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Abstract—This paper presents a new asynchronous hybrid
brain-computer interface (BCI) system that integrates a speller, a
web browser, an e-mail client, and a file explorer using electroen-
cephalographic (EEG) and electrooculography (EOG) signals.
More specifically, an EOG-based button selection method, which
requires the user to blink his/her eyes synchronously with the
target button’s flashes during button selection, is first presented.
Next, we propose a mouse control method by combining EEG and
EOG signals, in which the left-/right-hand motor imagery (MI)-
related EEG is used to control the horizontal movement of the
mouse and the blink-related EOG is used to control the vertical
movement of the mouse and to select/reject a target. These
two methods are further combined to develop the integrated
hybrid BCI system. With the hybrid BCI, users can input text,
access the internet, communicate with others via e-mail, and
manage files in their computer using only EEG and EOG without
any body movements. Ten healthy subjects participated in a
comprehensive online experiment, and superior performance was
achieved compared with our previously developed P300- and
MI-based BCI and some other asynchronous BCls, therefore
demonstrating the system’s effectiveness.

Index Terms—Electroencephalography (EEG), electrooculog-
raphy (EOG), speller, web browser, e-mail client, file explorer.

I. INTRODUCTION

A human-machine interface (HMI) system is a communication
system that allows users to interact with external devices [1].
In recent years, biological signals, such as electroencephalog-
raphy (EEG) and electrooculography (EOG), have been widely
used to augment or as alternatives to traditional HMIs (such as
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keyboards and mice) to help people with neuromuscular im-
pairments (such as patients with disturbance of consciousness,
amyotrophic lateral sclerosis, and stroke) to better interact with
their environment [2]. EEG-based HMIs, which are also called
brain-computer interfaces (BClIs), are usually developed based
on event-related potentials (ERPs), including slow cortical
potentials (SCPs) [3], steady-state visually evoked potentials
(SSVEPs) [4], P300 potentials [5], and sensorimotor rhythms
(mu and beta rhythms) [6]. Hemodynamic signals, such as
functional near-infrared spectroscopy (fNIRS), can also be
used to establish BCIs, which can produce different commands
by measuring the blood flow changes in the local capillary net-
work caused by neuron firings [7], [8]. EOG signals associated
with different eye movements, such as horizontal/vertical eye
movement, gaze, and blink, are also widely used to develop
HMIs [9]. EOG usually has a strong signal amplitude, which
makes it relatively easy to detect and therefore suitable for
developing HMIs for those with the ability to control their eye
movements. To accommodate different requirements, many
kinds of BCIs or EOG-based HMIs have been developed
for real-world applications, such as text speller [10], device
control [11] and game interactions [12]. These HMI systems
can work in either a synchronous mode, which requires a
cue/trigger to instruct the beginning of each mental task, or an
asynchronous mode, which is more practical because it enables
the user to start a mental task in a self-paced fashion [13].
Computers have become a pervasive part of modern life.
Assisting users with limited motor functions to conveniently
interact with computers is one meaningful and promising ap-
plication of EEG- and EOG-based HMIs. The most commonly
used applications of personal computer (PCs) include spellers,
which enable the user to input text; web browsers, which
enable the user to obtain information from the internet; e-
mail clients, which provide a medium for communication;
and file explorers, which enable the user to manage and
manipulate files stored in the computer. All these applications
rely on an efficient button selection method, with which the
user is able to provide sufficient different commands, and/or
a two-dimensional (2-D) mouse movement control, which
allows the user to move the mouse between two arbitrary
positions. Furthermore, both methods should be able to run in
an asynchronous mode just like a typical keyboard and mouse.
In recent years, contemporary researchers have developed
various types of asynchronous BCI spellers [14]-[16] or
BCI browsers [17]-[19] based on P300 potentials [14], [19],
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N200 potentials [15], SSVEPs [16], SCPs [17], i rhythms
[18], or combinations of P300 and SSVEPs [16]. EEG and
fNIRS can also be combined to develop hybrid BCI systems
[20]; for instance, M. J. Khan et al. developed an EEG-
fNIRS-based hybrid BCI with an accuracy of over 80% for
four independent commands [21]. Another EEG-fNIRS-based
hybrid BCI with 8 independent commands was developed by
the same group for quadcopter control, in which four tasks,
including mental arithmetic, mental counting, mental rotation,
and word formation, were decoded using fNIRS, and four eye
movements, including two eyeblinks, three eyeblinks, up/down
eye movement, and left/right eye movement, were decoded
using EEG [22]. In 2004, Wolpaw and McFarland reported
the first non-invasive BCI-based 2-D mouse control method;
the authors showed that two independent control signals could
be derived by training the subjects to regulate mu and beta
rhythms simultaneously[23]. In our previous study, an MI-
and P300-based 2-D BCI mouse was developed, with which
a mouse can be moved from an arbitrary position to another
arbitrary position [24]. However, because of the limited num-
ber of independent commands (e.g., fewer than 10 in [14],
[21], [22]) or high nonstationary and low signal-to-noise ratio
(SNR) characteristics of EEG, most of these asynchronous
BCI systems were unable to achieve high information transfer
rates (ITRs) in the control state and simultaneously keep
low false-positive rates (FPRs) in the idle state [24], [25],
or required intensive user training [23], which hindered the
practical application of these asynchronous BCI systems.
Some researchers have also developed asynchronous HMI
systems based on EOG [9], [26]-[28]. For example, Usakli
and Gurkan applied four kinds of eye movement (up, down,
left, and right) to control the movement of a cursor, and they
applied double blink to select targets. In this manner, a virtual
keyboard was developed [26]. Similarly, Lled¢ et al. developed
an EOG-based web browser by using EOG signals associated
with four different directions of eye movement (left, right,
up, and down) and blink [27]. EOG signals associated with
different eye movements have also been used to control an
electric wheelchair [28] and a humanoid robot [9]. However,
most of these EOG-based HMI systems still encountered the
following two problems: (i) it is still difficult to quickly and
accurately distinguish intended eye movements from unintend-
ed eye movements, and (ii) the number of available commands
is usually equal to the types of eye movements, which is
generally limited and insufficient to develop a complex HMI
system, e.g., a speller. In our previous study, an asynchronous
EOG speller was developed in which a flashing mechanism
was integrated to provide time stamps for users to blink
their eyes and to assist the detection of eye blinks [29].
However, few EEG- or EOG-based practical designs have been
developed for the other three aforementioned applications,
i.e., web browsers, e-mail clients, and file explorers, which
require an effective asynchronous mouse control method. In
addition, to the best of our knowledge, previous studies have
not integrated these four applications (speller, web browser,
e-mail client, and file explorer) together in a single system in
a real PC, which is important and necessary for practical use.
In the current study, we present an EOG-based button

