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ABSTRACT

This thesis presents the study and development of a non-contact intelligent ultrasonic
measurement for various environmental conditions. The idea of intelligent sensing is to
deploy machine learning models on the resource-constrained micro-controller unit of a
sensing module to make it self-contained and carry out intelligent tasks. Non-contact
airborne ultrasonic sensors use ultrasonic sound waves to detect or sense the object without
any physical contact. The principle of ultrasonic sensor measurement is based on the
determination of the time of flight. In addition to time of flight based range measurements,
features of ultrasonic echo signals can be used to recognize and distinguish the target
objects and materials. Airborne ultrasonic sensor uses air as the transmission medium. The
ultrasonic wave propagates in air medium at the speed of sound. The speed of sound depends
on the air medium, which depends on the medium temperature and humidity. Therefore,
the accuracy of ultrasonic measurement system waves is very susceptible to variations in
temperature, humidity, and other gases present in the environment. This research aims to
develop an ultrasonic-based intelligent sensing system to enhance measurement accuracy
in presence of environmental variations. In this work, we study both machine learning
algorithms and ultrasonic wave characteristics to develop an intelligent framework for
different types of applications. This work examines three research topics viz., a) accurate
level measurement, b) estimation of ambient temperature and humidity, and c¢) material
classification using echo envelope signal.

The liquid level measurement involves measuring the liquid level in a container or tank

v



under dynamic conditions. The variation of medium temperature and humidity between
the sensor and liquid level influences the sensor measurement accuracy. In this work,
we developed an adaptive intelligent ultrasonic measurement system using a modified
artificial neural network to accurately measure the water level under a dynamic environment.
The proposed model reduces the error to 0.3% and also extends the range of maximum
operating range of the ultrasonic measurement system by 25%. Moreover, the model is
validated by comparing actual water levels at various depths under different environmental
conditions over a period of one year. The speed of sound in air medium primarily depends
on the medium temperature. There is an approximately linear relationship between the
speed of sound and air temperature. The ultrasonic sensor can be used to measure the
temperature of the medium. Unlike conventional sensors such as thermocouples and thermal
resistance sensors, which measure temperature at a single point. Whereas, an ultrasonic
sensor measures the gradient of temperature in the propagation medium in a non-contact
manner. We proposed a machine learning-based method to estimate the ambient temperature
using the ultrasonic sensor. The temperature estimation error of the proposed method is
bounded by £0.4°C. Similarly, the speed of sound also depends on the relative humidity
of the medium, and the relative humidity is also influenced by the temperature. In presence
of both temperature and relative humidity, the speed of sound becomes non-linear. We
developed a machine learning framework based on fuzzy logic and modified neural network
architecture to accurately predict the relative humidity of the medium. The variation in
relative humidity estimation is bounded by 3% compared to commercially available
off-the-shelf relative humidity sensors with an accuracy of &5%. Ultrasonic echo envelope
signals can be used to differentiate the materials from which the ultrasonic signal is getting
reflected. We proposed a convolutional neural network model to accurately classify different
materials like cloth, sponge, glass, steel, and wood with an accuracy of 95% Overall, this
work provides a concept and implementation of intelligent sensing using the ultrasonic

sensor to enhance the performance under various environmental conditions.
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CHAPTER 1

Introduction

Recent advances in sensing technology and machine learning algorithms enable more
capable sensing devices. A sensor is a device that senses the physical phenomenon and
converts it into an electrical signal suitable for processing. The term intelligence sensing was
coined in the 1990s. The transformation in intelligence technology is due to the advancement
in Artificial Intelligence (Al) - concentrated in Machine Learning (ML). Sensors with Al
capabilities are known as intelligent sensing. The ability of intelligent sensors not only
to extract insights from the data but also designed to understand the environment, make
decisions, and draw conclusions [1]. ML techniques assist sensors in examining the sensor
data or signal to make more robust predictions and classifications. The basic concept of
intelligent sensing is to deploy machine learning models on the resource-constrained micro-
controller unit of a smart sensor. Intelligent sensors are self-contained module that employs
on-device machine learning algorithms to obtain useful information from a complex set of
sensing data.

Ultrasonic sensors are used for range measurement, presence detection, position changes,
and level measurement. Non-contact airborne ultrasonic sensors use ultrasonic sound waves
to detect or sense the target object without physical contact [2]. The ultrasonic sensor
measurement principle is based on estimating time-of-flight (ToF). The time-of-flight is
the measurement of the elapsed time between the start of the emission of a signal from the
transmitter of the sensor and the beginning of the echo signal received in the receiver of
the sensor [3]. A basic ultrasonic sensor comprises two components: a transmitter and a

receiver. The transmitter sends ultrasonic pulses to the target, and the receiver captures the



reflected echoes [4]. Then, the distance between the sensor and the object can be measured
based on the time of flight and the speed of the ultrasonic wave (i.e., speed of sound
wave). In addition to range measurement, ultrasonic echo signals can extract other important
information about the target. Extracting the features from ultrasonic echo signals helps to
recognize and distinguish the target objects or materials. Two kinds of information can be
extracted from echo signals: the time of flight and the amplitude of the echo’s envelope. The
envelope contains significant information about the target material [5]. Machine learning
models can be trained using these echo signals to improve the performance of the ultrasonic
measurement system. Moreover, machine learning models can be employed to analyze
extracted features from envelope signals for efficient classification, and prediction tasks [6].

Ultrasonic signals are useful for range measurement, localization, autonomous mobile
robot navigation, material detection, communication, level measurement, people detec-
tion for counting, food and beverage processing, automotive, manufacturing, healthcare,
autonomous vehicles, drone navigation, and a wide variety of industrial automation applica-

tions [7].

1.1 Intelligent sensing

The progress in Al, cognitive technology, big data, machine learning, deep learning, and
other emerging technologies has significantly contributed to the development of intelligent
sensing systems. Intelligent sensors can modify their behavior by utilizing intelligent data
fusion techniques, advanced signal processing techniques, and artificial intelligence concepts
to have a better understanding of sensor data. The term intelligence means introducing
computational power to sensors to make them intelligent. An intelligent sensor’s main
characteristic combines apriori knowledge and adaptive learning to make decisions. The
architecture of the intelligent sensor is shown in Figure 1.1. Conventional sensor architecture

is the part of the intelligent sensor shown in the figure that contains a sensing unit and signal



conditioning to produce an analog signal for further processing. The sensing unit may
include one or more sensors, and the signal conditioning circuit amplifies and tunes the
signal received from the sensing units. The measurement instrument or device is used to
visualize or capture the analog signal. Conventional sensors are not adaptive to changes in
conditions and drift over time. These sensors do not possess advanced signal processing and
communication unit. The function of the signal conditioning circuit is to amplify, isolate,
remove DC-offset or DC-bias, and filter the signal. After signal conditioning, the continuous
analog signal is fed into Analog to Digital Converter (ADC) to convert it into a discrete-time
digital signal for the subsequent processing stage. The intelligent algorithm inside the
microcontroller unit uses the sensing data to train the machine learning model, and then
the trained model makes a prediction based on new sensing data. Generally, the term smart
and intelligent are used interchangeably in sensing tasks. But there is a difference between
smart and intelligent sensor definitions. A smart sensor comprises a sensing unit, signal
conditioning, ADC, micro-controller unit, and communication unit and has some onboard
diagnostics. An intelligent sensor is a smart sensor with intelligent functions. The term”
smart” is closely associated with the technological aspect, and” intelligent” is more related
to functional aspects. Intelligent logic and control functions of the intelligent sensor can
independently trigger events. The most important part of an intelligent sensor is intelligent

algorithms, which help the sensors to extract features from sensing data and make decisions.
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Figure 1.1: Intelligent sensor architecture

This work aims to investigate and develop intelligent sensing using machine learning
techniques. We propose and develop an intelligent ultrasonic measurement system using
intelligent algorithms in combination with an ultrasonic sensor to enhance the performance
of the ultrasonic sensing system. This work investigates three research topics viz., 1)
accurate level measurement, 2) estimation of temperature and humidity, and 3) material
classification using echo envelope signal.

Level measurement is among the most commonly found processes in many industrial
processes. The liquid level measurement system ideally involves measuring liquid level
and volume in a container or tank under a dynamic or static condition. Many measurement
techniques are available for liquid level measurement [8]. Ultrasonic sensors are most widely
used for non-contact liquid level measurement. Since ultrasonic sensors use ultrasonic sound
waves for measurement, the speed of the ultrasonic wave depends on the properties of the
medium. In an air medium, the speed of sound depends on the medium temperature, relative
humidity, and other gases present in the environment [9]. The environmental parameter

variation influences the sensor’s measurement accuracy, leading to inaccurate level or



distance measurement. In this thesis, we proposed an intelligent ultrasonic measurement
system to measure the water level under dynamic conditions.

The speed of ultrasonic sound waves depends on the medium temperature. The speed of
sound and temperature in air medium is nearly linear [10]. In many applications, non-contact
temperature measurement and medium temperature distribution data are required. Therefore,
the medium temperature can be estimated using the time-of-flight signal of the ultrasonic
sensor [11]. Conventional sensors such as mercury thermometers, thermocouples, and
thermal resistance sensors are single-point sensors that fail to give accurate temperatures
in many situations and environments. We proposed a machine learning method to measure
the medium temperature using an ultrasonic measurement system accurately. In addition to
temperature, ultrasonic sensors depend on the medium relative humidity. In the presence of
both temperature and relative humidity speed of sound is non-linear [10]. The medium’s
temperature and relative humidity can be estimated using an ultrasonic sensor [12]. We
proposed a novel two-step machine-learning framework to estimate the relative humidity of
the medium. Material type and shape determination are important requirements for mobile
robot navigation and autonomous vehicles [13]. The proposed intelligent sensing framework
uses the echo envelop signal to distinguish different material types.

The intelligent algorithms and framework require computing resources. Therefore,
building an efficient, intelligent sensing system as a multilevel hierarchical structure is
necessary. Figure 1.2 depicts the three-layer hierarchical structure of intelligent sensing
[14]. This hierarchical framework is developed to reduce computation costs and makes the
process faster and memory efficient. The lower layer function includes sensing, filtering,
signal conditioning, and converting analog to digital signals. This layer is more closely
related to the sensor’s hardware and structure. Intermediate signal processing in the middle
layer involves the integration of signals from multiple sensors, parameter tuning, signal
fusion, feature extraction, and optimization. The role of the upper layer is to make decisions

based on the inputs from the middle layer using intelligent algorithms. This layer performs



prediction, classification, clustering, and decision-making.

Upper layer

Knowledge processing

Middle layer

Information processing

Lowe layer

Signal processing

Figure 1.2: Intelligent sensing hierarchical structure

1.2 Research motivation

An ultrasonic transducer is a device that can convert electrical energy into acoustic
energy and vice versa. The acoustic wave frequency above 20 kHz is known as ultrasound.
Ultrasonic sensor uses ultrasonic sound waves for sensing. Ultrasonic sensors are non-
intrusive, cost-effective, small in size, and provide precise and stable measurements. These
sensors are not sensitive to electromagnetic interference, ambient light, dust, smoke, gas,
and other airborne particles. In robotic applications, target localization using a vision-based
sensor can not be precise due to environmental conditions like dark, fog, and low visibility.
Therefore, the ultrasonic sensor is an alternative and cost-effective solution.

Ultrasonic sound waves are very sensitive to temperature and humidity fluctuation. The
speed of sound in the air medium is affected due to variations in temperature, humidity, and
other environmental parameters, which introduces errors in sensor measurement accuracy
and resolution. This research aims to develop ultrasonic-based intelligent sensing to improve

measurement accuracy in the presence of temperature, humidity, and other environmental



attenuation. In addition, we are using the intelligent algorithm to classify material using an
ultrasonic echo envelope signal.

The characteristics of the ultrasonic sensor waves lead to the development of different
sensing applications like range measurement, ambient temperature, and humidity estimation,
localization, human presence and activity detection, object type and shape determination,
and respiration rate estimation, among a few others. The advancements in machine learning
algorithms help in enhancing the performance of the ultrasonic measurement system. Hence,
in this work, we study machine learning algorithms and ultrasonic wave characteristics to
develop an intelligent framework for different sensing systems.

Most existing work on liquid-level sensing focused on compensating the effect of
temperature only and assumed that the temperature and humidity remain constant between
the sensor and the liquid surface. Since ultrasonic wave propagation depends on the medium
temperature and humidity [10], variation of these parameters will affect the measurement
accuracy. The temperature and humidity values are different between the sensor and the
surface of the liquid, specifically in the case of water. The objective of this work is to make
the ultrasonic measurement system adaptive to changes in environmental parameters and
improve the accuracy. The speed of sound depends on the medium’s temperature, and the
medium temperature can be measured using an ultrasonic sensor [11]. Since ultrasonic wave
depends upon temperature and humidity, an ultrasonic sensor can also be used to estimate

relative humidity [12].

1.3 Research objective

This research aims to investigate the use of machine learning techniques in combination
with ultrasonic sensors to enhance the accuracy of the ultrasonic measurement system in
dynamic environments. Several experiments are carried out in dynamic environmental

conditions to validate the proposed intelligent ultrasonic measurement system. In summary,



the research aims to address the followings:
* To understand the issues of the existing ultrasonic measurement system.

* To use ultrasonic sensor-based intelligent sensing techniques for analyzing and en-

hancing the performance of the ultrasonic measurement system.

* To improve the measurement accuracy of the proposed intelligent ultrasonic measure-
ment system in the presence of varying temperature, relative humidity, and influence

of other parameters.
* To use the ultrasonic echo envelop signal for classifying different types of materials.

* To explore various applications of the ultrasonic-based intelligent sensing system.

1.4 Research contributions

In this thesis, we propose methods for intelligent sensing using a non-contact air-coupled
ultrasonic sensor. The overall workflow of intelligent ultrasonic sensor followed in this
thesis is shown in Figure 1.3. A brief description of the research contributions of this thesis

is given below:

* Intelligent sensing models use intelligent algorithms to improve the performance of
ultrasonic measurement systems in the presence of various types of noises and different
environmental conditions. Machine learning algorithms are coupled with an ultrasonic
sensor to improve the performance of ultrasonic measurement systems under dynamic
conditions. We developed an adaptive intelligent ultrasonic sensing model using
modified ANN to accurately measure the water level under a dynamic environment
where the error is reduced to 0.3%. Water level measurement in water tanks was
considered a case study to verify and validate the proposed method. MLP neural

networks with a single hidden layer are used for universal function approximation to



enhance the accuracy of the estimation or prediction. Levenberg-Marquardt Back-
Propagation Artificial Neural Network (LMBP-ANN) algorithm is used to improve
the prediction performance of MLP network. The experimental findings demonstrate
the model’s effectiveness in making ultrasonic measurement systems adaptive to find

accurate ranges under different environmental conditions.

The speed of sound in an air medium is mainly influenced by temperature and relative
humidity. The air temperature is directly proportional to the speed of sound. Speed of
sound in air increases with temperature. Therefore, we presented a machine learning-
based method to estimate the air temperature using an ultrasonic sensor. This method
accurately measures the average temperature of the medium with a reasonable accuracy
bounded by a maximum of 0.4 °C under different environmental conditions. We
conduct experiments in different environmental conditions with temperature ranging
from 22 °C to 45 °C and relative humidity ranging from 30% to 85% to validate
the proposed system’s accuracy, Experimental results indicate that the temperature

estimation error in the proposed measurement system is bounded by £0.4 °C.

Temperature and relative humidity highly influence the speed of sound in the air
medium. An ultrasonic sensor can achieve a highly accurate air relative humidity
measurement with temperature compensation. We proposed a combination of fuzzy
logic and an artificial neural network approach for estimating relative humidity using
ultrasonic sensors. The framework of the proposed model is to classify the input data
into different segments based on the fuzzy controller output, and each data segment
is then fed to a specific pre-trained neural network to estimate the relative humidity.
Other popular machine learning approaches, like support vector regression, k-nearest
neighbor, and random forest regression, are compared with the proposed method’s
accuracy. The result shows that the proposed fuzzy-artificial neural network model

gives better performance. Experimental results indicate that the variation in relative



humidity estimation is bounded by £ 3%, which is as good as commercially available

off-the-shelf relative humidity sensors.

* Ultrasonic echo envelope signal information can be used to identify or recognize the
target object [15]. Features of the signal can be used to solve classification tasks.
Material information is essential for robot navigation, autonomous vehicles, and
unmanned aerial vehicles (UAV) navigation. Ultrasonic sensors are widely used for
robotic navigating systems. However, ambient temperature, humidity, and signal
attenuation affect the sensor accuracy. A combination of echo amplitude and time-of-
flight can distinguish material types. Statistical properties of envelope signals can be
useful to characterize the materials. We proposed a method to differentiate various

materials in the presence of external noise accurately.

—V‘ Level (Distance) measurement ‘

—>‘ Temperature estimation ‘

1 —>‘ Humidity estimation ‘

—>‘ Material classification ‘

Figure 1.3: Overall workflow and applications of intelligent ultrasonic sensor followed in
this work

1.5 Organization of thesis

The thesis comprised six chapters, and the organization of the thesis is as follows:

1. Chapter 1 - Introduction provides an introduction to intelligent sensing and ultra-
sonic sensor. An overview of the problem statement, the objectives of this research,

and the contributions are detailed in this chapter.
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. Chapter 2 - Background and literature survey presents the basics of ultrasonic sen-
sors, intelligent sensing algorithms, theory of sound, characteristics of ultrasonic wave,
factors influencing ultrasonic sensing, application of intelligent sensing, application,
and limitation of ultrasonic sensor measurement. It also provides a brief literature
survey on different water level sensing techniques, temperature and humidity esti-
mation methods using non-contact airborne ultrasonic sensors, and various material

identification and classification methods using non-contact ultrasonic sensors.

. Chapter 3 - Development of intelligent level sensing using modified artificial
neural network architecture proposes a novel concept of ANN to accurately estimate
the water level in a dynamic environment. A modified ANN effectively compensates
for the environmental influence and noise on the ultrasonic measurement system. A
brief overview of various level measurement methods, a description of the sensing

module, and an experimentation procedure are discussed in this chapter.

. Chapter 4 - Estimation of ambient temperature provides a novel concept of having
an ultrasonic sensor combined with machine learning methods to estimate or predict

the air temperature in the measurement medium.

. Chapter 5 - Estimation of relative humidity provides the innovative concept of
having an ultrasonic sensor together with machine learning methods to estimate or
predict the relative humidity in the measurement medium. First, we estimate the
temperature; then, with the help of the estimated temperature and using a fuzzy logic

controller and modified neural network, we estimate the relative humidity.

. Chapter 6 - Material identification and classification presents a method to classify
the materials with the help of a reflected ultrasonic echo envelope signal. The method
classifies the material using an ultrasonic sensor and machine learning. Material
information helps accomplish robot navigation, autonomous vehicles, and unmanned

aerial vehicles (UAV) navigation.
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7. Chapter 7 - Conclusions and future scope summarizes the research investigation,
briefly explains the findings of this research, the possible future improvements to the

proposed methods, and the future directions in this research area.
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2.1 Introduction to sensors

CHAPTER 2

Background

A sensor is a device that converts physical phenomena (e.g., temperature, humidity,

pressure, etc.) to a form (e.g., an electrical signal) that is more convenient to use [16].

Sensors are sometimes called transducers. A transducer is a device that converts one form

of signal into another form as depicted in Figure 2.1. Every transducer is a sensor, but

every sensor need not be a transducer. An actuator is a device that converts the signal into a

physical action or motion.

Temperature,
humidity , | Sensing element
pressure

Sensor
output

Transducer
element

Electrical signal

Figure 2.1: A transducer (sensor) block diagram

Classification of sensors

1. Active sensor : Require an external source of power for its operation. Active sensors

emit energy and then measure the reflected energy. Active sensors include LIDAR,

RADAR, InfraRed, GPS, ultrasonic sensors, etc.

2. Passive sensor : These sensors need no additional energy source as they do not create

a special field of energy but rather generate an electric signal in response to changes
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in physical quantities or external stimuli. Passive sensors include a thermocouple, a
photodiode, a piezoelectric sensor, thermal sensors, electric field sensing, and metal

detecting.

3. Contact sensor: Contact sensors require physical contact with the object that is being

measured.

4. Non-contact sensor: Non-contact Sensors require no physical contact with the object.

It remotely senses or detects the object.

Characteristics of sensors

1. Sensitivity - It represents the relationship between the input signal and output signal.
It is also expressed as the ratio of the change in output of the sensor to a unit change

in input value that causes a change in output.

2. Accuracy - It is the degree of exactness between the measured value and the actual
value. Accuracy is related to the bias of a set of measurements and is expressed in

absolute and relative errors.

Absolute error = Measured value — True value

Relative error = (Measured value — True value) / True value

3. Precision -: It is defined as closeness among a set of reading under the same prescribed

conditions. Accurate measurements are always precise.

4. Resolution (Discrimination) It is defined as the smallest measurement a sensor can

detect or the degree of fineness with which measurements can be made.

