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Abstract: Electroencephalography (EEG)-based brain-computer interfaces (BCIs), particularly those
using motor-imagery (MI) data, have the potential to become groundbreaking technologies in both
clinical and entertainment settings. MI data is generated when a subject imagines the movement
of a limb. This paper reviews state-of-the-art signal processing techniques for MI EEG-based BCIs,
with a particular focus on the feature extraction, feature selection and classification techniques used.
It also summarizes the main applications of EEG-based BCIs, particularly those based on MI data,
and finally presents a detailed discussion of the most prevalent challenges impeding the development
and commercialization of EEG-based BCIs.
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1. Introduction
Since the inception of personal computing in the 1970s, engineers have continuously tried to narrow
the communication gap between humans and computer technology. This process began with the
development of graphical user interfaces (GUIs), computers and mice [1], and has led to ever more
intuitive technologies, particularly with the emergence of computational intelligence. Today, the ultimate
frontier between humans and computers is being bridged through the use of brain-computer interfaces
(BCIs), which enable computers to be intentionally controlled via the monitoring of brain signal activity.
Electroencephalography (EEG) equipment is widely used to record brain signals in BCI systems
because it is non-invasive, has high time resolution, potential for mobility in the user and a relatively
low cost [2]. Although a BCI can be designed to use EEG signals in a wide variety of ways for control,
motor imagery (MI) BCIs, in which users imagine movements occurring in their limbs in order to
control the system, have been subject to extensive research [3–7]. This interest is due to their wide
potential for applicability in fields such as neurorehabilitation, neuroprosthetics and gaming, where
the decoding of users’ thoughts of an imagined movement would be invaluable [2,8].
The aim of this paper is to review a wide selection of signal processing techniques used in
MI-based EEG systems, with a particular focus on the state-of-the art regarding feature extraction and
feature selection in such systems. It also discusses some of the challenges and limitations encountered
during the design and implementation of related signal processing techniques. Furthermore, the paper
also summarizes the main applications of EEG-based BCIs and challenges currently faced in the
development and commercialization of such BCI systems.
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The rest of this paper is organized as follows. Section 2 provides an overview of the fundamental
concepts underlying EEG-based BCIs. Section 3 then introduces the main features of MI EEG-based
BCIs, and Section 4 goes on to discuss in detail different feature extraction, feature selection and
classification techniques utilized in the literature. A case study is presented in Section 5 for evaluating
different time-/frequency-domain approaches in controlling motor movement. Section 6 summarizes
the different applications for EEG-based BCIs, particularly those based on MI EEG. Finally, Section 7
discusses the main challenges hindering the development and commercialization of EEG-based BCIs.
2. Overview of EEG-Based BCIs
This section introduces some of the core aspects of EEG-based BCIs. It explains why EEG
is a popular technology for BCIs, along with the generic challenges associated with EEG signal
processing. It then introduces the two main classes of EEG-based BCIs, highlighting factors that
should be considered when choosing between the two approaches and the challenges inherent to each.
Finally, the basic signal characteristics of MI EEG data are summarized, with a brief discussion of the
signal processing problems this data can present.
EEG signals are typically used for BCIs due to their high time resolution and the relative
ease and cost-effectiveness of brain signal acquisition when compared to other methods such as
functional magnetic resonance imaging (fMRI) and magnetoencephalography (MEG) [2]. They are
also more portable than fMRI or MEG technologies [9]. However, EEG signals pose processing
challenges; since they are non-stationary, they can suffer from external noise and are prone to signal
artefacts [2,10]. Furthermore, EEG signals can be affected by the posture and mood of a subject [11].
For example, an upright posture tended to improve the focus and EEG quality during recording [12],
and high-frequency content was stronger when users were in an upright position, as opposed to lying
down [13]. It was also noted in [12] that postural changes could be used to increase attention in subjects
who felt tired.
EEG-based BCIs can be classified into two types: evoked and spontaneous [11], though some
works also refer to them as exogenous and endogenous, respectively [2]. In evoked systems, external
stimulation, such as visual, auditory or sensory stimulation, is required. The stimuli evoke responses
in the brain that are then identified by the BCI system in order to determine the will of the user [14].
In spontaneous BCIs, no external stimulation is required, and control actions are taken based on activity
produced as a result of mental activity [2,11]. Table 1 contains examples of typical EEG systems, with
details on the application, functionality, and number of subjects involved in testing, where the mean
accuracy and information transfer rate were also provided.
Table 1. A table containing examples of evoked and spontaneous BCIs.
Type

Class

Example/Application

Display & Function

No of
Subjects

Mean
Accuracy

ITR 1

VEP

SSVEP/Speller [10]

Look at one of 30 flickering target stimuli
associated with desired character

32

90.81%

35.78 bpm

Evoked
ERP

Spontaneous

N/A

P300/Speller [15]

Focus on the desired letter until it next flashes

15

69.28%

20.91 bpm

Auditory/Speller [16]

Spatial auditory cues were used to aid the use
of an on-screen speller

21

86.1%

5.26 bpm/0.94 char/min

Blinks/Virtual keyboard [17]

Choose from 29 characters using eye blinks to
navigate/select

14

N/A

1 char/min

Motor imagery
(MI)/Exoskeleton control [18]

Control an exoskeleton of the upper limbs
using right and left hand MI

4

84.29%

N/A

1

ITR—information transfer rate.

