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Abstract

With the constant increase in the volume of data generated and collected in several
areas, data visualization has become more relevant to improve equipment management,
reduce operational costs and increase process efficiency. This paper proposes developing
a health monitoring system for an Autonomous Mobile Robots (AMR) equipment, which
allows data acquisition and analysis for decision-making performed autonomously and by
the equipment manager. Implementing the proposed system demonstrated favourable re-
sults in data acquisition, analysis, and visualization for decision-making. Using a hybrid
control architecture, the data acquisition and processing showed to be effective, without
significant impacts on the battery consumption or in the use of microcomputer resources
embedded in the AMR. The developed dashboard demonstrated efficient data navigation
and visualization, providing essential tools for decision-making by the platform adminis-
trator. This work contributes to the health monitoring of types of equipment as AMRs.
It may be of interest to professionals and researchers in areas related to robotics and au-
tomation, especially those who work with equipment that uses Robot Operating System
(ROS). Besides, the developed system is open-source, making it accessible and customiz-

able in different contexts and applications.
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Resumo

Com o aumento continuo da quantidade de dados produzidos e coletados em diversas
areas, a visualizacdo de dados tem se mostrado cada vez mais relevante para melhorar
a manutencao de equipamentos, reduzir custos operacionais e aumentar a eficiéncia de
processos. Este trabalho propoe o desenvolvimento de um sistema de monitoramento
da satide de um equipamento do tipo Autonomous Mobile Robots (AMR), que permita a
coleta e analise de dados para tomadas de decisao realizadas tanto autonomamente quanto
pelo gestor da plataforma. A implementacao do sistema proposto apresentou resultados
favoraveis na coleta, anélise e visualizacao de dados para a tomada de decisoes. Utilizando
uma arquitetura de controle hibrida, a aquisicao e processamento dos dados mostrou-
se eficiente, sem impactos significativos no consumo de bateria ou uso de recursos do
microcomputador embarcado no AMR. O dashboard desenvolvido mostrou-se eficiente na
navegacao e visualizacao dos dados, fornecendo ferramentas importantes para a tomada
de decisao do gestor da plataforma. Este trabalho contribui para a monitorizagao de satide
de equipamentos como AMRs, podendo ser de interesse para profissionais e pesquisadores
em areas relacionadas a robética e automacao, em especial aqueles que trabalham com
equipamentos que utilizam do Robot Operating System (ROS). Além disso, o sistema
apresentado é open-source, tornando-o acessivel e personalizavel para uso em diferentes

contextos e aplicacgoes.

Palavras-chave: Autonomous Mobile Robots; Data Visualization; Dashboard
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Chapter 1

Introduction

Through the evolution of the industry, autonomous vehicles such as Autonomous Mo-
bile Robots (AMR) and Automated Guided Vehicle (AGV) have become increasingly
common equipment for the internal logistics of companies, handling the optimization of
logistics processes and increased productivity [1], [2]. Meanwhile, for properly operating

these types of equipment, it is fundamental to monitor their operational data effectively
[1], 3].

In this context, the area of Big Data Visualization has been highlighted for the man-
agement of data and decision-making in the industry field, allowing the transformation of
complex data into attractive and visually comprehensible information [4]-[6]. Within this
context, data visualization becomes a powerful tool for the managers and operators of the
equipment, allowing fault detection and aiding in predictive maintenance and strategic

equipment decisions.

In addition to data visualization, centralized and decentralized control architectures
are essential for data acquisition in industrial automation systems. In centralized systems,
a central unit monitors and controls the equipment, which eases data acquisition. On the
other hand, in decentralized systems, each agent is autonomous, and the information
exchange happens between the agents. This way, the data capture is more complex [3],

[7]-
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This work describes the development of a system for monitoring the health of a AMR,
where the control of its systems uses the Robot Operating System (ROS). Through the
acquisition, treatment, and storage of the acquired data, it supplies instruments for the
system managers to perform strategic decisions related to the operation and health of this
vehicle.

Therefore, this work aims to propose and implement a solution to improve the man-
agement of robotic equipment by a health dashboard, applying Big Data Visualization

techniques to aid in comprehending the data generated by the equipment.

1.1 Objectives

This work intends to develop a system capable of communicating with the Magni
robotic platform owned by the Research Centre in Digitalization and Intelligent Robotics
(CeDRI). The system must acquire data that contributes to the maintainability of the
equipment without affecting its autonomous capacities or significantly impacting the use
of its onboard resources, such as batteries and microcomputer use. In addition, the
developed system must provide platform administrators with the ability to interpret the

collected data through a visual and interactive application.

The work has as specific objectives the following aspects:

o Develop tools to monitor and collect data from the robotic platform and its systems;
« Create a database that concentrates the data collected and allows for future analysis;

o Provide the platform manager’s tools to assist in the decision-making process for

equipment health;

o Maintain the development of tools tied to open-source services and products.
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1.2 Document Structure

This document is divided into six chapters, which follow the objectives and structure

described below:

o Chapter 1: presents an introduction to the topic of data visualization and the
importance of equipment management platforms, followed by the objectives of the
development of this work, and concluding with the presentation of the structure of

this document;

o Chapter 2: supplies a review of Autonomous Mobile Robots, highlighting charac-
teristics such as the core tasks expected from these devices and the control archi-
tectures. Additionally, it presents the concepts and tools belonging to Big Data
Visualization. In the end, it explores the main tools used in the development of this

work;

o Chapter 3: describes the choice of the control architecture, sequentially elaborating
the information flow and describing the processes and sub-processes proposed to

achieve the defined goals. Finally, it presents the proposal for the user interface;

o Chapter 4: describes the development of the system, beginning with the choice of
tools and then exploring the implementation of the processes defined in the earlier

chapter. Finally, it presents the development and composition of the user interface;

o Chapter 5: shows the results of the tests performed to determine if the implemented
system conforms to the established objectives. Furthermore, it examines the impact
of the execution of the processes implemented in the resources of the robotic plat-

form. Finally, the developed project is benchmarked against a commercial product;

o Chapter 6: concludes the work, presenting considerations regarding the obtained

results and proposals for future work.






Chapter 2

State of the art and Study of tools

This chapter introduces AMRs and the main control architectures used in these types
of equipment and also bring concepts about Big Data Visualization and databases, be-
sides briefly exploring the tools used in the development of the project, presenting some

available techniques and methodologies.

2.1 Autonomous Mobile Robots

AMRs are vehicles similar to AGVs, where both are subcategories of the so-called
Unmanned Ground Vehicle (UGV), having in common the aspect of autonomy in their
movement, but with subtle differences between their capabilities. UGVs are any ground
vehicle that does not require the physical presence of an operator in the equipment, and
these can be teleoperated or autonomous [1], [8], as are the equipment of interest in this
work.

AGVs were introduced in 1953 by Berret Electronic of Northbrook, Illinois, USA. Since
then, they have been used mainly in factory logistics operations and warehousing, guiding
themselves by magnetic and optical tracks. Although AGVs can move autonomously,
treating routes and following the most efficient paths according to the moment, these
types of equipment have limitations in their locomotion, having to follow through with

previously defined tracks. [1], [9].
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The AMRs differ from the AGVs mainly in the aspect of navigation, as they can move
freely in the environment where it is immersed, as shown in figure 2.1, making them ideal
for dynamic environments adapting and correcting their route constantly according to the

need [1], [9], [10].

AGV AMR
Automated Guided Vehicle | Autonomous Mobile Robot

Figure 2.1: Navigation difference between AGV e AMR [11]

In a simplified way, AGVs have a behaviour similar to vehicles in a city, where they
have streets and rules that they are obliged to follow. In contrast, AMRs are closer to
a human in this city, where their freedom of locomotion is much greater than that of
vehicles, being able to move in places where there is a well-defined pavement following it
or in areas where there is no boundary of way, besides having the ability to deviate from

obstacles in a dynamically and locomotion in highly dynamic environments.

2.1.1 Five core tasks

The AGVs and AMRs must perform some tasks and functions to operate the systems
where they are inserted correctly and the vehicles themselves. According to De Ryck,
Versteyhe, and Debrouwere [3], there are five core tasks that an AGV must perform,
which are: Task Allocation, Localization, Path Planning, Motion Planning and Vehicle

Management, as illustrated in figure 2.2.

o Task Allocation: this assigns the system elements a queue of tasks with the most

efficient composition for the system. This task must have flexibility, scalability, and
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responsiveness during its execution [3];

Localization: this task is responsible for determining the position of the vehicle in
the environment in which it is inserted. This task is frequently already embedded
in the vehicle, and the information can then be shared with a central computer or

with other vehicles, depending on the control architecture [3];

Path Planning: this task has as its objective to trace a static route in the environ-

ment known by the AGV, not considering the dynamic elements of the environment

[3];

Motion Planning: is responsible for the dynamic planning of routes, avoiding colli-

sions and deadlock situations or even delimiting control zones [3];

Vehicle Management: finally, this task has the objective of management of aspects
such as errors, battery, and maintenance to provide the maximum use of each vehicle

in the system [3].

