\

|
*
A

%%%‘%%##%%%a&%%@%@u

.

t

O A A 0 B A S A A A A B

A1 e 3 e e e o e e e o e o o e e e e e e o

fﬁ

IHHOT BASED FRAMEWORK FOR LARGE-SCALE

DISTRIBUTED SMART FARMS

BY
SAUD MOHAMMAD MOSTAFA

A Thesis Presented to the
DEANSHIP OF GRADUATE STUDIES

KING FAHD UNIVERSITY OF PETROLEUM & MINERALS

DHAHRAN, SAUDI ARABIA

In Partial Fufillment of the
Requirements for the Degree of

.

ST

I S S SRRk

e

t

~

EIRE

Y
t

~

S SRS S SR SR SRS

MASTER OF SCIENCE
In
COMPUTER NETWORKS @,
:;é NOVEMBER 2020 %‘
C TN
VC‘ P Y. . 2y P
P A S o P O s Ao ”3%\



KING FAHD UNIVERSITY OF PETROLEUM & MINERALS
DHAHRAN 31261, SAUDI ARABIA

DEANSHIP OF GRADUATE STUDIES

This thesis, written by SAUD MOHAMMAD MOSTAFA under the direction of
his thesis adviser and approved by his thesis committee, has been presented to and
accepted by the Dean of Graduate Studies, in partial fulfillinent of the requirements
for the degree of MASTER OF SCIENCE IN COMPUTER NETWORKS.

Thesis Committee

//L ———
? ? Dr. Basem Al Madani (Adviser) —

(//anthg)L(/ 31/12/2020

Dr. Marwan Abu-Amara (Member)

Dr. Abdulaziz Barnawi (Member)

e —

Dr. Aiman El-Maleh

Department Chairman

-~

Dr. Suliman S. Al-Homidan
Dean of Graduate Studies

Date



©Saud Mohammad Mostafa
2020

iii



To my parents, Mostafa and Samiya. To Salwa and Salma, my loving
sisters. To Farhana, my caring wife.

v



ACKNOWLEDGMENTS

First and foremost, I am grateful to Allah, the Most Merciful and the Most Gracious,
for all the privileges I was blessed with. I would like to express my deepest gratitude
to my advisor, Dr. Basem Almadani for his guidance and patience in molding me
into a better student and researcher, and for giving me all the opportunities to grow.
A special thanks to my committee members Dr. Marwan Abu-Amara and Dr.
Abdulaziz Barnawi whose scientific advice and valuable criticisms have only
motivated me to be a better researcher. Additionally, I would like to acknowledge the
continuous support of Real-Time Distributed Systems Lab in the Computer
Engineering Department at King Fahd University of Petroleum and Minerals for
computing facilities during the research. I would also like to thank Farouq
Muhammad Aliyu for being like a brother to me and helping me make the most out of
grad school. I would like to thank all my friends for being there when I needed them,
especially Talal Qazi, for all his help before and since I became a part of King Fahd
University of Petroleum and Minerals. I would like to thank King Fahd University of
Petroleum and Minerals for granting me a full scholarship to pursue my Master’s
degree here and the Department of Computer Science Engineering for exposing me to

an exceptional learning and research environment. Finally, I would also like to thank



my parents for always being supportive and encouraging and pushing me to do my
best; my sisters for their emotional support; and my wife for her incredible amount
of love, support and patience throughout my Master’s program. This accomplishment

would not have been possible without them. Thank you.

vi



TABLE OF CONTENTS

ACKNOWLEDGMENTS
LIST OF TABLES

LIST OF FIGURES

LIST OF SYMBOLS

LIST OF ABBREVIATIONS
ABSTRACT (ENGLISH)
ABSTRACT (ARABIC)

CHAPTER 1 INTRODUCTION

1.1 Problem Statement . . . . . .. .. .. ... ... ..
1.2 Research Objectives . . . . . . . . ... ... ... ... ...
1.3 Research Methodologies . . . . .. .. ... ... ... ......
1.4  Thesis Oganization . . . . . .. .. .. ... .. ... ...

