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Abstract—Monitoring human emotions through wearable
systems has become an important area of research. Electrodermal
activity (EDA) has proven to be a good indicator of emotional
arousal, and numerous works have focused on using EDA data to
predict emotional states. However, to successfully integrate EDA
data into real-time wearable emotion recognition systems, several
challenges of practical real-life scenarios, need to be addressed.
This paper explores the relationship between speech signals and
EDA reactions and analyzes a new approach for classification of
skin conductance reactions elicited by emotional arousal using
speech signals as a triggering event. Results show an average
improvement in skin conductance reaction classification accuracy
of at least 5.6% when using speech-triggered reactions compared
with traditional methods. The use of speech as a triggering event
could help improve real-time emotion recognition algorithms
implemented within wearable systems.

Keywords—emotion recognition, electrodermal activity, speech
signals, wearable systems

I. INTRODUCTION

Monitoring human interactions and emotions have gained
great attention in the last decades. Areas of research such as
affective computing [1] and social signal processing [2] have
focused on using audio, video, and general sensor information
data to recognize and monitor human emotions to improve
human-computer and human-to-human interactions. Two of the
most popular sensor modalities in the area of emotion
recognition are microphones that capture speech signals and
electrodermal activity (EDA) sensors that capture skin
conductivity [3], [4]. However, most of the information to build
emotion recognition systems is collected in controlled
environments that are far from the challenges of real-life
scenarios and avoid the constraints encountered by real-time
wearable systems. Having wearable sensors with the capability
to accurately detect emotional states in real time could greatly
improve utility in healthcare [S] and workplace interaction [6]
applications, among others.

Real-time processing of speech signals has been well studied
and used for emotion recognition systems [7], [8]. Moreover, it
has been demonstrated that combining information from
multiple sensor modalities, such as audio and EDA, improve
emotion detection accuracy [9], [10]. However, one of the
greatest challenges in training real-time algorithms to accurately
predict emotional states using physiological signals is having
training data that correctly maps physiological responses to a
specific emotional state. Traditionally in EDA signals, the
detected skin conductance responses (SCRs) are first classified
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into those that are related to a stimulus, so-called event-related
SCRs (ER-SCRs), and those that are not, so-called non-specific
SCRs (NS-SCRs). Training a classifier to accurately
differentiate between ER-SCRs and NS-SCRs is a difficult task
because the frequency of NS-SCR occurrence is higher than that
of ER-SCRs, creating an imbalanced dataset.

Towards the goal of achieving accurate real-time detection
of emotional states using EDA wearable sensors, an accurate
method for the detection of ER-SCRs with rich feature
information in real-life scenarios is needed. Considering the
common use of speech signals in emotion recognition systems
and its potential for real-time processing, we focused on the use
of speech signals to inform the detection of ER-SCRs. In this
paper, we explore the relationship between speech and skin
conductance and demonstrate that the onset of speech signals
can be used as a trigger to detect ER-SCRs. Results show that
using speech-triggered ER-SCRs provides a higher emotional
arousal classification accuracy than only using ER-SCRs
identified right after an emotional stimulus onset.

1I. EMOTION MONITORING

A. Related theories to physiological reflected reactions

Human behaviors are driven by voluntary and involuntary
responses to internal (e.g. thoughts, memories, perceptions) and
external (e.g. physical and social environments) stimuli. In
modern psychology, Social Cognitive Theory contends that
individuals’ perceptions of their environment can influence
their emotional, physiological, and behavioral reactions. At the
physiological level, the Polyvagal Theory provides insights into
the role of neural mechanisms in regulating biobehavioral
processes and suggests a bidirectional relationship between the
brain and the body. Thus, changes in emotional states can be
related to changes in the sympathetic nervous system [11],
which is the basis for using sensors recording physiological
signals to recognize an emotional state in an individual.

B. Circumplex model of affect

Emotion recognition is the means by which one emotion or
emotional state is differentiated from another one. One of the
most common ways in which researchers classify emotions is
through the circumplex model of affect [12]. This model
proposes that all emotions can be described by a two-
dimensional system, where one dimension relates to the level
of valence (a pleasure-displeasure continuum) and the other
dimension relates to arousal (or level of activation). For
example, excitement is considered to be a product of positive-
valence and high-arousal, while sadness is considered to be a
product of negative-valence and low-arousal.
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C. EDA sensor data and signal characteristics

Traditionally, emotion recognition has most commonly
been studied by audio and video sensor modalities and to a
lesser extent by EDA from physiological sensor modalities
[13]. EDA, also known as galvanic skin response (GSR), is a
measure of the flow of current between two points of skin
contact at which an electrical potential is applied. The resulting
resistivity measurement reflects the properties of the skin that
are regulated by changes in sweat glands’ secretion, which are
controlled by the sympathetic nervous system; sweat secretion
increases with increments in emotional arousal. As a result,
EDA is considered a good indicator of emotional arousal [14].

