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Abstract: Remote health monitoring plays a significant role in research areas related to medicine, neu-
rology, rehabilitation, and robotic systems. These applications include Human Activity Recognition
(HAR) using wearable sensors, signal processing, mathematical methods, and machine learning to
improve the accuracy of remote health monitoring systems. To improve the detection and accuracy of
human activity recognition, we create a novel method to reduce the complexities of extracting features
using the HuGaDB dataset. Our model extracts power spectra; due to the high dimensionality of
features, sliding windows techniques are used to determine frequency bandwidth automatically,
where an improved QRS algorithm selects the first dominant spectrum amplitude. In addition,
the bandwidth algorithm has been used to reduce the dimensionality of data, remove redundant
dimensions, and improve feature extraction. In this work, we have considered widely used machine
learning classifiers. Our proposed method was evaluated using the accelerometer angles spectrum in-
stalled in six parts of the body and then reducing the bandwidth to know the evolution. Our approach
attains an accuracy rate of 95.1% in the HuGaDB dataset with 70% of bandwidth, outperforming
others in the human activity recognition accuracy.

Keywords: multimodal sensor; motion classification; computational intelligence; complex feature
extraction; activity recognition; QRS algorithm

MSC: 68T10

1. Introduction

Human gait is a natural activity that people do every time to move from one point to
another, involving muscles, nerves and brain activities. Human joints are a fundamental
part of human movement, and therefore, a gait analysis is needed to study kinetics and
kinematics [1,2], which are examined by physiotherapists, orthopedists, and neurologists
to analyze and assess the status, treatment, and rehabilitation of patients [3]. Extrinsic and
intrinsic factors (both psychological and physical) influence daily human activities; hence,
determining normal gait parameters is very difficult [4]. In addition, there are a wide
range of applications in different fields, such as neurology for monitoring neurological
symptoms [5], or rehabilitation and physical therapy for the detection of gait disorders [6,7].

Physical activity monitoring via body-worn devices has recently been increased by
sensor technologies (multimodal fusion sensors). They help vulnerable people maintain or
increase the quality of individual and social lives through activity tracking [8]. The devel-
opment of automatic information systems and improved methods to analyze biosignals
with Al in this area is a way to contribute to more efficient health care.

The devices used to acquire body signals are classified into three approaches: non-
wearable sensor (NWS), wearable sensor (WS), and hybrid system [2]. Nevertheless, WS
is most commonly used due to its low cost, small dimensions, and high precision. These
sensors are installed in the body to acquire the gait biosignal information during personal
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daily activities. WS includes force sensors, accelerometers, gyroscopes, extensometers,
inclinometers, goniometers, active markers, electromyography, etc. To optimize the func-
tionalities of such sensors (accelerometers, gyroscopes, and magnetometers), they are
fused into a single unit called Inertial Measurement Units (IMUs) with multimodal fusion
sensors technologies.

Extensive research has used body-worn inertial sensors and fortified the development
of original Human Activity Recognition (HAR) applications. These applications include
health rehabilitation, well-being assistance [9], smart homes and biofeedback systems [8],
gait analysis [10-13], motion symmetry study [14], or for monitoring human activities [15,16].
Each of these applications requires continuous monitoring and tracking [17-21].

Feature extraction and selection algorithms are meant to sort pertinent features or
suppress redundant information to increase activity recognition accurately and efficiently.
These relevant features are commonly based on time-domain, wavelet and statistical
analysis, with several IMU sensors installed in the body [22]. The frequency spectral of
accelerometers has helped researchers predict vibrations in building structures [23] or
turbines [24] and recognize the running path of dogs [25]. In addition, selection techniques
to identify the most relevant features in datasets are needed to simplify the learned models
and decrease the computational complexity and improve the model’s efficiency for recogni-
tion tasks. Using expensive industrial IMU sensors and extracting more complex features
such as entropy [26,27] or frequency measures [20,28] brings promising results.