5. Drift - Defines the gradual change of sensors output as the ambient or operating

condition changes over time.
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6. Repeatability - Repeatability is the ability to reproduce the same output under the

same circumstances over and over again under environmental conditions

7. Linearity - Linearity indicates the consistency of measurements over the entire range
of measurements. It is specified in terms of the percentage of non-linearity. Non-
linearity is defined as the maximum deviation of the output curve from the best-fit

straight line or the curve of actual measurement.

8. Hysteresis (backslash) - Hysteresis describes the maximum difference between two
separate measurements taken at the same point, before and after a physical quantity is

increased and decreased.

9. Offset - Defines as the sensor’s output is higher or lower than the ideal output.
Calibration is required to correct the offset error. Calibration is correcting or adjusting

the sensor measurements to make the sensor perform accurately.

2.1.1 Intelligent sensor

Conventional sensors can only sense and produce an unprocessed signal. An intelligent
sensor is designed with multiple functions. Smart sensor integrated with intelligent algo-
rithms and artificial intelligence techniques is known as intelligent sensing [1]. Intelligent

sensors need to have the following features.

1. Self-diagnostics : Verifies the correct operation of the sensor and detects and identifies

errors due to faults.

2. Self-calibration : Also called auto-calibration, it allows for correctly relating the
sensor measurement and measurement systems to the physical values of the quantities

under measurement without any external support.

3. Self-adaptation : The ability of the sensor to adjust its response to the perception of

the environment.
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4. Self-testing : The mechanism of the sensor permits it to perform automatic tests.

5. Self-validation : Sensor data validation ensures that the data is valid during the

acquisition and processing.

6. Self-compensation : Automatic compensation function is to improve the accuracy

of the sensor.

2.1.2 Machine learning methods in intelligent sensing

The remarkable development in Al and ML generated a wave of applications in the
field of sensor technology. As a result, there is a huge opportunity in the area of intelligent
sensing. This section briefly describes machine learning and deep learning techniques from
an intelligent sensing perspective. ML algorithms are generally divided into supervised,

unsupervised, semi-supervised, and reinforcement learning [17, 18].

Supervised learning-based intelligent sensing

Supervised machine learning uses labeled input data to train the models to yield the
desired output. The labeled data includes inputs and actual outputs, which allow the model
to learn and predict the output for unseen inputs. Supervised learning can be divided into two
types: classification and regression. Classification is the method of accurately assigning data
into specific categories. Regression is used to understand the relationship between response
(dependent) and independent (predictors or explanatory) variables. Supervised learning

algorithms are used to discover a mapping function to map the input with the output.

* Neural Networks are artificial networks inspired by the human brain used in ML (AI)
to recognize relationships between vast amounts of data [19, 20]. Artificial neural
networks (ANNs) comprise an input layer, one or more hidden layers, and an output

layer. The nodes or neurons in ANN are connected, and each node is associated with
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inputs, weights, a bias (or threshold), and an output. The backpropagation algorithm
is used in neural network training to minimize the loss function. Neural networks try
to adjust the weights and biases of the neurons to minimize the overall cost or to get
more accurate output. Neural network techniques are used to introduce intelligence

by enhancing the characteristics of sensors.

Support Vector Machine (SVM) is basically used for classification and regression
[21]. This algorithm finds a hyperplane that maximizes the margin between the two

classes of data points.

K-Nearest Neighbor (KNN) classifies a new data point based on the similarity. K
refers to the number of neighbors to consider for classification. It examines the
training data and finds the K training examples closest to the new data point. Then,
the most common class label is assigned to the new data points based on the majority

of votes.

Linear regression is a statistical method that helps us to analyze and identify the
relationship between two or more variables of interest. Linear regression attempts to
model by fitting a linear equation between a dependent and independent variables. In

multiple linear regression the number of independent variables are more than one.

Decision trees are tree-shape models for classification and regression. It is comprised
of nodes and branches. Each internal node represents a test on features, each leaf node
represents a class label, and each branch represents an alternative course of action or

decision.

Ensemble learning is a standard machine learning technique that combines the
insights of multiple classifiers to boost the prediction performance. There are two
families of ensemble methods: 1) averaging method, mainly used for regression

problems. It builds multiple independent models and averages their predictions for
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better model performance. 2) boosting method, used for classification problems,
combines weak classifiers to create a strong classifier. It reduces biases and variance

to improve the model performance.

* Random forest used for classification and regression purposes [22]. It utilizes
ensemble learning techniques to merge the outcomes of decision trees to make more
accurate predictions. Random forest algorithm is trained through bagging. Bagging
is an ensemble learning method that improves the accuracy of the random forest

algorithm.

Unsupervised learning-based intelligent sensing

Unsupervised learning techniques use unlabeled data to identify patterns. These algo-
rithms include principal component analysis, hierarchical clustering, k-means clustering,

anomaly detection, and Gaussian mixture models.

Semi-supervised learning-based intelligent sensing

The semi-supervised learning algorithm is a combination of supervised and unsuper-
vised learning. This learning model deals with the combination of labeled and unlabeled
data. Semi-supervised learning can be achieved through the combination of clustering and
classification algorithms. Clustering algorithms group the most relevant samples based on
their similarities. Then labeling can be performed on those and used to train a supervised

model for the classification.

Reinforcement learning-based intelligent sensing

Reinforcement learning is focused on training machine learning models to make a
sequence of decisions by interacting with their environment without human interference.

An agent learns the sequence of actions by interacting with the environment and observing
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the rewards in every state. One of the successful applications of this approach is to design

self-driving cars based on automatic decision-making approaches.

2.1.3 Deep learning algorithms in intelligent sensing

Deep learning is one of the latest trends in artificial intelligence research and has
been successfully applied in different fields [23]. Traditional machine learning algorithms’
potential is limited to processing raw data and requires experts to extract and build features.
Deep learning methods automatically discover features from raw input data needed for

detection or classification. Popular deep learning algorithms used in intelligent sensing are;

Convolutional Neural Network (CNN) is advantageous compared to other deep learning
algorithms because it automatically identifies the relevant features without the help of
any experts. A CNN typically consists of three layers: a convolutional layer, a pooling

layer, and a fully connected layer.

Recurrent Neural Networks (RNNs) is a deep learning network structure that uses infor-
mation from the previous step fed as input to the current step to improve the network’s
performance. This network model contains memory and is best suited for sequential

data.

Long Short-Term Memory Networks (LSTMs) is designed to more accurately model
temporal sequences and their long-range dependencies than traditional RNNs. LSTM
network has a memory cell to retain some information about the sequence; it is
allowing to remember the important features at the beginning of the sequence that
might affect the later parts of the sequence instead of computing the output based on
just the previous time step. The main components of the LSTM are its gates. There

are three gates in an LSTM: the input gate, the forget gate, and the output gate.

Generative Adversarial Networks (GANSs) is an unsupervised deep-learning-based gen-
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erative model. They are composed of two networks, a generator and a discriminator.
The generator network is typically a deconvolutional neural network, and the discrim-

inator is a convolutional neural network.

2.1.4 Applications of intelligent sensors

There are many applications based on intelligent sensing and some key areas such
as healthcare, agriculture, image segmentation, transportation, automotive industry, en-
vironment monitoring, soft sensors, detection of safety hazards, healthcare and medical,

etc.

Smart agriculture intelligent sensing helps farmers maximize yields with minimal re-
sources. Intelligent sensors assist farmers in crop disease infestations, weed manage-
ment, pesticide control, soil, water, crop growth, environmental impact monitoring,

etc.

Smart healthcare smart sensors are used in healthcare and medicine for health screening,
diagnosis, monitoring, and treatment purposes. Intelligent sensing helps doctors to
keep track of patients’ early health conditions. Healthcare management uses intelligent

sensing to monitor the patient remotely.

Intelligent transportation sensor technology can be integrated with the transportation
infrastructure to improve the efficiency of the traffic management system using the
traffic information. In addition to traffic data, the in-vehicle sensor information is

used for safety, traffic management, and infotainment.

Autonomous vehicle senses its surrounding environment and makes intelligent real-time
decisions. Intelligent sensing systems combine information from LiDAR, Radar,

camera, and ultrasonic sensors to create a more intelligent perception system.
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Smart home The advancement in machine learning and artificial intelligence have enabled
the implementation of smart systems and interactive environments. Embedding intel-
ligent sensors in the built environment makes the living space environment interactive
smart sensing spaces, affecting residents’ perception, cognition, and experience of

their spaces.

2.2 Ultrasonic sensor-based sensing

Ultrasonic sensors have been used for many different applications that include dis-
tance measurement, robotic sensing, human presence detection, and counting, localization,
automotive applications, vehicle parking assistant systems, liquid level measurement, tem-
perature measurement, fermentation process, food processing, and many other industrial,
medical and scientific applications [7, 24, 25]. Ultrasonic sensor-based measurement can
be categorized into contact and non-contact modes. In contact measurement, the ultrasonic
transducer is coupled directly to the surface of the object or material. Transducers are typi-
cally embedded in structures using couplant. Couplant (liquid or gel) is applied to the surface
of the material and the transducer to ensure that there will be no air gaps between them.
The presence of air gaps can scatter the signal propagation to the surrounding environments,
which can arrive at low-sensitivity measurements. Application of contact-type ultrasonic
sensors includes material testing, non-destructive testing, measurement of materials, medical
diagnosis, ultrasonography, and many industrial automation applications.

Ultrasonic measurement using the non-contact method overcomes the problem of acous-
tic impedance mismatch in the contact-based method. The non-contact method is also
known as an air-couple technique since air is the medium between the sensor and the object
mainly two non-contact ultrasonic sensors used in various applications. The first type is
proximity detection ultrasonic sensors; in this type, the object is detected if it is within

the predefined detection range. The detection is irrespective of target size, material, and
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reflectivity. The second type is the range measurement ultrasonic sensor, which can give
accurate distance measurements of an object moving to and from the sensor. The precise
distance is calculated continuously based on the interval between the ultrasonic sensor’s
transmitted and reflected sound bursts.

There are two different methods used for ultrasonic measurements. The first is a pulse-
echo method, and the second is a continuous wave (or phase shift) method. One transducer
can act as both transmit—receive modes in the pulse-echo type. The transducer emits a short
ultrasonic pulse and waits for the reflected signal (echo) from the target to receive. The
sensor consists of two transducers; one transmits the pulse signal, and the other receives
the reflected echo signal. The second type, the continuous wave technique, consists of two
separate transducers; one operates in transmit mode, and the other operates in receive mode.
The transmitting transducer emits a continuous pulse, and the receiver receives the echo. The
accuracy of this method depends on continuous measurement of the phase difference (phase
shift) between transmitted and received signals. However, this method requires complex
hardware and has a limited measurement range.

There is some other sensing technology that is a similar principle to ultrasonic technology.
Compared to infrared (IR) sensors, ultrasonic sensors are more reliable. IR sensors can be
affected by environmental conditions such as fog, dust, and pollution. The limitation of the
IR sensor is interference with sunlight and different absorption characteristics. Optical time
of flight sensor sensing uses light waves to measure distance. Ambient light can interfere and
make its operation difficult limitation of detecting clear and transparent materials like water
and glass as light passes through these materials. Light detection and ranging (LiDAR) and
radar sensor use an array of emitter/detector instead of a single time-of-flight measurement.
The limitations of LiDAR include a higher cost and harm to the naked eye. Limitations of
radar sensors include complex functionality, expensive, and depend dielectric constant of

the material.
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Ultrasonic measurement principles

Ultrasonic sensors have a transmitter and a receiver component The transmitter converts
electrical signals into ultrasonic waves, whereas the receiver does the reverse. The ultrasonic
sensor can also be a single transceiver module, where the transmitter and receiver are in
the same physical housing. Non-contact airborne ultrasonic sensors are used to measure
distance and detect the presence of an object without requiring physical contact. The basic
principle of ultrasonic sensing is that the transmitter sends an ultrasonic pulse toward the
object, and the receiver receives the reflected echo signal. The propagation time between
the sent and the received signal is known as the time-of-fight. The ToF and speed of sound

are used to determine the distance from the sensor to the object as shown in the Figure 2.2.

Target object

Figure 2.2: Non-contact ultrasonic sensor time-of-flight measurement

Ultrasonic sensors HC-SR04 consists of two components, one transmitter, and one
receiver, as shown in Figure 2.3. The working frequency of this ultrasonic sensor is 40 kHz.
The HC-SR04 has four pins: VCC and GND pins used to power the HC-SR04 ultrasonic
sensor. The Trig pin is used to trigger ultrasonic sound pulses. Setting this pin to HIGH for
10 ps, the sensor transmits a burst of eight pulses at 40 kHz frequency as depicted in Figure
2.4. After sending the burst, the echo pin immediately goes high until the sensor receives an
echo signal, after that it immediately goes low. The echo pin goes low if no echo signal is
received after a certain time. Thus, by measuring the width (duration or round trip time) of

the pulse on the echo pin and knowing the speed of sound, the distance between the sensor
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and the object can be calculated using the following formula.

Distance = Speed of sound x duration (width of the pulse)/2

Figure 2.3: HC-SR04 ultrasonic sensor

Trigger 10u second trigger pulse

Transmit

8x40 kHz signal

Echo

Pulse width (duration )

Figure 2.4: Ultrasonic sensor timing diagram

The transmitted and received signal of the ultrasonic sensor can be visually inspected
via an oscilloscope. An example of the PWM signal of an ultrasonic sensor is depicted in

Figure 2.5. Similarly, an example of each envelope signal is shown in Figure 2.6.
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Figure 2.6: The echo envelope signal of the ultrasonic sensor from an object placed Scm
apart from the sensor shown in green color
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Ultrasonic measurement system

A typical ultrasonic measurement system shown in the Figure 2.7 consists of an ultrasonic
sensor with transmitting and receiving units, a micro-controller unit, a temperature, and
humidity sensor to compensate the effect of temperature and humidity in measurement, a

Bluetooth module to transmit data to end user or a display module to display.

HC-SR04
Power supply
module LoRC
O G2
SED

Tx Rx
HC-05 send
Trigger
Bluetooth module Atmega328 gger —>
MCU €——— Echo
DHT-22
Temperature and

humidity sensor

Figure 2.7: Schematic diagram of ultrasonic measurement system

The HC-SR04 ultrasonic sensor circuit board contains an STC11 single-chip microcon-
troller, MAX232 voltage levels driver, and TLO74 operational (op-amp). Voltage levels
drive used to supply power to a transmitter unit (Tx). Op-amp compares and amplifies the
received signal at Rx. When the trigger pulse is received at the microcontroller, it creates a
40 kHz square wave applied to the voltage shifter and then to the transmitter. After receiving

the amplified signal of frequency 40 kHz, the microcontroller pushes the echo pin to low.

Ultrasonic piezoelectric transducer principle

Ultrasonic transducers within sensors consist of two parts, generating part (emitting
sound waves) and a receiving (detecting the reflected echo) part. Generally, ultrasonic trans-
ducers are divided into piezoelectric, capacitor, and magneto-elastic types. An ultrasonic
piezoelectric sensor is most commonly used because of its good frequency response and
smaller dimensions. The ultrasonic sensors (transducers) used in this work are piezoelectric.

Piezoelectric transducer working is based on the principle of piezoelectricity. The most
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commonly used sensing material in piezoelectric sensors is a ceramic material with a high
dielectric constant which is capable of producing high piezoelectric voltage corresponding
to force pressure, strain, and vibration. The construction of both transmitter and receiver are

almost identical, as shown in Figure 2.8.

Figure 2.8: Ultrasonic transducers

The structure of the ultrasonic piezoelectric transducer is shown in the Figure 2.9. The
components are a metal case, metallic cone, diaphragm, piezoceramic element, elastic body,
and base. The metal case protects the transducer from moisture, dew, and dust. A metallic
cone known as the resonator is used to emit ultrasonic waves and concentrate the waves in
the case of an ultrasonic receiver. The metal disc and the piezoelectric ceramic plate are
electrically connected with the terminal leads through wires. Piezoelectric ceramic material
converts electrical signals to ultrasonic waves and vice versa. When an electrical voltage is
applied across the piezoceramic causes stretching and contracting of the plate, generating
forces on the plate. The metal diaphragm disc, also called the vibrator, generates ultrasonic
waves. The forces excite the vibration of the metal diaphragm, and the cone consequently

radiates ultrasonic waves. The receiver transducer works on the just reverse concept.
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Figure 2.9: Piezoelectric ultrasonic transducer structure and representation of the transducer

Ultrasonic-based range measurement methods

The most popular approach to determine the range is based on the determination of
time-of-flight (ToF). Accurate estimation of ToF is essential for ultrasonic measurement
systems. There are mainly three most common methods for estimating ToF:

Threshold detection method : This is the simplest and fastest procedure to calculate the
ToF. A predefined threshold level is used to compare the ultrasonic received signal. When
the amplitude of the received signal reaches or exceeds the threshold value, the signal is
considered to have been received at the receiver. A low signal-to-noise ratio (SNR) could
result incorrect readings. The second most important factor is that setting a threshold level

in the presence of bias can give incorrect measurements.

Algorithm 1 Threshold detection method
1: procedure THRESHOLD(Inputsignal, threshold)

2: Step-1: Detect ultrasonic transmit time &g
3: Step-2: Detect the echo signal at time t; when match with threshold value
4: Step-3: Calculate time of flight = t1 — to

5: Step 4: Determine the range or distance
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Figure 2.10: Threshold detection method

Cross-correlation method : The cross-correlation between a transmitted and received
signal to calculate the time-of-flight of ultrasonic signals. The Accuracy of this method
mainly depends on the width of the correlation peak; the narrower the peak, the higher the
ToF estimation accuracy. The presence of multiple obstacles can introduce errors into the

system. The disadvantage of this method is that it requires high computation time.

Algorithm 2 Cross-correlation method
1: procedure THRESHOLD DETERMINATION(transmittedsignal, echosignal)

2: Step-1: Perform cross correlation between transmitted and received signal
3: Step-2: Determine the cross-correlation peak value
4: Step3 : The distance d is calculated using peak value information
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Figure 2.11: Cross-correlation method

Envelope detection method: The envelope of ultrasonic echo signals is used to estimate
the ToF and to locate the peaks. Reflected ultrasonic echo envelope signal can also be used
to obtain extra information about the target which helps in the classification of different
materials. The Hilbert transform extracts the analytical signal from the envelope signal.

Then denoising techniques can be applied to the extracted signal to improve the estimation

accuracy.

Algorithm 3 Procedure envelope detection method
1: procedure THRESHOLD DETECTION(transmittedsignal, echosignal)

2: Step-1: Detect ultrasonic transmit time to
3: Step-2: Extract the envelope from the received echo signal
4: Step3 : Mark the start time of the rising phase of the signal envelope as t1, TOF =

t1 — to, then distance can be calculated
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Figure 2.12: Envelope detection method

2.3 Principles and characteristics of sound waves

Ultrasound waves are mechanical waves that require an elastic medium, such as solid,
liquid, or gas, to propagate. It is similar to sound waves. The speed of sound waves is
different in the different medium through which it travels [26]. In any medium, the particles
are packed together because of internal forces. When an object vibrates, it causes movement
in the particles of the medium, propagating the sound wave. Piezoelectric transducers
can produce longitudinal (compression wave) and transverse waves (shear wave). Most
ultrasonic technologies use either longitudinal waves or transverse waves. Ultrasound waves

propagate as longitudinal waves in the air and liquid medium and transverse waves in solids.
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Figure 2.13: longitudinal and transverse waves with direction of particle movement

The motion of particles parallel to the direction of propagation of sound wave in longitu-
dinal waves. The wave travels in the material in alternate compression and rarefaction series.
In transverse wave the particle moves perpendicular the direction of propagation of sound
wave. Transverse waves consist of crests and troughs.

The speed of sound through a medium is equal to the product of wavelength and
frequency. Since frequency is inversely proportional to the period, the speed of the sound

wave 1s related to its frequency and wavelength as follows:

c=Xf (2.1)

Where, C is the speed of sound , A is the wavelength, and f is the frequency.

The speed of Sound remains the same (nearly independent) for all frequencies in a
given medium under the same physical conditions. At constant temperature and humidity
the speed of sound remains constant. Ultrasonic waves are reflected at boundaries with
a difference in acoustic impendence. The speed of sound is depends on the rigidity and

density of the medium.
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The speed of sound in air is slower than in solids and liquids because air’s rigidity is less
than solids and liquids.
The general expression of a mechanical wave’s speed depends on the elastic and inertial

properties of the medium.

elastic propert
L, \J property 02

inertial property

The speed of sound in a solid medium depends on Young’s modulus Y of the medium

Y
Csolid = \| — (2.3)
o

In a fluid, the speed of sound depends on the bulk modulus B and the density p of the

B
Cliquid = \| — 2.4)
o

The adiabatic bulk modulus of an ideal gas at pressure P is B = yP. In an ideal gas, the

and the density p

medium,

equation for the speed of sound is

YP
Cgas = \| — (2.5)
o

where 7 is the adiabatic index (ratio of specific heats) and p is the density.

