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Recent technological advances in machine learning offer the possibility of decoding complex datasets
and discern latent patterns. In this study, we adopt Liquid State Machines (LSM) to recognize the emo-
tional state of an individual based on EEG data. LSM were applied to a previously validated EEG dataset

29 December 2017 where subjects view a battery of emotional film clips and then rate their degree of emotion during each
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film based on valence, arousal, and liking levels. We introduce LSM as a model for an automatic feature
Keywords: extraction and prediction from raw EEG with potential extension to a wider range of applications. We

. . also elaborate on how to exploit the separation property in LSM to build a multipurpose and anytime
Emotion recognition . . . oo
EEG recognition framework, where we used one trained model to predict valence, arousal and liking levels
Liquid State Machine at different durations of the input. Our simulations showed that the LSM-based framework achieve out-
Machine learning standing results in comparison with other works using different emotion prediction scenarios with cross

Pattern recognition validation.
Feature extraction
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1. Introduction

The affective states are psycho-physiological components that
can be measured using two main principle dimensions: valence
and arousal. Valence varies from negative to positive, and mea-
sures emotion’s consequences, emotion eliciting circumstances or
subjective feeling and attitudes. Arousal measures the activation of
the sympathetic nervous system and ranges in intensity from not-
at-all to extreme. A couple of studies proposed different models
to explain the affective state such as the six basic emotions model
[1], dimensional scale of emotions model [2], the tree structure of
emotions model [3] and the valence-arousal scale model [4]. In this
work we rely on the valence-arousal scale model, due to its sim-
plicity. The model explains emotion variation in a 2D plane, where
emotion is affiliated with the corresponding valence and arousal
levels. Fig. 1 shows the valence-arousal scale proposed by Russell in
which emotions are described ina 2D plane; the horizontal axis rep-
resents the valence while the vertical one represents the arousal.
More specifically, Russell’s model is divided into four regions: Low
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Valence-Low Arousal (LVLH), Low Valence-High Arousal (LVHA),
High Valence-Low Arousal (HVLA) and High Valence-High Arousal
(HVHA). Thus, the problem of identifying the emotional state is con-
verted in most of the cases into determining valence and arousal
levels.

There are different resources to infer the emotional state in
humans such as facial expression, speech, and physiological signals
like skin temperature, galvanic resistance, ECG, fMRI and EEG.

This work uses EEG signals for emotion recognition. EEG signals
are brainwaves that are produced by population action potential
of brain’s neurons during activities. Hence, they may be one of the
most reliable sources of emotion due to their high temporal resolu-
tions. Moreover, EEG signals are relatively easy to acquire due to the
recent advancement in building wireless and wearable EEG sensors
[5,6]. To identify and study the emotional state from EEG, several
machine learning (ML) techniques have been applied such as deep
learning (DL) [7-9], support vector machine (SVM) [10], k-nearest
neighbors (KNN) [11], and Artificial Neural Networks (ANN) [10].

This works applies a novel framework based on Liquid State
Machine (LSM) [12-14] approach for emotion recognition. LSM is
a temporal pattern recognition paradigm, and hence it is apt to
handle the temporal nature of EEG signals. LSM has been applied
successfully to many problems that include spatio/spectro tem-
poral properties like speech recognition [15-17], facial expression
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Fig. 1. Russell’s model for emotion representation.

recognition [18], robots arm motion prediction [19], real time imi-
tation learning [20], movement prediction from videos [21] and
stochastic behavior modeling [22]. Furthermore, several efforts
have been made to build hardware-inspired LSM [23-26].