CHAPTER 2 BACKGROUND

2.1 Real-time Distributed Systems . . . . . . . ... ... ...

2.2 Data Distribution Service . . . . . . . . .. ...

CHAPTER 3 COMPREHENSIVE LITERATURE SURVEY

3.1 Review of related technologies in the field of Agriculture and Agro-

Industries . . . . . . .

vii

ix

xiii

xiv

xviii

XX



CHAPTER 4 PROPOSED FRAMEWORK FOR DISTRIBUTED

SMART FARMS 34
4.1 System Architecture . . . . . . . ... 37
4.2 Automation Levels in [IoT based multimodal communication model . . 37
4.3 DDS Quality of Service policies . . . . . . .. ... . ... ... .... 40
4.4  Mathematical Model . . . . . . .. ... oo 43

4.4.1 Cost Model . . . . . . . . ... 43

4.4.2 Parametric Sensitivity Analysis . . . . . . .. ..o 45
4.5 Case study illustration for the employment of the proposed communi-

cation model in hydroponic systems . . . . . . .. ... ..o 47
4.5.1 Experimental work using Testbed . . . . . . . . ... ... ... 50
4.5.2 Performance Evaluation . . . . ... ... ... ... ... ... 52

CHAPTER 5 PERFORMANCE EVALUATION OF THE PRO-

POSED FRAMEWORK 57
5.1 Implementation of the proposed framework . . . . . . . . . . ... ... Y
5.2 Performance Metrics . . . . . . . . ... 60
CHAPTER 6 RESULTS ANALYSIS AND DISCUSSION 62
CHAPTER 7 CONCLUSION AND FUTURE WORKS 76
REFERENCES 79
VITAE 96

viii



1.1

2.1

4.1
4.2
4.3

5.1

5.2

LIST OF TABLES

Design Principles of Industry 4.0. . . . . .. ... .. ... ..

Quality of Service (QoS) policies governing the Data Distribution
Service (DDS) behavior. . . . . . . ... oo

Input Parameters for Parametric Sensitivity Analysis. . . . . . . . . ..
Hardware specification of the Farm Controller (FC).. . . . ... .. ..
Quality of Service (QoS) policy parameters defined for the farming

testbed. . . . .. L

The table denotes the software specifications needed for the experimen-
tal work. . . . .. L

Quality of Service (QoS) profiles used for the empirical experiments. . .

X

6



1.1
1.2

1.3

2.1

2.2
2.3
24

3.1

3.2
3.3
3.4
3.5
3.6
3.7
3.8

4.1

LIST OF FIGURES

The figure exhibits the Industrial Revolutions with respect to time.
The figure presents the supply chain and value chain directions in all
stages of agricultural food production systems. . . . . . . . ... .. ..
The figure indicates the heterogeneity in smart farming systems and

agricultural industries (Adopted from [1]). . . . .. ... ... ... ..

The figure shows the integration of communication models in dis-
tributed systems. . . . . ...

Timing constraint diagram for real-time systems. . . . . . ... .. ..

Architectural representation of Data Distribution Service (DDS) model.

The figure represents the UML Class diagram of Data Distribution
Service (DDS). . . . . ..

Architectural presentation of an integrated open geospatial web service-

enabled cyber-physical infrastructure [2]. . . . . . .. ..o
System structure of a ubiquitous greenhouse [3]. . . . . . ... ... ..
Omniconn architecture [4]. . . . . . . ... ... L0000
Overall architecture of the precision agriculture platform [5]. . . . . . .
Overall system architecture [6]. . . . . . . ... ... ... ... ....
FarmBeats system overview [7]. . . . . .. ... ... ... . ...
Internet of Things (IoT)-based frost prediction system [8]. . . . .. ..

Processing pipeline for pig face recognition [9]. . . . . . . . ... .. ..

Conceptual architecture of the proposed Industrial Internet of Things

(ITIoT) based communication framework for smart farms. . . . . . . . .

14



4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

0.1

6.1

6.2

6.3

6.4

6.5

6.6

6.7

Automation levels in Industrial Internet of Things (IToT) based multi-
modal communication model in the agro-industry. . . . . . .. . .. ..
The figure shows the cost per unit time. . . . . ... .. ... .. ...
The figure displays the average cost incurred for each access. . . . . . .
Reference architecture of the smart hydroponic farm case study. . . . .
Schematic circuit diagram of the Zone Controller (ZC). . . . . . .. ..
The figure shows the throughput of the proposed DDS system com-
pared against system without implementation of DDS and the use of
batching QoS policy. . . . . . . . ...
The figure displays the latency of the proposed DDS system compared
against system without implementation of DDS. . . . . . . ... .. ..