In an ideal gas, we can use the ideal gas law:

mRT
PV =nRT = —— (2.6)
v M

R is the universal gas constant, N is number of mole, M is mass of the gas, T is the absolute

33



Medium \ Speed (m/s)
Gases at 0°C
Air 331.45
Hydrogen 1290
Helium 965
Carbon dioxide 259
Oxygen 316
Liquids at 20°C
Sea water 1540
Water, fresh 1480
Ethanol 1160
Mercury 1450
Human tissue 1540
Solids (longitudinal or bulk)
Steel 5960
Marble 3810
Aluminum 5120
Glass 5640
Vulcanized rubber 54

Polyethylene 920
Lead 1960

temperature and M is the molecular mass.

m RT
P= —RT =

— 2.7
v Py 2.7)

YP YRT -
Cgas = 0 = M (2.8)

The speed of sound is independent of pressure for a fixed temperature. Increase in
humidity in air is the result of increase of the moisture content thus decreases its density.
Hence, the speed of sound increases with the increase in moisture content in air. The velocity
and wavelength of the ultrasonic wave depend on the material’s elastic properties. Ultrasonic

waves will be reflected, and some will be transmitted when there is a change in elastic

34



properties.

Ultrasound waves

Sound waves with a frequency of 20 kHz and above are referred to as ultrasound waves.
A mechanical wave ( or vibrations) requires a medium (solid, liquid, or gas) to propagate.
The sound waves are classified into three types based on their frequencies as shown in Figure
2.14. Sound waves with a frequency below 20 kHz are known as infrasonic waves; audible
sound frequency lies between 20 Hz and 20 kHz, and frequency above 20 kHz is known as

ultrasonic waves.

20Hz 20kHz 2MHz 20MHz

S e e & e
 mivasonic | Acoustic [ NUISORCH

Figure 2.14: Frequency ranges of sound waves

2.3.1 Characteristics of ultrasonic waves

As sound waves go away from the source, the sound’s intensity decreases. The intensity
of sound is directly proportional to the square amplitude. Therefore, the amplitude of the
sound decreases with distance as shown in the Figure 2.15. The frequency does not change
with distance as it is a characteristic of the source. The frequency of sound depends upon the
source of the sound, not the propagation medium. Hence, it does not change. The amplitude
depicts the amount of energy the wave carries.

As an ultrasound wave propagates through a medium, the intensity reduces with the
distance traveled [10, 12, 27, 28]. Attenuation increases linearly with frequency. Ultrasound
beam intensity decreases exponentially due to attenuation (scattering, diffraction, and
absorption), according to:

The expression for the acoustic pressure in a medium with attenuation is expressed as
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follows, where O is taken to be the attenuation coefficient. In negligible or no scattering

cases, O represents the absorption coefficient. The intensity (assuming plane wave) is:

I=Ipe— % (2.9)

Where I is the amplitude of sound pressure at distance d from the source, Igis the initial

sound pressure.
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Figure 2.15: Sound intensity with distance

Attenuation

The attenuation of sound wave in air medium mainly due to scattering and absorption of
the sound waves. When sound propagates through a medium, the sound pressure decreases

with distance.
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Acoustic impedance: The acoustic impedance is computes as the product of speed of

sound and density of the material.

Z=pcC (2.10)

Where Z is the acoustic impedance of the material, p is the material density, and c is the
speed of the sound wave in the material.
Reflection : The amount of reflection of the ultrasonic wave depends on the acoustic

impedance of two different materials.

R=|—— (2.11)
Zr+ 21

Medium 1,2, c,

Medium 2, Z,, c,

Figure 2.16: Reflection, incident, and transmitted ultrasonic waves

Diffraction: The diffraction is the change in the direction of sound wave as they
travelling through a medium. The amount of diffraction (the bending of wave) increases

with increase in wavelength and decreases with decrease in wavelength.
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Wave direction

Figure 2.17: Diffraction in sound wave

Refraction: The refraction is due to the different velocities of the ultrasound waves as
they pass from one medium to another.
sin 6 1 C1

- = — (2.12)
sin6> ¢

Figure 2.18: Refraction of the sound wave in different medium

Influence of environmental parameters on sound wave

There is a near linear relationship between speed of sound and the air temperature (2.8).
As the temperature increases the speed of sound also increases. Temperature is one of the
most important environmental parameter that influence the ultrasonic measurement system.

Figure 2.19 shows the variation of speed of sound with temperature.
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Figure 2.19: Variation of temperature Versus speed of sound in dry air

Relative Humidity (RH) effect on speed of sound, but the effect is less compared to
temperature. Thus, in presence of both temperature and humidity the speed of sound is
non-linear. Figure 2.20 shows the speed of sound in air changes with temperature and
relative humidity. Hence, for range measurement systems using airborne ultrasonic sensors,

it is necessary to compensate the temperature and relative humidity.
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Figure 2.20: Variation of speed of sound with relative humidity at different temperatures

The ultrasonic wave intensity undergoes an attenuation when propagating through
air medium, and the intensity decreases with the square of the distance from the source
[29, 30, 31, 32]. So, attenuation is directly proportional to propagation distance. As the
ultrasonic wave travels through the air medium, a combination of absorption and scattering
gives rise to an overall attenuation level. Absorption is the loss of amplitude with an increase
in temperature and humidity in the propagation medium. Figure 2.21 shows the attenuation

coefficient versus relative humidity for frequencies between 5 and 50 kHz in the air at 20°C.
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Figure 2.21: Attenuation versus relative humidity with different frequencies for the air
temperature at 20 °C

Sound attenuation depends not only on the frequency but also on temperature and relative
humidity. Attenuation as a function of relative humidity for various temperatures is shown

in Figure 2.22.
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Figure 2.22: Attenuation coefficient of the sound wave as a function relative humidity with
different temperatures at frequency 40kHz

Attenuation by absorption of a sound wave in the air medium is directly proportional
to the propagation distance. Absorption in the air is less at low frequencies and smaller
distances, while at larger distances, atmospheric attenuation becomes more, as shown in
figure Figure 2.23. The attenuation rate is approximately 6 dB per doubling distance from

a simple point source.
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Figure 2.23: Atmospheric attenuation of the speed of sound in air varies with distances for
different frequencies at temperature 20 °C and relative humidity 50%

Uncertainty in ultrasonic sensor-based measurement

The distance d to be measured by means of ToF is obtained by the simple relation:

d=k-c-Tf (2.13)

Where d is the distance measured between the ultrasonic transducer and the object, K
is a constant whose value depends on the path geometry and is 0.5 in this case. C is the
speed of sound in the measurement medium (air medium), and T¥ is the time-of-flight of the

ultrasonic signal.
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Several sources of uncertainty are involved in ToF-based distance measurement [33, 34].

The three main components of uncertainty is given in equation (2.13) can be reformulated as

€Ed=€Ekt+EctET (2.14)

Where € is the uncertainty term associated with the geometry of the signal path and
is negligible in this case, the term € is due to several factors, including the sound wave
frequency and propagation medium properties. This € term depends on the air temperature
and relative humidity for airborne ultrasonic sensors. The uncertainty term €7, is mainly
because acoustic noise results delay in the echo detection and the frequency of the ultrasonic

sensor; the higher the frequency more minor the error.
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CHAPTER 3
Liquid level measurement using

intelligent ultrasonic sensor

Ultrasonic sensors are low-cost and widely used for contactless distance measurement
and proximity detection applications in airborne mode. These sensors use sound waves at a
frequency above the human hearing range. The speed of sound wave propagation is affected
by temperature, relative humidity, and other environmental parameters. The ultrasonic
measurement system can also be affected by acoustic and electronic noise. Standard level
measurement techniques assumes uniform temperature and relative humidity along the
measurement medium. Using the standard ultrasonic measurement technique, we estimate
water level in different sized water containers and storage tanks. It is seen that there exists
a non-uniform temperature and relative humidity throughout in the measurement medium.
Hence, the standard measurement technique is not able to estimate distance accurately. In this
study, an modified neural network architecture based algorithm is proposed to enhance the
accuracy of the level measurement using ultrasonic measurement system. With this proposed
approach, the standard operating range of the ultrasonic sensor is extended. The Levenberg-
Marquardt Back-Propagation Artificial Neural Network (LMBP-ANN) algorithm is used
to reduce the measurement error. In order to validate the proposed model, we conducted

several experiments at various depths of water level in dynamic environmental conditions.
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3.1 Introduction

Ultrasonic sensors are reliable, cost-effective devices to sense proximity and measure
levels with high reliability. The major advantages of the ultrasonic sensor compared to
other similar sensors are mainly it is small in size, portable, low-cost, non-contact, non-
intrusive, robust in harsh environments, has longer functional life, simplicity of use, and
safe. The principle behind the ultrasonic measurement system is based on the Time-of-
Flight (ToF), the amount of time it takes to send and receive a reflected ultrasonic sound
wave in the propagation medium [35, 36]. The low-cost piezoelectric ultrasonic sensor
consists of an ultrasonic transmitter and a receiver housed on the same circuit and the
operating frequency is 40 kHz [34, 37]. Ultrasonic rangefinder use time of flight and speed
of sound to measure distance. The distance d can be determined based on the equation,
d = (ToF * ¢)/2, where C is the speed of sound (m/s) [2, 36, 38]. The speed of sound in
dry air at Standard Temperature and Pressure (STP) is 331.45 m/s £ 0.05 [10, 39]. (
STP:273.15K,1.01325 x 10° Pa=1 atm)

Environmental parameters that influence the speed of ultrasonic sound waves in the
air medium are temperature, relative humidity and to some extent, other gases present in
the medium [10, 40]. In addition to environmental parameters, acoustic interference and
electronic noise also affect the performance of the system [37]. Both external and internal
noise induce uncertainty in ultrasonic measurement systems.

Nowadays, water is scarce and a more valuable resource as the imbalance between
demand and supply growing day by day. Therefore, proper management of water resources
using intelligent sensor technology is the need of the hour. Storage tanks and containers are
used to store high volumes of water to manage the demand. Monitoring the water level in

storage tanks and sumps is very important for efficient water management. The water level
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in a container of the storage tank can be determined using the following equation

L=H-D (3.1

where L is the water level, H is the height of the tank measured from ultrasonic sensor
position to zero level, and D represents the distance or depth from the measuring device
(ultrasonic sensor) to the water level or surface. The parameter D calculated using TOF and
C.

Ultrasonic sound waves are very sensitive to variations in environmental temperature,
humidity, and some extent other gases present in the environment. The speed of sound in air
medium increases as the temperature increases and it will lead to incorrect distance or level
measurements [10]. The effect of temperature and relative humidity can be compensated
using observations of temperature and humidity sensors along with the ultrasonic sensor.
Ultrasonic level measurement system will be accurate if temperature and relative humidity
remain consistent or uniform between the sensor position and the water surface. Despite this,
some parameters induce errors in ultrasonic measurement, which is significant for many
level measurement applications. This error is due to the parameters like electronic noise,
interference, and the variation (gradient) of temperature and relative humidity throughout the
measurement medium or path between the sensor location and the water surface. Especially,
when the water tank diameter is larger, a small variation in level measurement will result in
an erroneous volume measurement of water contained in the tank. Moreover, when the tank
is exposed to the sun, the variation of temperature and relative humidity increases and this

leads to significant errors in level measurement.

Most of the existing works on ultrasonic-based level or distance measurement in the

literature focused on compensating the effect of medium temperature only [41, 42, 43]. In

this work, an extensive review of existing ultrasonic measurement techniques for liquid level
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monitoring is presented and a novel Artificial Neural Network (ANN) technique to effectively
compensate the environmental parameters that affect the performance accuracy of ultrasonic
measurement is proposed. The main objective of this work is to enhance the accuracy of
the ultrasonic-based measurement system, which is adaptive to the environmental changes
in the measurement path. The proposed method can minimize the error substantially. This
model also extends the operating range of the ultrasonic sensor.

The organization of the chapter is as follows. In Section 3.2, we discuss the existing
techniques for liquid level monitoring along with ultrasonic-based level measurement.
Theory of sound wave propagation concerning environmental parameters such as temperature
and relative humidity are described in Section 3.3. The mathematical expression of parameter
uncertainties in ultrasonic distance measurement is presented in Section 3.4. Proposed
modified artificial neural network model used in the development of intelligent ultrasonic
systems is described in Section 3.5. Section 3.6 contains the specification of electronic
components used in designing the experiment, experimental setup, experimental procedure,
and data collection. In Section 3.7, the detailed experimental results are presented to
signify the effectiveness of the proposed approach. The complexity of the proposed method,
performance comparisons, and limitations are discussed in Section 3.8. Finally, Section 3.9

concludes the paper with a discussion on the future scope of the work.

3.2 Related works

This section reviews existing liquid level measurement techniques and highlights the
works related to ultrasonic-based level measurement. There are various level measurement
techniques used to measure liquid level [36, 44]. The level measurement methods are
classified as contact and non-contact types [8]. Contact-type level measurement sensors
include capacitive sensors, floating gauges, optical, and hydrostatic level sensors. On the

other side, the non-contact level measurement includes radar, laser, and ultrasonic sensors.
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The capacitive sensors measure the liquid level by measuring the capacitance between
the conducting two copper plates [45, 46, 47, 48]. The dielectric constant observed between
two plates is proportional to the water level [49]. The capacitance and dielectric constant
are directly proportional; thus raising the liquid content will increase the capacitance. The
advantage of capacitive level sensors has a broad application range and good accuracy [50].
Capacitive sensors get affected by the change in the dielectric constant, which varies with
the temperature of the liquid to be measured. These sensors are well-suited for both point
and continuous-level measurements. The floating type level switch uses a hollow float
switch attached to the arm. The arm will get pushed up when the liquid content increases
and goes down when liquid content decreases [51, 52, 53, 54, 55]. These level devices are
contact-type point-level sensors. However, float-level sensors suffer from low accuracy and
frequent maintenance. The disadvantage of this method is that float actuation relies on liquid
contact and moving parts vulnerable to clogging, wear and tear, and damage. The principle
of the hydrostatic level sensors is to measure the hydrostatic pressure which is proportional
to the measured liquid height [56, 57, 58, 59]. The disadvantage of this method is direct
contact with the medium, and regular maintenance is required.

Optical sensors are solid-state sensors that use the reflective property of light exploited
for the measurement of liquid level [60, 61, 62, 63, 64]. Optical level sensor comprises a
light-emitting diode (LED) and a light receiver. Light from the LED is directed to a prism
and is reflected from the prism to the receiver when there is no liquid. When the sensor
is immersed in liquid, the light is refracted out into the liquid, leaving little or no light to
reach the receiver. The amount of received light by the receiver phototransistors indicates
the liquid level. It is also a contact-type and point-level detection sensor. The optical type
requires frequent maintenance and it is adversely affected by the change in the reflective
property of the medium [65].

A radar level gauge is a non-contact measurement technique based on the calculation of

time-of-flight. The distance between the emitted pulse source and the material surface can
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be calculated as the product of one-half the time-of-flight and the speed of light [66, 67, 68,
69, 70]. This measurement system is not affected by the process material’s state, such as
agitation, corrosiveness, tackiness, temperature, pressure, etc. The main advantages of radar
level sensors are high accuracy, non-contact type, and continuous level measurement. The
disadvantage of radar level sensors are sensitive to interference and are high cost. The cost
increases exponentially with an increase in the desired accuracy.

Laser level measurement is used to measure the level basically upon the same operating
principle as ultrasonic level sensors [71, 72, 73, 74]. The only difference is that it uses the
speed of light whereas the ultrasonic makes use of sound waves speed. This method is not
cost-effective, proper calibration must be maintained to get an accurate level measurement.
The presence of dust, dirt, and surface material seriously affects the performance of these
devices.

Ultrasonic sensors are low-cost, non-intrusive, non-contact range measurement devices.
These sensors are extensively used in many applications because of their simplicity of use,
high level of safety, ease of installation and require less maintenance [4, 7, 34, 36, 37, 38].
Non-contact ultrasonic level sensors use sound waves for level measurement. The speed of
sound depends on the medium parameters, so the influence of the environmental parameters
must be taken into account for level measurement [42, 43, 75, 76, 77].

Rocchi ef al. [4] characterized a low-cost ultrasonic sensor SRF05 for sea surface level
measurement under the influence of temperature variations. They estimate the position of
the water surface to determine the thickness and depth of the pollutant layer. Qiu et al. [7]
presented a detailed review of ultrasonic ranging technology including signal processing
methodologies, recent developments, current challenges, and future trends.

Carullo and Parvis [34] described an ultrasonic measurement technique for automotive
applications to measure the height from the ground to a vehicle body based on the mea-
surement of the reflected signal from the ground. The conducted experiment was in the

range of 100 — 600 mm and the temperature range of 0 — 40 °C. The standard distance
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measurement uncertainty achieved in the experiment is 1 mm. Loizou and Koutroulis
[50] presented an extensive review of the existing state-of-the-art techniques for water
level sensing monitoring using capacitive and ultrasonic level sensors. Terzic et al. [42]
designed and developed a fluid level measurement system based on a single ultrasonic sensor
and Support Vector Machines (SVM) for dynamic environments, in particular automotive
applications. Bucci and Landi [76] presented a novel algorithm for water level measurement
in a water tank using ultrasonic sensor with a mean error of 0.5 mm for levels ranging

from 100 mm to 1000 mMm in ambient temperature conditions.

Mousa et al. [43] presented an ultrasonic-based wireless sensor platform to predict urban
flash floods using ANN. Canali et al. [41] designed an airborne ultrasonic measurement
system to accurately measure distance. Matsuya et al. [78] proposed a new method for liquid-
level measurement based on the echo method. Zhang et al. [79] developed a novel method
for an ultrasonic measurement system for level measurement using reflected ultrasonic echo
energy. Carullo et al. [80] described a technique to improve the performance of ultrasonic
distance sensors using two-level neural networks. Terzic et al. [81] developed a SVM based
model using single ultrasonic sensor to measure the fluid level in dynamic environment by
compensating the slosh and temperature effect.

Valentin Magori [82] differentiated the ultrasonic sensors into two types; 1) ultrasonic
propagation sensors - decodes the parameters that are affected by the speed of sound
propagation, local changes of propagation (diffraction and refraction), directional and
frequency dependency, propagation attenuation, acoustic impedance, scattering and wave
guiding coefficients. 2) Distance sensors- based on principles of use time of flight and
amplitude of the received echo signal to derive the presence, distance, and type of a sound-
reflecting object. Intelligent algorithms can be used to enhance the measurement range and
resolutions.

Brudka and Pacut [83] presented an intelligent robot control system that employs

51



ultrasonic distance measurements. Shin and Kim [84] introduced a method for measuring
the distance with crosstalk rejection at a high measurement rate using the CPPM signal and
single-bit signal processing in a single ultrasonic sensor system. Shen et al. [85] proposed a
new positioning method based on multiple ultrasonic sensors for the autonomous mobile
robot and realized higher accuracy without considering temperature information. Majchrzak
et al. [86] presented an ultrasonic proximity measurement system for mobile robots. Zhao
et al. [87] designed a high-precision ultrasonic ranging system based on a single-chip
microcomputer for the stability of ranging and the improvement of measurement accuracy.
Krenik et al. [88] explored three different methods for an ultrasound-based positioning
system for locating and controlling smart tools. Queiros et al. [89] presented a method for
ultrasonic ranging based on the cross-correlation of two multi-frequency signals. Xiang and
shi [90] analyzed that cause the error of ultrasonic distance measurement and designed the
module by selecting the appropriate microprocessor and transducer to eliminate or reduce
the effects of error for completing the system in the 1000 mm range from the precision
requirement of 1 mm.

Ultrasonic liquid level measurement techniques discussed above have different appli-
cation areas, different measurement ranges, and varied ranges of temperatures. None of
the aforesaid methods explicitly considered the effect of relative humidity and gradient of
temperature and humidity in the measurement in the measurement medium. In this work, we
propose a novel ANN-based adaptive method to measure the level or distance with higher

accuracy wherein, the error is limited to the millimeter range.
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3.3 Speed of sound in air medium with tempera-

ture and relative humidity

This section describes the dependence of temperature and relative humidity on the sound

wave. The speed of sound in an ideal gas is

YXxp yRT yRT 273K)
C
ideal = 273K
273K) YR T
( )Y ~ 331.45\| ———
M 273K 273K

(3.2)

Where Cigeqt is the speed of sound (in m/S) in ideal gases. p is the ambient pressure. Y
is the ratio of the specific heat capacity of a gas at a constant pressure (Cp) to the specific
heat capacity of a gas at a constant volume (Cy) (Y = Cp/Cy). p is the gas density.
R =8.31J/mol- K is the universal gas constant, T is the absolute temperature in kelvins,
and M is the molecular mass. t is the temperature in degree Celsius.

Applying Taylor series expansion to equation (3.2), the simplified version is represented

as

t
c~331.4541+ ——=331.45+0.607 x t (3.3)
273.15

Where 331.45 m/s is the speed of sound in dry air at O °C [39]. t is the temperature in
degree Celsius. It is evident from equation (3.3), the speed of sound increases with increase
in temperature. For every 1 °C increase in temperature speed of sound increases by 0.607
m/s. Figure 3.1 shows the relationship between the speed of sound and temperature.

