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Abstract: The rapid expansion of Internet of Things (IoT) devices deploys
various sensors in different applications like homes, cities and offices. IoT
applications depend upon the accuracy of sensor data. So, it is necessary to
predict faults in the sensor and isolate their cause. A novel primitive technique
named fall curve is presented in this paper which characterizes sensor faults.
This technique identifies the faulty sensor and determines the correct working
of the sensor. Different sources of sensor faults are explained in detail whereas
various faults that occurred in sensor nodes available in IoT devices are also
presented in tabular form. Fault prediction in digital and analog sensors
along with methods of sensor fault prediction are described. There are several
advantages and disadvantages of sensor fault prediction methods and the fall
curve technique. So, some solutions are provided to overcome the limitations
of the fall curve technique. In this paper, a bibliometric analysis is carried out
to visually analyze 63 papers fetched from the Scopus database for the past five
years. Its novelty is to predict a fault before its occurrence by looking at the fall
curve. The sensing of current flow in devices is important to prevent a major
loss. So, the fall curves of ACS712 current sensors configured on different
devices are drawn for predicting faulty or non-faulty devices. The analysis
result proved that if any of the current sensors gets faulty, then the fall curve
will differ and the value will immediately drop to zero. Various evaluation
metrics for fault prediction are also described in this paper. At last, this paper
also addresses some possible open research issues which are important to deal
with false IoT sensor data.
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1 Introduction

Internet of Things (IoT) technology has shown its productive nature in several sectors like
industry, agriculture, healthcare, academia and many more [1-3]. IoT is gaining importance in almost
every new research especially in industrial communities [4,5]. Currently, the global IoT market has
reached $9.1 billion and the Compound Annual Growth Rate is rising at a rate of 40% by 2024 [6,7].
IoT is not just used as a point of communication for obtaining the data of physical objects but it collects
a tremendous amount of data to monitor several methods that enhance the profit of companies. An
idea of the architecture of IoT is shown in Fig. 1. IoT is capable to monitor real-time data which opens
up a new area for researchers working on different applications. Sensors are fundamental elements
that collect relevant raw data from a device to check the performance of the overall system and its
dependent processes [8]. A faulty sensor produces corrupted data and predicting faults in IoT sensors is
a quite difficult task [9]. IoT systems run continuously and generate a large volume of data so assuring
accurate data fetched from IoT sensors is a critical task. So, a rigid monitoring process is required
to validate the sensors’ performance. This process is sometimes referred to as sensor fault prediction
which predicts faults in the sensor’s readings that affect the working of the device. In the research
domain, the prediction of faults is of great interest [10-13]. IoT-enabled systems gather information
from different sensors through which unique insights can be achieved. Schemes for the identification
of sensor faults use data-centric approach [14—18].

Sensors

eC ORI

Connectivity Data
— D I
2> X cprs 1

z® &4« dll

Figure 1: [oT architecture

In this paper, the above-mentioned faults can be identified using the fall curve method. The fall
curve method identifies whether a sensor is connected to an IoT device and operating properly or not.
The fall curve method does not require any additional hardware to detect the faulty sensor. The main
objective of this paper is to predict a fault in an IoT device before its occurrence by just looking at its
fall curve so that replacement or repairmen can be done beforehand.

1.1 Sources of Sensor Faults

There are 3 main sources of faults in sensor nodes that occur in IoT devices as shown in Fig. 2
below.
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Figure 2: Sensor faults sources in IoT devices
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e Intrinsic sensor errors are associated with wrong readings that came from faulty sensors
embedded in an IoT device. These sensors fail suddenly and stop working which affects their
performance [19]. It is also known as binary failure.

e Sensors help in collecting data from real-world devices but sometimes a probability of unusual
transformation in the event is there which may be caused by some unpropitious situation that
has an effect on the sensor and causes faults in it.

o Intermittent sensor errors are caused due to infrequent events like malicious attacks, tempering
data from sensors or theft. When there is a loose connector or any false hardware sensing can
also be the reason for the sensor to generate faulty data [20].

1.2 Fault Patterns in Sensor Nodes

A fault occurs when a device gives inconsistent data as compared to the actual value of the device.
If a fault happens in a regular and repeated way, then it is called a fault pattern. Sensor data is analyzed
to predict faults in various IoT devices. The most commonly observed sensor data fault patterns in IoT

systems are shown in Tab. 1 [16].