Most of the work done on EEG emotion recognition have
suffered from finding informative features from EEG data. In addi-
tion, they suffer from converting channel responses into global
responses induced by single stimulus. Our work proposes an
LSM-based framework for an automatic feature extraction and
information consolidation from different channels. This is done by
exploiting the temporal unsupervised learning in LSM, where each
input to LSM produces aresilient activation patterns inside the LSM
that are then converted into features. The same concept has been
applied successfully in DL and showed that the extracted features
by DL are more informative than the traditional feature extraction
approaches [27]. In addition, we reveal how LSM can be adopted to
perform multipurpose emotion recognition task in an anytime fash-
ion. By multipurpose, we mean that one trained LSM will be used
to predict valence, arousal and liking. And anytime means that the
processed signal is not constrained to be of a specific size to capture
the sustained emotion. In other words, the framework can conduct
the temporal pattern recognition task from a variable length of an
input. To evaluate the LSM-based framework, we conducted several
experiments to test for performance, linearity and scenario-based
emotion prediction accuracies at different lengths of the input. The
obtained results from our work show that the framework is capable
to surpass other ML approaches used by other research.

The reminder of this work is organized as follows: Section 2
describes the dataset used to validate the framework and surveys
the related work. Section 3 introduces LSM and its properties, and
then Section 4 elaborates on the proposed LSM framework for EEG
emotion recognition. In Section 5, the work tests the proposed
framework and discusses the reported results. Finally, the work
concludes with a summary and future work in Section 6.

2. Literature review

This section is divided into two parts: in the first part, we intro-
duce the dataset. Part two provides a survey for related work.

Table 1
DEAP dataset description.
Feature Description
Number of subjects 32
Number of videos/stimuli 40
Number of EEG channels 32
Labels Valence, arousal and liking

Sampling rate 128 Hz

2.1. DEAP dataset for EEG emotion recognition

We chose the DEAP dataset [28] to validate and test the proposed
framework for emotion recognition because the DEAP dataset was
recently introduced and used by various EEG emotion recognition
research. The next part of literature review surveys the important
works that used DEAP dataset. DEAP dataset consists of EEG data
recordings from 32 subjects, while watching 40 musical videos. The
40 videos were chosen among 120 initial YouTube videos. Half of
the 120 were drawn manually, while the remaining were selected
semi-automatically. After that, a 1-min highlight part was deter-
mined from each of the 120 initial videos and then was presented
to a subjective assessment experiment. The top 40 consistently
ranked videos were chosen to be presented to the 32 subjects. Sub-
jects were 50% female, aged from 19 to 37 years with an average
of 26.9. Each video was presented to a subject and then she/he was
asked to fill a self-assessment for her/his valence, arousal, liking
and dominance. Valence scales from 1 to 9 (1 represents sad and
9 represents happy). Arousal scales from 1 to 9 (1 represents calm
and 9 represents excited). Liking measures whether a subject likes
the video or not, and it corresponds to a number from 1 to 9 (1
means that a subject did not like the video, while 9 means that a
subject strongly liked it). The EEG data were recorded according to
the 10-20 international system using a 32-channel array at the rate
of 512 Hz. Afterwards the data was preprocessed to remove out-
liers, and then downsampled to 128 Hz. Table 1 shows a summary
of DEAP dataset.

2.2. Related work

Several studies have tried to use video clips to study emotions.
For example, [11] used five subjects to record 62 channels EEG
data in four emotional states: joy, relax, sad and fear stimulated
by watching pre-chosen elicitation clips. The work extracted fea-
tures from time and frequency domains. The testing showed that
frequency domain features are more informative than time domain
features with the best reported accuracy of 66.51% using SVM
classifier. Similarly, [10] used 30 pictures from the International
Affective Picture System (IAPS) as an elicitation for 20 subjects. EEG
data were recorded for 5 s for each picture using six channels. The
best reported result was using time domain features with 56.1%
accuracy achieved by SVM classifier.

Other studies used DEAP dataset to evaluate their work. The
remaining part of the literature review focuses on these works. In
work [7], the authors applied DL with a stack of three autoencoders,
two softmax layers and 50 neurons in each hidden layer on DEAP
dataset. The work used the power spectral of five frequency bands
of EEG: delta, theta, alpha, beta and gamma as an input. The dataset
was labeled according into three valence states (Negative, Neutral
and Positive) and three arousal states (Negative, Neutral and Posi-
tive). The best reported results were 53.42% for valence and 52.03%
for arousal when using Principle Component Analysis (PCA) with
Covariate Shift Adaptation (CSA) transformation at the input of DL
network.

