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The brain-computer interface (BCI) interprets the physiological information of the human
brain in the process of consciousness activity. It builds a direct information transmission
channel between the brain and the outside world. As the most common non-invasive BCI
modality, electroencephalogram (EEG) plays an important role in the emotion recognition
of BCI; however, due to the individual variability and non-stationary of EEG signals, the
construction of EEG-based emotion classifiers for different subjects, different sessions,
and different devices is an important research direction. Domain adaptation utilizes data
or knowledge from more than one domain and focuses on transferring knowledge from
the source domain (SD) to the target domain (TD), in which the EEG data may be collected
from different subjects, sessions, or devices. In this study, a new domain adaptation
sparse representation classifier (DASRC) is proposed to address the cross-domain
EEG-based emotion classification. To reduce the differences in domain distribution, the
local information preserved criterion is exploited to project the samples from SD and
TD into a shared subspace. A common domain-invariant dictionary is learned in the
projection subspace so that an inherent connection can be built between SD and TD.
In addition, both principal component analysis (PCA) and Fisher criteria are exploited to
promote the recognition ability of the learned dictionary. Besides, an optimization method
is proposed to alternatively update the subspace and dictionary learning. The comparison
of CSFDDL shows the feasibility and competitive performance for cross-subject and
cross-dataset EEG-based emotion classification problems.

Keywords: electroencephalogram, domain adaptation, emotion classification, cross-subject, cross-dataset

INTRODUCTION

Emotion is the attitude experience and corresponding behavior response of human beings to
objective things, which has an important influence on human behavior and mental health. How
to accurately identify emotions has an important significance in practical application. For example,
in the medical field, emotion recognition is helpful to guide and diagnose patients with mental

Frontiers in Psychology | www.frontiersin.org

1 July 2021 | Volume 12 | Article 721266


https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org/journals/psychology#editorial-board
https://www.frontiersin.org/journals/psychology#editorial-board
https://www.frontiersin.org/journals/psychology#editorial-board
https://www.frontiersin.org/journals/psychology#editorial-board
https://doi.org/10.3389/fpsyg.2021.721266
http://crossmark.crossref.org/dialog/?doi=10.3389/fpsyg.2021.721266&domain=pdf&date_stamp=2021-07-29
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:xuejing@njmu.edu.cn
mailto:yarmine@foxmail.com
https://doi.org/10.3389/fpsyg.2021.721266
https://www.frontiersin.org/articles/10.3389/fpsyg.2021.721266/full

Ni et al.

Cross-Domain Electroencephalogram-Based Emotion Classification

diseases or expression disorders, and in the education field,
different teaching methods according to the emotion of the
listener can improve the teaching efficiency.

Emotion recognition using a variety of modal emotion
signals has now gained a lot of attention from researchers.
Typically, emotions can be perceived in the form of a variety of
signals. One type of visual signal can be directly observed from
external behavior and characteristics, such as facial expressions,
voice intonation, body movements, etc. The other type is
those physiological signals, such as electroencephalography
(EEG), electromyography (EMG), electrocardiogram (ECG),
skin conductance, pulse, heartbeat, skin temperature, and
respiratory signals; however, facial expressions, voice, and other
non-physiological signals are easily restricted by environmental
or social factors. The emotional information transmitted by
physiological signals is more objective and can reflect the
psychological emotion more reliably (Zheng et al., 2019; Doma
and Pirouz, 2020; Ni et al., 2020a).

Brain-computer interface (BCI) is a human-computer
interaction system that provides a communication channel
for human brain interaction with the external environment
and without depending on the peripheral nervous system and
muscles (Zhang and Wu, 2019; Liu et al., 2020; Ni et al., 2020b).
EEG plays a dominant role in emotion recognition based on
physiological signals. The illustration of EEG-based emotion
classification in BCI is shown in Figure 1. The operation of
emotion classification begins with the presentation of stimuli to
the user, which induces specific emotions. The stimuli may be
music, videos, and images, etc. During the session, EEG samples
are recorded by EEG devices. The next step is usually to extract
features from the recorded EEG and train a classifier. The final
step is to test new EEG samples to classify emotion labels (Liu
etal., 2018).

