate for the goals of these experiments.
By means of the SSVEP frequency tagging method employed in these studies, important
response properties of visual cortex to motion-defined figures have been revealed. In Experiment
1, general cortical response preferences of figure/ground contrast relationships were examined.
The results of this preliminary study informed the design of the displays used in Experiment 2,
which compared evoked responses to motion-defined figured derived from quantitatively varied
magnitudes of motion contrast. In Experiment 3, dot lifetime settings were controlled in order to
parameterize the level of temporal information necessary for the generation of the responses
observed in Experiment 2. Similarly, for Experiment 4, dot density settings were varied to test the
spatial threshold of the motion-defined figure responses. A low-density electrode array was
employed in Experiments 1 through 4 for the sake of compatibility with a related developmental
study, as with previous motion processing SSVEP studies (Gilmore et al., 2007; Hou et al., 2009).
Finally, for Experiment 5, a high-density montage of 128 electrodes was employed to better
localize the spatial coordinates of the functionally distinct responses to motion-defined figures
along scalp. The results of these experiments will add some significant insight into our
understanding of cortical contributions to motion-defined figure processing, as well as its role in
the perception of objects and of complex motion.
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Chapter 2

Experiment 1: Preliminaries
Before beginning a parametric investigation of sensitivity to motion-define figure
displays, a preliminary experiment was conducted to test for general preferences, in terms of
evoked potential amplitude, of motion-defined figure displays with qualitatively different
figure/ground relationships of motion contrast. This was designed with several purposes in mind:
first, it was important to confirm that motion-defined figure signals can indeed be detected using
SSVEPs. Such a study on human cortical responses to figures defined by variations of direction,
speed, and coherence had not yet been conducted. Additionally, evoked responses to motion cues
are generally weaker in amplitude than those to other visual stimuli. Before conducting a
parametric investigation on response sensitivity to gradual changes in motion contrast magnitude,
then, it was necessary to first conduct an experiment that would establish a baseline maximal
response to motion contrast-defined figure displays, relative to other types of complex motion.
The study was run with the intent of testing the feasibility of data acquisition, of acquiring a
reference point for the response properties explored in Experiments 2 through 5, and of attaining
a general sense of how these responses compare with those to non-figural global motion.
Second, in the interest of obtaining an optimal signal-to-noise ratio, and therefore
yielding the strongest responses possible for the subsequent parametric study, different variations
of motion-defined figure display settings were compared in Experiment 1. The parameter space is
quite large for such a paradigm, as no similar study has yet been conducted; because of this, there
are a great many display variables—such as display diameter and figure size—that remain
unexplored, due to constraints of recording time.
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The responses to motion-defined figures were not expected to differ greatly across the
qualitatively different variations of motion-defined figure/ground contrast, since all of these
displays had identical temporal modulation components: a modulation from a phase of uniform
motion to one of regional contrast that occurred at 1.2 Hz. Any difference, though, was to be
considered for the design of displays for Experiment 2. Conversely, the figure responses were
predicted to differ significantly from those to coherent global motion, although no particular
preference was hypothesized. Activity recorded at laterally placed electrodes (such as those
placed along 10-20 positions PO7 and PO8) was expected to be robust in response to the figurefree global translation displays, as this region of scalp is thought to correspond to hMT+, which
has demonstrated sensitivity to wide-field global motion patterns, including translation (Gilmore
et al., 2007; Morrone et al., 2000; Beer et al, 2002). However, since motion-defined form displays
also consists of global motion components, it was not known whether or not this area would
respond differentially to displays of motion-defined form.

Methods
Participants
39 Penn State university undergraduate and graduate students (21 female, mean age = 20,
range = 18-27) participated in the study. All participants had normal or corrected-to-normal
vision.

Display
Participants viewed random dot displays on a monochrome Macintosh G4 monitor with
an 800 x 600 pixel resolution, at a viewing distance of 60 cm, and a 20° x 20° visual angle. The
displays consisted of 85.41 cd/m2 white dots moving against a black background (0.74 cd/m2;
mean luminance=43.244 cd/m2; luminance contrast= 90%) at a dot update rate of 36 Hz, and a
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screen refresh rate of 72 Hz. The dot lifetime for each display condition was 277.78 ms, a
duration that is a good deal greater than each modulation cycle of .833 ms. The display conditions
consisted of three main categories: motion-defined form displays in which the contrast-dependent
figure is static (henceforth referred to as the static-figure conditions), motion-defined form
displays in which the figure moves (henceforth referred to as the moving-figure conditions), and
figure-free displays that modulated from coherent to incoherent translational motion (henceforth
referred to as the no-figure conditions). There were four static-figure conditions, five movingfigure conditions, and two no-figure conditions. Figure 5 shows the display types used in the
preliminary study.

Figure 5: Display types of Experiment 1. From left to right, static-figure group, movingfigure group, small no-figure display, and large no-figure display.
In the static-figure and moving-figure displays, figure dots modulated from a Figure Off
phase—during which all dots move uniformly on the screen—to a Figure On phase—during
which motion contrast contributes to the appearance of a figural square—at a frequency of 1.2 Hz
(the fundamental frequency, or F1). Display conditions consisted of different figure/background
relationships of motion: a static figure against a coherently translating background, coherently
translating figure dots against an incoherent background, static figure dots against a coherently
moving background, etc. In the no-figure displays, dots modulated from coherent translational
motion to incoherent motion (with a dot direction range of 180°) at 1.2 Hz. One of the no-figure
displays had a display diameter identical to that of the motion-defined form displays (20° x 20°),
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while the other had a display diameter identical to the figure region of the motion-defined figure
displays (14° x 14°).

Procedure
Participants were instructed to fixate on a cross in the center of the screen and try not to
move or blink during trials (they were allowed to stretch and rest their eyes in between recording
trials). Each trial consisted of 10 cycles, or 833 ms of on/off modulation. 10 trials were recorded
for each condition for all recording sessions. To minimize habituation, conditions were recorded
in blocks of either 2 or 4 trials, mixed randomly until 10 trials had been recorded for all
conditions.

VEP Recording
Steady-state visual evoked potential (SSVEP) responses to the displays were recorded via
5 Grass gold cup surface electrodes placed on the scalps of participants with a thick conductive
gel (10-20, D.O. Weaver). The low-density montage used for the study consisted of 5 points
along lateral visual cortex, in 10-20 coordinate space: PO7, O1, Oz, O2, and PO8. All electrodes
were referenced to the vertex (Cz). Electrode sites were first abraded with an exfoliating paste
(NuPrep) before electrode application. Electrode impedance for each session was between 1 and
10 kilo Ohms. The electrical activity at the scalp was amplified by a factor of 50000, by Grass
Model 12 amplifiers, with analogue filter settings of 0.3 – 100 Hz, measured at -6 dB points. The
EEG was digitized to 16 bit accuracy at a sampling rate of 779.92 Hz. Artifact rejection
parameters were employed to reject display cycles containing raw amplitudes that exceeded a
threshold of 30 µV. If 10% of cycles within a trial were rejected, the entire trial would be
rejected. Using these rejection criteria, no trials were rejected for any participant in this study.
The steady-state evoked potential activity was analyzed offline with Power Diva Host software.
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The software analyzes, in the frequency domain, amplitudes phase-locked to the stimulus, with
respect to harmonics of the fundamental frequency (1.2 Hz) of the displays, and computes a twodimensional t-test called the t2circ (Victor & Mast, 1991) to assess which responses are
significantly above noise.

