
Introduction
Over the past decades, rapid progress within the field 
of human-computer interface (HCI) has apprehended. 
By including emotions and affective communications in 
HCI, a new prospect in human life has developed, which 
is known as affective computing. Several applications of 
intelligent affective interfaces have introduced, including 
health relevance,1,2 robots,3 entertainment and gaming,4, 5 
and others.

Previously, human emotions have detected by psycho-
physiological signals6-9 and observer methods. The latter 
comprised methods for analyzing facial expressions,10-12 
vocal cues,13-15 gestures and postures.16-18 The observer 
methods cannot efficiently perform Context-dependent 
interpretation of data. On the other hand, some reactions 
can be fake. Therefore, using physiological signals is an 
alternate. It seems that neurophysiological recordings 
provide a reliable measure of body responses corresponds 
to the emotional stimuli.

Applying physiological data, different types of modalities 
have incorporated in HCI research, including pulse rate 
(PR), electroencephalography (EEG), electrocardiogram 
(ECG), blood pressure, skin conductance, and the like. 
Each of these measures has some benefits and drawbacks, 
including hardware cost, invasiveness, and several 
sensors. On the other hand, the autonomic nervous 
system (ANS) responses regarded as the main component 
of the emotional reactions in the recent studies of affective 
computing.19 Therefore, in the current study, ECG and 
PR, which regarded as ANS indicators, were evaluated.

A typical HCI can utilize by physiological data in 
combination with signal processing, feature extraction 
(computing relevant indices of the signal), feature selection 
(picking the optimal features), pattern recognition, 
and machine learning algorithms. So far, the emotion 
recognition problem has confronted by only traditional 
and straightforward methods of feature extraction and 
classification.
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Abstract
Background: This study offers a robust framework for the classification of autonomic signals into 
five affective states during the picture viewing. To this end, the following emotion categories 
studied: five classes of the arousal-valence plane (5C), three classes of arousal (3A), and three 
categories of valence (3V). For the first time, the linguality information also incorporated into the 
recognition procedure. Precisely, the main objective of this paper was to present a fundamental 
approach for evaluating and classifying the emotions of monolingual and bilingual college 
students. 
Methods: Utilizing the nonlinear dynamics, the recurrence quantification measures of the wavelet 
coefficients extracted. To optimize the feature space, different feature selection approaches, 
including generalized discriminant analysis (GDA), principal component analysis (PCA), kernel 
PCA, and linear discriminant analysis (LDA), were examined. Finally, considering linguality 
information, the classification was performed using a probabilistic neural network (PNN). 
Results: Using LDA and the PNN, the highest recognition rates of 95.51%, 95.7%, and 95.98% 
were attained for the 5C, 3A, and 3V, respectively. Considering the linguality information, a 
further improvement of the classification rates accomplished. 
Conclusion: The proposed methodology can provide a valuable tool for discriminating affective 
states in practical applications within the area of human-computer interfaces.
Keywords: Autonomic nervous system; Emotions; Signal processing; Bilingualism; Nonlinear 
dynamics.
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Concerning feature extraction, the literature mainly 
focused on the traditional standard approaches, namely 
time and frequency-based analysis.20-35 In a few studies 
based on common features, promising classification 
scores (>90%) have accomplished.22,33 Although they 
were efficacious in the problem of affect recognition, the 
number of emotion categories was too limited. Also, these 
methodologies are supportive for the processing of linear 
and stationary signals. Therefore, they are not consistent 
with the chaotic and nonstationary nature of biomedical 
data. Some efforts have been made using the wavelet 
transforms.36,37 Applying the wavelet-based approach 
in combination with the Fisher classifier, the accuracy 
of 92.6% achieved.36 As wavelet may not be proficient 
in extracting all the information of bio-signals, some 
researchers examined nonlinear based indices.7,9,38-42 Using 
nonlinear features to the quadratic discriminant classifier, 
a remarkable increment in the recognition rate, about 
90%, was accomplished.38 This manuscript examined 
the effectiveness of nonlinear and wavelet-based indices 
integration in the problem of affect recognition by ANS 
signals.

Affective computing is still in its infancy, and so far, 
the achievement of a fruitful and productive computing 
agenda has not realized. The diversity of intelligent 
algorithms, as well as computer users’ characteristics, 
behaviors, reactions, and differences, may seem to be the 
reason. As each subject perceives emotions differently, 
the system should prepare in a way that can naturally 
adapt to the operators’ emotional states. Consequently, 
more effort is required to find new correspondences 
between individuals and emotions. In this context, some 
characteristics of the users have observed in the literature. 
The impact of age, gender, and culture extensively 
examined in the field of emotion43-46 and rarely considered 
in the design of the active machine.47 To our knowledge, 
the linguality (being mono or bi-lingual) information has 
not tested in affective processing; however, some evidence 
of differences in the emotional processing between 
monolinguals and bilinguals observed in the literature.48,49 
This possibility was investigated in this study.

The current paper presents an efficient affect 
recognition system considering linguality differences. We 
postulate a preliminary hypothesis that being bilingual or 
monolingual is influential in the processing of emotional 
stimuli. To this end, some nonlinear features of wavelet 
coefficients extracted from ANS signals. The organization 
of this investigation is as follows. Primarily, the data 
recording process and the experimental procedure 
concisely described. Second, the strategies adopted for 
the feature extraction, feature selection, and classification 
provided. Subsequently, the experimental results 
presented. Finally, the conclusions offered.