The existing EEG-based emotional classification in BCI
requires a large amount of label data and a lot of time in the
training phase. A relatively simple and direct method is to reuse
previously collected EEG data and train a new classifier, without
considering differences between individuals. These classification
methods are based on the assumption that training and test data
are independently and identically distributed. This assumption
is often difficult to hold for BCI, because EEG signals have non-
stationary characteristics, and the performance of the classifier
fluctuates significantly between subjects and datasets. When the
same classifier is applied to EEG data of other subjects or from
other datasets, the performance will be significantly reduced.

Domain adaptation learning is a fast and effective solution for
developing a classifier that selectively trains a new classifier in
TD using auxiliary data (source domain, SD) and less training
data in the new scenario (target domain, TD) (Fahimi et al.,
2019; Ni et al,, 2020c). Different from multi-task learning that
aims to benefit the classifier in both source and target tasks,
domain adaptation learning mainly aims to benefit the classifier
in TD. For example, Yang et al. (2019) proposed a support
vector machine (SVM) combined with the significance test and
sequential backward selection strategy for cross-subject EEG-
based emotional classification. Instead of utilizing features on
raw EEG signals, this method analyzed and selected features

based on the significant differences between positive and negative
trials. Li et al. (2020a) proposed a two-stage multi-source semi-
supervised transfer learning method, in which the work of the
first stage was source domain selection and the second stage
was to learn style transfer mapping. This method selected the
appropriate sources and projected source data to the destination
via an affine mapping, so that only a few labeled data was
used in the calibration sessions. Subsequently, Li et al. (2020b)
developed a joint distribution adaptation method for EEG-
based emotion classification in cross-subject and cross-session
scenarios. The label information in the SD was used to train
the model, and it also took an important part in reducing
the difference of conditional distribution. This method achieves
domain adaptation by combining marginal distributions and
conditional distributions in the framework of neural networks.
Morioka et al. (2015) also developed a cross-subject and cross-
session recognition method, which learned the common spatial
bases underlying both SD and TD by using unsupervised
dictionary learning. The spatial transforms technology was
found to be efficient in extracted common brain activities. Lan
et al. (2018) developed a domain adaptation method to reduce
discrepancies across datasets and inter-subject variance. This
method designed a linear transformation function to adapt
subspaces feature to match the marginal distributions of SD
and TD.

Although domain adaptation for EEG-based emotion
classification has been extensively studied, most of the studies
focus on cross-subject and cross-session adaptation within the
same dataset, i.e., the samples of SD and TD came from the same
dataset. Domain adaptation across datasets is more challenging.
Because cross-dataset domain adaptation is restricted to the
different datasets, EEG signals are collected from the different
devices and different stimuli, etc. (Li et al., 2018; Yang et al., 2019;
Cimtay and Ekmekcioglu, 2020).

It is our opinion that although the distribution of common
characters in EEG signals shows differences between subjects
and datasets, it is expected that there might be some certain
common knowledge that is potentially independent of the
subjects and datasets. In addition, the shared common knowledge
could be preserved in a shared projection subspace. Thus, we
propose a domain adaptation sparse representation classifier
(DASRC) to address the EEG-based emotion classification in
cross-subject and cross-dataset scenarios. We consider learning
the common component in both SD and TD by exploring
a common dictionary in a shared subspace. Thus, we adopt
the local information preserved criterion to reduce the domain
distribution discrepancies in the learned subspace. We learn
the common domain-invariant dictionary, which builds a
connection between SD and TD. In addition, the principal
component analysis (PCA) and Fisher criteria are exploited
in this model to promote the recognition ability of the
learned classifier.

