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Abstract: Motion speed and direction are two fundamental cues for the mammalian visual system.
Neurons in various places of the neocortex show tuning properties in term of firing frequency to both
speed and direction. The present study applied a 32-channel electroencephalograph (EEG) system
to 13 human subjects while they were observing a single object moving with different speeds in
various directions from the center of view to the periphery on a computer monitor. Depending on
the experimental condition, the subjects were either required to fix their gaze at the center of the
monitor while the object was moving or to track the movement with their gaze; eye-tracking glasses
were used to ensure that they followed instructions. In each trial, motion speed and direction varied
randomly and independently, forming two competing visual features. EEG signal classification was
performed for each cue separately (e.g., 11 speed values or 11 directions), regardless of variations
in the other cue. Under the eye-fixed condition, multiple subjects showed distinct preferences to
motion direction over speed; however, two outliers showed superb sensitivity to speed. Under the
eye-tracking condition, in which the EEG signals presumably contained ocular movement signals,
all subjects showed predominantly better classification for motion direction. There was a trend
that speed and direction were encoded by different electrode sites. Since EEG is a noninvasive and
portable approach suitable for brain—computer interfaces (BCls), this study provides insights on
fundamental knowledge of the visual system as well as BCI applications based on visual stimulation.

Keywords: motion; speed; direction; visual; EEG; BCL; machine learning

1. Introduction

Electroencephalography (EEG) provides a portable and noninvasive solution for brain—
computer interfaces (BCls). By examining brain signals and features from a human user
that are self-initiated or evoked by external stimulation, the intention of the human can
be inferred and used to control external devices. Typical visual BCI protocols are based
on transient stimulation that evokes P300’s [1] or steady-state visual evoked potentials
(SSVEPs) [2], both providing the human user with a limited number of choices. For example,
various chessboard patterns may correspond to the commands of “left”, “right”, “go”, and
“stop” for BCI wheelchair users [3]. By directing the central visual field to a particular
pattern, distinct brain signals can be recorded to infer the human’s intention. Alternatively,
visual objects with different directional preferences can be used to decode the user’s spatial
attention [4]. Regardless of the stimulation protocol, the general mechanism of a SSVEP-
based BCI remains the same: a distinct set of visual stimuli should evoke consistently
distinguishable EEG features.

While existing BCI applications have made significant progress in utilizing visual
stimuli for interpreting users’ intention, most of them focus on relatively simple and /or uni-
directional stimuli. This is partly due to the fact that EEG features elicited by more complex
and competing visual cues have not been adequately explored. Using BCI wheelchairs as
an example, while decoding the user’s spatial attention has been successfully implemented

Brain Sci. 2024, 14, 160. https://doi.org/10.3390 /brainsci14020160

https://www.mdpi.com/journal /brainsci


https://doi.org/10.3390/brainsci14020160
https://doi.org/10.3390/brainsci14020160
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/brainsci
https://www.mdpi.com
https://doi.org/10.3390/brainsci14020160
https://www.mdpi.com/journal/brainsci
https://www.mdpi.com/article/10.3390/brainsci14020160?type=check_update&version=1

Brain Sci. 2024, 14, 160

2of 16

as mentioned above, e.g., which direction the user would like the wheelchair to move, there
has been no attempt to decode user intentions that are linked to movement speed, e.g., how
fast the user would like the wheelchair to move. Although it is theoretically possible to use
different visual patterns (such as the above-mentioned chess-board patterns) to represent
various speeds, this type of stimulation protocol is unnatural. Ideally, users should be able
to control both the direction and speed of a wheelchair by selectively fixing their gaze (i.e.,
their central visual field) at the preferred visual stimulus, among a set of stimuli, that has
the desired direction and speed.

Therefore, in the present study, we examined the potential of constructing SSVEP-
based BClIs using two important visual motion cues—speed and direction. We particularly
focused on the comparison of EEG sensitivities to the two cues as elicited by each individual
human, because different people may have different cue preferences. To create competing
cues, the motion speed and direction of the same object were randomly and independently
chosen. This design will, of course, make subsequent signal classification more difficult than
fixing one cue each time and only varying the other. The latter approach may generate bias
because two separate datasets are recorded at different times, each for a particular cue, while
we examined the same dataset containing both cues for each subject and EEG electrode.

