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Abstract: Falls are critical events among the elderly living alone in their rooms and can have intense
consequences, such as the elderly person being left to lie for a long time after the fall. Elderly falling
is one of the serious healthcare issues that have been investigated by researchers for over a decade,
and several techniques and methods have been proposed to detect fall events. To overcome and
mitigate elderly fall issues, such as being left to lie for a long time after a fall, this project presents
a low-cost, motion-based technique for detecting all events. In this study, we used IRA-E700ST0
pyroelectric infrared sensors (PIR) that are mounted on walls around or near the patient bed in a
horizontal field of view to detect regular motions and patient fall events; we used PIR sensors along
with Arduino Uno to detect patient falls and save the collected data in Arduino SD for classification.
For data collection, 20 persons contributed as patients performing fall events. When a patient or
elderly person falls, a signal of different intensity (high) is produced, which certainly differs from
the signals generated due to normal motion. A set of parameters was extracted from the signals
generated by the PIR sensors during falling and regular motions to build the dataset. When the
system detects a fall event and turns on the green signal, an alarm is generated, and a message is sent
to inform the family members or caregivers of the individual. Furthermore, we classified the elderly
fall event dataset using five machine learning (ML) classifiers, namely: random forest (RF), decision
tree (DT), support vector machine (SVM), naive Bayes (NB), and AdaBoost (AB). Our result reveals
that the RF and AB algorithms achieved almost 99% accuracy in elderly fall-d\detection.

Keywords: fall detections; fall-detection; cost efficiency; machine learning

1. Introduction

Elderly falling is a serious issue and has been investigated by researchers for over a
decade. In a Centers for Disease Control report, it was reported that, in the United States,
falls among the elderly each year cause multiple deaths and injuries. Approximately 61% of
falls occurred indoors, which caused around 10,000 deaths [1]. Providing quick assistance
to the victims of such events significantly reduces the hospitalization risk (by around 26%)
and decreases the death rate to around 80% [1]. In favor of this, several mechanisms that
detect fall incidents and provide quick assistance have been introduced to control and
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overcome this problem instead of leaving the person lying for a long time after falling.
In [1], the author proposed smart tiles for elderly fall detection. However, it is an expensive
solution.

The World Health Organization stated that accidental falls of the elderly are the main
reason for or the cause of injuries and even death in some cases [2]. When a fall happens,
instant help is a need. For this, researchers have put in a lot of effort and appreciable work
to detect and prevent elderly falls [3-5]; however, some limitations exist in their work.
In [6-8], the authors used a pressure- and vibration-based scheme in which sensors were
placed on the wall or floor in a specific direction to analyze patient movement. However,
these sensors, RFID systems, and smart tiles are not cost-effective solutions for detecting
elderly falls. As in the case of RFID technologies, they detect elderly falls but do not protect
them from fall injury. RFID fall solutions are not cost-effective solutions [9]. We need to
provide the elderly with better shelter to provide quality of life and minimize the risks
of living alone. Furthermore, an accelerometer system has been introduced to accelerate
wearable airbags to prevent the patient from fall-related injuries [10-12]. In a wearable
scenario, wearing the airbag all the time is frustrating and annoying to human nature. The
elderly also need to remember to wear the device, which, with growing age, is difficult to
remember. Over the last few decades, sensors and technologies have gained importance
as they do not affect the privacy of either the elderly or patients who have never worn
wearable devices. The PIR sensor is the most useable technique for detecting elderly falls;
the authors used PIR sensors to detect human motion in [13,14].

1.1. Motivation

Elderly falling is a serious issue. In relation to this, several mechanisms have been
introduced to control and overcome this problem by detecting fall incidents and providing
quick assistance instead of leaving the person lying for a long time after falling. In this
regard, several techniques and methods have been proposed by researchers to detect fall
events, such as smart tiles [1], RFID tags [9], accelerometers [12], and home monitoring-
based techniques [13]. However, always keeping an eye on the elderly affects the privacy
of the elderly, and they do not feel comfortable in life; additionally, these are expensive
solutions. To overcome and mitigate elderly fall issues, such as being left to lie for a
long time after a fall, this study presents low-cost, sensor-based approaches for fall event
detection.

