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Abstract— This paper intends to develop a novel methodology
for modeling a mind-controlled type-writer system to cater the
needs of individuals suffering from various communication
related disorders. This objective is fulfilled by first capturing
EEG signals from ten subjects involved in mental utterance of
seven vowel sounds. The eLORETA analysis of the acquired
signals confirms the involvement of occipital, parietal and pre-
frontal lobes for this cognitive activity. The procured signals
undergo the process of feature extraction after eradication of
artifacts and are transferred to a novel capsule network module
for categorization of seven class labels. Performance analysis
undertaken confirms the superlative behavior of the proposed
classifier with respect to other standard ones. Moreover,
statistical evaluation also assures the superior performance of the
proposed classifier model. A coding scheme has also been
proposed to signify the consonants by the coalescence of two
vowel sounds segregated by a space. Thus, the proposed
methodology can be effectively utilized as a mind controlled type
writing system to serve the needs of disabled individuals.
Additionally, this technique can also be used in certain military
scenarios that demand non-verbal communication as a secure
option and in various BCI based gaming applications.

Keywords— mind controlled type writer, vowel sound imagery,
EEG, eLORETA, capsule network.

L. INTRODUCTION

The most common form of communication amongst human
beings involves the impartation of information in the form of
speech, writing and gestures. However, the usage of these
communication modalities becomes quite inaccessible to
individuals suffering from speech production and/or muscle
related impairments such as Amyotrophic Lateral Sclerosis
(ALS), Progressive Bulbar Palsy (PBP), Locked-in-Syndrome
(LIS) etc. Thus, there is a grievous need for implementation of
any mechanism that will aid in providing a “voice to the
thoughts” of such disabled people. The present study aspires
to attain the above stated objective by designing a Mind
Controlled Type Writer (MCTW). The main characteristic of
such a system includes the ability to abstract vowel sounds
from the mental imagery of subjects and transform them into
written/printed form of words or sentences.

Existing Literature on MCTW primarily focuses on the
classification of mentally uttered vowel sounds using EEG
based brain signal analysis [1-5]. However, these research
studies provide only a preliminary instance of MCTW and
fail
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to throw any light on the complete design and development of
such a system. The present work is an endeavor to nullify this
void.

The first step of our research involves the investigation of
the active brain lobes from the acquired EEG signals of
subjects who mentally utter seven vowel sounds pertaining to
Bengali language semantics (A, AA, AeA, EE, O, Ae, UU)
using eLORETA software. Next, the signals are pre-processed
to eradicate the effects of various artifacts. Then, the pre-
processed signals are fed to a feature extraction module to
abstract the important features of vowel sound imageries. The
extracted features are transferred to a classifier that can
accurately categorize the vowel sounds into seven distinct
classes. In order to involve the consonants in printed form, a
code book has been developed where each consonant is
depicted by the collocation of two vowel sounds separated by
a space. For example, the letter B is represented as A_A, the
letter C is denoted as A_EE and suchlike. So, the combination

of two vowel sounds will be able to represent 'C, =21

consonants. Thus, this encoding scheme will be of immense
help to the diseased subjects for communicating words or
sentences constituting of both vowels and consonants.

The classifier required for the aforesaid problem must be
able to categorize the seven vowel sound imageries. Although
any conventional supervised learning based classifier could
have been utilized for the current application, we opt for a
capsule network based classifier for its precision in classifying
features and low computational complexity [6-7]. Our
proposed classifier is based on the original model introduced
by S. Sabour [6] with two major modifications. First, we
investigate the use of a new activation function, Exponential
Linear Sigmoid SquasHing (ELiSH) [8] instead of the
classical Rectified Liner Unit (ReLU), as a strategy to enhance
the accuracy of the classifier module. The prime motivation
behind the choice of this function is that it is quite efficient in
tackling the vanishing gradient issue and also allows better
information propagation during training phase. The next
contribution towards designing the classifier module involves
the utilization of Sigsoftmax [9] function in the routing
algorithm rather than the primitive Softmax. This function has
the capability to enhance the likelihood of many higher level
probabilities amongst features in neighboring capsule layers
during the competition of a primary capsule with each of the



secondary capsules. Moreover, it can efficiently combat the
Softmax bottleneck [9] issue as well as possess high
representation  capacity ~ without  compromising  the
computational cost.