AGYV control tasks

Task Allocation Localization Path Planning Motion Planning Vehicle Management|
Optimally assign Obtaining the Generation of an Real-time Management of
asetoftasktoa exact location in obstacle free modification of a the vehicles
set of AGVs a map path from point planned path battery, error,

AtoB according to and
dynamic maintenance
obstacles statuses

Figure 2.2: Overview of the five core AGV tasks (adapted from [3])

These tasks must be carried out by the vehicles themselves or by utilizing a centralized

unit, which depends on the control architecture on which the system is based.
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2.1.2 Control architecture

There are two main approaches to autonomous vehicle control centralized control and
decentralized control [3]. In the first approach, there is a centralizing agent, which man-
ages all the functions and decisions related to the equipment in the system, as illustrated
in figure 2.3a. In the second form, the elements of the system have the capacity for
self-management and communication with others. This way, it transfers a share of the

function of the centralized unit to each element, as is observed in figure 2.3b.

(a) Central architecture (b) Decentralized architecture

Figure 2.3: Central and decentral architecture [3]

Through these architectures, there is a greater or lesser degree of access to these
vehicles’ data, parameters, and actions. These approaches also interfere with the capacity
of the system to act at the maximum global or local efficiency, besides interfering in the
speed of decision-making during the operation, which can be a critical issue in highly
dynamic environments [3], [7], [12].

Below, the already mentioned control architectures are enumerated and described in

more detail, besides introducing a third variant that seeks better use of the centralized

and decentralized characteristics.
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I) Centralized architecture:

The centralized control architecture is characterized by a central control unit planning
and delegating orders and tasks to the system components. This control technique is al-
ready well implemented in industry and has a highly hierarchical behaviour, as illustrated

by the ISA 95 automation pyramid figure 2.4 [3], [7].

Entreprise Eﬁ ERP
Work
Centers P l){\( MES

Station

Control
Device st ij w PLC
=

Field Device = iy i =
g =] Y L

Product & @ _él ﬁ

Figure 2.4: ISA 95 model [13]

In the centralized architecture, the whole context can be analyzed, enabling global
system optimization and having information tracking and control over all aspects of pro-
duction [7]. This control architecture requires the constant exchange of information be-
tween the hierarchical levels of the structure, feeding the central unit with the necessary
information for the management of the system and sending commands to the agents [3],
[7].

The latency in this communication chain and the information processing makes it
difficult to manage the system efficiently in dynamic environments [3], [7]. The fact that
the design is linked to the central control unit limits the modifiability and extensibility of

the system [7].
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IT) Decentralized architecture:

The decentralized control architecture is suitable when there is a need for more adap-
tive responses to events in the environment, that is, systems in which several events occur
during the operation and require corrections, as a counterpoint to the slow response com-

ing from the centralized method [12].

In the decentralized architecture, the system’s intelligence is not concentrated in a
single orchestrator point but distributed among the elements that compose the whole
structure. The communication between the agents ensures the efficiency of the entire
process, allowing unexpected events in the environment to be processed and lead to a
decision more dynamically when compared to the centralized method because the decision-
making is taken directly by the elements of the system. Despite the benefits of this control
architecture, the system has difficulty controlling the elements individually or collectively
because each one is trying to achieve its goals. This behaviour does not necessarily move

the system to the point of global optimization [3], [7].

For lower complexity systems, adopting decentralized architecture may not be ideal
since, in this case, the centralized architecture would guarantee robustness and flexibility.
However, due to the limitations of the centralized architecture, in more extensive and

complex systems, the decentralized architecture stands out [3].

IIT) Hybrid architecture:

The hybrid architecture emerges as a mix of the two architectures already presented to
minimize the disadvantages and maximize the benefits provided by each control method-
ology. This architecture aims to find a good balance point between centralized and decen-
tralized control, but it also brings essential characteristics for Industry 4.0 as connectivity
between machines, communication, and cooperation. Because it uses in part an already
well-established architecture in the industry, it implements hybrid architectures more at-

tractive than a radical change from a centralized to a decentralized system [3], [7].
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An example of a hybrid architecture system would be a superior unit that creates a
queue of tasks for the system elements. However, with decentralized control, the system’s
elements can change the queue’s order and redistribute among the other elements, thus
proposing a new queue. In the same way, the superior control unit can reject the changes
proposed by the elements based on the information available from the system, thus seeking

the point of greatest efficiency [7].

2.1.3 The mobile robot platform

The robotic platform this project is based on is a Magni Silver Robot Base, shown
in figure 2.5, a platform developed and produced by Ubiquity Robotics based in Califor-
nia. Being a pre-built solution with navigation, power, computing, and mobility systems
already available for use shortens the application’s development period in which the plat-

form will act [14].

Figure 2.5: Robot Base Magni Silver [14]
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The platform acquired by the CeDRI have all software systems embedded in Raspberry
Pi 4 microcomputers powered by Ubuntu 20.04 and uses the ROS Noetic to run its
systems, besides having features such as a load capacity of approximately 100 kg; a set
of two motors equipped with an odometry system; a five-point sonar system; a Light
Detection and Ranging (LiDAR) system; and a camera for reading fiducial marks [10],
[14]-[16]. This platform was the target of previous projects, such as the work performed by
Junior [10], where a navigation and localization system was developed based on Adaptive

Monte Carlo Localization (AMCL).

2.2 Big data visualization

Data visualization, especially of data with large volume, variety, and velocity of gen-
eration, the 3Vs that describe the main aspects of Big Data, has been taking prominence
among researchers and industries because extracting helpful information from these data
can bring competitive advantages, as well as the extraction of models and hidden patterns

that assist in research [5].

[ Data acquisiton ]

{Parsing and fiItering} { Refinement }

Mining hidden Data visualization
patterns

Figure 2.6: Big Data Visualization process (adapted from [5])
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According to Chawla, Bamal, and Khatana [5], the process related to big data visual-
ization goes through five steps, shown in figure 2.6, the acquisition of data, analysis and
filtering, mining of hidden patterns, refinement and finally, the data visualization. Hav-
ing as objective the representation of a complex data set through graphs and or images,
where through these resources it is possible to extract information, detect and highlight

patterns, generate insights and make decisions [5], [17].

2.2.1 Big data

The branch of technology related to big data has become one of the most critical trends
in the information technology sector, as there is a high economic potential, especially for
decision-making techniques for the economic and social sectors [4], [17]. Despite the many
definitions attributed to this term, it is always focused on groups of data whose volume
and or complexity are large enough that traditional analysis methods have difficulties
being applied. Generally, when the term is used, it refers to a data set that traditionally

cannot be processed.

As mentioned, not all data sets considered Big Data have a massive volume of informa-
tion. However, they can also be endowed with a wide variety of information types, making
it challenging to use traditional information analysis techniques. In the latter case, the
result is that the information in question may be unstructured, incomplete, noisy, and

erroneous, among other possibilities [4].

2.2.2 Data visualization

Data visualization is the graphical representation of a data set, using techniques and
tools that make interpreting, understanding, and exploring these data more user-friendly.
This more assertive communication brings advantages to those who interact with the
database to understand how the data is connected, identifying patterns that would oth-

erwise be hidden, especially in extensive data sets [4], [18].
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The biggest challenge in this area today is the need to treat and extract information
from a large volume and variety of data generated at high speed. The need to bring the
visualization of these data in an interactive, scalable way which allows decision-making
creates a need to develop new methods and computational techniques [5].

According to Mohammed, AlHabshy, and ElDahshan [4], some areas of difficulty stand
out when it comes to big data visualization, as well as situations of opportunity to cir-
cumvent or mitigate these difficulties.

Difficulties:

o Perceptual Scalability: is linked to the human perception of data, as we find it
difficult to efficiently extract useful data when the amount of information is too

large;

» Real-time Scalability: the capability to bypass the memory and processing bottle-

necks of large data sets to present information to consumers in real-time;

 Interactive Scalability: is the interactivity with the data set that helps to understand

and obtain insights faster and more efficiently.
Opportunities:

o Data Reduction: reducing the size of big data by sampling and filtering to keep only

data that is important and meaningful to be analyzed and exploited;

e Reducing Latency: among the possibilities are pre-computed data and parallelized
data processing, which minimizes the processing demand, seeking to reduce this

bottleneck in the process.

Data visualization is not only a challenge in the modern world. Several techniques
and tools assist in the development and creation of visualizations. However, it is essential
to know the types of data and what is expected to be obtained through the analysis to
determine the most appropriate tool for the situation [4], [5], [18].



2.2. BIG DATA VISUALIZATION 15

2.2.3 Data visualization techniques

To provide better visualization of the data that enables the user to use it better, it
is necessary to consider which data will be presented and its dimension, among other
characteristics. Because the representation of the data should be the simplest and easiest
to understand so that the decision-maker can understand the data presented, their values,
their relations, and patterns in the fastest way possible [4]. Where some of these techniques

are:

I) Data tables:

In many cases, tables are not considered a type of data visualization. However, they
represent a very effective technique for understanding some data because, depending on

the situation, data representation in their raw form may be the most appropriate [4].

In a table, it is possible to represent numerous dimensions simultaneously. Although it
is a valuable resource, it requires attention because communication occurs predominantly

in a linguistic way, requiring the user to read and interpret this data [4].

IT) Gauge charts and progress bar:

These visualizations are typically composed of a one-dimensional representation, where
a needle or colour filling indicates the magnitude of the value represented. They are
elements of easy understanding and visually satisfying due to the presence of colours and
the simplicity of the visualization. Thus, they are widely used in dashboards and reports
to indicate the values of Key Performance Indicator (KPI) [4], [19]. Figure D.5 presents

an application of this type of visualization implemented in this work.

However, these methods must be avoided when the data that should be present has
more than one dimension, or even for values whose behaviour in time is relevant, because
this is only able to represent a single value, in addition, to occupying an ample space of

visualization, it must be used sparingly [4].
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III) Pictograms:

These representations are intended to demonstrate abstract concepts, using images,
symbols and colours to represent the information [19]. The personal and cultural under-
standing of the symbol used can affect this visualization technique since it does not use

textual language to demonstrate the information [20].