The figure exhibits the Packet Delivery Ratio (PDR) of the proposed

DDS system compared against system without implementation of DDS.

The figure represents the Simulink block model with three Publishers

and three Subscribers. . . . . . . ..

Average latency with varying payload sizes in a 2 Publishers and mul-
tiple Subscribers scenario. . . . . . .. ...
The figure exhibits the effect on the average latency with varying num-
ber of Subscribers in a 2 Publishers and multiple Subscribers scenario.
Throughput with varying payload sizes in a 2 Publishers and multiple
Subscribers scenario. . . . . ... Lo
The figure exhibits the effect on the throughput with varying number
of Subscribers in a 2 Publishers multiple Subscribers scenario. . . . . .
Average latency with varying payload sizes in a multiple Publishers and
2 Subscribers scenario. . . . . ...
The figure exhibits the effect on the average latency with varying num-
ber of Publishers in a multiple Publishers and 2 Subscribers scenario. .
Throughput with varying payload sizes in a multiple Publishers and 2

Subscribers scenario. . . . . . ...

X1

48

o6

64

67



6.8

6.9

6.10

6.11

6.12

6.13

6.14

6.15

6.16

6.17

The figure exhibits the effect on the throughput with varying number
of Publishers in a multiple Publishers and 2 Subscribers scenario.

The figure exhibits the effect on the throughput with varying publica-

tion rates at the Publishers in a 2 Publishers and 4 Subscribers scenario.

The figure presents the effect on the average latency with varying pub-
lication rates at the Publishers in a 2 Publishers and 4 Subscribers
SCENATIO. . .« « . . e e e
The figure shows the throughput achievable with different QoS policy
profiles in a 3 Publishers and 3 Subscribers scenario. . . . . . . .. ..
The figure displays the average and min-max latency incurred by using
QoS Profile 1 in a 3 Publishers and 3 Subscribers scenario. . . . . . . .
The figure shows the average latency incurred by different QoS policy
profiles in a 3 Publishers and 3 Subscribers scenario. . . . .. ... ..
The figure exhibits the Packet Delivery Ratio (PDR) of different QoS
policy profiles in a 3 Publishers and 3 Subscribers scenario. . . . . . . .
The figure presents the throughput achievable with different QoS policy
profiles in a 2 Publishers and 4 Subscribers scenario. . . . . .. . . ..
The figure shows the effect of batching on the throughput with varying
payload sizes in a 4 Publishers and 2 Subscribers scenario. . . . . . . .
The figure displays the effect of batching on the throughput with vary-

ing payload sizes in a 2 Publishers and 4 Subscribers scenario. . . . . .

Xii

68

69

69

72

72

73

73

74

74

75



LIST OF SYMBOLS

tpub
tpub—sub
treq—Tep

tsub

Rate at which the data is published

Rate at which subscribers access the published data or clients request

data

Cost of publishing event

Cost of publish-subscribe per event
Cost per request-reply

Cost to relay publish data to subscriber

Effect of sharing between n subscribers and value lies between 1/n and

1

Time delay for publishing data

Time delay for publish-subscribe event
Time delay for request-reply

Time delay for subscription

xiii



LIST OF ABBREVIATIONS

Al

AODV

API

BNs

CCTV

CoAP

CP

CPS

CPU

DCPS

DDS

DDSI

DLRL

DNN

EDP

EKF

Artificial Intelligence

Ad hoc On-Demand Distance Vector Routing
Application Programming Interface
Bayesian Networks

Closed Circuit Television

Constrained Application Protocol
Computational Platform

Cyber-Physical System

Central Processing Unit

Data-Centric Publish-Subscribe

Data Distribution Service

Data Distribution Service Interoperability
Data Local Reconstruction Layer

Deep Neural Network

Endpoint Discovery Protocol

extended Kalman filter

Xiv



ERP Enterprise Resource Planning

FC Farm Controller

GDS Global Data Space

GPS Global Positioning System

GUI graphical user interface

HMI Human-Machine Interface

ICT Information and Communication Technologies
IDL Interface Definition Language

[ToT Industrial Internet of Things

[oT Internet of Things

LAA Last Address Assignment

MAC Medium Access Control

MANET Mobile Ad Hoc Network

MES Manufacturing Execution System
MQTT Message Queue Telemetry Transport
O&M Observations and Measurements