The main contribution of the study is as follows. First, DASRC
exploits the common characteristics of EEG data in SD and TD
to yield a domain-invariant dictionary in the shared subspace. It
takes advantage of the local data information preserved in both
SD and TD. This allows enhancing the domain adaptation in

Frontiers in Psychology | www.frontiersin.org

July 2021 | Volume 12 | Article 721266


https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles

Ni et al.

Cross-Domain Electroencephalogram-Based Emotion Classification

C%D O! DD Classifier O O O 8
O o U
Feedback Featur.e
Extraction

& e EEG | ul A EEG

e " Reconding 0 R ) Processing

bossszec) —— | M\ A —

3 & ( | ! )

e - . \ "‘ J | AV [ P S

FIGURE 1 | The illustration of EEG-based emotion classification in BCI.
subspace. Second, using PCA and Fisher criteria, the objective =~ decomposition (KSVD) algorithm is one of the most

function of DASRC is directly related to the classification rule.
This strategy can promote the recognition ability in the domain-
invariant subspace. Mathematically, an alternating optimization
algorithm is proposed to solve the subspace and dictionary
learning problem. Third, experiments on SJTU emotion EEG
dataset (SEED) (Zheng and Lu, 2015) and dataset for emotion
analysis using EEG, physiological and video signals (DEAP)
(Koelstra et al., 2011) demonstrate that dictionary learning in
subspace is effective and DASRC outperforms the advanced
methods in cross-subject and cross-dataset scenarios.

BACKGROUND

Sparse representation is a data analysis method to estimate
the sparse representation of measurable signals completely. It
originated from neuroscience and has been used in signal
processing, such as denoising and compression (Kanoga
et al, 2019; Gu et al, 2020). In pattern recognition, sparse
representation has also been proved to be suitable for
classification. In sparse representation, the data matrix Y
[¥1,¥2, .- Yn] can be decomposed into a linear combination of a
few atoms on the dictionary,

Y ~ DA, (1)

where D is the dictionary matrix, and A is the coefficients matrix.

An adequate approximation makes DA the sparse
representation as a reasonable estimation ofY. Based on
this concept, Equation (1) can be rewritten as follows:

i Y — DA 2 ,
argm)m I [
(2)

s.t. Vi, laillg < lo,

where [y represents the sparsity constraint, a; is the sparse
coefficient vector to represent y; over D. K-singular value

representative to solve Equation (2), in which the sparse
coding and dictionary are updated alternately (Aharon et al.,
2006).

DOMAIN ADAPTATION SPARSE
REPRESENTATION CLASSIFIER

In this study, we consider the EEG data from two different
domains SD and TD. The SD is with sufficient labeled samples
Y = [yLyp-Vl € R4 and the TD is with limited
labeled samples Y’ [y, ¥ - ¥h,] € RP™, such that the
data distribution is P(Y* # Y') and P(Y*|L¥) ~ P(Y!|L!), where
YL* and L' are the class label set of samples in SD and TD,
respectively. The main idea of the proposed model is shown in
Figure 2.

Local Information Preserved in DASRC
Because the EEG signals are collected from different domains,
domain discrepancies exist between SD and TD. Usually, directly
adapting the existing classifier in SD may perform poorly to
new samples in TD. Domain adaptation is adopted in this study
to find a latent and domain-invariant subspace and maps Y*
and Y’ by projection matrixes M* and M’, respectively. In this
domain-invariant subspace, the discrepancy between SD and TD
is reduced. Finally, we can train a new classifier for TD in the
subspace with the help of discriminative knowledge from labeled
samples in SD.

