Chapter 7
Motion Detection for Reflexive Tracking

Frederick A. Miles and Boris M. Sheliga

Abstract The moving observer who looks in the direction of heading experiences
radial optic flow, which is known to elicit horizontal vergence eye movements at
short latency, expansion causing convergence and contraction causing divergence:
the Radial Flow Vergence Response (RFVR). The moving observer who looks off
to one side experiences linear flow, which is known to elicit horizontal version
eye movements at short latency: the Ocular Following Response (OFR). Although
the RFVR and OFR are very different kinds of eye movement and are sensitive to
very different patterns of global motion, they have very similar local spatiotemporal
properties. For example, both responses are critically dependent on the Fourier
composition of the motion stimuli, consistent with early spatio-temporal filtering
prior to motion detection, as in the well-known energy model of motion analysis.
When the motion stimuli are sine-wave gratings, the two responses share a very
similar dependence on the spatial frequency and contrast of those gratings, and
even the quantitative details are very similar. When the motion consists of a single
step (“two-frame movie”) then a brief inter-stimulus interval results in the reversal of
both responses, consistent with the idea that both are mediated by motion detectors
that receive a visual input whose temporal impulse response function is strongly
biphasic. Further, when confronted with two sine-wave gratings that differ slightly
in spatial frequency and have competing motions, both responses show nonlinear
dependence on the relative contrasts of those two gratings: when the two sine
waves differ in contrast by more than about an octave then the one with the higher
contrast completely dominates the responses and the one with lower contrast loses
its influence: winner-take-all. It has been suggested that these nonlinear interac-
tions result from mutual inhibition between the low-level mechanisms sensing the
motion of the different competing harmonics. Lastly, single unit recordings and
local lesions in monkeys strongly suggest that both types of eye movements are
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mediated by neurons in the MT/MST region of the cerebral cortex that are sensitive
to global optic flow. We will argue that these various findings are all consistent with
the idea that the RFVR and OFR acquire their different global properties at the level
of MT/MST, where the neurons respond to large-field radial and linear optic flow,
and their shared local properties from a common earlier stage, the striate cortex,
where the neurons respond to the local motion energy.

7.1 Two Different Kinds of Reflexive Eye Movement
That Use Visual Motion

This chapter is concerned with two kinds of eye movements that are elicited at short
latencies by large-field visual motion and function to help stabilize the gaze of the
moving observer. The global structure of the visual motion conforms to the patterns
of optic flow experienced by the moving observer who undergoes pure translation
and determines which kind of eye movement is elicited. The overall pattern of the
optic flow experienced during translation consists of radial streams of images
emerging from a focus of expansion straight ahead and disappearing into a focus of
contraction behind, cf., the lines of longitude on a globe. The direction of flow at
any given point depends solely on the motion of the observer but the speed of the
flow also depends on the 3-D structure of the visual surroundings, being inversely
proportional to the viewing distance at that location. Thus, nearby objects move
across the field of view much more rapidly than more distant ones: motion parallax
(Gibson 1950, 1966). However, given the eyes’ restricted fields of view, the pattern
of motion actually seen depends on where the eyes are pointing relative to the direc-
tion of heading.

The moving observer who looks in the direction of heading sees a radially
expanding pattern of flow and, as objects that lie ahead get closer, he/she converges
his/her two eyes in order to keep the two foveas aligned on those objects utilizing
a number of depth-tracking mechanisms. The mechanism of interest here is the
so-called Radial-Flow Vergence Response (RFVR), which senses the radial flow
and generates vergence (disconjugate) eye movements at ultra-short latency,
<60 ms in monkeys and <80 ms in humans (Busettini et al. 1997; Inoue et al. 1998;
Kodaka et al. 2007; Yang et al. 1999). When radial optic flow is applied to large
random dot patterns, expansion causes convergence — consistent with compensation
for forward motion of the observer — and contraction causes divergence — consistent
with compensation for backward motion of the observer.

The moving observer who looks off to one side sees a laminar pattern of optic
flow and, as nearby objects pass by, he/she tracks them with both eyes utilizing a
number of conjugate tracking mechanisms. The one of interest here is the so-called
Ocular Following Response (OFR), which senses the laminar flow and generates
version (conjugate) eye movements at ultra-short latency (Barthélemy et al. 2006;
Busettini et al. 1991; Masson and Castet 2002; Masson et al. 2000, 2001, 2002a, b;
Miles and Kawano 1986; Miles et al. 1986a, b).
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Clearly, these two oculomotor reflexes — the RFVR and the OFR — respond to
very different kinds of global optic flow — radial and laminar — and generate two
very different kinds of eye movement — vergence that alters the angle between the
two lines of sight and thereby changes the distance to the plane of fixation, and
version that alters the eccentricity of the two eyes together and thereby shifts gaze
within the plane of fixation. Vergence (Vg), which is given by the difference in
the positions of the two eyes [L—R], and version (Vs), which is given by the average
position of the two eyes [(L+R)/2], are orthogonal representations and provide a
complete description of binocular eye movements, so that the positions of each eye
can be reconstructed from them. Thus, adopting the convention that rightward
movement is positive, increases in convergence are also positive, and L=Vs+Vg/2
while R=Vs-Vg/2.