The EDA signal is a time series signal with two activity
components, called phasic and tonic, each with frequency
components of interest between 0.05 and 3 Hz. The tonic
component is a slow changing signal, on the scale of tens of
seconds to minutes, that is also known as the skin conductance
level (SCL). The SCL is highly dependent on hydration, skin
dryness, and autonomic regulation, making this measurement
one that is constantly changing within an individual. Because
of its variability, researchers have concluded that SCL is not
informative of emotional arousal [15]. On the other hand, the
phasic component, also known as the skin conductance
response (SCR), is typically the component considered in
emotion recognition tasks. SCR signals are inspected for peaks
that, once identified, are divided into ER-SCRs and NC-SCR.
The identification of SCR reactions follows a set of guidelines
established by Boucsein [13] that describes the characteristic
shape of an SCR reaction as defined by peak amplitude, rise
time, and recovery time. Fig. 1 summarizes the signal
characteristics of an SCR reaction. These responses are then
considered ER-SCRs if their onset falls within a latency
window of 1-5 seconds after the presence of a stimulus.

D. Real-time emotion recognition

To accurately detect ER-SCRs in real-life scenarios, the
detection method should be capable of (1) identifying a
potential stimulus, (2) filtering out SCR components from raw
EDA signals, and (3) using identified stimulus onset to extract
features of interest if an ER-SCR is detected within a
determined time window. Then, the extracted features would be
locally processed for emotion recognition. Moreover, detection
algorithms must be hardware efficient, especially if processing
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Fig. 1. Typical SCR signal shape and summary of characteristics.

information from multiple sensors. Towards the goal of using
EDA as a physiological sensor modality in wearable real-time
emotion detection systems, we focused on studying if speech
signals could be used to inform the detection of ER-SCRs.

III. EMPIRICAL STUDY

We performed a preliminary empirical study with 4 subjects
(2 males, 2 females) recruited voluntarily by word of mouth.
The ages ranged from 18 to 30, with a mean age of 25. Subjects
were asked to watch a series of images, rate them in an arousal-
valence scale, and vocalize the emotion evoked by the images.

A. Stimuli selection

The Open Affective Standardized Image Set (OASIS) [16]
database contains 900 color images associated with valence and
arousal values, on a scale from 1 to 7. Because our purpose was
to obtain ER-SCRs related to the level of arousal of an
individual, a total of eight images, four associated with high
arousal values (mean = 5.39, STD = 0.21) and four associated
with low arousal values (mean = 1.88, STD = 0.12), were
selected as stimuli for this study.

B. Sensors

EDA signals were captured at a sampling rate of 128 Hz
using the Shimmer GSR+Unit!, which provides connections
and pre-amplification for one channel of EDA data acquisition.
This sensor monitors EDA between two electrodes attached to
the middle phalanx of the index and middle fingers on the non-
dominant hand. Data collected using this device was
transmitted in real time via Bluetooth connection to a laptop
(Intel 17, 1.80 GHz) assisting in the study.

In addition, audio signals were captured at a sampling rate
of 44.1 kHz using the integrated microphone (Realtek (R)
Audio) of the laptop in use. Data recording and synchronization
was managed by the iMotions software platform.

C. Study procedure

Subjects were instructed to breathe normally, keep non-
dominant hand movements to a minimum, and sit comfortably.
The Self-Assessment Manikin (SAM) scales [17] for valence
and arousal are an instrument for obtaining ratings from
subjects to emotional states. SAM scales were described to
subjects who were asked to rate the evoked emotion using these
scales after stimulus presentation during the experiment.
Valence and arousal scales used in this study are shown in
Fig.2a.

After the SAM scales were explained, the Shimmer device
was placed on the non-dominant hand of the subject and the
experiment structure was explained. Before starting the
collection of the signals, the experimenter verified that the
audio and EDA signals were being captured and recorded
properly. Next, the subject was asked to relax for a period of 1
minute, and then a speech baseline recording was performed in
which subjects stated their experiment subject ID, given at the
beginning of the test session. Then, eight images in a
randomized order were presented in eight trials. Each trial

!http://www.shimmersensing.com/products/shimmer3-wireless-gsr-sensor.
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Fig. 2. (a) Self-Assessment Manikin (SAM) scales to describe levels
of valance and arousal; (b) structured timeline of the experiment.

consisted of (1) a 1-minute relaxation period and (2) an 8-
second full display of the selected image, followed by (3) a
display showing both the trial image and an interactive SAM
scale for valence and arousal along with instructions to vocalize
the evoke emotion. Fig. 2b shows a summary of the
experimental timeline. Each subject was instructed to use a
given structured sentence to vocalize the emotion: “The picture
reminds me of (experience) and makes me feel (emotion).” This
was done to maintain a similar speech signal structure across
individuals. All subjects were left alone during the experiment,
which had an average duration of 15 minutes.