Domain adaptation method should strive to preserve the
class distribution and local characteristics of training samples.
Therefore, the local geometric structure of the samples is
considered, so that the samples in SD and TD can be validly
represented in the domain-invariant subspace. We construct
the similarity matrixes G* and G’ of SD and TD by k-nearest
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FIGURE 2 | The main idea of the proposed model.

neighbor graphs, respectively. The elements in G* and G can be
computed by the following equations,

i,

G?j = ] exp(——*2 ify e KNN(y;) (3)
’ 0 else

G 1 ifyiand y; are ofthe same class @
M0 else

where KNN (yj-) is a set that contains k nearest neighbor samples
of yj The element G} j presents the similarity between the ith
and jth samples in SD. As one of the most commonly used
similarity metrics in graph learning, the Gaussian kernel is
adopted in Equation (3). o is the kernel parameter. Since the
number of samples in TD is insufficient, Equation (4) ensures
that the limited number of samples in TD is assigned with a given
one-to-one weight. Therefore, we construct the local preserved
constraint to maintain the intra-domain local information.

2
2

’(MSY,S. ~ MY)

min J; = E G;
MM —
i)

2
. (5)
2

+ 06 |yt - My
i

PCA Criterion in DASRC

In addition, with the aim of classification, the discriminative
knowledge of SD and TD should be enforced in subspace
projection. We consider M* and M! are the bases of the subspaces
based on the PCA criterion for SD and TD. Following Gong
et al. (2019) and Ma et al. (2011), the PCA criterion is used to

TABLE 1 | Cross-subject accuracy % (std %) of DASRC using different features
on SEED dataset.

PSD FD DE MAV
Subject 1 73.76 79.43 79.84 74.02
(4.56) 6.33) (5.24) 5.61)
Subject 2 74.54 80.01 80.36 74.89
(5.63) (4.24) (5.23) (5.74)
Subject 3 63.99 69.35 69.49 64.37
(5.34) 6.17) (6.02) (7.26)
Subject 4 83.71 89.31 89.97 84.28
(6.49) 7.11) 6.13) (5.18)
Subject 5 73.29 78.23 78.62 73.95
(6.69) 7.11) (7.13) (7.07)
Subject 6 86.47 90.32 90.83 86.99
(7.15) (6.99) (7.31) (6.86)
Subject 7 67.85 72.06 72.65 67.82
(6.49) 6.75) 6.71) (6.66)
Subject 8 75.02 70.26 70.98 75.42
(7.04) (6.48) (7.01) (6.87)
Subject 9 79.66 84.09 84.26 79.95
(7.42) (7.16) (7.05) (7.04)
Subject 10 70.91 76.35 76.94 71.16
(6.89) (7.12) (7.30) (6.99)
Subject 11 74.90 80.14 80.47 75.25
(7.73) (7.56) (7.49) (7.58)
Subject 12 75.73 80.25 80.41 75.97
(7.29) (7.39) (7.48) (7.80)
Subject 13 81.28 86.45 86.78 81.44
(7.31) (7.45) (7.68) (7.54)
Subject 14 75.12 80.11 80.51 75.43
(6.43) (6.37) (6.39) (6.97)
Subject 15 75.32 81.26 81.93 75.75
(6.32) 6.27) (6.66) 6.74)
Mean 75.44 79.84 80.27 75.78
(6.57) 6.79) (6.73) (6.80)

preserve discriminative knowledge in the subspace. To this end,
we minimize the following optimization problem:

min > = —MY(¥) ()" - MY'(Y) (M)
Ms,M!
st. MM =1,
MM = 1. (6)
where I is the identity matrix.
The Laplacian matrixes are denoted as LS = G° —W* and L’ =

G' — W', where G* and G' are diagonal matrixes whose elements
in the principal diagonal are defined as W}; = Z G} )jand Wfl =
J

> Gf " the term J;+J, can be written as
j

min J; + ), = Tr(M YS (LS — oD)(Y)" (M*)"
Ms M!
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TABLE 2 | Cross-dataset accuracy % (std %) of DASRC using different features
on SEED— DEAP.