selection method, an EEG- and EOG-based 2-D mouse move-
ment control method, and an asynchronous hybrid BCI system
that integrates four asynchronous subsystems—a speller, a web
browser, an e-mail client, and a file explorer—based on these
two methods. Specifically, four buttons corresponding to the
four abovementioned subsystems are presented in the main
graphical user interface (GUI) of the system, and all four
of these buttons alternatively flash in a random order. To
enter/use a specific subsystem, the user is required to select
the corresponding button. In the current study, to select a
button, the user blinks his/her eyes in synchrony with the
stimulus onset, or flash, of the desired button. The GUI of
the subsystem speller consists of forty-one randomly flashing
buttons. The user can insert a character by selecting the
corresponding button. In the subsystem of the browser/e-mail
client/file explorer, the user can control the mouse horizontal
movement by imagining hand movement and can control
the mouse vertical movement, select/reject targets, or spell
characters by selecting specific buttons on the GUI In this
manner, the user can open a desired web page, read the
web content, or select an intended hyperlink or other target
contained in the opened page using the web browser; receive
or write e-mails using the e-mail client; and access his/her
files and manage them using the file explorer. In this work, ten
healthy subjects participated in an online experiment, and the
experimental results showed that all of the subjects could use
the proposed system to finish a comprehensive online task. We
compared the experimental results to our previously developed
P300- and MI-based hybrid BCI and some other asynchronous
BCIs and found that superior performance was achieved, thus
demonstrating the effectiveness of the proposed hybrid BCL.
The rest of this paper is organized as follows. Section II
presents the methods, including data acquisition, the GUI,
EOG-based button selection, EEG- and EOG-based mouse
control, system calibration, and workload evaluation. Section
IIT presents the experimental implementation and results,
which is followed by Sections IV and V, where further
discussion and conclusions are presented, respectively.

II. METHODS

A. Data Acquisition
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Fig. 1: Names and distribution of the electrodes for the EEG (a) and
vertical EOG (b).

B. GUI

In this study, a NuAmps device (Neuroscan, Inc., Australia)
and a 32-channel Quick-Cap (Neuroscan, Inc., Australia) are
used to acquire the EEG/EOG signals. All electrodes are
placed according to the international 10-20 system. Fig. 1(a)
and (b) illustrate the placements of 30 electrodes and a
monopolar electrode for recording EEG and vertical EOG
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(d)
Fig. 2: GUIs for the (a) main interface of the hybrid BCI system, (b) speller, (c) web browser, (d) e-mail client, and (e) file explorer.

(VEOG), respectively. We only record single-channel VEOG
because it has been suggested to be sufficient for blink detec-
tion [9], [29]. Although it is possible to detect intended eye
movements from channels placed on the cortex, as suggested
in [22], we use an additional monopolar channel placed near
the upper eyelid to capture stronger blink-related VEOG. The
ground electrode “GND” and reference electrode “A2” are
separately attached to the forehead and right mastoid (not
shown in the figure). During the experiments, the sampling
rate is set to 250 Hz, and for all electrodes used in this study,
the impedance is maintained below 5 k().

As illustrated in Fig. 2, the hybrid BCI system consists
of five GUIs corresponding to the main interface and four
subsystems, i.e., the speller, web browser, e-mail client, and
file explorer. Below, we describe each of these GUIs in detail.

1) The main interface

The GUI consists of four buttons corresponding to the
abovementioned four subsystems (Fig. 2(a)). All four buttons
are randomly and alternately intensified with a duration of
100 ms and a stimulus onset asynchrony (SOA) between
two consecutive onsets of 250 ms. SOA indicates the time
interval between the onsets of any two adjacent button flash-
es/intensifications [30]. In this study, the procedure for each
button flash includes changing the color of the button from
black to green (flash onset), maintaining the green color for a
duration of 100 ms, and then changing the color of the button
back to black (flash offset). The button flashes are performed
round by round. In each round, each button flashes only once
in a random order, and the difference between the onset times
of two adjacent button flashes is 250 ms (SOA). The user

(e)

can select a button to enter the corresponding subsystem. The
button selection will be detailed later.

2) The GUI for the speller

As illustrated in Fig. 2(b), the GUI for the speller contains
41 buttons corresponding to 26 uppercase/lowercase letters, 10
Arabic numerals/punctuation marks, and five function buttons,
including a “Space” button to input a space, a “Back” button to
delete a character, a “CapsLock” button to switch between up-
percase letters/punctuation marks and lowercase letters/Arabic
numerals, a “Shift” button to switch between Chinese and
English input methods, and an “OK” button to activate the
main GUI with the spelled characters saved in a text file or
to make the system go back to the previous subsystem with
the spelled characters entered in the edit box. Specifically, if
the speller GUI is activated by clicking an edit box, the “OK”
button enters the spelled characters into the edit box and makes
the system go back to the previous subsystem. If the speller
GUI is activated by selecting the button “Speller” on the main
interface, the “OK” button saves the spelled characters in a text
file and saves the file in the root directory of the system. Once
the speller subsystem is activated, all 41 buttons will flash in
a random order with a duration and an SOA of 100 ms and
30 ms, respectively. Note that an overlapping time of 70 ms
exists between two adjacent button flashes, indicating that a
maximum of 4 buttons will be colored green at the same time,
although the onset times of these button flashes are different
(30 ms apart from each other).