Results & Discussion
Responses were observed at the first (1F1) and second (2F1) harmonics of the
fundamental frequency for all conditions. Figure 6 shows a comparison of responses across
categories. A multivariate analysis of variance (MANOVA) was computed using SPSS software
(version 16.0), with the real and imaginary properties of the signal values as independent
variables, and stimulus type as a fixed factor. The results (shown in Figure 7) indicate a
significant effect of stimulus type (Pillai's Trace - F(4,1754) = 44.218; p < 0.05). A post hoc
analysis shows that the effect of each stimulus type is significantly different from one another for
both real and imaginary signals. Within the static-figure and moving-figure categories, no
condition type elicited much stronger responses than the others, though, overall, the movingfigure displays elicited stronger responses than the static-figure displays.

Figure 6: SSVEP responses to static-figure, moving-figure and no-figure display groups, at 1F1
and 2F1.
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Figure 7: Multivariate Analysis of Variance reveals a significant effect of stimulus type on
both real and imaginary signal values. A Tukey HSD test reveals significant differences of
all stimulus types. Type 1 = static-figure; Type 2 = moving-figure; Type 3 = no=figure.

Interestingly, although responses within the static-figure category were relatively
uniform, the display conditions in which the figure was defined by static dots against moving
background dots elicited weaker responses at 1F1, and stronger responses at 2F1, than the other
static-figure conditions. The condition in which the background dots translated coherently against
the static figure dots, in particular, elicited weak 1F1 responses, but very strong 2F1 responses.
While this finding does not contribute directly to the general questions that drove our preliminary
study, it may reveal a particular sensitivity in the visual cortex to transitions from static to
coherent motion that occur in the foveal region. Future research may be designed to better
examine the implications of this finding.
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While the moving-figure displays elicited larger responses overall than the static figure
displays, the two no-figure displays gave the biggest 1F1 responses. Generally, this could reflect
a property of responses to global motion as a function of stimulus diameter and motion type. This
might also indicate that left/right coherent translational motion, an important motion component
of optic flow, is a more salient stimulus than motion-defined figure patterns. However, it could
also simply be due to the limitations of the study. One such limitation was the limited number of
display parameter variables used for the figure displays. A study varying display diameter and
figure size, for instance, could more effectively explore the effects of stimulus diameter and
motion type on evoked response amplitude. While this would provide valuable information about
the relative processing preferences of global motion patterns, this question is outside the scope of
the experiments included in this thesis.
Another limitation to the interpretation of the results was the spatial acuity of the lowdensity electrode montage. This montage was used for compatibility with related SSVEP studies
on motion processing on infant and children populations Nonetheless, the use of such a limited
array of recording sites risks the possibility that a crucial activation site is overlooked. In order to
verify that the cortical areas specialized in the components of our motion-defined figure displays
were adequately represented by the 5-channel montage used in Experiment 1, a follow-up
experiment using a high-density montage of 128 electrodes was conducted (Experiment 5).
Despite its limitations, Experiment 1 demonstrated that a reasonably robust signal related
to motion-defined figure information could be acquired with SSVEPs. The results provide a
baseline for future VEP studies on responses to motion-defined figure components in humans,
including its follow up study, a parametric investigation of these responses to gradual variations
of motion contrast magnitude. The details of this parametric study are discussed in the next
chapter.

19

Chapter 3

Experiment 2: Tuned Responses to Motion-Defined Figures
No differential activity was found in response to the qualitatively different
figure/background relationships of motion in our displays for Experiment 1, save for the
difference between static figures and moving figures, but what about cortical sensitivity to
quantitative variations of contrast magnitude? This experiment sought to explore parametrically,
the tuning of responses to motion-defined figures of varying magnitudes of motion contrast,
across three parameters: dot direction, speed, and coherence. For Experiment 1, all of the displays
were generated according to parameter settings that varied in combinations of dot speed, dot
coherence, and dot direction differences between figure and background, so as to present the
largest possible contrast magnitude for a given condition (for example, completely incoherent
figure dots moving against completely coherent background dots). Here only one contrast
parameter per condition set was varied, and all other parameter settings for figure and background
dots were identical. By keeping all other parameters identical, it was possible to isolate the
response tuning to the each of the quantitatively varied contrast parameter, and thus obtain the
first set of data on the sensitivity of visual cortex to the contrast components of motion-defined
figures.

Methods
Participants
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45 Penn State university undergraduate and graduate students (23 female, mean age=22,
range=18-27) participated in the study, with 15 participants for each of the three display groups.
All participants had normal or corrected-to-normal vision.

Display
The viewing procedure and dot displays for this study were identical to those of
Experiment 1, except for a few important changes (see Figure 8).

Figure 8: Prototype for Experiment 2 displays. In the
Off phase, all dot motion was identical; in the On phase,
a contrast magnitude for only one parameter contributes
to the onset of four “figures” in the perifovea.
Additionally, for each display, the parameter settings for figure and background dots
were identical to one another, except for a difference of a certain magnitude of dot coherence,
speed or direction. Perceptually, the figure and background dot movements of each of the
displays were indistinguishable from one another, save for those defined by the contrast
parameter of a particular display group. The sensitivities to these motion-contrast-dependent
forms could thus be explored by comparing the cortical responses to differing magnitudes of
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contrast for each parameter of interest. Each of the three display groups consisted of six
conditions of a particular contrast magnitude, approximately log-spaced. For the direction group,
the displays consisted of differences in figure and background dot direction mean by degree. The
differences were: Δ7°, Δ22°, Δ45°, Δ68°, Δ113°, and Δ180°. For the coherence group, the
displays consisted of differences in figure and background dot coherence by percent. The
differences were: Δ10%, Δ20%, Δ40%, Δ60%, Δ80%, and Δ100%. For the speed group, the
displays consisted of differences in figure and background dot displacement by arc min at 72 Hz,
yielding differences in dot speed. Figure minus background speed settings were: 12 - 13.2
deg/sec, 10.8 - 14.4 deg/sec, 9.6 – 15.6 deg/sec, 8.4 – 16.8 deg/sec, 7.2 – 19.2 deg/sec, and 7.2 –
21.6 deg/sec, making for differences of: Δ1.2 deg/sec, Δ3.6 deg/sec, Δ6 deg/sec, Δ8.4 deg/sec,
Δ12 deg/sec, and Δ14.4 deg/sec. The maximum magnitude used for the speed group was partially
due to an artifact that appeared on any larger dot displacement settings: at our background dot
frequency of 36 Hz, displacements larger than 12 minutes of arc would result in figure dots that
translate off of the right of the display, then reappear on the left side.
Also different from Experiment 1 was the number of figure regions emerging from the
background dots. For the static-figure and moving-figure displays of Experiment 1, one single
figure positioned in the center of the screen emerged every 417 ms. In order to ensure that the
motion-defined contours were being presented within the participants’ perifoveal region (10-15°
of visual angle), a multi-figure design was incorporated for the displays in Experiment 2.