In this paper, we propose a novel methodology based on the frequency domain and
bandwidth reduction of IMU accelerometer signals for HAR applications. The main objec-
tive is to analyze the minimum amount of features necessary to obtain good performance
in the model training and decrease the computational time of the signal processing and
classification. For that purpose, a new signal preprocessing methodology is presented
based on the frequency domain analysis, and functional transforms are included to re-
duce the computational complexity due to the high dimensionality of features. Only
accelerometer signals are considered, since it is the most relevant feature that allows dis-
tinguishing between activities, but also, we want to demonstrate the effectiveness of our
proposal with less information, which could be of interest in some treatments where a
simple sensor is needed to be implanted for a treatment. The proposed method is applied
successfully to a public benchmark dataset named the Human Gait Database (HuGaDB)
for performance evaluation.

The rest of the paper is organized as follows. Section 2 addresses briefly a literature
review. In Section 3, our proposed methodology is presented. Section 4 analyzes and
discusses the experimental results. Finally, the conclusion and future research are presented
in Section 5.

2. Related Work

Wearable sensors (WS) are used in recent advances because researchers have suc-
cessfully implemented body-worn devices to monitor personal locomotion behaviors and
recognize human activity. The most common WS uses an accelerometer and gyroscope
integrated into one wearable inertial mobile unit (IMU). Another type of WS based on the
electrical current associated with muscular actions is also used in combination with IMUs
for HAR [22]. These WS named electromyography (EMG) measure the myoelectric signals
produced by muscular actions, hence their importance in activity recognition. A study on
the fusion of EMG and IMU sensors for HAR is presented in [22], showing the potential of
incorporating EMG signals in activity recognition.

A motoring real-time personal locomotion is introduced in [8], wielding three inertial
sensors at different body locations (wrist, thigh, and chest). Data were processed through
Gaussian and zero-phase filters. A hierarchical feature-based technique is used to extract
features based on stochastic gradient descent optimization methods, achieving an accuracy
rate of 92.50% in their experiments using the HuGaDB dataset. In [5], a technique to extract
features using Discrete Fourier Transforms is proposed to estimate the mean power in
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selected frequency bands for ataxic gait assessment recognition. The accelerometric data
were acquired by 31 time-synchronized sensors (perception neuron system) located at
different body parts. Different classifiers were used for evaluation, such as support vector
machines, Bayesian, nearest neighbors, and neural network methods, with the highest
accuracy of 98.5%. The data comprised 13 normal and 12 ataxic individuals, and the entire
study was conducted in a clinical environment. Deep learning techniques were applied to
predict falls in older adults [9]. Data were collected on fall risk factors in the elderly using
WS (accelerometers), questionaries, and physical tests. The dataset consisted of 296 older
adults wearing a triaxial accelerometer on their lower back for a week and the following six
months in which fall incidences and descriptions were obtained. Researchers used the raw
accelerometer data (without making the preprocessing step) as input to an LSTM classifier,
obtaining a time reduction and an AUC (Area Under the Curve) of 0.75.

In summary, most of the works conclude that the more sensors and extracted features
from data, the better the accuracy of the computer classification algorithm. Nevertheless,
sensors installed on the human body produce less comfort for the patient (ergonomic),
make it more challenging to perform human activities, increase noise, and require more
time to (pre/post)process data and analyze the activities in real time [29].

3. Methodology

This section presents the mathematical techniques we propose to classify human gait
signals. Figure 1 illustrates the proposed method workflow. The first step is collecting the
raw data to preprocess it, removing noise and undesired signals, then extracting relevant
features, and finally training and testing a human activity classifier.

shs||euy 134

wnJoads
‘YipImpueg ‘SYO

" . )
“~._ Feature Extraction _-~

Figure 1. Flow chart of the proposed methodology.

This work intends to start from the raw accelerometer signal in our proposed method-
ology. This approach was used by other works, such as in [9], where they obtained good
results in processing time, or in [30], where nuances could be unintentionally removed
from the raw features when the parameters are extracted. We intend to model a classifier
with less data and less processing time. For instance, Figure 2a illustrates a raw signal
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containing two activities, and Figure 2b presents only one signal corresponding to the
walking activity from the right shin. As in [9], we use the raw acceleration data directly as
input to study and transform the signal.

(a)

x10* Right Shin [X axe]
4 L ' Ruhning
©
© 2F ]
° .
© Walking Walking
0 i
2
z L)
S-2 J
4 1 I I I
0 500 00 1500 2000 2500
Samples [time]
® o Right Shin [X axe]
’ [~ Aecslration]

h

-4
0 100 200 300 400 500 600 700 800 900
Samples [time]

Raw digital data
’{7 - —

Figure 2. Raw signal from X-axis accelerometer of the right shin: (a) whole raw data, (b) walking
subsample.