3) The GUI for the web browser

As illustrated in Fig. 2(c), the GUI for the web browser
contains four flashing buttons around the client area, with a
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web page in the center and a navigation menu on the top.
Specifically, these four buttons (“Up”, “Down”, “Select”, and
“Reject”) flash in a random order with a duration and an
SOA of 100 ms and 250 ms, respectively. The user can select
one of these buttons to make the mouse move up/down or to
select/reject a target. In addition, the left/right movement of the
mouse is controlled by left-/right-hand imagery. The imbedded
web page contains eight predefined web sites. The developer
can redefine these web sites according to the users suggestion.
The navigation menu contains several practical function keys,
including “Home”, “Reload”, “Backward”, “Forward”, URL
address edit box, “Go”, and a filter edit box. The last function
key of the navigation menu, the “Back” key, takes the system
back to the main interface. A demonstration of the use of the
proposed web browser is presented in Fig. 3(a).

4) The GUI for the e-mail client

As shown in Fig. 2(d), the GUI and its control method for
the e-mail client are similar to those for the web browser,
which are described above. The “Back” function key, which is
used to take the system back to the main interface, is placed
on the top. The available e-mail communication operations
include open an e-mail to read, create/reply to a new e-mail,
forward an e-mail to others, and attach a file to the current
e-mail. Fig. 3(b) shows a demonstration of the creation of a
new e-mail using the proposed e-mail client.

5) The GUI for the file explorer

As shown in Fig. 2(e), the GUI and its control method for
the file explorer are similar to the GUI and control method
for the web browser and e-mail client. Specifically, all of
the files and folders under the current directory are shown
in the center of the file explorer client. Five buttons (“C”,
“D”, “E”, “F”, and “Desktop”) located on the left side of
the file explorer enable the file explorer to directly reach the
corresponding directory. Four function keys, which consist of
an edit box to activate the speller subsystem for new directory
address typing, a “Go” button to access the specified directory,
a “Previous” button to switch to the previous directory, and
a “Back” button to make the system go back to the main
interface, are placed on the top of the file explorer. Once the
user clicks/selects a specified file listed in the file explorer
client, the flashing buttons “Up”, “Down”, “Select”, and
“Reject” will be replaced by the “Open”, “Paste”, “Copy”,
and “Delete” buttons, respectively. The user can select one of
these buttons to perform the corresponding manipulation. Once
a manipulation is performed, the buttons will be translated
back to the normal status. When a file (e.g., a pdf) is opened,
the user can page up/down in the file or close it by selecting
the flashing buttons “Up”/“Down” and “Reject”, respectively.
Note that the mouse movement is invalid when a file is opened.

The system is started at the main interface (Fig. 2(a)).
If one of the four buttons (“Speller”, “Web Browser”, “E-
mail Client”, and “File Explorer™) is selected by the user, the
corresponding subsystem will be activated. If the user selects
an edit box provided by the hybrid system or contained in
any web page, the system will switch to the speller subsystem
(Fig. 2(b)) for the user to input text.

C. EOG-based button selection
In this study, button selection is achieved by using only blink-
related EOG signals, as illustrated in Fig. 4. Specifically, the
user can select a button by blinking synchronously with the
flashes of this button; meanwhile, the vertical EOG signal from
the monopolar electrode shown in Fig. 1(b) is recorded. Then,
an online detection procedure is implemented to determine the
target button for each round of button flashes.

1) Feature extraction

At the beginning of each detection, we first extract a
segment of EOG signal from the monopolar EOG channel.
Specifically, the data between 100 and 500 ms after each
button flash onset are extracted. Then, we bandpass-filter the
extracted segment of signal with a pass frequency band of
0.1-20 Hz. Next, a first-order difference operation is applied
to achieve a feature vector. In this manner, we extract /N online
feature vectors per round corresponding to N button flashes.

2) SVM classification

A predefined support vector machine (SVM) classifier is
applied to these online feature vectors to obtain N SVM
scores, among which we keep m maximum scores and set the
others to zero. Those n buttons corresponding to the reserved
n maximum scores are regarded as precandidate target buttons.
In the current study, we set n to five for the speller GUI and
to one for the other GUIs. This is because a single blink may
be associated with several button flashes in the speller GUI
because of its short SOA (30 ms), while in the other GUIs, a
blink is usually only associated with one button flash, as their
SOAs are long (250 ms).

3) Waveform detection

To detect whether the extracted online feature vectors con-
tain a blink, we apply a waveform detection procedure to
each of them simultaneously with the SVM classification.
Specifically, a typical first-order differential EOG waveform
(X) consists of a peak and a valley. We first calculate a time
duration d and an energy e for each feature vector X, as below:

{ X = [31177,‘2,...,1‘99]

d= tvalley - tpeak» €=

(D

e ()2

where tpcqr and tyqey Tepresent the time points of the
valley and peak, respectively, and d and e indicate the
speed and strength of the blink, respectively. Then, three
predefined thresholds, including a minimum time duration
threshold 7;,;,, a maximum time duration threshold 7},,.,
and a minimum energy threshold F, are used to complete
the waveform detection. For a specific feature vector, if the
time duration ¢ is between T,,;, and T},,,, and the energy e
is larger than F, then we obtain a result of 1, which means
the waveform detection for the corresponding button flash is
passed; otherwise, a result of 0 is obtained, which means the
waveform detection is unpassed for this button flash.

4) Candidate target determination

The buttons corresponding to nonzero SVM scores and
nonzero waveform detection results are selected as candidate
targets of the current round of button flashes.

5) Decision making

For the GUI of the file explorer, e-mail client, or web brows-
er, the button that fulfills the conditions in step 4 is regarded as
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Fig. 3: (a) A demonstration of surfing the internet using the proposed web browser, in which the input URL address, input keyword for
target filtering, the touched target, and the remaining targets after filtering are circled in blue, green, and purple and highlighted in yellow,
respectively. (b) A demonstration of creating an email using the proposed email client.

the target button. For the GUI of the speller or main interface,
the decision is made according to the results of the current
and previous two rounds of button flashes. Specifically, if a
button is identified as a candidate target at least twice in the
latest three consecutive detections/rounds, then this button is
selected as the target button of the current detection. If there
are two or more buttons fulfilling this condition, then we
calculate a value for each of these buttons by summarizing the
SVM scores corresponding to the latest three detections/rounds
and select the button with the maximum value as the target
button. Otherwise, no target button is determined in the current
detection. Setting different decision-making conditions for the
GUISs of the speller subsystem and the other subsystems is due
to their different SOAs. In the GUI of the speller subsystem
containing 41 buttons, we set an extremely short SOA of 30 ms
to achieve a high ITR in the control state, which at the same
time makes it difficult to synchronize a blink with a specific
button flash. As a result, we utilize the results of the current
and previous two rounds of button flashes to determine a target
button. However, the SOAs of the other GUIs containing only
four buttons are 250 ms, which are usually long enough to
identify the target button according to a single blink in the
current round of button flashes.