The decision between using an evoked or spontaneous system is not always clear, and may
require the consideration of the strengths and weaknesses of each approach. Specifically, while evoked
systems typically have a higher throughput, require less training and sensors, and can be mastered by
a larger number of users when compared to spontaneous systems, they require the user’s gaze to be
fixed on the stimuli and this constant concentration can be exhausting [2,9,10].
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Typical evoked EEG systems can be separated into two main categories: those dependent
on visually evoked potentials (VEPs), brain signals generated in response to a visual stimulus,
and event-related potentials (ERPs), brain signals generated in response to sensory or cognitive
events [9,14]. Steady-state visually evoked potentials (SSVEPs) are one of the most widely researched
areas of VEP-based BCIs because they enable relatively accurate and rapid command input [14] whilst
requiring little user training [9]. In such a system, the different options available to a user are displayed
as stimuli flickering at unique frequencies, and the user selects an option by focusing on the associated
stimulus. The performance of such systems is dependent on the number of stimuli [19], the modulation
schemes used, and the hardware used for the stimuli [2,19]. Stawicki et al. [10] conducted a survey of
32 subjects on the usability of an SSVEP-based system, where 66% thought that the system required a
lot of concentration to use, 52% thought that the stimuli were annoying, and only 48% considered that
the system was easy to use.
When it comes to ERP systems, those based on P300 waves are landmark technologies [2,9].
P300 waves are distinct EEG events related to the categorization or assessment of an external
stimulus [20]. However, in such systems, the results need be integrated over several stimuli, which
adds to the computational time taken to make decisions, and restricts the maximum throughput of
the system [2]. Possible solutions would be to increase the signal-to-noise-ratio (SNR) [21] or find an
optimum number of stimuli [22].
A common example of a spontaneous BCI is a MI BCI, which requires the user to imagine the
movement of a limb. Such BCIs monitor sensorimotor rhythms (SMRs), which are oscillatory events
in EEG signals originating from brain areas associated with preparation, control and carrying out of
voluntary motion [9,23]. Brain activity recorded via EEG is typically classified into five different types,
depending on the predominant frequency content, f, of the signal, summarized as follows: (i) delta
activity: f < 4 Hz; (ii) theta activity: 4 Hz < f < 7 Hz; (iii) alpha activity: 8 Hz < f < 12 Hz; (iv) beta
activity: 12 < f < 30 Hz; and (v) gamma activity: f > 30 Hz. In the literature, alpha activity recorded
from the sensorimotor region is known as mu activity. Changes in mu and beta activity within EEG
signals are used to identify the type of motor imagery task being carried out [9,23]. Gamma activity is
reliably used in MI BCIs which use internal electrodes, since gamma signals do not reach the scalp
with high enough integrity to be used for MI task identification when recorded using scalp EEG.
When activity in a particular band increases, this is called event-related synchronization (ERS), while a
decrease in a particular band is called event-related desynchronization (ERD) [23]. ERSs and ERDs can
be triggered by motor imagery, motor activity and stimulation of the senses [24,25]. Common classes of
movements for MI EEG systems include: left hand movement, right hand movement, movement of the
feet and movement of the tongue [26–28], since these events have been shown to produce significant
and discriminative changes in the EEG signals relative to background EEG [23]. Movement of the
feet is often classed as a single class, with no distinction between the left and right foot movement
because, as Graimann and Pfurtscheller comment [23], it is impossible to distinguish between left
and right foot motor imagery, or between the movements of particular fingers because the cortical
areas associated with these distinct movements are too small to generate discriminative ERD and ERS
signals. However, Hashimoto and Ushiba illustrated that there is potential for beta activity to be used
to discriminate between the left and right MI [29].
The performance of SMR-BCIs is heavily dependent on the neurophysiological and psychological
state of the user, with the control of SMR activity being found to be challenging for many users [9,23].
Furthermore, there is a general lack of understanding of the relationship between good and poor
performance within BCIs in general, and the neuroanatomic state of a user [30] and BCI performance
could have a significant impact on SMR-based BCIs due to their heavy reliance on users successfully
learning to consciously generate the required signals. More research is required to understand how
these neurological factors affect performance of SMR-BCIs, and how they could possibly be exploited
to improve performance [30].
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Figure 1. A diagram showing the signal processing carried out in a typical MI EEG-based system.
Figure 1. A diagram showing the signal processing carried out in a typical MI EEG-based system.
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3.1. Raw EEG Data
Numerous EEG-based BCIs use data recorded from multiple EEG channels as opposed to a single
channel [3]. A key problem when using multichannel data is the high computational costs and possibly
poorer performance if feature selection is not used [36]. Future work could involve investigating how data
from different channels can be combined or fused using averaging [37], a voting system [38] or PCA [39].
In some areas of BCI research, particularly ERP-based BCIs, salient EEG signal events are often
identified in data which has been averaged across subjects or trials [40,41]. Although this approach is
widely used in neuroimaging research [41], it has the potential to hide poor performance through the
quotation of averaged results [40]. In fact, many studies now use single-trial data, in which results are
not averaged across trials [3,42]. These kinds of results are important as they enable the analysis of the
variability in performance across trials and can also provide a unique insight into brain activity [40].
Quoting results using single-trial data may also provide a clearer picture of BCI performance in a
practical scenario.
3.2. Pre-Processing
In the literature, different approaches have been used to reduce the effects of noise in EEG signals
with the aim of increasing the accuracy and robustness of BCI systems. Kevric and Subasi [11] argue
that linear de-noising approaches, though effective, smooth out sharp transitions in EEG signals, which
may result in salient signal characteristics being deteriorated, and they propose that nonlinear filtering
techniques such as multiscale principle component analysis (MSPCA) are a better alternative, since
they effectively remove noise but preserve sharp transitions [11,43]. MSPCA has been successfully
used in a classification system for EEG signals associated with epileptic seizures [44] and another study
has successfully merged MSPCA with statistical features for EEG signal processing, with encouraging
results [45]. Kevric and Subasi [11] also improved the classification accuracy, in part, for MSPCA
compared to when other pre-processing techniques were used.
3.3. Feature Extraction, Feature Selection and Classification
The extracted features must capture salient signal characteristics which can be used as a
basis for the differentiation between task-specific brain states. Some BCIs involve a process of
feature selection, where only the most discriminant of features in a proposed feature set are
passed to the classifier with the aim of reducing computation time and increasing accuracy [3,5].
Based on the selected features, the classifier identifies the type of mental task being carried out,
and activates the necessary control signals in the BCI system. These control signals could be used,
for example, to control the selection of an icon on a graphical user interface, or the movement of a
neuroprosthesis. Classification approaches used in the literature include linear discriminant analysis
(LDA) [3,4,26,46], support-vector machines (SVMs) [3,4,26,47–51], k-nearest neighbor analysis [3,11,51],
logistic regression [51], quadratic classifiers [52] and recurrent neural networks (RNNs) [28].
Some systems group together the feature extraction, feature selection and classification tasks
within a single signal processing block [53–58]. These systems are based on deep learning and largely
use a convolutional neural network (CNN) structure [53–56,58].
The rest of this paper has a particular focus on feature extraction and selection techniques, as well
as classification approaches.
3.4. Hybrid BCIs Using MI-EEG: New Horizons
A hybrid BCI is one which combines a BCI system with another kind of interface [59], which
can either be another BCI [60,61] or some other kind of interface [62]. In the case that the hybrid is
a merging of two different BCIs, the two BCIs can both be EEG-based [60], or they can be based on
some other technology used to record brain activity [61]. For example, [60] created a paradigm which
helped to improve the success of users training in an MI EEG system by using SSVEP as a training
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aid. Please note that in these kinds of systems, the EEG brain signal responses must generally be
largely independent of each other. Conversely, in [61], near-infrared spectroscopy (NIRs) was used in
conjunction with EEG signals to identify and classify MI events. Alternatively, an example of a hybrid
BCI created by combining a BCI with another kind of interface was reported in [62], where a MI EEG
BCI was merged with a sensory interface.
In hybrid BCIs, there are two main ways of combining the signals from the different technologies.
The first approach involves considering both signals simultaneously in order to identify the MI task
being carried out [59]. For example, in the case of [60], in which the SSVEP-based result and the
MI-EEG-based result were both considered at the point of decision-making in the system. In the
second approach, the signals from the different interfaces are considered sequentially [59], as in the
case of [61], where the NIRs system was used to flag the occurrence of a MI event, and the EEG signals
were used to classify the event.
The motivation driving the development of hybrid BCIs is sourced in the desire to create systems
with high levels of user literacy, meaning a wide number of users can gain mastery over the system.
This is especially important in systems dependent on EEG MI data, since users can struggle to generate
the required signals, leading to frustration in training and poor mastery of the system. In fact,
combining MI EEG training with SSVEP was found to improve user mastery [60]. The struggles a
user may face in generating the required signals may be due to an inherent inability or due to some
pathology or condition which inhibits the required brain functioning.
Hybrid BCIs are an emerging field and still face fundamental challenges. Chief among these is
choosing the right combinations of signals for a given situation and user [59]. Such a design choice should
be made by factoring the abilities and limitations of the user, the environment the system is intended for,
portability requirements, the overall cost and the control system, such as a prosthetic, being influenced by
the BCI. A second challenge is the decision of how to combine the outputs of the two BCIs, and future work
in the area may involve implementing a BCI using the combined and sequential approaches and evaluating
them based on speed, information transfer rate, computational cost, usability for the user, accuracy and
overall BCI literacy in order to see if there are significant differences in any area, and if so, this information
would be used to decide which implementation is best in a given situation.
4. Feature Extraction, Feature Selection and Classification in MI EEG-Based BCIs
A variety of feature extraction, feature selection and classification techniques are discussed in
this section of the paper. The first three subsections discuss the signal processing techniques typically
used for feature extraction, feature selection and classification in systems which use distinct signal
processing techniques for each task. Figure 2 provides a summary of the most salient techniques
discussed in these subsections and Table 2 summarizes different feature extraction, feature selection