OLSR Optimized Link State Routing Protocol
OMG Object Management Group

PDP Participant Discovery Protocol

PDR Packet Delivery Ratio

pH potential of hydrogen

XV



PID Proportional-Integral-Derivative

PLC Programmable Logic Controller

PPC Production Planning and Control

ppm parts per million

PVC Polyvinyl Chloride

QoS Quality of Service

RBC random bit climbing

RF Random Forest

RFID Radio-Frequency Identification

RTI Real-Time Innovations

RTP Real-time Transport Protocol

RTPS Real-time Publish-Subscribe

RTSP Real Time Streaming Protocol

RTT Round-Trip Time

RUDP Reliable User Datagram Protocol

SBC Single-Board Computer

SCADA Supervisory Control and Data Acquisition
SMOTE Synthetic Minority Oversampling Technique
SOA service-oriented architecture

SoS Systems-of-Systems

SSIM Structural-Similarity Index Measure

XVvi



SVM

SWE

TDS

UAV

UML

VGG

WSN

XML

ZC

Support Vector Machine
Sensor Web Enablement
total dissolved salts
Unmanned Aerial Vehicle
Unified Modeling Language
Visual Geometry Group
Wireless Sensor Network
eXtensible Markup Language

Zone Controller

Xvii



THESIS ABSTRACT

NAME: Saud Mohammad Mostafa

TITLE OF STUDY: IloT based framework for large-scale distributed smart
farms

MAJOR FIELD: Computer Networks

DATE OF DEGREE: November 2020

The population would reach ten billion by 2050, and experts believe that the agricultural
sector meeds to boost production by 70% to satisfy the demand. Traditional farming
practices rely on primitive technology that creates a yield gap with low productivity.
A paradigm shift towards merging new technologies in the agriculture sector would
enhance productivity, optimize cost, and encourage sustainable development. In this
research, we review the necessity for the fusion of the Fourth Industrial Revolution
technological approach in the agricultural domain. We discuss the gap in supply chain
management for the Industrial sector and Agricultural sector and identify the issues
of vendor-specific production systems. We propose an Industrial Internet of Things
(IlIoT) based framework with a multimodal communication model for the systematic

integration of multi-vendor agricultural production systems. Our model utilizes the
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Data Distribution Service (DDS) middleware to enable communication between het-
erogeneous production systems to perform farming operations in a coordinated man-
ner. The communication model complies with the automation levels in the industrial
sector, and the use of Quality of Service (QoS) policies adapts the system according to
domain requirements. Case study based analysis and experimental work are conducted
to evaluate the performance of the system in terms of throughput, average latency, and
packet delivery ratio. The results suggest our model can enable interoperability between
multi-vendor production systems in real-time while incurring minimum latency. The

system improves performance with the use of batching during communication.
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CHAPTER 1

INTRODUCTION

Recent demographics predict population estimation to reach 10 billion by 2050 and
16.5 billion by 2100. As a consequence, the demand for food would escalate; agricul-
tural production needs to increase by 70% to sustain this population growth. Cur-
rently, agriculture produces around 80-85% of food globally, but only 5% of the world’s
population works in agriculture. Agriculture accounts for approximately 70% of fresh-
water withdrawal and 90% of total water consumption worldwide. Moreover, urban-
ization leads to nutrition transition increasing processed food and meat consumption
from 36.4 kilograms to 45.3 kilograms per person in 2030 [10], [11], [12], [13], [14], [15],
[16]. A significant challenge faced by the agricultural sector is coping with the indeter-
ministic weather conditions, deteriorating soil conditions, and negative environmental
impact by farming practices. This sector needs to adapt to new technologies for en-
hancing productivity and efficiency to meet the food requirement of the increasing
population. The prospective of future agriculture would provide social benefits such
as food security as well as environmental benefits [17], [18], [19].