D. EEG- and EOG-based mouse control
In this study, mouse movement and target selection/rejection
are achieved using the Ml-related EEG and blink-related EOG
signals, as shown in Fig. 4. Specifically, Ml-related EEG
is used to control the horizontal movement of the mouse,
i.e., left/right, while blink-related EOG is used to control the
vertical movement of the mouse, i.e., up/down, as well as to
select/reject targets. The horizontal and vertical movements of
the mouse, which are controlled by performing MI and blink
tasks, are independent of each other.

1) Mouse horizontal movement control

The mouse position is updated every 200 ms, in which
the horizontal position of the mouse is updated according
to the classification result of Ml-related EEG signals. More
specifically, a segment of 600 ms of EEG data is first extracted
from every 200-ms interval (400 ms of data overlapped with
the previous segment). Then, a common average reference
(CAR) filter and an 8- to 13-Hz bandpass filter are successively
applied to filter the extracted data. Next, a common spatial
pattern (CSP) algorithm is utilized to extract the feature vector

[31]. After that, a pretrained SVM classifier is used to calculate
an SVM score, i.e., si , for the extracted feature vector. Finally,
the new horizontal position of the mouse is calculated as

Ty = Tp—1 + a[Sk—2 + Sk—1 + Sk] + b, (2)

where a and b are two parameters used to keep (zj — Tx—1)
close to zero while the user is in an idle state [24]. Note that the
user can perform an MI task to control the mouse horizontal
movements at any time without attending to the button flashes
because the detection of MI is independent of the flashes of
the buttons.

2) Mouse vertical movement control

The vertical movement of the mouse is controlled by select-
ing the “Up”/“Down” button. Specifically, if the user selects
the “Up”/“Down” button using the previously introduced but-
ton selection method, the mouse will move upward/downward
with a fixed vertical (20 pixels per update). The mouse will
not stop unless the “Reject” button is selected or a target is
touched.

3) Target selection or rejection

Once a target is touched, the mouse will stop automatically.
If the target is interesting, then the user can select the “Select”
button to click and open it; otherwise, the user can select the
“Reject” button to reject it. Once a target is rejected, the mouse
will continue to move according to the previous movement
state.

E. Calibration
Each subject is required to participate in a calibration pro-
cedure prior to his online experiment. In the calibration
procedure, two SVM classifiers and three thresholds (77,:x,
Tmaz, and E) are determined for the online experiment.
First, each subject attends an MI training session including
60 trials, each of which consists of a 4 s left/right MI
task. The collected EEG data are first filtered using a CAR
filter and an 8- to 13-Hz bandpass filter. Based on these
filtered EEG data, a CSP transform matrix W is constructed
using the well-known joint diagonalization method [24]. Three
components from both ends of W are selected to extract the
discriminative spatial patterns (feature vectors) for each MI
class. In this manner, sixty 6-D feature vectors with label 1
(left-hand motor imagery) or -1 (right-hand motor imagery)
are obtained from this training dataset. Using these feature
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SVM .
classification Main interface
Blink-associated Feature EOG-blased button
EOG extraction selection
Waveform Speller
detection
Web Browser
Data acquisition MIl-associated Feature SVM | |EEG- and EOG-based mouse E-mail Client
EEG extraction classitication control
—» File Explorer

Fig. 4: Flowchart of the entire system. The EOG and EEG signals are acquired and fed into two different data processing procedures
simultaneously. Specifically, based on the blink-related EOG signal, a button selection method is implemented and is used to operate the
main interface as well as the speller. A mouse movement control method is implemented based on the blink-related EOG and MlI-related
EEG signals. With the collaboration of mouse movement control and button selection/rejection, the user can operate the web browser, e-mail

client, and file explorer.

Experimental paradigm

2. Write a sentence in a text file
using the speller subsystem.

1. Surfing the internet using the
web browser subsystem.

4. Send and receive an e-mail
with the file attached using the e-
mail client subsystem.

3. Manage the text file using the
explorer subsystem.

« "
1) Select the button  “Web Browser” ; 1) Select the button =speller™ ;

2) Input afile name;
2) Move mouse and select a predefined
web; 3) Select the button  “OK” to produce a

text file with the input file name;

4) Input a sentence of “An EEG-and
:> EOG-based asynchronous hybrid BO

svstem.“

3) Determine a keyword, move mouse,
and select the filter;

4) Input the keyword;

5) Move mouse and select a target; 5) Keep in the idle state for about 5 min;

6) Select the button  “OK” to save the
sentence in the text file and back to the
initial interface.

6) Move mouse and select the button
“Back” .

: 4) Close it;

. . 1) Select the button “E-mail Client” ;
1) Select the button “Explorer” ;
2) Select the button  “New” ;

2) Find the file generated in the previous 3) Enter the address of current account;
subtask; 4) Enter a subject;
5) Add the file as an attachment;
$ 6) Write the e-mail;

7) Send the e-mail;

8) Back to the initial interface.

3) Open it;

5) Copy the filg;
9) Select the button “E-mail Client” ;

6) Paste the file in the current directory; 10) Select the button “Receive” ;
11) Open the e-mail send just now;

7) Back to the initial interface.
12) Open the attached file;

(a) (b)

(c) (d)

Fig. 5: Paradigm of a trial in the online experiment. (a) Subtask I: Surf the internet (b) Subtask II: Write a sentence in a file. (c) Subtask

III: Manage the file. (d) Subtask IV: Send and receive an e-mail.

vectors and the corresponding labels, a linear SVM classifier
for the classification of MI-related EEG signals is trained.

Second, a training dataset of EOG is collected for each
subject by using the speller GUI (Fig. 2(b)). The training
session consists of 20 trials. Each trial consists of 10 rounds
of button flashes. During this training session, the subject is
required to blink his eyes synchronously with the flashes of
the target buttons. Based on this dataset, a feature vector is
extracted using the abovementioned feature extraction method
for each button flash. In total, 200 feature vectors with label
1 are achieved for the target button flashes, and 8000 feature
vectors with label -1 are achieved for the nontarget button
flashes. Next, from among the 8000 nontarget feature vectors,
we further select 200 feature vectors corresponding to the
button flashes far away from the target button flashes as
the negative training samples. Using these feature vectors
and the corresponding labels, a linear SVM classifier for the
classification of blink-related EOG signals is trained.