Materials and Methods
ECG and PR signals collected by employing emotion 

evocative visual stimuli. Signals were filtered by a notch 
filter at 50 Hz and were segmented based on the blocks of 
affective contents. The normalized data were decomposed 
into different wavelet levels (using Daubechies 4 at level 
8). Subsequently, the recurrence quantification analysis 
(RQA) performed on each wavelet coefficient. The RQA 
measures were RR, Lmax, Vmax, DET, LAM, L, and ENTR, 
which stand for recurrence rate, maximum diagonal 
line length, maximal vertical line length, determinism, 
Laminarity, mean diagonal line length, and the entropy 
of the diagonal line lengths, respectively. Next, different 
feature selection approaches, including principal 
component analysis (PCA), linear discriminant analysis 
(LDA), generalized discriminant analysis (GDA), and 
kernel PCA (K-PCA) were evaluated. Finally, considering 
linguality information, the classification was performed 
utilizing a probabilistic neural network (PNN). The 
proposed emotion recognition system demonstrated in 
Figure 1.

Data 
In this experiment, 47 college students were participated, 
comprising 31 women (19-25 years; mean age of 
21.90 ± 1.7 years) and 16 men (19-23 years; mean age of 
21.1 ± 1.48 years). All subjects were Iranian, including 15 
monolinguals and 32 bilinguals. The ECG and PR of them 
were collected. For emotion elicitation, pictures from the 
International Affective Picture System (IAPS) used.50 
The images grouped into three categories of emotional 
schemes.8 

In the beginning, the participant’s agreement to be 
included in the trial acquired by a signed consent form. All 
participants reported no history of neurological disease, 
cardiovascular infection, epileptic, and hypertension 
diseases. Before data recording, they have not any caffeine, 
salt, or fatty diets for 2 hours. The volunteers were tutored 
to stay motionless during the experiment, particularly for 
their fingers, hands, and legs. 

The procedure lasted for about 15 minutes. The stimuli 
have shown after the initial baseline measurement (rest). 
For two minutes (initial rest), their eyes were open while 
viewing a blank screen. Afterward, 28 blocks of images 
(which balanced among volunteers) were arbitrarily 
presented to prevent habituation in them. Each block 
incorporated 5 pictures with identical emotion and 
displayed about 15 seconds to warrant the stability of 
the emotion over time. Immediately, 10 seconds of the 
blank screen was shown to let the physiological variations 
returning to the reference point and promises the 
consistency in the demonstration of different emotional 
images. Instantly, a white plus was appeared for 3 seconds 
to prepare the subjects for the next block and remind 
them to concentrate and look at the middle of the monitor. 
Also, they were self-assessed their emotions. Figure 2 
demonstrates the protocol description. 

The ECG was acquired from the lead I using disposable 
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Ag/AgCl electrodes, and PR was recorded by attaching the 
piezoelectric transducer to the middle finger exploiting a 
16-channel PowerLab system (ADInstruments, Dunedin, 
New Zealand). They sampled at a rate of 400 Hz. A notch 
filter was digitally activated to eliminate the distortions 
triggered by alternating current line noise.

Feature Extraction
Wavelet Transforms
Decomposition of a signal into some scales, each 
demonstrating a particular roughness of the signal, is 
feasible by the multi-scale feature of the wavelet transform. 

Each step comprises digital filters and down-samplers 
by two. The first filter, g[.], is a high-pass (HP) filter, 
and the second filter, h[.] is a low-pass (LP) one. The 
outputs are down-sampled by a factor of two to offer 
the detail coefficient and the approximation coefficient, 

Figure 1. The Proposed Methodology Applied in the Current Study.

Figure 2. Protocol Description.

correspondingly. The first approximation coefficient 
(A1), further breaks down similar to the previous stage.

All wavelet transforms, can be evaluated by an LP filter, 
H, satisfy the following condition:

 ( ) ( ) ( ) 1)( 11 =−−+ −− zHzHzHzH                                  (1)

The z-transform of the filter h demonstrated by H(z). 
The HP filter defined as:

 ( )1)( −−= zzHzG                                                                   (2)

Considering the initial condition, H0(z) = 1, an 
increasing length series of filters can achieve:
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In the time domain, it is expressed by (4):
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Where k is the sampled discrete-time and [.]↑m denotes 
the up-sampling by a scale of m. The standardized wavelet 
φi,1(k) and scale basis function ψi,1(k) considered by (5):
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Where i is the scale, and l is the translation parameter. 
Additionally, 2i/2 is the inner product normalization. 
The decomposition of discrete wavelet transforms51 is 
determined by (6):
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where the detail and approximation coefficients at 
the resolution i were symbolized by d(i)(l) and a(i)(l), 
respectively.

In the present study, wavelet decomposition was done 
at level eight, applying Daubechies wavelet (db4) since it 
is morphologically similar to the signal pattern.