Another study [29] proposed a method to fuse features from
segment level into response level. Each problem is considered
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as a binary classification problem for valence, arousal and liking.
Using the same frequency domain features used in [7], an SVM-
RBF classifier delivered the highest accuracies with 76.9 % +6.4 for
valence, 69.1%410.5 for arousal and 75.3%410.6 for liking. Later
[30] introduced a method to transform segment-level features to
response-level features by using Gaussian Mixture Model (GMM)
and Generative models constraining approaches. The segment
features are extracted as in [29] followed by K-PCA. Thereafter,
the proposed method was used to generate response-level vec-
tor. The final classification stage was conducted using SVM with
best achieved accuracies as follows: 70.9%+11.4, 70.9%+12.8
and 70.5%+17.1 for valence, arousal, and liking, respectively. The
impact of low number of samples and selection of the critical
channels in emotion recognition was studied in [8]. It proposed
a method based on Deep Belief Networks (DBN) to extract fea-
tures and assess channels. To evaluate the proposed method, “like”
and “dislike” were used for the classification task along with other
five baseline methods for comparison purposes. For 28 out of 32
subjects in the DEAP dataset, the proposed method outperformed
the other baseline methods and gave stable choices among chan-
nels when evaluated by Fisher Criterion. Moreover, [9] applied
Restricted Boltzmann Machine (RBM) for feature extraction and
channels selection. For all subjects in the dataset, the proposed
method outperforms the other baseline methods except for two
subjects with a maximum AUC of 0.852 and a minimum of 0.705
for liking recognition.

Other works tested specific channels for emotion recognition on
DEAP dataset. For example, [31] examined frequency doamin fea-
tures in two cases: when using all the 32 channles in DEAP dataset
and when using Fp1, Fp2, F3, F4, T7, T8, P3, P4 and O2 channels
(based on the results from [32]). In all experiments, the valence,
arousal and liking were divided into binary classes (positive and
negative values). The classification was performed using SVM in
two scenarios: leave-one-video-out (LOVO) and leave-one-subject-
out (LOSO). The results showed that using 10 channels yielded
better results than using 32 channels for valence and arousal.
Besides, LOVO achieved better results than LOSO.

Likewise, [33] tested channel selection and feature extraction
using the sample entropy method with an SVM classifier. The result
showed that channels F3, CP5, FP2, FZ and FC2 are informative for
differentiating between High Arousal-High Valence (HAHV) and
High Arousal-Low Valence (HALV), while channels FP1, T7 and AF4
are informative to differentiate between Low Arousal-Low Valence
(LHLV) and High Arousal-High Valence (HAHV). The results of test-
ing of sample entropy method were conducted according to a 3-fold
cross validation and LOSO. In 3-fold cross validation, the average
accuracy was 80% for recognition between HAHV and HALV and
79% for recognition between LALV and HALV. While for LOSO, the
average accuracy was 71% for recognition between HAHV and HALV
and 64% for recognition between LALV and HALV. While the sur-
veyed works use only one or two scenarios to test and validate the
proposed methods, non of them tried to test the proposed meth-
ods using different scenarios to reveal any weaknesses i.e., testing
emotion recognition in LOSO, LOVO, k-fold cross-validation, inde-
pendent subjects scenarios at the same time. Our work accounts
for the four mentioned scenarios and explores LSM performance
accordingly. The next section introduces and elaborates LSM.

3. Liquid State Machines

This section has three subsections. First subsection reviews
LSM history, motivation and architecture. In addition, it discusses
LSM time handling methodology and how it differs from other
techniques. In the second subsection, we describe temporal unsu-
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Fig. 2. LSM architecture.

pervised learning in LSM. Finally, we describe the dynamical kernel
concept in LSM.