and classification approaches used in some notable BCI implementations. These works were chosen
merely to illustrate a wide variety of the different pipeline structures which have been implemented in
the literature. It should be noted that all the works in the Table used the BCI competition III dataset
IVa [63], except for the work by Zhou et al. [28], which used the BCI 2003 competition dataset III [64].
The main differences between the datasets was that dataset IVa covers a three-class MI problem with
left hand, right hand and right foot movements being used, and dataset III covers a two-class problem
involving left or right hand movement. Also, dataset III only contains data from one participant, while
dataset IVa has data from five participants. The final subsection discusses the deep learning-based
approaches, in which the three signal processing steps are completed within a single processing block.
This whole section deals with the essential challenge of choice of signal processing techniques.
To this end, the techniques described in this section are discussed with frequent references to the
signal processing challenges and design choice problems which are faced when using the particular
techniques for MI EEG processing. Furthermore, the shortcomings and issues associated with
particular techniques are also highlighted, as these must be factored when tackling the challenge
of pipeline design.
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number of EEG channels recorded and those used in data processing, (iii) variation in the amount of
time subjects are allowed to rest between MI tasks, (iv) number of trials and sessions carried out with
each subject, (v) number of subjects involved, and (vi) whether an open access or private database was
used. These factors should be kept in mind when comparing studies or when applying techniques
similar to the literature on new data. Table 2 aimed to show results using various techniques, which
were largely generated using the similar data, except for one study.
4.2. Feature Extraction
Feature extraction is the signal processing step in which discriminative and non-redundant
information is extracted from the EEG data to form a set of features on which classification can be
carried out. The most basic feature extraction techniques use time-domain or frequency-domain
analysis in order to extract features. Time-frequency analysis is a more advanced and sophisticated
feature extraction technique which enables spectral information to be related to the time domain.
Finally, analysis in the spatial domain using common spectral patterns is also a prevalent method for
feature extraction.
4.2.1. Time-Domain and Frequency-Domain Techniques
As a typical time-domain approach, autoregressive (AR) modelling has been used for feature
extraction. In this approach an AR model is fitted to segments of EEG data and the AR coefficients
or spectrum are used as features [11,66]. Adaptive autoregressive (AAR) modelling [26,67,68]
involves fitting an adaptive model to data segments, and in the literature, model parameters
have been estimated using recursive least-squares [69], least mean squares [68] and Kalman filter
approaches [70]. Although the Kalman filter is deemed computationally efficient for analyzing EEG
signals, its performance is affected by signal artefacts. Other alternative time-domain feature extraction
techniques include root-mean-square (RMS) and integrated EEG (IEEG) analysis [71].
Batres-Mendoza et al. [72] proposed a novel approach to time-domain modelling of MI EEG
signals based on quaternions. Quaternions, unlike other time-domain techniques used in MI EEG
modelling, can represent objects within a three-dimensional space in terms of their orientation and
rotation—a property which may be useful when dealing with multichannel EEG data. This technique
was found to be effective in extracting features from EEG data for the classification of MI-EEG [72].
Frequency-domain analysis has also been used to extract features from MI EEG data [4,26,73].
While [26] used the fast Fourier transform (FFT) to obtain the power spectrum, [4] used Welch’s
method. Welch’s method reduces the noise content in the spectrum when compared to the FFT, but has
a lower frequency resolution. Another approach to frequency domain analysis, which did not depend
on Fourier theory, was local characteristic-scale decomposition (LCD) [74]. This approach decomposes
the signal into intrinsic scale components which have characteristic instantaneous frequencies linked
to the characteristics of the original signal.
The spectral analysis for feature extraction is weak as it provides no information relating the
frequency content of the signal to the temporal domain. Similarly, time-domain-based analysis ignores
spectral features which may be of use for classification.
4.2.2. Time-Frequency Domain Techniques
Time-frequency analysis is powerful since it enables spectral information about an EEG signal to be
related to the temporal domain, which is advantageous for BCI technologies since spectral brain activity
varies during a period of use of the system as different tasks are carried out [23]. Approaches used for
MI EEG analysis include the short-time Fourier transform (STFT) [55], the wavelet transform (WT) [75]
and the discrete wavelet transform (DWT) [76]. Decomposition methods such as the WT and the
DWT are powerful since different EEG signal frequency bands contain different information about MI
actions [11,23], and they can be used to decompose a signal in multiresolution and multiscale [77–79].
The DWT and WT are competent in deriving dynamic features, which is particularly important
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in EEG signals since they are non-stationary, non-linear and non-Gaussian [11]. In [80], the DWT
coefficients of the frequency bands of interest were extracted as features, and similarly wavelet packet
decomposition (WPD) was used to break-down the EEG signals into low frequency and high frequency
components, and the coefficients associated with the frequency bands of interest were then extracted
as features. By combining the DWT and AR modelling [76], feature sets are constructed based on
wavelet coefficient statistics and 6th order AR coefficients.
Kevric and Subasi [11] conducted a detailed study comparing the performance of decomposition
techniques which took higher-order statistics as input features. While first- and second-order statistics
have been widely used in biomedical applications [79], they restrict the analysis which can be
carried out on nonlinear aspects of the signal. Higher-order statistics enable the representation
of signal features when signal behavior diverges from the ideal stationary, linear and Gaussian model,
something which lends higher-order statistics an advantage over time-frequency approaches [11,79].
This study is one of very few which gives an in-depth comparison of signal decomposition techniques
combined with higher-order statistics for the classification of BCI signals [11]. They compared the
performance of three different decomposition methods: empirical mode decomposition, DWT and
WPD. These decomposition methods were used to create various sub-band signal components from
which 6 features were calculated from the decomposition coefficients, including higher-order statistics
in the form of skewness and kurtosis. k-nearest neighbor (k-NN) analysis was used for classification,
with the k parameter set to 7. MSPCA was used in pre-processing for noise removal. Kevric and
Subasi found that the use of MCSPA and higher-order statistics in feature extraction improved the
classification accuracy when compared to approaches that did not use this combination of techniques,
and the highest classification accuracy obtained was 92.8%. Furthermore, they found that a higher
resolution could be obtained with the WPD coefficients when compared to the DWT coefficients and
that the modelling limitations of wavelets were mitigated by using higher-order statistics. Kevric and
Subasi also suggest that the technique could have an application in stroke rehabilitation technologies.
Typical classifiers used for classification, including LDA, SVM, k-NN and logistic regression do
not factor the time-series data present in EEG signals, even though factoring this aspect of the signals
can improve classification accuracy, since EEG signals are nonstationary [34]. RNNs are commonly
used to exploit the time-series nature of signals, but these networks can suffer from gradient vanishing
or gradient explosion during training, and they also have an inherent bias towards new data [28].
To minimize these issues, Zhou et al. [28] used a long-term short-term memory (LSTM) RNN classifier,
an approach also used in other studies [81–83].
In [28], envelope analysis [84] is also used to extract features from the EEG data. This approach
has been used in other works [7,85], as bioelectrical signals naturally exhibit amplitude modulation.
Zhou et al. [28] merged the Hilbert transform (HT) and the DWT in order to extract features which
are related to the amplitude and frequency modulation present in EEG signals. In the first step of
the algorithm, the EEG data is decomposed via the DWT, and afterwards, the wavelet envelope of
the decomposed sub-bands was obtained via the HT. The wavelet envelope contained time-series
data which was fed into the LSTM classifier. Thus, this method used both envelope information and
time-series information, and achieved a high classification accuracy.
4.2.3. Common Spatial Patterns
Common spatial pattern (CSP) is one of the most common feature extraction methods used in
MI EEG classification [6,47,50,86]. CSP is a spatial filtering method used to transform EEG data into a
new space where the variance of one of the classes is maximized while the variance of the other class
is minimized. It is a strong technique for MI EEG processing since different frequency bands of the
signal contain different information, and CSP enables the extraction of this information from particular
frequency bands. However, pure CSP analysis is not adequate for high-performance MI classification
because different subjects exhibit activity in different frequency bands and the optimal frequency band
is subject-specific. This means that a wide band of frequencies, typically between 4 Hz and 40 Hz,
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must be used for MI classification, leading to the inclusion of redundant data being processed [47].
The literature has suggested that optimization of filter band selection could improve the classification
accuracy of MI EEG BCIs [48,50,87,88]. However, locating the optimal sub-band using pure CSP is
time-consuming [89,90].
There are also various alterations to the CSP method which aim to improve its feature extraction
capabilities. The common spatio-spectral pattern approach (CSSP) integrates a finite impulse response
(FIR) filter into the CSP algorithm, which was observed to improve performance relative to pure
CSP [42]. Common sparse spatio-spectral patterns (CSSSP) [90] is a more refined technique which aims
to find spectral patterns which are common across channels, as opposed to the individual spectral
patterns in each channel. In sub-band common spatial pattern (SBCSP) [46], EEG is first filtered at
different sub-bands, and then CSP features are calculated for each of the bands. LDA is then used
to decrease the dimensionality of the sub-bands. This was found to obtain improved classification
accuracy when compared to CSP, CSSP and CSSSP [46].
Oikonomou et al. [4] compared the performance of MI classification when using CSP and power
spectral density (PSD) for feature extraction, where LDA and SVM were used for classification. The PSD
approach was found to outperform the CSP approach for classification of left and right MI tasks. This is
possibly because of the high dimensionality feature set obtained via PSD analysis [4]. When using
the CSP features, the LDA and SVM classifiers performed similarly. However, SVM was found to
significantly outperform LDA when the PSD features were used [4].
4.3. Feature Selection
Three main feature selection techniques are discussed in this section: (i) principal component
analysis (PCA), (ii) filter bank selection, and (iii) evolutionary algorithms (EAs). Table 3 summarizes
the different approaches used, providing information on the mathematical nature of the approaches,
average classification accuracy obtained when applying them in the EEG processing pipeline and
additional comments about these methods.
Table 3. A summary of the different feature selection techniques discussed in this subsection.
Mean Classification Accuracy 1