Procedure & VEP Recording
These were identical to those of Experiment 1.

Results & Discussion

22
Like Experiment 1, significant activity was observed at the first (1F1) and second (2F1)
harmonics of the fundamental frequency of 1.2 Hz. Each condition for all groups yielded
responses that were significant at the p < .05 level, and most at the p < .01 level. Figure 9 shows
the tuning properties of these responses for each display group.

Figure 9a: SSVEP Responses to Direction Contrast-Dependent Figure Displays.
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Figure 9b: SSVEP Responses to Speed Contrast-Dependent Figure Displays.
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Figure 9c: SSVEP Responses to Coherence Contrast-Dependent Figure Displays.

The response amplitudes at 1F1 for each group increase monotonically as the motioncontrast magnitude increases, while those at 2F1 increase at a particular contrast magnitude, then
instantly saturate, with identical activation for each successive increase in contrast magnitude.
Since every dot display consists of an on/off square modulation of contrast to no contrast
between figure and background dots at 1.2 Hz, the 1F1 response pattern is interpreted to
correspond with the motion contrast that is presented once each cycle, with the magnitude of the
response dependent on the magnitude of the contrast between figure and background dots. The

25
sigmoid shape of the 2F1 activity across conditions seems to reflect a response that is invariant to
contrast magnitude, at least once a certain threshold has been reached. Cells in V1 have been
shown to respond both to the onset and offset of a particular visual "event" (Shapley & Tolhurst,
1973; Orban & Lagae, 1990; Heitger et al., 1992), as have later association areas such as L.O.C.
(Appelbaum et al., 2006; 2008). These second harmonic responses are therefore interpreted to
correspond with the onset and offset of the contrast-dependent figures that modulate at 1.2 Hz in
each display. The invariant response pattern across contrast magnitudes very likely reflects
receptors that detect the appearance and disappearance "events" of the figures, which occur twice
each cycle and would not be dependent upon increases of contrast magnitude once a certain
threshold has been reached. Thus, it seems that Experiment 2 has revealed two signature response
components to motion-defined form via a low density: the motion contrast dependent response
and a contrast magnitude-invariant "figural" response.

Experiment 2b: Direction Tuning Revisited
The results of this first parametric experiment, particularly those for the direction contrast
condition, raised a question that deserved special attention. Similar to the other groups, the logspaced contrast magnitude values used for this group yielded a monotonic increase in response
amplitude by magnitude increase, with highest amplitude observed for the Δ180° condition. In
this particular display condition, figure dots would simultaneously translate in the opposite
direction of the background dots. Interestingly, this simultaneous motion in opposing direction
has been shown to elicit inhibited responses in receptors with opposing center-surround
preferences of direction, such as cells in hMT+ (Snowden et al, 1991). A study comparing
responses of hMT+ and V1 cells to displays of dots moving in receptor groups’ preferred
directions to those for transparent motion displays of simultaneous opposing motion (along the
cells’ preferred and anti-preferred directions) showed that hMT+ cells were inhibited by the latter
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type of display, while V1 performance was unaffected (Snowden et al, 1991). This could support
the notion that local level contour perception is unaffected by the parameters of the Δ180°
condition, and could also serve to support some authors' position that hMT+ does not play a
major role in the processing of motion-defined form. Still, because it is not clear what role V1 or
hMT+ cells have in the responses observed in our study, I chose to test responses to displays of
different contrast magnitudes than those used in Experiment 2a—especially one of Δ90°—in
order to confirm that the true shape of the response pattern was not being overlooked, and to
provide some insight into the particular firing characteristics (with regard to preferred and antipreferred directions effects) of the cell groups responsible for the responses observed in
Experiment 2a.

With a new set of log-spaced values of dot direction contrast, designed to include Δ90°,
the responses observed in this study were to be compared to those of the original direction study,
either validating the shape of the original responses, or revealing aspects of the responses curve
that had been overlooked, perhaps reflecting the on/off center-surround firing preferences of cells
in hMT+. If 1F1 responses to the displays peak at the Δ90° condition, and then either gradually
decrease or plateau and drop dramatically at the Δ180° condition, this would indicate that the
cortical area responsible for the 1F1 is indeed inhibited by the simultaneous stimulation of cell
groups along their preferred and anti-preferred directions, which occurs when stimuli at the local
level translate in opposing directions. This could reflect an important role for area hMT+ in the
generation of the 1F1 response, or at least another cortical processing area with similar
organizational or integrative properties. Finally, this might indicate that the 1F1 responses
observed across the three contrast parameters in Experiment 2a correspond with different
respective cortical sources rather than a general processor of motion contrast magnitude.
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On the other hand, if the 1F1 responses to the displays in this second direction study
increase monotonically by direction contrast magnitude like those observed in the previous study,
this could reflect an integrative processing area with activation that depends solely upon the
magnitude of motion contrast presented, and is not similar to area hMT+ in its sensitivity to local
excitatory and inhibitory interactions.

Method
Like the first tuning study, we employed a low-density electrode montage to record and
compare the evoked responses for this experiment. The display parameters were identical to those
used for the previous direction tuning conditions. The conditions consisted of displays with
figures derived from direction differences that increased in an approximately logarithmic fashion,
and included a Δ90° condition, and did not overlap with the values chosen for the previous
direction experiment.

Results
Figure 10 illustrates the results of this experiment. Similar to the results of the first tuning
study, responses at 1F1 increased monotonically as direction difference increased. The Δ90°
condition did not elicit a larger response than any of the greater magnitude settings, including
Δ180°. The response to the Δ90° condition merely contributes to a gradual increase in response
amplitude by direction difference, with the Δ180° condition eliciting the highest response. This
response property of the evoked activity recorded at 1F1 is taken to reflect a cortical area that is
not dependent upon local direction information, and operates on a more global scale from
integrated inputs. The shape of the responses, then, do not appear to reflect the activity of cells in
hMT+, or any cortical area with opposing center-surround activation direction preferences. This
interpretation accounts for a data set that does not show evidence for reduced activity for
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conditions in which local-level receptors would receive stimulation along both their preferred and
anti-preferred directions.