3.1. LSM: a general review

LSM was introduced in [12] to model the cortical microcircuits
computations in the human brain. More specifically, LSM consists
of randomly and sparsely connected spiking neurons. The archi-
tecture of LSM has three main components: the input, liquid filter
and the readout(s) (Fig. 2). The liquid filter IM is a machine M that
transformes some input functions I(-) into some outputs y(-) by
applying a function f. This function, f, is encoded as: i : R — R",
with n depends on the number of neurons in the model. LSM
entertains two important properties: point-wise separation and
approximation properties [12]. The point-wise separation prop-
erty indicates that for any two different input patterns i(s) and i(%),
LSM will produce unique responses, i.e., pattern differentiation. On
the other hand, the approximation property means that LSM can
approximate any desired function f by choosing appropriate read-
out function for the desired task. In LSM, each input generates a
response in the liquid filter that is sampled over time. We call these
samples as liquid states xM(t). For an input function I(s) described
until the moment s <t, the liquid states can be expressed as follows:

xM(e) = 1MU(s)) (1)

The readout(s) is a function f that is used to transform responses in
the liquid filter into a meaningful representation of the input, i.e.,
task specific function. The readout function should be a memoryless
function [12], i.e. it has no memory. We write the output y(t) as a
function of liquid states as follows:

y(6) = fMEM(6) (2)

It should be noted that several ML approaches can be used as a
readout function such as ANN, SVM, K-NN, Decision Trees, etc.

As can be seen from Eq. (1) and (2), LSM is a dynamical system
modeling approach, i.e., the input to a system is a time-varying
stream data and the output is a congruent high dimensional time-
varying output with the input. One of the key features of LSM is the
fact that it has cyclic paths and loops inside the network, which is
similar to Recurrent Neural Networks (RNNs). The cyclic connec-
tions are of great importance for capturing dependencies between
current and previous inputs. Thus, LSM has an intrinsic capability
to handle problems that include a complex pattern in time series
signals as in EEG. In addition, LSM is able to encode larger informa-
tion than models built on non-spiking neurons, due to the temporal
encoding [34].

3.2. Unsupervised learning in LSM

The early forms of LSM were built without weight updating
within the network. However, it has been shown that Synaptic
Time Dependent Plasticity (STDP) [35] can improve the perfor-
mance and resiliency of LSM. Specifically, spiking times information
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Fig. 3. Dynamical kernel concept in LSM.

for presynaptic and postsynaptic neurons are used to adjust the
weight of synapse to robust information propagation within LSM.
Thus, STDP represents the unsupervised learning method for LSM.
Mathematically, let tpre and tpost the spiking times of presynaptic
and postsynaptic neurons, respectively. Then At = tpost — tpre deter-
mines the weight updating direction as follows:

Whew = Wy + AW(AL) At <0 3)
and
Whew = Wy — AW(AL) At>0 (4)

Here AW(ATt) is a function of At and dictates the increase or
decrease in the value of weights. Thus, LSM provides an effective
method to deal with time in comparison with other time series
techniques. In such techniques, a time series input is divided into
segments in which the time is handled by sliding a window over
the input. However, windowing the input does not sincerely cap-
ture the dependencies between previous and current values of
the input. Moreover, windowing cannot capture the dependencies
from different time series, when the input is composed of separate
time series inputs. Additionally, LSM provides a relaxation method
for time by projecting input into high dimensional output. More
importantly, transforming the input allows LSM to relax time into
activation patterns of neurons, which are later used as an output
for the readout function.

3.3. LSM as a dynamical kernel

The liquid filter can be seen as a dynamical kernel of the input,
where neurons in LSM play a role of time-dependent feature vector
(t-FV) (see Fig. 3). Unlike SVM, this role in LSM is a dynamic pro-
cess, where the kernel changes over the duration of the input. For
instance, during the period time t1 of an input (part a of the Fig. 3),
different neurons are designated to be feature-vector for that input
at that time point (the point-wise seperation property), in which
the readout function identifies the decision boundaries. Similarly,
at period t2 (part b of Fig. 3), different neurons are assigned to be
feature vectors such that readout functions can detect them. The
interpretation of the boundaries is the task of the readout function,
i.e., assign each boundary to specific label or pattern.