Comments

Statistical

76.34%

Assumes components with the highest variance have
the most information.

Filter Bank Selection [47]

Various

N/A 2

Used only for frequency band selection with CSP [47]

Particle-Swarm
Optimization (PSO) [3]

Metaheuristic

90.4%

Strong Directional search and population-based search
with exploration and exploitation [91].

Simulated Annealing [3]

Probabilistic

87.44%

Aims to find the global maximum through a random
search. [3]

Artificial Bee-Colony
(ABC) Optimization [3]

Metaheuristic

94.48%

Searches regions of the solution space in turn in order
to find the fittest individual in each region. [91]

Ant Colony
Optimization (ACO) [3]

Metaheuristic

84.54%

Uses common concepts of directional and
population-based search but introduces search space
marking. [91]

Differential Evolution
(DE) [3]

Metaheuristic

95%

Firefly Algorithm [74]

Metaheuristic

70.2%

Can get stuck in local minima, [74] introduced a
learning algorithm to prevent this.

Genetic Algorithm
(GA) [74]

Metaheuristic

59.85%

Slower than a PSO approach [49], [49] found that PSO
was more accurate.

Method
Principal component
analysis (PCA) [65]

Type

Similar to GAs, with a strong capability of
convergence. [3]

1 The performance of the feature selection method can only be truly compared quantitatively to other methods
when they were tested with the same data, feature vector and classifier. Thus, although the classification accuracies
are listed, true comparisons can only be made when the references associated with the selection methods in the first
column are the same. 2 Paper did not quote classification accuracy.
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4.3.1. Principal Component Analysis (PCA)
Analysis and dimensionality reduction techniques, including PCA [65] and independent
component analysis (ICA) [7], have also been applied to MI EEG. PCA has been used for dimensionality
reduction and feature selection for improved classification [3]. In some cases [65,75], both PCA and ICA
are utilized with other signal processing techniques for feature extraction; for example, in [75], ICA and
the WT were used in conjunction with each other in order to extract spatial and time-frequency features.
4.3.2. Filter Bank Selection
This feature selection approach is specific to systems which use CSP and CSSP for feature
extraction. Previously, in Section 4.2.3, methods to improve the feature extraction capabilities of
traditional CSP analysis were discussed. However, none of the methods discussed thus far exploit
the intrinsic link between the frequency bands and CSP features [47]. Filter bank CSP (FBCSP) [48]
addresses this by estimating the mutual information contained in the CSP features from the various
sub-bands. By choosing those which are most discriminant, selected features are fed into an SVM
for classification. Although the system outperformed the SBCSP approach, it utilized multiple
sub-bands, leading to a hefty computational cost [47]. To decrease the computational demands
of FBCSP, discriminant filter bank CSP (DFBCSP) [88,92] was developed, which considers various
overlapping frequency bands, and uses the Fisher ratio to analyze the band power of each sub-band
in order to identify the most discriminant sub-bands. This analysis is performed on a single channel
of EEG data (C3, C4 or Cz). Sparse filter bank CSP (SFBCSP) [93] also uses multiple frequency
bands, but aims to optimize sparse patterns, and features are selected using a supervised technique.
In another technique, SBLFB [50], Bayesian learning is employed to select CSP features from multiple
EEG sub-bands before feeding them into a SVM classifier. This has resulted in improved performance
when compared to state-of-the-art techniques.
Kumar et al. [47] noted that the performance of MI classification depends on the selection of the
frequency sub-bands used for feature extraction. They aimed to solve the frequency-band selection
problem by building on the DFBCSP approach. Instead of using single-channel data as proposed in the
DFBCSP approaches reviewed, data from all available channels was used for the extraction of both CSP
and CSSP features from various overlapping sub-bands. Furthermore, Kumar et al. introduced a novel
frequency band covering 7-30 Hz. Using the extracted features, mutual information for the bands is
then calculated, and the most discriminative filter banks are chosen to be forwarded to the next signal
processing stage. In this stage, LDA is used to reduce the dimensionality of the features extracted
from each filter bank. Afterwards, the LDA results are joined and fed into an SVM for classification.
The performance of this novel technique was compared to that of the CSP, CSSP, FBCSP, DFBSCP,
SFBCSP and SBLFB techniques, and was found to have the smallest misclassification rate, and had a
strong overall prediction capability. Provided that the model used works exceptionally well, a future
improvement to the algorithm could be automatic the learning of the parameters for the filter band.
4.3.3. Evolutionary Algorithms
A key issue in BCI development is the high dimensionality of data during feature extraction.
Typical dimensionality reduction and feature selection methods such as PCA and ICA involve complex
transformations of features leading to substantial computational demands and a larger sized feature set.
These methods often result in low classification accuracy even if the variance of the data is acceptable,
possibly because basic feature extraction tends to retain some redundant features. Furthermore, linear
transforms tend to be used to decrease the dimensionality of the feature set [3].
Evolutionary algorithms (EA) may offer a possible solution, by enabling features to be selected
based on optimization of the classification accuracy of the system. They are promising because in
some applications they have been shown to be successful in searching large feature spaces for optimal
solutions [3]. EAs such as particle swarm optimization (PSO) [3,49,94], differential evolution (DE)
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Figure 3. A diagram of the feature extraction and feature selection process proposed in [3].
Figure 3. A diagram of the feature extraction and feature selection process proposed in [3].
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4.4. Classification Methods
The aim of this subsection is to provide a brief summary of the various classification techniques
used in the literature. SVMs and LDA were observed to be the widely used classifiers in the
literature [3,4,26,46–51,72], with the performance of the SVM classifier found to be superior when
compared to various classifiers such as LDA, k-NN, naive Bayes and regression trees [3,4,47].
The average classification accuracy of the proposed method using the SVM classifier was 96.02%,
which was a 2% improvement in classification accuracy when compared to state-of-the-art results.
LDA was also found to outperform naïve Bayes when CSP and PSD features were used [11]. In [97],
it was also found that the SVM classifier with Gaussian kernel outperforms LDA. Baig et al. [3] also
found that SVM and LDA were the best classifiers for DE-based feature extraction, with both obtaining
a classification accuracy of 95% with a deviation of 0.1.
Both the LDA and SVM approaches may suffer from overfitting; however, these can be mitigated
by applying regularization in LDA and through choice of training scheme in the case of SVMs [98]
(pp. 9, 336). Although both popular, SVMs and LDA are fundamentally different, with the LDA
approach prone to suffer from the curse of dimensionality, something which is absent when using the
SVM approach. Although SVM is popularly used in the literature [3,4,26,47–51,72], logistic regression
has been found to perform on par with SVM in terms of classification accuracy, obtaining an accuracy
of 73.03% compared to 68.97% for SVM. Logistic regression also performed better than k-NN and
artificial neural network (ANNs) approaches [51]. Although SVM and logistic regression are strong
classifiers in MI EEG processing, there is a relationship between the accuracy of the classification,
classifier type and the type of features used. In fact, the classification performance of the k-NN and
ANN approaches can be further improved by using features which are strongly correlated [99].
k-NN approaches were also found to be common in the literature [3,11,72]; however, these are
memory-based approaches, meaning that a full dataset must be stored in memory and processed all at
once. This inevitably increases computational costs when compared to kernel-based methods such
as SVM [98] (p. 292). Furthermore, SVMs may be viewed as more powerful than the k-NN approach
since it constructs an optimization problem which has one global solution which can be calculated in a
straightforward way [98] (p. 225).
Quadratic classifiers have not typically been applied to MI EEG processing. However, a quadratic
classifier was successfully applied to an EEG classification problem involving the detection of epileptic
activity, obtaining an overall classification accuracy of 99% [52]. Future work could investigate the
application of quadratic classifiers to MI EEG classification problems.
Computational intelligence methods have also been used for classification. These include deep
learning architectures [5,58,100], as well as RNNs [28], which were previously discussed. Lu et
al. [101] used a deep neural network constructed using restricted Boltzmann machines and obtained
better accuracy than state-of-the-art methods including CSP and FBCSP. Similarly, using a CNN
approach, [58] obtained a better classification performance than a FBCSP approach. Future work may
involve comparing the performance of the deep learning classifiers in [58,100] with SVM and LDA
classifiers. Cheng et al. [5] tried to improve MI classification for data from stroke patients—which
deviate from MI data from healthy patients- by using deep neural networks (DNNs) to select the
best frequency bands from which to generate features in order to improve classification accuracy.
They found that features selected from the identified sub-bands gave better classification accuracies
than when selecting features using standard methods. Furthermore, they found that a DNN classifier
was often more accurate than an SVM classifier.
Fuzzy classification is another computational intelligence approach used for EEG classification that
has gained popularity because EEG classification is a decision-making problem suited for fuzzy logic.
These approaches challenge established approaches to EEG signal processing and classification [101],
which have already been discussed in this paper. Yang et al. [102] proposed an adaptive neuro-fuzzy
interface system (ANFIS) which aimed to classify background EEG recorded from subjects suffering
from electrical status epilepticus slow wave sleep (ESES) syndrome and healthy controls using sample
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entropy and permutation to construct the features. The mean accuracy was reported to be 89%.
Alternatively, Herman et al. [103] used an interval type-2 fuzzy logic system, which was designed to
accommodate for the non-stationarity inherent to EEG signals. Using 5-fold cross-validation (CV),
a classification accuracy of 71.2% was obtained, with the approach outperforming state-of-the-art
systems. Finally, Jiang et al. [104] used a Taigi-Sugeno-Kang approach, and applied a multiview
learning approach to provide better generalization. Interestingly, Jiang et al. used Friedman rank to
evaluate the performance of the detector, which is a metric which was not observed to be widely used
in the literature. The multiview learning approach provided better results, giving a Friedman rank of 1,
as opposed to the system without multiview learning which obtained a rank of 3.65. Fuzzy classifiers
have also been used with CSP features [105].
It is evident that classification techniques based on supervised learning were overwhelmingly favored
in the literature when compared to those based on unsupervised learning. Unsupervised techniques have
been used mainly for feature selection, as discussed previously in Section 4.2.2. However, unsupervised
techniques such as Gaussian mixture models have been used for EEG classification problems outside of MI
EEG processing, such as in [37], and could possibly be applied to MI EEG as well in future work.
4.5. The Deep Learning Approach
Deep learning can be used to perform the whole pipeline of feature extraction, selection and
classification within a single processing block [53–58]. The architecture most widely used in MI EEG
processing were CNNs [53–56,58], but RNNs [56], stacked auto encoders (SAEs) [55] and deep belief
networks [56] have also been used. Studies have found deep learning to outperform state-of-the-art
techniques [53,55,56], including those using CSP features [53] and SVM classification [53,56].
Often, other architectures are combined with the CNN architecture. For example, in [55], a CNN
was used for feature extraction while a SAE was used for classification, and in [56], a CNN was
used to extract features that were invariant to spectral and spatial changes, whist a LSTM-RNN was
used to extract temporal information. Finally, Dai et al. [106] used a CNN to extract features and a
variational autoencoder (VAE) for classification, and their implementation was found to outperform
the state-of-the art approaches for the databases they tested on.
CNNs hold many advantages for MI EEG data processing [53]: raw data can be input to the
system thus removing the need to prior feature extraction and they inherently exploit the hierarchical
nature of certain signals and they perform well using large datasets. However, their disadvantages are
also evident, since the large number of hyper parameters which must be learnt during training can
increase the training time compared to other methods, they can produce incorrect classification results
with great certainty [107], and the features learnt can be difficult to understand in the context of the
original signal.
It should be noted that CNNs were adopted in EEG signal processing after first being established
as a tool in image processing [108]. Thus, when using CNNs for the classification of MI EEG, one of
the greatest differences between approaches involves the pre-processing of the input data, which can
mainly be divided into two solutions, i.e., either configuring the EEG data as an image [55,56], or not
configuring the EEG data as an image [53,54,58].
In approaches which convert the EEG data to an image, a time-frequency domain image is
obtained from the data. In [55] this is achieved by segmenting the EEG data with a two-second
interval, where each interval corresponds to a particular MI task being performed. The STFT is used to
produce a time-frequency image of the task, from which the frequency bands most associated with
MI EEG are extracted. The extracted image is then fed into the deep network. In [106] it aimed to
preserve the channel relationships between the electrodes used in recording by concatenating STFT
time-frequency images generated from each electrode to form a single image. However, the STFT
ignores any relationship that can exist between the time-frequency domain and the spatial domain.
In [56], it attempts to preserve these possible relationships by considering short time segments and
extracting from a given segment the information from three salient frequencies. The data obtained
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from each band was then projected from the 3D space of the electrodes placed on the scalp to the 2D
space of an image, and this projection maintains the spatial relationships between the information
from each electrode. The resulting 2D images obtained for each frequency band are then grouped to
form an image with three color channels.
Contrastingly, [53] proposes a technique in which raw data is fed into the CNN, and the first
layers of the network are devoted to extracting spatial and temporal information. This approach leads
to a lower dimensionality input than the image-based approach in [56]. In [53], the CNN was learnt to
use spectral characteristics to discriminate between tasks. In [54], a time-consuming pre-processing
approach was used, in which the data which has the best markers for MI activity, and the best frequency
bands for each subject in the study were selected via visual inspection. Finally, in the pre-processing
step proposed by [58], augmented CSP (ACSP) features are extracted from the data. Recall that one of
the core issues with CSP feature extraction is the selection of the frequency bands for feature extraction,
with many approaches using a wide-band method or a filter-bank method for selection. However, this
can result in the loss of important information, and ACSP aims to solve this issue by covering as many
frequency bands as possible by varying the partitions between the bands.
Deep learning holds much potential in MI EEG classification. Future work could involve a heavier
focus on integrating elements of feature selection. For example, the potential of stacked denoising
auto encoders, which has been used to locate robust features [109], could be explored. Also, network
structure and training could incorporate feature selection elements such as in [110–112], where features