PSD FD DE MAV
SVM 33.34 35.75 36.66 33.94
(8.04) (9.00) (8.36) (9.10)
LC-KSVD 33.77 35.61 37.97 33.80
(7.34) (8.08) (8.89) (8.78)
TCA 41.69 4412 45.08 41.90
(7.27) (9.35) (9.01) (9.70)
MIDA 43.61 45.13 45.86 42.96
(9.50) (10.81) (8.52) (6.65)
ASFM 44.67 4714 47.97 44.88
(8.96) (9.04) (10.48) (8.66)
MMD 46.71 50.66 50.54 47.22
(9.89) (10.36) (8.99) (9.80)
DASRC 50.57 53.26 53.54 50.60
(9.30) (8.86) (8.77) (9.89)

The bold values in Tables 2, 3 mean the best values in comparison experiments.

+THMIY!(L! AT npty T
MY (L' —aD)(Y) (M),
st. )T =1,
T

MMYH' =1 (7)

where « is the regularization parameter.

Fisher Criterion in DASRC

To train the discriminative dictionary D in the projection space,
where the learned dictionary can sparsely represent samples from
each class in SD and TD, the representation errors of intraclass
and interclass in SD and TD are required to be minimized and
maximized, respectively. Inspired by the Fisher criterion (Peng
etal., 2020), the ratio of intra-class scatter to inter-class scatter are
minimized on the coding coefficients in SD and TD as follows:

P 2
SyS s(o tyt — !
> e —peyten] + 3wy -peyeep)

argminJ3 = 2 2°
M: MDD ; H Mey; — DO () |+ ; H Miy! — DOI;(ot]?)HF
st |di> <1, vk ®)

where the function @ () returns the coefficient vectors of the same
class of Vp and the function 91],() returns the coefficient vectors of
the different class of y;.

To simplify Equation (8), we denote

Equation (8) can be re-written as

| Y — DO+ | (MY — DO |

argmin J3 = >
vorD |(MsYs — DAY 7+ (MYt — DAY
st i3 <1, vk (10)

when the minimization problem of J3 is solved, a shared
dictionary is learned to establish an intrinsic relationship between
different domains so that the discrimination information learned
from SD can be transferred to TD in a cross-domain scenario.

The DASRC Model

For cross-domain EEG-based emotion classification, we take into
account three objective functions Ji, J,, and J3 together, joint
constraints on the local information preserved, PCA and Fisher
criteria to optimize the shared dictionary and domain-specific
projections. Thus, the optimization problem of DASRC can be
formulated as

argmin  J1 + 2+ 3,
M3 M!,D,AS A
st. M7 =1,
M) =1 (11)

To see all the components clearly, Equation (11) is expanded by

- Joweys — DoY) + 'Y - DY

arg min 5 5

MMLD | (MFYS — DAY) |7+ |(MY! — DAY ||
FTr(MEYS (LS — oD)(Y) T (M9)”
FTr MY (L — od)(YH (MY,

st. MM)T =1,

MMH =1L (12)

. S Yo

Let M = [M5,M'], ¥ = [0 v

= L' o
L= [0 L
approximately written as

], © = [65,0'], A = [A%, A1),

i|, the simplified formulation of Equation (12) can be

. -2
|p - D6 . o
nin -——F + Tr(MM(L — «D)Y' M,
" |y -paf,
st. MM" =1L (13)
Optimization of the Objective Function
Equation (13) becomes a least square problem with quadratic
constraints and could be solved by many methods. The
Lagrangian of the optimization problem in Equation (13) is

- -~ ~ |2 -~ o~
®° = (g (1), @i (@3), oo 15 (et )], (9.1) F(M,D,8,y) = HMY — D(—)HF + Tr(MY(L — «aDY'MT
O = [gy (@!), oy (@), oy (@), 9.2) e
. R o —p |[MY - DA| —ymM’ -1, (19
A = [eli (011),91;(0!2),..., elil; (ans)]a (93) F
Al = [91z1 (ai), 49112 (aé), s 91% (O‘Z,)]’ (9.4) where f and y are Lagrange multipliers.
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FIGURE 3 | Cross-subject accuracy on SEED dataset with different features, (A) PSD, (B) FD, (C) DE, (D) MAV.
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We use the alternating optimization method to solve Equation
(14). When fixing D, B, and y, we take the first-order partial
derivatives of Equation (14) over M,