Because the visual object was moving on a computer monitor in front of the human
subject, a natural variation would be whether we allow the human subject to track the
object with their eyes. It is known that ocular signals can be present in EEG recordings, and
there are various methods to record or remove the electrooculogram (EOG) [5]. From the
perspective of examining brain signals associated with speed and direction cues, it is best
to keep the eyeball fixed or have the EOG removed. On the other hand, in the real world,
our eyes are rarely still, and BCI applications that prohibit users from tracking moving
objects would seem unnatural. If including the EOG in EEG signals improves classification
performance, there is no reason why we should not do so. Unfortunately, few studies have
examined speed sensitivity when the eyes are smoothly pursuing a moving target [6].

In addition, machine learning classification algorithms typically follow signal acqui-
sition and feature extraction to decode the user’s intention in BCI applications [7,8]. For
example, given a piece of EEG recording, can we tell in which direction the user would
like the wheelchair to move? In this sense, a classification algorithm will yield a specific
outcome, such as left or right. Commonly used classification algorithms for ongoing EEG
signals include linear discriminant analysis (LDA), support vector machine, k-nearest
neighbor, template matching, artificial neural networks [3,9,10], etc. The present study
chose the LDA algorithm because high-dimension signals (i.e., the entire temporal wave-
form over half seconds) are used as the input to the classifier. LDA is a commonly used
dimension reduction method [11] and has been applied to classify event-related potentials
by other researchers in the past [12-14].

In this study, we first recorded the EEG and examined its sensitivity to the two visual
cues under a eye-fixed condition. We also repeated the entire experiment with each human
subject while the subjects were required to track the moving object with their gaze. To
ensure that the subjects followed the instructions, they wore eye-tracking glasses during
both experimental conditions, and their gaze data were screened afterwards. In addition,
we introduced a large number of “classes” in the task, i.e., 11 speeds and 11 directions,
which is rare compared with previous EEG studies, such as those discriminating two [15]
or three speeds [16] and six directions [4], etc. We will first present speed and angle
classification results under the eye-fixed condition. We will then show the results obtained
under the eye-tracking condition as a comparison.

2. Methods
2.1. General Setup

Thirteen subjects (age 19-25) were paid to participate in this study. Subjects had either
normal or corrected-to-normal vision. For the latter, a screening procedure was performed
to make sure that short-sightedness, if any, was mild enough to enable eye tracking (e.g., we
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had excluded a couple of subjects with more severe short-sightedness who had failed the
eye-tracking screening.) The experimental protocol was approved by the Institutional
Review Board of Saint Louis University (Protocol #29002).

During the experiment, subjects were sitting in a chair with a head rest to support
their chin (Figure 1A; SR Research, Kanata, ON, Canada, Eye Link), wearing eye-tracking
glasses (Tobii, Stockholm, Sweden). A 27-inch desktop computer screen was placed in front
of them on a desk. The distance between the subject and the screen was 50 cm. All subjects
with normal or corrected vision were recorded under the same setting, ensuring uniformity
in screen positioning, distance, and viewing angle. At the beginning of each experimental
session, gaze calibrations were performed with the eye tracker, during which visual objects
were presented on the four corners of the computer screen. Recorded gaze data allowed
us to double check if the subject had followed instructions during different experimental
conditions; gaze data were not used in any of the signal classification tasks.

A. Chin Rest B. EEG Electrodes C. Angles

D. Experimental Paradigm

Fixation Fixation Moving Inter-trial
Black: 1.7 s Green: 0.3 s Upto0.5s 3s

(D)

E. Experimental Flowchart
Ready Cue Move Hold Ready ELLLLLD

Onset, t=0 03s

/

|<— 2s —>|<—x—>|<—1s —>|

Figure 1. (A) Chin rest to support to subject’s head. (B) EEG electrode map. GND, ground electrode.

REEF, reference electrode CPz. (C) The 11 angles to be classified. In each trial, the angle of movement
was randomly selected and was then put into one of the 11 directions to be classified. (D,E) Experi-
mental paradigm (D) and flowchart (E), respectively. At the beginning of each trial, there wasa 2 s
fixation period. During the last 0.3 s of fixation, the black fixation point turned to green to signal
that the motion would begin soon. In the “eye-fixed” condition, the subject was asked to look at the
center, except during the intertrial intervals. In the “eye-tracking” condition, the subject was asked to
track the moving green circle.