The effect of relative humidity on the speed of sound is less compared to temperature.
Relative humidity is the amount of moisture that is present in the air compared to the
maximum amount the air can hold at that temperature. According to equation (3.2), the

speed of sound in air is inversely proportional to the square root of density. Moist air

53



400

390

w w W
» ~ ©
o o o

Speed of sound in m/s

w
a
o

340

| | | | | | |
0 10 20 30 40 50 60 70 80 90 100
Temperature in degree celsius

330 . :

Figure 3.1: Variation of speed of sound with temperature in air medium

contains water molecules and the mass of water molecules is less than oxygen, nitrogen and
CO> molecules. Therefore, the sound wave travels faster in humid air (moist air) than in
dry air. Sound waves travel slower in cooler air than they do in warmer air. According to
[40, 91], speed of sound in gas can be defined as

, _RT (1 2pB) Y
c‘=7y— 1+ — :
Ly RT G

Where C is the speed of sound. T is the temperature on an absolute scale (e.g. Kelvin). 7,
p, R, M, B represent the specific heat ratio, pressure, the universal gas constant, molecular
mass and second virial coefficient respectively. The relationship between the speed of sound,
temperature, and relative humidity is represented in equation (3.4). As stated in [39, 40, 91],

an approximate equation is given in equation (3.5) can be used to calculate C as a function
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of temperature, pressure, CO> concentration and water vapor mole fraction.

c(t, p, Xw, Xc) = Ao + art + azt? + (a3 + ast + ast?) xy
+(ag + art + agt?)p + (ag + aiot + a11t?)xc

+ alzxiv + aizp? + a14x§ + aisXwpXc (3.5)

Coefficients Q; are determined by calibration in reference air of known temperature t in
degree Celsius, known relative humidity RH (expressed in percentage), and known speed of
sound at the measurement frequency. X,y represents the water vapor mole fraction, X¢ is
the carbon dioxide mole fraction and p is the pressure. Figure 3.2 represents the change in
speed of sound with temperature and relative humidity based on equation (3.5), where the

value of p = 101.3 kPaq, and CO, = 314 parts per million (ppm).
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Figure 3.2: Variation of speed of sound in presence of both temperature and relative humidity
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3.4 Uncertainty in distance measurement

Every measurement is subject to some uncertainty. As mentioned in [34, 80, 92],

ultrasonic sensor measures the distance as
d=k Tf Cc (3.6)

Where T¥ is the ToF of an ultrasonic signal, C is the speed of sound in air medium, d is
the distance to be measured and K is a constant with value 0.5. K value is chosen to be 0.5
as ultrasonic sound covers twice the distance in the time T¢. Thus, distance measurement

uncertainty ug(d ) is represented as
uZ(d) = > (giu(x))? (3.7)
L

Where g; are the partial derivatives of equation (3.6) with respect to all X;’s that
significantly affect the distance measurement. According to [93, 94], the standard uncertainty
associated with distance measurement is obtained from equation (3.7) and can be represented

as

uZ(d) = (k Tr)? u?(c) + (k ©)? u?(Ty) (3.8)

Where u?(c) and uz(Tf) are the standard uncertainties of speed of sound and ToF
respectively. The speed of sound in air medium can be represented as function of temperature

t and relative humidity h.

c=f(t, h) (3.9

According to [93] , uncertainty in measurement shown in equation (3.8) can be reformu-
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lated as

2 2
uf(d):(krf)z[(‘;—];) uz(t)+(s—£) uz(h)]

+(k ©)? u(Ty) (3.10)

2
uZ(d) = (k Ty)? (a—f) u?(t)
ot
of \?
+ (k Tf)? (a—h) u?(h) + (k ©)? u?(Tf) (3.11)

Uncertainty in ToF (u?(Tf)) is mainly because of the influence of noise and attenua-
tion. Uncertainty in the measurement is mainly due to: () gradient of temperature in the
measurement path; (i() gradient of relative humidity ( more in the case of water tanks);
(iif) presence of other gases in the medium; ({Vv) crosstalk or interference; and (V) elec-
tronic noise (which includes shot noise and thermal noise). Water storage tanks located
outdoors are directly exposed to sunlight and experience a temperature swing hence, there
is a variation in temperature and humidity inside the storage tank. A sample observation
of change in temperature and humidity level from the point of measurement to the water
surface is shown in Table 3.7. It is not possible to accurately determine the speed of the
sound wave in air medium considering all the above factors simultaneously. In this work,
we propose an ANN-based approach to compensate all types of uncertainties that influence

the ultrasonic-based level measurement.
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3.5 Methods

3.5.1 General scheme of the proposed method

Multilayer Perceptrons (MLPs) are neural network models with a single hidden layer
that can approximate any continuous function [19, 20, 95]. The main objective of function
approximation is to improve the accuracy of the estimation model. An MLP is a class of
feedforward ANN, which consists of an input layer, several hidden layers, and an output layer.
MLP network used one of the most popular training algorithms called the backpropagation
training algorithm. Backpropagation aims to minimize the cost function (minimize the
error) by modifying the network’s weights and biases. A simple single node MLP network
structure is shown in Figure 3.3. Node ( in the figure is referred to as a neuron. It includes
a summation and an activation function f. The inputs Xj, j = 1, 2...n to the neuron are
multiplied by weights Wj; and summed up together with the constant bias b;. The resulting
0, is the input to the activation function f. The activation function can be a linear, threshold,
or sigmoid function. A sigmoid activation function is usually used for hidden layers and a

linear function is used for the output layer.
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Figure 3.3: Structure of a simple neural network with single node

The output of node [ becomes

n
yi=f (Z WX + b,‘) (3.12)

j=1

Neural networks with at least one hidden layer are necessary and sufficient to estimate
an arbitrary nonlinear function with desired accuracy [19, 20]. ANN-based function ap-
proximations find the pattern within input-output data without the need for predetermined
models. In this work, we used an MLP with three layers as shown in Figure 3.4, which
comprises one input layer, one hidden layer, and one output layer. For training the ANN
model, transfer function tansig sigmoid function (3.13) is used for hidden layer neurons,
and purelin linear transfer function (3.14) is used for the output layer. Four input variables

namely temperature (t), relative humidity (h), speed of sound (S), and measured distance
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(Mmyg) are presented to the input layer. There is only one output neuron at the output layer
of the neural network that predicts the estimated output (V). W{; represents the weight
associated between it and jth node of two consecutive layers, and K represents the input
space. The inputs to the neuron are multiplied by weights WZ. and summed up together with
biases bjlf . The notation Y, is used for summation. The resulting summation value is the
input to the activation function fp, in the hidden layer and f, to the output layer.

f(z2) =tansig(z) = (3.13)

1+e 20 1

yi = purelin [wﬁ (tansig (wjll.xj + bjl)) + bjz] (3.14)

Where Z is the summation of the weighted input values to the processing node.

The Levenberg-Marquardt Backpropagation (LMBP) algorithm is used for training
of MLP network. This algorithm is a variation of Newton’s method and uses the back-
Propagation procedure [96]. Network performance is evaluated using Mean Squared Error
(MSE) according to equation (3.15), where n is the number of inputs, t is the target value

(actual value), and y is the network prediction (estimated value).

12 12
MSE = — > (e)* = = > (yi—t)? (3.15)
N3 iz

In the back-propagation technique, the input is presented to the input layer which then
propagates in the forward direction to the output layer. At the output layer, the result is
compared with the desired output to get the error signal. The error signal is then propagated
back to the input layer while adjusting the weights and biases in hidden layers to minimize

output errors.
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Figure 3.4: Back-propagation neural network with one hidden layer used in this proposed
model

3.5.2 Proposed neural network architecture

The standard neural network architecture performs well if the error characteristics remain
constant over the entire data range. However, as described in Section VII, we observed from
experimental data that the measurement error (3.16) increases with an increase in depth.
The error characteristics are also different for different ranges and the traditional ANN
architecture could not give a satisfactory result. It is also noticed from the data analysis
that a single ANN model fails to minimize the distance error. To reduce the error to the
desired accuracy, we proposed a novel and modified ANN architecture in this work. As
error characteristics are different for different distance segments, we performed a clustering
analysis on the observed measurement errors to divide the data into different subgroups.
Figure 3.5 represents the number of groups (clusters) and corresponding within-groups sum
of squares. It is observed that within-group sum of squares decreases with an increase in the
number of subgroups up to five subgroups and after that it remains almost constant. The
elbow point in the plot (Figure 3.5) is found at the number of subgroups equal to 5, which
is the optimal number of subgroups according to elbow method [97, 98]. Moreover, we

also performed statistical analysis to verify the optimal number of subgroups using Mean
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Figure 3.5: Segmentation of measurements errors using k-means clustering method

Absolute Error (MAE) and Standard Deviation (SD) of measurement errors for five different
distance (Xg) ranges which are tabulated in Table 3.1 and are distinguishable. Based on
observations from Figure 3.5 and Table 3.1, the entire distance measurement range is divided
into five different segments. The architecture of the proposed neural network is shown in
Figure 3.6. This model is an aggregation of five ANN in which each of the sub-network
is a three-layer feed-forward MLP as described in subsection 3.5.1. The speed of sound
is calculated based on equation (3.5). The input parameters and the transfer functions are

the same for each of these neural sub-networks. For each input that satisfies a particular

distance interval condition, the corresponding neural network is selected.

Table 3.1: Mean absolute error and standard deviation of all five segments

Ranges Mean Absolute Error (MAE) | Standard Deviation (SD)
2cm<xg<100cm 0.1142 0.1755
100cm <xg<200cm 0.4856 0.3597
200cm <xg<300cm 0.6497 0.4407
300cm <xg<400cm 0.8255 0.5426
400cm <xg<500cm 1.1532 0.7482
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Figure 3.6: Proposed modified ANN model with five sub-network for different ranges

3.5.3 Training of the neural network

The proposed MLP model is trained using the LMBP algorithm. Each recorded data
point consists of temperature, relative humidity, speed of sound, and measured distance. The
Min-Max normalization method is used to normalize the data. The entire data is divided
randomly into training, validation, and test sets. The training set is used to train the ANN
model and to adjust the weights and biases in the hidden layer. The validation data set is
used to validate the training model by tuning the model parameters. The test set is used
to test the accuracy of the trained model. The training process is repeated until the MSE
value is below a threshold value or does not change for a pre-specified number of epochs is
considered to be the optimal model.

The dataset contains 1555 observations after removing the errors in pre-processing
step. The entire observations were divided into five different segments based on the error
segmentation analysis. Each of these segments contains around 300 to 330 data points.

The intervals are (i) 2 cm < Xg < 100 cm, (ii) 100 cm < Xg < 200 cm, (iii) 200 cm
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< Xg <300 cm, (iv) 300 cm < Xg < 400 cm, (v) 400 cm < Xg < 500 cm, where Xg
represents the distance.

The detailed list of parameters and functions used for training these five neural sub-
networks are listed in Table 3.2. Input vector X is represented as X = (t, h, s, my) in
Figure 3.6. Neural network output y; represents the estimated distance. Each of these five
neural networks is trained several times to obtain the best performance. The parameters of

neural networks have been determined empirically by trial and error after multiple runs.

Table 3.2: The parameters and the corresponding values used to train the ANN model

Training parameters Values
Neural network model Feed forward
Training algorithm LMBP
Performance function MSE
Total number of layers 3
Input layer nodes 4
Hidden layer 1
Hidden layer neurons 10
Output layer nodes 1
Hidden layer transfer function tansig
Output layer transfer function purelin
Training percentage 70
Testing percentage 15
Validation percentage 15
Data division random
Maximum no. of epochs 1000
Validation check iterations 6
Minimum performance gradient le-7
Performance goal 0
Maximum mu lel0

Each data segment is randomly divided, 70 % of the data is considered for training, 15
% for validation, and 15 % for testing the model. Three-fold cross-validation is performed
on the data to avoid the over-fitting problem. The neural network model is implemented
using Matlab software [99]. The model is designed and trained offline on a computer system
based on the experimental data. Then, the model is deployed on the micro-controller unit of

the ultrasonic module to accurately estimate the level or distance.
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3.6 Experimental setup

This section describes the components used to develop the ultrasonic measurement
module. The components used in the development of the ultrasonic module are shown in
Figure 3.7. The specifications of the HC-SR04 ultrasonic sensor, DHT22 temperature, and
humidity sensor are mentioned in Table 3.3. The Bluetooth module (HC-05) is used to send
the measured data to end users. All sensors are connected to the 8-bit Arduino ATmega328P
microcontroller. This microcontroller has 32 KB of flash memory with a 16 MHz clock
speed which is sufficient for this experiment. The physical components used in designing

the measurement module are shown in Figure 3.8.

Table 3.3: Specifications of the ultrasonic sensor, temperature and humidity sensor used in
the experiment

Ultrasonic sensor (HC-SR04) Value/Range
Operating voltage S5V DC
Operating frequency 40 kHz
Operating range 2 cm - 400 cm
Resolution 3 mm
Operating temperature —15°Cto+70°C
Measuring angle 15 degree

Temperature and humidity sensor (DHT22) Value/Range

Operating voltage 3.3-6V DC
Operating range (Humidity) 0- 100 %RH
Operating range (Temperature) —40°Cto+80°C
Accuracy (Humidity) +0.2 %RH
Accuracy(Temperature) +0.5°C
Resolution (Humidity) 0.1 %RH
Resolution (Temperature) 0.1°C

Several experiments were conducted at different temperatures ranges from 22 °C to
45 °C and relative humidity ranges from 25 %RH to 80 %RH. The level measurement
readings were recorded with varying water levels in different storage tanks and sumps

ranging from 2 ¢m to 500 cm. Experiments were also carried out at different time
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Figure 3.7: Components used in ultrasonic measurement system

intervals during the day time to acquire variations of temperature and humidity data in
the measurement medium. The data from the ultrasonic sensor, temperature sensor, and
humidity sensor, was used to compute the speed of sound and the water level inside the
micron-controller unit and send it to the end user machine through a communication module
(HC-05) for further analysis. Actual distance measurements were taken using a metric ruler
with a resolution of 1 mMm to compute the measurement error. The ultrasonic module was
installed on the water tank at the top center position with the ultrasonic transducers facing
downwards, perpendicular to the water surface. The level measured with the developed
ultrasonic module is termed as estimated distance. To validate the accuracy of the developed
ultrasonic module, experiments were conducted in dynamic environmental conditions.
Experiments were also conducted by blowing hot air into the medium to monitor the effect
of temperature and humidity on the developed measurement module. Experiments were

performed with the experimental seup module shown in Figure 9.
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Figure 3.8: Physical components of the ultrasonic measurement module

Figure 3.9: Experimental setup module used in liquid level measurement
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3.7 Results

3.7.1 Standard approach analysis

According to Bohn [10], the speed of sound increases with an increase in temperature
and humidity. However, other environmental parameters affect the speed of sound and are
considered in (3.5). We performed experiments and calculated the speed of sound based on
equation (3.5) using temperature and humidity values. Still, it is observed that the measured
distance deviates more from the actual distance with the increase in depth or level. The
deviation of measured distance from an actual distance is shown in Figure 3.10. Despite
considering all important environmental parameters, some amount of uncertainty exists
due to the gradient of temperature, humidity, and electronic noise that affect the distance
measurement accuracy. The measurement error (€m) given in (3.16) is the difference
between measured distance (My) and corresponding actual distance (Qq). To address this

measurement uncertainty, an ANN model is used as described earlier in Section 3.5.

Measurement error(eém) = mg— aq (3.16)

3.7.2 Proposed ANN result analysis

This section analyzes the results of experiments carried out for development of the neural
network model for UMS. For training the neural network, all data points were categorized
into five segments and for each of these segments, there is a corresponding neural sub-
network model. The reason for the segmentation and number of segments are discussed in
subsection 3.5.2. The details of each segment range, total number of data points, data points
used for training, validation and testing are presented in Table 3.4.

The data points for each neural sub-networks were randomly divided into three sets
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Table 3.4: Training, validation and test datasets of each segment of all five neural sub-
networks

Segments Data points | Training (70%) | Validation (15%) | Test (15%)

Segment-I

2ecm < Xg <100cm) 330 230 50 50
Segment-II

(100 cm < Xg <200 cm) 300 210 45 45
Segment-III

(200 cm < Xg <300 cm ) 300 210 45 45
Segment-IV

(300 cm < Xg <400 cm) 310 216 47 47
Segment-V

(400 cm < Xg <500 cm ) 315 221 47 47

namely training, validation, and test sets as described in subsection 3.5.3. The parameters
defined in Table 3.2 were used to train each of these neural sub-networks. The best training
performance, best validation performance, and best test performance corresponding to each
neural sub-network are noted and listed in Table 3.5. MSE and correlation coefficient (R)
are used to evaluate the performance of the proposed ANN model.

It can be observed from the performance plots shown in Figure 3.11, that for each neural
sub-network corresponding to different distance segments, the MSE of all sub-networks
decreases with an increase in the number of epochs. The performance plots of all five neural
sub-networks are shown in Figures 11(a)-(e). ANN model was trained and very low MSE
was observed for all these neural sub-networks. This implies that desired outputs and the
ANN model outputs for the training set are almost similar. The results with very low MSE

values show high confidence in model-predicted values.

Table 3.5: The performance results of all five neural sub-networks.

Ranges of data MSE Training performance | Validation performance | Test performance
2cm < Xg < 100cm | 2.6768e-06 2.6768e-06 2.9820e-06 1.6234e-06
100 cm < Xg <200 cm | 3.3422e-05 2.9346e-05 3.9913e-05 4.5953e-05
200 cm < Xg < 300 cm | 6.3413e-05 5.4750e-05 7.0521e-05 9.6731e-05
300 cm < Xg < 400 cm | 8.1793e-05 6.5728e-05 1.1731e-04 1.2011e-04
400 cm < Xg <500 cm | 1.7937e-04 1.6837e-04 1.8239¢-04 2.2807e-04

Regression (R) is a measure that performs a linear regression analysis between the
network outputs and the corresponding desired outputs. The R-value computed by the

neural network determines how robust are the predictions. R = 1 indicates an exact linear
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relationship between network outputs and desired outputs. R close to zero indicates no
linear relationship exists between network outputs and desired outputs. High R values are
an indication of good network performance. Table 3.6 shows R-values of all five neural
sub-networks, which reveal that model prediction and actual values are quite similar.
Error histograms are used to show the distribution of the residuals between the desired
output and network output. Figures 3.12(a)-(e) show the error histograms of all five neural
sub-networks. The blue bars, green bars, and red bars represent training data, validation data,
and test data respectively. From the error histogram Figures 3.12(a), it can be observed that
the majority of the errors are between -0.00378 and +0.00337 cm. In Figures 3.12(b)-(e),
it is also observed that estimated errors for the other four segments are distributed almost

evenly in negative and positive directions.

Table 3.6: R-values of all, training, validation and testing of the five neural sub-networks

Ranges of data Training performance | Validation performance | Test performance All
2cm < Xg < 100 cm 0.99999 0.99998 0.99999 0.99999
100 cm < Xg <200 cm 0.99985 0.9998 0.99976 0.99983
200 cm < Xg < 300 cm 0.99972 0.99967 0.9995 0.99968
300 cm < Xg <400 cm 0.99969 0.99921 0.99937 0.99959
400 cm < Xg < 500 cm 0.99909 0.99923 0.99894 0.99908

Table 3.7: Variation in temperature and relative humidity at three different positions for
different storage tanks.

Depth (d) Top position Middle position Near water surface
Temp (°C) | Humid (%) | Temp (°C) | Humid (%) | Temp (°C) | Humid (%)
100 cm 24 71 23.5 72 23 73
150 cm 30 48 30 51 29 54
200 cm 33 61 33 63 32 64
250 cm 37 54 36.3 57 35.2 59
300 cm 32 68 31 68 30 73
350 cm 34 56 33 58 33 62
400 cm 41 36 40 38 38 42
450 cm 36 44 35.5 47 33 51
500 cm 38 41 37 45 35 49
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3.7.3 Testing and evaluation of the model with new data

sets

The performance of the proposed neural network model is further evaluated with a new
data set. The new data set which consists of 508 data points is divided into five segments
to evaluate the performance of all five trained neural sub-networks. For segment-I, there
are 111 data points for input to the neural sub-network-I, and the output estimated distance
error variation lies within £0.19 ¢m which is around 0.2 %. Similarly, segment-II
contains 91 data points, segment-III contains 92 data points, segment-IV contains 110 data
points and segment-V contains 104 data points. The estimated distance variation for all
of these segments is around 0.3 %. Figures. 3.13(a)-(e) show variations in the output of
the proposed model and actual distance measurements of all five segments. The results
demonstrate that the proposed model works better when there is a variation of temperature
and humidity between the UMS and target surface which is observed in real experimental
scenarios. A sample of experimental observations to depict the variation in temperature
and relative humidity in the measurement medium is shown in Table 3.7. Table 3.7 shows
the variation of temperature and relative humidity measured at the top, middle, and near
water surface of storage tanks of different depths (100 ¢m to 500 ¢m). From this table, it
is observed that there is a variation of temperature and humidity level between the point
of UMS installation and near to water surface. Although the ultrasonic sensor datasheet
mentions that the operating range of distance measurement is restricted to 400 cm, we have
tried and used this model for an extended distance range of up to 500 cm. Beyond 400
C€m, the error observed was large in the standard theoretical model, but the ANN model can
compensate and reduce the distance measurement error to an acceptable limit of £1 cm.
Thus, the second objective of extending the operating range with the use of the proposed

model without upgrading the hardware is also achieved.
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Figure 3.13: Distance deviations after applying the proposed method to new dataset
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3.8 Discussions

In this study, we sought to enhance the performance of ultrasonic sensing model using
machine learning models (ANNSs). The model is first trained offline and then deployed in
the ultrasonic measurement system for online level measurement. This developed model
bring down the error rate from 1 % to 0.3 % and is also increase the operating range of
the ultrasonic sensor by another 100 ¢m, which is almost 25 %. This method significantly
enhance the performance of ultrasonic measurement system and can be useful for many
industrial applications such as measurement of high-cost liquid level, where the distance
measurement accuracy required in millimeter ranges. In general, when the storage tank
diameter is more, a small variation in level measurement will lead to incorrect information
about the volume of water contained in the tank.