FM) = MYYT —DOYT + MY(L — «D)Y”

—BMYY" — DAY") — yM, (15)
and the optimal M can be computed in the closed-form
M = (DOY' — BpDAY") (YY" + Y(L — aDY”
—BYYT —y1)7 L. (16)

When fixing M, f, and y, we take the first-order partial derivative
of Equation (14) over D,

F(D) = —MY® +DO®® +sMYA" — pDAA", (17)
and the optimal D can be computed in the closed-form
D=(BMYA' — Y0 )©6" — AL, (18)

When fixing M, D, and y, we take the first-order partial derivative
of Equation (14) over 3,

F(8) = — HM?—D/&H;, (19)

Then B can be optimized by

F(B)

ﬁnew:ﬂ*’)‘ﬁwﬂ)

, (20)
where 2 is the length size.
When fixing M, D, and B, we take the first-order partial

derivative of Equation (14) over y,

F(y)=1-MM’, (21)

Then y can be optimized by,

F(y)
Vnew =Y + )‘V Wy)’

(22)
where A, is the length size.
The proposed DASRC model is given in Algorithm 1.

Testing

With all the optimization steps discussed above, we summarize
the optimization procedure of the DASRC model in Algorithm 1.
When the projection matrix M and the shared dictionary D are
obtained by Algorithm 1, we use the following step to recognize
the new EEG signal y in TD. The sparse coeflicient vector o over
dictionary D can be solved as,

min [My — D, + e el (23)
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The sparse coefficient vector « can be obtained as

o = (DTD + u1)"'DTMy, (24)
The classification label of x can be derived as
. ~ 2 .
label(y) = arg min {HMy — D(p,-(a)HZ/ H(p,-(ot)”;},z =12,..,C
(25)

where C is the number of classes.

Algorithm 1 | DASRC: domain adaptation sparse representation classifier.

Input: Source domain dataset YSand target domain Y?;
Output: The dictionary D and subspace M;
1: Initialize M® and M! using PCA method and D using KSVD algorithm;
2: Construct k-nearest neighbor graphs in SD and TD;
3: Construct matrixes Y and L;
While

4: Construct matrixes M,®, and A;

5. Update M using Equation (16);

6: Update D using Equation (18);

7: Update B using Equations (19)—(20);

8: Update y using Equations (21)—(22);
Return M and D.

EXPERIMENT

Datasets and Experimental Settings

We conduct the experiments to evaluate the efficacy of the
proposed classifier on two public EEG emotion datasets, SEED
and DEAP. The EEG signals in the SEED dataset are recorded
from 15 participants across three different sessions. Their
emotions are stimulated by the Chinese file clips using an ESI
NeuroScan system with 62-channel electrodes at a sampling rate
of 1,000 Hz. Each film clip is related to three emotions as positive,
neutral, or negative, and each emotion has five corresponding
film clips. The EEG signals in the DEAP dataset are recorded
from 32 participants by watching 40 videos with 32-channel
electrodes. DEAP dataset labels the valence and arousal rating
scores from 1 to 9, which is closely related to emotions. We
manually label the valence values above 4.5 as positive and
the values smaller than 4.5 as negative. For a comprehensive
study, we extract four different features in terms of time analysis,
frequency analysis, and non-linear analysis for each EEG channel.
Time analysis includes mean absolute value (MAV) (Shim et al.,
2016), frequency analysis includes power spectral density (PSD)
(Jenke et al, 2014), and non-linear analysis includes fractal
dimension (FD) (Li et al., 2019) and differential entropy (DE)
(Zheng and Lu, 2015). The size of the extracted feature is 10
dimensions for each channel.