Meanwhile, EEG signals were measured with a 32-channel portable system (Figure 1B;
eego-sports; ANT Neuro, Hengelo, The Netherlands), including a head cap, an amplifier,
and a Windows tablet computer. A StimTracker (Cedrus, San Pedro, CA, USA) was used to
mark the stimulation onsets and label the EEG trials.
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2.2. Experimental Paradigms

Figure 1D,E shows the trial-by-trial procedure. The larger circle on the screen (Figure 1D)
had a diameter of 25 cm. Given that the subjects’ eyes were 50 cm away from the screen,
the end angle of the eye motion was 14°. At the beginning of each trial, there wasa 2 s
fixation period. During the last 0.3 s of fixation, the black fixation circle turned to green to
signal that the motion would begin soon. Motions could be in any random direction with
a speed randomly selected from 11 speed values. During angle classifications, the space
inside the large circle was partitioned into 11 directions to match the number of speeds for
a fair comparison (Figure 1C).

The slowest speed on the computer screen was 25 cm/s, which corresponds to 28 ° /s
for the human gaze. Each speed interval was intended to be twice as fast as the previous
speed; however, drawing the circle along the moving trace (Figure 1D) may have taken
some extra time (eight drawings were performed for each motion). Therefore, we also
recorded the actual beginning and end time for each actual motion, with the slowest speed
taking about 0.5 s and the fastest speed taking 0.1 s.

After the completion of the motion, the object was held on the circle for 1 s (Figure 1E)
before it disappeared. Each trial was followed by a 3 s intertrial interval, during which the
subject was allowed to relax the eyes. It was critical to have the 1 s holding period so that
the EEG response to the moving object would not be affected by eye motions during the
intertrial interval.

In the “eye-fixed” condition, the subject was required to look at the center without
moving their gaze, except during the intertrial intervals. In the “eye-tracking” condition,
the subject was required to track the moving green circle. Figure 2 shows examples of
eye traces during the two conditions. For each subject, we obtained 15 sessions for the
eye-fixed and 15 sessions for the eye-tracking condition. Each session contained 33 trials,
with 3 trials for each of the 11 speeds and random directions. Therefore, each speed or
direction contained 45 trials.

A. Eye-Fixed ] B. Eye-Tracking
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Figure 2. Examples of continuous eye traces monitored with Tobii eye-tracking glasses for Subject
S1. (A) Gaze was fixed at the center of the image and was not allowed to move during each trial.
(B) Gaze was tracking the motion of the object. The standard deviations of traces from center were
0.017 and 0.060 for (A) and (B), respectively. In both conditions, the subject was allowed to relax their
eyes during intertrial intervals.

2.3. EEG Signal Processing and Classification

Figure 1B shows the EEG electrode map. The ground electrode was located in between
Fpz and Fz. Electrode CPz was the reference electrode during the recordings, set as the
default by the amplifier. A common-montage mode [17] was then applied in the signal-
processing stage. Briefly, raw recordings from each electrode were subtracted by the
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average of all 31 electrodes. An independent component analysis (ICA) approach was
applied to remove EEG artifacts [18], mostly eye-blinking signals. The sampling frequency
of the amplifier was 500 Hz. A 50th-order FIR filter (0.1-13 Hz) was applied to the signal as
preprocessing so that delta, theta, and alpha waves were included. We found that extending
to higher frequencies did not improve the classification results.

First, we extracted the visual evoked potentials (VEPs) after the fixation onset. Figure 3
shows examples of VEP traces during the eye-fixed and eye-tracking conditions recorded
using the same electrode (P4) for subject S5. Briefly, the preprocessed (including eye-
blinking removals and bandpass filtering) EEG signals were extracted and averaged over
45 trials. The gray area between 0 and 2 s indicates the fixation period, during which the
eyes were not allowed to move under either eye condition. Motions started at 2 s and the
slowest one would finish at 2.5 s. In the eye-tracking condition, the eyeball could start
tracing the object with a latency from less than 100 ms to more than 300 ms after the onset
of the object’s motion [19]. The end of the eye tracking depended on the speed of the object
and usually finished within 2 s in our study, depending on the subject.

10 A. Eye-Fixed
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Figure 3. Example VEPs used for speed classification obtained from Subject S5, Electrode P4. The
shaded area represents the 2 s fixation period. Each trace was an average over 45 trials for a fixed
speed with any angle. Black traces were responses to the slowest speed (Speed #1) and red traces
were responses to the fastest speeds (Speed #11). The slowest motion took about 0.5 s following
t=2s.