The response time of the DHT22 (AM2302) temperature and humidity sensor is
2 seconds. But, in real-time we observed that the response time of DHT22 is around
380 milliseconds. The computation time of speed of sound formula given in (3.5), time
of flight of ultrasonic sensor, and the distance measurement is around 5 milliseconds.
The response time of the proposed ANN model implemented on the microcontroller is
around 2 to 3 milliseconds. Hence, the overall response time of the developed ultra-
sonic model is around 400 milliseconds. The ultrasonic sensors are an excellent choice
for non-contact distance or level measurement, because of ease of installation, low-cost safe,
accurate, and less maintenance cost compared to other non-contact sensors. In some in-
stances such as agitated liquids, turbulent liquids, foam, slosh, and similar other phenomena
that absorb ultrasonic waves instead of reflecting can negatively affect the performance of
ultrasonic sensors. In some cases like agitated and turbulent liquids, an average of multiple
observations may be considered. The proposed low-cost ultrasonic measurement module
based on ANN can be used to predict and detect flash floods as it can continuously monitor

the level. The same model can be used for different applications and environments by
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retraining the ANN model. As the training is always offline, it will not affect the actual
measurement time and will not add to the computational complexity of the measurement

system.

3.9 Conclusions

This work proposed a modified ANN architecture model to accurately estimate the
distance using ultrasonic module with a special case study for water level measurement in
different storage tanks. The experimental evidence indicates the effectiveness of the model
to make it adaptive to different environmental conditions. The three layer MLP network used
for universal approximation and it minimizes the error when an appropriate combination of
model parameters are used for the training process. Moreover, the proposed ANN model
comprised of five sub-networks for different range to effectively reduce the measurement
error across the distance measurement ranges from 2 ¢m to 500 ¢m. This model is designed
not only to measure the water level but can also be used for other applications, where manual
and contact based measurement is difficult or challenging. The developed adaptive ultrasonic
model compensates all major environmental parameters under dynamic situations, that affect
the ultrasonic sensor measurement. The proposed model also extends the operating range of
the used ultrasonic sensor from 400 ¢m to 500 cm. In future, we want to extend our work
for level measurement of liquids like petroleum products, turbulent water, and surfaces that
absorb the ultrasonic waves partially. The finding of our current work will be further used to
test other algorithms and models to improve the performance of the ultrasonic measurement

system for long range measurements.
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CHAPTER 4

Temperature estimation using
non-contact ultrasonic sensor

Temperature plays a vital role in determining the environmental conditions in addition
to humidity and other gases present in the medium. The time of flight of an emitted
ultrasonic wave depends on the speed of the sound in the propagation medium. The
speed of the sound depends on the characteristics of the medium, which also influences
the time of flight. Temperature, humidity, and other gases of the propagation medium
significantly affect the speed of sound and time of flight. With proper compensation of the
humidity effect, ambient temperature can be estimated using the speed of sound, time of
flight, and the object’s distance from the ultrasonic sensor. The ultrasonic sensor-based
temperature measurement system can determine the medium’s average temperature based
on the changes in ultrasonic sound speed in the medium of travel. In this work, we propose
a non-contact ultrasonic sensor-based ambient temperature estimation system using two
machine learning approaches: Multiple Linear Regression (MLR) and Support Vector
Machine (SVM) regression. The HC-SR04 ultrasonic sensor module, a low-cost 40 kHz
ultrasonic transducer, is used for experimentation to determine the temperature of the
medium. The proposed intelligent ultrasonic sensor-based temperature estimation system is
designed and effective for measuring temperature in confined spaces such as rooms, boilers,
tanks, and other industrial applications where the temperature needs to be measured in a
non-contact manner. We conducted experiments in different environmental conditions with
temperature ranging from 22 °C to 45 °C and relative humidity ranging from 30% RH to

85% RH to validate the accuracy and effectiveness of the proposed system.
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4.1 Introduction

Non-contact ultrasonic measurements are a cost-effective alternative solution for many
applications such as industrial, medical, and scientific research [75]. The standard sensors
used for temperature measurement are single-point temperature measurements and are
usually called sensor-by-contact. These sensors must contact the air and use their radiant
energy to change their physical characteristics to measure the environment’s temperature.
These sensors typically have a larger response time as they do not respond instantly, and their
measurement range is limited [100]. A non-contact ultrasonic temperature measurement
technique is desirable for instantaneous ambient temperature measurement. The ultrasonic
sensor measures the distance based on the ToF measurement. The speed of sound in the
air can be computed from the ToF and the distance given in equation (4.5). The ultrasonic
sensor can roughly estimate the average ambient temperature from the change observed
in the speed of sound, using the relationship between temperature and speed of ultrasonic
sound, as described in equation (4.4). However, the speed of sound also depends on the
humidity of the propagation medium in addition to the temperature. The estimated ambient
temperature is higher than the actual temperature because the sound speed in humid air
is faster than that of dry air. Single-point temperature measurement will not give the
expected accuracy due to the temperature gradient and humidity present in the measurement
medium. Most of the existing work on ultrasonic temperature measurement is based on
signal processing techniques, and experiments are performed in a controlled environment
and low measurement ranges. This work presents a machine learning approach to accurately
estimate the air temperature using a low-cost ultrasonic sensor with different ultrasonic
measurement ranges and environmental conditions with temperature ranges from 22 °C
to 45 °C, relative humidity ranges from 30 — 80%RH. In the proposed method, the
model is trained using the speed of sound (computed from distance and ToF) and relative

humidity as input and actual temperature as the desired output. After proper training, the
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sensor node can estimate the ambient temperature more accurately during testing. The main

contributions of this study to existing works are summarized below:

* Non-contact temperature measurement based on machine learning approaches without

any change in the hardware requirement.

* The proposed system measures the ambient temperature accurately, which is not

possible in single point temperature sensors.

* It provides faster response time and long range temperature estimation ( less than 100

milliseconds compared to standard temperature sensor response time 2 seconds).

The remainder of the chapter is organized as follows: in Section 4.2 reviews the existing
works related to ultrasonic sensor temperature measurements. The basic principles behind
the ultrasonic-based measurement are discussed in Section 4.3. The theory behind how the
velocity of sound is affected by temperature and humidity is addressed in Section 4.4. The
proposed machine learning methods are described in Section 4.5. The detailed experimental
procedure and system implementation are covered in Section 4.6 . Experimental results and

discussions are presented in Section 4.7, followed by conclusions in Section 4.8.

4.2 Related works

Temperature measurements play a vital role in various applications. In the recent
past, ultrasonic temperature measurement has evolved as a new temperature measurement
technology for environmental monitoring. Many papers use time-of-flight-based techniques
for temperature measurement using ultrasound in the air medium [11, 100, 101, 102]. A
non-intrusive method for the temperature measurement of stored biomass based on acoustic
sensing techniques is proposed in [103]. The accuracy of temperature measurement of
stored biomass is estimated with a maximum error of 1.5 °C under all test conditions. W-Y

Tsai et al. [100] proposed an ultrasonic measurement system to estimate air temperature
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with self-correction for humidity without proper humidity correction. It reports an accuracy
of £0.4 °C, and with humidity correction, it is accurate upto £0.3 °C for a temperature
range 0 °C to 80 °C. A new microcomputer-based air temperature measurement system
using the ultrasonic time-of-flight technique is presented in [11]. The experiment conducted
with temperature ranging from O to 80 °C, relative humidity range from 20 to 90%RH,
and the distance considered is 50 — 200 mm. The standard uncertainty error of the
temperature measurement is approximately 0.39 °C. Teh-Lu Liao et al. [104] proposed
an ultrasonic temperature sensor system to measure the temperature of an air conditioner
(AC) in an automobile with an accuracy of £0.4 °C with temperature ranges from O to
80 °C and distance of 100 cm with a response time of only 100 ms. T. Motegi et al. [12]
demonstrated an acoustic technique for measuring air temperature and humidity in moist air.
The measurement accuracy is within 0.5K, the temperature is 293 — 308K, and relative
humidity (RH) is 50 — 90%RH. Sahoo et al. [105] proposed an improved neural network
algorithm to improve the accuracy of the ultrasonic measurement system with compensation
temperature and relative humidity. Rochhi et al. [4] presented an analytical method based
on ultrasonic signal reconstruction to improve the measurement accuracy of the ultrasonic
measurement method.

Existing ultrasonic temperature measurement methods discussed above are mainly
based on ultrasonic signal processing techniques and limited measurement ranges, and the
experiments are performed in controlled environments. As there is a presence of a gradient
of temperature and humidity in the measurement medium, a single-point measurement will
not be able to give accurate temperature measurements. Standard sensors usually respond
slowly; thus, they are not ideal for tracking measurements with fast-changing environmental
temperatures. Therefore, in this work, we propose machine learning algorithms to increase
measurement accuracy and make the ultrasonic measurement system more intelligent to
adapt the changing environment. The experiments were conducted at different distances

ranging from 100 ¢m — 400 ¢m and in other environmental conditions to train, test, and
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validate the proposed model.

4.3 Basic principle of ultrasonic measurement

Ultrasonic sensors are a reliable and cost-effective alternative to many non-contact
measurement applications. It works based on the principle of measurement of the Time-
of-Flight (ToF). ToF is the round trip time of the transmitter-emitted signal and its return
received by the receiver after getting reflected by an object. The ultrasonic sensor converts
electrical energy into acoustic waves during transmission and vice versa after receiving. The
acoustic wave signal is an ultrasonic wave operating at a frequency above 20 kHz that travels
at a speed of sound €. We used a 40 kHz ultrasonic sensor HC-SR04 for our experiments.
This HC-SR04 sensor has a wide range of non-contact distance measurement capabilities,
i.e., from 2 cm to 400 cm. The ultrasonic transmitter (Tx) transmits ultrasonic wave pulses
towards the object, and the receiver (Rx) receives an echo signal reflected from the object,
as shown in Figure 4.1. A Microcontroller Unit (MCU) communicates with an ultrasonic
sensor. The MCU sends a trigger signal to the ultrasonic sensor to measure the distance. A
signal of +5V (HIGH) is sent over the trigger pin for around 10 seconds to trigger the
sensor. The ultrasonic sensor generates eight 40 kHz ultrasonic waves, and the echo pin
goes high until the ultrasonic wave returns after getting reflected from the object. The total
round trip time of an ultrasonic wave transmitted to and reflected from the object determines
the distance between the ultrasonic sensor and the object. The distance d from the sensor to

the object is denoted by:

c x ToF

4.1
> 4.1)
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Figure 4.1: Basic working principle of ultrasonic based measurement system

4.4 Theory behind the model

The speed of sound wave traveling in a medium strictly depends on the medium proper-

ties [10]. For an ideal gas, the speed of sound can be expressed as

RT
c= YT 4.2)

Where 7 is the specific heat ratio, R is the universal gas constant (R = 8.314 J/(mol K)),

T is the absolute temperature, M is the molecular mass of the gas and C is the speed of

sound. For air medium, Y = 1.40 and M = 0.02896 kg/mol.

The ultrasonic wave propagation speed at O °C is reported to be 331.45+ 0.05 m/s.
For every 1 °C increase in temperature, the speed of sound increases 0.607 m/s. The
representative graphs of equation (4.3) shown in Figure 4.2 (a) depict the correlation between
the speed of sound and medium temperature. When the temperature is known, the formula

for computing sound velocity is given in equation (4.3).
c=331.45+0.607 x T m/s 4.3)
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Where T is the temperature of the medium in degree Celsius. The temperature can be

estimated from the speed of sound using equation (4.4).

. c—331.45 Wy
°T  0.607 4

From equation (4.2), it is observed that the speed of sound increases with an increase in
temperature. It is evident from equation (4.1) that ToF depends on the speed of sound. As

the speed of sound increases, the ToF decreases (4.3).

2xd
c= (4.5)
Tof

Therefore, ToF increases with a decrease in the speed of sound and the medium temper-
ature. An increase in relative humidity in the air increases the speed of sound by a small
amount. The combined effect of temperature and relative humidity on the speed of sound is

shown in Figure 4.2 (b).
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Figure 4.2: (a) Variation observed in speed of sound with respect to temperature, (b)
Percentage of increase in speed of sound vs. change in temperature and humidity
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4.5 Proposed method

4.5.1 Multiple Linear Regression (MLR)

Multiple linear regression is a machine learning technique used to formulate the complex
input-output relationship. The main objective of MLR is to find a linear approximation
function between a set of explanatory (independent) variables and the response (dependent)

variable.

y=Bo+Li1X1+...+BiXi+ ...+ BmXm+E€ (4.6)

Where, y is the dependent variable, X; is the it" independent variable, B; is the polyno-
mial coefficients corresponding to each X, m is the number of independent variables, and
€ is the model’s error term or residuals. In this experiment, the temperature is chosen as the
dependent variable, while relative humidity and speed of sound are selected as independent

variables.

4.5.2 Support Vector Machine (SVM)

SVM is a popular supervised machine learning method for classification, and regres-
sion [21, 106]. It uses a non-linear statistical technique to transform input space into
feature spaces of higher dimensionality, which helps in efficient classification. SVM re-
gression is an extension of the SVM technique for predicting numerical values. Instead
of generating a hyperplane, a different function is derived based on training data to pre-
dict the numerical values of the dependent variable. Given a set of training data points
(x1,y1), (X2, ¥2), ..., Xi, YO), ..., (Xn, ¥n) € X x R, X is the input vector space, X;
is the input vector, Y is the observed output value corresponds to input vector X, and N is

the number of samples. The regression function can be represented as follows:
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flwy, wa,...,wp,b)=y=(W,x)+b+e€ 4.7)

Where W € X, represents coefficients , b € R is the intercept and (., .) denotes dot product.
The main aim is to find a function f(X) that has at most € deviation from target y;. The
regression problem can be expressed as a process to minimize the following function with

€-insensitivity loss function:

1 n
Minimize > Iwl?+C > (E+E") (4.8)
i=1

(
yi— (W, x))—b<e+§

Subjectto | (w,x)+b—y; <€+ gl,* (4.9)

§820,i=12..n

Where C > 0 is a constant that determines the penalty for the prediction error higher
than €. Two slack variables & and El.* estimate the distance from actual values corresponding
to the boundary values of €. The above optimization problem can be stated in quadratic

programming form by using Lagrangian multipliers as follows:

fx) = Z(ai — orl.* )K(X, Xi) + b (4.10)

i=1

( n
Z(a,-— orl.*) =0
i=1

Subject to | 4.11)

0<a<C

OSO(i*SC
\

Where K(X, Xj) is the kernel function defined as an inner product of the points ¢ (X;)

and ¢(X;). The function ¢ is the mapping from input data to higher dimension feature
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space. O and O{t.* are the non-negative Lagrange multipliers.
The kernel function plays an important role in the SVM performance. We used the SVM
model’s Radial Basis kernel Function (RBF) for its better generalization ability than other

kernel functions.

4.5.3 Performance evaluation metric

The performances of MLR and SVM-regression were evaluated based on the ambient
temperature estimation. Five standard statistical performance evaluation metrics, namely,
Root Mean Squared Error (RMSE), Mean Square Error (MSE), Mean Absolute Error
(MAE), Mean Absolute Percentage Error (MAPE), and coefficient of determination (R 2)

were calculated on test data samples.

4.6 System implementation

The experimental setup of the ultrasonic temperature measurement system is shown
in Figure 4.3, which comprises a 40 kHz ultrasonic sensor, a temperature and humidity
sensor (DHT22), a Bluetooth module, and a micro-controller. Bluetooth module is used to
communicate the measurement result to the personal computer to examine the measurement
result and for further processing. Detailed specifications of these components are listed in
Table 4.1. The ultrasonic sensor consists of two transducers, one for emitting sound pulses
at 40 kHz frequency and the other to detect the sound wave (echo signal) reflected from the
target object’s surface. As per the datasheet, the operating distance range of the ultrasonic
sensor is 2 cm to 400 cm.

For testing, the ultrasonic transducer was fixed at some height on one wall of a room,
and time-of-flight measured values were collected at four different distances: 100 cm, 200
cm, 300 cm, and 400 cm. Experiments were performed at various temperature and relative

humidity levels, with temperature ranging from 22 °C — 45 °C and relative humidity
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ranging from 30% RH — 85% RH. Nearly 11,000 data sample points are collected
consisting of ToF, temperature, and relative humidity for this experiment at four different

ranges of distances: 100 cm, 200 cm, 300 cm, and 400 cm.

4.7 Results and discussions

This section presents the statistical results of the experiments using the MLR and SVM-
regression machine learning models. The dataset consisting of 11000 samples is randomly
divided into a training dataset (8250 data points, which is 75% of the total data) and the
test dataset (2750 data points, which is 25% of the total information). Each training sample
data point consists of three variables, namely, temperature (t), relative humidity (h), and
speed of sound (s). The raw data of both the training and testing set are normalized using
max-min normalization to mitigate the magnitude bias during the training phase. The SVM-
regression model parameters are optimized using the cross-validation method. To evaluate
the performance and generalization capabilities of MLR and SVM-regression models, we
used both models to estimate the temperature on the test dataset and then compare their
performance.

The results of MLR and SVM models are shown in Figure 4.4 and Figure 4.5, respec-
tively. Statistical evaluation parameters (RMSE, MSE, MAE, MAPE, and R2) of MLR and
SVM model on the test data is listed in Table 4.2 and Table 4.3 respectively.

In the case of MLR, Figure 4.4 (a)-(d), the histogram of residual values depicts the
frequency of residual values of the trained model. Most residual errors are concentrated
around zero, which shows a good fit of the model to the observed data. But in the case of
SVM, most of the residual errors are more dispersed in comparison to the MLR model, as
shown in Figure 4.5 (a)-(d). Similar observations can be seen in Figure 4.4 (e)-(h) of MLR
and Figure 4.5 (e)-(h) of the SVM model. The coefficients of determination (Rz) values of

both models indicate that the MLR model performs better than the SVM-regression model.
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It can be concluded that the MLR model outperforms the SVM model for this study.

Figure 4.3: Experimental setup of ultrasonic module for temperature measurement

Table 4.1: Components used in this experiment with specifications

Components Specifications
Microcontroller Arduino nano (ATmega328)
Ultrasonic sensor HC-SR04
Temperature and humidity sensor DHT22 (AM2302)
Bluetooth module HC-05
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Table 4.2: Performance metric (RMSE, MSE, MAE and MAPE and R2) of MLR

Measurement Ranges | RMSE | MSE | MAE | MAPE | R-Square
100 cm 0.1605 | 0.0257 | 0.1406 | 0.0043 | 0.9993
200 cm 0.1619 | 0.0262 | 0.1332 | 0.0040 | 0.9994
300 cm 0.1511 | 0.0228 | 0.1244 | 0.0038 | 0.9994
400 cm 0.1590 | 0.0253 | 0.1317 | 0.0039 | 0.9994

Table 4.3: SVM-regression model performance metric (RMSE, MSE, MAE, MAPE, Rz)

Measurement Ranges | RMSE | MSE | MAE | MAPE | R-Square
100 cm 0.3257 | 0.1061 | 0.2616 | 0.0082 | 0.9973
200 cm 0.3187 | 0.1016 | 0.2590 | 0.0081 0.9976
300 cm 0.3733 | 0.1394 | 0.3043 | 0.0099 | 0.9969
400 cm 0.3256 | 0.1060 | 0.2776 | 0.0089 | 0.9975
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4.8 Conclusions

The propagation medium temperature affects the speed of sound in the medium. We use
this property and the machine learning-based ultrasonic temperature measurement system to
accurately measure the average ambient temperature with a reasonable accuracy bounded
by a maximum of £0.4 °C under the experimental conditions. The response time of
the proposed system is 100 ms, which is much less than the response time of standard
temperature sensors, around £2 °C. The proposed system can accurately measure the
temperature, especially in an environment with fluctuations in temperature and humidity
levels. The results indicate that the MLR machine learning model outperforms the SVM
model.