Figure 10: SSVEP Responses to Direction Contrast-Dependent Figure Displays, with different
contrast values than those of Experiment 2a.
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Discussion
This parametric investigation of evoked responses to motion-defined figures of
quantitatively varied magnitudes of motion contrast has revealed the sensitivity curves at two
frequencies: 1.2 Hz (1F1), the rate of modulation from Figure On phase to Figure Off phase, and
2.4 Hz (2F1), the rate at which the figures emerge from and disappear into the background dots.
As confirmed by the results of Experiment 2b, the responses at 1F1 and 2F1 are similar in shape
across all three contrast parameters: responses at 1F1 increased monotonically with motion
contrast magnitude, and reflect a cortical sensitivity to modulations of motion contrast, while
responses at 2F1 increased quickly at a particular magnitude, then saturated, perhaps reflecting a
magnitude-invariant figural event detection mechanism, activated once a certain threshold of
contrast magnitude has been reached.

Aside from the possibility of an inadequately represented tuning curve of responses to
modulations of direction contrast, which Experiment 2b has resolved, there were some other
limitations to Experiment 2a. The first was the poor spatial sensitivity of the 5-electrode montage
with regard to activation along the scalp. The low-density montage was used in Experiment 2 for
compatibility with a similar study on a developmental population. Once this first set of data was
collected, however, it became necessary to conduct a high-density follow up, employing a
montage of 128 electrodes, with the hopes of adequately capturing the spatial distribution of the
responses along the scalp, and making the first steps toward localizing their respective cortical
sources.
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Another limitation of the study was the range of speed contrast settings used. Due to the
presence of an artifact in which the figures of displays with dot displacements larger than 12
minutes of arc move off of the screen and appear on the opposite side, I chose to limit the range
of possible contrast settings to a maximum of 12 minutes of arc (corresponding to the speed
setting of 14.44 deg/sec). It would be possible to obtain higher speeds at smaller dot displacement
settings by having the dots update at a temporal frequency other than 36 Hz. For the sake of
consistency, however, as well as compatibility with other VEP studies of motion processing, I
decided to continue my use of 36 Hz as the dot update rate, and to discontinue my investigation
of speed sensitivity for this set of experiments. The monotonic trend of the 1F1 response is
informative enough for the purpose of this thesis, although a future study will have to employ
different dot update rates in order to reliably capture the range of the response tuning to speed
contrast.
Regardless of such shortcomings, however, the results of Experiment 2 reveal two
functionally distinct responses to motion-defined figure displays. Following these results,
Experiment 3 and 4 explored the temporal and spatial thresholds of these responses, in the interest
of understanding these cortical processing centers with respect to other motion processing
mechanisms.
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Chapter 4

Experiment 3: Timing Properties of Responses to Motion-Defined Form
By characterizing the temporal threshold of the two motion-defined figure responses
observed in Experiment 2, it is possible to understand their underlying cortical sources with
regard to other motion processing mechanisms, such as the local motion detectors of V1. Adelson
& Bergen (1985) proposed a model of motion detection by V1 cells in which a detector cell
received inputs from at least two cells tuned to spatial frequency information (see Figure 11).

Figure 11: The motion energy model,
from Adelson & Bergen (1985)
Such detectors of local motion, given an appropriate temporal sequence, need only two
samples of spatial information, which, in my experiments, would correspond to two frames of dot
generation in the random dot displays. Most visual studies that employ dot displays use very short
dot lifetime settings, but I chose to use a long dot lifetime setting (100 frames, or 277.78 ms) for
all displays of Experiments 1 and 2. This was in the interest of eliciting the largest possible

32
response, optimal for parametric investigation, since evoked responses to motion are weak
compared to those of other visual cues. Quantitative manipulation of dot lifetime settings,
though, will provide insight as to precisely how much temporal information is needed in order to
elicit the motion-contrast and figural event responses observed in Experiment 2.
Manipulating dot lifetime settings can not only characterize the temporal threshold of the
motion-defined figure responses, it can also investigate the dependence of the response’s cortical
sources on local spatial information, caused by motion streaks. Burr (1980) reported that stimuli
moving across local motion receptors at fast speeds and short durations can provide spatially
distributed streaks, due to the temporal summation of neighboring cells activated by the moving
stimulus. Geisler (1999) found that these motion streaks provide orientation information that
complex cells in V1 can respond to, assisting the detection of motion direction even in ambiguous
circumstances. Figure 12 shows results from a study by Burr (1980) investigating the effect of
exposure duration and speed on the perceived length of motion streaks.

Figure 12: From Burr (1980). Chart depicting motion streak intensity as a
function of dot speed and exposure duration.
According to the chart, exposure durations longer than 30 ms result in declines in
perceived motion streak length. This is much shorter than the dot lifetime setting of 277.78 ms
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used in Experiment 2, and so it is highly unlikely that the response could be considered to be
reflective of the processing of orientation cues rather than of motion. Nonetheless, an
investigation of responses to motion-defined form at short dot lifetime settings can reveal the
extent to which the cortical sources of the motion-defined figure responses are dependent upon
temporal summation properties similar to those described in Burr (1980; 2000) and Geisler
(1999). Figure 13 depicts two possible outcomes of the 1F1 response for this investigation.

Figure 13: Possible results for Experiment 3. On the left is a chart conveying results that reflect
responses dependent upon motion streaks, with the highest lifetime setting of 277.78 ms being the
value used for Experiments 1 and 2. On the right is a chart depicting results that reflect a
threshold of motion information, without dependence on motion smear.
In the first scenario, one in which the cortical sources of the motion-defined figure
responses are dependent upon the temporal summation properties that contribute to motion
streaks, the maximum response would be to the lowest lifetime setting of 55.56 ms, as this would
elicit the greatest amount of spatial information in addition to the dot motion. The responses of
Experiment 2 at 277.78 ms, then, would be at the lower end of a negatively accelerated curve. In
the second scenario, one in which motion streaks would not provide extra spatial information, the
results would merely reflect the temporal threshold of the motion-defined form responses, with all
lifetime settings greater than the threshold eliciting invariant responses. This investigation would
makes it possible to explore the timing properties of the figural response at 2F1; the temporal
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threshold necessary for figural event detection has not yet been addressed in research, and will
thus prove to be informative.

Method
Display
The display settings for this study were largely identical to those used in the preliminary
tuning study. The parameter setting that differed across conditions was that for dot lifetime.
Keeping in mind that at least two frames of spatial information are needed to compute motion, I
started with the shortest possible lifetime setting of 2 update cycles at 36 Hz (lasting 55.56 ms),
and progressed logarithmically to a maximum of 16 update cycles (lasting 444.44 ms). Since dot
lifetime itself is not modulated in the display, but merely contributes to the duration of time the
dots remain onscreen before being repositioned throughout the entire display cycle, another
parameter was chosen to modulate in time, contributing to the steady-state appearance and
disappearance of the contrast-dependent figure, relative to the background. For this study, display
parameters for all conditions included a figure/background direction contrast setting of 90°.
Responses to figures based on this contrast magnitude were thus compared across various dot
lifetime settings, with the intent of determining the threshold at which the 1F1 and 2F1 responses
observed in Experiment 2 are elicited. If responses were highest at the lowest dot lifetime setting,
this would serve as evidence that they indeed reflects the activation of cortical area with temporal
summation properties that contribute to motion streaks. On the other hand, if responses increase
at a specific dot lifetime setting, and then saturate, this would indicate that the motion-defined
figure responses are not dependent upon the orientation cues of motion streak information.
Moreover, the temporal thresholds of the responses will reveal the speed of processing of the two
responses, relative to local motion detection mechanisms.
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Procedure & VEP Recording
Because the increased spatial acuity afforded by high-density electrode montages would
not be necessary for attaining temporal properties of a response—and in the interest of
maintaining compatibility with other VEP studies on motion processing in children and infants—
a low-density montage of five electrodes was again employed to address the temporal thresholds
of the motion-defined figure responses. The recording procedures were therefore identical to the
previous low-density studies.