Table 1: Fault types and their causes

Fault type Definition Causes
Fail stop Power Sensor stop working e Voltage spike
due to power loss from e Dead batteries
the battery or any outlet e Burnt rectifiers
e Melted fuses
e Loose battery
connection
Communication The device does not e Disconnection

respond to requests and
sends or receive packets

due to network issues

from network

e Calibration drift
e Improper
mounting

e Cable break or
crack

(Continued)



1802

Table 1: Continued
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Fault type

Definition

Causes

Non-fail stop

Other

Critical error

Short

Spike

Stuck-at

Noise

High-variance

Calibration

Cascading

Error due to any
hardware or software
issue

A data point that
diverges from the
assumed temporal or
spatial data trend

Rate of change very
fastly than expected in a
short period that may
or may not return to
normal afterward

A set of data points
having almost zero or
zero variation for a
while more than
expected

Sensor data showing a
suddenly high amount
of variation over the
temporal domain
Sensor oscillates
between states faster
than the environment
dictates

Sensor data may have
offset or different gains
from the ground truth
values

A faulty device
mistakenly triggers an
event causing the initial
fault to cascade through
the system.

e Compatibility issue
e Software
connectivity issue

e Battery fluctuation
e Loose wire
connection

e Transient sensor
malfunction

e Short-circuit

e Low battery

e Fault in the control
unit

e Trigger failure

e LLoose wire
connection

e ADC failure

e ADC failure

e Trigger failure

e Control unit fault
e Short-circuit

e Open connection

e Clipping

e Sensor malfunction
e Battery fluctuation
e Open connection

e Trigger failure

e Sensor malfunction
e Sensor malfunction
e Battery fluctuation

e Sensor drift

e ADC drift

e Battery offset

e Control unit fault

e Sensor malfunction
e Sensor malfunction
e Sensor overloading
e Failure of crucial
router
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Faults can be predicted on the basis of characteristics of sensor data with respect to the expected
performance of the sensor. Predicting the exact fault requires domain knowledge, historical data
and sometimes human intervention [14-16]. The fault injection mechanism is used to evaluate the
effectiveness of fault handling. Many factors in different scenarios of the IoT environment can lead to
a fault. So, fault injection checks whether a fault can be repaired automatically or the state of other
devices when a fault occurs. In this, faults are injected into IoT devices and then checked that they
can be repaired through hardware/software restarts. Failure of sensors is the most popular reason for
faulty sensor data. These failures can be either permanent or transient on the basis of malfunctioning
of the hardware part of the sensor, physical damage to the sensor and sometimes exposure to noisy
surroundings. Hence, fault prediction techniques should be robust in nature so that they can separate
non-faulty information from faulty data.

1.3 Evaluation Metrics for Prediction of Faults

Metric is an indicator of quantitative evaluation of performance that helps in determining target
objectives and whether goals are met or not. The performance evaluation of fault prediction over IoT
data is also managed via some metrics that are generated from the confusion matrix which includes
four cases. True positive (TP) is the amalgamation of the same class in the same cluster whereas False
negative (FN) are data objects that are from the same class in a different cluster. True negative (TN)
is the amalgamation of the different classes in the different clusters whereas False positive (FP) are
data objects that are from the different classes in the same cluster [21,22]. The metrics based on the
confusion matrix are:

e Recall- It calculates the completeness of data which is represented in Eq. (1):

True Positive

Recall = — — (1)
True Positive + False Positive

e Accuracy: It yields a ratio between correctly classified anomalies to projected anomalies as
represented in Eq. (2):

True Negative + True Positive

2

Accuracy =

True Possitive + False Positive + True Negative + False Negative
e Precision: It calculates the exactness of data which is represented in Eq. (3):
True Positive

Precision = — T (3)
True Positive + False Positive

o Sensitivity: It calculates the aptness of the model to detect events in a positive class as shown in
Eq. (4):
True Positive

Sensitivity = — - 4)
True Positive 4+ False Negative

e Specificity: It calculates the exactness of the assignment to a positive class as expressed in
Eq. (5):