IV) Line and area charts:

Line graphs and area graphs are similar in their objectives and construction. Their
construction uses continuous or discrete variables with a direct relationship, as in time
series. By inserting the data in the plot plane and connecting the points using lines, it
is possible to obtain a curve that indicates the behaviour and tendency of the variable
analyzed. The difference between line graphs and area graphs is that in the area graphs,
the area below the curve created by the variable has been filled in [4]. These plotting
techniques are illustrated by the figures D.1 and D.3, which represent area charts and line

charts, respectively.

Although line charts allow a practical analysis between two variables, they have limi-
tations when several curves are analyzed simultaneously because the presence of multiple
curves in the plan makes the comprehension of the behaviour of the variables more com-

plex [4].

These limitations apply to unstratified and stratified area graphs, as the areas are
occluded in the chart plotting. In the stratification strategies of the data, there is usually
the stacking of areas, which may be traditional, just stacking the areas, or percentage,
where the total area of the chart is constant, and the contribution of each category is

their corresponding area [4].

These graphs are generally suitable for analyzing temporal variables or variables with

some continuity.
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V) Maps:

The maps are recommended visualizations for data that are correlated with geographic
points. It is common to use maps in combination with other representations, such as
bubbles and colour zones, to express the information [4]. Figure D.4 exemplifies this data

visualisation technique.

This visualisation should be used with parsimony, as it takes up considerable visual
space in applications. Therefore, it is an inclusion that should be adopted if the location
of the data is critical to the data story. Like comparing a company’s sales in various

geographical locations [4].

VI) Graphs:

Graph models have origins in the study of topology and use elements called vertices
and edges to describe connections. These models have several applications, ranging from
interactions that occur in ecosystems to even the flow of control in computer programs

[21]. An example of a graph representation is illustrated through the figure D.2.

VII) Sunburst charts:

This representation aims to describe in a radial format the data clustered hierarchically
and associated quantitative values. The radial dimension of the segments is proportional
to their contribution to the total value, as in a pie chart, thus being the radial version of

the Icicle graph [22]. This technique of representation is demonstrated in figure D.6.

2.3 Databases

A database is necessary to store the data mentioned in section 2.2. Databases are
an organized collection of information which nowadays is typically stored electronically
in computer systems, being the most common storage format based on a series of tables

composed of rows and columns, typically controlled by a Database Management System
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(DBMS) [23], [24]. These databases can be classified into two main categories, which are

based on the way the data is related and stored, these being:

o Relational: where data stored between database tables have a clear link between
them, highly relational, i.e. data is connected through a predefined web of relation-

ships [23], [24];

« Non-relational: in this category, the data is not required to have a direct relationship

with each other or even predefined connections as in relational databases [24], [25].

2.3.1 Types of data

Different types of data can be stored in a database, and which kind of data, how they
relate to each other and how it is organized are factors that define which classification
can be assigned to the data. The data can be classified as structured, semi-structured
and unstructured, the classification of these data influences the choice of the appropri-
ate DBMS for its manipulation, and the source of these data eventually determines its

characteristics [26], [27]. In simplified form, data types can be defined as follows:

o Structured: structured data have a predefined format, length and characteristics.
They are general data that can be organized with a high degree of organization
[27]. This data is usually managed by an Relational Database Management System
(RDBMS) [26];

e Semi-structured: this type of data has no fixed schema, and its structure is implicit
and often irregular, as there is no clear separation between the data and its schema,
as is the case with structured data, typically managed by a Not only SQL (NoSQL)
DBMS [26];

o Unstructured: unstructured data has no particular structure, typically incorporating
images, documents, metadata and other data types, and it is the predominant data

type in Big Data technologies [26], [27].



2.3. DATABASES 19

2.3.2 RDBMS

Being Structured Query Language (SQL) a programming language used in almost all
relational databases to perform database manipulation [23]. The RDBMS is a DBMS
that handles the databases classified as relational. This management system is suitable
for applications that require complex queries with well-defined data [24].

Relational databases are the most efficient and flexible way to manage structured

information [23]. However, the RDBMS has limitations such as:

o Scalability: because many of the databases do not have support for distributed
processing and storage when the volume of data is high, it becomes necessary to use

servers with large computational capacities [24], [25];

o Flexibility and complexity: due to the nature of structured data, the data must

have its behaviour by the predefined format for its storage [24];

o Low read and write speed: when the volume of data grows, these databases signifi-

cantly lose efficiency in reading and writing data [25].

2.3.3 NoSQL

NoSQL is a DBMS aimed at manipulating unstructured or semi-structured data, be-
ing a system used for applications involving big data and real-time data, among other
applications. Khasawneh, AL-Sahlee, and Safia [24] and Han, E, Le, et al. [25] highlight

some advantages presented by this system over RDBMS such as:

o High scalability: database expansions and modifications can be performed quickly

and without interrupting database access;

o Flexibility: by not requiring a predefined scheme, it is capable of accepting different

types of data, besides facilitating alterations;
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o High reading and writing speed: because it presents a low latency for the queries
carried out in the RDBMS especially when there is a high concurrent read and write

request.

2.3.4 Temporal databases

The data may also present specific characteristics, as is the case of time series that give
origin to temporal databases. Time is an essential aspect of the phenomenons and events
in the real world because they are tied to a specific point in time, and the relationship
between objects is built on time [28].

Temporal databases, by characteristic, have data whose value varies over time, so one
of the dimensions of the database is time, and it is necessary to structure the database in
a way that accommodates temporal logic, storing the real-time and/or collecting samples
sequentially and periodically [28], [29].

Several RDBMS data models have been developed to meet the needs of time series [28].
However, as explored by Mehmood, Culmone, and Mostarda [30], some new technologies
and methods put into doubt the usefulness of these established models, as NoSQL based

models have more flexibility and versatility when compared to RDBMS models.

2.4 Tools review

During the elaborate on this work, several tools were used to make the development
more dynamic, facilitating future improvements and replicating the work developed, pri-
oritizing open-source tools or those available for free. The tools used in this work and

presented in this section are Python, Django, JavaScript, React, MongoDB and the ROS.

2.4.1 Python and JavaScript

A programming language is a way of communicating and expressing algorithms uti-

lizing symbols, syntax, and order of operations, inter alia, which should be arranged in
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such a way as to convey to the machine the particular way in which the data should be

treated [31], [32].

Among some of the many programming languages available, Python is a high-level and
general-purpose programming language, created by Guido van Rossum in the late 1980s
and having its first version published in the early 1990s. Its development took place at
Centrum Wiskunde & Informatica (CWI). During the following years, Guido continued
the development of the language at Corporation for National Research Initiatives (CNRI)
and in 2001, together with his team of developers, formed the Python Software Foundation
(PSF), a non-profit foundation aimed at holding the rights to the intellectual property
related to Python [33]-[35]. It is a complete programming language used for many social
and commercial purposes, is also suitable for scientific purposes, and can be used in several
operating systems, besides being provided with good maintainability and development

speed [35].

Derived from this language comes Django, a free and open-source web framework
based on Python. It was created in 2003 by Adrian Holovaty and Simon Willison during
their time as web developers at Lawrence Journal-World when they started developing
code based on Python. After Simon’s internship ended, Adrian and Jacob Kaplan-Moss
continued the development of the framework. Since June 2008, the non-profit organization

Django Software Foundation (DSF) that organizes and maintains Django [36], [37].

Nowadays, a popular programming language focusing on user interaction is JavaScript
(JS). This language appeared in 1995, when Brendan Eich was recruited by Netscape
Communications, and in only ten days, managed to create and implement a prototype
with the first version of this language, Mocha. Mocha initially was supposed to execute
small scripts with the web browser that would improve the sites but took proportions
that could not have been predicted. Since its creation, the language has grown, gaining
several new functionalities being one of the leading technologies for the World Wide Web

(WWW), as it allows user interaction with the pages [38]-[40].
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Today the JavaScript language is not limited to web applications but also mobile
applications, desktops and servers, where it is used to run complex projects of high in-
teractivity. There are two main reasons for its popularity: its dynamic language and
permissive nature, which allows it to introduce and generate code during its execution
and to follow the "no crash" philosophy where the execution errors do not generate appar-
ent signals to the user. Today JavaScript is a brand owned by Oracle Corporation [38],
40].

In 2013, the company Facebook published an open-source library based on JavaScript
to facilitate the creation of web interfaces. Since then, this library has gained attention

from developers for allowing the creation of highly interactive environments [39], [41].

React, together with Django, have a development potential both for the user interface
(front-end) and for the codes that run jointly with the database and the machine (back-
end), which allows the creation of a complete, interactive data visualization tool. This
composition enables the user to interact with the Big Data generated to support decision-
making based on the analysis of the information provided [4], [42]. Several commercial
solutions use these tools to create data visualization tools, such as Fusion Charts, which
is a solution based on JavaScript, which uses a conjunction of language frameworks,
including React and other languages, to create a more dynamic page, including Django,

and the goal of this solution is to facilitate the process of dashboard development [4].

2.4.2 MongoDB

As explored in the 2.3 section, a database DBMS is recommended to help organize
and communicate with the database. Among the many options available, MongoDB is a
free and open source database software released in 2009 that handles databases classified

as NoSQL, storing data as documents in a format called Binary JSON (BSON) [43]-[45].