which are not strongly discriminative according to some criterion are suppressed by the network.
Architectures using statistical tests such as the t-test [113] or chi-squared test [114] to identify the most
discriminative features could also be investigated. Furthermore, heavier research into architectures
aside from CNNs could be carried out, such as into the use of stacked auto encoders for the entire
pipeline processing and evolutionary neural networks, which has been shown to hold potential for
feature extraction and selection [57].
Section 5 now introduces a case study which provides a practical example of an implementation
of an MI EEG data processing pipeline.
5. Case Study
A particular case study of EEG data processing is briefly introduced in this section. This case
was presented at the IEEE brain data bank challenge (BDBC) 2017, hosted in Glasgow [115]. A team
representing the University of Strathclyde participated in the challenge achieving the 2nd place award
for their work ‘Evaluation of different time and frequency domain approaches for a two-directional
imaginary motor movement task’, later extended to [116].
In this competition, participants were allowed to work with any EEG data set, being asked to
develop open analysis for novel, creative or informative conclusions. This case study focused on the
feature extraction stage, implementing different techniques and comparing their performance in terms
of (i) classification accuracy and (ii) computation time required for extracting the features.
In the following subsections, information about the data set used in the experiments along with
the proposed data processing and results achieved is provided.
5.1. Selected Data Set
For this case study, data set number 4 from the Brain/neural computer interaction (BNCI) Horizon
2020 site [117] was selected. BNCI Horizon 2020 is a coordination-and-support action funded within
the European Commission’s Framework Programme 7 [117], with the objective of promoting collaboration
and communication among the main players in the BCI field.
Data set number 4 was selected for several reasons, including high impact and citation, as well as
the data being available in MATLAB files, ready for straightforward use in this platform. The data
consists of three bipolar recordings (C3, CZ , C4) corresponding to the image shown in Figure 4a.
During the acquisition process, subjects under study were told to imagine left hand movement or right
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6. Applications
Numerous applications exist for BCIs, and the design of a BCI depends on the intended
application [5]. Nijholt [8] suggests that there are two main branches of BCI applications: control and
monitor. Control applications are oriented towards manipulating an external device using brain signals
while monitor applications are oriented towards identifying the mental and emotional state of the user
in order to control the environment they are in or the interface they are using. Practical applications of
BCI technologies within and outside the biomedical sphere are discussed in the following subsections,
with some mentions of the challenges that can be incurred in the development of such systems.
6.1. Biomedical Applications
Roadmaps and research associated with BCI technology has overwhelmingly been focused on
medical applications [2,8], with many BCIs intended for the replacement or restoration of central
nervous system (CNS) functionality which was lost due to disease or injury [2]. Other BCIs are focused
on therapy and motor rehabilitation after illness or trauma to the CNS, in diagnostic applications
and finally BCIs are being used in affective computing for biomedical applications. Each of these
applications will be discussed in more detail in the following subsections. As well as empowering
people suffering from mobility issues or facilitating their recovery, these technologies can also reduce
the time and cost of care. A core challenge in the development of such systems is the need to design
accurate technologies which can deal with the possibly atypical brain responses which can be the
result of illnesses such as stroke [5,35].
6.1.1. Replacement and Restoration of CNS
These technologies can restore or replace functionality of the CNS which was lost due to illnesses
such as amyotrophic lateral sclerosis (ALS) and locked-in syndrome, as well as people suffering
from paralysis, amputations and loss of CNS functionality due to trauma, such as spinal cord injury.
As previously mentioned, the development of such technologies can be challenging due to the altered
brain functionality that patients with such conditions can experience.
Currently, many robotic prosthetics depend on myoelectrics, which record electrical signals
in muscles. However, such technologies are expensive and assume that nerve connections are
largely functional, limiting their applicability for fine control of prosthetics and for patients with CNS
injury [131]. BCI-based prosthetics can solve these problems. Müller-Putz and Pfurtschscheller [132]
implemented an SSVEP-based robotic arms system with 4 flickering stimuli, each one representing a
different function for the arm: later movement to the left or right and opening or closing of the hand.
The user selected a movement by looking at the associated stimulus. The system was tested on only
4 subjects, and had a classification accuracy of between 44% and 88%. Such an SSVEP-based system
faces the system-specific challenges previously discussed in Section 2.
Elstob and Secco [133] propose a low-cost BCI prosthetic arm based on MI, and which has 5 degrees of
freedom of movement, as opposed to two. The hardware used in the system is shown in Figure 7; note that
an EEG diadem was used. Although this looks significantly different from the standard EEG caps used in
clinical research, manufacturers of EEG diadems tend to place electrodes in standard positions according
to the 10–20 system. Elstob and Secco reported an accuracy of between 56% and 100%, depending on the
movements carried out. MI-based systems may be more suitable than SSVEP systems since they are more
intuitive and remove the fatigue associated with looking at the flickering stimuli. However, as previously
discussed, MI data can be difficult to generate in the brain.
Müller-Putz et al. [134] also implemented an MI-based robotic arm system, but with 3 degrees of
freedom. They also designed a novel 64-electrode sleeve which can be worn by the user which gives
feedback via electrical pulses as to the movements carried out, in a process known as functional electrical
stimulation (FES). Although the approach is promising, classification accuracies between 37% and 57%
were obtained. FES can be used to provide feedback and help to restore aspects of CNS functionality
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and the application, particularly when the neurofeedback from patients with CNS illness or injury is
used, as this feedback may not be reliable.
Assessment and diagnosis in a clinical setting can also be complemented by the use of BCIs.
In [142] a BCI which users used to play serious games was proposed for the assessment of attention of
children with cerebral palsy. Another study [143] investigated EEG features recorded via BCI as an
aid for the diagnosis of schizophrenia. Assessment and diagnosis technologies play a critical role in
patient wellbeing, and their functionality must be heavily refined to ensure they are safe, appropriate
and have industry-standard high-levels of accuracy.
6.1.3. Affective Computing for Biomedical Applications
In affective computing BCIs, users’ mood and psychological state are monitored, possibly in
order to manipulate their surrounding environment to enhance or alter that state. For example,
Ehrlich et al. [144] implemented closed-loop system in which music is synthesized based on the users’
affective state and then played back to them. Such a system could be used to study human emotions
and sensorimotor integration. Affective computing can also be used to help patients with serious
neurological disorders to communicate their emotions to the outside world [145].
6.2. Non-Biomedical Applications
In recent years, the economic potential of BCI technologies has emerged, particularly in the areas
of entertainment, gaming and affective computing [8]. While medical or military applications require
researchers to focus on robustness and high efficiency, technologies aimed at entertainment or lifestyle
require a heavier focus on enjoyment and social aspects [8]. A key challenge in the design of such
systems is how to identify appropriate and interesting systems that would be appealing to commercial
users, as well as ensuring they are robust enough for being marketed to a wide and varied audience.
BCIs can also be used to enhance CNS output, and to control the environment the user
experiences [146]. Such applications include assistive technologies in the form of affective control of
a domestic environment which caters for the emotional needs of the individual in the space as well
as in the transport, games and entertainment industries. This close interaction between the BCI and
the user, particularly the influence on a user’s mood, can raise ethical issues, since such technologies
could be used to exploit user emotions to push targeted marketing or political agendas. Thus, a future
challenge would involve outlining regulatory controls on the applications of such technologies, as well
as technological safeguards to prevent abuse. BCIs can also be used in order to forward research by
driving the development of signal processing algorithms, machine learning, artificial intelligence and
hardware interfaces [2,8]. This section investigates some of the prominent non-biomedical applications
of BCIs. Less commonly [147], P300 potentials are used to control the BCIs [148,149]. Contrary to many
systems depending on SSVEP waves, for systems based on P300 potentials, users do not need to be
trained. Also, P300 waves are more robust than SSVEP waves, and can be evoked visually or by audio.
6.2.1. Gaming
BCIs primarily aimed at the gaming industry have become a significant area of
research [8,147,150,151]. However, gaming BCIs currently represent a poor replacement for traditional
methods of controlling games [147], and this represents a possible area for development. Some current
technologies depend on evoked potentials, such as the simple SSVEP-based implementation presented
in [152] and the more advanced system in [153], which combined SSVEP data and MI data to control
a version of Tetris. EEG data has also been used to control difficulty level in multiplayer games,
by triggering dynamic difficulty adjustment (DDA), which increases difficulty for strong players
and decreases difficulty for weaker players. In the system, EEG data was used to monitor each
players’ personal excitement level and activate DDA when the players experience a drop in excitement,
to increase engagement [154]. Refining the algorithms that govern the behavior of the game is a
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significant problem when building such systems. In recent years, commercial BCI-based systems have
been emerging in the gaming market [155].
6.2.2. Industry and Transport
Industrial robotics is another area of application for EEG-based BCIs [155], and such technologies
can improve safety in the workplace by keeping humans away from dangerous activities. Such systems
could replace tedious button and joystick systems used to train robots in industrial settings, and they
can also be used to monitor when a user is too tired or unwell to operate the machinery and
take appropriate steps to mitigate any danger, such as by stopping a piece of machinery [155].
Similar BCIs which monitor awareness can also be applied to transport, in order to monitor the
fatigue of drivers [156] and monitor to improve the performance of airline pilots [157]. Such systems
are used in critical applications, and poor decisions can be expensive in terms of both the human life
and monetary burdens on the entities involved. Thus, a key issue in such BCIs is to ensure robustness,
reliability and constituent high accuracy despite the fact that EEG data is highly nonlinear and noisy,
and prone to inter and intra-individual changeability.
6.2.3. Art
Wadeston et al. [158] identified four different types of BCIs for artistic applications: passive,
selective, direct and collaborative. Passive artistic BCIs require no active input from the user and
merely select which pre-programmed response to output based on the brain activity of the user.
For example, in the BMCI piano [159], the passive brain signals of the user determine which pieces of
music are played, as well as the volume and tempo. In selective systems, the user has some restricted
control over the system but are still not having a leading role in the creative output. For example,
in the drawing application proposed by Todd et al. [160], four SSVEP stimuli are used to enable the
user to choose which type of shape is drawn on screen; however, the application decides on where the
shape is positioned and its color. Direct artistic BCIs give users much higher levels of control, typically
enabling them to select options from detailed menus, with options including things such as brush
type and controlling brush stroke movements [161]. Finally, collaborative systems can be controlled by
multiple users at once [160]. A future development for artistic BCIs could be a merging with virtual
reality, in which designers can meet, collaborate and create designs in a virtual space. The design of
artistic BCIs involves understanding the artistic process to ensure that the technology is designed to be
a help rather than a hindrance.
7. Challenges and Future Directions
Although research into BCI technology has been ongoing for the last 20 years, these technologies
have remained largely confined to a research environment and have yet to infiltrate into clinical and
home settings. This section discusses the main challenges preventing the widespread adoption of BCIs,
which were divided into five categories: (i) challenges faced during the research and development of
BCIs, (ii) challenges which impede commercialization, (iii) flaws in the testing approaches commonly
seen in the literature, (iv) issues encountered during BCI use which may impede their widespread
uptake, and (v) ethical issues.
7.1. Challenges Faced in Research and Development
The research and development of BCI interfaces, particularly those based on MI EEG, are fraught
with signal processing challenges. These include identifying the most effective techniques for feature
extraction and selection, which is challenging due to the highly non-linear, non-stationary and
artefact-prone nature of EEG data. Other challenges include data fusion, particularly how the
data from different EEG channels can be combined in order to reduce data dimensionality and
also possibly improve the classification results. Further investigations are also needed to identify the
best classification techniques for the selected features. Research into features and classifiers should
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also focus on identifying the best methods to be used for patients with CNS injury or illness, as the MI
EEG characteristics of such patients can differ from that of healthy individuals.
Research also needs to investigate more effective training approaches. For a BCI to be used
by a particular subject, a large number of training trials are typically required from that particular
subject, leading to the calibration stage being unacceptably time consuming for a practical system.
Thus, studies focused on reducing the calibration time are required. Attempts have been made to
decrease the training time by using the covariance matrices associated with CSP features extracted from
EEG trials to help the decoding of EEG signals [48,55,58]. However, these approaches fail to exploit the
geometry of the covariance matrix, even though this can be used to extract salient information from
EEG data [162]. The geometric properties of the covariance matrices exist in the symmetrical positive
definite (SPD) space, and Singh et al. [162] developed a framework which used SPD characteristics to
reduce calibration time. This framework outperformed other methods previously tested on the IVa
dataset. Other avenues of research to reduce the calibration time may involve developing EEG models
which are more generalizable.
Finally, a hallmark challenge in the research and development of BCIs is the design of dependable
systems with a stable performance, that can be used by a wide variety of users, with different mental
states and in different environments.
7.2. Challenges Impeding Commercialization
The commercialization of BCIs is impeded by two main obstacles: the first is concerned with
technical barriers which can be solved through the development of more robust, efficient and accurate
signal processing infrastructures, and the second involves adapting lab-based technologies for use in
the wider world. These two issues are discussed in greater depth in this section.
7.2.1. Technical Barriers to Commercialization
To obtain a clear picture of the barriers preventing the commercialization of BCI interfaces,