True Negative

Specificity = %)

True Negative + False Positive
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e F-measure: [tis used by classification techniques to find the effectiveness of the proposed model.
It is the harmonic mean of recall and precision as depicted in Eq. (6):
2 % Recall % Precision

F — measure = — (6)
Recall + Precision

In this work, the following contributions are made:

o Different sources of sensor faults in IoT devices and fault patterns in sensor nodes are presented.

e A bibliometric analysis is carried out that locate relevant research insights in this domain.

e An abstract idea of the fall curve is introduced that recognize the faulty sensor and predict faults
in analog and digital sensors.

e Different methods of sensor fault prediction and their evaluation metrics are discussed.

e Fall curves of ACS712 current sensors configured on different devices are analysed for predict-
ing faulty and non-faulty devices.

The organization of the paper is done as follows: Section 1 introduces the basics of 10T, sources
of faults in IoT devices, fault patterns in sensor nodes and evaluation metrics for fault prediction.
Section 2 is devoted to related work and few conclusions derived from them. Section 3 explains the
sensor recognition and fault prediction in digital and analog sensors via the Fall-Curve technique and
also discussed the methods for sensor fault prediction. Section 4 highlights the data of sensors in [oT
nodes whereas Section 5 stresses on latest research trends and some open issues which are further
followed by a conclusion and future work in Section 6.

2 Related Work

From the last decade, researchers find interest in predicting sensor faults in [oT data. The majority
of work of predicting faults depends upon analyzing the type of sensor that looks for patterns in
faults. There are either specific to the type of sensor, fault or application [16]. Kokane et al. [23]
investigated suspension faults and studied the techniques for detecting them with different machine
learning methods and algorithms. They proposed online analytics and an IoT-based model for the
detection of suspension faults. Whereas, Yang et al. [24] presented a process monitoring that combines
stress wave condition monitoring to form real-time monitoring of the data set of the equipment. After
that, the data fusion technique was used to combines the signals collected at the level of decision
making and finally merged with neural network and principal component analysis to predict the fault
type and health of the equipment.

IoT applications fail or become unstable if any failure occurs which can lead to its inappropriate
behavior. So, Gaudio et al. [25] introduce an approach that improves the fault tolerance of IoT
applications by adding feedback loops from modeling to retirement. Ardekani et al. [26] reduce
connection faults via dispersing device communication by removing edge devices that act as a single
point of failure. The major disadvantage of this approach is that it can’t tolerate faults of common
sensors and actuators. Sengupta et al. [27] introduced a technique named transactuations that is used
for fault handling in IoT environments. This technique prevents losing of synchronization but can’t
correct errors or repair faults before detection of the fault. After reviewing the literature, some of
the gaps that led to the design of the proposed work are interoperability, data management, training
datasets, privacy, security, user-tailored IoT, fault severity and lack of knowledge.

Identification and classification of fault in IoT sensors is a challenging task. Fault prediction
improves the robustness and accuracy of the model over [oT sensor data. So, the fall curve is a new
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technique that helps in predicting fault when faulty readings mimic actual readings of data of IoT
sensors. 63 documents are shortlisted from the Scopus database using keywords “Internet of Things”
with “OR” Boolean operator with “IoT” and “Fault Identification” with “OR” Boolean operator with
“Fault Classification” as major research criteria. The literature search was restrained to include papers
from 2016 to 2021 with variables such as publication years, sources, countries and keywords. All the
documents were in the English language that was made part of this research.

After analyzing these 63 documents, the main information derived is shown in Tab. 2 and few
conclusions have been derived below:

1. Inthelast 5 years from 2016 to 2021, the number of papers published is increasing year by year
as shown in Fig. 3. The maximum numbers of papers are published in 2020 and the annual
growth rate is 76.23%.

1. Fig. 4 shows the number of articles by seven countries where China, India and USA are the
leading countries.

iii. In Fig. 5, the top eight sources in which maximum papers published are shown. This figure
represents the documents published in specific sources year-wise. The latest papers are
published in IEEE Internet of Things Journal, IEEE Transactions on Automation Science and
Engineering and Advances in Intelligent Systems and Computing having 4 papers. Constant
growth is seen in Lecture Notes in Networks and Systems.