Note that both motion speed and direction could vary randomly and independently.
Next, we examined whether the motion speed or direction of the object could be decoded
from the recorded VEP using machine learning and compared decoding performance
across the eye-fixed and eye-tracking conditions. LDA was applied to the portion of VEP
signals that occurred during the motion period (2-2.5 s, Figure 3). LDA aims to find a linear
combination of features that separates two or more classes of objects or events. Considering
that neural responses in the primary visual cortex (V1) have short response latencies
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that vary between 70 and 97.9 ms [20], our 500 ms response window should generally
correspond to the motion of the visual object. Because the maximum signal dimension that
can be optimized by the LDA algorithm is restricted by the number of samples (i.e., n = 495
when all motion trials were included) [21], the VEP was down-sampled to 25 samples/s to
reduce the signal dimension.

Speed or direction classification accuracy at each electrode was then subsequently de-
rived. To improve the signal-to-noise ratio, a leave-three-out cross-validation approach [22]
was used to provide the training and test VEPs to the classifier. Briefly, each time, three
trials obtained with the same class (i.e., speed) were randomly selected from the 45 trials
and averaged to serve as a “test VEP”. Meanwhile, 100 training VEPs for each class were
randomly formed from the pool, excluding trials that had been selected as the test VEP.
After training the classifier, a prediction was made for the test VEP regarding the speed or
direction of the object. The prediction could be correct or incorrect, which was the validation

process. This procedure was repeated 100 times to obtain classification accuracy 7.

2.4. Statistical Analysis
The majority of data created in this study were in the form of classification performance

v, which was a percentage describing the correct classification rate. For this type of
percentage measurements, a confidence interval (CI) approach is the standard in examining

its statistical significance. Specifically, the significance of v was used in computing the CI as

Cl = +z* (1)

with a significance level of & < 0.01 [23]. n is the number of trials, and z* is the standard

normal. If CI — v is greater than chance performance (e.g., 9.1% for 11 speeds or angles),
the significant level is reached. When examining the significance of all 31 electrodes, a
Holm-Bonferroni correction was applied to correct for multiple measurements.

When we compared the grand performance of all 31 electrodes across the two cues
(speed vs. direction), a two-tailed t-test was applied to the two sets of correct detection
rates to examine if one cue dominated the performance of the other.

3. Results
3.1. Gaze Monitoring

In this study, we compared the sensitivity of the EEG response to competing cues
(i.e., speed vs. direction) of a moving object under eye-fixed and eye-tracking conditions.
Eye-tracking glasses were used to make sure that the subjects generally followed the
instructions, which was the case for the 13 subjects shown here. Results from one more
subject have been excluded from the study since that subject sometimes involuntarily
tracked the object during the eye-fixed condition.

Figure 2 shows examples of eye-tracking traces. During the eye-fixed condition, the
traces were mostly confined to the center of the circle. Occasional motions away from
the center were relaxations during intertrials, which was allowed. In comparison, the
eye-tracking condition showed systematic gaze motions in various directions. The recorded
end points usually formed an ellipse with the longitudinal axis being vertical, rather than a
perfect circle, due to the design of the eye-tracking glasses.

To quantitatively separate the two conditions, we computed the standard deviations
of eye traces from the center (geometrical mean of 2D traces). In the eye-fixed condition,
traces typically had a standard deviation considerably below 0.030, whereas the tracking
condition yielded much higher values, as the one in Figure 2B. Gaze data were only meant
for monitoring purposes and were not used in any of the EEG classifications.
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3.2. Visual Evoked Potentials

Figure 3 shows examples of VEPs for one subject obtained with the fastest (red) and
lowest (black) speeds under the eye-fixed (A) and eye-tracking (B) conditions. Each trace
was an average of 45 trials with the same speed. All conditions were the same during the
first 2 s of fixation (gray area). The motion started at 2 s and the slowest speed took 0.5 s
to finish, followed by a 1 s holding period. That is, the holding period started earlier for
faster-motion-speed trials. Positive and negative evoked peaks were clearly seen under
both eye conditions during the motion period. The portion of the VEP during 2.0-2.5 s was
extracted and used for speed and/or direction classification.