Results and Discussion
Figure 14 illustrates the results of this experiment. Evoked responses at 1F1 and 2F1
were not observed for the lowest dot lifetime of 55.56 ms for any channel, but were uniformly
strong for all other conditions, including the condition corresponding to a dot lifetime setting of
111.11 ms (or 4 frames).
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Figure 14: SSVEP Responses to Direction Contrast-Dependent Figure
Displays, varied by dot lifetime settings.
These results demonstrate that the two responses observed in Experiment 2 do not reflect
cortical areas that depend upon the temporal summation properties necessary for motion streak
cues. Instead, they reflect a temporal integration threshold for motion extraction processes that
require only small durations of stimulation. The temporal threshold for both the 1F1 and the 2F1
responses lay between 55.56 – 111.11 ms, or 2 - 4 frames of dot displacement at 36 Hz. These are
rapid processes, requiring only one or two more frames of spatial displacement than the simple
motion detectors in V1, which would be active at 55.56 ms in this experiment. These results
confirm the interpretation of both the motion contrast and figural event response as corresponding
to later, global processes, relative to the earlier processes of local motion detection—as well as
the temporal summation of spatial cues for certain exposure durations. The next Experiment
investigates the spatial thresholds of these responses, in an attempt to further understand the
activation properties of their underlying cortical mechanisms.
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Chapter 5

Experiment 4: Dot Density & Motion Contrast Responses
To what extent is our 1F1 motion contrast response specific to local edge components, or
to contours? Figures defined by motion contrast are often examined with regard to kinetic edges
or contours (Kaufmann-Hayoz et al., 1986; Orban et al. 1995; DuPont et al., 1997; Van Oostende
et al., 1997; Geisler et al., 2001; Johnson & Mason, 2003; Zeki et al., 2003), but others stress the
importance of top-down mechanisms for figure segregation (Palmer & Rock, 1994; Qiu & von
der Heydt, 2005; Palmer & Brooks, 2008; Vinberg & Grill-Spector, 2008). Gestalt psychologists
like Koffka (1935) famously eschewed bottom-up approaches to perception in favor of those that
emphasized meaningful cohesion, such as the principles of grouping components in the visual
field by featural parameters. A supporting example in the research of figure perception is
Kanisza's (1955) work on illusory contours, which demonstrates that visual completion of figures
can be perceived with minimal local edge information contributing to the percept. While the
responses observed in Experiment 2 are dependent on some level of local information, since they
are elicited by the motion of individual dots in our displays positioned at various local areas of
the visual field, it is important to examine if the 1F1 motion contrast response is dependent on
coherent contour information, or if it reflects global processing of magnitude of regional motion
contrast, contributing to perceptual grouping by common fate (Edwards, 2009). This approach
will serve to further isolate the functional sources of the response tags of Experiment 2.
One way to manipulate the amount of information that contributes to the motion-defined
contour is to change the dot density parameter settings of a motion-defined figure display.
Different settings will either limit or increase responses from areas dependent on local edge or
two-dimensional contour information. If the response is indeed contour-specific, finding the
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threshold of such a response is important, as it informs us of how much local edge information is
needed before the cortical area that is sensitive to contours becomes operational. If the response
consists of distinct contour-specific and global contrast components, this will serve as a first step
toward distinguishing the sources of such processes.

Methods
Display
Most of the parameter settings for the displays remained unchanged from the previous
experiments. The principal difference between conditions was the amount of dots present on the
screen as they modulated through time. Starting with a sparse density setting of 2%, parameter
values increased in approximately logarithmic fashion to a setting close to the maximum value of
25%. Like the dot lifetime study, the modulating contrast of each display condition consisted of a
direction contrast setting of Δ90°.
An observed difference between responses across the display conditions of different dot
density settings would indicate that the 1F1 motion contrast response observed in Experiments 1
through 3 is a contour specific one. If there is no difference in responses across all different
density settings—even for the lowest setting of 2%—this would then indicate that the motion
contrast magnitude-dependent response observed operates independently of contour information,
and instead extracts contrast magnitude information from globally defined regions of motion
contrast.
Results & Discussion
Figure 15 illustrates the results of the study. Across all conditions of dot density, evoked
potential responses at 1F1 and 2F1 were uniformly strong. Medial channels showed responses of
the highest magnitude at 1F1, while the response amplitudes at 2F1 were slightly higher at lateral
channels.
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Figure 15: SSVEP Responses to Direction Contrast-Dependent Figure
Displays, varied by dot density settings.
The results show that, even under the sparsest of signal conditions, including the dot
density setting of 2%, the responses for motion-contrast magnitude and figural event detection are
uniform and robust. The invariantly strong responses suggest that the mechanisms underlying the
motion contrast response and the figure response both process information globally, with little
dependence upon local edge or contour information. Due to the medial trend of the activity across
channels, possible cortical sources of this activity include V3b, or V2. V3b has been labeled as
cue-invariant contour processing area (Zeki et al., 2003; Larsson & Heeger, 2006), but has also
been thought to contribute to a more general computation of depth (Beer et al., 2002; Tyler et al.,
2006). V2, on the other hand, plays an important role in illusory contour processing, (Peterhans &
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von der Heydt, 1989; von der Heydt & Peterhans, 1989; Heitger et al., 1992), which requires the
computation of a global pattern from minimal local contrast information. If our response at 1F1,
with amplitudes that are not dependent on contour information, indeed reflects activity in these
regions, this would serve as evidence against the interpretation of the V3 complex as an area
specialized in the processing of contours. Experiment 5, which employed a high-density montage
of 128 electrodes, was conducted to better localize the coordinates on the scalp that best
correspond with this contrast magnitude-dependent response. The details of this high-density
experiment are discussed in the next chapter.
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Chapter 6

Experiment 5: Motion-Defined Figure Tuning & High-Density VEP
In the interest of maintaining compatibility with data from an ongoing developmental
study, as well as previous VEP studies on motion processing (Gilmore et al., 2007; Hou et al.,
2009), I decided to employ a low-density montage of five electrodes for my initial parametric
investigation of responses to motion-defined figure displays (Experiment 2). However, since a
five-electrode montage could likely miss activity from a relevant cortical processing area, a highdensity study would ensure that all possible scalp sites corresponding to important cortical areas
are included for recording. This spatial distribution of responses along the scalp makes it possible
to locate the individual components of the responses to motion-defined form displays. The spatial
coordinates of these components relative to one another could potentially serve to support or
contradict our interpretation of the 1F1 as pertaining to contrast-magnitude, and of the 2F1
response as reflective of figure onset and offset. The spatial information provided by the 128electrode montage will allow us to address all of these issues.