Although the RFVR and OFR utilize very different global patterns of optic flow
(see Miles et al. 2004, for recent review), this chapter will concentrate on the prop-
erties of the local-motion detectors mediating these two reflexes, which we will
argue are very similar, perhaps even the same. One important feature of all the
experiments that will be reviewed is that they describe only the initial open-loop
eye movements, that is, the eye movements generated within two reaction times.
The reason for this is that the eye movements during this time are the direct result
of the visual processing that occurred prior to response onset. Our general thesis is
that these initial eye movements provide a powerful probe for investigating the
early cortical processing of visual motion.

7.2 Responses to First-Order Motion Energy

Recent studies manipulated the Fourier composition of the visual stimuli used to
elicit the OFR and the RFVR (Kodaka et al. 2007; Sheliga et al. 2005a, b, 2006b),
employing a variety of spatial patterns including a square wave lacking the
fundamental, which is the so-called missing fundamental (mf) stimulus. As first
pointed out by Adelson (1982), the mf stimulus has the special property that, when
advanced in Y-wavelength steps, its harmonics all shift %4 of their respective
wavelengths, the 4n+ 1 harmonics (like the Sth, 9th, etc.) in the forward direction
and the 4n—1 harmonics (like the 3rd, 7th, etc.) in the backward direction.
Importantly, the amplitude of the ith harmonic of the mf stimulus is proportional to
1/i, so that the major Fourier component is the 3rd harmonic. It has been known for
some time that when mf stimuli in the form of 1-D grating patterns are moved in
successive “-wavelength steps, the direction of perceived motion is often opposite
to the actual motion (Adelson 1982; Adelson and Bergen 1985; Baro and Levinson
1988; Brown and He 2000; Georgeson and Harris 1990; Georgeson and Shackleton
1989). It is generally argued that 1st-order-motion detectors are responsible for the
perception here and that these detectors are not sensing the motion of the raw images
(or their features) but rather the motion energy in a spatially filtered version of the
images, so that the perceived motion depends critically on the harmonic composition



144 F.A. Miles and B.M. Sheliga

of the spatial stimulus and especially the principal Fourier component, the 3rd
harmonic. Note that when the mf stimulus shifts %4 of its (fundamental) wavelength,
the 3rd harmonic shifts 3 of its wavelength in the same (forward) direction.
However, a %-wavelength forward shift of a sine wave is exactly equivalent to a
Vs-wavelength backward shift and, because the brain gives greatest weight to the
nearest-neighbor matches (spatial aliasing), the perceived motion is generally in
the backward direction: see Fig. 7.1. On the other hand, subjects sometimes perceive
motion in the correct direction and this is generally attributed to higher-order
detectors sensitive to the motion of specific features in the image. These observations
are consistent with many others indicating that there are (at least) two neural
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Fig. 7.1 The 1-D vertical mf stimulus grating and its 3rd harmonic. When the mf stimulus undergoes
successive Y4-wavelength steps to the right (a), its 3rd harmonic undergoes 34-wavelength steps to the
right (b). Upper panels show horizontal slices through the stimuli at successive points in time (x—¢
plot) and lower traces show luminance as a function of horizontal spatial position (x—{um plot) after
each step. The %4-wavelength rightward steps of the 3rd harmonic (gray circles linked by gray arrows
in (b) cannot be distinguished from Y4-wavelength leftward steps (black dots linked by black arrows
in (b). In fact, when a pure sinusoid with the wavelength of the 3rd harmonic undergoes such steps it
is invariably perceived to move leftwards, indicating that the brain gives greatest weight to the nearest
matching images. After Chen et al. (2005), with permission (Wiley-Blackwell Publishing Ltd)
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mechanisms by which we can sense visual motion.! The distinguishing characteristics
of these mechanisms are sometimes controversial, and various descriptors have been
applied to them: “short-range” vs. “long-range” (Braddick 1974), “lst-order” vs.
“2nd-order” (Cavanagh and Mather 1989), “Fourier” vs. “non-Fourier” (Chubb and
Sperling 1988), “passive” vs. “active” (Cavanagh 1992), and “energy-based” vs.
“feature-based” or “correspondence-based” (Smith 1994).