Vansteensel et al. [163] sent out a questionnaire to over 3500 BCI researchers worldwide, 95% of which
worked in BCIs related to EEG or electromyography (EMG) technologies. Overall, the researchers
surveyed were confident that BCIs, particularly those to replace or enhance brain functionality, could
be commercialized and were realizable within the next 5 to 10 years. The survey indicated that, in the
case of non-invasive BCIs, major technological developments were needed in sensors, overall system
performance and user-friendliness, while in the case of invasive BCIs, there was a need to develop
completely implantable systems, improve system robustness and performance, and clinical trials
would need to be carried out to ensure the safety of such systems.
Van Steen and Kristo [2] also suggested research in BCI technology would need to focus
on improving bit rates [164], improving signal processing techniques and exploring classification
approaches. On the macro-scale, they propose formulating novel approaches to overall BCI system
design and the types of control systems used.
7.2.2. Adapting Lab-Based Technologies for the Wider World
One of the biggest leaps in commercialization of BCIs is adapting the interfaces used in the lab
for use in the wider world. Although BCIs hold potential to be applied to various areas including
home automation [165,166], prosthetics [2,8,133,134], rehabilitation [138–140], gaming [8,147,150,151],
transport [157,158], education [167], VR [142], artistic computing [159–162], and possibly even
virtual assistants based on affective computing, the leap to creating viable products involves
considering several factors. These factors mainly include: (i) choice of technology, (ii) general appeal,
(iii) intuitivism, (iv) usability and reliability and (v) cost [2,59,168–171]. Each of these factors will
be discussed in more detail in this section. However, when designers make decisions on any of
these factors, it is very important to consider the particular situation and environment in which the
technology may be used. For example, the design requirements may be different when designing an
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affordable technology for the control of a television in a home environment when compared to a BCI
system for monitoring the alertness of a pilot in a plane. Similarly, designers must factor in the health
of the users; technologies designed for rehabilitation or restoration of lost CNS functionality will often
have different or additional requirements when compared to technologies intended for healthy users.
Thus, during the earliest stages of system design, it is important that system designers carry out an
in-depth analysis of the basic requirements of the system, factoring the environment, situation and
target audience.
The choice of technology is the first and arguably the most fundamental step taken when designing
a human-computer interface, particularly one intended for use in practical situations. The choice of
technology involves first considering all the possible hardware options for the interface, including EEG,
NIRs, EMG, EOG and other type of eye-gaze tracking technology, as well as hybrid combinations of these
technologies. At this stage, it may be determined that a BCI is not the best option for the commercial
application in mind, and an alternative type of technology should be considered. When considering a BCI
technology, the choice between an evoked and spontaneous system needs be made, and it is important to
factor the trade-offs between these two technologies, which were discussed in Section 2. The following
discussions are framed assuming that an EEG-based technology was chosen.
Intuitivism is an essential element for any system to be commercializable in the long-term.
Intuitivism is linked to the choice of brain signals used, which should be application-appropriate.
For example, MI-based technologies may be highly suited for the control of a prosthetic limb or a
remote robotic arm since the concept of bodily movement would be intuitive in this kind of scenario.
However, for the control of a digital radio, an SSVEP-based system with a 4-option menu consisting of
station-up, station-down, volume-up and volume down options may be more intuitive than a MI-based
system with imagined movements being associated with television controls. This sense of intuitivism
should be factored during the earliest decision phase, when choices of technology and BCI type are
being made.
General appeal is another factor underlying all aspects of the design process, and covers anything
that may affect the initial impression of the user in relation to the system. The portability of the system
is important: headsets which use Bluetooth or Wi-Fi enable users to move around while still being able
to use the system, as compared to a wired headset which restricts movements. The aesthetic appeal of
the headset and GUIs used would also affect uptake of the technologies. Furthermore, a choice can be
made about the type of electrodes used: whether wet or dry electrodes should be used. For a practical
application, dry electrodes would be more appropriate as they do not involve the hassle of placing
electro-conductive gel between the scalp electrodes, and there is no residue of gel left in the hair after
use. However, there is open debate on whether dry electrodes provide the same quality of signal, with
some research suggesting dry electrodes produce signals which are noisier and more prone to artifacts
than wet electrodes [172], while other research suggests that the signal quality is similar for both
types of electrodes [173]. Recently, water-based electrodes have also been studied. It was observed
in [174] that in subjects with shorter hair, water-based and dry electrodes performed comparably to
gel-based electrodes, and it was suggested that with further refinement of the electrodes for subjects of
varying hair length, water-based and dry electrodes held potential to be used instead of gel electrodes.
Until there is a more conclusive consensus on the issue, or the technologies available from different
manufacturers become more homogenous in terms of recording capabilities, researchers aiming to
develop practical systems using dry electrodes should study the signal processing capabilities of the
specific EEG systems and electrodes available to them in order to assess whether the signal quality of
appropriate, following constraints suggested in the research [172], and studying in particular the noise
and artefacts produced in the EEG signals, as in [172,173].
To be successful on the market, BCI systems must be highly usable and reliable. Usability covers
design ergonomics, as well as ease-of-use and the time taken for a new user to train on the systemwhich should be minimal. The ideal technology would be one which average users can pick up
and learn how to use through intuition or following a short tutorial, similar to when buying a new
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mobile. The systems must also be user-friendly and have in-built safeguards to prevent dangerous use.
Furthermore, systems need to also be reliable, with users feeling that the technology is dependable
and provides stable results following the initial learning period associated with the new technology.
The system should also be reliable when used in the multisensory environments in which it is targeted
to be used, such as a noisy family home, a busy design studio or the changeable atmosphere of
an emergency operating theatre. These multisensory environments may alter the expected brain
signals when compared to controlled lab recordings, and thorough development and testing of such
systems would need to be carried out. The state of the user during use may also need to be factored,
as heartrate and cortisol levels—a hormone associated with stress—are known to interact with EEG
signal response [175,176]. Seo and Lee found a significant positive correlation between increased
power in the beta band—which is associated with MI EEG data—and cortisol level [176].
Finally, cost is another significant obstacle. The average budget of the expected end users should
be factored early on, as well as possible economies of scale, as this will determine the types of recording
equipment and sensors that can be used, as well as the software and any compliance issues related to
the target audience. Although the aim should always be to provide the best trade-off between cost and
performance, the price ranges affordable by students, families, private healthcare companies, the military,
start-ups and large technological corporations, to name but a few possible target audiences, vary just as
widely as their needs. Researchers serious on developing new technologies to target a particular audience
would do well to consider market research prior to beginning the design process of the system.
The commercialization of BCIs would also require the establishment of industry standards,
particularly in terms of databases used for benchmarking, EEG recoding equipment and software
applications [177]. International roadmap projects such as BNCI Horizon 2020 [178] have attempted to
improve communication within industry and research, so that such issues can be resolved.
7.3. A Flawed Testing Process
To implement these recommended improvements, extensive testing on wide populations is required,
but the testing process in itself is often flawed. In the literature, a wide array of performance measures
have been used to evaluate BCIs, and the lack of a standard approach or single metric to quantify the
general performance of a system means limited comparison can be carried out among the systems in the
literature [179]. Furthermore, the reporting of basic statistics such as accuracy may obscure prominent
issues in the BCI system such as the trade-off between accuracy and speed, and to remedy this, global
performance measures such as the utility metric have been recommended in [179,180].
Flaws in widely adopted testing approaches are not limited to the choice of performance metrics,
but also the testing data used. Many BCIs which are developed to replace or restore CNS functionality
are tested on healthy subjects within a laboratory environment. However, this can lead to unrealistically
positive results if typical end-users of these systems would be patients with functional disabilities
which have resulted from damage to CNS tissue, for example patients with spinal cord injuries,
as BCI performance tends to be poorer with these subjects when compared to healthy controls.
Thus, researchers should factor the needs of users with CNS damage during the design and testing of
BCI systems for restoring CNS functionality, as was done in [181]. Although there has been research
into the design of rehabilitation technologies based on MI for patients following a stroke [5,182–184],
and in people with ALS [185], there are a plethora of other illnesses or conditions which can affect
brain and CNS functioning. These may impede the use of EEG-based BCIs by users who could benefit
significantly from them. Conditions which affect the brain or CNS, but have yet to be investigated
in-depth in relation to MI EEG-based BCIs, include mild cognitive impairment, diabetes causing loss
of cognition, specific types of brain trauma, impairments due to disk and hernia problems, locked-in
syndrome, multiple sclerosis, Huntington’s disease and Parkinson’s disease. A comprehensive
database of MI EEG data from such patients, as well as healthy controls, all performing the same tasks,
would provide a wealth of data for research so the robustness of technologies can be tested, and new
solutions found if they fail users with certain conditions.
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Even data from healthy subjects tends to be recorded in controlled lab environments.
Although this data has an important role in the initial evaluation of signal processing techniques,
the development of more robust and commercializable systems would involve testing under stressful
conditions. As previously mentioned, heartrate and cortisol can affect the quality of EEG signals,
in environments outside the lab, both indoors and outdoors, with varying sensory stimulation in the
environment such as noises, movements and smells, and with the subjects sat in different postures.
A database of recording data from the same set of subjects performing the same set of MI tasks in all
these different scenarios, as well as in a controlled laboratory setting would be a valuable starting
point in order to find out how the effectiveness of MI data processing techniques can vary between
different scenarios, and how these techniques can be made more robust. Also, for BCIs to be used in
practical applications, more research is needed into how external factors related to the individual’s
lifestyle can affect BCI performance; for example, consumption of sugar-based drinks has been found
to decrease performance of a BCI [186].
7.4. Issues with BCI Use
BCI illiteracy is another impediment to the universal adoption of BCI technologies, particularly
in EEG-based interfaces. Illiteracy occurs when a user is unable to control a BCI because they do not
manage to produce the high-quality brain signals required [177,187]. EEG signal quality, as well as
overall mastery of the BCI, can be improved by using an interactive, co-learning approach which
provides the user with feedback, such as audio or visual feedback, as they use the system [177].
Long-term use of BCIs requires repeated use of particular neural pathways, and more research
needs to be carried out in order to identify the possible health implications or changes in brain
functionality due to this. For example, studies have indicated that long-term use of external actuators
through BCIs has led to restructuring of the brain’s map of the body, with the actuators being perceived
by the brain as an extension to the subject’s body [177,188].
7.5. Ethical Issues
Ethical standards must also be established in order to guide the development of BCI technology
into the future. Such ethics would establish liability in the case of accidents occurring during the use of
controlled apparatus, as well as deal with the appropriate use of bio-signal data and privacy. The BCI
Society aims to meet some of these needs by releasing standards and guidelines associated with ethical
issues [8,177,178].
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Evaluating Classifiers for Emotion Recognition Using EEG. In Proceedings of the Foundations of Augmented
Cognition, Las Vegas, NV, USA, 21–26 July 2013.
Lu, N.; Li, T.; Ren, X.; Miao, H. A deep learning scheme for motor imagery classification based on restricted
boltzmann machines. IEEE Trans. Neural Syst. Rehabil. Eng. 2017, 25, 566–576. [CrossRef]
Nauck, D.; Kruse, R. Obtaining interpretable fuzzy classification rules from medical data. Artif. Intell. Med.
1999, 16, 149–169. [CrossRef]
Yang, Z.; Wang, Y.; Ouyang, G. Adaptive neuro-fuzzy inference system for classification of background EEG
signals from ESES patients and controls. Sci. World J. 2014, 2014. [CrossRef]
Herman, P.A.; Prasad, G.; McGinnity, T.M. Designing an interval type-2 fuzzy logic system for handling
uncertainty effects in brain–computer interface classification of motor imagery induced EEG patterns.
IEEE Trans. Fuzzy Syst. 2017, 25, 29–42. [CrossRef]
Jiang, Y.; Deng, Z.; Chung, F.L.; Wang, G.; Qian, P.; Choi, K.S. Recognition of epileptic EEG signals using a
novel multiview TSK fuzzy system. IEEE Trans. Fuzzy Syst. 2017, 25, 3–20. [CrossRef]
Yoo, B.S.; Kim, J.H. Fuzzy integral-based gaze control of a robotic head for human robot interaction.
IEEE Trans. Cybern. 2015, 45, 1769–1783. [CrossRef]
Dai, M.; Zheng, D.; Na, R.; Wang, S.; Zhang, S. EEG Classification of Motor Imagery Using a Novel Deep
Learning Framework. Sesnors 2019, 19, 551. [CrossRef] [PubMed]
Nguyen, A.; Yosinski, J.; Clune, J. Deep neural networks are easily fooled: High confidence predictions for
unrecognizable images. In Proceedings of the IEEE conference on computer vision and pattern recognition,
Boston, MA, USA, 7–12 June 2015.
LeCun, Y.; Bengio, Y. Convolutional networks for images, speech, and time series. In The Handbook of Brain
Theory and Neural Networks; MIT Press: Cambridge, MA, USA, 1995; Volume 3361.
Al Rahhal, M.M.; Bazi, Y.; AlHichri, H.; Alajlan, N.; Melgani, F.; Yager, R.R. Deep learning approach for
active classification of electrocardiogram signals. Inf. Sci. 2016, 345, 340–354. [CrossRef]
Habermann, M.; Fremont, V.; Shiguemori, E.H. Feature selection for hyperspectral images using single-layer
neural networks. In Proceedings of the 8th International Conference of Pattern Recognition Systems
(ICPRS 2017), Madrid, Spain, 11–13 July 2017.
Verikas, A.; Bacauskiene, M. Feature selection with neural networks. Pattern Recognit. Lett. 2002, 23,
1323–1335. [CrossRef]
Setiono, R.; Liu, H. Neural-Network Feature Selector. IEEE Trans. Neural Netw. 1997, 8, 654–662. [CrossRef]
Syafiandini, A.F.; Wasito, I.; Yazid, S.; Fitriawan, A.; Amien, M. Multimodal Deep Boltzmann Machines
for Feature Selection on Gene Expression Data. In Proceedings of the 2016 International Conference on
Advanced Computer Science and Information Systems (ICACSIS), Malang, Indonesia, 15–16 October 2016.
[CrossRef]