1.2. Paper Organization

The remainder of the paper is prepared as follows: Related work is described in
Section 2. Section 3 describes the proposed methodology. Section 4 gives implementation
details. ML classifiers are described in Section 5. The results of the experiment are presented
in Section 6. Finally, in Section 7, conclusions and future work are defined.

2. Related Work

In this section, we focus especially on research efforts that are related to elderly fall de-
tection. Several papers have been written on the topic of detecting elderly falls. Researchers
are working on elderly fall detection. Researchers have designed and implemented several
motion detection systems to detect elderly fall events using radio-frequency identification
tags (RFID). In the tags, the frequency values of static, normal movements and sudden falls
are varied, and impact is shown in received signal strength (RSS) and Doppler frequency
value (DFV), and, in this way, the authors could detect elderly fall events. Battery-less
technologies, such as RFID and readers, were incorporated into smart floor carpets to
detect elderly falls and, subsequently, to inform caregivers [15]. However, the authors used
distinct equipment and devices, and the accuracy was not adequately high. In [16], the
author also used the floor-based RFID technique, with RFID arranged in a two-dimensional
grid on a smart carpet to form an unobtrusive monitoring zone. Heuristic algorithms and
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ML are used to identify falls and prevent a situation where the elderly person is left to lie
for a long time.

The vision-based system is frequently used to detect patient falls; researchers have
used a digital camera to monitor the patient’s activities and detect fall events. In [17],
cameras were installed in the ceiling which could see 77% of fall cases. In [18-21], the
authors also used the vision-based system and analyzed the data using the classifiers
PCA and SVM, and they achieved 89.2% and 90.3% sensitivity and specificity, respectively,
in the detection of patient fall events. In [22], through the SVM classifier, the author
achieved 83.2% accuracy in the detection of fall events. Some other practitioners used neural
network techniques [23-26] to analyze patient fall data obtained through a vision-based
system [27-30]. Three-dimensional depth image investigation, i.e., elderly fall detection
based on 3D image shape analysis, of images captured by the kinetic sensor in the room
environment was proposed in [31]. Subtraction methods analyze depth images. The human
body centroids measure the angle between the human body and the floor level. When
the angle is smaller than the defined thresholds, the fall events are detected, and several
other techniques have been proposed [32,33]. However, in all the abovementioned cases,
particular attention has not been devoted to addressing fall-relevant injuries.

In [34-37], the authors proposed wearable-based solutions, for example, sensors and
wearable devices, to detect fall events and prevent those individuals from falling injuries.
The abovementioned methods introduced wearable devices to protect the wearers from
damage. The key feature of fall sensors is the fall-sensing algorithm, which uses both
an accelerometer and angular velocity [38]. The fall-detection algorithm detects the fall
signal. These airbags protect the head and thighs of a falling person [39]. However, it
seems impractical to always wear an airbag and device. A micro-inertial measurement unit
(mIMU) that consisted of three-dimensional MEMS Bluetooth, gyroscopes, accelerometers,
a microcontroller unit (MCU), and high-speed cameras was used to record and analyze
human motion [37-40]. The proposed technique was used to protect the thighs of a falling
person; it may never protect the elder from a head injury as in [41]. In [42], the Elman
neural network algorithm was used for fall detection. This algorithm was implemented in
a wearable device combined with low-energy Bluetooth, which detected fall signals based
on the second-order train method and sent a response to a remote PC.

In [43], the authors established an intellectual fall detector system based on infrared
array detectors. This system monitors the elders in the house and generates an alarm in
case a person is out of range or falls. Infrared sensors are extensively used to detect human
motion due to their sensitivity. This novel sensing scheme also uses PIR sensors to detect
elderly falls. Stereo infrared is intended to expand the sensing pitch to capture IRC signals
entirely [44]. Fall-based image classification achieved by observing the human activities
and classifying them using ML techniques to send the notification to the caretakers was
performed in [45-48] to detect elderly falls. As discussed above, multiple methods have
been proposed to detect falls, but very few services are used in practical life.