4. LSM-based framework for emotion recognition

This section is concerned with presenting LSM as an approach
for automatic feature extraction from raw EEG. Moreover, we
explain how to use LSM for anytime and multipurpose pattern
recognition by exploiting the separation between the liquid states
and readout function(s).

4.1. LSM as an automatic feature extraction approach in EEG

The quality of features plays an important factor in deter-
mining the accuracy of the pattern recognition task. To extract
features from EEG data, one could divide it into segments using
windowing function, and then extract information from either time
domain such as mean, standard deviation, median, etc., or fre-
quency domain such as spectral power of specific band frequencies.
Recently, DL [27] has been used for an automatic feature extrac-
tion from EEG data by taking advantage of auto-encoders. Our work
suggests that it is possible to perform automatic feature extraction
using LSM from raw EEG. This can be accomplished by feeding the
raw input into LSM. Then, the sampled liquid states x(t) will repre-
sent the extracted features information; the liquid states are a result
of a resilient activation of neurons inside the liquid filter due to
the unsupervised learning. In other words, EEG data are converted
into specificactivation paths by complex nonlinear transformations
inside the liquid filter.

Two important types of information can be extracted as a result
of the nonlinear transformations in LSM: the internal states of LSM
neurons (membrane potential) and the firing activities during spe-
cific periods. In our case, we use the membrane potential Vi, as
representative value for the internal states of neurons. Among dif-
ferent neuron models, we chose to rely on the conductance-based
neuron model, because it is highly biologically plausible neuron
model and capable to deal with sophisticated inputs. The mathe-
matical model of it is described as follows (please see Appendix A
for parameter description):

v,
Cn— =

Nc
G = ~n—En)/Rn = g6}V ~ Ef,)

= (5)
Z’s(t) + ng(t)(vm —E}ey) + Linject

Let n;(t) be the state of neuron i at time t, then the extracted feature
vector is represented as follows:

xM(e) = F(m (), f(na(6), f(n3(6)), ..., f(m(£))} i< N (6)

where fis a function that is applied on the internal states of neurons
and N is the total number of neurons inside the liquid filter. One of
the options for fis to use an exponential decay filter to readout the
internal activity of the liquid filter. The intuition behind using an
exponential decay function is to express the neural activity over the
time, while respecting the following rule: a current spiking activity
is more important than previous ones, since it is more tied with
current input (see Fig. 4). Exponential decay function meets this
rule; spikes close to time zero (the time of sampling) have stronger
weights (amplitude in Fig. 4) than far ones. That is, we preserve a
balanced emphasis on the effect of the current input and previous
inputs, since we still want to show the effect of previous inputs on
the current input (temporal association). By sampling and applying
the exponential decay function at consistent time intervals, one
accounts for the whole EEG time, while taking into the account the
temporal associations. There is no clear reference to use a specific
kernel for LSM; however, the exponential kernel seems the most
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Fig. 4. Exponential decay reading from neurons in LSM.

reasonable one, which appears to mimic brain response to the Radio
Frequency (RF) in T2-weighted fMRI.

sy =exp () (7)

4.2. LSM as an anytime and multipurpose emotion recognition in
EEG

The separation between the liquid filter and the readout func-
tion(s) allows LSM to be a modular, i.e. the recognition process by
the readout is separated from the liquid filter. This results in two
important advantages for LSM: anytime and multipurpose recog-
nition. In anytime, the readout is ready to perform the recognition
whenever the liquid states are sampled from the liquid filter; the
liquid filter is a continuous paradigm and the liquid states are avail-
able whenever the input is available except for a small delay due
to signal propagation in the liquid filter. That is, LSM can perform
emotion recognition from a variable length of input. Anytime prop-
erty is essential when the recognition is required before the whole
input is available or when the goal is to perform a prediction task.
On the other hand, multipurpose allows for different readouts to
be trained from the same liquid filter to perform different tasks.