For the eye-tracking condition, after the 1 s holding period, large VEPs occurred due
to the eyeball moving back to the center (Figure 3B, 3.5-4 s). The evoked peaks occurred
later for slow-speed trials because the holding period (1 s) ended later than in fast-speed
trials. In addition, according to previous studies [19], the human gaze can move with a
latency from tens to hundreds of milliseconds for near and far targets. Therefore, eyeball
motions may have occurred during the 0.5 s used for the following VEP classification.

It should be pointed out that the VEPs in Figure 3 were constructed based on motion
speed, regardless of direction. The VEPs may look different when being extracted according
to motion direction using the same set of EEG recording waveforms.

3.3. Speed Classification, Eye-Fixed Condition

Figure 4A shows classification performance topography for a representative subject,
S5, under the eye-fixed condition. Warm colors represent higher classification accuracies.
The “two speeds” condition only includes VEP responses to the two slowest moving speeds.
Here, chance performance is 50%. Similarly, “three speeds” includes the three slowest
speeds, with chance performance being 33.3%. The last figure (“11 speeds”) is the one
in which all recorded VEP responses are included. Here, the middle of each color bar
(green) is set to be the chance value. Although the color darkens with the number of speeds
included, absolute values are decreasing.

To explain how classification accuracy was computed, we chose one electrode (P4)
and showed confusion matrixes for this electrode in the figure above (Figure 4B). Here, the
columns are the true speed numbers, with “1” being the slowest and “11” being the fastest
speeds, respectively. The rows are the classified speed indexes. Dark colors falling on the
diagonal are correct classifications. The title of each small plot shows the percentage of
correct values corresponding to the P4 electrode highlighted in Figure 4A. Again, the color
bars are set to have chance performance in the middle of the color scale.

It can be seen that relative classification patterns (i.e., confusion matrixes) remained
somewhat consistent as more speeds were added. For example, Speed #3 (i.e., the third
slowest speed) had the highest classification rate when only the slowest three speeds were
included (Figure 4B, upper row, second plot). Even with more speeds added, Speed #3
remained better than Speeds #2 and #1. Another example is that Speeds #6-9 showed
relatively high performance throughout the last three plots. In other words, we could more
or less predict the patterns for fewer speeds based on the confusion matrix for “all speeds”
(Figure 4B, lower rightmost), although the exact value of each cell decreased with more
speeds included.

For Electrode P4, we also computed its statistical significance using the CI approach
(see Section 2.4). An asterisk in the title indicates significant performance (p < 0.01,
Figure 4B). In this example, all but the six-speeds condition showed significant perfor-
mance with P4. We should point out that speed classification was performed regardless of
motion direction, which was randomly chosen in the 360° domain.
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A. Speed Classification Example, Eye-Fixed, Subject S5
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Figure 4. (A) Examples of classification performance topographies for motion speeds under “eye-
fixed” condition for Subject S5, starting with the slowest speed. The “two speeds” plot shows
classification performance of two slowest speeds. The rest are plots including successively faster
speeds. Midpoint of color scale always corresponds to chance level with the number of classes
specified. (B) Confusion matrixes for electrode P4 as an example. The x-axis is the true speed, with
“1” being the slowest speed. The y-axis is the classified speed. Any decision falling on the diagonal
is a correct decision. Asterisks represent statistical significance (CI test, p < 0.01). Note that in both
(A,B), color scale is adjusted so that center of scale corresponds to chance performance, e.g., 50% for
two speeds and 9% for eleven speeds. PC, percentage of correct decisions.

Figure 5 shows the classification performance for all 11 speeds and 13 subjects. For
example, the very last heatmap plot in Figure 4A (11 speeds) is again shown here as “Subject
55”. Again, warm colors indicate higher classification performance. Asterisks indicate
significant detection performance using the CI approach (p < 0.01; Equation (1)). Since there
were multiple comparisons, a Holm—-Bonferroni correction was applied during statistical
tests. Most subjects had more than one electrode showing sensitivity to motion speed
(seven out of thirteen subjects reached statistical significance), whereas Subjects S10 and
511 demonstrated strikingly high performance with a large number of electrodes. Later, we
will show that those two subjects were the only ones whose sensitivity to motion speed
was higher than their sensitivity to direction (Figure 8).
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Figure 5. Speed classification results for all subjects under “eye-fixed” condition. There were a

A"

total of 11 speeds involved in the classification; therefore, chance performance was 9%. Asterisks
indicate statistical significance (CI test, p < 0.01, with Holm—Bonferroni correction). The best electrode
performance for all subjects was 16 £ 3.7%. Asterisks represent statistical significance (CI test,
p <0.01).