A vision-based system to detect falls was highlighted in [49,50]. It is a type of nonob-
trusive fall-detection structure. This system uses image-processing methods for fall de-
tection based on an image series or images captured from video clips recorded through
a camera. The image analysis identifies the image of the elder so efficiently identifies an
elderly fall. However, a visual system cannot provide good results in dark and shady
environments [51-53].

Furthermore, connecting a camera affects elder privacy. A researcher used RFID to
design numerous motion detection systems to detect elderly fall events [54-58]. Instead
of utilizing on-body sensors, the proposed project uses PIR sensors and mounts them on
the room’s walls. In [59,60], the author used a wearable accelerometer to detect elderly
falls using three datasets to detect the elderly fall accurately, while, in another, a Bluetooth-
based, low-energy-enabled accelerometer sensor for the detection of patient bed falls was
used. However, the authors worked on detecting falls and did not inform caregivers that
these solutions were not cost efficient. In [61,62], the authors used a video camera to take
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human skeleton images and ultrasonic sensors and hybridized video techniques to detect
elderly falls. The author used the same video-based fall-detection method as used in [63].
First, a person’s silhouette is extracted through a feature extraction technique and then the
characteristics set is measured to determine whether or not a fall occurred. A finite-state
machine (FSM) was introduced to estimate the head position to compute the head vertical
velocity. This algorithm was evaluated using the L2ei dataset, containing over 2700 labelled
frames, to train three distinct classifiers. In [64,65], the authors also used video-based
fall-detection techniques using the neural network approach. The authors of [66] proposed
intellectual healthcare frameworks to examine the contribution and effectiveness of the axes
of a tri-axial accelerometer sensor for accurate activity recognition [67]. Machine-learning-
assisted cognitive strength assessment in smart houses is a multi-agent for healthcare
systems based on contextual logic. Situational awareness in BDI, perceptive to detecting
early COVID-19 symptoms through smartwatches, for improving the healthcare sector
was explored in [68]. However, these techniques are not cost effective. We use a sensor-
based, cost-effective technique for elderly fall detection and generate the alarm to inform
caregivers. In this way, we can save the patient’s life and enhance the patient’s fall accuracy.
Another solution is a vision-based solution [69,70], used to detect the elderly fall, and it is
ideal as it covers an extensive area. However, always keeping an eye on the elderly affects
the privacy of the elderly, and they do not feel comfortable in life. ML and deep learning
models have been successfully used in several areas for classifying fall datasets [71-75].

In our proposed system, we use a low-cost, sensor-based system. We mounted the
sensor on the wall to detect patient falls and analyzed the obtained data using highly
mature, state-of-the-art, and representative algorithms.

In this regard, we used a PIR sensor and Arduino Uno to detect elderly falls. We
collected datasets of normal motions and fall events for classification. So, to form the
dataset, 20 persons contributed to performing normal motion and fall events, and the
intensity of the signal generated by the PIR sensors in normal motions and the fall events
was varied. This data were saved in Arduino SD. Additionally, a set of parameters was
extracted to build datasets. The dataset which was obtained was classified using DT,
SVM, RF, naive Bayes (NB), and AdaBoost (AB) to increase the elderly fall detection event
accuracy. Our proposed solution is cost effective. We can detect elderly falls at a very
cheap cost, such as approximately PKR 1945/- per feet square. The cost of the equipment is
shown in Table 1.

Table 1. Equipment cost.

Equipment Price
Infrared Sensor 500/- x 3 =1500/-
Arduino Uno Microcontroller 200/- x 1=200/-
Transistor =20/- x 2=40/-
Photodiode =20/- x 3=60/-
Transformer =80/- x 1=80/-
Capacitors =5/-x5=25/-
Resistors =5/-x5=25/-
Diodes =3/-x5=15/-
LCD Display =400/- x 1=400/-
Buzzer =20/- x 1=20/-

3. Proposed Methodology

In the proposed solution, we intend to reduce health issues to support the autonomous
living of elders. The proposed project aims to use pyroelectric infrared (PIR) sensors to
identify and detect human motions. The analog of PIR sensors is contingent on numerous
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aspects, such as the distance from the body, the direction of the sensor, the movement
speed, and the body’s shape, etc. By using the output of infrared sensors, we can detect
near-to-fall events of a body in a unit of time in a unit area.