Feature extraction is a commonly used technique to clear data and focus only on
the relevant features by reducing the dimensionality. Several methods proposed in the
literature focused on extracting signal features, such as those based on time—frequency
domain, and many other techniques that allow the reduction of data dimensionality [31].

In this work, a total of six sensors were installed on different parts (feet, shins, and
thighs) of the legs, each containing a 3-axis accelerometer X, Y and Z (18 total signals). All
information of the signals is converted into the frequency domain using FFT to reduce the
size, eliminate useless data, and facilitate the training process of the classifiers.

3.1. Signal Preprocessing

There are methods for feature extraction based on the time, frequency, and time-
frequency domain, which are usually applied to the raw data. In this work, we propose a set
of signal processing steps to obtain relevant features, which are summarized in Algorithm 1.

Algorithm 1 Features extraction from acceleration signal

Input: acc = acceleration data (x,y,z) from each part of the body
fe2 = max bandwidth frequency
Output: Feature vector of the selected frequency bandwidth
Method: IMU_features(x,y,x)

1: raw_data <« acc

2: while iteration=1,2,..., Nygtienss do

3: filtered_data < Highpass_filter(raw_data)
angle_data <— Resultant_angle(filtered_data)
fft_data < ExtractFFT(angle_data)
norm_data < Normalize(fft_data)
extrap_data <—Freq_norm(norm_data)
fe1 < QRS(extrap_data)

9: feature_vector <— get(extrap_data,f.1,fc2)
10: end while
11: return: feature_vector
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3.1.1. Noise Filtering

First, the high-pass Chebyshev filter filters the direct current (DC) noise. The approxi-
mation of the gain response as a function of angular frequency w is indicated in Equation (1).
The high-pass filter of eighth order, cutoff frequency of 0.4 Hz, and attenuation of 80
are applied.

1
Gr(@) = —— )
1+

e2T3 (wp/w)

where ¢ is the ripple factor, wy is the cutoff frequency and T}, is a Chebyshev polynomial of
the n-th order.

As an example, in Figure 3a, we can see the signal spectrum with one pulse at 0 Hz
(DC noise), and the pass-high filter removes the noise (Figure 3b).
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Figure 3. Signal in the frequency domain of X-axis accelerometer in right foot (walk activity). (a) Raw
data. (b) Spectrum after pass-band filter. (c) Spectrum after FFT and normalization.

3.1.2. Resultant Angle

The number of features is a crucial stage of feature selection, where the information in
the feature matrix will influence the discrimination ability of the deep features. If the signal
is considerably large, then a data reduction technique is helpful to simplify the input while
preserving the properties of the signal. In those cases, besides complicated data analysis,
the proposed method may be incompatible with the dataset, and the proposed classifier
may be generalized to a limited dataset.

As was denoted at the beginning of the Section, we have 18 signals, 3 axes for each of
the 6 sensors. A common practice is to create the feature vector F¥ containing the filtered
signal for the 3 axes:

F =/ f5, k=1...6 k)
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However, there is much redundant information that slows down the training of the
classification model. For that reason, we computed the resultant angle of the accelerometer’s

specific forces [32]:
Anglex = arctan % (©)]
V fy+f7

where fx, fy, fz are the gravity forces, i.e., the accelerometer signals. fx is in the numerator
since the principal signal would be the X-axis.

Applying Equation (3) to our filtered signals and translating into Equation (2), we
reduce the size of the feature vector of each body accelerometer.

FF = Angleék 4)

3.1.3. Frequency Domain Analysis

In this research, the Fast Fourier Transform (FFT) has been used to convert the received
resultant signals into the frequency domain. Specifically, the Discrete Fourier Transform
(DFT) [31,33,34] is applied to improve the computational complexity. The frequency content
of the input signal x is then extracted using the following transformation:

N-l nk
X(k) = Xpexp [127'[:| (5)
n=0 N
where X = FFT(x), x; is the n-th element of an input signal, k is the frequency sample,
and N is the transformation length.