IV. DATA PROCESSING

A. Pre-processing

EDA signals were downsampled to 16 Hz, and a moving
median filter with a window size of 8 seconds was used to obtain
the phasic component of the recordings. Additionally, to prepare
the data for SCRs detection, a band-pass filter with a Kaiser
window ( = 0.5) and low and high cut-off frequencies of 0.05
and 3 Hz, respectively, was applied. In parallel, audio signals
were downsampled to 8 kHz, and a low-pass filter with cut-off
frequency of 3.5 kHz was applied before any further processing
was performed. To perform data processing in a real-time
framework, audio signals were analyzed in time windows of
30ms with 50% overlap. Likewise, EDA signals were analyzed
in time windows of 8 seconds with 75% overlap.

B. Detection of SCR reactions and feature extraction

Using a time window analysis of 8 seconds, the phasic
signal component was inspected for SCR reactions. For each
window of time, conductance peaks exceeding 0.01 pS in
amplitude were considered SCR reactions, and their rise time
and recovery time were computed by finding the times of the
closest values at the left and at the right of the peak that crossed
from negative to positive and from positive to negative,
respectively. The feature set of each SCR reaction consisted of
the peak amplitude, rise time, recovery time, duration of the
SCR (rise time + recovery time), and the first derivative of the

rise time curve. For SCR reactions identified as ER-SCRs, the
latency of response was added to their respective feature sets.

C. Speech onset and respiratory artifact removal

To use speech signals as triggers to inspect for ER-SCRs,
we first needed to determine what and how often to consider a
triggering event once a speech signal is detected. For
simplification, the onset of a block of speech activity was
chosen as the trigger time to inspect for ER-SCRs. To achieve
this, it was necessary to determine what data should be consider
as a speech pause, and consequently, identify a new speech
activity block onset to consider as the trigger to inspect again
for ER-SCRs. Secondly, respiratory artifacts related to the
changes in respiration when talking needed to be checked.
Sudden changes in breathing can cause artifacts that, unlike
movement artifacts, can cause changes in frequency or
amplitude that are very similar to stimulus-induced SCR
reactions [18].

Schneider et al developed a criteria with a set of 10 steps to
identify SCR reactions that are the result of a sudden change in
respiration [ 18], which was adapted to fit the cases of our study.
In summary, wherever two consecutive SCR reactions were
found, the latency between them, their peak amplitudes, and
their onset positions were compared to a set of threshold values
based on the criteria. Threshold values can be found in [18]. If
the characteristics of the evaluated SCR reactions met the
criteria, that pair of SCRs was first identified as a complex of
SCR reactions that seem to be a product of the same stimulus.
Based on the criteria, more than two SCR reactions can form a
complex. Once the complex is defined, the onset of the first
SCR reaction within the complex was used to check if it fell
within the latency window of speech activity. If it did, then that
complex of SCR reactions was considered a respiratory artifact.

The identification of respiratory artifacts was combined
with a search for an optimal time value that would be consider
a pause during speech activity. This was an important parameter
to determine in order to avoid having the same SCR reaction
attributed to multiple speech onsets. Because the latency
window to identify ER-SCRs ranges from 1-5 seconds, the
length of time to identify as a pause could not be smaller than 5
seconds. To determine the value to be assigned to the speech
pause parameter, first speech detection was performed by
extracting energy and zero-crossing values from the audio
signal. Energy and zero-crossing rate thresholds were
determined for each subject audio data using the first ten
windows of data. The times for which their respective energy
and zero-crossing rate signals reached the determined
thresholds were treated as periods with speech activity.

When the experimental data was processed and SCR
reactions were inspected using the criteria above, two
complexes of SCRs were identified. Both SCR complexes came
from data for only one of the subjects, and neither were
associated with speech activity. Therefore, this result verifies
that the algorithm properly ensures that detected SCR reactions
around the speech activity time do not represent respiratory
artifacts.