3.4. Direction Classification, Eye-Fixed Condition

The results shown in Figures 4 and 5 above were based on VEPs classified using motion
speed. For the same speed, motion could occur in any random direction. Alternatively,
VEPs can also be classified according to motion direction, regardless of speed; that is,
according to how well we can tell in which direction the object moved based on a given
piece of EEG. Figure 6 shows that 10 out of the 13 subjects had significant detection
performance for motion direction. Interestingly, the two subjects who showed the highest
sensitivity to motion speed (Figure 5), S10 and S11, were no longer the best two subjects
for motion direction (Figure 6). On the other hand, multiple subjects who failed to show
significant performance in the speed classification task (S1, S2, 56, S9, and S13; Figure 5)
showed significant direction sensitivity (Figure 6).

Angle Classification, Eye-Fixed
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Figure 6. Direction classification results for all subjects under “eye-fixed” condition. There were
a total of 11 angles involved in the classification; therefore, chance performance was 9%. The best
electrode performance for all subjects was 17 & 3.1%. Asterisks represent statistical significance (CI
test, p < 0.01).

Subject:S12

(%) 238y 399.110D

3.5. Classification Results under the Eye-Tracking Condition

As can be seen in Figure 3, moving the eyeballs can greatly affect VEP shape, presum-
ably due to the presence of EOG. For the eye-tracking condition, we again limited VEPs
to the duration of the motion (2-2.5 s). Figure 7A shows speed classification performance,
which is to be compared with Figure 5 under the eye-fixed condition. Interestingly, allowing
the eyeballs to freely move to track the object did not necessarily improve classification
performance. Although nine out of thirteen subjects showed significant performance, the
two subjects who showed superior performance under the eye-fixed condition (510 and S11;
Figure 5) exhibited lower sensitivity to speed under the eye-tracking condition (Figure 7A).
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Figure 7. Speed (A) and angle (B) classification results under the eye-tracking condition. The format
is the same as in Figures 5 and 6. The best electrode performance for all subjects was 16 + 1.8%
for speed and 40 + 8.5% for angle. (C) is the same as (B) except that the color scaled is doubled
(maximum color is 36%) to expose the best electrodes. Asterisks represent statistical significance (CI
test, p < 0.01).

Classification performance was strikingly better for motion direction when the subjects
were required to track the object (Figure 7B), in comparison with the eye-fixed condition
(Figure 6). Here, the maximum color is capped at 18%, because chance performance was
9% for 11 angles. All 13 subjects showed highly significant performance, and maximum
performance ranged from 28.0% to 62.5%. To expose the best-performing electrode sites,
Figure 7B is replotted in C with a doubled color scale, i.e., maximum performance is capped
at 36%. The best electrodes are mostly the frontal-lateral ones (Figure 7C).

To directly compare EEG sensitivity between the two visual cues, motion speed and
direction, a scatter plot was generated for each subject under both the eye-fixed (Figure 8A)
and eye-tracking (Figure 8B) conditions. Each dot represents one electrode. A two-tailed
t-test was applied to compare sensitivity to the two cues across all the electrodes for
each human subject. Under the eye-fixed condition, only Subjects S10 and S11 showed
significantly better performance for the speed cue (Figure 8A). The rest of the subjects
either favored the direction cue or showed no preference. Needless to say, under the eye-
tracking condition, all subjects showed significantly better performance for the direction
cue (Figure 8B).
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Figure 8. Speed vs. angle classification results under both conditions. Each dot represents the
detection performance of 1 of the 31 electrodes. Under the eye-fixed condition (A), different subjects
showed different preferences for the two cues. Subjects S1, S2, S8, S9, and 513 showed significantly
better performance for direction (¢ test, p < 0.01), whereas Subjects S10 and S11 had better perfor-
mance for speed (¢t test, p < 0.01). Under the eye-tracking condition (B), direction classification was
predominately better for all subjects (¢ test, p < 0.01). The last panel in each figure with red bars shows
the Pearson correlation coefficient between the two cues for each subject.