In our proposed system, the MC programing language is used to program Arduino
Uno using the Arduino tool and is integrated with the circuit. The human-motion-detecting
device consists of PIR sensors, Arduino Uno, Arduino SD, and Arduino GSM. The stages
of our working methodology are revealed in Figure 1.

Analog Signal
e A/ i
N N’IR‘ Signal /Data
~ __E Data Processing
= 3 . .
&y Acquisition and F cature
. Extraction
t i 4 Sensor
Digital Signal
¥ S :
LO) £ _ Fall Feature
— AT > - - .~ 8 H
- Event Detected Fall alert Classification
- e

T

Inform to Q

caregivers §

Normal Human
Motione.g. Walking,

Sitting etc. detected

Figure 1. A low-cost fall-detection framework for the elderly.

The PIR sensors are mounted on the wall near the patient’s or elderly person’s bed.
First, the data of normal and falling motions are collected through the PIR sensors. Typically,
when a human walks around the room usually, the sensors identify the movements as usual
motion based on speed and displacement in unit time. When an individual falls, the sign
of the body increases significantly, and the sensors detect the greater speed than usual that
the human body has increased to; consequently, the distance between the body and sensors
decreases very fast. To differentiate normal walking from fall actions, machine-learning-
based classifiers, such as SVM, DT, NV, RF, and AB for data reduction and classification,
are used to classify the events as walking or falling. The distance and speed of the body are
compared with the already stored datasets. In case the classifier detects an event such as a
fall, a green signal is issued, and an alarm is generated to inform the family members or
caregivers of the elderly person to prompt further assistance.

The workflow of our projected architecture is shown in Figure 2. Figure 2a shows the
view of the PIR sensors; the experimental setup for statistics collection of normal motion
is revealed in Figure 2b. PIR sensors generate an analog signal by detecting the speed of
normal motion. We developed an operational amplifier (op-amp) circuit to amplify the
PIR signal. In the proposed architecture, we use the following equipment to detect elderly
fall, as shown in Figure 3: PIR sensors, Arduino Uno, Arduino SD, and Arduino GSM,
transistor, photodiode, transformer, capacitors, resistors, diodes, buzzer, and jumper wires
male—female.
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Figure 2. Data collection based on normal motion.
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Figure 3. Equipment used to detect elderly falls.

Data Extraction Framework

We collected the datasets of regular motions and fall events for classification. For data
collection, 20 persons contributed by performing normal movement and falling. From
the signals generated by the PIR sensors, a set of parameters was extracted in different
scenarios to build datasets. Experiments were performed in a living room. The PIR sensor
module was mounted to the wall in the horizontal field of view to cover the maximum
area, especially around the elderly person’s bed. When an elderly person makes a regular
motion, the PIR sensor detects the thermal radiation emitted from the human body and
shows the different intensity of the analog output signals. These signals are compared with
existing datasets and analyzed if certain conditions, such as current output signal range
or intensity and near-to-fall dataset range intensity, are the same. This means that, if the
intensity of the current signal is equal to the intensity of falling signals, then an alarm is
generated and informs the caregivers. In addition, ML classifiers, i.e., NB, SVM, DT, RE,
and AB, are used to increase elderly fall detection accuracy.