Table 2: Description of 63 scopus indexed papers

Description Results
Timespan 2016 to 2021
Average years from publication 1.25
Average citations per documents 2.175
Average citations per year per doc 0.9344
Total keywords 510
Documents per author 0.304
Author per document 3.29
Collaboration index 3.96
Total references 1155
Total article papers 19
Book chapter 1

Total conference papers 32

Total conference review papers 11
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3 Sensor Recognition and Fault Prediction via Fall-Curve

Fault patterns are identified while observing the repetition of the same type of faults in sensors.
Identification of faulty sensors is the necessity of the hour and it is a challenging task to differentiate
data received from faulty and non-faulty sensors. So, in the section, a technique named fall curve
is defined that predicts faults in the digital or analog sensor. When a sensor is turned OFF, it takes
some time to go down to value 0 and that time is called fall time [28]. This is due to the presence of
capacitance in the sensor circuit. When the sensor is in an ON state, these capacitors start charging
and when it is turned OFF, discharging starts. Fall curve characteristics are based on the circuit of the
sensor. When the sensor is OFF, the accumulation of the fall curve happens which is shown in Fig. 6.

Acquisition of
data Fall curve
accumulation

v

Sensor :  Sensor ON Sensor
OFF : :  OFF
Time

Output of Sensor

Figure 6: Accumulation in sensor fall curve

There are three characteristics of the fall curve that enable the robust identification of the sensor
when connected to the microcontroller. Hence, a fall curve is used to predict sensor faults without
any human or hardware intervention. The first characteristic is uniqueness and each sensor has its
unique fall curve due to the different capacity or circuit of the sensor. The second characteristic of
the fall curve is that it is independent of any sensing phenomena or environment. According to the
third characteristic, the circuit of every sensor is different from another because the same sensor
manufactured by different companies uses different components.

There are some limitations of the fall curve technique while doing the fault prediction but in this
section, some solutions are provided to overcome them.

e Modification in hardware to predict fault in digital sensors: As described earlier, in digital
sensors, there are two blocks named analog block and digital block. While fault prediction in
the analog block, replace the old digital sensor with the new one. Modern digital sensors have
an internal microcontroller on which accumulation of fall Curve data and its processing can be
done to predict faults.

e Significant warm-up time required by senses: Some sensors required significant warm-up time
to measure their value. MQ135 requires preheating sensing of about 24 h to accommodate fault
prediction.

e Fault Prediction if the sensor value is low: When there is a low raw value produced by the
sensor, the fall time is insignificant after turning OFF the sensor. A very small or no fall curve
accumulation is observed in this scenario. This results in either no or a very small accumulation
of fall curve. So, a higher sampling rate can help in accumulating the fall curve.
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3.1 Sensor Recognition

The recognition of a sensor that is connected to a microcontroller using characteristics of the fall
curve is presented in this section. An IoT device has many ports through which sensors are connected.
The raw data of sensors is either processed locally or send to the cloud for interpretability manually.
The data required should have the information of the sensor and port for its correct processing [29].
Sensor identification mainly depends upon two characteristics, the first is uniqueness and the second
is manufacturer dependent. These properties ensure that the sensor is connected to the correct port
and has a unique fall curve to identify the faulty sensor.

3.2 Fault Prediction

Sensors are of two types, namely, digital sensors and analog sensors. Digital sensors produce
a discrete output signal that interfaces with the microcontroller whereas analog sensors produce a
continuous output signal that is directly proportional to a measured value [30-32].

3.2.1 Fault Prediction in Digital Sensors

In digital sensors, there are two primary components: analog block and digital block. In case of
any fault in the digital sensor, one or both blocks may stop working. The faulty digital block can be
easily identified as it stops working or respond to “out of the service” value. But in a faulty analog
block, digital block resumes to work but sends wrong information from analog sensing blocks. Thus,
we can predict digital sensor fault at both digital as well as analog blocks by looking at the response
of sensor or fall curve accumulation.

3.2.2 Fault Prediction in Analog Sensors

The shape of the fall curve changes when any transient or permanent malfunctioning of hardware
occurs in the IoT sensor. Through this phenomenon, faulty or non-faulty sensors can be predicted.
Sometimes, a faulty sensor produces sensor data in a valid range or an open port also reads some data
from the sensor. Thus, faults can be identified using a fall curve in analog sensors without the need for
any additional hardware.