RQA Parameters
The RQA measures typically estimated by using the 
recurrence point density as well as the structures of 
diagonal and vertical lines.52 We calculated the following 
RQA descriptors: RR, DET, L, Lmax, ENTR, LAM, and Vmax. 
The recurrent point’s percentage in an RP (recurrence 
plot) calculated by RR, where their density is measured 
by (7).

  == N
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The DET is known as a function of the histogram P(ε, l) 
of diagonal lines of length l.
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In the following equations, the symbol ε neglected (i.e., 
P(l) instead of P(ε, l)). The determinism is identified by:
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Where the numerator was the recurrent points 
constructing diagonal lines, and the denominator shows 
these points on the main diagonal. The tangential motion 
of the phase space trajectory can develop the diagonal 
lines, which are omitted by the threshold lmin. 

If two segments of the trajectory are close to each other, 
the average time of their closeness calculated by L.
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This parameter also established as the mean prediction 
time.

In the RP, the exponential divergence of the trajectory 
characterized by the most extended diagonal line (Lmax):

  ( )lN
iilL 1max max ==                                                                  (11)

where the total number of diagonal lines demonstrated

  ( )lN
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Entropy rises to the Shannon information entropy of 
line segment distribution and defined as (12).
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Where ENTR reflects the complexity of the diagonal 
line. Laminarity is defined as follows:
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Naturally, it is the ratio between the vertical structures 
and the entire set of recurrence points, while P(v) defined 
as (14):
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In other words, the occurrence of laminar states for 
the system (not the length of these laminar phases) 
introduced by LAM. The maximum length of the vertical 
lines (Vmax) is defined by:

  ( )vN
llV 1max max ==                                                           (15)

where NV introduces the absolute number of vertical 
lines. 

In the current study, recurrence quantification analysis 
is performed applying MATLAB Toolbox.52

Feature Selection
The possibility of the curse of dimensionality, 
computational costs, and deprived classification 
accuracies are the consequences of the high-dimensional 
feature space. In the current study, to select relevant 
features of the extracted features, LDA, PCA, KPCA, and 
GDA were evaluated.

LDA
LDA is a supervised feature selection technique. It 
attempts to discover a linear mapping M that is aiming 
to maximize the direct class discrimination in the low-
dimensional representation of the data.53 This has 
performed by assigning a linear mapping (M), which 
maximizes the Fisher criterion. Suppose C as the set of 
promising classes and cc XX −

cov as the covariance of the 
zero mean points xi apportioned to c ϵ C. Besides, assume 
that the covariance matrices of the zero-mean data X 
and the cluster means are shown by XX −cov  and cX

cov , 
respectively. Now, the within-(between-) class scatter Sw 
(Sb) is defined by

 
cc XXc

cw pS
−

= cov                                                                 (16)

 w
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c

−==
−
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Where pc characterizes the class before the class label c. 
Then, in the low-dimensional demonstration of the data, 
to optimize the proportion of the Sw and the Sb, LDA is 
used:
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By (19) the Fisher criterion maximization can be made:

  wb SS =                                                    (19)

PCA
Using PCA, a linear transformation T of the data with 
the principal components (i.e., principal eigenvectors) 
is constructed to maximize the TT XX

T
−cov .54 

Consequently, PCA defined as (20).

  =
−XX

cov                                                                        (20)

Where principal eigenvalues reflected in λ. By 
mapping onto the linear basis T TXXY )( −= , the low-
dimensional data representations yi of the data-points 
xi calculated. In PCA, the size of the covariance matrix 
corresponds to the data point’s dimensionality considered 
as the chief drawback of this technique.55

Kernel PCA
Using a kernel function, the traditional linear PCA is 
reformulated in a high-dimensional space and called 
Kernel PCA (K-PCA). It is the nonlinear mapping of 
the PCA.56 For the data-points xi; the kernel matrix K is 
defined by (21):

 ),( jiij xxk =                                                                    (21)

The eigenvectors of the covariance matrix αi are affected 
by the eigenvectors of the kernel-based matrix vi.

Where κ shows a kernel function.57 Employing the next 
adjustment, the kernel matrix, K, is centered.
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The eigenvectors of the covariance matrix αi are affected 
by the eigenvectors of the kernel-based matrix vi.
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In the covariance matrix, the low-dimensional 
representation of data Y is the consequence of the 
projection onto the eigenvectors:
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The performance of K-PCA extremely hinges on the 
kernel function κ selection (the Gaussian, polynomial, 
and linear).57 Similar to PCA, its main drawback is the size 
of the kernel matrix;55 which is square with the amount of 
the data-points samples.

GDA
GDA technique (or Kernel LDA) corresponds to the 
reformulation of LDA through a kernel function.58 The 
kernel matrix K eigenvectors gathered in a matrix P that 
fulfills:

 TPPK =                                                                            (25)

Many eigenvectors pi communicates with small 
eigenvalues λi. Using (25), smoothed kernel K obtained. 
The Fisher criterion maximized in the GDA method, 
which corresponds to the maximum Rayleigh’s quotient.
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where W represents a n × n block diagonal matrix.
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Wc is a nc × nc matrix of which the entries are 1/nc, 
and nc indicates the instance numbers in class c, and l 
designates the number of classes. Matrix V contains the 
computed principal eigenvectors of the matrix PTWP. The 
normalized eigenvectors vi calculated by (28):
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Accordingly, the projection of the data points onto 
the normalized eigenvectors αi is realized in the high-
dimensional space described by the kernel function κ.55 

Classification
It has shown that PNN performs well in classification 
problems.59 After calculating the distance between the 
input and the training and adding some measures, a 
competitive layer produces the output vector.