Method
Participants
Participants consisted of 29 students from Penn State University (mean age: 20.6; 16
female). All had normal or corrected-to-normal vision, as assessed by a brief visual screening.

Display
The display conditions used in this experiment consisted of direction and coherence
conditions used in Experiment 2. Due to recording time constraints, only a few representative
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magnitude values of direction and coherence contrast were selected for each display group. I did
this to record several condition types per participant, while still retaining enough information to
capture the pattern of activation for each display group. For the direction conditions, the contrast
values were: Δ5°, Δ45°, and Δ180°. For the coherence conditions, the contrast values were Δ40%,
Δ60%, and Δ100%. All parameter settings for the displays were identical to their low-density
counterparts.

Procedure
The recording procedure was identical to those of the previous experiments, except for
one difference: since it is more time-efficient, given the added dependence upon communication
between the Power Diva Video software and the Net Station software used for high density
recording, to record in blocks of automatically presented trials, participants viewed 10 blocks of
trials per recording session, with each condition being presented in random order for one trial per
block. Participants were given the opportunity to rest and stretch after each recording block had
ended.

VEP Recording
The steady-state evoked potentials were recorded via a 128-electrode net (Electrical
Geodesics, Inc) fitted over the scalps of participants by the experimenter. 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 30 Hz low pass filter. Electrode
impedance for each session was less than 50 kilo Ohms for nearly all electrodes (electrodes
surrounding the ears were sometimes unable to make sufficient contact with scalp to yield
impedance at or under the standard criterion). Artifact rejection parameters similar to those of the
preliminary experiments were employed to reject display cycles containing raw amplitudes that
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exceed a threshold of 50 µV, as well as entire trials with 15% of rejected cycles. Activity was
analyzed offline via Power Diva Host 2.9 software as in the low-density experiments.

Figure 16: Electrode layout of the HydroCel Geodesic
Sensor Net.
Results
Figure 17 illustrates the amplitudes at 1F1 and 2F1 of electrode channels among
electrode aggregates.
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Figure 17a: SSVEP Responses to Direction Contrast-Dependent
Figure Displays in Electrode Aggregates.

For the direction conditions, responses at 1F1 increased monotonically at medial
electrodes 72, 77, 71, 76, 75, 74, 82, and 81, with the largest response of 0.96 µV at channel 75,
or Oz. Responses at 2F1 that were low for the Δ5° condition, then peaked and saturated at the
Δ45° condition were observed at both medial and lateral electrode sites, bilaterally distributed:
50, 51, 58, 59, 63, 64, 91, 96, 100, 95, 99, 68, 69, 70, 75, 83, 68, 69, 74, 82, 89, 94, 73, 81, and
88.
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Figure 17b: SSVEP Responses to Coherence Contrast-Dependent
Figure Displays in Electrode Aggregates.
For the coherence conditions, responses at 1F1 also increased monotonically at medial
electrodes, though slightly more superior than those for direction: 61, 62, 78, 86, 67, 72, 77, 85,
66, 71, 76, and 84, with the largest response of 0.79 µV at channel 77. Again, in addition to the
sigmoid-shaped responses over laterally distributed channels (81, 88, 94, 74, 69, 70, 99, 58, 66,
100, 51, 60, 67, 101, 108, 102), responses at medial channels (89, 82, 75, 83, 90, 95, 71, 76, 84,
91, 96, 72, 77, 85, 92, 97) showed a similar 2F1 response. Interestingly, the maximum 2F1
response for the electrode aggregates correspond to the 100% coherence contrast setting, while
the threshold magnitude was 60% coherence contrast. This may have resulted from the
comparatively higher impedance from the high-density electrode nets than the low-density
montage used in Experiments 1-4; the standard maximum acceptable impedance for the high
density net is 50 kilo Ohm, while the maximum impedance for the low density studies was
always below 10 kilo Ohm, and usually near 5 kilo Ohm.
Figure 18 shows an approximated distribution of the responses along the scalp at both
harmonics. The monotonically increasing responses at 1F1 were strongest at medial channels for
direction and coherence conditions, similar to the data of Experiment 2. The 2F1 responses,
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however, were more widely distributed, with lateral as well as medial channels showing a sudden
response increase at a particular contrast magnitude.
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Figure 18: Approximated distribution of responses to motion-defined figures at 1F1
and 2F1 across electrode sites.

Discussion
The results of the high-density tuning study demonstrate that, for the coherence and
direction components, the peak response to motion-defined figures at 1F1 is indeed located along
medial regions of scalp, along the occipital pole. This means that the 5-electrode array employed
in the original low-density investigation did adequately capture the 1F1 signal. Because the dot
density study (as well as the follow-up direction study) described earlier demonstrated that the
1F1 response to motion-contrast is not dependent upon local information, but instead processes
information that has been integrated from earlier local inputs, it is very unlikely that V1 is the
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source of this evoked response. Based upon the findings of past research, in which the V3
Complex has been characterized as either an area specialized in the processing of contours (Zeki
et al., 2003; Larsson & Heeger, 2006) or of depth structure (Beer et al, 2002; Likova & Tyler,
2008), it also seems unlikely that this cortical region would also be responsible for a response that
increases monotonically with motion contrast magnitude—since an area sensitive to structure or
depth cues would likely respond to the “events” of the figural on and off phases at 2F1—and is
not dependent upon contour information. The precise function of this area, however, is a subject
of continual refinement and some controversy. The region itself is large and sometimes vaguely
defined, with some authors opting for the general label of “V3 Complex,” and others focusing on
specific sub-regions. In addition, the articles mentioned above did not employ parametric analysis
of cortical responses, but instead used simpler subtractive comparisons. Considering these factors,
it is still possible that our 1F1 response reflects a property or function of this general area that has
yet to be discovered or published. Another explanation, however, is that area V2 is instead the
cortical source of the 1F1 response. Considering V2’s role in the processing of illusory contours
(Hirsch et al., 1995)—that is, of segregation cues derived from minimal local contrast
information—the possibility of a similar sensitivity to contrast that is not dependent upon local
edges within this region seems plausible. Due to the scarcity of neuroimaging studies that
parametrically examine cortical responses to illusory contours, there is nothing so far to support a
role for V2 in the processing of contrast magnitude per se, but future studies on this topic may
well yield such findings.