FFT’s performance depends on the signal’s length, and to improve its speed, the
Cooley/Tukey algorithm is used through the Matlab fft function, which exploits the sym-
metries to reduce a large DFT into smaller DFTs. This process helps reduce computational
complexity from O(N?) to O(NlogN), improving speed [33]. Our research used the entire
IMU signal for the FFT operation and transformed it separately for each patient.

3.1.4. Power and Bandwidth Normalization

After applying the FFT, the signal is normalized in the range [0,1] by applying

| Xfrel

_ 6
max(|Xsz|) ©

Xpower_norm -

Figure 3¢ depicts the resulting signal.

In the same way, the signal was normalized in the power spectrum, and it is con-
venient to equalize the signal in the frequency axis. This way, all samples fall into the
power spectrum, helping the classifier have homogeneous training. For that purpose,
the maximum frequency for all the data samples is found, and then, linear extrapolation
is computed:

Fuax =max({F;, j=1,...,M})

Xfreq_norm = hnear_eXtrap(Xpower_norm/ FMAX)

@)

where F represents the set of frequency values of a sample, and M represents the total
number of samples.

Figures 4 and 5 present a detailed spectral analysis (evolution of spectral components)
as the relative power along the frequency. This figure shows an example of the processed
accelerometer signal of the walking activity.
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Figure 4. Right Walk Activity Spectrum. (a) Foot Spectrum. (b) Shin Spectrum. (c) Thigh Spectrum.



Mathematics 2023, 11, 1538 8of17

. (a1) Axis-X
05F i
]
i} 5 10 15
(Hz]
. (a2) Axis-Y
T
05F b
o A, M L il e
i} 5 10 15
(Hz]
. (a3) Axis-Z
T
05F b
0 e, il
o 5 10 15
(Hz]
@)

(b1) Axis-X

[Hz]
(b3) Axis-Z

[H2)
(b)

(c1) Axis-X

[Hz]
(c2) Axis-Y

[Hz]

(©)

Figure 5. Left Walk Activity Spectrum. (a) Foot Spectrum. (b) Shin Spectrum. (c) Thigh Spectrum.
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3.1.5. Mean Relative Power QRS Detection

As it was exposed in [31], the first and second dominant frequency amplitudes hold
the most information about the signal, so we propose a method to extract those amplitudes
based on QRS complexes and use them as the inputs of the classification models.

The key element of extracting these frequency amplitudes is setting, and appropriate
threshold tolerance, which is used by the QRS algorithm [35]. This technique is used
in spectrum analysis to recognize QRS complexes, reducing false detections caused by
interferences in ECG signals. Figure 6 shows an example of the QRS detection, where R is
the peak of the principal spectrum, Q is the start of the peak signal, and S is the end of the
peak signal, which will be unnecessary for our application, as explained later.

] Spectrum DSP-QRS
0.9 ” 1

Amplitude
o o o o o
B [6;] » ~ [ee]
T T T T T
Il Il Il Il Il

o
w
T
Il

o
N
T

0.1} |

[
0 ,,,,/\/J\/\\/\/%M %2/ M—W\/VVM/
5 1 1.5

2

[Hz]

Figure 6. Example of the QRS calculation in the first spectrum.

However, peak detection is a very critical step, since information can be lost if an
adequate threshold is not set up correctly. For instance, in [36], a modified version of the
QRS algorithm with an adaptative threshold is presented, defining two kinds of peaks:
signal and noise peak. If a peak value is larger than the threshold, it is marked as a QRS
complex, and then, the signal peak is updated.

This solution has a problem with the noise peak because it detects some spectra as
noise, and the signal amplitude is not constant, such as the ECG signal. For instance,
a threshold of 0.257 when calculated with the data in Figure 7 loses the information of
other spectrums.

The Pan and Tompkins algorithm inspires our proposal to detect the QRS complex [35].
First, a differentiation provides complex slope information, and then, an amplitude squar-
ing function and a moving window integrator are applied. The following paragraphs will
describe the process in detail:

1.  Differentiation. After filtering and normalizing, the signal is differentiated as follows:
y(nT) = %[—x(nT —2T) =2x(nT —T) +2x(nT+ T) + x(nT + 2T)] 8)

where T is the sampling period.