For anytime property, assume that the input to LSM is explained
until time § < s, with s is the expected time extent of the input.
Then, LSM still can deliver the recognition task at time f <t on
a partial representation of the input, since there is an separation
between liquid states and readout function(s). Mathematically, we
write:

M@y =IM(I3) with §<t<t (8)
y(&) = MM(D) 9
On the other hand, multipurpose is achieved by applying K different

desired functions f,’("’ on the liquid states from the same liquid filter,
and can be represented as follows:

xM(t) = IM(I(s)) (10)
yi(t) = fMM(e) with K =1 (11)

5. Experimental part

In this section, we first describe the experimental setup. After
that, we test several classifiers to select the most suitable ones
for later experiments. Thereafter, we use the selected classifiers
in testing a set of particular of scenarios.

5.1. Experiment setup

We apply LSM to recognize valence, arousal and liking from the
DEAP dataset. More specifically, we divide the task of recognizing
them into binary classification problems, i.e., High /Low valence,
High/low arousal and like/do not like. To examine LSM performance

for emotion recognition, the experimental part delivers four dif-
ferent scenarios. First, Subject-Video Independent (SVI) scenario,
which treats samples from the liquid filter as independent samples
regardless of which subject or video they belong to. Second, Leave-
One-Subject-Out (LOSO), which holds one subject’s data and train
the readouts on the reaming subjects data. Then, it uses the held
subject’s data to test the trained readouts. This process is repeated
for all the 32 subjects and results are reported as an average of test-
ing accuracies from the all subjects. Third, Leave-One-Video-Out
(LOVO), which is similar to LOSO, but it holds one video samples
while training on the remaining videos samples. The results are
reported as an average over the all videos testing accuracies. Finally,
Independent-Subject (IS), which holds each subject’s data and per-
form 10-fold cross validation on each chunk. The result are then
reported as an average of 10-fold cross validation results from all
subject.

For each scenario, we test the classification task at differ-
ent intervals (by taking advantage of anytime feature extraction
described in the previous section), i.e., at the first 10s, 20s, 30s,
405, 505, and on the entire length of EEG recording. We used Csim
[36] simulator to build LSM. The LSM consists of 343 conductance-
based neuron model in 7 x 7 x7 architecture. Neurons in LSM are
connected with “average distance” synaptic connections A =2. 80%
of neurons inside the LSM are excitatory neurons and the remain-
ing 20% are inhibitory ones. 32 analog input neurons are used in the
LSM that are corresponding to 32 channels used of DEAP dataset.
Input neurons receive signals from EEG channels, and then prop-
agate voltages to the connected neurons inside the liquid. Data
from each channel were scaled into a range between 0.1 to 10V.
Scaling ensures that EEG data are appropriate for analog input neu-
ron and conductance-based neuron in Csim simulator. In addition,
scaling ensures that data are consistent among channels from dif-
ferent subjects. The probability that each analog input neuron is
connected to a neuron in LSM is Wiy, = 0.15. Reading from LSM is
achieved by sampling the liquid states, and more specifically read-
ing the spiking activities from LSM. For this purpose, Csim simulator
records the spiking time activates from each neuron in the LSM
along the simulation time. To obtain the liquid states from LSM, we
read the recorded spiking activities by using an exponential decay
filter with a time constant t =0.5. Sampling from LSM is performed
every 0.4 s starting from 0.5 s until the end of the desired time.