This proposed system’s main advantages are: 1) non-contact measurement, ii) ease
of implementation, iii) longer ranges of measurement, and iv) software-enhanced high
resolution in measurements. Faster response time without any up-gradation of hardware.
The measurement accuracy depends on the surface of the object from which the ToF signal
is reflected and the angle of the ultrasonic sensor. Ultrasonic waves depend on temperature
and humidity, and other parameters and gases present in the environment. In the future, we
propose to study the estimation of relative humidity in consideration of other environmental
parameters using the ultrasonic sensor. We also propose to study different machine learning

algorithms to improve the accuracy of the proposed system.
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CHAPTER 5

Relative humidity estimation using
non-contact ultrasonic sensor

The speed of sound depends on the humidity of the propagation medium in addition to the
temperature. The combined dependency of both relative humidity and temperature becomes
non-linear and makes the estimation difficult. In chapter-4, we discussed the ultrasonic
measurement system for estimating ambient temperature in a non-contact manner. In this
work, we will discuss an ultrasonic Time-of-Flight (ToF) based technique to estimate the
relative humidity of the environment accurately. The ultrasonic time-of-flight measurement
technique is based on ultrasonic sound wave propagation in the medium. As the temperature
and relative humidity highly influence the speed of sound in the air medium, a highly
accurate ambient relative humidity measurement system can be realized using an ultrasonic
sensor with proper compensation of temperature.

The non-contact ultrasonic measurement system depends on sound speed, and the
sound’s speed changes with changes in temperature and relative humidity. Thus, the
ultrasonic sensor can be used for the prediction of both temperature and relative humidity of
the medium [12, 40, 107].

We straightforwardly explored different machine learning algorithms but only achieved a
little success. In this work, we propose a combination of fuzzy logic and an artificial neural
network approach for estimating relative humidity using ultrasonic sensors. The framework
of the proposed model is the following; (1) a fuzzy controller used to classify the input
sample data into different segments, (2) based on the fuzzy output, each segment of the

data range is fed into a specific pre-trained neural network to predict the relative humidity.
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We experimented with and compared a few other popular machine learning approaches,
like Support Vector Regression (SVM), K-Nearest Neighbor (KNN), and Random Forest

Regression (RFR), with the proposed method’s accuracy.

5.1 Introduction

Monitoring relative humidity in the indoor environment is essential for maintaining the
health of the buildings and occupants. Relative humidity is a measure of the air’s water vapor
content at a given temperature [27]. Thus, the amount of moisture in the air also depends on
air temperature [10]. Very high humidity can cause condensation and affects the ambience
and health of the human beings. A very low humidity can trigger static electricity around the
room, and affects the proper functioning of electronic modules. Monitoring temperature and
humidity level of the room or building is required for good air conditioning and fire warning
system. Conventional humidity measurement sensors are single-point measurement devices
and can not estimate the distribution of relative humidity in a room. A non-contact method
for measuring relative humidity is a requirement for estimating the distribution properly.
The ultrasonic measurement technique is an alternate solution for non-contact based air
temperature and humidity measurement. Airborne ultrasonic measurement systems use the
speed of sound for different sensing applications. The ultrasonic sound propagation speed
depends on the temperature and humidity of the transmitting medium [10, 28, 31].

Non-contact ultrasonic sensors are low-cost, easy to implement, less response time and
capable of high performance [37]. The fundamental operating principle of the ultrasonic
sensing system is based on calculating the time of flight. Time of flight is the time for an
ultrasonic pulse wave to travel from the transmitter of the sensor and the reflected echo

received at the receiver [4, 105, 108]. The object distance d from the sensor is

tof * ¢

5.1
> G.D
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Where C is the speed of sound and tof is the time-of-flight.
For a known location of the object, the distance d between the ultrasonic sensor and the
object can be calculated. Using equation (5.1), we can calculate the speed of sound using

the time-of-flight, and distance [109].

2d

C=—— (5.2
tof )
If the speed of sound increases, the time of flight decreases. According to Bohn [10], the air

temperature affects the speed of sound according to the following equation.

c=331.454+0.6 x t (5.3)

Where 331.45 is the speed of sound (m/S) in air medium at O °C and t is the temperature
in (°C)

Standard ultrasonic sensors compute the time of flight, assuming the constant speed
of sound at a fixed air temperature during wave propagation. From equation (5.3), it is
observed that the speed of sound in air increases with an increase in air temperature. There
is a relationship between the speed of sound and temperature [31]. Thus, air temperature

can be estimated from the speed of sound and can be expressed as follows.

c=f(t) (5.4

t:f_l(C) (55)

By substituting equation ( 5.2), we can estimate the temperature from time-of-flight, and
traveled distance [110].

.. 2d
t=f (E) (5.6)

As the speed of sound is affected by air temperature, humidity and other environmental
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parameters, estimating temperature only from the speed of sound will not be accurate. Thus,
we propose machine learning models to get accurate air temperature of the measurement
medium [109]. The speed of sound also increases with an increase in relative humidity. The
speed of sound in the air medium is expressed as a function of temperature and relative
humidity.

c=f(t, h) (5.7)

Where t is the temperature (°C) and h is the relative humidity (%).

An approximate equation for the speed of sound ratio over temperature and humidity is

[28]

Ch/Co=1+h(9.66x107%+7.6x 107>t

+1.8x107%t2+7.2x10783+6.5x 10711 t%) (5.8)

Where Ch the speed of sound in humid air, Cg the speed of sound in dry air, relative humidity
h from O to 1.0 and temperature t from O to 50°C.

Relative humidity estimation using the ultrasonic technique has been proposed in the
literature in the recent past. These methods have limitations like a restricted distance range,
experiments performed in a controlled environment, and high implementation costs. Existing
research on estimating air temperature and relative humidity using ultrasonic time-of-flight
techniques is described in Section 5.2. Usually, an ultrasonic measurement system assumes
uniform temperature and relative humidity throughout the measurement medium. In reality,
the medium temperature and humidity are mostly not uniform, and there is normally a
gradient of temperature and relative humidity. Ultrasonic signal time-of-flight encodes the
spatial distribution of the temperature and relative humidity along the propagation path.
The relationship between the time-of-flight, humidity distribution h(z), and temperature

distribution t(Z) is given by the following equation [38]:
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tof = (5.9

d dz
2 -
Jo f(t(2), h(2))

In this work, our objective is to estimate the relative humidity of the air medium using the
ultrasonic time-of-flight technique. To estimate relative humidity, using (5.7) is not feasible
because relative humidity has relatively less effect on the speed of sound compared to the
effect of temperature. Moreover, as there is no significant correlation between temperature
and relative humidity, just by substituting temperature value in (5.7), one can not accurately
estimate relative humidity. We propose a combination of fuzzy logic and a neural network
approach to estimating relative humidity. The conceptual framework of this proposed two-
phase method is shown in Figure 5.1. In addition to the proposed model-based relative
humidity estimation, we also used other machine-learning methods to estimate the relative
humidity for comparison purposes. We found that the proposed method for estimating
relative humidity is more accurate than other methods. The main contributions of this work
are summarized as follows:

* A new and novel hybrid model is proposed for estimating relative humidity using
ultrasonic sensors.

* Use of fuzzy logic and fuzzification of the experimental sample data to find different
relative humidity ranges in the first phase.

* A set of ANN sub-modules corresponding to different ranges of relative humidity
integrated into one ANN model is proposed to estimate relative humidity accurately.

* To measure the relative humidity of a larger space quickly and in a continuous manner
compared to the conventional single-point measurement sensors, which are discrete having
slower response times.

* The proposed model can accurately estimate the relative humidity of the entire medium
in the presence of a gradient of temperature and humidity.

* The proposed model can work in extreme and dynamic environments where single-

point measurement may not be feasible.
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The remainder of the chapter is organized as follows. Section 5.2 briefly reviews the
related works followed by proposed methodology in Section 5.3. Experimental setup,
experiment, and data acquisition procedures are described in Section 5.4. The detailed
analysis of experimental results of the proposed method and its comparison with other
models are discussed in Section 5.5. Finally, the concluding remarks and future works are

discussed in Section 5.6.

5.2 Related works

We present the related works on non-contact ultrasonic sensor based measurement
methods, effect of the environmental conditions like temperature and relative humidity
in this section. It is already known from research papers that sound wave propagation in
the air is affected by several environmental parameters [10, 27, 28, 31, 91]. Bohn [10]
mentions the effect of temperature and humidity on sound speed in air medium. Harris
[27] performed experiments and reported results on the absorption of the speed of sound
at different frequencies, humidity, and temperature ranges. Wong et al. [28] conducted
experiments and analyzed the impact of relative humidity on the speed of sound in the air
over a temperature range from O — 30 °C. Attenborough [31] discussed the influence of
geometric spreading, air absorption, refraction, and temperature gradients on the propagation
of sound wave in air medium. Cramer [91] measured specific heat ratio and speed of sound
in air medium considering temperature, pressure, humidity, and CO>.

Non-contact ultrasonic range measurement system that depends on the speed of ultra-
sonic sound in air medium depends on the various environmental parameters [4, 43, 105,
111]. Sahoo et al. [105] proposed an ANN-based non-contact ultrasonic level measurement
system to accurately measure the liquid level while compensating temperature and relative
humidity gradient along the measurement path. Rocchi et al. [4] conducted exhaustive

experiments with a non-contact ultrasonic sensor to measure the level and estimate the
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position of the water surface to measure the thickness of the pollutant layer. Mousa et al.
[43] designed a low-powered sensing device based on an ultrasonic sensor that can detect
flash floods and traffic congestion. They used multiple machine-learning techniques embed-
ded in the device to estimate water levels with proper compensation for all environmental
conditions. Huang ef al. [111] proposed an ultrasonic range measurement system that
compensates the air temperature with the average temperature in air medium instead of
single point measurement.

Airborne non-contact ultrasonic sensor is used for temperature measurement using
time-of-flight techniques [100, 101, 102, 109, 110, 112, 113]. Sahoo et al. [109] proposed
a low-cost non-contact ultrasonic-based ambient temperature measurement system using
machine learning approaches. Zhou et al. [110] proposed an accurate temperature estimation
method using the ultrasonic sensor with an error bounded by £0.04 °C. Dobosz et
al. [101] presented an ultrasonic measurement technique that can measure the gradient
of air temperature along the beam axis of the laser interferometer during displacement
measurement. Akio et al. [112] measured air temperature and its gradient using the acoustic
frequency responses. Hu ef al. [113] presented an acoustic sensing technique to measure
the temperature of biomass fuels. Ruixi ef al. [102] used time of flight of of ultrasonic
wave to measure air temperature. Tsai et al. [100] ultrasonic ToF to measure the average
temperature of the air by detecting the changes in the speed of sound.

Conventional sensors are single-point contact-based measurement systems for measuring
temperature and humidity. Whereas non-contact ultrasonic sensors can measure the average
relative humidity and temperature because water vapor in the air can influence the speed of
sound [107]. Motegi et al. [12] presented a technique to measure temperature and relative
humidity using sound velocity and its attenuation. Schaik et al. [40] developed a device to
measure average temperature and humidity using two ultrasonic transducers.

All the related works on estimating the relative humidity using ultrasonic sensors are

based on a signal processing and ToF approach, that incurs high implementation costs.
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Experiments are limited to specific ranges, confined to the laboratory with controlled
environments, and not suitable for real-time applications. In this work, we present a
fuzzy inspired two-stage machine learning approach to estimate the relative humidity with

temperature compensation accurately.

5.3 Methodology

The main focus of this study is to accurately estimate the relative humidity of the medium
using non-contact intelligent ultrasonic sensor. Different machine-learning approaches are
investigated to accurately estimate the relative humidity. The idea is to use machine learning
to automatically learn and identify the complex patterns from the data samples and make
intelligent decisions on new data points. A labeled training dataset is first used in supervised
machine learning to train the underlying model. Then the new unlabelled test data samples
are fed to the trained model to make accurate predictions [18]. Machine learning-based
regression techniques are used to predict continuous dependent variables [114, 115, 116,
117]. The proposed model uses a two-phase model, and the overall framework of the
model is depicted in Figure 5.2. The defined fuzzy logic controller ( [118, 119, 120] ) takes
temperate and speed of sound as input and predicts relative humidity ranges. Based on the
output ranges of the fuzzy controller, we design four neural networks, and each network
is trained on different ranges of temperature and speed of sound to estimate the relative
humidity. Other machine learning methods such as Support Vector Regression (SVR),
K-Nearest Neighbors (KNN), and Random Forest Regression (RFR) are used to estimate

the relative humidity and compare the performances with the proposed method [121].

5.3.1 Support Vector Regression (SVR)

Support vector machine is used for classification problems and also used for regres-

sion problems [18, 21, 122]. The regression problem aims to determine a function that
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Figure 5.1: The schematic diagram of proposed two-phase method to estimate relative
humidity
can accurately approximate dependent variable values. A nonlinear mapping is done to
map the N-dimension input samples into a higher dimensional feature space by nonlinear
transformation @, on which linear regression can be performed.

Let a training sample is a set {X;, ¥}, where X; € R, { = 1...N where X; represents
the n-dimensional input sample space and corresponding target value y; € R, where N
represents the size of the training data.

The SVR function can be denoted as

y=w o(Xx)+b (5.10)

The aim is to determine the value of W € R, b € R such that values of X can be
computed by minimizing the regression error. The appropriate selection of hyper-parameters

values is important for SVR algorithm’s robustness and efficiency. To build a more efficient
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model, we need proper kernel functions, regularization parameter C, which determines the
penalties to estimation errors. The radius € also needs to be determined, such that the data
inside the €-tube can be ignored.

In this study, the optimal hyperparameter values are determined after repeated experi-
ments on all data sets. A polynomial kernel is used as the kernel function, the regularization

parameter C is set to 1, and the value of € is set to 0.1.

5.3.2 K-Nearest Neighbors Regression(KNNR)

The k-nearest neighbors algorithm is used for classification, and regression problems
[18]. KNN algorithms are simple to implement and computationally inexpensive. The KNN
regression model is used to predict output values Yy € R for a given input values X € R is
based on N input-output training samples (Xj, yi)i.Vzl, where Xj = {x!, xé...., Xg} eR,
is an input sample { from d-dimensional feature space, and the corresponding output value
Vi €R.

For a new test sample X, we need to learn a function (f : X — y) from the training
dataset. KNN regression starts computing the distance d between test sample X and each
sample Xj in the training dataset. In this case, we consider Euclidean distance as a distance
metric, among many other distance metrics.

The sample X, which is a set of K-nearest neighbors, Nk (X), is considered as a test
sample taken from training samples based on Euclidean distance. The final estimated output
value Y is calculated by considering the mean of the output values of the nearest neighbors

as follows:

y = S0 (5.11)

Selection of k value is important to avoid the over-fitting problem. In this study, we vary

the parameter kK from 1 to 5 and the lowest error is obtained for K = 1 corresponding to all
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training datasets. Therefore, we choose the optimal value of kK = 1.

5.3.3 Random Forest Regression (RFR)

Random forest is an ensemble method which constructs multiple decision trees using
the bootstrap technique followed by aggregation, which is also known as bagging [18, 22].
A random forest regression contains an ensemble of regression trees and random feature
selection during tree induction. Bootstrap sampling is used for constructing regression
trees. The random selection of features for partitioning at each node reduces the correlation
between the trees. Averaging their predictions reduces the variance and improves overall
accuracy. The final output is calculated by aggregating all the predictions across all the trees.

The number of trees are one of the important hyper-parameters in the random forest
model. While searching for the best split at each node, number of selected tree helps in
optimal selection of a subset of features m from the total number of features M, in each
training subset. A typical number of trees m for regression tasks is M/ 3. In this experiment,

the optimal value for a number of trees is taken as 500.

5.3.4 Proposed method

The proposed method comprises two steps as shown in Figure 5.2. In the first step,
the fuzzy inference controller is designed, and in the second step, one of the four different
artificial neural networks is designed based on the fuzzy output to estimate the relative
humidity. The flowchart is shown in Figure 5.6 describes the procedure followed in this
study to estimate relative humidity. The input to fuzzy logic is measured temperature and
speed of sound, and the output of the fuzzy logic controller is the membership function,
which defines the relative humidity range. Based on the fuzzy output, one neural network
out of the four is selected, and the same input is fed into the selected neural network to

compute the relative humidity.
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5.3.5 Fuzzy logic controller

Researchers have applied fuzzy logic systems to numerous real-world applications,
particularly in control systems, predictions, and inference engines [118, 119]. Deterministic
models are required to be more robust and inadequate to describe the system process. The
use of fuzzy systems is one of the effective solutions to these problems. Conventional
mathematical models are not efficient in dealing with ill-defined and uncertain systems. The
fuzzy inference system uses logical rules based on expert knowledge and can effectively
handle uncertain and ill-defined systems. A fuzzy inference system usually consists of a
fuzzification module, a knowledge base, the fuzzy inference engine, and the defuzzification

module [120]. The fuzzy inference system is shown in Figure 5.2.

Crisp input Crisp output
|:,‘> Fuzzification :"> Inference engine :‘,> Defuzzification :,‘>

Knowledge base

Figure 5.2: Fuzzy inference system architecture

This work uses the Mamdani inference and aggregation method. Fuzzy inference maps
the inputs to outputs using fuzzy logic based on the mapping functions. The fuzzy inference
process contains membership functions, fuzzy logic operators, and if-then rules. Fuzzy
membership functions is constructed based on expert knowledge, experience, and real data.
Fuzzification is the first step of the fuzzy logic controller, which converts crisp inputs
into fuzzy variables (linguistic) using the membership functions. Out of many different
membership functions, we zeroed on triangular membership functions to represent the
linguistic variables. The inference engine computes the fuzzy output from fuzzy input by

using if-then rules already stored in the knowledge base. The centroid-based defuzzification
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method converts the fuzzy output to a crisp value. The same membership function is
used for fuzzification and defuzzification step for consistent output. We designed the
fuzzy controller using the Fuzzy Logic Toolbox of Matlab. Two input variables and one
output variable are used in this proposed fuzzy logic model. Figure 5.3 and Figure 5.4
represents the membership functions of both input variables, i.e., temperature and speed of
sound. The experimental temperature range is 22 — 45 °C, and the speed of sound range
varies from 345 — 360 m/s. The output variable is the relative humidity ranges from
30 — 85%. We defined four membership functions for the input air temperature variable,
namely, Low Temperature (LT), Normal Temperature (NT), High Temperature (HT), and
Very High Temperature (VHT). Similarly, there are four membership functions, Speedl1 (S1),
Speed2 (S2), Speed3 (S3), and Speed4 (S4), corresponding to the input variable speed of
sound. The output variable relative humidity uses four membership functions, namely, Low

Humidity (LH), Low Medium Humidity (LMH), Medium Humidity (MH), and Medium

High Humidity (MHH).

LT NT HT VHT

1

0.5

0

22 28 29 34 35 39 40 45

Temperature

s1 s2 s3 s4

0.5

345 349 350 353 355 356 357 360
Speed

Figure 5.3: Membership functions for input variable temperature and speed of sound
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Figure 5.4: Membership functions for output variable relative humidity

5.3.6 Integrated artificial neural network model

An artificial neural network can model and approximate the complex relationships be-
tween inputs and outputs. For many years, feedforward neural networks are the most popular
and most widely used models in many practical applications [43, 123, 124]. Feedforward
neural network contains one or more hidden layers to deal with nonlinear and complex
correlations. Multi-Layer Perceptron (MLP) is a class of neural networks consists of one
input layer, one hidden layer, and one output layer. Usually, MLP with one hidden layer is
sufficient to approximate any continuous nonlinear function [105, 123].

We propose four artificial neural networks based on output ranges of fuzzy inference
systems. Each neural network comprises one input layer, one hidden layer, and one output
layer. We chose different hidden layer nodes and arrangements to obtain the best production
results. The proposed neural network representation is shown in Figure 5.5. The two
inputs are ambient temperature and sound speed, and relative humidity is the output of each
network.

The neural network function is mathematically formulated as follows:

l

k
wflf (le wl.l’j + bjl) + bi) (5.12)
=

Where j=1,..., and [ is the total number of hidden layer neurons. The variable i varies

y(x, w) =g(

j=1

from 1,...k, where k represents the total number of input variables. The parameters Wilj
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Input Layer Hidden Layer Ouput Layer

Figure 5.5: Architecture of neural network proposed in this work

and bjl are the weights and biases for input to the hidden layer. Similarly, the parameters

Wj21 and b% are the weights and the biases from hidden to the output layer. The activation
function of the hidden layer is denoted by f(.), and g(.) is the activation function of the

output layer.

5.3.7 Training of the neural network

The neural network is trained to learn the complex nonlinear relationship between the
input and output. During the testing stage, the trained neural network can compute the
output corresponding to the given input data. The backpropagation algorithm is utilized in
the training of ANN models. The backpropagation algorithm uses the supervised training
technique where the network weights and biases are initialized with random values at the
beginning of the training phase. The backpropagation algorithm can be described into two

stages:

* Feedforward step: In this step, an input pattern is applied to the input layer and

allowed to propagate through the network layers. During the propagation, the inputs
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values are modified by current weights and biases and then by the nonlinear activation
functions until the final output is produced. The network’s estimated output value is

then compared to the target output to calculate the loss function.