Quarter-wavelength steps applied to 1-D mf grating stimuli elicit initial OFRs in
the backward direction, i.e., in the direction of motion of the 3rd harmonic rather
than the direction of motion of the overall pattern (Chen et al. 2005; Sheliga et al.
2005a). An example of such a response is shown in Fig. 7.2 (see trace labeled, mf).
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Fig. 7.2 The initial horizontal OFRs resulting from successive rightward steps applied to various
1-D vertical grating patterns (sample data for one subject). Trace mf: the initial OFR generated when the
mf stimulus (wavelength, 6.6°) underwent successive Y4-wavelength rightward steps (1.65°). Trace f:
the initial OFR when steps of the same magnitude (1.65°) and direction (rightward) were applied to
pure sine-wave gratings that had the same spatial frequency as the fundamental (i.e., wavelength, 6.6°).
Trace 3f: the initial OFR when steps of the same magnitude (1.65°) and direction (rightward) were
applied to pure sine-wave gratings that had the same spatial frequency and contrast (8%) as the principal
Fourier component (3rd harmonic) of the mif stimulus. Note that time on the abscissa starts 40 ms after
stimulus onset, and the mf and 3f response profiles are almost identical. The cartoons at the right show
x—t plots of the three stimuli, which all underwent the same motion steps (indicated by the circles and
white arrows). After Chen et al. (2005), with permission (Wiley-Blackwell Publishing Ltd)

'Lu and Sperling (1995, 1996, 2001) postulate three different mechanisms by which we sense motion.
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It is important to note that when Y4-wavelength steps are applied to 1-D gratings
with a pure sinusoidal luminance profile the OFRs are always in the direction of
those shifts (see f and 3f traces in Fig. 7.2), indicating that the motion detectors
mediating the OFR give greatest weight to the nearest-neighbor matches. In fact,
the OFRs to the mf stimuli were very similar to those when the same steps were
applied to a pure sinusoid with the spatial frequency and contrast of the 3rd
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Fig. 7.3 The radial mf stimulus and its 3rd harmonic. When the mf stimulus undergoes successive
Vs-wavelength expansion steps (a), its 3rd harmonic undergoes 3%4-wavelength expansion steps (b).
Upper panels show x—y luminance, indicating the appearance of the patterns on the screen at a
given moment. Middle panels show horizontal slices through the centers of the x—y luminance
plots after successive Y4-wavelength expansions of the mf pattern. Lower traces show horizontal
cross sections of the luminance profile through the center of the stimulus. The 34-wavelength
expansion steps of the 3rd harmonic (gray circles linked by gray arrows in (b)) cannot be
distinguished from Y4-wavelength contraction steps (black dots linked by black arrows in (b)). In
fact, when a concentric pattern with a sinusoidal radial luminance profile as in (b) undergoes such
steps it is invariably perceived to contract, indicating that the brain gives greatest weight to the
nearest matching images. Furthermore, the RFVRs elicited by stimuli like those in (a) and (b) are
divergent (data not shown), consistent with contracting radial flow. After Kodaka et al. (2007)
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harmonic: compare the mf and 3f traces in Fig. 7.2. These findings are consistent
with the idea that the OFR is mediated by local-motion detectors sensitive to 1st-
order motion, such as those in the well-known energy model of motion analysis
(Adelson and Bergen 1985; van Santen and Sperling 1985; Watson and Ahumada
1985). Further support for this comes from the clear reversal of OFRs with “Ist-
order reverse-phi motion”, one of the hallmarks of an energy-based mechanism
(Masson et al. 2002a).

In an analogous study on the RFVR (Kodaka et al. 2007), mf stimuli were
arranged in concentric circles whose radial luminance modulation was that of a
square wave with a missing fundamental and these patterns were subject to motion
consisting of successive Y4-wavelength radial steps: see Fig. 7.3. Once more it is
important to note that when successive Y-wavelength radial shifts are applied to
concentric patterns with a pure sinusoidal radial luminance profile the RFVRs
conform to those seen with random-dot patterns — expansion steps cause conver-
gence and contraction steps cause divergence — indicating that the local-motion
detectors mediating the RFVR also give greatest weight to the nearest-neighbor
matches. Analogous to the OFR, the RFVRs when Y4-wavelength steps were
applied to the radial mf stimulus were invariably reversed, so that expansion steps
resulted in divergence and contraction steps resulted in convergence, and closely
resembled the RFVRs elicited when the same radial steps were applied to concen-
tric patterns with a pure sinusoidal luminance profile whose spatial frequency and
contrast were the same as those of the 3rd harmonic (not shown). In sum, these data
indicate that the local-motion detectors mediating both the OFR and the RFVR are
sensitive to the Ist-order motion energy in the stimulus.