We collected data on normal motion and falling events using the PIR sensors and
extracting the data generated by the PIR sensors to classify the data of falling events and
the data of normal motion and detect elderly fall events. Feature extraction identified the
signal intensity of falling and normal motion data range from the collected data. Unlike
normal motion, fall motion activity consists of abrupt, fast motion velocity v. If the elder
is near to the sensor, the field of view decreases, and, if the elder is far from the sensor,
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the field of view expands, as the angular size appears smaller to the sensor. PIR sensor p
identifies and detects the normal motion, generating a different output signal. Further, we
classified the normal motion and fall event from the obtained dataset using ML classifiers.
In vector form, the productivity of the sensor p is as follows in Equation (1):

D
Opt = QPp-Xt Zizl ‘Pp,i -Xit, P€ {1r2r3 JERERY O} (1)

where the “.” symbol stands for the dot product, the D—dimensional row vector ¢, p, and
O represent the number of PIR sensors, respectively, and denote the visibility of all D cells
to the path PIR sensor. The visibility function ¢ p, and i specify whether the ith cell is visible
to the PIR sensor (p). To be more precise, the ith cell is invisible to sensor ¢ p if i is valued
at 0 and visible if p, i is valued at 1.

4. Implementation Details

We created a circuit board as shown in Figure 4 using jumper male—female wires to
obtain amplified PIR sensor signals with op-amp circuits and PIR sensors, the outputs of
which were associated to the analog inputs of an Arduino Uno, Arduino SD. Arduino GSM
was used to inform caregivers. The analog signals were shown on an oscillator or a laptop
by installing an Arduino PIR plotter, as shown in Figure 5. Arduino Uno was constituted
to maintain each analog input as a time sequence on an Arduino SD card or memory card.

Figure 5. Circuit and analog signals are shown on the laptop and oscillator.
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5. Analysis and Discussion

In this section, a state-of-the-art analysis is shown in Table 2, and experimental results

are discussed.

Table 2. State of the art.

Author Methods/Classifiers Hardware/Evaluation Limitations
Parameters
. . The authors used distinct
. . e RFID tags, received signal . 3
Radio-frequency identification equipment and devices; however,
[15] strength (RSS), and Doppler
tags (RFID) frequency value (DFV) the accuracy was not
q y adequately high
Floor-based RFID technique,
- . RFID tags arranged in a
[16] Metaheuristic algorithms are used . . - Inadequate accuracy
two-dimensional grid on a
smart carpet
Cameras were installed in the
Digital camera, 3D image shape cellhng, iletectmg 77% of 'fa.11 cases
. S - with 90% accuracy. Additionally,
[17-31] analysis, analysis using the PCA, Vision-based system . .
. this affected the privacy of the
SVM, NN algorithms L .
elderly by monitoring the patient
activities
Sensors and wearable devices
[34-37] Wearable-based solutions to which use both an accelerometer It seems impractical to wear an
protect the head and thighs and angular velocity to detect airbag and device all the time
fall events
Three-dimensional MEMS
Bluetooth, accelerometers, High-speed cameras are used to . .
- . It seems impractical to use the
[37-41] microcontroller unit (MCU), record and analyze . .
. . device all the time
gyroscopes, and high-speed human motion
cameras
. . Implemented in a wearable . .
Neural network algorithm is used . . . It seems impractical to wear the
[42] . device combined with low-energy ; .
for fall detection expedient all the time
Bluetooth
[43] Array-based detectors of smart Intelligent fall indicator system  Infrared radiation changes impact
inactivity based on infrared array detectors on elderly fall detection
IRA-E700STO pyroelectric infrared Accuracy, prec1510.n.(s.peC1f1C1ty), Low-co?,t, se.nsor—based system
Proposed sensors (PIR), Arduino Uno, SVM recall (sensitivity). with highly mature,
Methodology ¢ ! ” RF achieves 99% accuracy in the state-of-the-art, and

DT, RE, NB, AB

detection of elderly fall events

representative algorithms

5.1. PIR Analog Signals

The PIR analog signal simulation results for normal motion and high-intensity motion

(falling/moving fast) are revealed in Figures 6 and 7. As you can see, the difference
between Figures 6 and 7 is that, when the movement speed increased, the length of the
signal increased compared to the normal motion. The analog data were extracted using
one PIR sensor, then two and three PIR sensors, respectively, to make it more precise and
accurate and then were converted into numeric data for analysis and classification. The
PIR sensors generated the data in analog signals, as shown in Figures 6 and 7, and then
Arduino converted the generated data from an analog signal to digital form as Arduino
has a built-in analog-to-digital converter. Then, we used hand-crafted feature techniques.
The main reason for adopting these hand-crafted features is their efficient, state-of-the-art
performance. The data were used to train the approaches to detect and classify elderly falls.
When we gained the data through Arduino, we applied ML approaches and split the data
into training and testing at 80:20 ratios using the Python Jupyter Notebook platform to
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spread the ML approaches to gain accuracy according to different approaches, e.g., NB, AB
SVM, DT, and RF.
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Figure 6. Simulation results of normal motion analog signals to detect elderly falls
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Figure 7. Simulation results of high-intensity motion analog signals to detect elderly falls