Third, we separately calculate 200 duration and energy
values (d and e in Eq. 1) using the above extracted 200
feature vectors labeled 1. Then, we remove those values
smaller than p — 30 or larger than p 4 30, in which o and
1 represent the standard deviation and expectation of these
values, respectively. Next, we separately sort the rest of the
energy and duration values in ascending order. Finally, we

select the largest values of the bottom 5% and 95% among
the sorted duration values as thresholds 7},;, and T4z,
respectively. Similarly, among the sorted energy values, we
select the largest value of the bottom 5% as threshold FE.
These three thresholds are utilized to identify EOG waveforms
corresponding to intended eye blinks and to simultaneously
exclude waveforms corresponding to noise or some other types
of eye movements such as looking up, down, left, and right.
According to our experience, selection of such thresholds
can achieve a satisfactory balance between intended blinks
detection and noise or other types of eye movement exclusion.

III. EXPERIMENTS AND RESULTS

A. Experimental process

Ten healthy male subjects with normal or corrected-to-normal
vision, aged from 23 to 28 years, took part in a compre-
hensive online experiment to evaluate the effectiveness of
the proposed hybrid BCI. All subjects were required to sign
informed consent forms before their experiments. Next, a 5-
min preparation session and a 20-min training session were
performed sequentially. In the preparation session, the subject
received instructions to familiarize him with the proposed
hybrid system as well as the experimental procedure. During
the training session, two SVM classifiers and three thresholds
were obtained, as illustrated in Section II-E: Calibration. Then,
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TABLE I: Results obtained in Subtask I.

Sub. Trials NI  ACCl (%) RT1(s) FPR (eventsmin) N2  ACC2 (%) RT2(s) T2(s) N3 ACC3 (%) T3(s) T (min)

S1 5 6.4 96.88 1.59 0.23 54 96.30 5.99 3232 64 100 18.48 2.68

S2 5 6.8 97.06 1.90 0 6.4 96.88 6.25 40 6.8 100 18.68 2.30

S3 5 6.2 100 1.68 0.2 6.8 94.12 5.75 391 62 100 23.88 3.29

S4 5 54 100 1.77 0.15 5 100 5.46 273 54 100 25.67 2.92

S5 5 74 97.30 1.34 0.26 6.8 94.12 6.11 4155 74 100 18.26 3.11

S6 5 7.6 87.5 1.97 0.23 54 95.14 7.03 3796 7.6 98.67 17.57 3.11

S7 5 54 95.67 2.00 0.16 6.2 92.86 6.80 4216 64 100 19.44 2.96

S8 3 6.3 91.67 1.73 0.44 5.7 91.67 6.57 3723 63 100 17.32 2.63

S9 4 8.5 93.61 235 0.28 5.25 93.92 5.92 3108 85 97.5 20.76 3.79

S10 5 7.0 92.86 2.04 0.22 54 91.63 7.02 3790 7.0 97.14 18.81 3.06

Avg 47 67 95.26 1.84 0.22 5.84 94.66 6.29 36.66 6.8 99.33 19.89 2.99

TABLE II: Results obtained in Subtask II. TABLE III: Results obtained in Subtask III.

Sub. Trials N ACC  RT ITR FPR T Sub. Trials NI ACCI RT N2 ACC2 T2 T

(%) (s) (bit/min) (events/min) (min) (%) (s) (%) (s) (min)
S1 5 52 9844 6.0l 51.51 0 6.41 S1 5 7 96.15 153 7 100 2091 262
S2 5 52 9275  6.16 44.80 0 7.39 s2 5 72 100 149 72 100 2153 276
S3 5 52 9559 621 46.68 0.2 7.03 S3 5 8 9333 1.60 8 100 2421 344
S4 5 52 9697  5.59 53.35 0 6.14 S4 5 78 9744 150 7.8 100 1964 275
S5 5 52 9366 5.20 53.59 0 6.16 S5 5 74 9460 184 74 100 1834 249
S6 5 52 9090 691 38.50 0.1 6.99 S6 5 78 9528 213 738 100 1755 2.56
S7 5 52 9354  6.54 42.83 0.15 6.67 S7 5 94 9123 181 94 100 1866 321
S8 3 52 9429 678 41.92 0 7.37 S8 3 7 9333 179 7 96.67 20.89  2.64
S9 4 52 89.15  6.13 41.94 0 6.82 S9 4 75 9329 195 75 9657 2203  3.00
S10 5 52 9166 6.06 4455 0 6.75 S10 5 78 9527 196 7.8 9481 2346  3.30
Avg 47 52 9370 6.16 45.97 0.05 6.77 Avg 47 769 9499 176 7.69 9881 2072  2.88

the online experimental session was conducted, in which all
subjects were required to complete a comprehensive task five
times (trials). However, due to personal reasons, S8 and S9
only finished 3 and 4 trials, respectively. As shown in Fig. 5,
the task could be divided into four subtasks corresponding to
four subsystems: (i) surfing the internet using the web browser
subsystem, (ii) writing a sentence in a text file using the
speller subsystem, (iii) managing the text file using the file
explorer subsystem, and (iv) sending and receiving an e-mail
with an attachment using the e-mail client subsystem. In each
trial, the subjects performed all four subtasks without pausing,
although they could rest at any time because the proposed
integrated system had an asynchronous design. To complete
the online experiment, each subject finished three to five trials
with a break of 5 min between two trials. Below, the details of
each subtask as well as the performance of the corresponding
subsystem are presented.

1) Subtask I: Surfing the internet using the web browser

As illustrated in Fig. 5(a), during Subtask I, the subject
needed to surf the internet using the web browser subsystem
according to the following six sequential steps: 1) Activate the
browser subsystem by selecting the “Web Browser” button. 2)
Move the mouse and select a web site from the eight pre-
defined web sites, which usually consists of many selectable
links/targets. 3) Move the mouse and select the target filter to
activate the speller subsystem. 4) Spell a keyword and return
the system to the browser subsystem by selecting the “OK”
button. Then, those targets containing the keyword remain, and
other targets are filtered out. 5) Move the mouse and select
an interesting target from the remaining targets (i.e., targets
containing the keyword) to open the corresponding web page.
6) Return to the main interface.