7.3 Non-Linear Interactions with Opponent Motion:
Winner-Take-All (WTA)

Subsequent studies of the OFR that also used 1-D mf stimulus gratings examined
the effect of selectively reducing the contrast of the principal Fourier component,
the 3rd harmonic, while leaving the contrasts of the other harmonics unchanged
(Sheliga et al. 2006¢). This revealed the existence of powerful nonlinear interac-
tions between the mechanisms sensing the various competing harmonics: as the
contrast of the 3rd harmonic was reduced below that of the next most prominent
harmonic, the 5th, then, as expected, the OFR reversed direction (because the 5th
is a 4n+1 harmonic whereas the 3rd is a 4n—1 harmonic). However, surprisingly,
once the contrast of that 3rd harmonic fell to less than Y2 the contrast of the 5th
harmonic then further reductions in its contrast had no impact, as though the influ-
ence of that 3rd harmonic had been suppressed by the 5th harmonic, which was
now the principal Fourier component and dominated the OFR. In the example
data shown in Fig. 7.4a, the 5th harmonic of the mf stimulus had a contrast of 20%,
and selectively reducing the contrast of the 3rd harmonic from 10 to 1% had almost
no impact (closed circles in Fig. 7.4a), whereas the equivalent drop in the contrast
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Fig. 7.4 Evidence for nonlinear interactions between the mechanisms sensing competing motions
(sample response measures for one subject). (a) The initial OFRs to the mf stimuli: dependence on
the contrast of the 3rd harmonic; plots show the OFR elicited by mf stimuli when the contrast of
the 3rd harmonic was varied selectively while the contrasts of all other harmonics were held con-
stant at the level they had when the 3rd harmonic was maximal, i.e., 32% (closed circles, labeled
mf{3f)); plots also show the dependence on contrast of the OFRs to pure 3f stimuli alone (open
circles); the response to the mf stimulus that completely lacks the 3rd harmonic (mf-3 stimulus) is
plotted on the vertical axis (filled circle and extrapolated horizontal dashed line); also shown are
the simulated OFRs based on the vector sum of the responses to the mf-3 and 3f stimuli (gray
continuous line); the contrast of the 5th harmonic (20%) is indicated in vertical dotted line; the
mf{3f) data are all plotted with respect to the contrast of the 3rd harmonic. (b) The initial OFRs to
the competing 3f and 5f stimuli: dependence on the contrast of the 3f component when the contrast
of the 5f component was fixed at 8% (closed circles, labeled (3f)5f); plots also show the OFR
elicited by pure 3f stimuli (open circles), and pure 5f stimuli with 8% contrast (closed circle on the
vertical axis and extrapolated horizontal dashed line); the (3f)5f data are all plotted with respect
to the contrast of the 3f component. (¢) The initial OFRs to the competing 3fand 7fstimuli: depen-
dence on the contrast of the 3f component when the contrast of the 7f component was fixed at 8%
(closed circles, labeled (3f)7f); plots also show the OFR elicited by pure 3f stimuli (open circles),
and pure 7f stimuli with 8% contrast (closed circles on the vertical axis and extrapolated horizon-
tal dashed line). The (3f)7f data are all plotted with respect to the contrast of the 3f component.
Sample data from Sheliga et al. (2006¢)

of a pure sinusoidal stimulus that had the same spatial frequency and underwent the
same steps as that 3rd harmonic had a dramatic impact on the OFR (open circles
labeled 3fin Fig. 7.4a). This suggests that the neural channels carrying the informa-
tion about the competing harmonics are mutually antagonistic so that if one har-
monic has a contrast significantly greater than all others then it will tend to prevail
over its competitors.

This idea was investigated further by restricting the moving stimuli to just two
competing sine waves equivalent to the 3rd and 5th harmonics of the mf stimulus,
so that their motions were in opposite directions. In the example data shown in
Fig. 7.4b, the 5f component always had a contrast of 8%, and increasing the
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contrast of the 3f component from 1 to 4% had almost no impact (closed circles)
whereas the equivalent increase in the contrast of the pure 3f stimulus alone had a
dramatic impact on the OFR (open circles). Also, when the contrast of the 3f com-
ponent was more than twice that of the 5f component (i.e., >16%) then the 5f
component was now without influence and the responses now approximated those
to the pure 3f stimulus alone. Systematically changing the contrast at which the 5f
component was fixed indicated that the critical factor was the ratio of the contrasts
of the competing gratings: when of similar contrast both were effective (vector
sum/averaging), but when the contrast of one was less than about Y2 that of the
other then the one with the higher contrast became dominant and the one with the
lower contrast became ineffective: Winner-Take-All (WTA).