Agricultural processes are mainly crop and animal production, but mixed farming



is gaining popularity due to its added advantages. Mixed farming is a combination of
both arable farming and pastoral farming that can conserve the nutrient cycle in agri-
culture [20], [21]. With the advent of emerging technologies, agricultural operations
would need to move away from the traditional methods and adopt new technologies
that increase yield and production, reduce resource and post-harvest waste, recycle
bio-waste and increase bio-diversity [22], [23], [24]. Due to unpredictable weather pat-
terns, reduced fertile land, and issues of agricultural infrastructure, we tend to move
towards sustainable agriculture through the use of automation and digitization. The
industrial sector categorizes the agricultural domain into crop farming, fisheries &
aquaculture, forestry, and livestock [25].The Fourth Industrial Revolution (Industry
4.0) [26], [27] will have a crucial influence on the agricultural domain to scale and
commercialize production [14]. The first industrial revolution began in 1760 with the
invention of steam engines. With the discovery of the internal combustion engine,
the second industrial revolution started around 1900. Eventually, this led to mass
production with the use of oil and electricity. In the 1960s, the third industrial revo-
lution started and characterized by the use of a Programmable Logic Controller (PLC)
(28] and Supervisory Control and Data Acquisition (SCADA) [29] systems to auto-
mate the manufacturing process. Hence industrial automation was first possible using
electronics and information technology. The fourth industrial revolution, in 2011,
transformed the industry integrating the Cyber-Physical System (CPS) [30], [31] and
the [oT [32], [25] network to interconnect industrial production systems. Industry 4.0
provides greater versatility and more efficient resource allocation to optimize produc-

tion and improve product life cycle [33]. Figure 1.1 outlines the industrial revolutions



over time.
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Figure 1.1: The figure exhibits the Industrial Revolutions with respect to time.

The foundational technologies [34] associated with the Industrial Revolution 4.0

are as follows:

Internet of Things (IoT) and Industrial Internet of Things (IIoT)

e Smart Sensors

o Unmanned Aerial Vehicle (UAV) & Drones

e Autonomous Robots

e Simulation

o System Integration - Vertical and Horizontal

o Additive Manufacturing

» Big Data and Analytics



o Cloud Computing

Artificial Intelligence (AI)

o Augmented Reality

o Cybersecurity

Many of the above technologies are not recent innovations, but the application in
the agricultural domain is limited. The advantages of incorporating Industry 4.0 ap-
proaches are improved productivity with lower production risks, bulk data collection
for analysis, greater control over internal processes, and cost-effective. The most vital
aspect of production in the industrial sector is the supply chain management [35], [36].
Therefore value creation in the agricultural domain must align with supply chain man-
agement. Figure 1.2 presents the supply chain and value chain relation throughout
all stages of agricultural food production systems. The uncertainty in farming supply
chain management is due to the unpredictable weather and environmental (soil and
nutrient dynamics) conditions [37]. This complexity in the agricultural domain makes
experience-based heuristic methods appropriate. Existing approaches in farming sup-
ply chain use data-driven technologies such as precision agriculture to increase yield,
reduce pest and disease infestation, and optimize resource usage. Other technologies,
such as Bluetooth, Global Positioning System (GPS), and Radio-Frequency Identi-
fication (RFID), enable communication between machinery and systems to produce
optimized, interconnected, and independent production systems. With Industry 4.0,
we need to rethink the concept of supply chain and manage system integration. The
main idea is the merging of the real-world environment and digitalized systems along

4



whole agricultural supply chains. Emergent technologies, such as the [oT, Cloud Com-
puting, Robotics, and Artificial Intelligence (AI), have the potential to progress to the

next agricultural revolution [38], [39], [40], [41], [42].

> SUPPLY CHAIN >

N N [ N ( N (
PRODUCTION STORAGE TRANSPORT PROCESSING CONSUMPTION
o ‘o -
o & il’
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Figure 1.2: The figure presents the supply chain and value chain directions in all
stages of agricultural food production systems.