One may then ask the question: are speed and direction encoded by the same set of
EEG electrodes or by different ones? For example, the dots in Figure 8A for Subject S7 seem
to form a negative correlation, indicating that electrodes which performed better with one
cue did worse with the other cue. Therefore, the last panel in each figure with red bars
plots the Pearson correlation coefficient between the two cues for each subject. Overall,
negative correlations seem to be more prevalent than positive correlations, especially
under the eye-tracking condition (Figure 8B, lower rightmost panel). In addition, EEG
data are characterized by various signal features, including electrode positioning and
frequency components. The application of different signal processing methods can result
in distinct outcomes.
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4. Discussion
4.1. Neural Coding of Motion Speed and Direction

As stated by Pasternak and Tadin [24], “. . .the direction and speed of target motion are
among the most important encoded stimulus properties, revealing many parallels between
psychophysical and physiological responses to motion.” Neural mechanisms for coding
motion direction have long been studied along the visual pathway in the mammalian
brain. There are orientation columns in the primary visual (striate) cortex that encode the
directions of movements in terms of direction-tuning curves [25,26]. Similar observations
are also common in extrastriate cortical areas such as V3 [24].

The speed of a moving object is also a prime dimension studied in visual neuroscience.
Speed perception is a critical survival skill for humans and other species to properly react
to surrounding events. It has been suggested that speed can be perceived separately
from distance and time [6]. However, there have been contradicting views on how speed
is encoded, i.e., whether speed is a feature perceived independently from spatial and
temporal features. One hypothesis is that speed is directly coded by neurons showing
speed tuning [27]. Most studies have been conducted in monkeys and have shown single
neurons with speed tuning that do not directly code temporal or spatial frequency [28-32].
Direct speed tuning in MT/MST has also been identified in humans using fMRI [33], at
least for high-contrast stimuli. On the other hand, many studies suggest that speed is first
encoded by neurons that detect spatial and temporal frequencies [34-40], and thus further
processing is needed to extract true speed information.

In our study, because we used a single moving object (i.e., a small circle) without any
spatial and temporal frequency features, the result indicated direct sensitivity to speed.

4.2. The Experimental Design vs. BCI Applications

The present study examined EEG sensitivity to two competing motion cues—speed
and direction. The effect of eye movements on classification performance was examined
while the subject was allowed or forbidden to track the moving object. Two aspects of the
experimental design made classification especially challenging.

First, signal classification was performed for each cue while the other cue was varied
randomly and independently. Regardless of the choice of machine learning algorithms,
the classification of EEG signals works best when signals in the same “class” (e.g., speed
or direction) are similar. In our case, the VEPs evoked by the same speed may relate to
various motion directions, and if they also responded to direction, there would be large
“within-class variations”.

Second, signal classifications were performed over 11 classes for either speed or direc-
tion. This is considered a large number in visual BCI applications where, for the purposes
of fidelity, a much smaller set of classes or options (2—4, etc.) are usually preferred [3,41].
This does not mean that we intend to build a BCI system with 11 classes, although it
would be more efficient than having fewer classes. Given that chance performance for a
two-class task is 50% and for an eleven-class task it is only 9%, it is not surprising that
correct direction rates of around 20% are considered “good” performance and the best
performance we achieved was 62.5%. Yet a BCI system should be reliable first before we
can consider efficiency. We included a large dynamic range for both speed and direction
only to get a sense of the sensitivity of EEG signals to the two cues on a large scale.

Previous studies of visual motion typically use a set of gratings that have various
spatial frequencies [24]. Our study used a single circle/dot instead, because, under the
eye-tracking condition, it would have been difficult to regulate the gaze, e.g., which one
and which part of the gratings to be focused on. A single moving circle allowed us to
accurately direct the eye movements.

Regarding the choice of EEG signal bandwidth, we choose 0.1-13 Hz because this range
included alpha waves in the analysis. It has been shown that alpha waves are important for
encoding motion speed [42] as well as spatial locations [4], which match the final locations
of the moving object in our study. We tried increasing the frequency range but did not
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achieve better classification performance (not presented). In the future, the deployment
of deep learning algorithms, such as convolutional neural networks (CNNs) [43], may be
explored to achieve enhanced results.