The BSON format is similar to the JavaScript Object Notation (JSON) format. How-

ever, as verified in table 2.1, instead of encoding the data in a string 8-bit Unicode
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Transformation Format (UTF-8), the data is encoded in binary form and, as such, be-
comes readable only for machines. The BSON format presents support for data types not

supported when using the JSON format [44].

Table 2.1: Differences between JSON and BSON (adapted from [44])

JSON BSON
Encoding  UTF-8 Binary
Data support  String, boolean, number, array, object, null String, boolean, number, array, null, date, binData
Readability Human and machine Machine

It is a fast and flexible software with good scalability, offering support for languages
with JavaScript (JS) and Python, besides having tools that allow easy transfer and copying
of databases [43].

2.4.3 Robot Operating System

ROS emerges to assist in the deployment and development of robotic systems. De-
spite containing "operating system" in its name, ROS is not an operating system in the
traditional sense of the term but a set of open-source frameworks that run on an oper-
ating system. The ROS aims to manage and allow the communication of the different
processes that occur in the robot, besides helping in the implementation and scalability
of the robotics project’s complexity, acting as a bridge for various methods, as shown in
figure 2.7 [46], [47].

The ROS was initiated in 2007 by PhD students Eric Beger and Keenan Wyrobek,
working with Professor Kenneth Sailsbury at Stanford University [48]. Noting that the
progress in the development of robotics was being delayed by the diversity and complexity
of the field of robotics, they proposed the development of a basic system that would be
the starting point for work in robotics. Over the years, several researchers joined the
research, creating a community and a development ecosystem [47], [48].

As ROS is a very versatile platform and can be embedded in robotic manipulators,
industrial robots, Unmanned Aerial vehicle (UAV) and AGV, among other various ap-

plications and robotic platforms. It is an open-source platform with a large ecosystem.
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There are several areas of research, among which are task planning [49], cloud robotics

[50] and security [51].
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Figure 2.7: Robot Operating System [52]



Chapter 3

System Architecture

This chapter describes the proposed architecture for controlling and monitoring the
equipment’s health, exploring information flow from acquisition to decision-making. At
the end of the chapter, the proposed structure for the Graphical User Interface (GUI)
available to the platform manager is presented at last.

In section 2.1.2, it is possible to observe that the centralized or decentralized archi-
tectures better handle some characteristics of the environment and expected responses of
the system. Being possible to generalize some aspects of these architectures as outlined
in the table 3.1. Thus, it is possible to select the control architecture that better adapts

to the system’s needs.

Table 3.1: Comparison between centralized and decentralized architecture characteristics

Characteristic Centralised architecture Decentralized architecture

Control of actions Fully managed by the central Managed by each member [3],

unit [3], {7] [7]
. Suitable for low dynamism envi- Suitable for highly dynamic
Environment .
ronments [3], [7] environments [3], [7]
: : : Distributed (difficulty to ob-
Access to information Centralized (easy to get) [3] tain) 3], [12]

Grows quickly with the number

Complexity of members [3] Reduced complexity [7]
Modifiability and ex- _. . . Easily scalable and modifiable
tensibility Limited by central unit [7] 3], [7

25
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3.1 Proposed Architecture

For the selection of the most appropriate control architecture for this work, it is

observed that the system has characteristics

o Low management complexity: due to having only one AMR,;

e Dynamic environment: caused by the high movement of people and changes in the

environment;

o Platform autonomy: it is an objective of the system,;

o It must be easily modifiable: since it is

ronment.

Considering that the system does not fit satisfactorily in the advantages of centralized
or decentralized architectures, the most appropriate choice becomes implementing a hy-
brid control architecture, intending to extract the benefits of centralized and decentralized
control. For this purpose, three hierarchical levels are defined: Administrator, Remote
Unit and AMR, as shown in figure 3.1. In this architecture, the hierarchical levels have
some authority over the below levels. However, subordinate levels have the autonomy

to make their own decisions and contest superior decisions if needed, as exemplified by

Meissner, Ilsen, and Aurich [7].

such as:

a development system in an academic envi-

Administrator

A

y

Remote Unit

A

y

AMR

Figure 3.1: Hierarchical levels
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Where the objective and function expected of each hierarchical level can be briefed as

follows:

I) Administrator:

The Administrator is an operator, or operators, responsible for the system’s manage-
ment, maintenance and other physical or virtual aspects. Because this level comprises
humans accountable for equipment management, the decisions made only by this hierar-

chical level should be followed compulsorily by the other levels.

This level aims to receive and analyze data from the lower levels through graphical
tools that assist in decision-making to ensure the health of all systems and subsystems
of the platform. Despite being the highest level of the hierarchy, it is not supposed that
the Administrator acts as a controller or manager in the regular operation of the lower
levels because they should have the management capacity and intelligence necessary for

the autonomous operation of the system.

IT) Remote Unit:

The remote unit aims to collect the information generated by the AMR and the tasks
submitted by the Administrator. This level can guide actions by analyzing the current
data and the data already provided by the AMR. It also has the function of generating
the graphical interface used by the Administrator.

Even if this level can act as an orchestrator of the system, being able to strongly suggest
the tasks that the AMR should perform, it is not the main objective of this element in the
proposed architecture because the system should act mainly as a decentralized architecture
system, being the AMR the decision-making agent. The remote unit must work on the
data and its history, suggesting actions that help the desired characteristics in operation,

for example, managing the battery consumption to maximize the availability time.

1) AMR:

Finally, the level denominated AMR represents the robotic platform. This level must

operate autonomously and independently of the higher hierarchical levels. Because it
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is assumed that the upper levels will only act to improve the platform’s operation, not
being a requirement for regular operation. This way, the robotic platform must be able

to execute the five core tasks of an AGV, explored in section 2.1.1.

In other words, it is expected that for the correct performance of the proposed system,
each level performs independent processes and can take decisions and communicate with
the different levels, besides possessing specific functions and abilities, as exposed in the

table 3.2.

Table 3.2: Functions and capacities expected from each hierarchical level

Hierarchical level Features and functions

Impose decisions at lower levels;
o Interpret the data;
o Compel actions.

Administrator

Remote Unit » Store and manage data from other hierarchical levels;
o Suggest tasks through data analysis;
o Generate a dashboard for the Administrator.

AMR o Manage tasks;
e Determine their location in the environment;
« Capturing data from sensors and systems.

3.2 Information flux

Considering the architecture proposed in the previous section and the expected func-
tions of each hierarchical level, an information flow from data capture to decision-making
is offered. This information flow is first presented in this section and, subsequently, the
sub-processes. The diagram of this flow is represented in the figure 3.2, which is based on
Business Process Model and Notation (BPMN) [53], to denote the proposed processes.

The process starts when the AMR is initialized and continues running until it is
turned off, with the expected output of creating a task for the equipment to perform.

When creating a task, the process will return to its beginning, creating a cycle that ends
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only with the shutdown of the system. The diagram is divided into three lanes, each

representing one of the proposed hierarchical levels.
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Figure 3.2: Information flux

3.2.1 Data acquisition and pre-processing

Data acquisition and Pre-processing are complementary sub-processes and are exe-
cuted in sequence. Together they transform the information obtained through sensors
and other methods into usable information for subsequent processes. It is expected to get
information from the subsystems of the battery, position, and motor. These subsystems
were raised as necessary for posterior analysis through an interview carried out with the

support of the interview schedule in the appendix A.



30

CHAPTER 3. SYSTEM ARCHITECTURE

The processes that involve data acquisition and pre-processing can be illustrated

through the diagram in figure 3.3.

In figure 3.3, through a periodic event, data ac-

quisition is initiated, obtaining information in a parallel way from the subsystems already

mentioned. Afterwards, these data are transformed, if necessary, adding more details to

the process, and then these data are adapted to be stored in the local database.

Data acquition
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Figure 3.3: Data acquisition and pre-processing diagram

At the end of the execution of the Data acquisition and Pre-processing processes, it is

expected to obtain the data indicated in the table 3.3, which will be stored in the local

database and accessed through other processes.

Table 3.3: Data expected to be acquired from the AMR

Subsystem Expected acquired data

Description of data

Battery

Current
Percent
Power
Status
Temperature

Voltage

Current flowing from the battery
Percentage of battery charge
Instantaneous power of the battery
If the battery is charging or discharging
Battery temperature

Voltage between battery terminals
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Table 3.3: Data expected to be acquired from the AMR (continued)

Subsystem Expected acquired data Description of data
Motor Current Current flowing through the motor
Power Instantaneous power of the motor
PWM Information about the PWM to the motor
Voltage Voltage supplied to the motor
Position Global position Absolute position of the AMR
Odometry Wheel odometry of the AMR
Velocity AMR movement speed
Velocity of wheels Individual wheel speed of AMR

3.2.2 Data manager

The process called Data manager is responsible for managing the local database, en-
suring that the data is sent to the Remote Unit and that the designated storage space is
respected.

Two parallel sub-processes are executed to perform these activities. One of these
processes is intended to send the collected data. Simultaneously, the second process
pretends to maintain the volume of data below a delimited value. Both processes are
represented in the diagram of figure 3.4.

The data synchronization process starts whenever there is a connection to the Remote
Unit, sending the most recent item yet to be synchronized to the Remote Unit’s database.
If the submitted item can be deleted, it is then deleted from the local database, helping
to keep its volume within the designated volume.