For PNN training, the smoothing parameter (sigma, 
σ) must determine, which is a fundamental step. An 
optimum σ usually derived by trial and error.

Results
First, we evaluated the signal characteristic’s differences 
in emotional recognition between mono and bilingual 
participants. For example, Figure 3 shows the results 
for the ECG signal. The Kruskal-Wallis statistical test 
performed to determine whether significant differences 
exist between the groups. Also, a multiple comparison test 
was implemented using the Tukey-Kramer approach. The 
significance has also shown in the figure.

As the figure shows, there is the most considerable 
number of features with a significant difference for LV/
LA. After that, the HV/LA stimuli provide the most 
significant differences between the mono and bilingual 
groups. Among the RQA features, the highest significant 
difference in various emotional classes found for ENTR 
and L. Although there is no decreasing or incremental 
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pattern in RQA parameters for mono and bilingual 
groups, the emotional classes have profoundly influenced 
their variations. Similar results obtained for PR.

Next, we evaluated the classification performances. The 
classifier randomly chose a two-third of the feature vector 
as the training set and the rest as the test. Moreover, the 
classification procedures implemented for three groups: 
1) all subjects, 2) the monolingual group, and 3) the 
bilingual group. The classification accuracy computed as 
follows:

 
TNFNFPTP

TNTPAccuracy
+++

+
=                                        (29)

where TP/FP is True/False Positives, and TN/FN is 
True/False Negatives.

We examined the accuracy of the classifier based 
on the dimensional structure of the emotional space. 
Accordingly, three categories of emotions considered: 
the rest and each quadrant of emotion plane (5C), three 
classes of arousal (3A), and three classes of valence (3V). 
Furthermore, different feature selection methodologies, 
as well as different σ parameters, are evaluated. The 
classification rates for discriminating five classes of 
affective states of the ECG and PR presented in Figure 4 
and Figure 5.

The best recognition rates achieved for σ = 0.01. When 

Figure 3. Variation of the ECG Characteristics Differences in Emotional Recognition Between Mono and Bilingual Participants. A statistically significant 
difference was shown by * for P < 0.05 and ** for P < 0.01. Note: HV: high valence, HA: high arousal, LV: low valence, and LA: low arousal.

Figure 4. Mean Classification Rates of 5C by Evaluating ECG Features and Different σ Parameters. (A) Among feature selection approaches without lingual 
information. (B) Between the LDA and no feature selection without lingual information. (C) Between the LDA and no feature selection with lingual information. 
Note: No FS: no feature selection; Mono: monolingual; Bi: bilingual; Total: all subjects.

(A)

(C)

(B)
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ECG and PR feature fed directly into the classifier, the 
maximum recognition rates of 56.5% and 73.19% were 
achieved, respectively (Figure 4 and Figure 5). LDA, as a 
feature selection methodology, performed the best. In this 
circumstance, the classification rates raised to 91.54% and 
95.51% for ECG and PR, correspondingly. 

The emotion discrimination also performed by taking 
into account the linguality information. Considering this 
information, a further improvement of the classification 
rate accomplished. A more comprehensive description 
of the accuracy rates for monolinguals and bilinguals 
given in Figure 4b and Figure 5b. A similar procedure 

performed by considering three classes of arousal (Figure 
6 and Figure 7).

Again, LDA outperformed the other feature selection 
methodologies. The maximum recognition rates for 
ECG and PR elevated from 65.39% and 78.2% up to 
92.01% and 95.7%, respectively. Additional increments 
in the recognition rates were achieved using linguality 
information. Precisely, for ECG, an increment of 7.28 ± 
3.5% and 7.21 ± 3.12%, and for PR, an increment of 2.93 
± 1.96% and 4.15 ± 1.78% were achieved for monolingual 
and bilingual, respectively.

Applying three classes of the valence, the results 

Figure 5. Mean classification rates of 5C by evaluating PR features and different σ parameters. (A) Among feature selection approaches without lingual 
information. (B) Between the LDA and no feature selection without lingual information. (C)  Between the LDA and no feature selection with lingual information

Figure 6. Mean Classification Rates of 3A by Evaluating ECG Features and Different σ Parameters. (A) Among feature selection approaches without lingual 
information. (B) Between the LDA and no feature selection without lingual information. (C) Between the LDA and no feature selection with lingual information.

(C)

(A) (B)

(B)(A)

(C)
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reported in Figure 8 and Figure 9.
Similar results obtained for 3V. In this context, the 

maximum classification accuracies of 65.72% and 78.25% 
for ECG and PR realized, which raised to 92.06% and 
95.98% by using LDA. These rates were also elevated, 
applying linguality information.

Discussion
Over the last decades, more attention devoted to the design 
of an efficient emotion recognition system. In this study, 
an integrative signal based classification framework with 
linguality information presented for emotion recognition. 
For the first time, the PR implemented in the problem of 
emotion recognition. A three-phase classification scheme 

examined (5C, 3V, and 3A).
The suggested system was implemented employing 

innovative ANS features in a combination of different 
feature selection approaches. The feature set was 
constructed based on the RQA measures of wavelet 
coefficients to ensure the nonstationary and chaotic 
nature of biomedical signals. The PNN evaluated for 
different σ parameters and emotional states. 