5.2. Classifier selection

Classifier selectionis a crucial step to predict emotions from EEG.
The goal is to achieve good classification results, while maintaining
flexibility and practicality in modeling. Our dataset includes three
classes, four scenarios and six time intervals. Therefore, we tested
the performance of classification for SVI scenario with the first 10 s
of EEG only. Our pipeline was wrapped into 10-fold cross-validation
for the following methods: ANN; SVM with radial basis function
(RBF) kernel; K-NN; Decision Tree (DT); and Linear Discriminate
Analysis (LDA). More specifically, a grid-search was implemented
to optimize a limited set of parameters for SVM-RBF (C=1000 and
gamma=0.1) and K-NN (K=20). ANN was configured to use one
100-unit hidden layer with Adam’s solver (o =0.001). On the other
hand, LDA was sat up to utilize pseudo-inverse for quadratic covari-
ance matrices.

Among different classifiers, we chose DT and LDA for our further
analyses. DT achieves comparable results with minimum efforts
of time and resources in comparison with other types of readouts
(Fig. 5). For example, each run for SVM-RBF requires about 540 min
for 10-fold cross validation in comparison with about 5 min for DT
and LDA. Moreover, ANN requires considerable memory in com-
parison with DT and LDA. Therefore, we prefer to use DT and LDA
for practical reasons; our work provides a comprehensive classi-
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Fig. 5. Performance of different classifiers on the first 10s of EEG.

fication for three classes at six different time intervals and four
scenarios (3 x 6 x4). It should be noted that further improvement
could be achieved (but not necessarily) for ANN and SVM-RBF by
fine tuning their parameters [37].

5.3. Discussion

The results show that valence and arousal can be determined
effectively after the first 20s of continuous stimulus in SVI sce-
nario (Fig. 6), where the accuracies of determining the affective
state are around 94% for valence and arousal, respectively. Regard-
less of the duration of the stimulus, the accuracies remain slightly
around these values when the duration of a stimulus is greater than
20s. The reported results for SVI scenario show that decision trees
outperform LDA classifier in all cases and hence the data from LSM

have a nonlinear property (Fig. 6). For LOVO, the affective state
recognition inherits a more nonlinear relationship as the duration
of the stimulus increases by the time; valence, arousal and liking
accuracies drop steadily as the duration of the stimulus increases
(Fig. 8(a)-(c)). In details, the valence accuracy drops from 84.63%
for 10s to 51.33% for 60s; the arousal drops from to 88.54% for
10s to 53.24% for 60 s; and the liking drops from 87.03% for 10 s to
56.49% for 60s. LOSO scenario (Fig. 7) did not achieve remarkable
results in comparison with other scenarios. This could be explained
by the fact that emotion definition in inter-subject has a large vari-
ability or the framework needs a larger dataset. In contrary, the
IS scenario (Fig. 9) provided excellent results, which means that
emotion definition within a subject is consistent; it is possible to
identify the type of response (the corresponding emotion) by learn-
ing responses from different stimuli for the same subject.

In comparison with other works, our approach using LSM
yields comparable results at different scenarios. For LOVO, the best
reported results by [31] 64.9%, 64.9% and 66.8% for valence, arousal
and liking, respectively. These results are significantly below those
achieved by our approach on the same scenario (84.63%, 88.54%
and 87.03%, respectively). In addition, LSM outperforms the best
reported results for LOSO achieved by DL approach [7] by 5.22%
for arousal recognition, while achieving slightly better results for
valence recognition (53.42% and 54.17% for DL and LSM respec-
tively). On the other hand, our work improves upon the best
reported results by [29] for IS and SVIscenarios; LSM achieves above
94% accuracies for valence, arousal and liking recognition.

To summarize, LSM outperforms other approaches in most of
the reported results in literature. Our work tried to test LSM in the
most comprehensive way, where we applied LSM on all different
types of emotion prediction scenarios.

Valence Class Arousal Class Liking Class
95 —
90 -
= 85 —
& 80 - ; Method
g 75 - 0 LDA
é’ 70 — s DT
65 —
60
A% 0% 40% 0% 0°  O° D% 0% 0% 0% 05 O° AD% 0% a0%  p0% 0% 0%
(a) (b) (c)
Fig. 6. SVI scenario.
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Fig. 8. LOVO scenario.
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Fig. 9. IS scenario.