The storage management process starts when the available space for the local database
is surpassed so that it deletes all synchronized files that can be deleted. If the storage
capacity is still exceeded, a random item should be selected for deletion, prioritizing

deletable items. This part of the process acts outside the regular operation of the platform.
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However, o the storage management process is proposed as a preventive method for
creating significant continuous gaps in the data set. For the eventual subsequent data
analysis, it is possible to fill the gaps using algorithms. However, as explained by Li,
Wang, Fang, et al. [54], Wei and Tang [55], and Li, Wu, Li, et al. [56], the size of these

gaps is a factor that directly influences the accuracy of these algorithms.

The process starts when there is a If this step occurs too many
1 connection with the Remote Unit. . times for the same item, it

| Terminating if the connection is lost | should be excluded

%
Yes Yes
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Remote Unit J =

P1 Delete the item
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Choose an item to be
*.. | deleted, prioritizing
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Figure 3.4: Data manager diagram

3.2.3 Local decision-making

The Local decision-making process ensures that the AMR operates safely, avoiding
damaging or harmful situations to the equipment, such as running at over temperature.
This process is illustrated in figure 3.5.

The process begins periodically, accessing the local database and, obtaining the nec-
essary information for the analysis, then verifying if the parameters are within specified
limits. If these parameters present any abnormality, an action is created to relocate the
values to the safety zone. This action is sent to the action queue, where the prioritization

process creates a task for the AMR to execute.
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Figure 3.5: Local decision making diagram

3.2.4 Prioritizing decision-making

This process defines which action will be turned into a task for the AMR to perform.
As shown in the figure 3.6, two sub-processes are running in parallel. One is responsible
for obtaining the actions and transforming them into tasks, while the other is determining

which tasks must be sent to the equipment to perform.

The sub-process of creating a new task is initiated each time an action is sent to the
AMR through the decision-making processes at the different hierarchical levels, as verified

in figure 3.2. This way, an action can be appended to the action queue of the AMR.

The management of the tasks queue begins each time a task is inserted into the queue,
ensuring that the priority of actions is respected, allowing only equivalent tasks with the

same priority in the queue. Equivalent tasks are considered to be those of the same type.

The following situation is an example of equivalent tasks: if the AMR is performing a
route to the waypoint 27, but the Remote Unit determines that it needs to return to the
base. The task of "go to the base" is added to the task queue, interrupting the task "go
to waypoint 27" execution and starting the route to return to the base. This behaviour
occurred because the tasks are equivalent, "go to" type, but the task added by the Remote
Unit had a higher priority than the active task.

With these activities, the system is expected to receive and deliberate on the actions

sent by the different hierarchical levels.
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Figure 3.6: Prioritizing decision-making diagram

3.2.5 Post-processing of data and remote decision-making

The post-processing of data and remote decision-making are processed sequentially. At
the end of the execution of these processes, the expected outcome is to obtain a database
enrichment through the post-processing of this data, access to the already transformed
data for the production of the visual resources through the dashboard and the creation
of tasks that improve the system’s performance. The tasks performed by these processes
are mapped in figure 3.7.

The Post-processing process starts periodically, and two tasks are executed in parallel.
One task implements algorithms for processing data and extracting information, which is
a complex task with high computational costs. The other task aims to run queries on the

database and provide the results for the dashboard to access.



3.2. INFORMATION FLUX 35

Post-processing Remote decision
making

.-{ Itis verified if

|
Applies algorithms that |
| =" | there is a risk
|
|

..~’| perform analysis with the

stored data
Performs data
analysis

|

|

|

|

|

|

|

|

| H
| VA
| Remote Unit
| Database
| AR
| HEY
|

|

|

|

|

|

|

|

| for AMR

Check key

n case there is any action

. .| that can be created the

\ J Itis checked if the system "
rocess continues.

> parameters E

| what is expected

|

|

|

|

|

|

| |

| . |
! ) &

| Checks for g |

+ > unusual B * Create a action e |

behaviour _ |

Itis checked if there is an A Send a action

— |

|

|

|

|

|

|

|

|

)

|
| ..++*] behaviour is in conformity with
|
|

Clock event
..-{ improvement that can be

|

! - .

| implemented
PTLIANER B .

| ~..| Create an action
based on the
revious task

Checks for

—|—|—D performance

Performs
dashboard
queries

The process improvements

proceeds with the |
of the

analysis

|
|
.. | Runs all necessary [
queries for the L
generation of |

|

dashboard features

Figure 3.7: Post-processing of data and remote decision making diagram

Remote decision-making, similar to Local decision-making, seeks to ensure the safe
operation of the platform from the analysis of crucial parameters. Additionally, it runs
two other processes in parallel. One process checks for strange behaviours in the collected
data, while the other searches for ways to improve the performance of the AMR. The

expected output of these processes is an action that must be sent to the AMR.

3.2.6 Display information, information analyzing and compel a

task

The processes proposed in this section represent the highest points in the hierarchical
structure of the system. As such, they should have minimal impact on the platform’s
operation and require infrequent interventions. Figure 3.8 synthesizes these processes.

The Remote Unit carries out the task of presenting the information to the Adminis-
trator. This process occurs periodically, collecting processed information and updating
the graphical features available in the GUI.

In sequence, the Administrator should analyze the data provided to identify any abnor-
mal behaviour or information that could represent a risk to the health of the equipment.
When it is necessary to interfere in the platform’s operation, the Administrator can send

a task to the AMR via the GUI, which should perform compulsorily.
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Figure 3.8: Dashboard information diagram

3.3 Dashboard

The GUI dashboard presents graphical and interactive demonstrations to the user,
providing current and historical platform status data. The dashboard allows the Admin-
istrator to analyze and identify possible patterns in the database, providing tools to make

informed decisions about the platform’s health.

In other words, it is expected that through this application, the concepts verified in
section 2.2.2 principally act on perceptual scalability [4], which is the extraction of useful
information from large data sets. This tool is expected to be generated by the Remote

Unit and made available by a web application accessible to the Administrator.

The study presented by Bach, Freeman, Abdul-Rahman, et al. [19] demonstrated a
correlation between the elements of panel composition and their genres. To define the
characteristics of dashboard composition, the method Analytic Hierarchy Process (AHP)
Technique for Order Preference by Similarity to Ideal Solution (TOPSIS) [57] is applied
to identify the most suitable dashboard genres for the project’s requirements. Based on
the work previously mentioned, are considered six alternatives and three criteria, with
thirteen subcriteria for the construction of the criteria and alternatives tree, to apply the

AHP method, being this tree presented in the figure 3.9.
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Figure 3.9: AHP criteria tree for dashboard genres

For the application of the method, the matrices presented in appendix C.2 were built,
thus obtaining the closest alternative to the ideal solution, the Analytic dashboard. The
Analytic dashboard genre typically uses various visualization techniques and tables to
exploit an extensive and detailed data set. It is often interactive and allows for navigation
between multiple pages. However, it is unusual to have page overflows, as page scrolling
makes it difficult to compare data [19]. Therefore, the application is expected to present

the following features available on web pages:
o Time series graphics;
o Current status of platform systems;
o Access to the system information log;
o Access to the visualization of the raw data generated;

» Capacity to send tasks to the platform.
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Based on nowadays available web applications, as illustrated in the appendix B, the
general page design is proposed as shown in figure 3.10, where there is a central area
where the main interactions with the user are performed, a sidebar that allows navigation
between pages and tools available, along with a header bar where relevant information

and quick access to the user.

asasasasasasasasasasasasasasasasasasasa
asasasasasasas

asasasasasasasas

aasaas

Figure 3.10: First perception of dashboard

The objective is to retain the focus on the information of interest in the central area and
always visible essential details about the platform in the header. The sidebar allows more
straightforward navigation between the different topics available in the application. It is
similar to the well-established design for friendly interaction between the Administrator

and the dashboard.



Chapter 4

Development

This chapter intends to present the development of the system proposed in chapter
3, describing the decisions assumed during the development of this project based on the

content discussed in chapter 2.

The chapter begins with the selection of the programming languages and the choice
of the DBMS, these choices form the foundation of the project’s development. After
selecting the programming languages and DBMS, the next step was to develop the flow
of information presented in section 3.2, identifying and resolving any issues with the flow
of information, and implementing necessary adjustments to ensure smooth data transfer.
Finally, is described the development of the GUI proposed in section 3.3, where the

Administrator can interact with data, for the management of the platform.

4.1 Tools used

For the elaboration of the work, it was necessary to define the tools used. This section
presents the choice of the programming languages, the DBMS used, and the interest in

its options. The tools defined in this section were previously explored in section 2.4.

39
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4.1.1 Programming languages

The choice of programming languages is an essential point at the beginning of the
project because it influences its maintainability and scalability, as verified in section 2.4.
In this project, it is possible to separate it into two work fronts, one related to the internal
process of the system. At the same time, the other is related to the interaction with the
Administrator. This is a standard division in the world of technology, especially with web
development, where the frontend is responsible for interaction, visualization and other
forms of contact with the user, usually composed of HTML, CSS and JavaScript, and
the backend where the activities of processing and data management occur, traditionally
composed of languages like Ruby, Python, C++ among others [58].

The backend should be based on a single programming language to simplify the learn-
ing curve required for the development of this project. For the definition of the most
appropriate programming language on which the backend is based, it was established the

characteristics that this language must have, and these characteristics are listed below:

« Be compatible with the ROS;

» Be Suitable for backend development;
« Have a good development speed;

o Have good maintainability;

o Have an active community.

Delimiting a single programming language for all the processes to be executed by the
backend, and that offers support to its community. Python has been determined as the
most appropriate language for the backend, together with the Django framework, being
indicated for creating tools that work with big data visualization [4].