Sensors 2019, 19, 1423

31 of 34

114. Ruangkanokmas, P.; Achalakul, T.; Akkarajitsakul, K. Deep belief networks with feature selection for
sentiment classification. In Proceedings of the 7th International Conference on Intelligent Systems, Modelling
and Simulation (ISMS), Bangkok, Thailand, 25–27 January 2016.
115. IEEE Brain (brain.ieee.org). Competitions & Challenges. Available online: https://brain.ieee.org/
competitions-challenges/ (accessed on 17 January 2019).
116. Arnin, J.; Kahani, D.; Lakany, H.; Conway, B.A. Evaluation of Different Signal Processing Methods in Time
and Frequency Domain for Brain-Computer Interface Applications. In Proceedings of the 40th Annual
International Conference of the IEEE Engineering in Medicine and Biology Society (EMBC), Honolulu, HI,
USA, 17–21 July 2018. [CrossRef]
117. BNCI Horizon 2020. Data Sets. Available online: http://bnci-horizon-2020.eu/database/data-sets (accessed
on 17 January 2019).
118. Leeb, R.; Lee, F.; Keinrath, C.; Scherer, R.; Bischof, H.; Pfurtscheller, G. Brain-computer communication:
Motivation, aim, and impact of exploring a virtual apartment. IEEE Trans. Neural Syst. Rehabil. Eng. 2007, 15,
473–482. [CrossRef]
119. Aarabi, A.; Kazemi, K.; Grebe, R.; Moghaddam, H.A.; Wallois, F. Detection of EEG transients in neonates
and older children using a system based on dynamic time-warping template matching and spatial dipole
clustering. NeuroImage 2009, 48, 50–62. [CrossRef]
120. Qu, H.; Gotman, J. A patient-specific algorithm for the detection of seizure onset in long-term EEG
monitoring: Possible use as a warning device. IEEE Trans. Biomed. Eng. 1997, 44, 115–122. [CrossRef]
[PubMed]
121. Bin, G.; Gao, X.; Wang, Y.; Li, Y.; Hong, B.; Gao, S. A high-speed BCI based on code modulation VEP.
J. Neural. Eng. 2011, 8. [CrossRef] [PubMed]
122. Soliman, S.S.; Hsue, S.-Z. Signal classification using statistical moments. IEEE Trans. Commun. 1992, 40,
908–916. [CrossRef]
123. Alam, S.M.S.; Bhuiyan, M.I.H. Detection of seizure and epilepsy using higher order statistics in the EMD
domain. IEEE J. Biomed. Health Inform. 2013, 17, 312–318. [CrossRef]
124. Hassan, A.R.; Haque, M.A. Epilepsy and seizure detection using Statistical Features in the Complete
Ensemble Empirical Mode Decomposition Domain. In Proceedings of the TENCON 2015 IEEE Region
10 Conference, Macao, China, 1–4 November 2015. [CrossRef]
125. Pfurtscheller, G.; Neuper, C.; Schlogl, A.; Lugger, K. Separability of EEG signals recorded during right and
left motor imagery using adaptive autoregressive parameters. IEEE Trans. Rehabil. Eng. 1998, 6, 316–325.
[CrossRef]
126. Klimesch, K.; Russegger, H.; Doppelmayr, M.; Pachinger, T. A method for the calculation of induced band
power: Implications for the significance of brain oscillations. Electroencephalogr. Clin. Neurophysiol. 1998, 108,
123–130. [CrossRef]
127. Palaniappan, R. Brain Computer Interface Design using Band Powers Extracted during Mental Tasks.
In Proceedings of the 2005 2nd International IEEE EMBS Conference on Neural Engineering, Arlington, VA,
USA, 16–19 March 2005. [CrossRef]
128. Ko, K.-E.; Yang, H.-C.; Sim, K.-B. Emotion recognition using EEG signals with relative power values and
Bayesian network. Int. J. Control Autom. Syst. 2009, 7, 865–870. [CrossRef]
129. Ryu, C.S.; Park, S.H.; Kim, S.H. Method for Determining Positive and Negative Emotional States by
Electroencephalogram (EEG). U.S. Patent US6,021,346A, 1 February 2000.
130. Lehmann, C.; Koenig, T.; Jelic, V.; Prichep, L.; John, R.E.; Wahlund, L.O.; Dodge, Y.; Dierks, T. Application and
comparison of classification algorithms for recognition of Alzheimer’s disease in electrical brain activity
(EEG). J. Neurosci. Methods 2007, 161, 342–350. [CrossRef] [PubMed]
131. Bright, D.; Nair, A.; Salvekar, D.; Bhisikar, S. EEG-Based Brain Controlled Prosthetic Arm. In Proceedings of
the 2016 Conference on Advances in Signal Processing (CASP), Pune, India, 9–11 June 2016. [CrossRef]
132. Müller-Putz, G.R.; Pfurtscheller, G. Control of an electrical prosthesis with an SSVEP-based BCI. IEEE Trans.
Biomed. Eng. 2008, 55, 361–364. [CrossRef]
133. Elstob, D.; Secco, E.L. A low cost EEG based BCI prosthetic using motor imagery. Int. J. Inf. Technol.
Converg. Serv. 2016, 6. [CrossRef]

Sensors 2019, 19, 1423

32 of 34

134. Müller-Putz, G.; Ofner, P.; Schwarz, A.; Pereira, J.; Luzhnica, G.; di Sciascio, C.; Veas, E.; Stein, S.;
Williamson, J.; Murray-Smith, R. Moregrasp: Restoration of Upper Limb Function in Individuals with
High Spinal Cord Injury by Multimodal Neuroprostheses for Interaction in Daily Activities. In Proceedings
of the 7th Graz Brain-Computer Interface Conference, Graz, Austria, 18–22 September 2017.
135. Athanasiou, A.; Xygonakis, I.; Pandria, N.; Kartsidis, P.; Arfaras, G.; Kavazidi, K.R.; Foroglou, N.; Astaras, A.;
Bamidis, P.D. Towards rehabilitation robotics: Off-the-shelf BCI control of anthropomorphic robotic arms.
BioMed Res. Int. 2017. [CrossRef] [PubMed]
136. Voznenko, T.I.; Chepin, E.V.; Urvanov, G.A. The Control System Based on Extended BCI for a Robotic
Wheelchair. Procedia Comput. Sci. 2018, 123, 522–527. [CrossRef]
137. Chella, A.; Pagello, E.; Menegatti, E.; Sorbello, R.; Anzalone, S.M.; Cinquegrani, F.; Tonin, L.; Piccione, F.
A BCI Teleoperated Museum Robotic Guide. In Proceedings of the International Conference on Complex,
Intelligent and Software Intensive Systems, Fukuoka, Japan, 16–19 March 2009. [CrossRef]
138. Gomez-Rodriguez, M.; Grosse-Wentrup, M.; Hill, J.; Gharabaghi, A.; Schölkopf, B.; Peters, J.
Towards Brain-Robot Interfaces in Stroke Rehabilitation. In Proceedings of the 2011 IEEE International
Conference on Rehabilitation Robotics, Zurich, Switzerland, 27 June–1 July 2011. [CrossRef]
139. Abiri, R.; Zhao, X.; Heise, G.; Jiang, Y.; Abiri, F. Brain Computer Interface for Gesture Control of a Social
Robot: An Offline Study. In Proceedings of the 2017 Iranian Conference on Electrical Engineering (ICEE),
Tehran, Iran, 2–4 May 2017. [CrossRef]
140. Luu, T.P.; Nakagome, S.; He, Y.; Contreras-Vidal, J.L. Real-time EEG-based brain-computer interface to a
virtual avatar enhances cortical involvement in human treadmill walking. Sci. Rep. 2017, 7, 8895. [CrossRef]
141. McMahon, M.; Schukat, M. A Low-Cost, Open-Source, BCI-VR Prototype for Real-Time Signal Processing of
EEG to Manipulate 3D VR Objects as a Form of Neurofeedback. In Proceedings of the 29th Irish Signals and
Systems Conference (ISSC), Belfast, Ireland, 21–22 June 2018.
142. Perales, F.A.E. Combining EEG and serious games for attention assessment of children with cerebral palsy.
In Converging Clinical and Engineering Research on Neurorehabilitation II; Springer: Cham, Switzerland, 2017;
Volume 15, pp. 395–399. [CrossRef]
143. Shim, M.; Hwang, H.-J.; Kim, D.-W.; Lee, S.-H.; Im, C.-H. Machine-learning-based diagnosis of schizophrenia
using combined sensor-level and source-level EEG features. Schizophr. Res. 2016, 176, 314–319. [CrossRef]
144. Ehrlich, S.; Guan, C.; Cheng, G. A Closed-Loop Brain-Computer Music Interface for Continuous Affective
Interaction. In Proceedings of the 2017 International Conference on Orange Technologies (ICOT), Singapore,
8–10 December 2017. [CrossRef]
145. Placidi, G.; Cinque, L.; Di Giamberardino, P.; Iacoviello, D.; Spezialetti, M. An Affective BCI Driven by
Self-induced Emotions for People with Severe Neurological Disorders. In Proceedings of the International
Conference on Image Analysis and Processing, Catania, Italy, 11–15 September 2017.
146. Ortiz-Rosario, A.; Berrios-Torres, I.; Adeli, H.; Buford, J.A. Combined corticospinal and reticulospinal effects
on upper limb muscles. Neurosci. Lett. 2014, 561, 30–34. [CrossRef] [PubMed]
147. Kerous, B.; Skola, F.; Liarokapis, F. EEG-based BCI and video games: A progress report. Virtual Real. 2017,
22, 119–135. [CrossRef]
148. Edlinger, G.; Güger, C. Social Environments, Mixed Communication and Goal-Oriented Control Application
using a Brain–Computer Interface. In Proceedings of the International Conference on Universal Access in
Human-Computer Interaction, Orlando, FL, USA, 9–14 July 2011.
149. Maby, E.; Perrin, M.; Bertrand, O.; Sanchez, G.; Mattout, J. BCI could make old two-player games even more
fun: A proof of concept with connect four. Adv. Hum.-Comput. Interact. 2012, 2012. [CrossRef]
150. Van de Laar, B.; Reuderink, B.; Bos, D.P.-O.; Heylen, D. Evaluating user experience of actual and imagined
movement in BCI gaming. In Interdisciplinary Advancements in Gaming, Simulations and Virtual Environments:
Emerging Trends; IGI Global: Hershey, PA, USA, 2012; pp. 266–280. [CrossRef]
151. Kawala-Janik, A.; Podpora, M.; Gardecki, A.; Czuczwara, W.; Baranowski, J.; Bauer, W. Game Controller
Based on Biomedical Signals. In Proceedings of the 20th International Conference on Methods and Models
in Automation and Robotics (MMAR), Miedzyzdroje, Poland, 24–27 August 2015. [CrossRef]
152. Martišius, I.; DamaševiIius, R. A prototype SSVEP based real time BCI gaming system. Comput. Intell. Neurosci.
2016, 18. [CrossRef]
153. Wang, Z.; Yu, Y.; Xu, M.; Liu, Y.; Yin, E.; Zhou, Z. Towards a hybrid BCI gaming paradigm based on motor
imagery and SSVEP. Int. J. Hum. Comput. Interact. 2018. [CrossRef]