Experimental results obtained infer that the performance
of the proposed classifier surpasses other primitive classifier
techniques. Additionally, statistical analysis undertaken also
assures the superlative results provided by the proposed
classifier over other standard ones. Besides, the proposed
methodology has also shown supercilious performance when
tested as a MCTW for both vowels and consonants by
utilizing the classification of mental vowel sound imageries.
Thus, this methodology can act as an efficacious tool to
convey the messages of disabled individuals. Moreover, the
proposed technique can be utilized in military applications
where non-verbal communication can provide a better and
secure possibility under grave scenarios like war.
Additionally, this system can play a vital role in numerous
gaming applications that will aid in exhilarating the player’s
experience.

The remaining segments of the paper have been compiled
as follows. The abridgment of the entire system module has
been described in Section II. Section III illustrates the
architecture of the proposed classifier. Section IV depicts the
experimental protocols undertaken. Section V discusses the
performance analysis and statistical validation of the proposed
model. The inference has been portrayed in Section VI.

II.  SYSTEM OVERVIEW

This section introduces a summarized description of all
principles and methodologies adopted to classify vowel sound
imageries of subjects from their brain response. Fig. 1
provides a detailed description of the overall system. The EEG
signals are captured from the scalp of the subjects using
Ag/Agcl, electrodes when they are involved in imagination of
vowel sounds. The visual stimuli begin with a fixation cross of
3 seconds duration that aids a subject to concentrate his/her
attention towards the instructed task. The next window
consists of the presentation of vowel sound to be imagined
which has duration of 2 seconds. This window segment is
succeeded by a blank window of 5 seconds duration where the
subject mentally utters the vowel sound presented by the
previous frame. The procured EEG signals are then fed to the
exact Low Resolution Topographic Analysis (eLORETA)
software, to identify the active brain regions responsible for
this work. Next, to eradicate the effects of numerous artifacts
from the raw EEG data, the signals are filtered using an
Elliptical Band pass filter of order 10. The filtered signals are
then transferred to an ICA (Independent Component Analysis)
[21] module to eradicate the artifacts concomitant in the pass
band of the filter. The artifact free signals are transferred to a
spectrogram analyzer module to extract time-frequency
domain features using STFT (Short Time Fourier Transform)
algorithm. The acquired feature space is reduced by selecting
features that have frequency components within alpha and
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Fig. 1 Block diagram of the complete system

theta bands. These two bands have been chosen as they
portray strong alliance with vowel sound imagination. The
reduced spectrogram features are transferred to a novel
capsule network to classify seven vowel sounds imageries.

III. CLASSIFIER DESIGN

The architecture of the proposed classifier is illustrated in Fig.
2. The function of each sequential layer of the classifier model
has been described below.

A. 2D Convolutional layer with ELiSH activation

This is the first layer of the neural network that performs
convolution operation on X, € RMM extracted EEG feature

map where M xM denoted the size of each feature map. For
a stride value of 4 and Be STKXK number of Convolution
filters, Where K x K denotes the kernel size, this computation
is expressed as

Vi = Ja((xg *we) +by) (1

where, y, € RPPB indicates the h™ output feature map each

M-K+1
A

£, () represent the weights of the convolution filter, bias term

having Px P dimension and P= . Wg » by and

and activation function respectively.

We utilize a new activation function Exponential Linear
Sigmoid Squashing (ELiSH) [8] to introduce the non-linearity
operation in this layer which is defined as follows.

( X j,xZO
l+e*

Ja® =3/ 4 (2)
e —1
[ ],x <0

1+

This function is a combination of ELU [10] and sigmoid [11]
in the negative part while the positive part involves the Swish
function [12]. The sigmoid part of this function helps in better
propagation of information during training instance while the
linear part aids in tackling the vanishing gradient issue.
Moreover, this function has showed marvelous results when
applied on ImageNet dataset [8]. These promising
characteristics have motivated us to utilize this activation
function for the current application.
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B. Primary capsules

In this layer a multi-convolution operation is performed H
times on the output feature map to learn higher level features.
Then the output of this multi-convolution operation is
reshaped and squashed to form a set of feature maps referred
to as Primary capsules. For C number of classes these series
of operation is expressed by equation (3)

up = fs(Vp * Wy +b;) 3)
Where, u; e R denotes the i

primary capsule unit within which each capsule has a
dimension of OxS and f,() indicates the non-linear

output feature map or the

squashing function.

Since, each unit of the reshaped output of the multi-
convolution operation must depict the probability of an
entity’s presence, its length is limited within [0, 1] using a
non-linear squashing function denoted by equation (4)

PP 7;
P @)

Squash(r;) =
S Ea AT P

Where, 7, € RV represents the reshaped output of size UxV .

C. Secondary or Class capsules

The secondary or class capsules are generated using the
concept of dynamic routing by agreement. This procedure is
used instead of a pooling operation that usually eliminates the
local information, thus aiding in enhancement of network’s
robustness and classification accuracy.