Analogous studies on the RFVR (Kodaka et al. 2007) used concentric circular
patterns whose radial luminance modulation was that of two superimposed sine
waves with spatial frequencies in the ratio 3:5. One grating underwent contracting
steps and the other expanding steps, effectively mimicking the competing motions
of the 3rd and 5th harmonics of the mf stimuli, and when the contrast of one
exceeded that of the other, on an average, by a factor of almost two then the one
with the higher contrast dominated the RFVRs and the one with lower contrast lost
its influence (WTA).

This nonlinear behavior of the OFR and RFVR was attributed to mutual inhibition
between the neural channels sensing the competing stimuli (cf., Ferrera 2000; Ferrera
and Lisberger 1995, 1997; Recanzone and Wurtz 1999). One important issue is the
spatial extent of these postulated inhibitory connections and this was recently
investigated by recording the initial horizontal OFRs when horizontal motion in the
form of successive Y4-wavelength steps was applied in opposite directions to 3f and 5f
1-D vertical sine-wave gratings that were each confined to horizontal strips extending
the full width of the display (45°) but only 1-2° high (Sheliga et al. 2007a). The initial
OFRs again showed strong dependence on the relative contrasts of the competing
gratings and when these gratings were coextensive (i.e., overlapping) this dependence
was always highly nonlinear, showing WTA behavior, exactly as with the full-screen
overlapping gratings used in the previous OFR study. However, a vertical gap of 1°
between the competing gratings was sufficient to completely eliminate the nonlinear
interaction and OFRs now approximated the vector sum of the responses to each
grating stimulus alone. Thus, the nonlinear interactions responsible for the WTA
outcome were strictly local, indicating that the postulated inhibitory connections do
not extend much beyond the confines of the visual stimuli.

The postulated mutual inhibition between channels subserving opposite direc-
tions of motion is often termed, “motion opponency”, and has substantial supporting
evidence from psychophysical studies (Levinson and Sekuler 1975; Mather and
Moulden 1983; Qian et al. 1994; Stromeyer et al. 1984; van Santen and Sperling
1984; Zemany et al. 1998), functional magnetic resonance imaging (Heeger et al.
1999), and single unit recordings in area MT (Bradley et al. 1995; Mikami
et al. 1986; Qian and Andersen 1994; Rodman and Albright 1987; Rust 2004;
Snowden et al. 1991) and area V1 (Rust 2004; Rust et al. 2005). Interestingly, Rust
(2004) concluded that MT inherited motion opponency from V1.
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From the functional viewpoint, it has been suggested that motion opponency
will improve noise immunity and increase directional selectivity (Born and Bradley
2005; Qian et al. 1994). Also, in recent neuronal models of motion processing,
motion opponency makes an important contribution to the pattern selectivity evi-
dent in some MT neurons (Rust et al. 2006). The study that demonstrated WTA
behavior in the OFR (Sheliga et al. 2006¢) argued that the strong preference given
to the images with higher contrast would give objects in the plane of fixation an
advantage: because of accommodation, the retinal images of objects in the plane of
fixation will tend to be better focused — and hence tend to have higher contrasts —
than those of objects in other depth planes. It was pointed out that this would be in
line with earlier studies, which showed that when random-dot stimuli are used, the
OFR is effectively disabled by binocular disparities of more than a few degrees
(Masson et al. 2001; Yang et al. 2003; Yang and Miles 2003), suggesting that the
motion detectors mediating the OFR are also disparity selective and that, in every-
day conditions, these reflexes will have a strong preference for objects in the imme-
diate vicinity of the plane of fixation and will tend to ignore objects in other depth
planes. This same reasoning could be applied to the RFVR but, as pointed out by
Kodaka et al. (2007), it is not clear how favoring images moving in the plane of
fixation would necessarily operate to this system’s advantage.