Accuracy(%)
H
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w
o

Accuracy(%)
S (42
o o

w
o
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FIGURE 4 | Cross-subject accuracy on DEAP dataset with different features, (A) PSD, (B) FD, (C) DE, (D) MAV.
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We evaluate the DASRC model on cross-subject and cross-
dataset scenarios. We compared DASRC with two baseline
methods and four domain adaptation methods. For the baseline
methods, we compared the DASRC with label consistent K-SVD
(LC-KSVD) (Jiang et al., 2013) and SVM (Cortes and Vapnik,
1995). For these two methods, the training data in SD and
TD are combined as the input samples. The Gaussian kernel
is used in SVM, and the kernel and penalty parameters are
searched in the grid {1073, 1072,..., 10%}. The number of atoms
in each class is selected in {50, 60,..., 200}. We compared the
DASRC model with four domain adaptation methods, including
transfer component analysis (TCA) (Pan et al., 2011), adaptive
subspace feature matching (ASFM) (Chai et al., 2017), maximum
mean discrepancy (MMD) (Sejdinovic et al., 2013), maximum
independence domain adaptation (MIDA) (Yan et al., 2018). The
latent dimension in MIDA and TCA is determined by searching
the grid {20, 30,..., 100}. The subspace dimension in ASFM is
set as 70. The threshold parameter in ASFM was set at 0.45.
In DASRC, the subspace dimension is determined by searching
the grid {20, 30,..., 100}. The number of atoms in each class
is selected in {10, 15, 20, 25, 30, 35}. All the algorithms are
implemented in MATLAB.

Cross-Subject EEG-Based Emotion

Classification

For cross-subject evaluation, one subject is left out as the test
subject, and the remaining different subjects are used as training
data to feed the model. In the SEED dataset, one subject contains
925 samples in each session. We randomly select 300 samples
from each subject and combine them as training data. We repeat
the procedure 10 times.

First, we evaluate how the classification accuracy of the
classifier varies with the different features. For each subject,
Table 1 depicts the experimental results of mean accuracies and
SD on the SEED dataset. We can see that for DASRC, the
classification accuracy is relatively stable, and the value of SD
is acceptable. Meanwhile, the classification accuracy of some
subjects is relatively high and of some subjects is relatively low.
DE and FD features achieve better performance than PSD and
MAV features.

Then, DASRC is compared with two baseline methods
and four domain adaptation methods. Table2 depicts the
experimental results of mean accuracies of all models using
PSD, MAYV, DE, and FD features. From Table 2, we can see
that the classification accuracies of all methods on DE and FD
features are higher than PSD and MAYV features. It may suggest
that non-linear analysis features may be more suitable when
compared to EEG-based emotion classification. The performance
of the DE feature is better than that of the FD feature,
and the best results in all methods are obtained using the
DE feature.

In the DEAP dataset, one subject contains 180 samples. As
such, we randomly select 100 samples from each subject and
the training set contains 3,100 samples. Figure 3 shows the
classification accuracies of six comparison methods on the SEED

TABLE 3 | Cross-dataset accuracy % (std %) of DASRC using different features
on DEAP— SEED.

PSD FD DE MAV
SVM 48.87 51.05 51.66 48.94
(9.00) (9.43) (8.57) (8.08)
LC-KSVD 49.30 51.73 51.97 49.86
9.76) (10.72) (7.70) 6.69)
TCA 56.08 58.57 58.32 56.55
(8.02) (8.83) ©.11) (7.06)
MIDA 57.96 59.21 59.99 58.31
(8.41) (8.64) (7.15) 9.61)
ASFM 58.77 61.74 62.01 59.76
(9.68) (7.45) (7.40) (8.05)
MMD 61.04 63.60 63.89 61.25
(8.82) (7.00) (8.64) (7.24)
DASRC 62.75 64.74 64.97 62.71
(8.20) (7.39) (7.67) (7.05)