2) Subtask II: Write a sentence in a file using the speller

During this subtask, all subjects were required to write a
sentence in a text file and save it using the speller subsystem.

More specifically, the subtask could be divided into the fol-
lowing six sequential steps (Fig. 5(b)): 1) Select the “Speller”
button in the initial GUIL. 2) Input a file name. 3) Select the
“OK” button to produce a text file with the input file name. 4)
Input the text “An EEG- and EOG-based asynchronous hybrid
BCI system.”. 5) Remain in the idle state for 5 min. 6) Select
the “OK” button to save the sentence in the text file and return
to the initial GUI.

3) Subtask IIl: Manage the file using the file explorer

In this subtask, all subjects were required to access a
local path and manipulate (open, close, copy, and paste) the
file generated in the previous subtask using the file explorer
subsystem. More specifically, the subtask could be divided into
the following seven sequential steps (Fig. 5(c)): 1) Select the
“File Explorer” button in the initial GUI. 2) Access a specified
directory to find the file generated in the previous subtask. 3)
Open the file. 4) Close the file. 5) Copy the file. 6) Paste the
file into the current directory. 7) Return to the initial GUL

4) Subtask IV: Send and receive e-mail with attached file

using the e-mail client

During this subtask, all subjects were requested to send a
new e-mail with an attachment to the current account and
then receive it and open the attachment using the e-mail
client subsystem. As illustrated in Fig. 5(d), 12 sequential
steps were contained in this subtask: 1) Select the “E-mail
Client” button in the initial GUI. 2) Move the mouse to select
the “New” button to create a new e-mail after the e-mail
client is opened. 3) Enter the e-mail address of the current
account (“scutbrain@163.com”) into the address edit box.
4) Enter a subject, e.g., a simple word. 5) Select the “Add
attachment” button and select the file generated in Subtask II
as an attachment. 6) Input a simple sentence as the e-mail
content. 7) Move the mouse to select the “Send” button to
send the e-mail to the current account. 8) Return to the initial
interface. 9) Select the “E-mail Client” button in the initial
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GUI again. 10) After the e-mail client is opened, move the
mouse to select the “Receive” button to receive the e-mail sent
in step 7. 11) Move the mouse and open the newly received
e-mail. 12) Move the mouse and open the attached file.

B. Experimental results

While using the web browser in Subtask I, the user was re-
quired to reject targets of no interest by selecting the “Reject”
button and to correct incorrectly selected targets by selecting
the “Backward” button. To evaluate the performance of the
web browser subsystem, we summarized several indicators,
as shown in Table I, in which N1, N2, and N3 indicated
the average numbers of button selections/rejections, charac-
ters of the keyword used to filter, and mouse movements,
respectively; ACC1, ACC2, and ACC3 indicated the average
accuracies of button selections/rejections, keyword spelling,
and mouse movements, respectively; RT1 and RT?2 represented
the average response times of selecting/rejecting a target and
spelling a character, respectively; and T2, T3, and T indicated
the average times of text input, a mouse movement, and a
complete subtask, respectively. FPR was the average false-
positive rate achieved while the user was in the idle state.
Here, a mouse movement indicated moving the mouse from
one item to another. If the subject did not finish a specific
mouse movement within 60 s, the system counted a failure of
mouse movement. Otherwise, the system counted a successful
mouse movement. The accuracy of mouse movements (ACC3)
equaled the ratio of the successful mouse movement number
to the total mouse movement number.

While using the speller in Subtask II, the subject was
required to delete the incorrectly spelled characters using the
“Back” button. To evaluate the performance of the speller
subsystem, the average numbers of trials and spelled characters
(N), accuracy (ACC), response time of spelling a character
(RT), ITR [14], FPR in step 5, and time to complete the
subtask once (T, excluding the 5 min idle time in step 5) were
calculated (Table II).

While using the file explorer in Subtask III, if an unintended
operation was performed, e.g., an incorrectly directory was
entered, the subject was required to remedy the mistake by
selecting the “Previous” button. Table III shows the average
results obtained in this subtask, including the average trials,
numbers of selections/rejections (N1) and mouse movements
(N2); accuracies of target selections/rejections (ACC1) and
mouse movements (ACC2); and time spent performing a
selection/rejection (RT), performing a mouse movement (T2),
and completing the subtask (T).

While using the e-mail client in Subtask IV, the user
was required to reject targets of no interest by selecting the
“Reject” button and to correct the incorrectly selected targets
by selecting the “Backward” button. Table IV shows the
results obtained in this subtask; the corresponding performance
evaluation indices were the same as those used in Subtask L.

As shown in Tables I-IV, all ten subjects completed the
surfing, spelling, file management, and e-mail sending and
receiving subtasks, which were relatively comprehensive and
consisted of multiple text inputs as well as mouse operations,
with a satisfactory performance.

C. Workload evaluation

After the online experiment, the NASA-TLX questionnaire
was completed by each subject independently. The question-
naire consists of 6 factors: mental demand, physical demand,
temporal demand, performance, effort, and frustration level.
Each factor has 20 intervals scored from O to 100, indicat-
ing different subjective workloads. A high score indicates a
high subjective workload and vice versa [32]. Some studies
have suggested that scores less than 50 [33] or 60 [34] can
be regarded as acceptable. As shown in Fig. 6, the scores
corresponding to the factors of mental demand and effort
were higher than those corresponding to the other factors,
suggesting that fatigue associated with the proposed control
paradigm may be mainly caused by mental demand and the
effort of blinking the eyes synchronously with the flashes of
the target button. However, the average scores were less than
40 for all factors, suggesting that all ten subjects thought
that the proposed EEG- and EOG-based hybrid system was
acceptable.

100 T T T T T T

NASA-TLX scores
1

il ] { { ;-

1 1 L 1
Physical demand  Temporal demand  Performance Efforl Frustralion

Fig. 6: The means and standard deviations of the NASA-TLX scores.