The JavaScript (JS) programming language was adopted for frontend development,
using the React development library because it is an open-source library with several com-

ponent libraries and tools for rapid development. When used with the Django framework,
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the React library has great development power, already selected for backend development

[4]-

4.1.2 Databases

Through the presented in the section 3.2, it is possible to synthesize a list of questions
that help in the definition of the DBMS most suitable for the project. Therefore the three

questions below are formulated:

1. How is this data generated?
2. What types of data will be stored?

3. How do they relate?

Through the analysis of section 3.2, it is possible to identify two main sources of
information for databases: data acquisition/processing and decision-making. In the first
source, the data are obtained periodically and sequentially and can be defined as temporal
series [29]. They have a well-defined scheme as exposed in the table 3.3 but do not have
direct relationships between them. They can be classified as semi-structured data [26].
With this information, it is already possible to assign that the most suitable DBMS
is the NoSQL, which can manipulate semi-structured and unstructured data and also
recommended for time series, besides being flexible to the road several types of data [24],
[25].

For the selection of the DBMS software, the following characteristics were defined:

« Be open-source;

Be classified as NoSQL;

Have Python compatibility;

» Have compatibility with JavaScript;
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e Be suitable for time series.

MongoDB has been chosen because it meets the characteristics defined above as nec-
essary, as explored in the section 2.4.2, as well as having already been successfully imple-

mented in time series database models for sensor data acquisition [30].

4.2 Implementation in the AMR

This section aims to explore the development and implementation of the information
flow proposed along the section 3.2, focusing on the processes and sub-processes involv-
ing the AMR. As the platform uses the ROS Noetic [10], all the implementation of the
processes presented in this section uses this tool for its execution and communication
with the other processes. Therefore, in pseudocode format, it implements the diagrams

proposed in chapter 3.

A limitation presented by the platform used by the CeDRI is the armhf architecture
(32-bits) on which the microcomputers are based [16]. This peculiarity presented in the
object of study makes it impossible to install MongoDB in the platform using traditional
methods because it is only supported in 64-bits architecture [59]. Therefore, there would
be a change in the information flow since the data would not be accessible in the expected
way since the chosen DBMS is not supported by the system. Thus, a new information

flow is designed to the AMR, shown in figure 4.1.

In this process, the data generated by the platform are not stored using a DBMS but
saved in files that the Data manager process can read and send to an external database.
Thus, the local database becomes a buffer for sending these files. With this solution,
there is a need to adapt the local decision-making process. Since the decision-making
process does not has access to the stored data, it must obtain the necessary data through

pre-processing and keep the data required for analysis internally in the process.
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4.2.1 Data acquisition and pre-processing

For the implementation of the data acquisition and pre-processing processes explored
in section 3.2.1, the development was divided into three parts, identification of the topics
of interest, development of the script for reading and processing these topics and script

for storing the information. This way, the development process can be analyzed below:

I) Identification of the topics of interest:

To obtain the minimum information required according to the table 3.3, the topics
published by the AMR during its operation were analyzed. This way, it is possible to
verify that for the platform on which this project is based, this information is published
through the topics in the table 4.1, also showing the type of message published by this

topic.
Table 4.1: Topics and types of messages of each subsystem
Subsystem Acquired data ROS topic Message type
Battery Current \battery state sensor_msgs/BatteryState
Percent \battery_state sensor__msgs/BatteryState
Battery Power! . .
Status \battery state sensor_msgs/BatteryState
Temperature \battery_state sensor_ msgs/BatteryState
Voltage \battery_state sensor__msgs/BatteryState
Motor Current \motor_state ubiquity__motor/MotorState
Power! - B}
PWM \motor_ state ubiquity __motor/MotorState
Voltage! - .
geometry msgs/
Position Global position  \amcl pose

PoseWithCovarianceStamped

Value not published by the topic. Therefore the processing of the data is required.
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Table 4.1: Topics and types of messages of each subsystem (continued)

Subsystem Acquired data ROS topic Message type
Position Odometry \odom nav_ msgs/Odometry
geometry msgs/
Velocity \amcl_pose
PoseWithCovarianceStamped
Velocity of wheels \odom nav_ msgs/Odometry

IT) Development of the storage script:

A function was developed to store the information obtained through data acquisition in
the modes proposed at the beginning of this section. This function can create a document
containing the data that should be stored, besides all the other necessary instructions, so
the file is correctly stored in the external database. Files created by this function must
also have unique names, and there must not be duplicate names between any files that
have already been created. The algorithm 1 is then proposed, which meets the established

requirements.

Algorithm 1 Create a file
Require: Path as BSON

Require: Data as BSON

Require: extension < ’cjson’
1: function CREATEFILE(Path, Data)

2: if Path is not complete then
return False
3: end if
4: data < Encode( { 'Path’: Path, 'content’: Data })
5: fileName < Full time stamp + extension
6: file « Open a file with fileName
7: file.data < Write data
8: file < Save and close

return True
9: end function

It creates a unique file name using as a base the timestamp containing year, month,

day, hour, minute, second and milliseconds, as in the following example, 2023020712
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3239 918832.cjson. The file is stored in binary format data. It includes the information
required to correctly send the data to the external database implemented using MongoDB,

being this information, the database and collection [60].

IIT) Development of the sampling script:

Analyzing the information published by the topics, it is observed that there is informa-
tion beyond the minimum required, so it becomes possible to take at least two approaches
to obtain the minimum or complete information. These approaches influence the size of
each stored document and the number of documents that can be stored in a given storage
space. Both options can be described according to the algorithm 2, with the suppres-
sion of line 3 in the case of obtaining all the published data, and this algorithm must be

implemented for each topic to which it is desired to get information.

Algorithm 2 Get topic information

Require: Path as BSON

Require: Topic as string

Require: MessageType as a specific message type
1: while ROS.core is running do

2 raw < TopicMessage(T opic, MessageType)

3 data < GetInformationRequired(raw)

4: data < ProcessesInformation(data)

5

6

T

dataBSON < EncodeBSON(data)
createFile(Path, dataBSON)
end while

In addition to the topics listed in table 4.1, four nodes have been developed to ob-
tain more information about the operation and status of the platform, thus provid-
ing the Administrator and the Remote Unit with a larger scope of data to assist in
decision-making. These topics were named as \getSignal, \getROSnodes, \getHTOP and
\robot__diagnostics. Their average message size, obtain and generation rate is exposed in
table 4.2. Where the \robot_ diagnostics and \getROSnodes nodes only store information

when there is any change in the acquired information.

To evaluate which capture method (complete or partial) should be implemented for

data acquisition, samples of each topic raised in table 4.1 were collected to identify the
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average message size. In figure 4.2, it is possible to observe the difference in the stored size
between the two methods. On the horizontal axis are present the subsystems, as presented
in table 4.1, in addition to the diagnosis subsystem, where are present the items of table
4.2. On the vertical axis is the data stored size in bytes. It was considered a capture rate

of 1 Hz for the Battery, Motor and Position subsystems.

Table 4.2: Platform diagnostic topics

Node Average size (B) Sample rate (Hz)
\robot__diagnostics 387 By changes
\getHTOP 51650 0,0167
etROSnodes 33280 By changes
\g y chang
\getSignal 63 1

B Minimum data [l Complete data
2997
3000

2500

2000

1500

Storage size (B)

1000

500

Battery Motor Position Diagnostic Total storage

Subsystem

Figure 4.2: Comparison of stored size obtaining complete or minimum data

In this way, it is observed that when selecting the desired information, the space
needed to store the data is approximately half that required to keep all the information

provided by the topics.

It is assumed that there is 1 GiB (1073741824 B) of dedicated storage available for the
buffer. The time required to fill the storage is about 186 h to get the minimum data or 100
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h to get the complete data. Since it is assumed that the AMR does not remain unavailable
to send information to the external database for long periods, the period of 100 h does
not impact the operation of the equipment. Therefore, the option to obtain the complete
data is considered the most suitable, allowing future analysis of the collected information

that was not deemed necessary in the preliminary analysis identified in section 3.2.1.

With this decision, it is possible to modify the algorithm to generalize it. This way, it
was decided to create a class in which subscribers are created for all topics in a list. By
inserting certain information in this list, the script can interpret it, create the subscriber in
ROS for each item, and store the information published by these topics in files containing

the necessary data for the correct forwarding of the information to the remote database.

This list was based on the Python language, where the data is stored in a list of
dictionaries that has the exposed structure through the table 4.3, containing the name of
the node that you want to listen, the type of message published by this node, the capture
rate, the callback function and the necessary data for storage. The data capture script is

generalized to any robotic system based on ROS.

Table 4.3: Dictionary structure for Data Acquisition and Pre-processing algorithms

Dictionary structure of the sample list

Key Data type Description

node string Topic name to request information

msg ROS message Type of message that is published

rate float Sample rate for this message
callback function Function that executes data alterations

dataPath dictionary Dictionary with information concerning the storage of data

Dictionary structure of dataPath

Key Data type Description

dataBase string Database name
collection string Collection name in the database
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4.2.2 Data manager

Due to the limitations provided by the microcontroller’s architecture, it is necessary to
modify the process proposed by figure 3.4. This way, the redefined process is represented
through the diagram in figure 4.3. As the diagram exposed in figure 4.1, there is no need
to maintain the documents stored for its access to the process of Local decision-making.

The development of this process is divided into two stages. The first is dedicated to
creating the script responsible for sending the information to the external database, and
the second is the development of the script that performs the management of storage

space.