The results of this study indicated that the most 
significant differences between ANS characteristics of 
mono and bilingual groups were during low arousal 
emotions (LV/LA and HV/LA). The result is consistent 
with our preliminary findings. In our previous work,60 
we examined the ANS responses of monolinguals and 

(A) (B)

(C)

Figure 7. Mean Classification Rates of 3A by Evaluating PR Features and Different σ Parameters. (A) Among feature selection approaches without lingual 
information. (B) Between the LDA and no feature selection without lingual information. (C) Between the LDA and no feature selection with lingual information.

Figure 8. Mean Classification Rates of 3V by Evaluating ECG Features and Different σ Parameters. (A) Among feature selection approaches without lingual 
information. (B) Between the LDA and no feature selection without lingual information. (C) Between the LDA and no feature selection with lingual information.

http://journals.sbmu.ac.ir/Neuroscience
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Turkish- and Kurdish-bilinguals to the affective pictorial 
stimuli. The significant differences between bilinguals 
and monolinguals ANS indices were found using some 
frequency and nonlinear-based measures. However, it is 
contrary to the results of other researchers. Earlier, Lazar 
et al61 attempted to find whether significant differences 
exist between physiological arousal of bilinguals, using 
a mother-tongue versus a second language. They 
demonstrated no significant difference for ANS signals 
(i.e., ECG and GSR). Conceivably, the difference in their 
response is because their research was conducted between 
the mother tongue and the second language, not between 
bilingual and monolingual groups.

From the perspective of the data classification, first, 
the adjustment of σ to 0.01 provided better classification 
accuracies than the other values of σ. Second, by using 
the proposed affective recognition system, comparable 
performances for all emotion categories were attained. 
Third, the linguality information, like other individual 
characteristics,47 significantly improved classification 
performance. Fourth, the potential of nonlinear based 
approaches for discriminating affective states using 
physiological signals was confirmed. This result is highly 
in line with previous achievements that nonlinear derived 
features supported an excellent classification result 
for the discrimination of affective states.7,9,38-42 Lastly, 
LDA outperformed the other dimensionality reduction 
techniques. The usefulness of LDA in emotion recognition 
has previously verified.42

In this study, using LDA, the best emotion classification 
was obtained from PR features in discriminating against 
three affective states on the valence dimension (95.98%). 
However, the similar system architecture provided the 

highest accuracy rate of 95.51% for distinguishing 5 
emotional classes. These results indicate that the overall 
classification accuracy of the proposed integrative 
emotion recognition approach is superior to previous 
achievements. To classify the emotion from ECG 
signals, Jerritta et al40,41 assessed the Hurst parameter as 
a nonlinear technique. Employing KNN and Fuzzy KNN, 
the maximum classification rate of 92.87% reached for 
discriminating against six types of emotions. Examining 
Hilbert–Huang transforms, and discrete Fourier 
transforms, the classification rate of 52% attained.42 
Extracting dynamic features from galvanic skin response 
in combination with SVM lead to the best classification 
rate of 80.31% for grief.62 Recently, Nardelli et al9 examined 
various standard features and nonlinear based features 
in the problem of emotion recognition. The recognition 
rates of 84.26% and 84.72% are achieved on the arousal 
and valence dimensions, correspondingly.

The results of the current study confirm the effectiveness 
of the integrative methodology. However, it supposed 
that these findings could further improve by considering 
other characteristics of subjects. Future works could also 
focus on the study of other ANS signals like galvanic skin 
response.

Conclusion
As a result, this study yielded the following conclusions. 
(1) The efficiency of the proposed integrative signal 
based classification framework for emotion recognition 
was confirmed. (2) The linguality information of the 
participants significantly improved the classification 
performance. (3) The imperative role of feature selection 
on the classification results proved. (4) The impact of 

Figure 9. Mean Classification Rates of 3V by Evaluating PR Features and Different σ Parameters. (A) Among feature selection approaches without lingual 
information. (B) Between the LDA and no feature selection without lingual information. (C) Between the LDA and no feature selection with lingual information.
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parameterization on classification results was confirmed.

Conflict of Interest Disclosures 

The authors declare that they have no conflict of interests.

Ethical Statement
The privacy rights of human subjects always observed, and the 
experiment conducted by the ethical principles of the Helsinki 
Declaration

Informed consent
Informed consent obtained from all individual participants 
included in the study

Funding
None declared.

References
1.	 Park S, Kim K. Physiological reactivity and facial expression 

to emotion-inducing films in patients with schizophrenia. 
Arch Psychiatr Nurs. 2011;25(6):e37-47. doi: 10.1016/j.
apnu.2011.08.001.

2.	 Drusch K, Stroth S, Kamp D, Frommann N, Wölwer W. 
Effects of Training of Affect Recognition on the recognition 
and visual exploration of emotional faces in schizophrenia. 
Schizophr Res. 2014;159(2-3):485-90. doi: 10.1016/j.
schres.2014.09.003.