As for the responses at 2F1, the high-density study has demonstrated that saturating
responses are observed at lateral electrode sites, in addition to medial sites. The bilateral
distribution of the 2F1 responses over scalp seems to indicate that the cortical source of the signal
is in lateral visual cortex, although the wide distribution may indicate several neighboring
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sources. Because the magnitude of the 2F1 responses were found to be unaffected by local
preferences of receptor stimulation—that is, demonstrating highest responses to the Δ180°
condition, which elicits simultaneous stimulation of receptors along both preferred and antipreferred directions—this lateral area of activation is unlikely to correspond to processing in
hMT+, which has shown reduced activation to transparency displays with direction differences of
Δ180° (Snowden et al., 1991). The likely source of the 2F1 figural event detection response, then,
is L.O.C., which has shown similar response properties to structural segregation cues in previous
studies (Appelbaum et al, 2006; 2008; Larsson & Heeger, 2006). Interestingly, in the coherence
conditions, there were also responses observed at 2F1 along medial occipital channels that seem
to show a similar thresholded function in response to the on/off segmentation events. Because my
high-density study only employed 3 conditions for each component, there are only 3 data points
of comparison for coherence, and so this skeletal response chart may be obscuring the true shape
of the function; however, it is quite possible that these data points accurately reflect a response
along medial scalp coordinates that is tuned to the appearance and disappearance of coherence
contrast. While this is a phenomenon that deserves further exploration, it will have to be
addressed at a later time.
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Chapter 7