In the first step, between two neighboring layers L and
L+1 (i.e. between a primary capsule layer and a secondary
capsule layer), a prediction vector is evaluated that denotes the
strength of contribution of primary capsule i to the secondary
capsule j using equation (5)

i = Wil (5)
Where, #;; € RITC represents the prediction vector where

each vector has a size of OxT and w; € RS is the weight

matrix having size of S X T .

The prediction vectors computed by the primary capsule layer
are utilized to generate an input vector ¢ of the j th capsule in

layer L+1 by the following equation
N

9; = Zcp,,ﬁilj ©)
i=1

Where, ¢, represents the coupling coefficient whose function

Pi

is to provide assurance regarding the prediction of association
of primary capsule 7 in layer L and with secondary capsule j

in layer L+1. This coefficient is evaluated in the classical
Capsnet [6] using Softmax function as shown below.

. .C )

P
> exp(by)

k
where, b; indicates the log prior probability that a primary

capsule i is coupled to a secondary capsule j and is updated

by the routing algorithm. In our proposed model, we utilize a
new function Sigsoftmax [9] instead of the classical Softmax
to compute the coupling coefficient as shown by equation (8)

Y explby) oby)
k
Where, o(-)denotes a sigmoid function.

The use of classical Softmax diminishes the likelihood of
various high level probabilities of feature association amongst
the adjacent capsule layers. In other words, Softmax function
evaluates almost similar association probabilities of primary
capsules with that of class capsules [13]. Thus, this
characteristic adversely affects the classification accuracy.
Additionally, it possesses a poor representation capability
leading to a condition called Softmax bottleneck [9]. On the
other hand, the computation of Sigsoftmax function provides



Algorithm 1: Sigsoftmax Routing Procedure

1: Input to Routing Mechanism (i ;,7, L)

2: for all capsules i in layer L and capsules j in layer (L+1):
bij «~0

3: for n iterations do

4.  forall capsules i in layer L: ¢, « Sigsoftmax(b;)

N
5:  forall capsulesj inlayer (L+1): q; < Zcp”ﬁiu
=l

for all capsules j in layer (L +1): o; « Squash(q ;)
for all capsules i in layer L and capsules j in layer

(L+1) by by +ity-0;

return 0;.

greater differences between the probabilities associated with
class capsule for every primary capsule. Thus, this function
provides an optimal segregation amongst capsules in
neighboring layers. Moreover, this function has a better
representation capacity than Softmax without the use of any
auxiliary parameter or increase in computational cost. Hence,
we use the Sigsoftmax based routing mechanism to reward the

accordance between the output of the class capsules o; and

prediction vector

by Algorithm 1.
Finally, a || L, || or Euclidean norm of the output vector is

i - The detail of this procedure is illustrated

evaluated to specify a distinct class label.
D. Loss Function

The loss function aims to evaluate the precision of prediction
made by the network. It is defined as

Sy = Zp max(0,e” = o [)* + B~ Z; ymax(0,] o | =¢7)* (9)
where, Z, is an indicator variable that helps to denote the

absence/ presence of an active class label, e* and e are the
upper and lower boundary parameters respectively and f is

the regularization parameter.

IV. EXPERIMENTS AND RESULTS

This section includes the following experiments to obtain the
analytical results for vowel sound classification problem from
the brain response of subjects. Experiment 1 deals with
selection of active brain regions for seven vowel sounds using
eLORETA software. Experiment 2 performs filtering and
artifact removal. Experiment 3 provides the spectrogram
analysis of the artifact free EEG signals. Finally the output of
this analysis is transferred to the classifier module for
classification of seven class labels.

A. Experimental framework.

The experiment has been executed in Artificial Intelligence
laboratory of Jadavpur University, Kolkata, India. The
experimental setup has been shown in Fig. 3. A 21 channel
EEG system, manufactured by Nihon-Kohden has been used
to capture the electrical activity of the brain [14]. Out of ten
healthy volunteers, six female and four male have volunteered

for the said experiment. The experiment has been performed
with 21 electrodes which include temporal (Ti, T2, T3, T4, Ts
and Te), frontal (F3, Fs, F7 and Fs), motor cortex (Cs, Ca),
parietal (P3, P4), occipital (O, O») and prefrontal (Fp; and
Fp2,) electrodes. Each subject is requested to sit in a
comfortable resting position to eschew any probable
contamination of muscle artifacts [15].