Sustainability 2023, 15, 3982

10 of 20

5.2. Machine Learning Classifiers

ML is the use of computerized perception to give context and has the capacity to
certainly take in and improve a fact deprived of being expressly modified. ML centers
around the advancement of PC curricula to obtain and utilize information for their learning.
By applying ML, classifiers compared the current data value to the predefined threshold.
Based on this threshold, it could distinguish between different postures, falling, sitting,
and standing. Feature or parameter extraction relevant to attributes or characteristics
was identified from existing data and collected data [76]. Feature extraction efficiently
identified and classified the normal motion and falling events. The feature had to be
carefully picked to obtain smaller and more descriptive output datasets. Next, we extracted
the practical value.

5.3. Support Vector Machine (SVM)

This section briefly introduces the SVM technique of ML for binary classification. The
binary classifier can be articulated as a function f: Rn — +1, which maps patterns y onto
their accurate classification x as x = f(y). In the case of the SVM, the function f is formed as
in [77] Equation (2):

F) =N xaik(y, yi ) +b @)

where N represents the training patterns, i is its classification, (x;, ;) are training patterns,
learned «; and b represent weights, and k() shows the kernel function. We used the linear
function k(y, ;) = y —y; and the radial basis function (y, y; ) = e~ |lV=¥i l/202 The
patterns «; > 0 are symbolized support vectors.

The kernel k() communicates a hyperplane through into the component space through
the surface f(y) = 0. The ranges from the support vectors and the hyperplane are maximized,
and the weights I and b are chosen to reduce the number of incorrect classifications inside
this training set. Solving the optimization model allows for this [78] to be maximized using
Equation (3):

N 1 N N
Lp=}, 8~ 5 Yicr i Vi ) miagk(xi, x;) ®)
Subject to Equation (4):
N
0<a <C, Zi:1 Yidi (4)

The tolerance to incorrect classifications is influenced by the constant C. Equation (2),
with either support vector (x;, y;), as in the data, can be used to find b using the ideal
parameters i for a comprehensive explanation of the SVM. The SVM recognizes the event
that has occurred and detects the signal change [79].

5.4. Decision Tree

A DT classifier is used for regression as well as classification. In a decision analysis
system, a DT can be utilized to explicitly and visually represent decisions and decision
making. In a DT, the continuous values or real numbers taken in the target variable are
called regression trees. A DT is a tree-like or flowchart-like structure, where internal
nodes represent an examination of a feature, the class label is represented by each leaf
node (computing all features for decision), and conjunctions represent the branches of the
structures that govern the class labels. The paths or the way from root towards leaf show
the classification principals [80].

5.5. Random Forest

RF is a supervised ML classifier. RF classifiers are built up of multiple trees and
merged to make a decision. So, the decision becomes more accurate and precise. It makes
a forest and makes it somehow random. The “forest” it hypothesizes is a group of DT,
more often than not equipped with the “bagging” approach. The universal thought of the
bagging technique is that a combination of learning models increases the overall result [81].
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5.6. Naive Bayes

An NB approach is a probabilistic classifier; it is used for the classification of relevant
tasks. The NB classifier is based on the Bayes theorem. By using the Bayes theorem, we
determine the probability of c occurrence given that x has happened. Here, x is the proof,
and c is the speculation. The supposition is made that the predictors or the features are
self-determining. It means that the presence of one precise feature does not influence or
affect the other feature. However, it may help to discover more. Subsequently, it is called
naive [82]. As shown in Equation (5), we use P(c|x), showing posterior probability. P(c) is
class prior probability, P(x | ¢) is likelihood, and P(x) is predictor prior probability.