4.3. Speed and Direction Sensitivity without Eye Movements

When the subjects were required to fix their gaze at the center of the screen while the
object was moving, most of them showed higher sensitivity to motion direction than speed.
Specifically, seven out of thirteen showed significant performance for speed (Figure 5),
whereas ten out of thirteen showed significant performance for direction (Figure 6). When
the two cues were compared over all 31 electrodes for each subject, five showed significantly
better performance for direction than speed (Figure 8).

It is thus quite puzzling why two subjects (510 and S11, Figure 5) demonstrated superb
performance for speed under the eye-fixed condition. This could not have been caused
by accidental eye movements because when the eyes were allowed to track the moving
object, no subject, including S10 and S11 themselves, ever demonstrated high performance
on a similar scale. Since we were unprepared for this observation during our experimental
design, we did not conduct more physiological or psychophysical explorations to study
what could have made them more sensitive to motion speed. Future studies may focus on
the cause of individual distinctions, such as previously undergoing special athletic training.

4.4. Speed and Direction Sensitivity under Eye-Tracking Condition

When our subjects were asked to track the moving object with their gaze, there would
presumably have been “EOG contamination” in the recorded EEG signals, especially in the
frontal electrodes [5]. When we rescaled direction performance with a larger color scale
(Figure 7C), almost all subjects showed the highest performance for the frontal electrodes,
with a couple of exceptions. The electrode sites indicate that the higher performance for
motion direction under the eye-tracking condition originated from ocular movements.
However, when performance from all the electrodes was plotted against the two cues, the
majority of subjects showed a negative correlation (Figure 8B), indicating that the two
cues were most likely encoded by different electrode sites. In fact, comparing between
the brain topography images for speed (Figure 7A) and direction (Figure 7C), we indeed
observe a general trend of encoding speed information with more posterior sites, rather
than the frontal sites. This finding indicates that EEG signals, rather than EOG, may be
more suitable for decoding motion speed.

We should point out that the EEG signals used in all the classifications only span
between 0 and 0.5 s after the target movement onset, which covers the duration of the
slowest movement (0.5 s). As shown in Figure 3B, there are prominent signal features
lasting more than 3 s, presumably caused by the EOG. In fact, including those signal
features by extending signal duration from 0.5 s to 1.5 s significantly improved classification
performance for speed under the eye-tracking condition (not presented). One reason is
that gaze movements generally lag behind the object’s movement with a latency of up to
several hundred milliseconds [44]. More importantly, in our experimental protocol, the
motion distance was fixed; therefore, the time it took for each movement with a particular
speed varied, followed by a 1 s holding period. Had we extended the signal being analyzed
to more than 0.5 s, we could have potentially picked up those factors.

Apart from the EOG effect in the eye-tracking condition, there are fundamental differ-
ences in retinal motion processing between situations when the eyes are fixed and when
they are actively pursuing a moving object. For example, when an object is moving at a
slow speed, its image is more or less stationary on the retina [6]. In the present study, the
time duration for the object to complete the movement from the center to the periphery of
the large circle varied between 0.1 s and 0.5 s. The faster the movement, the more difficult
it is for the object’s image to stay at the center of the retina, which may bring additional
complexity to the problem.
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4.5. Conclusions

In conclusion, our study revealed that EEG contains important signal features that
correlate to both the angle and speed of a moving visual object. A linear machine learning
classifier was used to quantify sensitivity to both cues. When the gaze was fixed at the
center of the view, sensitivities to both cues were comparable. When the gaze was tracking
the object’s movement, sensitivity to angle was predominantly better than sensitivity to
speed. Our finding provided insights on the brain’s responses to motion-related visual
cues in a complex presentation paradigm and examined the potentials of those cues in the
application of visual BClIs.

It should be noted that EEG analysis, and thus the derived conclusions, may vary
with the choices of signal features and processing methods. For example, if only a certain
frequency wave, such as the alpha wave, is used in the analysis, different conclusions
may be derived. Here, the frequency we used (0-13 Hz) included delta, theta, and alpha
waves, because we found that further extending it to higher frequencies did not improve
classification results, whereas limiting it to a smaller range would impair the classification
results. We also applied the classification algorithm to entire temporal waveforms, because
we were unable to derive significant results using frequency analysis (such as computing
the power of a certain frequency band). Nevertheless, other researchers may have better
strategies for analyzing data. In addition, future studies should explore the two cues with
other types of visual stimulus presentations and improved recording methods, such as
high-density EEG or near-infrared spectroscopy.
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