7.4 Non-Linear Interactions with Component Motion:
WTA and Normalization

The OFR study of Sheliga et al. (2006c) that reported WTA behavior with opponent
motion also included experiments with two competing 1-D sine waves that were
equivalent to the 3rd and 7th harmonics of the mf stimulus so that their motions
were in the same direction, here termed component motion. In the example data
shown in Fig. 7.4c, the 7f component always had a contrast of 8%, and increasing
the contrast of the 3f component from 1 to 4% had almost no impact (closed circles)
whereas the equivalent increase in the contrast of the pure 3f stimulus alone had a
dramatic impact on the OFR (open circles). Also, when the contrast of the 3f com-
ponent exceeded twice that of the 7f component (i.e., >16%) then the 7f component
was now without influence and the responses now approximated those to the 3f
stimulus alone. Systematically changing the contrast at which the 7f component
was fixed again indicated that the critical factor was the ratio of the contrasts of the
competing gratings: when of similar contrast both were effective (vector sum/aver-
aging), but when the contrast of one was less than about Y2 that of the other then the
one with the higher contrast became dominant and the one with the lower contrast
became ineffective: Winner-Take-All (WTA). When the two gratings were each
confined to horizontal strips only 1-2° high this nonlinear interaction was still
very robust when the two gratings were overlapping (Sheliga et al. 2007a).
However, unlike the situation with the 3f and 5f stimulus strips, separating the 3f
and 7f grating strips by a vertical gap of up to 8° (the largest separation tried)
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reduced the nonlinear interaction somewhat but did not eliminate it and OFRs were
still far short of the linear sum of the responses to each grating alone. The sugges-
tion here is that the inhibitory interactions generally postulated to account for the
WTA behavior are again very local but there are also more global inhibitory interac-
tions resembling the divisive normalization often described in visual-motion-sensi-
tive neurons in the cortex (Britten and Heuer 1999; Carandini and Heeger 1994;
Carandini et al. 1997; Heeger 1992; Heuer and Britten 2002; Simoncelli and
Heeger 1998).

This postulated global normalization was recently examined further by record-
ing the horizontal OFRs to successive Y4-wavelength steps applied to a single 1-D
vertical sine-wave grating that could occupy the full monitor screen (45° wide, 30°
high) or a number of horizontal strips, each 1° high and extending the full width of
the display (Sheliga et al. 2008). These strips were always equally spaced vertically,
and increasing the number of strips could reduce the response latency by up to
20 ms, so the magnitude of the initial OFRs was estimated from the change in eye
position over the initial open-loop period measured with respect to response onset.
A single (centered) strip (covering 3.3% of the screen) always elicited robust OFRs,
and 3 strips (10% coverage) were sufficient to elicit the maximum OFR. Further
increasing the number of strips to 15 (50% coverage) had little impact, i.e.,
responses had asymptoted, and further increasing the coverage to 100% (full screen
image) actually decreased the OFR so that it was now less than that elicited with
only 1 strip. In this experiment, the gratings always had the same contrast, and in a
second experiment, the contrast of the gratings could be fixed at one of four levels:
the OFR showed essentially the same pattern of dependence on the number of strips
(i.e., screen coverage) at any given contrast but, significantly, the lower the contrast,
the lower the level at which the response asymptoted. This indicated that the
asymptote was not due simply to the passive achievement of some intrinsic upper
limit in the magnitude of the eye movement or the underlying motion signals (“ceil-
ing effect”). Rather, this asymptote was seen as the result of an active process
consistent with the normalization attributed to global divisive inhibition among
cortical neurons cited in the previous paragraph.

Sheliga et al. (2008) attributed the decrease in the OFR when the image filled
the monitor screen to the increased continuity of the gratings arguing that it
would favor the local inhibitory surround mechanisms over the central excitatory
ones (cf., Barthélemy et al. 2006). Direction-selective neurons with powerful
inhibitory surrounds are commonplace in cortical area MT, which is a major
source of the motion signals reaching MST, a region known to be critical for the
genesis of the OFR (Takemura et al. 2007). Some MT neurons have antagonistic
surrounds whose preferred direction of motion is the same as that at the center,
rendering these neurons sensitive to local-motion contrast and insensitive to
wide-field motion: see Born and Bradley (2005) for recent review. Sheliga et al.
(2008) suggested that it is because of such neurons that introducing spatial
discontinuities increases the OFR — even while decreasing the area stimulated by
the motion — by reducing the activation of the antagonistic surrounds. This study
indicates that robust OFRs can be elicited by much smaller motion stimuli



152 F.A. Miles and B.M. Sheliga

than are commonly used and strongly suggests that this is because of divisive
normalization and inhibitory surround mechanisms. Ideally, the responses of an
ocular tracking mechanism to motion of a given speed and direction should be
insensitive to the physical characteristics of the moving images and these new
data indicate that, for a given contrast, the initial OFRs are independent of the
size of the stimulus over a five-fold range (10-50% coverage). Over this range,
there is clear vector averaging, exactly the sort of behavior one expects of a
system subject to divisive normalization. Sheliga et al. (2008) suggested that
these effects are mediated by the same mechanism that is responsible for contrast
gain control whereby the OFR saturates at relatively low contrast, ~30% (Masson
and Castet 2002; Sheliga et al. 2005a).

A crucial feature of the study of Sheliga et al. (2008) was that the stimuli were
in effect seen through elongated apertures aligned with the axis of motion and
hence were inherently broadband. Moving images confined to stationary circular
apertures, as in the study of Barthélemy et al. (2006), become increasingly high-
pass when the aperture is reduced in diameter, compromising the low spatial fre-
quencies that are preferred by the OFR. Thus, the effects of the aperture here are
less to do with its area than with its spatial-frequency bandwidth, which depends
on the length of the aperture along the axis of motion. Many other studies have
examined the so-called smooth pursuit tracking responses to single small moving
spots that are obviously not confined to a stationary window, but these pursuit
responses have latencies that are generally at least twice that of the OFR (e.g.,
Heinen and Watamaniuk 1998).