P(elx) = Zg) 6)

5.7. Adaboost

AB is commonly used for classification problems and intends to change a weak
classifier into a set of strong classifiers. The final classification can be represented in
Equation (6) as:

F(x) = sign(Y_s ; O f(X)) (6)

where f(n) donates for the nth weak approach, and theta(r) is the correspondence weight. It
is precisely the weighted blend of N weak classifiers given a dataset containing “n” points,
where:

xieRd, eye {—1, 1} (7)

In Equation (7), the negative class is denoted by —1, and the positive class is repre-
sented by 1. The weight of each data point is initialized as shown in Equation (8):

w(xi,yi):%,izl,...,n (8)

Most detection approaches are based on hypothesis testing and statistical detection [83].
In our proposed approach, we use SVM, DT, RF, NB, and AB to detect the change that
occurs in the signal characteristics and notify that the elder falling event has happened.
As, by programming, we obtain the value “1” on the falling event, this value generates the
alarm and informs the caregivers (using Arduino GSM) by sending a message.

5.8. Classifier Performance Assessment

Five ML algorithms (SVM, DT, NB, RF, and AB) were used to analyze the PIR sen-
sor data we collected; their performance was then compared using the precision, recall,
accuracy, and F-measure metrics shown in Table 3.

In this study, we primarily use accuracy, specificity, sensitivity, and the F-measure [84]
to assess the ML classifier’s efficiency. As a result, we calculate the focused class’s specificity
(precision) and sensitivity (recall) to evaluate the algorithm’s predicted accuracy. For
ML, the “TP—true positive”, “FP—false positive”, “TN—true negative”, and “FN—false
negative” rate is used to determine accuracy, recall, precision, and the F-measure. Each set
of accurate predictions is further divided into all positive and all negative forecasts. TP, TN,
FN, and FP were all predicted by all models. TP represents the vertical distance that an
object actually falls. A predicted non-fall, or FN, is an expected non-fall. Falling prey to
FP is like planning for a fall that never happens. In the real world, and in the foreseeable
future, TN does not constitute a fall.

Accuracy is calculated as the number of accurately classified instances separated by
the total number of cases inr the dataset, as shown in Equation (9):

Accuracy = IP+1IN
Y= TP+ FP+ IN + EN

©)
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Specificity: the average possibility of relevant retrieval, as described in Equation (10):

TP

TP + FP (10

Specificity =

Sensitivity is the average prospect of complete retrieval, defined in Equation (11):

TP

— 11
TP +FN ()

Sensitivity =

F-measure is calculated through precision, as well as recall, as shown in Equation (12):

(2 * (Precision * Recall))

F—Measure = Precision * Recall (12)
Table 3. Outcomes of ML models.
ML Algorithm Accuracy (SP;:EIIEIC?:;) ( Seﬁseict?‘llli ty) F-Measure
Three PIR Sensors Dataset
SVM 0.9711 (97%) 0.97 0.97 0.97
DT 0.9708 (97%) 0.97 0.97 0.97
NB 0.8942 (89%) 0.90 0.89 0.89
RF 0.9809 (98%) 0.98 0.98 0.98
AB 0.9904 (99%) 0.99 0.99 0.99
Two PIR Sensors Dataset
SVM 93% 0.93 0.93 0.93
DT 92% 091 0.92 0.92
NB 86% 0.86 0.86 0.86
RF 96% 0.96 0.96 0.96
AB 98% 0.98 0.98 0.98
One PIR Sensor Dataset Accuracy
SVM 89% 0.89 0.89 0.89
DT 89% 0.89 0.89 0.89
NB 82% 0.82 0.81 0.81
RF 87% 0.87 0.87 0.87
AB 86% 0.86 0.86 0.86

6. Experimental Results and Discussion

We experimented by applying one, two, and three PIR sensors. The results demon-
strate that, by growing the number of sensors, we obtained positive effects by increasing the
accuracy, having a more significant number of sensors covering the maximum area of the
fall detection, and the matching ratio was increased, and we obtained the signal promptly.
Moreover, when we considered the classifiers, we observed that the boosting and ensemble
algorithms performed better because they were built by combining two or more than two
classifiers, e.g., RF classifiers worked like the DT. Still, they had groups of DT, so the chance
of accuracy was increased, and the SVM was the vector classification method. In such
datasets, vector classification gives better results as it makes the classification better. The
advantage of the proposed framework is that it is a low-cost framework, and the elderly do
not need to wear a device all the time, and it also maintains the privacy of the elderly.