I) Synchronize data sub-process

Based on the model presented in figure 4.3, the algorithm 3 is elaborated, which aims
to synchronize the stored data. This process consists of waiting for documents to be sent,
creating a sending queue, which prioritizes the most recent documents, and sending them

whenever there is a connection with the Remote Unit.

The process starts when there is a If this step occurs too many
1 connection with the Remote Unit. 1 times for the same item, it
@ " |_Terminating if the connection is lost ' |_should be excluded
g : :
Q
2
c
e
5 Get the
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>
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Remgte Unit Successful send? End
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)
©
=
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()
> documents Choose a Delete the item
5 from the Local random
n data buffer
Storage is full End

Figure 4.3: New Data manager flux
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Algorithm 3 Synchronize data sub-process

Require: Documents in the buffer were created using algorithm 1

1: while ROS.core is running and ExternalDB is available do

2 DocumentsList < All documents in buffer

3 DocumentsList < sort(DocumentsList by Creation date)

4 for document in DocumentsList do

5: data < document.content

6 path < document.Path

7 response < SendToExternalDB(data, path)

8 if response is (Success or Duplicate or FormatError) then
9

Delete(document)
10: else if response is SendingError then
11: break
12: end if
13: next

14: end for
15: end while

IT) Storage management sub-process

For the development of the script that executes the storage management sub-process,
the algorithm 4 is applied. That observes the space occupied by the buffer, comparing
it with the limit space defined by the System Administrator. In case of extrapolation of
this space, a random document is selected and deleted. In this way, it is sought to cause

gaps with the shortest length, as discussed in section 3.2.2.

Algorithm 4 Storage management sub-process

Require: StoragelLimit as integer
1: while ROS.core is running do
2 ActualSize < Actual buffer size
3 if ActualSize > StorageLimit then
4 DocumentsList < All documents in buffer
5: document < RandomDocument(DocumentsList)
6 Delete(document)
7 end if
8: end while

This is a script which is not supposed to interact with the buffer during the regular

operation of the equipment, intending to act in situations where the communication failure
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between AMR and the Remote Unit exceeds the available storage time verified in section

4.2.1.

4.2.3 Local decision-making

As a result of the changes made in the information flow at the level of the AMR as
shown in figure 4.1, it becomes necessary to adjust the proposed process in section 3.2.3.

Therefore, the process is applied as shown in figure 4.4, with information from the
previous process, pre-processing. In this case, it is used in the callback function presented
in table 4.3 to create a publisher that publishes this information, to be captured by a
subscriber in the local decision-making process.

The necessary data is acquired to perform the decision-making and action-creation
process. The transmission of the action to the Prioritizing decision-making process occurs

via a publisher that sends the information to the subsequent process.

It is verified if Create an action with the
.-*] there is a risk .- purpose of restoring the
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Receives data
from pre-
processing

Any anomalous
parameters?

Check key

parameters Create a action
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... | Keeponly the
-4 data necessary

for analysis

Figure 4.4: New Local decision-making flux

4.2.4 Prioritizing decision-making

The development of the Prioritization decision-making process is divided into two

parts. Each part is dedicated to developing each sub-process presented in the figure 3.6.
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This development is described below:
I) Create a new task:

For creating a task, the action submitted must include, as a dictionary, the information
in the table 4.4. Thus, it is possible to determine the priority and source besides the

required information to create a task.

Table 4.4: Dictionary structure to create a new task

Key Data type Description
priority float The execution priority of this action [0 to 100].
source integer Indicates the source of the action [0 to 2]
topic string The topic where the task is to be created
msg string type of message that is published
status integer Action status, being sent as 0
command string Command that should be sent

To add a new task to the task queue, the algorithm 5 is executed, performing the
verifications presented in figure 3.6. It is then checked for the presence of the minimum

information required and if similar actions are pending or at execution by the AMR.

Algorithm 5 Create a task

Require: TaskQueue as list
Require: IncomingMessage as dictionary
Require: CanAppend + True
1: function AppendToTaskQueue(TaskQueue, IncomingMessage)

2: CanAppend <+ CanAppend and (IncomingMessage contains minimum infor-
mation)
3: Temp « TaskQueue. filter(Item.topic is IncomingM essage.topic)

o

CanAppend +— CanAppend and (Temp.command mnot contains
IncomingM essage.command)
if CanAppend then
TaskQueue.Append(IncomingMessage)
end if
end function

The requests to create a task may be sent internally or externally to the AMR. The
internal procedure is based on a subscriber available to receive the requests arising from

local decision-making.
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For actions submitted by the Remote Unit or by the Administrator, use the database of
the Remote Unit as a communication channel, also being used as a history for the actions
submitted. Therefore, the algorithm 6 is executed periodically to check for new actions
submitted by superior hierarchical levels, besides including actions requested through the

AMR in the database to maintain the history and the status of the actions.

Algorithm 6 Get task queue from Remote Unit Database

Require: TaskQueue as list

Require: AppendToTaskQueue() from algorithm 5
1: RemoteQueue < GetFromRemoteUnit(Actions not finished)
2: for Item in RemoteQueue do
3: Local <+ TaskQueue. find(Item)

4: if Local is empty then

5: AppendT oT askQueue(TaskQueue, Item)

6: end if

7: if Item.status # Local.status and Local.status is finished then
8: Item.status < Local.status

9: else

10: Local.status < Item.status

11: end if

12: end for

13: for Item in TaskQueue do
14: UpdateOrAddInRemoteUnit(/tem)
15: end for

II) Queue management

As proposed in section 3.2.4, the task queue management aims to send tasks from the
queue to other subsystems of the AMR. For this purpose, the algorithm 7 is performed,
which obtains the tasks queue produced by the algorithm 5. It sorts the queue according
to the priority of task execution, in addition to handling the finished and running tasks

and submitting the queue’s updates to the remote unit’s database.
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Algorithm 7 Queue management

Require: TaskQueue as list
1: while TaskQueue is not empty do
2: TaskQueue < TaskQueue.sort(priority)
3: for Task in TaskQueue do

4: Temp <+ TaskQueue. filter(Item.topic is Task.topic and Item.priority <
Task.priority)

5: Temp.status < cancelled

6: TaskQueue.update(Temp)

7: if Task is finished then

8: Task.status < finished

9: else if Task is pendant then

10: SendCommand(T'ask)

11: end if

12: UpdateRemoteUnit(7T'ask)

13: if Task.status is not pendant then

14: TaskQueue.remove(Task)

15: end if

16: end for

17: end while

4.3 Implementation of the Remote Unit

This section aims to explore the development of the processes attributed to the Remote
Unit through figure 3.2, focusing on developing the mechanisms and routes through which
the information should flow. This section also includes how information is sent from the
Administrator to the other hierarchical levels. This section is divided into three parts:
management and data storage, data processing, and communication with the dashboard.

The Remote Unit is hosted in a cloud server made available for the project, powered

by Ubuntu 20.04, the same operating system implemented in the AMR.

4.3.1 Data storage and management system

By opting for this DBMS in the section 4.1.2, there are at least two possibilities for
implementing the Remote Unit Database. The first is to base the remote database on

the cloud storage service, which would act as an intermediary service through which the
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information must pass, as illustrated in figure 4.5a, where the necessary queries would be

performed through the existing services in the Atlas platform [61].
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ﬁ Dashboard
Django API . PyMongo API
Remote Unlt
AtlasAPI MongoDB s
— cloud server hid -
— — ~ —
= = —,

Remote Unit AMR Dashboard AMR
(a) Using MongoDB Atlas (b) Using MongoDB Community

Figure 4.5: Remote Unit Database connection diagram
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Figure 4.6: AHP criteria tree for Remote Unit Database

In another way, the storage service is executed internally through MongoDB Com-
munity software, as illustrated in figure 4.5b, and the query services are intermediated

through Application Programming Interface (API)s in Django [62] and PyMongo [63],
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[64]. The Remote Unit provides the dashboard, but in figure 4.5, it is being handled as

an application.

Based on the criteria presented in the study conducted by Hanine, Boutkhoum,
Tikniouine, et al. [65], the criteria tree shown in figure 4.6 is drawn up, which contains
two software alternatives, three criteria and eight subcriteria. Through the application
of the Multiple Criteria Decision Making (MCDM) TOPSIS [57], it is expected to obtain
the software solution that best fits the needs presented by this work.

The matrices of the weights and other tables used to apply the method are available
in the appendix C.1. According to the applied method, it is possible to conclude that the

most suitable software is MongoDB Community.

4.3.2 Post-processing of data and remote decision-making

Post-processing and remote decision-making are complementary processes, as illus-
trated in figure 3.7, being performed in the Remote Unit by using scripts that perform
queries in the database of the Remote Unit. In this way, these processes obtain the

required information for the proposed verifications.

The dashboard query process is equivalent to the GET method presented in section

4.3.3. Therefore, it will not be considered in this section.

The Remote decision-Making subprocess follows the algorithm 8, where the data con-
tained in the database is obtained through PyMongo [63], using pipelines to perform the
necessary queries for the data analysis. Subsequently, data are shared with functions
able to analyze the behaviour, check the parameters and suggest actions to improve the

platform’s functioning in some aspects.