dataset when four different kinds of features (PSD, MAYV, DE,
and FD) are used. Figure 4 shows the accuracy results of five
comparison methods on the DEAP dataset for positive and
negative classes. According to the experimental results, we can
see that first, single-domain classification methods SVM and
LC-KSVD cannot obtain satisfactory classification performance
in subject-to-subject scenarios on SEED and DEAP datasets.
After all, they are not proposed to address the cross-domain
data scenarios. Second, among the domain adaptation methods,
the proposed DASRC model based on shared dictionary and
subspace learning perform better than the methods using some
other shared components. The main factor is that the shared
dictionary can learn more discriminative knowledge to encode
the EEG signals. Third, the accuracies of all models on the DEAP
dataset are lower than those obtained on the SEED dataset. It may
be the reason that the labeling quality of EEG signals in DEAP
is poorer.

Cross-Dataset EEG-Based Emotion

Classification

For cross-dataset evaluation, the SD and TD are from different
datasets. We perform comparison experiments across SEED
and DEAP datasets. According to the given exact threshold,
the samples in the DEAP dataset are divided into positive and
negative classes, which correspond to the positive and negative
classes of the SEED dataset. As the domain adaptation method
requires the same feature space in SD and TD, we use the 32
channels shared between DEAP and SEED. In two experiments,
we randomly select 3,000 samples in SD for training and 2,000
samples in TD for testing. We, then, repeat the procedure 10
times. Tables 2, 3, respectively, show the accuracy results of five
comparison methods on SEED— DEAP and DEAP— SEED,
when PSD, MAV, DE, and FD features are used. According to
the experimental results, we can see that first, the performance
of single-domain and domain adaptation methods exhibit
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FIGURE 5 | Cross-subject accuracy on DEAP dataset with different parameters p and K using features: (A) PSD, (B) FD, (C) DE, (D) MAV.

Accuracy(%)

60-. -

5
P

N
o

Accuracy(%)

A
50+ -+
()]
3
g
<40}
S
2
R/
g
;330 -
2
e}
o
25 10 20 30 40
Iterations

FIGURE 6 | The convergence curves of DASRC on two scenarios, (A) cross-subject on SEED, (B) cross-dataset on DEAP— SEED.
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evident differences, with three domain adaptation methods show
significant improvements in classification accuracy. Second,
DASRC is the best-performing classifier in two cross-dataset
EEG emotion classifications. DASRC achieves 16.88% accuracy

gains over the compared single-domain methods and 8.70%
accuracy gains over the compared domain adaptation methods.
The reason is that single-domain methods fail to reduce the
domain shift. On the contrary, DASRC learns the shared
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dictionary to build the connection between SD and TD such
that the discriminative knowledge from SD can be transferred
to TD. In addition, besides the advantage of the cross-domain
Fisher criterion and local information preserved technology, the
recognition ability also promotes the classification performance
of DASRC.

Parameter Analysis

In this subsection, we validate the DASRC in cross-subject
and cross-dataset scenarios. The subspace dimensions, p, and
size of dictionary atoms, K, are the key parameters, and they
are determined by the cross-validation method. We empirically
search p in {10, 20,..., 100} and K in {30, 40,..., 120}. Figure 5
plots the mean accuracy of DASRC with varying p and K, while
using DE features. From Figure5, we can see that DASRC
can achieve stable performance with small p and K. The best
accuracies are achieved, in general, when p is great than 60
and K is great than 80. This result indicates that the proposed
DASRC can exploit the common knowledge in a relatively low
dimensional subspace. Based on the results in Figure 5, the
subspace dimension and dictionary size are suggested to be set
to 60 and 80, respectively.

The domain adaptation methods often produce extra
computational overhead. Figure 6 plots the convergence curves
of DASRC in cross-subject and cross-dataset scenarios while
using DE features. From this figure, we can see that DASRC can
converge within a small number of iterations. Thus, we can set
the iteration bound to 40.

CONCLUSION

In this study, the DASRC model is proposed, which solves
the EEG-based emotion classification across different subjects
and datasets. Three criteria are considered to jointly learn
sunspace and shared dictionary in DASRC. The local information
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