3.	 Swangnetr M. Analysis of patient-robot interaction using 
statistical and signal processing methods. Raleigh, North 
Carolina: North Carolina State University; 2010.

4.	 Hazlett RL. Measuring emotional valence during interactive 
experiences: boys at video game play. CHI ‘06: Proceedings 
of the SIGCHI Conference on Human Factors in Computing 
Systems. New York, NY, USA: ACM Press; 2006.

5.	 Yannakakis GN, Hallam J. Entertainment modeling through 
physiology in physical play. Int J Hum Comput Stud. 
2008;66(10):741-55. doi: 10.1016/j.ijhcs.2008.06.004.

6.	 Frantzidis CA, Bratsas C, Papadelis CL, Konstantinidis E, 
Pappas C, Bamidis PD. Toward emotion aware computing: an 
integrated approach using multichannel neurophysiological 
recordings and affective visual stimuli. IEEE Trans Inf 
Technol Biomed. 2010;14(3):589-97. doi: 10.1109/
titb.2010.2041553.

7.	 Valenza G, Citi L, Lanatà A, Scilingo EP, Barbieri R. Revealing 
real-time emotional responses: a personalized assessment 
based on heartbeat dynamics. Sci Rep. 2014;4:4998. doi: 
10.1038/srep04998.

8.	 Goshvarpour A, Abbasi A, Goshvarpour A. Affective visual 
stimuli: characterization of the picture sequences impacts 
by means of nonlinear approaches. Basic Clin Neurosci. 
2015;6(4):209-22.

9.	 Nardelli M, Valenza G, Greco A, Lanatà A, Scilingo EP. 
Recognizing emotions induced by affective sounds through 
heart rate variability. IEEE Trans Affect Comput. 2015;6(4):385-
94. doi: 10.1109/TAFFC.2015.2432810.

10.	 Pantic M, Rothkrantz LJM. Automatic analysis of facial 
expressions: the state of the art. IEEE Trans Pattern Anal Mach 
Intell. 2000;22(12):1424-45. doi: 10.1109/34.895976.

11.	 Cohn J, Kanade T. Use of automated facial image analysis 
for measurement of emotion expression (Series in Affective 
Science). In: Coan JA, Allen JJ, ed. Handbook of emotion 
elicitation and assessment. Oxford University Press; 2006.

12.	 Jaimes A, Sebe N. Multimodal human–computer interaction: 
a survey. Comput Vis Image Underst. 2007;108(1-2):116-34. 
doi: 10.1016/j.cviu.2006.10.019.

13.	 Breazeal C. Designing social robots. Cambridge, MA: MIT 

Press; 2001.
14.	 Sebe N, Bakker E, Cohen I, Gevers T, Huang T. Bimodal 

emotion recognition. Wageningen, Netherlands: 5th 
International Conference on Methods and Techniques in 
Behavioral Research; 2005.

15.	 Schuller B, Arsic D, Wallhoff F, Rigoll G. Emotion recognition 
in the noise applying large acoustic feature sets. Dresden: 
Proceedings of Speech Prosody International Symposium on 
Computer Architecture; 2006.

16.	 Castellano G, Villalba S, Camurri A, editors. Recognising 
human emotions from body movement and gesture dynamics. 
In: Paiva ACR, Prada R, Picard RW, eds. Affective Computing 
and Intelligent Interaction. ACII 2007. Lecture Notes in 
Computer Science, vol 4738. Berlin, Heidelberg: Springer; 
2007.

17.	 Caridakis G, Castellano G, Kessous L, Raouzaiou A, 
Malatesta L, Asteriadis S, et al. In: Boukis C, Pnevmatikakis 
A, Polymenakos L, eds. Artificial Intelligence and Innovations 
2007: from Theory to Applications. AIAI 2007. IFIP The 
International Federation for Information Processing, vol 247. 
Boston, MA: Springer; 2007.

18.	 Gunes H, Piccardi M. Bi-modal emotion recognition from 
expressive face and body gestures. J Netw Comput Appl. 
2007;30(4):1334-45. doi: 10.1016/j.jnca.2006.09.007.

19.	 Kreibig SD. Autonomic nervous system activity in emotion: 
a review. Biol Psychol. 2010;84(3):394-421. doi: 10.1016/j.
biopsycho.2010.03.010.

20.	 Picard R, Vyzas E, Healey J. Toward machine emotional 
intelligence: analysis of affective physiological state. IEEE 
Trans Pattern Anal Mach Intell. 2001;23(10):1175-91. doi: 
10.1109/34.954607.

21.	 Kim KH, Bang SW, Kim SR. Emotion recognition system using 
short-term monitoring of physiological signals. Med Biol Eng 
Comput. 2004;42(3):419-27. doi: 10.1007/bf02344719.

22.	 Haag A, Goronzy S, Schaich P, Williams J. Emotion recognition 
using bio-sensors: first steps towards an automatic system. 
Affective Dialogue Systems. 2004;1:36-48. 

23.	 Yoo S, Lee C, Park Y, Kim N, Lee B, Jeong K, editors. Neural 
network based emotion estimation using heart rate variability 
and skin resistance. In: Wang L, Chen K, Ong YS, eds. 
Advances in Natural Computation. ICNC 2005. Lecture Notes 
in Computer Science, vol 3610. Berlin, Heidelberg: Springer; 
2005.