» Backpropagation: In this step, the output error signals are fed back (backpropagation)
through the network layers starting from the output layer, through the hidden layers
back to the input layer. The weights are modified in a way that minimizes the error

across the entire training input dataset.

In this study, the tan — sigmoid function is used as the nonlinear activation function
in the hidden layer. The purelin linear transfer function is used in the output layer.
The number of neurons in the hidden layer is taken to be 10. The Levenberg-Marquardt

backpropagation training algorithm is used to train the neural networks.
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Algorithm 4 Proposed hybrid fuzzy-neural network algorithm

INPUT: temperature (t), speed of sound (s)
OUTPUT: relative humidity (h)

function FUZZY_INFERENCE_SYSTEM(t, S)
for each input i = 1 to 2 do
Qi < universe of discourse input {

Nmyf < number of Mfs for input {

for each output do
Qo < universe of discourse output

Nmyf < number of Mfs for output

return output membership functions (h)

Require: input set (t, S) and target h

g() : Activation function for hidden and output layers

w, b :Random initialization of weights and biases

repeat

for each input observations (t,s) do

R; « FUZZY INFERENCE _SYSTEM (t,s)
ANN; < R;
compute net input g (net) to each hidden nodes

if /i # h then update the parameters
aL(h,g(net))

We—Ww—qa o
_ o 3L(h,g(net))
b—b—a b

until met the stopping criteria
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Figure 5.6: Flowchart of the procedure of the proposed method to estimate relative humidity
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5.4 Experiment design

5.4.1 Experimental setup

This study used a low-cost non-contact ultrasonic sensor to estimate the relative humidity
using two input parameters i.e. temperature and speed of sound. The experimental setup
module used for the experimentation is shown in Figure 5.7. The setup module comprises
of a temperature sensor (DHT22), a micro-controller (ATmega328p), an ultrasonic sensor
(HC-SRO04), and a Bluetooth module. Relative humidity sensor is used to collect relative
humidity data for training purposes. The 8-bit micro-controller (16 MHz with 32 KB
flash memory) is used for data acquisition and processing. The Bluetooth module is used
to communicate data to the end user. The HC-SR04 ultrasonic sensor with an operating
frequency of 40 kHz is used for transmitting and receiving ultrasonic waves. This ultrasonic
sensor module comprises two transducers. One transducer is used for emitting an ultrasonic
wave at 40 kHz and the other to receive the wave after getting reflected from the target
surface. The operating range of this HC-SR04 sensor is 2 to 400 cm.

We designed four rectangular boxes as shown in the Figure 5.8 with open upper surfaces
for carrying out experiments. The height (H) and width (D) of the box are 100 cm and 200
cm, respectively. The four boxes’ inner lengths (L) are 100 cm, 200 cm, 300 cm, and 400
cm for experiments with different distance ranges. On one side of the box, we attached
the experimental setup module at a height of 60 cm from the bottom. The other side acts
as the surface to reflect the ultrasonic waves. We performed repeated experiments in all
four different ranges to estimate the relative humidity of the measurement medium using

temperature and speed of sound variations in the propagation path of the ultrasound signal.
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Figure 5.7: The hardware module developed for non-contact humidity measurement

5.4.2 Measurement system

To measure the speed of sound, the absolute distance between the ultrasonic sensor and
the object’s surface is required. The speed of sound is dependent on air temperature (5.3).
However, the speed of sound is also influenced by relative humidity. But, we can not derive
relative humidity, given the speed of sound and air temperature directly from (5.8), as the
influence of relative humidity on the speed of sound is less compared to the influence of
temperature and is also non-linear.

The experiments are performed, and data is collected at 100 cm, 200 cm, 300 cm, and 400
cm range. The temperature and humidity is varied inside the measurement boxes specially
designed for this experiment. We use a heat gun and humidifier to vary the temperature
(range : 22 — 45 °C) and humidity (range : 30 — 85%RH). Ultrasonic sensors use
time-of-flight to measure the distance, encompassing the temperature and humidity variation
along the measurement path. Standard temperature and humidity sensors are single-point

measurement sensors, and can not capture the variations in the measurement medium. So,
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for accurate measurement, multiple temperatures, and humidity sensors are kept on the

bottom surface inside the box to capture the temperature and humidity variation in the

measurement path.
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Figure 5.8: Experimental setup for data collection

5.5 Results and discussions

In this section, we described the experimental results and analysis of the proposed
two-phase method to estimate relative humidity. At first, the range of possible values
for the input and output variables of the fuzzy inference system is described. Then, the
performances of all other machine learning methods considered in this work are compared
with the proposed two-phase fuzzy logic embedded integrated neural network model. The
performance evaluation metric of the backpropagation neural network is compared and
contrasted with the other machine learning methods. The overall system performance is
discussed in detail.

The training dataset contains 7800 data points after pre-processing. Each tuple of
the dataset consists of temperature, speed of sound, and relative humidity. The fuzzy

inference system finds input and output variable ranges. As described earlier, there are four
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Table 5.1: The different ranges of temperature and relative humidity considered for experi-

mentation
Variables Range-1 (R1) | Range-2 (R2) | Range-3 (R3) | Range-4 (R4)
Temperature (°C) 22-28 28-35 35-40 4045
Speed of Sound (M/s) | 345-350 349-355 353-357 356-360
Relative humidity (%) | 69-85 54-70 40-55 3041

Table 5.2: Training data samples for each range of temperature and relative humidity (Ref.
Table. 5.1)

Distance R1 (Data) | R2 (Data) | R3 (Data) | R4 (Data) | Total data
100 cm (D1) | 578 592 297 333 1800
200 cm (D2) | 660 696 322 322 2000
300 cm (D3) | 748 590 351 311 2000
400 cm (D4) | 698 554 376 372 2000

membership functions corresponding to the input variables i.e. temperature and speed of
sound and output variable relative humidity. The fuzzy system decides the ranges of the
output relative humidity based on the input variables. We divide the dataset into four groups,
and the ranges of each group are described in Table 5.1. We designed an artificial neural
network for each group to take the temperature and speed of sound as input and estimate the
relative humidity as output. Since we experimented with four distances, the data is divided
into four groups corresponding to each distance. Table 5.2 depicts the four distances (D1,
D2, D3, and D4) and the number of data points in each range (R1, R2, R3, and R4) as per
Table 5.1.

To compare the performance of the different models, we use the training and testing
accuracy of the machine learning models. We carried out 10-fold cross-validation for all
the methods. To ensure statistical independence, 10-fold cross-validations performed with
a repetition of 10 times by shuffling the input data randomly and averaging the results. In
the 10-fold cross-validation, the entire dataset is divided into ten subsets, with nine subsets
for training and one subset for testing. The cross-validation results of all the models are

evaluated using statistical measures; root-mean-squared error, mean absolute error, mean
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absolute percentage error, and R-values (coefficient of correlation). Table 5.4 shows the
average cross-validation accuracies of the proposed two-phase ANN, SVR, KNN, and RFR
methods. This Table 5.4 clearly shows that the proposed ANN model outperforms the other
popular machine learning models. We also perform pair wise statistical significance test
compared the models. Pair-wise Student’s t-test analysis is computed between ANN and
other methods at the 5% level of significance. We found that ANN model better compared

to other models.

Performance evaluation of the proposed ANN model

The input feature matrix is normalized before training the ANN model. Normalizing the
data generally makes faster convergence for neural networks. The data set is normalized
using MIN-MAX normalization techniques to normalize and scale the data within O and 1.
The input variables and the labeled output of the dataset are divided into a training set, a
validation set, and a test set. Matlab software is used to develop the neural network model.
The two inputs, namely, temperature and speed of sound, make the input layer, one hidden
layer is used, comprising ten neurons, and a single neuron output layer is used to estimate
the relative humidity. This proposed neural network model is shown in Figure 5.5. We
conducted exhaustive experiments to collect data in different environmental conditions and
for various distances. The dataset consists of 7800 sample data points for different distances
and temperature and relative humidity ranges. We designed and trained the four neural
networks depending on the number of output membership functions based on the ranges of
the fuzzy logic. Training is done with 10-fold cross-validation to evaluate and compare the

training performance of neural networks with other methods and presented in Table 5.4.

Performance evaluation of the neural network with unseen dataset

The effectiveness of the trained neural networks for estimating the relative humidity was

further evaluated using unseen input dataset. We use a new input dataset consisting of 3210
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Table 5.3: Performance evaluation of the proposed model using unseen dataset

Distance | Range-1 | Range-2 | Range-3 | Range-4 | Total
100cm | 151 212 115 95 573
200cm | 261 290 140 219 910
300cm | 369 278 192 166 1005
400cm | 230 214 140 138 722

data points. Each input vector represents the temperature and speed of sound corresponding
to a measure at a particular instance. The temperature ranges from 22 — 45 °C, and the
speed of sound ranges from 345— 360 m/s. The total number of input sample data points
corresponding to distances (100 — 400 ¢m) and the corresponding ranges (R1 — R4)
are tabulated in Table 5.3. The scatter plot of the observed variations in estimated relative
humidity in different distances (D1, D2, D3, and D4) along with ranges of humidity (R1,
R2, R3, and R4) are depicted in Figures. 5.9 - 5.12. It can be observed that the estimation
variation is a little more for some input data points in the case of D1 - R1 and D3 - R1
combinations, as seen in Figures 5.9 (a), (c). For all other combinations of Distance-Range,
the maximum estimation variation is bounded by &3%. The other performance metric that
includes Root Means Square Error (RMSE), Mean Absolute Error (MAE), Mean Absolute
Percentage Error (MAPE), and correlation of coefficient (R-values) corresponding to the
four different neural networks (based on four different ranges R1, R2, R3, and R4) are

tabulated in Table 5.5.

Discussions

Ultrasonic sensor-based existing works for estimating relative humidity have high im-
plementation costs and are not suitable for practical applications. The proposed method
is based on a machine learning approach, involves low implementation cost, operates in
high measurement ranges, and is suitable for wide range of applications. The relative

humidity estimation accuracy of the proposed method is bounded by £3%. The achieved
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accuracy is comparable to standard commercially available off-the-shelf humidity sensors
[125, 126]. Standard sensors for measuring relative humidity are single-point measurements
and are restricted to that point of measurement only. The proposed ultrasonic measurement
system overcomes these limitations and effectively captures and accurately measures relative
humidity variations in the air medium at various distances. The overall response time of
the ultrasonic measurement system is 500 milliseconds. However, the response time of the
standard humidity sensor is 2 seconds.

There are a few limitations of the proposed work. One of the major limitations is the
requirement to use a standard temperature sensor along with the ultrasonic sensor. This is
required as we need to compensate for the temperature effect to estimate relative humidity
using an ultrasonic measurement system. It is necessary to check that the condensed water
vapor is not affecting ultrasonic measurement systems during the experimentation. A minor
fluctuation in air temperature gradient may also result in £1% to £2% error in relative
humidity.

The novelty of the proposed model lies in combining a fuzzy inference system and an
integration of backpropagation neural networks to estimate the relative humidity of the air
medium. We compared the performance of the proposed model with other well-known
supervised machine learning approaches such as support vector regression, random forest
regression, and the k-nearest neighbors method. The 10-fold cross-validations are repeated
ten times to minimize biases and over-fitting. We evaluated the performance metric as
described earlier. Implementation of the model was carried out using Matlab. The training
and testing experiments were conducted using a personal computer with an Intel Core
i7 CPU (3.6 GHz) and 16 GB of RAM. The proposed method was implemented using
C-language. The results reveal that the backpropagation neural network outperforms other
methods in terms of accuracy. The proposed combined approach estimate relative humidity

more accurately.
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Table 5.4: Average performance of 10-fold cross validation of ANN, SVR, KNN and RFR

D1 RMSE | MAE | MAPE | R-value
ANN | 1.62 1.36 | 1.76 0.92
SVM | 3.23 274 | 3.58 0.86
KNN | 2.04 1.55 | 1.99 0.88
RFR | 1.96 1.53 | 1.98 0.89
D2 RMSE | MAE | MAPE | R-value
ANN | 1.33 1.07 | 1.78 0.97
SVM | 2.19 1.75 | 2.95 0.95
KNN | 1.95 1.50 | 2.51 0.92
RFR | 1.85 1.44 | 241 0.94
D3 RMSE | MAE | MAPE | R-value
ANN | 1.17 0.96 | 2.02 0.95
SVM | 1.64 1.34 | 2.84 0.96
KNN | 1.73 1.35 | 2.84 0.88
RFR | 1.60 1.27 | 2.68 0.91
D4 RMSE | MAE | MAPE | R-value
ANN | 0952 | 0.777 | 2.28 0.95
SVM | 1.18 097 | 2.84 0.95
KNN | 1.41 1.10 | 3.18 0.88
RFR | 1.31 1.04 | 2.99 0.90
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Figure 5.9: The residual scatter plots for unseen dataset and using proposed model. D1-D4
represent distances of 100, 200, 300, and 400 cm respectively. R1 represents the ranges of
input and output variables as shown in Table 5.1
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Figure 5.10: The residual scatter plots for unseen dataset and using proposed model. D1-D4
represent distances of 100, 200, 300, and 400 cm respectively. R2 represents the ranges of
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Figure 5.11: The residual scatter plots for unseen dataset and using proposed model. D1-D4
represent distances of 100, 200, 300, and 400 cm respectively. R3 represents the ranges of
input and output variables as shown in Table 5.1
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Figure 5.12: The residual scatter plots for unseen dataset and using the proposed model.
D1-D4 represent distances of 100, 200, 300, and 400 cm respectively. R4 represent the
ranges of input and output variables as shown in Table 5.1
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Table 5.5: Performance comparison of proposed hybrid ANN model on unseen dataset for
different ranges of temperature and humidity for different distances

ANN | RMSE | MAE | MAPE | R-values
D1 R1 | 1.51 1.33 | 1.71 0.93
D1.R2 | 1.07 0.73 | 1.20 0.98
D1_R3 | 1.08 082 | 1.73 0.96
D1 R4 | 1.02 0.84 | 241 0.95
D2 R1 | 1.33 1.23 | 1.58 0.93
D2 R2 | 1.36 1.21 | 2.04 0.96
D2 R3 | 1.30 0.96 | 1.99 0.95
D2 R4 | 0.80 0.71 | 2.06 0.96
D3 R1 | 2.04 1.81 | 234 0.92
D3 R2 | 1.26 1.08 | 1.86 0.98
D3 R3 | 1.01 092 | 190 0.95
D3 R4 | 0.93 0.78 | 2.26 0.96
D4 R1 | 1.42 1.30 | 1.67 0.93
D4 R2 | 1.14 0.99 | 1.71 0.97
D4 R3 | 1.17 0.94 | 2.00 0.94
D4 R4 | 0.92 0.81 | 2.37 0.95

5.6 Conclusions

In this study, we propose a two-phase fuzzy-neural network approach to estimate the
relative humidity of the air medium. The principle of the proposed model or framework was
to develop a fuzzy inference system for deriving the relative humidity range based on the
temperature and speed of sound. The speed of sound is measured from the time of flight and
the distance between the ultrasonic sensor and the reflecting object. As the fuzzy system
cannot directly predict the relative humidity of the air medium, it only defines membership
functions to represent the output. We determined and trained four backpropagation neural
networks based on the output membership function ranges to estimate the relative humidity.
The hybrid model consisting of the fuzzy inference system and a neural network can estimate
the relative humidity with lesser uncertainty and measurement error. We compared the

results of the hybrid neural network model with other machine learning models such as
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SVM, KNN, and RFR. The performances of all the machine learning models are compared
based on a repeated 10-fold cross-validation procedure and statistical significance test. The
reliability of the fuzzy-neural approach was evaluated via RMSE, MAE, MAPE, and R-
values between model predictions and experimental results. It is observed that the proposed
model outperforms the other machine learning models. Experimental results showed that the
developed fuzzy-neural framework could accurately estimate the relative humidity compared

to other well-known machine learning models.
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CHAPTER 6

Material classification using ultrasonic
echo envelope signal

Ultrasonic sensors are frequently used for non-contact range measurements and proxim-
ity detection in application areas such as mobile robot navigation and autonomous vehicles.
This ultrasonic signal can also be used to recognize and categorize targets or materials.
The shape of ultrasonic echo envelope signal contains a significant amount of information.
Material identification plays an important role in robotic applications. This information
helps robots to detect the material and comply with its behavior accordingly. In this chapter,
a machine learning-based technique to classify a few types of materials using the reflected
ultrasonic echo signal is proposed. The main idea is to use the feature information of
reflected signals to accurately classify the materials. To achieve this classification task,
we apply a convolutional neural network approach to the raw echo signal of non-contact

ultrasonic sensors to accurately detect and classify materials.

6.1 Introduction

Ultrasonic sensors are widely used for detection tasks and environment perception.
These sensors provide a solution to the problems of autonomous mobile robot navigation,
mapping, detection, and localization tasks [3, 7]. Ultrasonic sensors have advantages over
other sensing techniques because of their low-cost, ease of implementation, low bandwidth
for data processing, safe, and are not affected by light. However, the disadvantages of

ultrasonic sensors are poor response in presence of electronic noise and environmental
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attenuation. Environmental temperature and humidity are the major parameters that affect
sensor characteristics. Material information is useful when objects are similar structures and
indistinguishable only based on vision. The ultrasonic signal is influenced by the characteris-
tics of the target material. Both the distance and the strength of the reflected echo ultrasonic
signal play an important role in characterizing materials accurately, which helps the robot to
move seamlessly. Therefore, highly accurate material identification is essential for mobile
robot navigation. Classification using conventional machine learning techniques needed
multiple sequential steps namely; feature extraction, feature selection, model learning, and
classification. Moreover, the performance of machine learning techniques is mostly affected
by feature selection. Auto feature extraction is an important characteristic of the CNN model
compared to other conventional machine learning techniques [23, 127]. In this work, we use

the raw echo envelop signal for the CNN model without any extra feature extraction module

A single ultrasonic sensor can classify four targets (e.g. edge, plan, small cylinder, and
corner) in indoor environments [128]. A multi-transducer pulse-echo ranging system is used
to differentiate between a plane or a right angle corner [129]. An array of ultrasonic sensors
with an artificial neural network is used to detect and classify the different types of objects
[130]. Classification of ten different materials using different classification algorithms
based on capacitive proximity sensor signal is discussed in [131]. A fuzzy ARTMAP
neural network classification system is used to recognize objects at varying distances using
ultrasonic echo signal [132]. The raw ultrasonic signal is used to classify various objects
by implementing different machine learning algorithms [133]. A novel method for the
classification of objects and recognizing the properties of materials such as texture and
density information by considering the reflected echo signal is proposed in [134]. In [135]
Echo envelope signals are used to locate the object and identify the object using the features
of the echo signal. An algorithm is proposed in [136] for distance measurements as well

as object identification using the reflected echo of the ultrasonic transducers. A neural
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network approach to recognize the object using the features extracted from the echo signal
is proposed in [137]. A combination of an array of ultrasonic sensors together with a neural
network algorithm is proposed to identify the shape and size of an object in a non-contact
manner [138]. In [139], authors have discussed ultrasonic-based detection and identification
of objects for robotic applications. Ultrasonic sensor combined with multi-layer perception
model to classify different objects [140]. In [141], echo signal feature information is used to
identify objects helps to develop ultrasonic mobility aid to assist blind people.

In all the above-discussed work, the methodology includes feature extraction as a pre-
processing step. The accuracy of the models is also not that good. In this work, we propose
a 1-D CNN model for the classification of five different materials such as glass, steel, wood,
cloth, and sponge using the raw ultrasonic echo signal. The remainder of the chapter is
organized as follows: Section 6.2 describes the overview of ultrasonic time domain signal
processing and covers the detailed architecture of convolutional neural networks. Section
6.3 provides the details of the proposed method used in this work and also describes the
network parameters. Section 6.4 describes the experimental setup and procedure for data
collection. Section 6.5 presents the results of the experiment to explain the effectiveness of
the proposed method. Finally, Section 6.6 summarizes and concludes the work with future

research scope.

6.2 Background

Ultrasonic measurements are based on calculation of the time of flight. In addition
to range measurement, echo signal contain significant information which can be used for
object identification and material classification. The echo waveform ultrasonic signal in time
domain can be converted into frequency by using Fast Fourier Transform (FFT). The raw
signal of ultrasonic sensor can be processed using time and also frequency domain analysis

as shown in Figure 6.1.
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Figure 6.1: Ultrasonic signal processing steps

The time-domain signal is the raw data form of ultrasonic sensor. The envelope contained
in the raw ultrasonic signal can be extracted using Hilbert transform [142, 143]. In time
domain the envelope of a signal represents the amplitude of the signal. Envelope is the
extreme peak points in the waveform within which the signal is contained. The raw signal
fed into the Hilbert transform to create analytical signal which helps to determine the
envelope of the signal as shown in Figure 6.2. The standard procedure to calculate the
envelope from a raw input signal described in Algorithm 1. In time domain the amplitude
of the received echo signal is an envelope which starts from baseline reaches to a peak and

then back to baseline of the signal.