Agriculture 4.0, that advanced from the Green Revolution (Third Agricultural
Revolution) [43], uses system integration and coordination between farming activi-
ties. Agriculture 4.0 will have to balance between demand-side and the supply chain
value side of the food-scarcity equation, using technology to improve and address the
real concerns of the value chain. The tools and machinery in the farming environment
have advance embedded technology, which allows automation and real-time communi-
cation with interlinked production systems. The use of robotics, Al, cloud computing,
and big data analytics would further boost overall productivity, improve sustainabil-
ity, and reduce the yield gap. Nonetheless, planning and control can be inconvenient
due to the high mobility of production plants and inconsistent communication. Agri-

cultural activities can be sequential or parallel, thereby requiring a highly coordinated



system. A crucial aspect in the area of supply chain management is the ability to co-
ordinate activities. Industry 4.0 relies on the concept of independent CPSs to reliably
communicate with each other and achieve a high level of coordination. Table 1.1

displays the design principles [44], [45] that govern the Industry 4.0.

Principle Advantages

Interoperability Increased machine life cycle, Cost reduction, Increased portability Greater collaboration

Decentralization Greater flexibility, Higher availability and autonomy, Efficient resource utilization, Fault-Tolerant
Virtualization Reduced industrial waste, Increased recycling opportunities, Encourage sustainable environmental practices

Real-Time Capability | Efficient resource usage, Faster response to changes, Easier adjustment to demand curve

Modularity Improves manageability, Increased reusability, Easy detection of issues, Reduced cost

Service Orientation Increased reusability, Reduced resource and energy consumption, Decreased waste

Table 1.1: Design Principles of Industry 4.0.

1.1 Problem Statement

Traditional farming is based on the observation-based technique, which relies upon
the experience of their predecessors. With the adoption of embedded systems and
[oT technologies, the agricultural domain has significantly improved production yield
and resource utilization. Agricultural practice can have a negative impact on the
environment but the ever-rising demands for food require us to move towards sustain-
able agricultural production [46]. The need for global food production would be more
exacerbated by factors such as unpredictable weather, insufficient arable land, fresh-
water shortages, and crop failures due to disease outbreaks and pests. Industry 4.0
has reshaped the agricultural domain by incorporating smart connected production
infrastructures to boost the overall productivity and efficiency of the system. Agricul-

tural producers in the industry can merge the operational and information divisions to



enhance visibility, increase operational efficiency and productivity, and automate the
complex processes and form connected enterprises. Vertical and horizontal integration

of IIoT based production systems can advance agro-industries in the following ways:

o Huge amounts of data generated can be used to trace the business state, per-

sonnel performance, asset utilization, etc.

e Production risks would be lower due to better control over internal processes and
product distribution. Also, increased control over production would minimize

production waste.

o Process automation would increase business efficiency and better cost manage-
ment. Automation of the production process would lead to improved product

quality.

The IToT operations need to take into consideration the possible synergies and
trade-offs between agricultural productivity, adaptability, and security under unpre-
dictable events. Additionally, with the distinct life-cycle of the agricultural goods,
the role of Agriculture 4.0 in the distribution has to be maintained in a timely man-
ner. Different types of smart machinery and equipment in the farming environment
support automation and communication between production systems in real-time.
Within the context of IIoT, the increase in the number of these vendor-specific ma-
chines and production systems has produced major hurdles faced by the agro-industry.
Figure 1.3 presents the heterogeneity in farming environments. Tackling heterogeneity

and interoperability among millions of distributed devices and systems while ensuring



reliability are the most critical application challenges [47], [48], [49], [50]. Another
challenge for Agriculture 4.0 is the need to standardize the communication between
different production systems that are interlinked [51]. The vision of Agriculture 4.0
is considerably limited to the application of precision farming and automation. This
limitation is due to the use of distributed vendor-specific production systems in the
agro-industry. The increased degree of complexity with heterogeneous production
systems can render the agro-industry inoperable therefore there is a need for an inte-
gration platform as discussed in [52], [53], [54]. We propose a robust framework with
a multimodal communication model for the agro-industry to integrate these multi-
vendor production systems. The objective is to introduce a standard platform that
allows interoperability and adaptability between farming production systems in a het-

erogeneous environment in real-time.
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1.2 Research Objectives

The overall objective of our research is to introduce a platform based on DDS
implementation for smart farming systems connecting multiple farms using pub-

lish /subscribe model. The research objectives are listed below:

o Propose an integration platform for legacy heterogeneous systems and future
Information and Communication Technologies (ICT) investment in each farm
to optimize local and global functionalities, monitor, and visualize the activities

and track the assets.