24.	 Choi A, Woo W. Physiological sensing and feature extraction 
for emotion recognition by exploiting acupuncture spots. 
In: Tao J, Tan T, Picard RW, eds. Affective Computing and 
Intelligent Interaction. ACII 2005. Lecture Notes in Computer 
Science, vol 3784. Berlin, Heidelberg: Springer; 2005.

25.	 Rani P, Liu C, Sarkar N, Vanman E. An empirical study of 
machine learning techniques for affect recognition in human–
robot interaction. Pattern Anal Appl. 2006;9(1):58-69. doi: 
10.1007/s10044-006-0025-y.

26.	 Rainville P, Bechara A, Naqvi N, Damasio AR. Basic emotions 
are associated with distinct patterns of cardiorespiratory 
activity. Int J Psychophysiol. 2006;61(1):5-18. doi: 10.1016/j.
ijpsycho.2005.10.024.

27.	 Li L, Chen J. Emotion recognition using physiological signals. 
In: Pan Z, Cheok A, Haller M, Lau RWH, Saito H, Liang R, 
eds. Advances in Artificial Reality and Tele-Existence. ICAT 
2006. Lecture Notes in Computer Science, vol 4282. Berlin, 
Heidelberg: Springer; 2006.

28.	 Zhai J, Barreto A. Stress detection in computer users based 
on digital signal processing of noninvasive physiological 
variables. Conf Proc IEEE Eng Med Biol Soc. 2006;1:1355-8. 
doi: 10.1109/iembs.2006.259421.

29.	 Liu C, Conn K, Sarkar N, Stone W. Physiology-based affect 

http://journals.sbmu.ac.ir/Neuroscience


                                                    Int Clin Neurosci J. Vol 7, No 1, Winter 2020 45

                                                                                       Emotion Recognition by Wavelet and RQA 

journals.sbmu.ac.ir/Neurosciencehttp

recognition for computer-assisted intervention of children 
with Autism Spectrum Disorder. Int J Hum Comput Stud. 
2008;66(9):662-77. doi: 10.1016/j.ijhsc.2008.04.003.

30.	 Katsis CD, Katertsidis NS, Ganiatsas G, Fotiadis DI. Toward 
emotion recognition in car-racing drivers: a biosignal 
processing approach. IEEE Trans Syst Man Cybern A Syst Hum. 
2008;38(3):502-12. doi: 10.1109/TSMCA.2008.918624.

31.	 Chang CY, Zheng JY, Wang CJ. Based on support vector 
regression for emotion recognition using physiological 
signals. Barcelona: IEEE The 2010 International Joint 
Conference on Neural Networks (IJCNN); 2010. doi: 10.1109/
IJCNN.2010.5596878.

32.	 Katsis CD, Katertsidis NS, Fotiadis DI. An integrated system 
based on physiological signals for the assessment of affective 
states in patients with anxiety disorders. Biomed Signal Process 
Control. 2011;6(3):261-8. doi: 10.1016/j.bspc.2010.12.001.

33.	 Niu X, Chen L, Chen Q, editors. Research on genetic 
algorithm based on emotion recognition using physiological 
signals. Chengdu: IEEE 2011 International Conference on 
Computational Problem-Solving (ICCP); 2011. doi: 10.1109/
ICCPS.2011.6092256.

34.	 Greco A, Valenza G, Lanatà A, Rota G, Scilingo EP. 
Electrodermal activity in bipolar patients during affective 
elicitation. IEEE J Biomed Health Inform. 2014;18(6):1865-73. 
doi: 10.1109/jbhi.2014.2300940.

35.	 Jang EH, Park BJ, Park MS, Kim SH, Sohn JH. Analysis of 
physiological signals for recognition of boredom, pain, and 
surprise emotions. J Physiol Anthropol. 2015;34:25. doi: 
10.1186/s40101-015-0063-5.

36.	 Xu Y, Liu GY. A method of emotion recognition based on 
ECG signal. Wuhan, China: IEEE International Conference on 
Computational Intelligence and Natural Computing; 2009. p. 
202-5. doi: 10.1109/CINC.2009.102.

37.	 Xu Y, Liu G, Hao M, Wen W, Huang X. Analysis of affective 
ECG signals toward emotion recognition. Journal of Electronics 
(China). 2010;27(1):8-14. doi: 10.1007/s11767-009-0094-3.

38.	 Valenza G, Lanatà A, Scilingo EP. The role of nonlinear 
dynamics in affective valence and arousal recognition. 
IEEE Trans Affect Comput. 2012;3(2):237-49. doi: 
10.1109/T-AFFC.2011.30.

39.	 Valenza G, Allegrini P, Lanatà A, Scilingo EP. Dominant 
Lyapunov exponent and approximate entropy in heart 
rate variability during emotional visual elicitation. Front 
Neuroeng. 2012;5:3. doi: 10.3389/fneng.2012.00003.

40.	 Selvaraj J, Murugappan M, Wan K, Yaacob S. Emotion 
detection from QRS complex of ECG signals using hurst 
exponent for different age groups. Geneva, Switzerland: IEEE 
Humaine Association Conference on Affective Computing 
and Intelligent Interaction (ACII); 2013. p. 849-54.