Sensors 2019, 19, 1423

33 of 34

154. Stein, A.; Yotam, Y.; Puzis, R.; Shani, G. EEG-triggered dynamic difficulty adjustment for multiplayer games.
Entertain Comput. 2018, 25, 14–25. [CrossRef]
155. Zhang, B.; Wang, J.; Fuhlbrigge, T. A Review of the Commercial Brain-Computer Interface Technology from
Perspective of Industrial Robotics. In Proceedings of the 2010 IEEE International Conference on Automation
and Logistics, Hong Kong and Macau, China, 16–20 August 2010. [CrossRef]
156. Liu, Y.-T.; Wu, S.-L.; Chou, K.-P.; Lin, Y.-Y.; Lu, J.; Zhang, G.; Lin, W.-C.; Lin, C.-T. Driving Fatigue Prediction
with Pre-Event Electroencephalography (EEG) via a Recurrent Fuzzy Neural Network. In Proceedings of the
2016 IEEE International Conference on Fuzzy Systems (FUZZ-IEEE), Vancouver, BC, Canada, 24–29 July
2016. [CrossRef]
157. Binias, B.; Myszor, D.; Cyran, K. A machine learning approach to the detection of pilot’s reaction to
unexpected events based on EEG signals. Comput. Intell. Neurosci. 2018, 2018. [CrossRef]
158. Wadeson, A.; Nijholt, A.; Nam, C.S. Artistic brain-computer interfaces: State-of-the-art control mechanisms.
Brain Comput. Interfaces 2015, 2, 70–75. [CrossRef]
159. Miranda, E.R.; Durrant, S.J.; Anders, T. Towards Brain-Computer Music Interfaces: Progress and Challenges.
In Proceedings of the First International Symposium on Applied Sciences on Biomedical and Communication
Technologies, Aalborg, Denmark, 25–28 October 2008. [CrossRef]
160. Todd, D.; McCullagh, P.J.; Mulvenna, M.D.; Lightbody, G. Investigating the Use of Brain-Computer
Interaction to Facilitate Creativity. In Proceedings of the 3rd Augmented Human International Conference,
Megève, France, 8–9 March 2012. [CrossRef]
161. Van De Laar, B.; Brugman, I.; Nijboer, F.; Poel, M.; Nijholt, A. BrainBrush, a Multimodal Application
for Creative Expressivity. In Proceedings of the Sixth International Conference on Advances in
Computer-Human Interactions (ACHI 2013), Nice, France, 24 February–1 March 2013.
162. Singh, A.; Lal, S.; Guesgen, H.W. Reduce Calibration Time in Motor Imagery Using Spatially Regularized
Symmetric Positives-Definite Matrices Based Classification. Sensors 2019, 19, 379. [CrossRef] [PubMed]
163. Vansteensel, M.J.; Kristo, G.; Aarnoutse, E.J.; Ramsey, N.F. The brain-computer interface researcher’s
questionnaire: From research to application. Brain Comput. Interfaces 2017, 4, 236–247. [CrossRef]
164. Speier, W.; Fried, I.; Pouratian, N. Improved P300 speller performance using electrocorticography, spectral
features, and natural language processing. Clin. Neurophysiol. 2013, 124, 1321–1328. [CrossRef]
165. Tavares, N.G.; Gad, R. Steady-state eisual evoked potential-based real-time BCI for smart appliance control.
In Cognitive Informatics and Soft Computing; Springer: Singapore, 2019; pp. 795–805. [CrossRef]
166. Bhemjibhaih, D.P.; Sanjay, G.D.; Sreejith, V.; Prakash, B. Brain-Computer Interface Based Home Automation
System for Paralysed People. In Proceedings of the 2018 IEEE Recent Advances in Intelligent Computational
Systems (RAICS), Thiruvananthapuram, India, 6–8 December 2018. [CrossRef]
167. Andujar, M.; Gilbert, J.E. Let’s Learn! Enhancing User’s Engagement Levels through Passive Brain-Computer
Interfaces. In Proceedings of the CHI’13 Extended Abstracts on Human Factors in Computing Systems,
Paris, France, 27 April–2 May 2013. [CrossRef]
168. Veryzer, R.W.; de Mozota, B. The impact of user-oriented design on new product development:
An examination of fundamental relationships. J. Prod. Innov. Manag. 2005, 22, 128–143. [CrossRef]
169. Lazard, A.J.; Watkins, I.; Mackert, M.S.; Xie, B.; Stephens, K.K.; Shalev, H. Design simplicity influences patient
portal use: The role of aesthetic evaluations for technology acceptance. JAMIA Open 2015, 23, e157–e161.
[CrossRef] [PubMed]
170. Mackelprang, A.W.; Habermann, M.; Swink, M. How firm innovativeness and unexpected product reliability
failures affect profitability. JOM 2015, 38, 71–86. [CrossRef]
171. Neumann, P.J.; Weinstein, M.C. The Diffusion of New Technology: Costs and Benefits to Health Care. In The
Changing Economics of Medical Technology; National Academies Press: Washington, DC, USA, 1991.
172. Mathewson, K.E.; Harrison, T.J.; Kizuk, S.A. High and dry? Comparing active dry EEG electrodes to active
and passive wet electrodes. Psychophysiology 2017, 54, 74–82. [CrossRef] [PubMed]
173. Kam, J.W.Y.; Griffin, S.; Shen, A.; Patel, S.; Hinrichs, H.; Deouell, L.Y.; Knight, R.T. Systematic comparison
between a wireless EEG system with dry electrodes and a wired EEG system with wet electrodes. NeuroImage
2019, 184, 119–129. [CrossRef] [PubMed]

Sensors 2019, 19, 1423

34 of 34

174. Mihajlovic, V.; Garcia Molina, G.; Peuscher, J. To what extent can dry and water-based EEG electrodes
replace conductive gel ones? A steady state visual evoked potential brain-computer interface case study.
In Proceedings of the ICBE 2011: International Conference on Biomedical Engineering, Venice, Italy,
23–25 November 2011.
175. Jurvsta, F.; van de Borne, P.; Migeotte, P.F.; Dumont, M.; Languart, J.P.; Deguate, J.P.; Linkowski, P.
A study of the dynamic interactions between sleep EEG and heart rate variability in healthy young men.
Clin. Neurophysiol. 2003, 114, 2146–2155. [CrossRef]
176. Seo, S.H.; Lee, J.T. Stress and EEG. In Convergence and Hybrid Information Technologies; InTech: Vienna, Austria,
2010; pp. 420–422.
177. Burlaka, S.; Gontean, A. Brain-Computer Interface Review. In Proceedings of the 12th IEEE International
Symposium on Electronics and Telecommunications (ISETC), Timisoara, Romania, 27–28 October 2016.
178. BNCI Horizon 2020. Roadmap. Available online: http://bnci-horizon-2020.eu/roadmap (accessed on
21 December 2018).
179. Lee, B.; Liu, C.Y.; Apuzzo, M.L.J. A primer on brain-machine interfaces, concepts, and technology: A
key element in the future of functional neurorestoration. World Neurosurg. 2013, 79, 457–471. [CrossRef]
[PubMed]
180. Chao, Z.C.; Nagsaka, Y.; Fuji, N. Long-term asynchronous decoding of arm motion. Front. Neuroeng. 2010, 3.
[CrossRef]
181. Scherer, R.; Faller, J.; Friedrich, E.V.C.; Opisso, E.; Costa, U.; Kübler, A.; Müller-Putz, G.R.
Individually adapted imagery improves brain-computer interface performance in end-users with disability.
PLoS ONE 2015, 10, e0123727. [CrossRef]
182. Ang, K.K.; Guan, C.; Chua, K.S.G.; Ang, B.T.; Kuah, C.; Wang, C.; Phua, K.S.; Chin, Z.Y.; Zhang, H.
Clinical study of neurorehabilitation in stroke using EEG-based motor imagery brain-computer interface
with robotic feedback. In Proceedings of the 2010 Annual International Conference of the IEEE Engineering
in Medicine and Biology, Buenos Aires, Argentina, 31 August–4 September 2010. [CrossRef]
183. Ang, K.K.; Chua, K.S.G.; Phua, K.S.; Wang, C.; Chin, Z.Y.; Kuah, C.W.K.; Low, G.C. A randomized
controlled trial of EEG-based motor imagery brain-computer interface robotic rehabilitation for stroke.
Clin. EEG Neurosci. 2015, 46, 310–320. [CrossRef] [PubMed]
184. Shahid, S.; Sinha, R.K.; Prasad, G. Mu and beta rhythm modulations in motor imagery related post-stroke
EEG: A study under BCI framework for post-stroke rehabilitation. BMC Neurosci. 2010, 11, P127. [CrossRef]
185. Geronimo, A.; Simmons, S.S. Performance predictors of brain–computer interfaces in patients with
amyotrophic lateral sclerosis. J. Neural Eng. 2016, 13, 026002. [CrossRef]
186. Meng, J.; Mundahl, J.H.; Streitz, T.D.; Maile, K.; Gulachek, N.S.; He, J.; He, B. Effects of soft drinks on resting
state EEG and brain-computer interface performance. IEEE Access 2017, 5. [CrossRef] [PubMed]
187. Vidaurre, C.; Blankertz, B. Towards a cure for BCI illiteracy. Brain Topogr. 2010, 23, 194–198. [CrossRef]
[PubMed]
188. Mariushi, M. Brains activation during manipulation of the myoelectric prosthetic hand: A functional
magnetic reonance imaging study. Neurolmage 2004, 21, 1604–1611. [CrossRef] [PubMed]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