Real signal X(t)

Analytical signal Envelope Signal

Hilbert | iC®) [ x,0= x +jxar® | > 2
| transform - = VX(0)? + Xur(1)

Figure 6.2: Hilbert transform block diagram
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Algorithm 5 Standard procedure for envelope detection

INPUT: echoSignal
OUTPUT: envelope

peakarray «— [ ]

baseline « average (echo signal)

for index, value in echoSignal do
if value > baseline then

peakarray.push(index)

return peakarray

6.2.1 Hilbert transform

The Hilbert Transform (HT) technique is used for analysis of a variety of non-stationary
signal and image processing applications. An analytical signal is the complex-valued
representation of real-valued signal. Hilbert transform is used to determine the amplitude
envelope of a signal as shown in the Figure 6.3. The essential role of Hilbert transform is to
filter out the negative frequency components from the raw input signal without disturbing

the phase value. The applications of HT includes biomedical, ultrasonic, radar, and speech

recognition system.

Echo signal [ )| Hilbert transform

Analytical signal

calculation

Envelope signal

Figure 6.3: Steps involved in calculation of envelope signal using Hilbert transform

The Hilbert transform is defined as follows if y(t) is a original echo signal:
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1 (® y(1) 1
h(t) =H{y(t)} = ﬁj ;dT=y(t) * povs (6.1

The input signal y(t) serves as the real component of the input signal, while its Hilbert

transform, h(t), serves as the imaginary part, as shown in the following:

Ya(t) = y(t) + jh(t) (6.2)

where, yq(t) is the analytical signal.

The envelope E(t) of the input signal is calculated as follows:

E(t) = ly(t) + jh(t)] = v/y2(t) + h2(t) 6.3)
h(t)

phase($) = arctan (—) (6.4)
y(t)

In this work, we attempt to differentiate five different materials using ultrasonic echo
signal. Hilbert transform is used to calculate the amplitude envelope of the raw ultrasonic

signal .Figure 6.4 depicts the ultrasonic echo envelope estimation using Hilbert transform.

Raw signal e Real part Imaginary part

— real part
—— imaginary part

Envelope

Figure 6.4: The process of extraction of envelope from raw signal using Hilbert transform
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The five different materials considered in this experiment are cloth, glass, metal plate,
sponge, and wood. We filtered out the dc offset from the signal before applying Hilbert
transform. The reflected ultrasonic echo signal from these materials are recorded and fed
into the Hilbert transform. The envelopes extracted using Hilbert transform is shown in the

Figure 6.5. It is observed from the envelop signals the materials are distinguishable.
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Figure 6.5: Envelope signals for five different class of materials

6.2.2 Convolutional Neural Network (CNN) model

Convolutional neural networks are a type of artificial neural network specifically de-
signed for image classification tasks[23, 127, 144, 145, 146]. They are inspired by the
structure and function of the visual cortex in the human brain, which is responsible for
processing visual stimuli.

CNNs are composed of multiple layers of interconnected neurons, with each layer

responsible for extracting a specific set of features from the input data. The layers at the
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beginning of the network typically consist of convolutional layers, which apply a set of
filters to the input data to detect various features, such as edges, corners, and patterns. These
features are then passed through pooling layers, which reduce the size of the feature map
and reduce the computational complexity of the network. The final layers of a CNN are
typically fully connected layers, which combine the features extracted by the convolutional
and pooling layers to make a final prediction. CNNs are effective at image classification
tasks because they can automatically learn and extract the relevant features from the input
data, rather than requiring manual feature extraction by the user.

In addition to image classification, CNNs are also used in other applications such
as object detection, signal classification, semantic segmentation, and natural language
processing. They are widely used in a variety of fields due to their ability to automatically

learn useful features from data and their effectiveness at solving complex tasks.

Convolution layer

In a CNN model, a convolutional layer is a type of layer that applies a set of filters to
the input data to detect various features, such as edges, corners, and patterns. The filters
are small matrices (also known as kernels or weights) that are used to apply a convolution
operation to the input data. The convolution operation involves element-wise multiplication
of the filter matrix with a small region of the input data (also known as the receptive field),
followed by a summation of all elements of the matrix. This process is repeated for every
location in the input data, resulting in a feature map that represents the presence of the
features detected by the filter.

Convolutional layers are typically followed by non-linear activation functions, such as
the ReLLU (Rectified Linear Unit) function, which introduces non-linearity to the network
and allows it to learn more complex features. The number of filters applied in a convolu-
tional layer is a hyperparameter that can be tuned to control the complexity of the model.

Convolutional layers are an important part of the architecture of CNNs and play a key role
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in the ability of the network to extract useful features from the input data and perform well

on tasks such as image classification and object detection.

Pooling layer

In a convolutional neural network (CNN), a pooling layer is a type of layer that reduces
the size of the feature map produced by the convolutional layers by down-sampling the
data. Pooling is typically applied after a convolutional layer to reduce the computational
complexity of the network and to introduce some degree of spatial invariance, which means
that the network is less sensitive to the exact position of features in the input data.

There are several types of pooling layers, but the most common ones are max pooling
and average pooling. In max pooling, the output of the pooling layer is the maximum value
of the input region. In average pooling, the output is the average of the input region. The size
of the pooling region and the stride (the number of pixels to move the pooling window at
each step) are hyperparameters that can be tuned to control the complexity of the model and
the size of the feature map. Pooling layers are typically followed by additional convolutional

layers and fully connected layers in the architecture of a CNN.

Activation function

An activation function is a function that is applied to the output of a neuron in an
artificial neural network to determine the output of the neuron and to introduce non-linearity
to the network. Activation functions are an important part of the architecture of neural
networks and are used to model complex relationships in the data. Activation functions are
an important component of the architecture of neural networks and can have a significant
impact on the performance of the model. Choosing the right activation function for a
particular task can be an important factor in the success of the model.

There are many different types of activation functions, each with its properties and

characteristics. In this work, we use ReLLU and SoftMax activation functions.
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Rectified Linear Unit (ReLU): The ReL.U activation function is a type of activation
function that maps all negative values to 0 and all positive values to the same value. It is
defined as:

f(x) = max(0, x)

Where max(0, x) returns the maximum of 0 and x.

The ReLLU function is simple to compute and has been shown to be effective in many
applications. It is often used in the hidden layers of a neural network, where it can introduce
non-linearity to the network and allow it to learn more complex features. However, the
ReLU function has a number of limitations, including the fact that it can suffer from the
”dying ReLU” problem, where a large number of neurons become inactive and do not
contribute to the prediction. This can be mitigated by using variants of the ReLU function,
such as the leaky ReLLU function, which allows a small gradient when the input is negative.

SoftMax: The softmax activation function is a type of activation function that is com-
monly used in the output layer of a neural network for classification tasks. It maps a vector
of real-valued inputs to a vector of values between 0 and 1 that sum to 1, allowing the

outputs to be interpreted as probabilities. The softmax function is defined as:

F0) = (exp(x))) / > exp(x;)) (6.5)
j=1

Where x is a vector of inputs, X; is the ith element of the vector, and n is the number of
elements in the vector.

The softmax function is often used in the output layer of a neural network for clas-
sification tasks, where it can provide a probability distribution over the possible classes.
However, the softmax function has a number of limitations, including the fact that it can
be computationally expensive to compute and can suffer from numerical instability when
the inputs are very large or very small. In recent years, other activation functions, such

as the sigmoid function, have been proposed as alternatives to the softmax function for
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classification tasks.

Fully connected layer: A fully connected layer, also known as a dense layer, is a type
of layer in a neural network that is composed of neurons that are connected to all the neurons
in the preceding layer. In other words, each neuron in a fully connected layer receives
input from every neuron in the previous layer and produces an output that is passed to every
neuron in the next layer.

A fully connected layer can be thought of as a multi-layer perceptron, where the neurons
in the layer are connected to all the neurons in the preceding layer and are fully connected
to the next layer. Fully connected layers are often used in the hidden layers of a neural
network, where they can learn complex features from the input data. However, they can
be computationally expensive to train and can suffer from overfitting if they have too
many parameters. In recent years, other types of layers, such as convolutional layers and
recurrent layers, have become popular for certain types of tasks due to their improved

training performance and ability to learn more complex features.

Loss functions minimization

A loss function is a function that measures the performance of a machine learning model
on a given task. It quantifies the difference between the predicted output of the model and
the true output, and is used to optimize the model by adjusting the model’s parameters to
minimize the loss.

There are many different types of loss functions, and the choice of loss function depends
on the task at hand. In this work we use cross entropy loss function.

Cross Entropy (CE): Cross-entropy loss is a loss function that is used for classification

tasks, and is defined as the negative log likelihood of the true class. It is given by:

n
Loss =— > yi109 Ypred,i (6.6)
i=1
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Where y is the true class (represented as a one-hot vector), Ypreq is the predicted
probability distribution over the classes, and the summation is over all classes.

The cross-entropy loss function measures the difference between the predicted probabil-
ity distribution and the true probability distribution for the classes. It is used to optimize
the model by minimizing the loss, which means that the model learns to predict the true
class with high probability. The cross-entropy loss function has a number of advantages
over other loss functions, including the fact that it is easy to compute and is well-suited
for classification tasks with a large number of classes. However, it can be sensitive to the
scale of the predictions and can be affected by imbalanced class distributions. In some cases,
other loss functions, such as the hinge loss or the focal loss, may be more appropriate for a

given task.

Regularization in CNN

Regularization is a technique that is used to prevent overfitting in machine learning
models by adding a penalty term to the loss function. The goal of regularization is to
encourage the model to learn a simpler, more generalized solution, rather than a complex,
overfitted solution.

Regularization can be an effective tool for improving the generalization performance
of machine learning models, but it is important to find the right balance between model
complexity and regularization strength. Too much regularization can lead to underfitting,
while too little regularization can lead to overfitting.

There are several types of regularization techniques that are commonly used in machine
learning. In this work we use dropout regularization.

Dropout regularization: Dropout regularization is a technique that is used to prevent
overfitting in machine learning models by randomly setting a portion of the model weights
to zero during training. The goal of dropout regularization is to encourage the model to

learn a simpler, more generalized solution, rather than a complex, overfitted solution. In
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practice, dropout regularization is implemented by randomly setting a certain percentage of
the model weights to zero at each training iteration. For example, if the dropout rate is set to
0.5, then on average 50% of the weights will be set to zero at each training iteration. This
has the effect of preventing the model from relying too heavily on any one feature, and can
be useful for improving the generalizability of the model.

Dropout regularization is typically used in neural networks, and can be applied to any
layer of the network. It is a simple and effective way to reduce overfitting, and can be used
in combination with other regularization techniques, such as L1 or L2 regularization. One of
the key benefits of dropout regularization is that it is easy to implement and does not require
any additional computational resources. However, it can be less effective at preventing
overfitting than other regularization techniques, such as L1 or L2 regularization, and it may

require careful tuning of the dropout rate to achieve good results.

Gradient descent

Gradient descent is an optimization algorithm that is used to minimize the loss function
of a machine learning model. It works by iteratively adjusting the model’s parameters in the
direction that reduces the loss.

In each iteration of the algorithm, the model’s parameters are updated according to the

following formula:

oL
oW;

Wi=Ww;—a (6.7)

Where L is the loss function, w; is the it/ parameter of the model, and O is the learning
rate. The learning rate determines the size of the update to the parameters in each iteration.
The partial derivative aa_v%/l- represents the slope of the loss function with respect to the
ith parameter. It tells us how the loss changes as we adjust the ith parameter. The sign of

the derivative indicates the direction in which the loss is decreasing, and the magnitude of
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the derivative indicates the rate of change.

There are several types of gradient descent algorithms, including:

Adaptive gradient descent algorithm: Adaptive gradient descent is an optimization
algorithm that is used to minimize the loss function of a machine learning model. It works
by iterative adjusting the model’s parameters in the direction that reduces the loss.

In each iteration of the algorithm, the model’s parameters are updated according to the

following formula:

oL
oW;

Wi=WwW;—Qa (6.8)

where L is the loss function, W; is the ith parameter of the model, and aa_vl;,' is the gradient
of the loss function with respect to the ith parameter.

The learning rate O is not a fixed value in adaptive gradient descent but is instead
adjusted based on the gradient of the loss function with respect to the parameters. This can
help the algorithm to converge more quickly, as it adjusts the learning rate based on the
difficulty of the optimization problem.

Adaptive gradient descent algorithms continue to iterate over the entire dataset until the
loss function converges to a minimum value, or until a maximum number of iterations is

reached.

There are several variants of adaptive gradient descent, including:

* Adaptive Gradient Algorithm (Adagrad): This method adjusts the learning rate based
on the sum of the squares of the gradients of the loss function with respect to the

parameters. It can be effective when the gradients have different scales.

* Adadelta: This method adjusts the learning rate based on the average of the squares
of the gradients of the loss function with respect to the parameters over a moving
window. It does not require the specification of a learning rate.

* Adam (Adaptive Moment Estimation): This method adjusts the learning rate based on
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the exponentially weighted average of the gradients of the loss function with respect to
the parameters and an exponentially weighted average of the squares of the gradients.
It also includes bias correction terms to improve the performance when the data is

sparse.

In this work, we use Adam optimization algorithm. Adam combines the benefits of two
other stochastic gradient descent extensions and the adaptive gradient algorithm to improve

performance.

6.3 Method

Here, We developed a 1-D CNN model for ultrasonic signal classification. The input to
the model is a frame of 1999 features. Hence, each frame size is 1999 and a total of 600
such frames are there. There is a total of five class labels used in this model. We created two
different datasets with sizes of 600 for training and 130 for testing. The one-hot encoder is
used for encoding each data point before sending it to the model. The first two layers have
16 features of an 8 kernel size and a stride of 2 with the same padding. Then after a max
pool layer of size 2 followed by two convolution layers of 64 features of each kernel size 4
and a stride of 2 with the same padding. This is followed by a max-pooling layer of the size
2, which is same as the previous layer. Then there are 2 convolution layers of kernel size 4
and 256 features and a max pool layer of size 2. After that, there are 2 convolution layers
and a max pool layer. Each has 512 features of 2 kernel sizes with the same padding and a
stride of 2. In all the convolution layers we used ReLu as our activation function. After the
stack of convolution and max-pooling layer, There is a GlobalAveragePooling of size 512
and dropout of 0.3. After that, there is the dense layer (fully connected) of size 5 with the
activation function SoftMax. Here, we used categorical cross entropy for the loss function
and Adam for the optimizer. We used batch size as 20 and the number of epochs as 20. The

proposed 1-D CNN architecture is shown in the Figure 6.7. The detailed parameters for
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training and validation of the model are described in Table 6.1.

The overall system flow of this work is shown in the Figure 6.6

Ultrasonic echo
signal data

preprocessing

S 1D CNN Model

—

Material
classification

Figure 6.6: System flow of material classification using proposed approach

Table 6.1: Model configuration parameters and the corresponding values

Layers

Configurations

Output Dimensions

Convolution (C1)

16 Filter, 8 Kernel, RelLu

(None, 996, 16)

Convolution (C12)

16 Filter, 8 Kernel, ReLLu

(None, 498, 16)

Max Pooling (p1)

2 kernel

(None, 249, 16)

Convolution (C21)

64 Filter, 4 Kernel, ReLu

(None, 125, 64)

Convolution (C21)

64 Filter, 4 Kernel, ReLLu

(None, 63, 64)

Max Pooling (p2)

2 kernel

(None, 31, 64)

Convolution (C31)

256 Filter, 4 Kernel, ReLu

(None, 16, 256)

Convolution (C32)

256 Filter, 4 Kernel, ReLu

(None, 8, 256)

Max Pooling (p3)

2 kernel

(None, 4, 256)

Convolution (C41) 512 Filter, 2 Kernel, ReLu | (None, 4, 512)
Convolution (C42) 512 Filter, 2 Kernel, ReLu | (None, 4, 512)
Max Pooling (p4) 2 kernel (None, 2, 512)
Global Average Pooling | — (None, 512)
Dropout (D) 0.3 (None, 512)
Dense Layer (FC) SoftMax (None, 5)
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INPUT

v

1D CONVOLUTION (C11) + ReLU
1D CONVOLUTION (C12) + ReLU

MAX-POOLING (P1)

¥

1D CONVOLUTION (C21) + ReLU
1D CONVOLUTION (C22) + ReLU

¥

MAX-POOLING (P2)

v

1D CONVOLUTION (C31) + ReLU
1D CONVOLUTION (C32) + ReLU

MAX-POOLING (P3)

SIZE 1 x 1999

16 FEATURE MAPS OF SIZE 8

16 FEATURE MAPS OF SIZE 2

64 FEATURE MAPS OF SIZE 4

64 FEATURE MAPS OF SIZE 2

256 FEATURE MAPS OF SIZE 4

256 FEATURE MAPS OF SIZE 2

512 FEATURE MAPS OF SIZE 2

1D CONVOLUTION (C41) + ReLU
1D CONVOLUTION (C42) + ReLU

’ MAX-POOLING (P3) ‘ 512 FEATURE MAPS OF SIZE 2

’ GLOBAL-AVERAGE-POOLING-1D ‘ 512 UNITS
’ DROPOUT (D) ‘ 512 UNITS
’ DENSE LAYER (FC) + SoftMax ‘ 5 UNITS

Figure 6.7: Architecture of CNN model

6.4 Experimental setup

We used a 40 kHz ultrasonic sensor for this experiment. The experimental setup consists
of an ultrasonic sensor, a micro-controller, and oscilloscope as shown in Figure 6.8 . The
oscilloscope is used to perform more in-depth investigation of the acquired sensor signal.
Moreover, oscilloscope displays and digitizes the interference signals, finally stored on
the computer. The sampling rate at which the signal is sampled is 200 MSamples/second
which is higher than the nyquist rate of 80 KSamples/second to avoid loss of information.
Here, we used five types of materials such as glass, metal plate, wood, cloth, and sponge.
The reflected echo signal of the ultrasonic sensor are acquired for all the five materials at
different distances. The reflected raw echo signal of the ultrasonic sensor is captured and

preprocessed before being used. The final evaluation using an in-house computer program
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includes filtering dc-offset removal, classify and display the result.

Figure 6.8: Experimental setup

6.5 Results and analysis

The proposed system is trained and validated with 600 data points, we split the dataset
into 80-20 and the best model with good accuracy is proposed as shown in the Table 6.2.
The model’s performance is 98% for training and 95% for validation accuracy. The training
and validation loss indicates how the data fit the model. Figure 6.9 (a) shows the progression
loss during the training. Figure 6.9 (b) shows how the validation accuracy approaches the
intended accuracy after a few epochs.

Here, we use 130 frames for testing purposes. The model can classify this testing data
successfully, and out of 130 frames system can classify 126 accurately. We draw a confusion
matrix using these test data. From the Confusion matrix, we calculate the accuracy as 96%.

In Figure 6.10 shows the confusion matrix. The number of test instances in each class
is 23 (class-1), 21 (class-2), 41 (class-3), 23 (class-4), and 22 (class-5) respectively. The
matrix shows few classification errors.

It is observed that in very few cases the data may be misclassified. This is due to the
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similar envelope structure of the material class-1 (cloth) and class-4 (sponge). Similarly for

material class-2 (glass) and class-3 (metal plate).

Table 6.2: Performance accuracy of training, validation and test

Size | Accuracy

Training | 480 | 98%

Validation | 120 | 95%

Test 130 | 96%
1.6 —— Training loss 1.0
1.4 Validation loss 0.9
1.2 0.8
1.0 5. 07
9
8 o6
S 0.8 30
S
<05
0.6
0.41
0.4 4
4
0.2 4 031 —— Training accuracy
0.2 4 Validation accuracy
0.0 25 5.0 7.5 10.0 125 15.0 17.5 0.0 25 5.0 7.5 10.0 12.5 15.0 17.5
Epochs Epochs
(a)a ()b

Figure 6.9: (a) Training loss and validation loss of the convolutional neural network versus
the number of epochs, (b) Training and validation accuracy of CNN versus number of epochs
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Predicted Values

Figure 6.10: Confusion matrix for CNN based material classification using ultrasonic echo
envelope signal

6.6 Conclusions

The purpose of this work is to accurately classify the materials using raw ultrasonic
echo signal for autonomous mobile robotic applications. The results of this work show that
ultrasonic sensors in combination with CNN has a great potential to classify and recognize
different materials and objects. In this experiment we consider five different materials
for classification. The simple 1-D CNN provides good result for the classification tasks.
However, more samples per measurement tends to produce more better result. The proposed
CNN based intelligent ultrasonic model can be used for mobile robot navigation. In future
work, we will collect as much as material data to train the proposed CNN model to make
a more robust classification model. We will also investigate the frequency domain signal

in addition to the time domain signal using the proposed method for gesture recognition,
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object shape determination, object identification, and various material classification tasks.
The combination of ultrasonic sensor data and camera can be fused to detect, recognize, and

classify materials in complex scenarios.
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