One challenge that LSM and other approaches face is LOSO. LOSO
requires the deployed approach to predict ones emotion by learning
others emotion. In our testing, LSM did not achieve a significant
improvement in LOSO scenario as opposed to other scenarios. This
reveals one limitation of using LSM; the greediness for training data.
This problem is similar to the problem that DL approach has; DL
requires large training datasets to learn input representation and
weight values. On the other hand, the length of input videos is 1 min,
which is assigned to fixed ratings for each of the valence, arousal
and liking levels. However, a video might include several types of
emotions that EEG data represents. Thus, rating a long duration of
a stimulus might be inadequate to infer precisely the associated
emotion.

6. From LSM to Spatio-Temporal Data Machines

Spatio-Temporal Data Machines (STDM) constitute the next
generation of the LSM. First they were introduced as a SNN system
called NeuCube for brain data modeling [38] and then generalized
in [39]. They have been successfully used so far for various spatio-
temporal data modeling [40-44]. Among other differences, the
STDM differ from the LSM in several points: (1) A3D SNN Cube (cor-
responding to the LSM) is used where every spiking neuron hasa 3D
spatial location; (2) Temporal data of input variables are entered in
spatially located spiking neurons of the Cube corresponding to the
spatial location of the input variables, thus preserving the spatial
information in the data (e.g. the information interaction between
EEG channels depending on their location); (3) The output classi-
fiers are based on SNN and are trained not on a single state vector
as in the classical LSM, but on the dynamic activation of the whole
pattern activated in the Cube when input data is entered as a time
series; (4) STDM can act as predictors based on two principles:
chain-fire and spike order; (5) Meaningful spatio-temporal pat-
terns can be learned from data and explicitly presented for a better
understanding of the processes measured in the data; (6) STDM
are applicable in on-line learning scenarios as the classifiers can
be trained on-line by only one pass data propagation [45]. A STDM
and the NeuCube in particular has been successfully attempted on
a small scale task of emotion recognition using a different approach
[46]. This gives us a new direction for future research.

7. Conclusion

This work used LSM for emotion recognition from EEG. It sug-
gests that LSM can be used as an automatic feature extraction
approach from raw EEG data while delivering excellent results.
In addition, we showed how LSM can be used as anytime and
multipurpose framework for EEG emotion recognition, where LSM
identified valence, arousal and liking from the same LSM at differ-
ent time intervals of EEG data. The reported results showed that
LSM can deliver remarkable accuracies for the SVI, LOSO, and IS
scenarios, which motivates follow on research. This work can be
extended in few manners. First, in all experiments, we used all the
32 channels of the DEAP dataset; however, it is possible to study

the effect of using less number of channels for the recognition task.
Second, we used a specific LSM configuration, but the work did
not examine thoroughly other architectures effect on the emotion
recognition task. Third, we used specific sampling time configu-
rations and parameters from LSM. Studying other configurations
and parameters is important to understand their effect on emotion
recognition. Fourth, EEG data can be combined with other types
of data such fMRI and facial recordings to enhance the framework
and provide better results. Fifth, the framework can be extended to
perform online pattern recognition along with new wearable EEG
devices. Sixth, we provided a brief discussion about the results from
each scenario. Finally, LSM feature extraction and anytime multi-
purpose pattern recognition properties can applied to a wide range
of applications.
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Appendix A. Parameters description for conductance-based
neuron model

e Cpp: the membrane capacity (F).

e En: the reversal potential of the leak current (V).

® Ry;: the membrane resistance (£2).

e N.: the total number of channels (active + synaptic).
e g.(t): the current conductance of channels c (S).

e E¢.,: the reversal potential of channels c (V).

e N;: the total number of current supplying synapses.
e [5(t): the current supplied by synapses s (A).

e Gs: the total number of the conductance based synapses.
e g4(t): the conductance supplied b synapses s (S).

e E5.,: the reversal potential of synapses s (V).

® linject: the injected current (A).

e V;;: the membrane potential (V).
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