o Define different subsystems of the farm and identify the real-time functionali-
ties. Provide an Real-time Publish-Subscribe (RTPS) platform for integrating
these subsystems and managing multiple farms. Also, standardize the messaging

system for these farming systems.

e Determine the impact on performance by the proposed solution in terms of
throughput, latency and reliability and study how different QoS policies might

affect the performance.

o Highlight the added value of integration platform over existing solutions and
describe how the middleware will ease the process of designing, implementing

and maintaining the integration platform.
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1.3 Research Methodologies

The research methodologies used for our work are as follows:

o Comprehensive Literature Survey in the field of Agriculture. In this phase,
we need to discover all the possible solutions that improve the present farming

systems.

» Propose an integration platform for multiple farming systems using the DDS

model.

« Identify the topics, data types, frequency of attributes and payload size that are

needed to model our proposed system.

o Implementation of the proposed platform using DDS middleware in either

testbed or simulation.

o Performance evaluation of the proposed system in terms of throughput, latency
and reliability and investigate how different QoS policies might affect the per-

formance.
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1.4 Thesis Oganization
The rest of the thesis are organized as follows:

o Chapter 2: Introduces the related terminologies and technologies related to

our research work.

o Chapter 3: Provides a comprehensive literature on the related research work

in the agricultural domain.

o Chapter 4: Elaborates on the proposed novel framework and multimodal com-
munication model. A suitable mathematical model is used for parametric anal-

ysis and case study based analysis is performed.

o Chapter 5: Details on the implementation of the proposed model, test case

scenarios and performance metrics used for our research.

o Chapter 6: Discusses the results obtained from empirical experiments per-

formed for our work.

o Chapter 7: States the conclusion and future scope for our research work.
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CHAPTER 2

BACKGROUND

2.1 Real-time Distributed Systems

A distributed system is a group of autonomous devices that interact and coordinate
through a network. The integration approaches shown in Figure 2.1 for a distributed

system are as follows:
« Point-to-point (application-centric)
o Centralized

« Distributed (data-centric)

The point-to-point approach is tightly-coupled with high life-cycle costs, difficult
to maintain, poor information sharing, and robustness. Centralized integration re-
lies on the broker hence resulting in low scalability and performance with a single
point of failure. On the other hand, the distributed integration approach has high
throughput with low latency, high scalability, high reliability, integration logic is

vendor-independent, robust, and high availability. Due to these advantages, DDS
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Figure 2.1: The figure shows the integration of communication models in distributed
systems.

follows a distributed integration approach. Real-time systems are time-constrained
systems where expected response time can be assured. Their classification is of three
types, which are explained as follows with the help of Figure 2.2. In Figure 2.2, e;

and e, represents two consecutive events in time.

« Hard Real-Time: The timing constraint is defined as a point of time i.e.

t(el):t(eg).

o Soft Real-Time: The timing constraint is defined as a window of time i.e

t(e1)<t<t(ez). Acceptable time window but can be flexible by few seconds.

o Firm Real-Time: The timing constraint is defined as a strict window of time
i.e t(ey)<t<t(ez). Time window is strict and delays are not acceptable.
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Figure 2.2: Timing constraint diagram for real-time systems.

2.2 Data Distribution Service

The Object Management Group (OMG) introduced DDS in 2004, an open data-centric
standard, to address the communication challenges of real-time mission-critical appli-
cations with the issue of scalability in mind [55]. This specification standard intends
to integrate heterogeneous systems enabling interoperability and portability. The
purpose of the DDS specification is to allow the sharing of information efficiently in
a distributed environment masking the underlying complexities [56], [57], [58]. The
specification standard is composed of the DDS Application Programming Interface
(API) and Data Distribution Service Interoperability (DDSI) wire protocol. There
are two interface levels specified in the DDS API standard, namely Data-Centric
Publish-Subscribe (DCPS) and Data Local Reconstruction Layer (DLRL). The lower
DCPS layer deals with topic-based data dissemination using the publish-subscribe
paradigm. This layer aims to provide an efficient delivery mechanism between the
Publishers and Subscribers. The higher layer, DLRL, is responsible for allowing the
integration of DCPS components into the application. This layer is optional and helps

application developers to create an object model above the DCPS layer hiding the un-
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