7.5 Dynamics: The Biphasic Temporal Impulse Response

Recent studies using two-frame movies, i.e., single steps, to elicit OFRs and RFVRs
showed that brief ISIs (10-100 ms) reversed the initial direction of these responses
(Kodaka et al. 2007; Sheliga et al. 2006a). Sample data showing this effect for the OFR
can be seen in Fig. 7.5a. These reversals are reminiscent of the oft-reported reversal of
perceived motion by brief ISIs that has generally been attributed to the temporal
dynamics of the early visual pathway and, in particular, to the negative phase of the
well-known biphasic temporal impulse response function of the human visual system
(Pantle and Turano 1992; Shioiri and Cavanagh 1990; Strout et al. 1994; Takeuchi and
De Valois 1997; Takeuchi et al. 2001). In this scheme, the polarity of the visual
responses reaching the underlying motion detectors is assumed to undergo reversal
during the ISI, so that the neural representation of the 2nd image — whose appearance
marks the onset of motion — is matched to a representation of the 1st image that has
undergone (transient) reversal during the ISI. This 180° phase shift in the neural
representation of the 1st image means that the Y4-wavelength difference between the
1st and 2nd stimuli would be seen as a 90° phase shift in one direction when there is
no IST and as a 90° phase shift in the opposite direction when there is a brief ISI.

The consensus from the above-mentioned psychophysical studies was that with
ISIs of less than ~100 ms the perceived motion depended on 1st-order energy-based
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Fig. 7.5 The initial horizontal OFRs elicited by two-frame movies (single %-wavelength rightward
steps) applied to 1-D vertical gratings: dependence of mean eye velocity response profiles on an
intervening luminance-matched period of gray, the ISI (one subject). (a) Photopic conditions. (b)
Scotopic conditions. The ISIs, indicating the time interval between the disappearance of the 1st
image and the appearance of the 2nd image, were 0, 40 or 100 ms (numbers on the traces). Note
that time on the abscissa starts 40 ms after the appearance of the 2nd image. Upward deflections of
the traces denote rightward eye movements. Dotted lines indicate zero eye velocity. Contrast was
always 32%. Sample traces from Sheliga et al. (2006a). The cartoons at the right show x—¢ plots of
the stimuli when the ISI was 0 ms (above) and 40 ms (below)

mechanisms, whereas any perceived motion with longer ISIs depended on higher-
order feature-based mechanisms. Thus, the reversal of the OFR and RFVR with
short ISIs is a further support for mediation by detectors sensitive to 1st-order
motion energy.

The dependence of the initial OFR on the ISI has also been shown to be very
sensitive to the mean luminance level. Thus, the strong reversal of the initial OFR
with ISIs of 10-60 ms seen in Fig. 7.5a was obtained under photopic conditions and
the reversed OFRs actually reached much higher velocities than the non-reversed
OFRs with 0-ms ISI. However, under scotopic conditions, reversal occurred only
with ISIs>60 ms and these reversed OFRs were always appreciably weaker than the
non-reversed OFRs with 0-ms ISI: see Fig. 7.5b, for which the luminance was below
the human cone threshold. That the dependence of OFRs on the ISI shifted from
biphasic to more monophasic with dark adaptation accords with the changes in the
human modulation transfer function from band-pass to low-pass in the frequency
domain and from biphasic to monophasic in the time domain (Kelly 1961, 1971a, b;
Roufs 1972a, b; Snowden et al. 1995; Swanson et al. 1987). Note that the reversal
of perceived motion with intermediate ISIs (30-90 ms) reported by Takeuchi and De
Valois (1997) was obtained under photopic viewing conditions and these workers
also showed that the reversal was reduced at low luminance. In fact, when the retinal
illuminance was reduced below cone threshold, Takeuchi and De Valois (1997)
found that ISIs no longer reversed perceived motion.
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7.6 Neural Mediation