B. Stimuli preparation and presentation

The experiment comprises 5 sessions, where each session
includes 5 trials. In each trial, the subject receives visual
stimulus of 5 seconds duration containing instruction to
mentally utter the vowel sound presented on the computer
screen. A sufficient time-gap of 15 seconds is mainained
between 2 consecutive presentation to avoid the residual effect
of previous stimulus. Thus, for ten subjects, 10 x 7 vowel
sounds X 5 session/stimulus x 5 trials/sessions = 1750 training
instances are generated for the said purpose. Fig.4 illustrates a
single sequencial trial of stimulus portrayed to each subject.

C. Experiment 1: Source Localisation using eLORETA
Software

In this experiment, the highly enhanced brain lobes are chosen
using exact low resolution brain electromagnetic topographic
analysis (eLORETA) technique [16], [17]. eLORETA is a
linear inverse solution method which helps to analyze the
distribution of electrical activity within the cortical regions of
the brain [18]. In this experiment, EEG data has been collected
from the scalp of the subject for 5 seconds (= 5,000
milliseconds) duration when he/she is involved in mental
utterance of vowel sounds. eLORETA software segments this
duration into a fixed 640 time frames. Thus topographic
solutions are provided during a period of 7.81 milliseconds for
each time frame. Fig. 5 illustrates the eLORETA solution of
vowel sound imagery. It is evident from the figure that the
occipital region is highly active for the first four time-frames,
representing the visual perception of vowel sound stimuli for
approximately 32 milliseconds duration. The parietal and pre-
frontal regions are highly active bilaterally, for the remaining
time-frames, which signify the involvement of vowel sound
imagination for the present experiment.

D. Experiment 2: Pre-processing and Eradication of Artifacts

This experiment aims at removing physiological artifacts such
as eye blinking, respiration, muscles artifacts etc [19]. An
Infinite Impulse Response (IIR) filter has been selected for the
present study instead of a Finite Impulse Response (FIR)
design as it utilizes a meagre number of filter coefficients for a
particular filter order. This methodology is employed by
utilizing an Elliptical Band pass filter of order 10 with pass
band frequency in the range of 3 to 13 Hz. The Elliptical Band
pass filter has been chosen for its better roll-off and stop band
attenuation as compared to other standard filters [20].

Next, in this experiment the filtered EEG signals are
further evaluated using Independent Component Analysis
(ICA) [21] to restore 19 independent components of the 19
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EEG signals. 12 scalp maps are selected for further processing
amongst the 19 procured maps as depicted in Fig. 6.

E. Experiment 3: EEG Spectogram analysis using STFT
Algorithm.
The prime motivation of this experiment is to abstract the

spectrogram images from artifact free EEG signals for
uplifting the classification accuracy of the classifier based on

deep-learning approach. Here, Short Time Fourier Transform
(STFT) algorithm [22] has been adopted to translate the time-
domain EEG signals to time-frequency domain signals. For
each trial of a subject, a 3D data array has been constructed
with the dimension of 129 x 21 x 12 feature vector, by
utilizing STFT method consisting of Hamming window length
of 256 with overlap length of 100 amongst consecutive
window frames. Next, the procured feature set within the



TABLEI
RELATIVE STUDY OF CLASSIFICATION ACCURACY (STANDARD DEVIATION)

FOR VOWEL SOUND AA
Classifiers CA Specificity Sensitivity Run-time
with optimal complexity
parameter
settings
LDA [23] 71.58 0.69 0.72 51.85 ms
KNN [24] 72.15 0.75 0.73 52.44 ms
BPNN [25] 75.97 0.72 0.76 66.28 ms
LSVM [26] 78.74 0.79 0.78 58.15 ms
KSVM -RBF 81.96 0.78 0.82 55.74 ms
kernel [27]
Type-1 fuzzy 85.23 0.86 0.83 37.96 ms
[28]
Interval Type- 87.52 0.88 0.86 41.82 ms
2 Fuzzy Sets
(IT2FS) [29]
General 89.89 0.89 0.88 92.55 ms
Type-2 Fuzzy
Sets (GT2FS)
[30]
CNN [31] 90.87 0.90 0.89 111 ms
Capsule 91.12 0.93 0.88 76.84 ms
network [6]
Proposed 94.86 0.95 0.93 68.29 ms
Capsule
network

range of theta and alpha power has been selected since, they
provide maximum power for mentally uttered vowel sounds.
Thus, the feature space gets reduced to 21x21x12 dimensional
vector which is finally fed to the classification module to
classify seven vowel sound imageries. Fig. 7 provides the
spectrogram analysis of the filtered EEG signals collected
from 12 electrodes for a vowel sound (AA) of a single subject.