3.3 Different Methods of Sensor Fault Prediction

There can be different types of faults in a single component or the whole system. The fault can
cease the functioning of any component and degrade the performance of the complete system, so, it is
essential to predict faults at an early stage. A system is said to be faulty if any one of the characteristic
features of the system is not in a healthy state [33]. There are three categories of sensor fault prediction
methods as shown in Fig. 7.

Model-based

/‘ Methods

Methods of Sensor
Fault Prediction

Signal-based
Methods

Knowledge-based
Methods

Figure 7: Sensor fault prediction methods
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Model-based methods predict the output of a healthy system. The algorithms used in this method
observe the output of the system continually and indicate when it varies to predict a fault [34]. Signal-
based methods use signals to determine symptoms of a healthy system from symptom analysis output.
In a faulty system, symptoms that appeared are different from the symptoms of the healthy system.
Also, these methods analyze the signal in two domains, i.e., time domain and frequency domain.
Knowledge-based methods need historical data to extract the knowledge that reflects the relationship
among system variables. Real-time monitoring is done to monitor the behavior of the system and
compared with the existing knowledge base to predict upcoming faults. These methods are divided
into two types: qualitative methods and quantitative methods. The qualitative methods use an expert
system to evaluate real-time data as per a set of rules whereas quantitative methods for diagnostics
apply pattern recognition [35].

Sensor fault prediction methods have some advantages as well as disadvantages. Model-based
methods can easily predict and detect unknown faults as they don’t require a huge volume of real-time
data. But these methods require models that can explain input-output relationships efficiently. Also,
these models are not available easily and are tough to procure. Knowledge-based and signal-based
methods have the advantage that they do not require a complete model. For fault prediction, signal-
based methods need output signals instead of input signals. This helps in reducing the performance
of fault prediction if some unfamiliar disturbance is present in the system. Knowledge-based methods
need a huge set of historical data and inflict a big computational load. Both of the methods are unable
to manage undiscovered faults efficiently.

4 Sensors in IoT Nodes

Fall curve is collected for a short period of time when the sensor is turned off as shown in Fig. 6.
Fall curves for each current sensor are collected and analyzed to extract key features which are matched
with the previously extracted features to predict the fault. Current sensors measure alternating as well
as direct current. It helps in measuring the current flow in cable wire in an unintrusive style. ACS712
current sensor is based on Hall Effect as shown in Fig. § that can sense up to 20 A of current [36].

Figure 8: Snapshot of ACS712 current sensor

Sensing the flow of current is necessary for various application areas as it can prevent a major loss.
Major happenings are due to over-current in circuit boards, overcharged battery chargers, switching
modes in power supplies, problem in digital watt meters and programmable current sources, etc.
The detailed specifications include 4.5 V~5.5V DC Supply Voltage, —20 A~20 A Current Range and
100 mV/A Sensitivity. In Fig. 9, ACS712 current sensor is interfaced with Arduino to sense the current.
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Figure 9: ACS712 interfacing with Arduino [37]

The pin diagram and its description are shown in Fig. 10 and Tab. 3. The measurement formula
of ACS712 current sensor is represented in Eq. (7) [38]:
ACST12 Offset — Arduino measured reading

Current =
Sensitivity of sensor

(7

where,

ACS712 Offset = normal voltage output at VIOUT pin when no current is flowing through the
circuit. By default, it is 2.5 volt.

Arduino measured reading = Analog signal value through which ACS712 output is connected.

Sensitivity of sensor = ACS712 change in current representing 1 Ampere. Its value is 185 mV/A
for 5 A Sensor, 100mV/A for 20 A Sensor and 66 mV/A for 30 A Sensor.

+5V
8
1 vCC v
P+ " .
1P+ [T] [8] vee 2lip+ VIOUT o™ J_ &
I 0.