With the inspected data and the speech activity times
identified, different speech pause duration times were tested,
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Fig. 3. The average number of SCRs identified as ER-SCRs verses
the duration of time considered to be a speech pause.

starting with 0.25 seconds up to 22 seconds. Fig. 3 shows the
results for the average number of SCR reactions identified as
speech-triggered ER-SCRs based on each duration of speech
pause tested. For durations of speech pause lower than 2
seconds, some SCR reactions are seen to be associated to
multiple speech triggering events. However, after 3 seconds it
appears that none of the SCR reactions are associated more than
once to a speech triggering event. For that reason and
considering the latency constraint to identify ER-SCRs, 5
seconds was selected as the speech pause parameter value.

D. Traditional and speech-triggered reactions

Traditional ER-SCRs were identified using the onset of the
images displayed during the experiment as triggering events. In
parallel, speech-triggered ER-SCRs were identified using the
onsets of speech activity as detailed in section IV.C. The rest of
the SCR reactions, not associated to any onset, were named NS-
SCRs.

E. Classification models

To compare how features from traditional ER-SCRs and
features from speech triggered ER-SCRs perform in the
classification of emotional arousal, a Support Vector Machine
(SVM) classifier was first trained with data from each subject’s
group to create subject-dependent models, and then with data
from all the subjects together, creating a subject-independent
model. SVM was selected because of its high classification
accuracy, ability to be trained without big datasets, and ability
to use multiple Kernel functions such as linear, polynomial, and
Gaussian to optimize SVM classification models.

V. RESULTS AND DISCUSSION

By applying the analysis method presented in section IV,
ER-SCRs and NS-SCRs were identified. Table I shows a
summary of the number of detected ER-SCRs and NS-SCRs. It
is important to notice that the average frequency of NS-SCRs
(4.53 per minute) was much higher than the frequency of ER-
SCRs (0.82 per minute). This confirm the importance of finding
methods that can selectively detect ER-SCRs, especially for
real-time applications.

Features for traditional and speech-triggered ER-SCRs were
extracted and data was labeled based on the SAM scale values
reported by the subjects during the experiment. Table II
summarizes, based on the detected ER-SCRs, the number of
data points belonging to the low and high arousal groups. Note
that for Subj D no traditional ER-SCRs were detected, thus data

from Subj D was excluded from the training set, but it was used
as a testing dataset later in the analysis.

The SVM classification models were trained in MATLAB
using a 5-fold cross validation method. Different Kernel
functions performed better on different data groups. Fig. 4
shows the results of the classification accuracy for all the
trained models and the Kernel functions that performed best for
each of the data groups. The average classification accuracy
values for the subject-dependent models trained with feature
data from traditional and speech-triggered ER-SCRs are 71.3%
and 76.9%, respectively. These results suggest (1) that, on
average, detected ER-SCRs triggered by speech detection
contain arousal information that is comparable to or better than
the one contained in traditional ER-SCRs, and (2) that
individuals who verbalize their emotions could enhance their
SCR and consequently, improve prediction of emotional
arousal.

In addition, a subject-independent classification model,
trained with all the data from Subj A, B, and C, yielded a
classification accuracy of 72%, which is comparable to the
average classification accuracy of the subject-dependent
models. When the model was tested with data from speech-
triggered ER-SCRs of Subj D, the accuracy obtained was of
75%. This suggests that speech-triggered ER-SCRs could also
help build more robust subject-independent models, reducing
individualize training time while improving the real-time
detection of relevant SCRs.

TABLE I. NUMBER, STANDARD DEVIATION AND FREQUENCY OF
DETECTED NS-SCRs AND ER-SCRSs

ER-SCRs NS-SCRs
Slugj Traditional St[r)f;gc.h Total (ljr;ei%') Total (12:1%')
A 8 12 20 1.33 70 4.60
B 7 9 16 1.07 88 6
C 5 4 9 0.67 83 5.8
D 0 4 4 0.22 33 1.72
Mean 5 725 [ 1225] 0.82 | 685 | 4.53

TABLE II. NUMBER OF ER-SCRS PER GROUP OF DATA AND CLASSES

Traditional Speech-triggered
# # data per class # data per class

Subj ER- Low High ER- Low High

1D SCRs | arousal | arousal | SCRs | arousal | arousal

A 8 4 4 12 7 5

B 7 3 4 9 4 5

C 5 2 3 4 3 1

D 0 - - 4 2 2
Total 20 9 11 29 16 13

. [ Traditional _Speech-triggereg

-

o

o
1

'88.9

80

2]
o
T

75

[}
o

N
(=)

of arousal (%)

N
o
T

Gaussian
Gaussian

ol

SVM classification accuracy

Subj A Subj B Subj C
Fig. 4. SVM classification accuracy results for trained subject-
dependent models (Subj A, B, and C) and a subject-independent
model (trained with all data except Subj D). The Kernel function
used on each SVM model is named on each accuracy bar.
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