V. PERFORMANCE ANALYSIS AND STATISTICAL
VALIDATION

A. Relative Performance Analysis

The relative performance of the proposed classifier has been
evaluated on the basis of three metrics- Classification
Accuracy (CA), Sensitivity and Specificity which are defined
by equations (10), (11), (12).

_ TP+TN (10)
TP+TN +FP+FN
P
Sensitivity = ———— 11
ensitivity TP FN (11)
N
Specificity = ——— 12
pecificity TN + FP (12)

where, TP, TN, FP, FN indicates the number of true positives,
true negatives, false positives and false negatives respectively.
Table I depicts the comparative analysis of the proposed
classifier with other primitive ones. It is quite evident from
this table that the performance of the proposed classifier

TABLE II
COMPARATIVE STUDY OF CLASSIFICATION ACCURACY (STANDARD
DEVIATION) WITH VARYING ACTIVATION FUNCTION FOR VOWEL SOUND AA

Activation function CA (%)
Sigmoid [11] 85.76
Hyperbolic Tangent (Tanh) [32] 86.45
Rectified Linear Unit (RELU) [33] 89.13
Leaky RELU [34] 90.20
Exponential Linear Unit (ELU) [10] 92.15
Scaled Exponential Linear Unit (SELU) 92.88

[35]
Swish [12] 93.75
Exponential Linear Sigmoid 94.86
SquasHing (ELiSH) [8]

TABLE III
STATISTICAL ANALYSIS OF WITH THE PROPOSED CAPSULE NETWORK
BASED CLASSIFIER WITH REFERENCE ALGORITHMS

Classifier algorithm Parameter Comments on
used for comparison  used for Mc acceptance/rejection
using desired features Nemar’s z of hypothesis
test
No1  Njo
LDA 25 89 3481 Rejected
KNN 11 51 24.53 Rejected
BPNN 14 36 8.82 Rejected
LSVM 17 59 22.11 Rejected
KSVM -RBF kernel 12 36 11.02 Rejected
Type-1 fuzzy 21 66 22.25 Rejected
Interval Type-2 24 42 437 Rejected
Fuzzy Sets (IT2FS)
General Type-2 15 63 28.32 Rejected
Fuzzy Sets (GT2FS)
CNN 36 77 14.16 Rejected
Capsule network 35 78 15.61 Rejected
Proposed Capsule 9 16 1.44 Accepted

network

surpasses other classifiers by an enhanced marginal level.
Hence, this classifier is able to provide a precise and accurate
categorization of seven specific vowel sound imageries.

B. Performance Analysis on the basis of Activation functions

To further analyse the performance of the proposed classifier,
the classification accuracy of the model is evaluated by varying
the activation function in the first Convolution layer. This
comparison is depicted in Table II. It can be clearly inferred
from the table that the classification accuracy of the proposed
ELiSH induced network outperforms the same model
comprising of classical activation functions by a significant
margin.

C. Statistical Analysis using McNemar's Test

The proposed classifier has been validated by utilizing the
well known McNemar’s test [36]. The z value utilized in the
test has been illustrated by equation (13) where the all the
terms



in the equation convey the same significance as indicated in
[36]. Two classifier algorithms X and Y, have been

considered, where X denotes the proposed capsule network
based classifier algorithm while the other standard classifiers
listed in table-III are indicated by ¥ . We define two

parameters 7o; and 719, where #¢; depicts the number of

classes misclassified by X but not by Y and 719 represents the

number of classes misclassified by Y but not by X. Thus, we
define z by the following equation

2
L (no1 =mol =)
noy +nyg

(13)

This analysis confirms that the null hypothesis for the
primitive classifiers have been declined since the Z-score for

all of them is beyond {95 =3.84.

VI. CONCLUSION

This work provides an innovative approach to model and
design a mind driven type writing system by utilizing the EEG
signals acquired from subjects during the mental enunciation
of seven vowel sounds. Experimental analysis performed by
eLOERTA software infers the participation of occipital, pre-
frontal and parietal lobes for this cognitive activity. The
acquired signals are preprocessed and fed to a spectrogram
analyzer module to abstract the most important features
required for categorization of seven vowel sound imageries.
These extracted features are then transmitted to the proposed
classifier model which is able to successfully classify the
seven class labels. Moreover, a codebook has also been
developed to encode the consonants by utilizing two vowel
sounds separated by a space. Since, the proposed capsule
network based classifier outperforms the state-of-the-art
techniques with respect to classification accuracy, it can serve
as an important tool for the design of next generation mind
driven type writers to aid patients suffering from various
communication related impairments. Additionally, this
technique can be utilized in military applications under
precarious  circumstances that demand  non-verbal
communication. Besides, the proposed approach can also be
employed in various gaming applications to elate the
experience of the users.
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