2. Squaring. It amplifies the slope of the frequency response.

y(nT) = [x(nT)]? )
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3. Moving-Windows Integration. To obtain waveform feature information:

y(nT) = S [x(nT — (N = D)T) 4 x(uT — (N =2)T) + -+ x(uT)]  (10)

Spectrum - Bandwidth

0.8 fe2=FF.Mm

Amplitude
o
o

o
~
y

T l' | ;‘1 *
wa' WJ \'ww ‘IW‘ Yl L&W“\\M .'#MJA‘ mw‘«*m'mw»#é
0 T 5 10 T 15
[HZ]
Je1 foo = 100%

0

Figure 7. Example of the selected bandwidth, where f.; = Q and f., = 100%.

After that, the Mean Relative Power signal is used to initialize the threshold. This
measure aims to vary the bandwidth of our spectral signal so that only the desired signal
information is considered. Equation (11) calculates the average power in a window selected
by the desired frequencies:

po= [ 1x(Pas a)

As shown in [5], each of the selected spectral features of a signal segment of N samples
is evaluated and divided by the first half-part signal (N /2 samples) in order to keep the
most significant information. Equation (12) computes the discrete Mean Relative Power in
a specified frequency band:

Ykep [X(K)[2

R
To/e 1X (k)2

(12)

where ¢ is the set of indices for which the frequency values f;, = % fs € [fa1, fe2]. In the
given case, we study the accelerometric spectral features in the [0%, 100%] range.

Therefore, the MP,,; is used as signal peaks instead of using both the integration
waveform signal peak and the noise-filtered signal peak for the threshold initialization as
in [35].

MVAL = Mprel(Signal)
SPKI = 0.13 * Myu; (13)
THRESHOLD = 0.25 %« SPKI + 0.75 * NPKI

where signal refers to the integration waveform and filtered signal, respectively; SPKI
is the estimate of the signal peak, NPKI is the noise peak, and THRESHOLD is the
applied threshold.

The rest of the detection procedure follows the original QRS algorithm. Once the
peaks are detected, the initial frequency f; is set, and the rest of the bandwidth is the signal
extracted to be used for the next step:

fa=0Q (14)
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where Q is the Q-element of the QRS complex of the first peak. As an example, in Figure 6,
the point Q is automatically found by the proposed methodology, and we set the value to
fe1. On the other hand, f.» will define the last point of the bandwidth frequency. Figure 7
shows a f reaching 100% bandwidth.

3.2. Sliding Bandwidth Analysis

The selected frequency range is varied to reduce the number of features and sensors.
The bandwidth is located within the range f.1 to f.» of each frequency analysis, as shown
in Figure 7, and these sets are expressed in Equation (15):

BW = fo —fa for fa < fo <100% (15)

Therefore, the power spectra analyzed vary according to the length of BW:
PS = [X(k)]o (16)

where 0 € [fq, fo] is the set of indices for which the frequency values vary within the
bandwidth.

4. Experimental Results
4.1. Dataset Description

The Human Gait Database [37] is commonly used in research for human activity
recognition (HAR), gesture recognition (GR), and gait analysis (GA). This dataset has
been used in many works because they represent the inertial movement of a person and
help to develop models before installing them in wearable sensor systems. The dataset
comprises 18 healthy participants who were split into two groups: 15 participants to create
and validate the model and 3 participants to test the model. This way, the information
the classification models test will be completely independent of the one used for training,
assuring a fair comparison.

In total, six inertial sensors (IMU) (each IMU sensor has a three-axis accelerometer
and three-axis gyroscope) and electromyography (SEMG) sensors were placed on the right
and left thighs, shins, and feet. The total number of signals collected is 38:36 from the IMU
sensor and 2 from the sEMG sensor. This database contains 12 activities: Walking with ID
(1), Running with ID (2), Going up with ID (3), Going down with ID (4), Sitting with ID (5),
Sitting down with ID (6), Standing up with ID (7), Standing with ID (8), Bicycling with ID
(9), Up by elevator with ID (10), Down by elevator with ID (11), and Sitting in the car with
ID (12).

4.2. Classification Experiments

The proposed method was applied to accelerometric raw data on the HuGaDB dataset.
After the initial spectral preprocessing, we set the frequency f. to 100% to check the
performance of the classifiers with the total bandwidth. For the experiments, Discriminant
Analysis (DA), Support Vector Machine (SVM) and Neural Network (NN) classification
models were employed. The code was written in Matlab (R2021b). The method was applied
on each axis, receiving signals from the right and left legs.