L)
IP+ vIoUT 1pF
L . Ip ACST712
1P- 3] [E] FILTER 6
3l |p_ FILTER
IP- [£] [5] GND -4 C,
1

4
IP— GND%: nF

Figure 10: Pin diagram of ACS712 interfacing with Arduino [39]

Table 3: Terminal list of ACS712

Number Name Description

1 and 2 P+ Terminals for current being sampled; fused internally
3and 4 IP- Terminals for current being sampled; fused internally
5 GND Signal ground terminal

6 FILTER Terminals for external capacitor that sets bandwidth
7 VIOUT Analog output signal

8 VCC Device power supply terminal
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Fig. 11 shows an instance of a fall curve on the current sensor configured in different devices.
Fig. 11a shows that the fall curves for the working of the current sensor in LCD (Liquid Crystal
Display) TV 32” (~ 0.8 A) and Fig. 11b shows that the fall curves for the current sensor used in Coffee
Machine (~ 3.0 A). Whereas Fig. 1 1c represents the fall curves of the current sensor applied in the
Refrigerator (~ 1.5 A) and Fig. 11d represents the fall curves used in working of current sensor applied
in CCTV (Closed Circuit Television) Camera (~ 0.5 A). All these fall curves of the current sensor in
different devices are completely different. If any of the current sensors gets faulty, then the fall curve
will differ and the value will immediately drop to zero.

1 2
0.8
~ ~ 15
<
= 06 §
= = 1
£ 04 8
3 E
O 2 O 05
0 0
1 6 11 16 21 26 31 36 41 46 51 1 6 11 16 21 26 31 36 41 46
Time (s) Time (s)
(a) Fall curve for LCD TV (c) Fall curve for Refrigerator
5
4
<3 §
= =
22 £
=] =
O 1 S
0
1 6 11 16 21 26 31 36 41 46 51 56 1 6 11 16 21 26 31 36 41 46 51
Time (s) Time (s)
(b) Fall curve for Coffee Machine (d) Fall curve for CCTV Camera

Figure 11: Fall curves for predicting faulty or non-faulty current sensor

5 Research Trends and Open Issues

IoT and sensor technologies are getting popular these days but analysis of sensor data is a tedious
job. There are few research trends and open issues in this domain which are discussed below:

e Knowledge and Big Data Creation- A huge amount of data is produced from different IoT
sensor devices. So, there is a need to convert this raw information into knowledge.

e Multivariate Data- IoT devices produce various variants of data. Univariate and bivariate
analysis of data is easier but multivariate analysis of data that incorporates more than two
attributes is tough to handle. So, to deal with this type of data, several algorithms are required
which is a challenging task.

e High Dimensional Data- [oT devices produce high-dimensional data whose handling is a chal-
lenging task. It depends upon the number of attributes present in data. Various dimensionality
reduction techniques play a key role in reducing features precisely.

e Massive Scaling- Scalability means the number of attributes present in a particular application.
Data is of different nature and high dimensions. So, the massive scalability can be tackled with
feature selection and extraction algorithms only.
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IoT applications are of different categories on the basis of their features and characteristics. Some
open issues dependent on their features are the privacy of data produced by different IoT devices,
human activity recognition or analysis applied on traffic patterns, or weather forecasting applications.
Security also plays an important role.

6 Conclusion and Future Work

Identification and classification of fault patterns in IoT sensor nodes is a challenging issue
in the IoT data environment. The extensive use of sensors in the [oT environment has demanded
automating the prediction of sensor faults in IoT devices. Existing techniques only detect the faults
not predict but predicting faults in IoT Sensor Nodes is the necessity of the hour. 63 articles published
from 2016 to 2021 were thoroughly analyzed through a bibliometric analysis. With the help of this
analysis, fascinating results and visualizations of the research work between different parameters were
presented. Therefore, in this paper, a novel primitive technique named fall curve is used to identify a
faulty sensor using its current value when a sensor is powered ON or OFF. In addition to that, fault
types and their respective causes have been summarized. Sensor identification and prediction in analog
and digital sensors are also pointed out. The flow of current in different devices is sensed to save from
a huge loss. So, in this paper, fall curves of ACS712 current sensors are drawn to predict the faulty
or non-faulty device. Different evaluation metrics for fault prediction are also explained in this paper.
Also, recent open issues are addressed for handling sensor data in IoT devices. Furthermore, in the
future, new techniques can be investigated which could enhance the performance of sensor nodes in
IoT devices.
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