General Discussion
The experiments discussed in the above chapters offer new insights into the neural
correlates of motion-defined figure processing in human adults, as well as into the activation
properties of the involved cortical regions. These are the first to parametrically investigate
cortical sensitivity to motion-defined figure displays of varied motion-contrast magnitude, and to
characterize the spatial and temporal constraints of these responses.
The results from Experiment 1 indicated that that motion-defined form signals can be
detected using SSVEPs, and that there are no significant differences between static-figure and
moving-figure displays. The second experiment's results revealed two functionally distinct
cortical responses across all three contrast classes (coherence, direction, and speed): one at the
first harmonic of the fundamental frequency (1F1: 1.2 Hz) that increased monotonically to
magnitudes of motion contrast, and another at the second harmonic (2F1: 2.4 Hz), which
increased then saturated. The amount of temporal information necessary for the generation of
these two responses was explored in Experiment 3 by modulating dot lifetimes in a motiondefined form display defined by a fixed direction contrast magnitude. Responses to these displays
were uniform and robust for all dot lifetime settings above 55.56 ms, demonstrating that the
cortical mechanism underlying the 1F1 and 2F1 responses requires minimal temporal information
(83.33 – 111.11 ms, or 3-4 video frames at 36 Hz). Similarly, results from Experiment 4 showed
both uniform and robust responses across a range of dot density settings, indicating that both the
motion contrast-dependent response and the figural event response operate robustly even when
contour information is weak. The results of Experiment 5 provided more precise information
about the spatial locus of SSVEP activity to motion-defined figures. That study showed that the
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monotonic contrast-dependent response at 1F1 was strongest over medial electrode sites near the
occipital pole, perhaps corresponding to visual association areas such as V2 and V3 complex. The
2F1 figural event responses, on the other hand, were distributed over medial and lateral channels.
The results of Experiment 2 are broadly consistent with the findings of Appelbaum et al.
(2006; 2008). Although the displays consisted of On/Off modulations of phase and orientationdefined figure segmentation rather than parametrically varied magnitudes of dot direction, speed
and coherence contrast, both recorded and analyzed steady-state visual evoked potentials at
temporal frequencies defined by the parameters of the displays. Additionally, Appelbaum et al.
(2006; 2008)’s report that activity corresponding to figural segregation processes was observed in
L.O.C. compliments the interpretation of the laterally distributed 2F1 response to motion-defined
figures in Experiments 1 through 5 as a figural event response, and of L.O.C. as a probable source
of this response. Appelbaum et al. (2006; 2008) found that L.O.C. activity modulates to the onset
and offset of figures defined by multiple visual properties. This means that the figural response at
2F1 to motion-defined figures reflect a process or processes that are not specific to motion. The
results of Experiment 2, then, extends the findings of past research by parametrically modulating
the contrast components that contribute to such figural segregation processes, revealing activation
thresholds of contrast magnitude across three different classes of motion.
With regard to Experiment 3, the results demonstrate that the two responses observed in
Experiment 2 do not reflect cortical areas that depend upon the temporal summation properties
necessary for motion streak cues, as described by Burr (1980; 2000), Geisler (1999), and Jancke
(2000). Burr (1980)’s Instead, the responses reflect temporal integration thresholds for motion
extraction processes that require only small durations of stimulation. The temporal threshold for
both the 1F1 and the 2F1 both correspond to rapid processes, which require only one or two more
frames of spatial displacement than the simple motion detectors in V1 (Adelson & Bergen; 1985),
which would be active at 55.56 ms in this experiment. These results confirm the interpretation of
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both the motion contrast and figural event response as corresponding to later, global processes,
relative to the earlier processes of local motion detection mechanisms, with their particular
temporal summation properties.
If previous characterizations of the V3 complex as specializing in contour (Orban et al.,
1995; DuPont et al., 1997; Van Oostende et al., 1997; Zeki et al., 2003; Larsson & Heeger, 2006)
or depth structure (Beer et al, 2002; Likova & Tyler, 2008) information are correct, the results of
Experiment 4—which demonstrate that both the motion-contrast magnitude response and the
figure event response remain robust even for displays with weak or no contour information—
seem to indicate that that this area is unlikely to be the source of a monotonic response to contrast
magnitude. In contrast, area V2 appears to share some properties with the cortical mechanism
responsible for the 1F1 responses to motion-defined figures. Illusory contour processing, in which
area V2 plays an important role (Grossberg & Mingiotta, 1985; Peterhans & von der Heydt, 1989;
von der Heydt & Peterhans, 1989; Heitger et al., 1992; Hirsch et al., 1995; Marcar et al., 2000;
Poom & Borjesson, 2004; Zhaoping, 2005; Craft et al., 2007), requires the computation of a
global pattern from minimal local contrast information. Considering this functional similarity—as
well as the research that seems to characterize the V3 complex as an event detection mechanism
rather than one sensitive to stimulus magnitudes (Orban et al., 1995; DuPont et al., 1997; Van
Oostende et al., 1997; Beer et al, 2002; Zeki et al., 2003; Larsson & Heeger, 2006; Likova &
Tyler, 2008)—it seems likely that V2 is the source of the contrast magnitude response rather than
V3 or V3b. Still, because no parametric investigation of V2 responses to global structural cues
has been published, the actual cortical source of the motion-contrast dependent response remains
unconfirmed.
Experiment 5 confirmed that the contrast magnitude response at 1F1 is distributed over
medial electrodes corresponding to the occipital pole, further supporting the interpretation of this
response as reflecting the activity of area V2, or the V3 complex. The 2F1 event responses, on the
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other hand, were widely distributed over lateral channels, perhaps corresponding to hMT+ or
L.O.C. Moreover, as data from Experiment 2b demonstrated, the 2F1 event responses do not
correspond to the firing constraints of cell populations in hMT+ (Snowden et al., 1991), and
instead reflect a later processing stage, from a mechanism drawing from integrated inputs. As
previously mentioned, researchers (Grill-Spector et al., 1999; Ferber et al., 2003) have
characterized L.O.C. as important for figure segregation processes, including figure onset and
offset events (Appelbaum et al., 2006; 2008). Additionally, the results from Experiment 4
demonstrated that the figural event response at 2F1 is not modulated by contour information. This
is a property that has been demonstrated in L.O.C. via fMRI methodology (Ferber et al., 2004).
For these reasons, the source of the 2F1 response is likely to be L.O.C. rather than hMT+. The
exact role of hMT+ in motion-defined figure processing remains unknown, and further research is
needed to address this issue.
There were, of course, some limitations to these findings. In Experiment 1, for instance,
the largest evoked responses were to wide-field global motion patterns with no figural boundary
information. This may support a general understanding of the evoked responses to motion cues as
being a function of motion type and the size of the display diameter. It may also indicate that
wide-field translation, an important motion component of optic flow (Lee, 1980; Lishman, 1981;
Koenderink, 1986; DeBruyn & Orban, 1991; Lagae et al., 1994; Gilmore et al., 2007), is a more
salient stimulus than motion-defined figure patterns. A study varying display diameter and figure
size would provide valuable information about the relative processing preferences of global
motion patterns; however, this was outside the scope of the experiments included in this thesis,
and so the issue remains unaddressed.
In Experiment 2, a range of speed contrast magnitude values were chosen; however, due
to an effort to reduce a visual artifact that was observed in displays consisting of dot displacement
settings higher than 12 minutes of arc, it is possible that the range of speed contrast magnitudes
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used were not representative of the full range of cortical sensitivity to speed contrast. Dot speeds
were controlled by manipulating the extent of dot displacement at the constant temporal
modulation rate of 1.2 Hz. While it is possible to control for such an artifact by varying dot
displacement values at different temporal frequencies, the modulation frequency of 1.2 Hz was
chosen for these experiments because for compatibility with previous SSVEP studies on motion
processing (Gilmore et al., 2007; Hou et al., 2009). Because of this, response tuning to speeds
faster than 14.4 deg/sec (corresponding to a dot displacement setting of 12 minutes of arc) could
not be investigated. A future study will employ parameters without these technical limitations,
and will be able to adequately capture the full range of response tuning to speed contrasts.
More generally, the possibilities for parametric investigation of cortical sensitivity to
motion-defined figure displays are quite numerous, and only a small fraction of such possibilities
was explored in Experiments 1 through 5. Future research will hopefully build upon the first steps
offered here, and eventually contribute to a greater understanding of the computation and
activation properties of cortical regions responsible for motion and object processing.
Finally, although the spatial sensitivity of the high-density electrode nets provided a
distribution pattern of evoked activity along scalp, a source localization experiment that affords
finer spatial resolution will be necessary to adequately constrain the source of motion contrast
magnitude response and the figure event response to cortical space. The spatial resolution of a
T1-weighted image provided by magnetic resonance imaging technology is far finer than that of
an activation map of electrophysiological data from any electrode montage available, not least
because it can capture the structural properties of the cortex itself, as opposed to adjacent scalp
coordinates. A future study employing either concurrent EEG/fMRI or the combination of
structural MRI scans with high-density EEG and source localization software will allow us to
discern, with great specificity, the particular regions of visual cortex that respond differentially to
the various components of our motion-defined form displays.
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The precise correspondence of brain activity to behavior is not well understood.
However, comparisons of neural tuning properties and psychophysical studies have shown
general congruence of sensitivity patterns (Tanaka & Saito, 1989; Britten et al, 1992; Celebrini &
Newsome, 1994; Britten et al, 1996; Shadlen et al, 1996; Britten & Newsome, 1998; Heuer &
Britten, 2004; Nover et al, 2005). An important complement to the electrophysiological data of
Experiments 1 through 5, then, will be a behavior study examining psychophysical sensitivity to
figure displays defined by varying magnitudes of motion contrast in humans. Such a comparison
of the cortical tuning patterns to motion defined figure information with psychophysical
thresholds will provide insight as to how the motion-contrast magnitude response and the figure
event response correspond to the perception of motion-defined figures.
Another important extension of these experiments will be the exploration of the
developmental trends of motion-defined form activation properties, and of spatiotemporal tuning
in general. While sensitivity to motion stimuli is robust even in early infancy (Mayer & Dobson,
1982), the development of sensitivity to global motion has a much more gradual time course.
Indeed, the results of some recent VEP studies show that infant responses to global motion
patterns are well below those of adults (Gilmore et al., 2007; Hou et al., 2009). This poor global
acuity in infants could reflect a lack of interconnectivity between cell groups (Banton et al.,
1999), as well as a transition from subcortical to predominantly cortical processing centers
(Gilmore & Johnson, 1997; Braddick et al., 2003). Although infants as young as 2 months have
demonstrated, behaviorally, a sensitivity to motion-defined figures (Johnson & Mason, 2002),
this sensitivity has not been investigated parametrically, nor has it been explored with regard to
cortical contributions. It is therefore necessary to conduct a parametric investigation of
electrophysiological response tuning to motion-defined figure components in human infants. This
will allow us to further understand the relationship between cortical development and infant
behavioral data. Also, like Kiorpes & Movshon (2004)’s behavioral study of sensitivity to visual
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motion in macaque monkeys, we will be able to chart and compare the shape of sensitivity tuning
across different stages of development. Data from several different age groups will help fill out
the developmental trend of global integration properties in medial associative visual cortex for
which the adult data will serve as the first contribution. Another future study that would explore
the developmental trends of local input integration would be a follow-up to Experiment 4, in
which infant cortical responses to displays of sparse dot densities are recorded and compared to
those of adults. This could further clarify the extent to which infant visual cortex cells are
interconnected (as postulated in Banton et al., 1999), and how this interconnectivity (and resultant
global integration of local inputs) develops over time.
In conclusion, the studies here have increased our understanding of how motion
information contributes to the segregation of two-dimensional figures, particularly with regard to
cortical sensitivity to motion contrast cues. They comprise the first parametric investigation of
evoked responses to motion-defined figure information in human adults, and serve as a baseline
for future studies on the maturation of cortical response tuning patterns for the motion contrast
magnitude and figure event responses, as well as the temporal and spatial threshold of each
response. The results chart sensitivity curves reflecting distinct computational processes, and
future research will localize the neural mechanisms responsible for these processes, further
elaborating upon the functional role of known cortical areas and networks. The data from these
experiments offer new insight into the global computation of object information from motion, as
well as the interaction between areas in the brain traditionally distinguished as responsible for
either motion or object processing. The experiments here address only a fraction of the possible
ways in which to parametrically investigate cortical response tuning to motion-defined figure
information. They will hopefully serve as a launching point for a wealth of future studies that will
continue to build upon our understanding of both motion and object processing in humans and
other primates.
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