As mentioned, the dataset contains information on six different sensors, which is
summarized in Table 1.

Table 1. Acceleromether used in the body.

Left Right
Data Feet Shins Thighs Feet Shins Thighs
k 1 2 3 4 5 6
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In order to carry out the classification experiments, all preprocessed accelerometer
signals are concatenated into an activity vector.

Ai=[{F}];, k=1,....6 (17)

where j represents the number of sample activities, the training data comprises a set
of signals for N = 15 persons that carried out several activities. These activities are
previously identified in the whole signal and separated into different M samples. The set
After preprocessing the dataset, the total number of training samples after preprocessing
the dataset is 152, where M = 122 (from 15 participants) will be used for training and 30
will be used for testing (from 3 participants).

First, the performance achieved using the maximum bandwidth was compared. Here,
10-fold cross-validation was carried out to train the models and make a preliminary se-
lection among several classifiers, using 75% of the data for training and 25% for testing
(from 15 participants, as indicated in Section 4.1). After that, the unseen test set (from three
participants) was used to compute the real performance. Each instance is represented by
the patient, for a total of 18 patients within each activity, meaning that each class keeps the
same amount of class instances for both the train and test sets.

The results of the different classifiers are compared in Table 2. In addition, we com-
pared our performance with a state-of-art method that used a similar sensor and data
configurations to our experiments [8] to have a fair comparison. We did not compare
our approach with other published work on a combination of sensor signals. Hence, our
methodology yielded an accuracy of 95.10% using NN and 91% using SVM compared to
the 5% and 4% less accuracy, respectively, obtained by the competing method. In addition,
our method was applied with a Discriminant Analysis classifier, achieving 95.5% accuracy,
being chosen as the best for our proposal. The methodology proposed in [8] is still worse
with 92.5% accuracy.

Table 2. Accuracy Experiments using HuGaDB and Frequency Features.

Method DA (%) SVM (%) NN (%)
Gochoo et al. [8] - 85.68 91.23
Ours 95.50 91.00 95.10

The rest of the experiments will focus on modifying the bandwidth to analyze the
impact of applying the proposed method with less information.

4.3. Bandwith Analysis

This analysis aims to reduce the sample data (8022 features per sample) used to
train the classifiers. Each activity contains 56.35 samples per second, and the acquisition
time varies. We study the accelerometric power spectral in [f.1, fo2], where f,; is detected
automatically and f will vary for training. The bandwidth extension has been studied
in these three classifiers, reducing the bandwidth by 10% each time, starting from the
endpoint of the spectrum, f» = 100%.

Figure 8 summarizes the accuracy obtained for each bandwidth. It can be observed
that the precision of the DA classifier does not change up to a bandwidth of 70%. In
addition, it can be observed that the NN classifier has good precision in the range of 90%
to 50%, although it slowly decreases when the bandwidth is shortened. Lastly, the SVM
classifier presents the worst overall performance, although it is quite robust to the reduction
of training data, having even better performance with only 30-50% of the bandwidth. From
these results, we can extract that using 70% of the bandwidth with the DA classifier
produces the same accuracy as if 100% bandwidth is used. Therefore, data can be reduced
to 5615 features to improve the training time of the classifiers, obtaining the same outcomes.
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Figure 8. Evolution of accuracy over different bandwidths.

Figure 9 depicts the behavior of the classifiers when changing the bandwidth for each
type of activity. Each of the classifiers has obtained excellent performances for most of
the activities. For instance, walking, going up the stairs, and going up with the elevator
only needed a primary spectrum in the 20% window of bandwidth, independently of the
classifier; however, other activities need a wider bandwidth to be recognized. However, to
obtain excellent general performance, more data are required. The DA classifier, shown in
Figure 9a, can perfectly recognize up to nine activities with 70% bandwidth. SVM and NN
(Figure 9b,c) reflected similar performances except for the elevator and going downstairs.
However, they improve the recognition of the car-sitting activity, reaching 100% accuracy
with 40% and 50% bandwidth, respectively.