There is extensive evidence from monkeys that the OFR and RFVR are cortically
mediated despite their ultra-short latency. Bilateral lesions of the medial superior
temporal area of the cortex (MST) result in major impairments of both reflexes
(Takemura et al. 2002, 2007) and there is extensive data from single unit recordings
indicating that neurons in this region discharge in relation to the visual stimuli used
to drive these reflexes. Thus, MST is specialized for the processing of optic flow (for
recent review, see Wurtz 1998) and has long been known to contain neurons that are
selectively sensitive to radial optic flow patterns such as those used to evoke RFVRs
at ultra-short latencies (Duffy 2000; Duffy and Wurtz 1991a, b, 1995, 1997a, b, c;
Lagae et al. 1994; Saito et al. 1986; Tanaka et al. 1986; Tanaka and Saito 1989).
Kawano and colleagues have shown that there are neurons in MST that discharge in
relation to the earliest OFR responses, their temporal profiles even reproducing the
irregularities in the temporal profiles of the OFRs (Kawano et al. 1994; Takemura
et al. 2000; Takemura and Kawano 2006). This cortical region is thought to rely
heavily on magnocellular pathways, which are so named because they include the
magnocellular layers of the LGN (Livingstone and Hubel 1987, 1988; Maunsell et al.
1990; Merigan and Maunsell 1990; Schiller et al. 1990). The contrast-dependence of
the OFR in monkeys (Miles et al. 1986a) and humans (Masson and Castet 2002;
Sheliga et al. 2005a), and of the RFVR in humans (Kodaka et al. 2007), closely
resemble that in the magnocellular pathway, which is characterized by saturation at
relatively low contrast levels (Kaplan and Shapley 1982). Recordings from monkeys
also indicate that, at scotopic luminance levels, vision is dominated by rod inputs to
magnocellular-projecting retinal ganglion cells (Lee et al. 1997; Purpura et al. 1988),
consistent with the finding of Sheliga et al. (2006a) that the OFR continues to operate
even at very low luminance and contrast levels. Lesions and electrophysiological
studies in monkeys strongly suggest that the OFR is mediated by projections from
MST to the dorsolateral pons, which then projects to the ventral paraflocculus, a
region of the cerebellum well known for its involvement with the generation of
tracking eye movements (see Takemura and Kawano 2002, for review).

7.7 A Window onto the Processing of Visual Motion
in the Human Striate Cortex?

Earlier studies suggested that the OFR and RFVR are synergistic reflexes’ that
combine to assist in the visual stabilization of the gaze of the moving observer and
pointed out a number of shared features in addition to their ultra-short latency, such

2We have not mentioned a 3rd reflex, the Disparity Vergence Response, that is also thought to be
a member of this family, because it responds to binocular disparity rather than motion. This reflex
shares many fundamental properties with the OFR and RFVR, including dependence on 1st-order
(disparity) energy (Sheliga et al. 2006b), and WTA behavior when competing (disparity) stimuli
are used (Sheliga et al. 2007b).
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as post-saccadic enhancement, dependence on the preéxisting vergence angle, and
— in monkeys at least — mediation by MST: for review see Miles (1998), Miles et al.
(2004) and Takemura et al. (2007). More recently, Kodaka et al. (2007) showed that
the fundamental spatiotemporal characteristics of the OFR and RFVR — such as
their dependence on contrast, spatial frequency and an ISI, as well as the nonlinear
interactions that are evident with competing motions — were very similar, quantita-
tively as well as qualitatively. Kodaka et al. (2007) suggested that these two very
different kinds of eye movements share these basic spatiotemporal properties
because they are mediated by the same low-level, local-motion detectors. As
pointed out above, work on monkeys strongly implicates the MST area of cortex in
the genesis of the RFVR and OFR, and this area is known to receive major inputs
from area MT (Maunsell and van Essen 1983; Ungerleider and Desimone 1986),
which receives a direct projection from direction-selective neurons in V1 (Movshon
and Newsome 1996). Of particular interest is that recent authors have suggested
that neurons in MT inherit their local-motion selectivity from neurons in V1 (e.g.,
Born and Bradley 2005; Churchland et al. 2005; Movshon and Newsome 1996;
Priebe et al. 2006; Rust 2004; Rust et al. 2006). This raises the possibility that the
local spatiotemporal properties of the MST neurons mediating both the RFVR and
the OFR directly reflect the local motion energy computed by V1 direction-selec-
tive neurons. Thus, even though the MST neurons mediating these two reflexes
must have very different global properties — preferring radial vs. linear optic flow,
respectively — they nonetheless probably share the same local spatiotemporal char-
acteristics. One especially attractive feature of these two reflexes is that many of
their basic characteristics are well captured by simple mathematical functions with
only two free parameters (e.g., dependence on log spatial frequency is Gaussian,
dependence on contrast is well described by the Naka—Rushton equation, and
dependence on the relative contrast of two competing motions is well described by
a Contrast-Weighted-Average model) and these quantitative characterizations
generally show little inter-subject variability. Thus, although the OFR and RFVR
are motor responses, they directly reflect the detailed properties of the low-level
sensory detectors mediating those responses and effectively provide a quantitative
window onto the early cortical processing of visual motion, perhaps as early as
striate cortex.
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