The background circumstance may alter the results, such as birds” movement, interior
walls, and substances causing muddles and ghost boards due to scattered signals. We
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tested our system in such situations to obtain the effectiveness of our proposed model. In
this regard, we obtained the minimum and maximum accuracy of one, two, and three PIR
sensors by applying ML classifiers, as revealed in Figures 8-10. Moreover, in such situations,
our experimental results indicated that the algorithm AdaBoost (AB) performed best,
achieving a minimum accuracy of 87% on the PIR sensor elderly fall dataset classification,
as shown in Figure 8.

In normal scenarios, the experimental results revealed that the algorithm AdaBoost
(AB) produced better results, respectively, 98% and 99% in the situations where two or
three IR sensors were installed or mounted in the room, as shown in Figures 11 and 12.
However, in the case of a single sensor, the SVM gave 89% accuracy on the elderly fall
dataset classification, as shown in Figure 13. The specificity and sensitivity of these ML
classifiers are shown in Figures 14-16, respectively, for three, two, and one planted sensor.

Accuracy on Elderly Fall Dataset using three PIR sensors
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=T T T T <

85.0 4
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SvM DT NB RF AB
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Figure 8. Accuracy on elderly fall dataset using three PIR sensors.

Accuracy on Elderly Fall Dataset using Two PIR sensors
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Figure 9. Accuracy on elderly fall dataset using two PIR sensors.
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Accuracy on Elderly Fall Dataset using one PIR sensors
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Figure 10. Accuracy on elderly fall dataset using one PIR sensor.
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Figure 11. Accuracy using three IR sensors.
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Figure 12. Accuracy using two IR sensors.
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Accuracy on Elderly Fall Dataset using one IR sensors
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Figure 13. Accuracy using one IR sensor.
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Figure 14. Specificity and sensitivity of elderly fall dataset of three PIR sensors.
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Figure 15. Specificity and sensitivity of elderly fall dataset of two PIR sensors.
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Specificity & Sensitivity elderly fall dataset of One PIR sensors
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Figure 16. Specificity and sensitivity of elderly fall dataset of one PIR sensor.

7. Conclusions and Future Work

This paper proposed a sensor-based fall-detection scheme. The system detects elderly
falls using IRA-E700STO pyroelectric infrared sensors which are mounted on the wall in
a horizontal field of view. We considered physiological falls, lower-level falls, falls on
a single level, and swing falls, enhancing the patient’s falling accuracy and saving the
patient’s life. When the person is falling, the PIR sensor detects the high-intensity signal,
turns on the green light, and generates an alarm to inform the caregivers that a fall event is
happening. Furthermore, fall event dataset classification was performed using SVM, DT,
NB, RE, and AB ML classifiers, and it was observed that ensemble and boosting algorithms
more effectively classify fall event data.

In future work, we will integrate an ultrasonic sensor into the system to increase
fall detection accuracy and enhance privacy and data security by combining blockchain
technologies with the system to save data relating to the elderly person. Moreover, we
will also try to incorporate floor airbags with PIR sensors operated using IoT devices for
reliable and efficient services so protection from injuries as a result of falls is controlled.
Earlier researchers used wearable airbags, and they lacked the ability to protect the entire
body. Moreover, having to wear airbags at all times seems bothersome for the elderly who
may already have declining health. So, in future, we will try to integrate floor airbags with
the PIR sensors. When the elderly person falls, the sensor perceives the elderly person’s fall
motion and starts the motor to fill the airbag. So, when the elderly person falls, the airbag
will blow up, the elderly person will fall on it, and, this way, we will prevent the elderly
person from falling injuries.
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