Focusing on the type of activity, the elevator is the most critical one. It is interesting
to see that for the SVM, 60% of the bandwidth is necessary to reach 80% accuracy, but for
NN, 70% of the data is needed. The DA cannot detect this activity properly, but the action
of sitting has a perfect detection with only 30% of the bandwidth. On the other hand, the
run and bicycle are better classified by the NN, which means that it works better with
complex signals.

m (1)Walk M (2)Run " (3)G.Up (4)G.Down o (5)Sit ® (6)S.Down
M (7)Stan.Up | (8)Standig m (9)Bicy M (10)UpEleva.  m(11)DownEleva. m (12)Sit.Car
20% 100 87.5 100 81.2 62.5 75 100 100 50 50 76.5
30% 100 100 100 100 100 87.5 100 944 0455 857
40% 100 100 100 93.8 100 100 100 89.5 050 85.7
E 50% 100 100 100 . 4 A 100 429 66.7 80
&
E 60% 100 100 100 93.8 100 100 100 94.4 75 625 923
=
o
<Z( 70% 100 100 100 100 100 100 100 100 80 714 929
[=+]
80% 100 100 100 100 100 100 100 100 100 66.7 929
90% 100 100 100 100 100 100 100 100 100 66.7 929
100% 100 88.9 100 100 100 100 100 100 100 75 92.9

Figure 9. Cont.
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20% 100 85.7 100 100 80 75 100 94.4 50 444 857
30% 100 100 100 EER:] 100 77.8 100 100 60 571 923
40% 100 727 100 889 100 100 100 895 714 75 100
E 50% 100 100 100 88.9 100 100 100 944 571 60 100
&
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=}
<Z[ 70% 100 889 100 889 100 100 100 100 50 375 100
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100% 100 80 100 889 100 100 90.9 100 62.5 66.7 100
(b)
u (1)Walk M (2)Run u(3)G.Up (4)G.Down | (5)sit u (6)S.Down
m (7)Stan.Up m (8)Standig m (9)Bicy H (10)UpEleva.  m(11)DownEleva. m (12)Sit.Car
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=
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(0)

Figure 9. Human Activities Accuracy with Bandwidth Select. (a) DA—Discriminant Analysis Classi-
fication. (b) SVM—Support Vector Machine Classification. (¢) NN—Neural Network Classification.

5. Conclusions

This paper presents a new methodology based on the frequency domain. Features
were extracted from the raw data of IMUs by varying the frequency window to optimize
the number of relevant features. All the information provided by the raw accelerometer
signals was optimized and transformed using the proposed methodology. In addition,
a modified QRS algorithm is proposed to automatically find the first frequency and the
beginning of the bandwidth.

The standard HuGaDB dataset was used with the best classifiers found in the literature
for HAR problems (DA, SVM, and NN). Experimental results show the improved accuracies
achieved (Table 2) when the proposed methodology is applied. These results were achieved
using the whole frequency spectrum. Additionally, the performance of our proposal was
analyzed for reduced bandwidths and studied in detail for the different activities to be
recognized. SVM is the most robust classifier, producing a similar performance for reduced
bandwidths, although DA achieves the best accuracy for reduced bandwidths (up to 70%).
Regarding the recognition of the different activities, both Up Elevator and Down Elevator
are the activities with the worst accuracy. In the end, activity recognition varies depending
on the bandwidth used due to where the most significant information is placed in the
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frequency spectrum. For instance, Walking and Running activities are easily recognized,
even with 20% of the bandwidth, because the relevant information of these activities is in
the first power spectrum.

Future works will include more types of signals as part of the input for training by
creating an adequate methodology to preprocess and join the signals to achieve better
outcomes than state-of-art methods. In addition, another important study to carry out is
the reduction of the number of sensors, determining which positions and how many of
them are enough to provide good classification results.
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NWS Non-Wearable Sensor
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IMU Inertial Measurement Units

HAR Human Activity Recognition

EMG Electromyigraphy

PAMAP2  Physical Activity Monitoring for Aging People
SGD Stochastic Gradient Descent

FARAO Fall Risk Assessment in Older Adults
AUC Area Under the Curve

GR Gesture Recognition

GA Gait Analysis

FFT Fast Fourier Transform

DFT Discrete Fourier Transform

DSP Digital Signal Process

DC Direct Courrient
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