41.	 Selvaraj J, Murugappan M, Wan K, Yaacob S. Classification of 
emotional states from electrocardiogram signals: a non-linear 
approach based on Hurst. Biomed Eng Online. 2013;12:44. 
doi: 10.1186/1475-925x-12-44.

42.	 Selvaraj J, Murugappan M, Wan K, Yaacob S. 
Electrocardiogram-based emotion recognition system 
using empirical mode decomposition and discrete Fourier 
transform. Expert Systems. 2014;31(2):110-20. doi: 10.1111/
exsy.12014.

43.	 Fischer AH, Rodriguez Mosquera PM, van Vianen AE, 
Manstead AS. Gender and culture differences in emotion. 
Emotion. 2004;4(1):87-94. doi: 10.1037/1528-3542.4.1.87.

44.	 Isaacowitz DM, Lockenhoff CE, Lane RD, Wright R, Sechrest 

L, Riedel R, et al. Age differences in recognition of emotion 
in lexical stimuli and facial expressions. Psychol Aging. 
2007;22(1):147-59. doi: 10.1037/0882-7974.22.1.147.

45.	 Rozenkrants B, Polich J. Affective ERP processing in a visual 
oddball task: arousal, valence, and gender. Clin Neurophysiol. 
2008;119(10):2260-5. doi: 10.1016/j.clinph.2008.07.213.

46.	 Ruffman T, Henry JD, Livingstone V, Phillips LH. A meta-analytic 
review of emotion recognition and aging: implications for 
neuropsychological models of aging. Neurosci Biobehav Rev. 
2008;32(4):863-81. doi: 10.1016/j.neubiorev.2008.01.001.

47.	 Chen LF, Liu ZT, Wu M, Ding M, Dong FY, Hirota K. Emotion-
age-gender-nationality based intention understanding in 
human–robot interaction using two-layer fuzzy support vector 
regression. Int J Soc Robot. 2015;7(5):709-29. doi: 10.1007/
s12369-015-0290-2.

48.	 Caldwell-Harris CL, Ayçiçeği-Dinn A, Gleason J. Taboo words 
and reprimands elicit greater autonomic reactivity in a first 
language than in a second language. Appl Psycholinguist. 
2003;24(4):561-79. doi: 10.1017.S0142716403000286.

49.	 Caldwell-Harris CL, Ayçiçeği-Dinn A. Emotion and lying in 
a non-native language. Int J Psychophysiol. 2009;71(3):193-
204. doi: 10.1016/j.ijpsycho.2008.09.006.

50.	 Lang P, Bradley M, Cuthbert B. International affective picture 
system (IAPS): digitized photographs, instruction manual and 
affective ratings. Gainesville, FL: University of Florida; 2005.

51.	 Daubechies I. The wavelet transform, time-frequency 
localization and signal analysis. IEEE Trans Inf Theory. 
1990;36(5):961-1005. doi: 10.1109/18.57199.

52.	 Marwan N, Carmen Romano M, Thiel M, Kurths J. Recurrence 
plots for the analysis of complex systems. Phys Rep. 
2007;438(5-6):237-329. doi: 10.1016/j.physrep.2006.11.001.

53.	 Fisher RA. The use of multiple measurements in taxonomic 
problems. Ann Eugen. 1936;7(2):179-88. doi: 10.1111/
j.1469-1809.1936.tb02137.x.

54.	 Hotelling H. Analysis of a complex of statistical variables into 
principal components. J Educ Psychol. 1933;24(6):417-41. 
doi: 10.1037/h0071325.

55.	 van der Maaten L. An introduction to dimensionality reduction 
using matlab. The Netherlands: Universiteit Maastricht; 2007.

56.	 Schölkopf B, Smola A, Müller KR. Nonlinear component 
analysis as a kernel eigenvalue problem. Neural Comput. 
1998;10(5):1299-319.

57.	 Shawe-Taylor J, Christianini N. Kernel methods for pattern 
analysis. Cambridge, UK: Cambridge University Press; 2004.

58.	 Baudat G, Anouar F. Generalized discriminant analysis using 
a kernel approach. Neural Comput. 2000;12(10):2385-404.

59.	 Belhachat F, Izeboudjen N. Application of a probabilistic 
neural network for classification of cardiac arrhythmias. 
Hammamet, Tunisia: 13th International Research/Expert 
Conference on Trends in the Development of Machinery and 
Associated Technology (TMT); 2009. p. 397-400.

60.	 Goshvarpour A, Abbasi A, Goshvarpour A. Affective 
autonomic differences between monolinguals and bilinguals: 
elicited by pictorial stimuli. Biomed Eng Appl Basis Commun. 
2017;29(02):1750008. doi: 10.4015/s1016237217500089.

61.	 Lazar J, Stern A, Cohen R. Decision-making in foreign language 
reduces emotional arousal. Psychology 2014;5(19):2180-8. 
doi: 10.4236/psych.2014.519220.

62.	 Wang L, Liu G, Yang Z. The emotion recognition for grief 
based on nonlinear features of GSR. J Comput Inf Syst. 
2014;10(4):1639-49. doi: 10.12733/jcis9466.

http://journals.sbmu.ac.ir/Neuroscience