1
Menlal demand

IV. DISCUSSION

Among the various applications available in PCs, spellers, web
browsers, e-mail clients, and file explorers, which are best run
in asynchronous mode, might be the four most commonly used
applications. For these applications, a button selection method,
which enables the users to select different buttons in an
asynchronous mode, and a mouse movement control method,
which enables the users to move the mouse between two arbi-
trary positions, are two essential tools. EEG- and EOG-based
HClIs have promising potential to provide a new approach to
help users with motor impairment to conveniently use these
applications. However, asynchronous BCIs based on event-
related potentials (e.g., P300 and SSVEPs) usually encounter
a problem of low ITR or high FPR in the control or idle state
because of the low SNRs of EEG [25]. In contrast, EOG-based
HMIs usually have more reliable asynchronous performance
because the signal patterns of EOG are more consistent and
easier to detect. However, in studies of traditional EOG-based
HMIs [9], [35], the number of commands is limited by the
types of eye movements, which are usually insufficient to
develop complicated systems with multiple commands, e.g., a
speller. In addition, discriminating between intended and un-
intended eye movements in these EOG-based HMIs is difficult
in some cases. To address these problems, we first proposed an
EOG-based button selection method, in which we used button
flashing to guide the users blinking, and the blinks were then
easily detected and associated with the specific button. In this
manner, the number of available commands was markedly in-
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TABLE IV: Results obtained in Subtask IV.

Sub.  Trials NI ACCl (%) RTI(s) FPR (events/min) N2  ACC2(%) RT2(s) T2(s) N3  ACC3 (%) T3(s) T (min)
s1 5 252 97.62 145 0.09 324 96.91 601 19472 252 100 2253 1332
s2 5 17.8 95.51 131 023 232 95.69 669 15517 178 100 27.09 1101
s3 5 18.8 96.81 147 0.12 25 96 607 15163 188 100 2511 10.86
S4 5 19.4 95.88 1.66 0.1 25.6 9531 700 17926 194 100 2006 1292
S5 5 19.6 94.90 139 0.07 238 94.96 643 15294 196 100 2250 1035
S6 5 224 92.11 1.84 053 20.8 96.12 640 13320 224 100 2120 10.82
s7 5 204 88.57 1.92 037 20.6 92.51 645 13287 204 100 2596 11.69
S8 3 17.3 94.76 1.83 034 21 89.09 674 14157 173 97.92 2066 9.14
$9 4 248 92.68 1.79 0.40 20.5 9139 641 13134 248 98.03 19.57 1100
slo 5 208 92.68 1.41 032 238 9275 597 14200 208 96.47 2116 1019

Avg 47 207 94.15 1.61 0.26 23.67 94.07 642 15147 207 99.24 2358 1113

creased, and simultaneously, based on the synchrony between
the blink and the button flashing, the intended and unintended
blinks could be more easily distinguished. Next, we proposed
an EEG- and EOG-based asynchronous mouse control method,
in which the mouse horizontal movement was controlled by
Ml-related EEG signals and the mouse vertical movement and
target selection/rejection were controlled by blink-related EOG
signals. Compared with pure MI-based 2-D mouse control
method in [23], the training is much easier in the current study.
Compared with pure P300/SSVEP/blink-based 2-D mouse
control method in which the mouse can only be controlled
discretely with many unreachable positions (will be detailed
later), the proposed method allows mouse movement between
arbitrary positions. Compared with the method proposed in
our previous study [24], superior performance was achieved
in the current study and this improvement mainly occurred
because blink-related EOG presents a more significant signal
pattern than P300 potential and is therefore much easier to
detect online in asynchronous mode. Based on the proposed
button selection and 2-D mouse control methods, we further
developed an asynchronous hybrid system integrating a speller,
a web browser, an e-mail client, and a file explorer, which
enabled the user to input text, surf the internet, send/receive
e-mails, and manage files in his/her PC without any body
movements.

An effective asynchronous mouse control method is nec-
essary for a practical HMI-based web browser, e-mail client,
or file explorer. Particularly, arbitrary point-to-point control is
an extremely important characteristic of mouse control, which
requires two independent or at least nearly independent signals
to separately control the horizontal and vertical movements
of the mouse. In the current study, we used Ml-related EEG
and blink-related EOG signals to control the horizontal and
vertical movements of the mouse, which produced much better
performance than in our previous study [24]. This improve-
ment mainly occurred because blink-related EOG presents
a more significant signal pattern than P300 potential and is
therefore much easier to detect online in asynchronous mode.
The horizontal and vertical movements of the mouse can also
be controlled by using EOG only, for example, by adding two
additional buttons, shown in Fig. 2(c)-(e), to control the left
and right movements of the mouse. However, several problems
might be encountered with this method. First, it will lead
to unsmooth and zigzagging mouse movement with many
unreachable positions. As shown in Fig. 7, with this pure
EOG-based control method, the mouse can only be moved

toward one of eight possible positions (e.g., gray points)
from the current position (red point), and any other positions
(e.g., blue points) that are not located in the zigzag-like route
(i.e., in directions 1-8) will be unreachable. In addition, the
number of unreachable positions increases with the increased
predefined movement speed and response time of button
selection/rejection. Here the horizontal and vertical distances
between two positions, i.e., d, and d,;, are determined based
on the predefined horizontal and vertical speeds (e.g., 20
pixels/update) and the response time of selecting a button (e.g.,
1.84 s). In contrast, we utilized MI to control the horizontal
movement of the mouse with a relatively short update time
(200 ms) and a flexible step size in each update depending on
the calculated SVM score (see Eq. 2). In this matter, the mouse
movement status can be changed every 200 ms (compared
with 1.84 s) and the horizontal movement speed can be very
large if the position of the target is far away from the current
position of the mouse and vice versa, resulting in many more
touchable positions and a smoother and more efficient 2-D
mouse control. Second, the horizontal and vertical movement
of the mouse cannot be controlled simultaneously by using
EOG only. However, it is possible for the user to achieve this
simultaneous movement by using both MI and EOG as they are
essentially two different signals. Last, adding two additional
buttons will either increase the RT of selecting/rejecting a
target and the FPR during the idle state or decrease the
accuracy of target selection/rejection. Specifically, if the SOA
is kept at 250 ms after adding two more buttons, the time
duration of a round of button flashes will increase from 1 s to
1.5 s, which will result in an increased RT of button selection.
However, the accuracy of button selection will decrease if the
SOA is reduced because a single blink could be associated
with a nontarget button flash more easily with a short SOA.

4
Fig. 7: Illustration example of discrete direction control of mouse,
i.e., by EOG-based HMI.

To evaluate the performance of the proposed asynchronous
hybrid system, a comprehensive online experiment was con-
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ducted with ten healthy subjects, in which each subject was
required to complete four subtasks: surfing the internet (Sub-
task I), writing a sentence in a text file (Subtask II), managing
the text file (Subtask III) and sending and receiving an e-mail
with an attachment (Subtask IV). The experimental results
shown in Tables I-IV were compared with those achieved in
our previous studies [31], [40], [41], in which very similar
experiments were conducted, as well as some other existing
asynchronous BCI studies [9], [14]-[16], [36]-[39], [42], in
which similar measurements were provided, to evaluate the
effectiveness of the proposed hybrid system.

While using the web browser to surf the internet in Subtask
I, we achieved a superior performance compared with our
previous study [31], in which the mouse movement and target
selection/rejection were achieved based on the combination of
MI and P300. Specifically, the average time to complete a trial
consisting of 6 steps was 3 min, which was 67.08 s shorter than
that reported in [31], in which the average time to complete
a trial consisting of only 4 steps was 247.08 s. Furthermore,
the average RT for spelling a character was 6.29 s, which was
much shorter than the 13.6 s achieved in [31]. The average
accuracy of target selection/rejection was also improved from
93.21% in [31] to 95.26% in the current study. During the
mouse vertical movement control, we achieved a short RT
(approximately 1-2 s) for selecting the “Up”/“Down” button
and a relatively low average FPR of 0.22 event/min when the
user was in the control and idle states. However, the RT to
select the “Up”/“Down” button in [31] was as long as 12
s, which was mainly because a restricted condition was set
in detecting P300 potentials asynchronously to maintain an
acceptable FPR.

While using the speller to spell characters in Subtask II,
the achieved average accuracy, practical ITR, and FPR were
93.70%, 45.97 bits/min, and 0.05/min, respectively. Compared
with the benchmark results of previous asynchronous EOG-
[9], [36], [37] and EEG-based spellers [14]-[16], [38], [39],
a superior performance was obtained in this study in terms of
the number of available commands, accuracy, ITR, FPR, and
other measures, as also demonstrated in our previous study
[29].

While using the file explorer to manage the text file in
Subtask III, we achieved an average accuracy of 94.99% with
an RT of 1.76 s to perform a target selection/rejection and
an average time of 20.72 s with an accuracy of 98.81% to
complete a mouse movement between two targets. Superior
performance was achieved compared with our previous work
[40], in which a hybrid BCI based on P300 and MI was
applied to design a file explorer and achieved an average time
of nearly 1 min to complete a target selection/rejection and
mouse movement.

While using the e-mail client to send and receive an e-mail
with a file attached in Subtask IV, the achieved performance
was comparable to that achieved in Subtask I. Specifically, the
average accuracy and RT to make a target selection/rejection
were 94.15% and 1.61 s, the average accuracy and RT to
spell a character were 94.07% and 6.42 s, and the average
time and accuracy to complete a mouse movement were 23.58
s and 99.24%, respectively. Compared with the hybrid BCI-

based e-mail client utilizing MI and P300 developed in our
previous study [41], superior performance was achieved in
this study. In [41], the average times to spell a character
and complete a mouse movement were 12.44 s and 39.85 s,
respectively. Gannouni et al. developed a brain-controlled e-
mail client based on P300 named b-mail, in which different
P300 commands were mapped to different actions of the e-
mail client [42]. With b-mail, the user might type up to 8
characters per minute, representing relatively low efficiency.

The integration of the four different but closely related
systems of a speller, web browser, e-mail client, and file
explorer is another innovation of this paper. For ease of use,
it is necessary to integrate these systems as in a real PC.
However, to the best of our knowledge, this is the first BCI-
based study to integrate several commonly used interaction
systems into a single system, which provides asynchronous
functions of text input, internet surfing, e-mail communication,
and file management.

Theoretically, the proposed EEG- and EOG-based hybrid
BCI can also be used by patients suffering from a motor
disability who can still control eye activities, such as those
with Parkinsons, quadriplegia, motor neuron disease (MND),
or spinal cord injury (SCI), although the performance with
these patients requires further investigation. In addition, the
health states of such patients may fluctuate, thus necessitating
more adaptive detection methods/thresholds. However, for
severely paralyzed patients with difficulty controlling their eye
activities, such as patients suffering from central oculomotor
disturbances and/or nystagmus due to neurodegeneration or
brain lesions, the applicability of the proposed approach might
be limited.

Another important issue for patients when using the pro-
posed hybrid system is fatigue. The design of the proposed
control paradigm requires users to pay attention to the flashes
of the target button and blink their eyes synchronously with
these flashes, which may be mentally demanding for the
users, as suggested in Fig. 6. Compared with healthy subjects,
patients may experience more difficulty when performing this
task. To address this issue in the future, the potential solutions
include: 1) increasing the training time to allow the patients to
become more familiar with the proposed system as well as
its operation method; ii) increasing the time of SOA and/or
reducing the number of buttons in the speller GUI to simplify
the operation method; and iii) optimizing the detection method
to render it more adaptive to the fluctuating health states of
the patients.

V. CONCLUSION

This report describes an asynchronous hybrid BCI system
using Ml-related EEG and blink-related EOG signals. The
proposed system consists of a web browser, speller, file ex-
plorer, and e-mail client, and all of these subsystems can work
in asynchronous mode. While using the system, the user can
control the mouse horizontal movement using MI-related EEG
and can control the mouse vertical movement, select/reject
targets, or spell characters using blink-related EOG. Based
on the proposed system, the user can surf the internet, spell
characters, access and manipulate files, and communicate with



IEEE TRANSACTIONS ON NEURAL SYSTEMS AND REHABILITATION ENGINEERING

others by e-mail. In our online experiment, all ten subjects
completed the comprehensive task with a satisfactory asyn-
chronous performance in terms of high accuracy, short RT,
and relatively low FPR. Therefore, the proposed system is
effective. In the future, we plan to apply the proposed hybrid
system for use by severely paralyzed patients.
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