After each loop execution, if there are actions, these are attached to the database,
which should be handled through the scripts presented in section 4.2.4 to create tasks for
AMR.
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Algorithm 8 Post-processing of data and remote decision-making

Require: Client as PyMongo Client

Require: Pipelines as a list of MongoDB aggregation pipelines
Require: Results as list

Require: Actions as list

Require: CheckParameters() as functions that return actions
Require: CheckBehaviours() as functions that return actions
Require: CheckImprovements() as functions that return actions
1: while Client.available and AMR is running do
2: Results.clean

3 for Pipeline in Pipelines do

4: Results.append(Client.aggregation(Pipelines))

5: end for

6 Actions.append(Check Parameters(Results)

7 BehavioursAction < CheckBehaviours(Results)

8 ImprovementsAction <— CheckImprovements(Results)

9: Actions.append(ParametersAction, BehavioursAction, ImprovementsAction)
10: Client.insert M any(Actions)

11: end while

4.3.3 Dashboard communications

The Dashboard application and the database are communicated through a Django
API, where it receives requests in HyperText Transfer Protocol (HTTP) and performs
the necessary queries to the Remote Unit Database. It provides a Uniform Resource
Locator (URL) with the capability of GET and POST methods, where the data needed
for the query is sent together with the request body. Both methods are treated in more

detail below:

I) GET:

This method performs database queries using the aggregation operations of MongoDB
[66], which utilize pipelines that manipulate the documents in one or more database
collections. For the correct performance of this operation, the request’s URL must contain

a query string with the parameters presented in the table 4.5.

When the aggregation has been performed against the MongoDB server, the Django

server responds to the request with the list of documents resulting from the aggregation
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in the format JSON. Since there are divergences between the types of variables supported
by the MongoDB BSON and the response of the request, as exposed in Table 2.1, it is

necessary to apply transformations in the values not supported to adequate them.

Table 4.5: Query string parameters of the GET method

Name Data type Description
database string Database name
collection string Collection name
pipeline string Aggregation pipeline [66]

IT) POST:

This method performs a function called find_one update one [67] in the database.
When a specific document is searched and modified with the informed values, a new
document containing the specified values is created if the document is not found. In the
request’s body, sending an object JSON with the information in the table 4.6 is necessary.

The response of this method informs only of the success or failure of the request.

Table 4.6: JSON expected in the body of the POST method

Name Data type Description
database string Database name
collection string Collection name

filter string Query selectors [68]

update string Aggregation pipeline [66]

4.4 Dashboard development

Following the 3.3 section, the dashboard genre best suited to the project is the Analytic
dashboards, a versatile category for viewing detailed data sets.

The application Dashboard is based on the React library as defined in section 4.1, fol-
lowing the initial concepts determined through the response obtained with the interview

schedule present in appendix A and explored in section 3.3. Thus, a web application is
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accessible to the Administrator, where through this application, the analysis and inter-
action of the data provided by the platform allow the Administrator to interact with the
equipment.

To support the development of the application, the template Mantis Free — React
Admin Dashboard Template [69] is selected, which is a template for a web application
that is available for use under the MIT Licence?, which allows the use and modification
for all purposes [71].

Two component libraries are also utilized that use the same type of licence with similar
terms [72], [73]. These libraries are Ant [74], and MUI [75].

The development of the application is divided into three parts explored throughout
this section: layout components, dashboard content and interactivity with the Admin-
istrator. Through these topics, it is expected to define the dashboard composition as
proposed by Bach, Freeman, Abdul-Rahman, et al. [19] through the definition of the
aspects not previously described as layout, structure and interaction, besides the visual

representations available to the user.

4.4.1 Components of layout

The pages of the application, as delineated in section 3.3, possess three main elements
of layout, the header, sidebar and central area. In addition to these three elements, the
structure of the application and page layouts should be defined. These layout elements

are explored below:

I) Header:

The header page, illustrated through the figure 4.7, is an element of the application
layout and is intended to provide information in a streamlined format concerning the
platform’s current status, besides having two resources for interaction with the Adminis-

trator. As an element present on all pages, it seeks a minimalist format to not protrude

%It is a type of licence created by the Massachusetts Institute of Technology (MIT) specific for software
[70].
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over the primary part of the application but bring elements that are easily recognized and

interpreted by the user. The items listed in the figure 4.7, are described below:

1 2 3 4

Figure 4.7: Application header

1) Sidebar button:

By interacting, it hides or shows the menu sidebar;

2) Connection indicator with the AMR:
It is an indicator icon whose colour and shade vary according to the connection speed
of the AMR with the Remote Unit. It is discussed in more detail throughout the

4.4.2 section;

3) AMR battery charge percentage indicator:
An indicator that, like the previous item, varies its colour and shade to indicate
to the Administrator the current charge percentage of the AMR. Explored in more
detail in the 4.4.2 section;

4) Button for sending "Go to" command:
This interactive button can send a task to the AMR via the POST method explored
in section 4.3.3. Following this, the internal platform processes will handle the task

submitted.

IT) Dashboard structure:

The structure used in the application uses the open type where there are different pages
in the navigation of data, and there is no direct way to increase the detail of information,

as occurs in the hierarchical structure [19]. With the routes indicated in the figure 4.8.

These routes allow the user to navigate freely through the different levels of detail

of the data available in the application. Therefore, there are two types of pages, the
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initial page, which presents information in visual format from different data sources, and
the database page, where the information is presented in table format and contains the

complete data referring to a specific data source.

.
Main page

Database
page

Databases
selector page
-

Figure 4.8: Pages structure

IIT) Sidebar:

This element is intended to allow navigation between pages and features of the Dash-
board via the buttons. The sidebar is illustrated in figure 4.9, where the sidebar is shown

or hidden through the interaction with element 1 of figure 4.7.

1=

0.0.0

Research Cenra in
Digitalization and Infelligent Robotics
Information

lul Dashboard

@ Databases

Support

? Help

Figure 4.9: Application sidebar
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IV) Page Layout:

Regarding the main page of the application, the open format is chosen, as illustrated in
figure 4.10a, where no semantic organization or association among the frames is required,

which are organized in a grid that holds different formats and data sources [19].

The Database Page provides information from only one data source, and its objective
is to facilitate the correlation between the raw data and the processed data. The layout
in the table is chosen, as disposed of in the figure 4.10b, that arranges the visualization

frames in lines, assisting in the recovery and correlation of the information [19].

(a) Main page layout (b) Data base page layout

Figure 4.10: Main page and data bases pages layout

4.4.2 Dashboard content

The dashboard content is composed of elements that abstract the data present in the
dataset through visual representations [19]. This section aims to define the characteristics
of the graphical representations used in the Dashboard to help the Administrator interpret
the data. Thus, the development is divided into two segments intended for the types of
representation adopted in this project: informative and standard. The resources and

objectives of the segments are explored below:

I) Informative representations:

The informative representations communicate the status of the platform systems to

the Administrator using images. These representations are included in the header of
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the application, as described in section 4.4.1, which uses simple icons and variations
of filling colour to communicate the information to the user, as illustrated through the
figure 4.11a, referring to the pictogram of connection quality of the platform with the
Remote Unit, while in the figure 4.11b there is shown the pictogram that indicates to
the Administrator the percentage of battery. Both pictograms transmit a value through
visual representation, in the form of filling and colour scale, and can therefore be classified

as filled pictograms [19].

\ A 4 R H

(a) Connection quality pictogram (b) Battery percentage pictogram

Figure 4.11: Battery and connection pictograms

In addition, another feature that uses these visual representations is the diagnosis of
the subsystems, represented by the figure 4.12, where it is possible to identify the use of
the status icon, the relative icon to each subsystem and the corresponding name. The
objective is to transmit the information assertively and quickly, using data transmitted

by each subsystem to express the presence of errors and alarms.

71924,

Battery LiDAR Encoders Motors Motor AMCL
Power

Figure 4.12: Pictograms of subsystem status

IT) Standard representations:

The standard representations compose all the remaining data visualizations available

in the application. Using the visualization techniques explored in section 2.2.3 to provide
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the Administrator with tools for data abstraction, pattern detection and other needs for

better platform management.

To meet the Administrator’s needs, the visualizations presented in the table 4.7 have
been developed, where it is exposed the subsystem, the analyzed variable, the type of

chart and the indication of the reference figure available in the appendix D.

Table 4.7: List of standard dashboard content

Subsystem Variables Graph type Figure
Battery Percent Progress bar [4], [19] D.5a
Current Progress bar [4], [19] D.5a
Voltage Progress bar [4], [19] D.5a
Temperature Progress bar [4], [19] D.5a
Percent; date Area [4] D.la
Voltage; date Area [4] D.1b
Computer Memory; date Area [4] D.lc
CPU; date Line [4] D.3d
Memory; process Sunburst [22] D.6a
CPU; process Sunburst [22] D.6b
Connection RTT; date Area [4] D.1d
RTT Map [4] D.4c
Connection Map [4] D.4a
Motors Current Progress bar [4], [19] D.5b
PWM Progress bar [4], [19] D.5b
Rotation Rate Progress bar [4], [19] D.5b
Current; date Line [4] D.3a
PWM; date Line [4] D.3b
]

Rotation Rate; date Line [4 D.3c
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Table 4.7: List of standard dashboard content (continued)

Subsystem Variables Chart type Figure
Nodes Node; topic Graph [21] D.2
Position XY Map [4] D.4d
X:Y Map [4] D.4b

XY Map [4] D.4e

Yaw; date Area [4] D.le

4.4.3 Interactivity with the Administrator

The interactivity with the Administrator occurs through the GUI provided by the
Remote Unit. Where occurs the transference of information from the Administrator to
the AMR with the intermediation of the Remote Unit as verified in the algorithm 6,
besides the ability to interact with the data provided by the dashboard application, as

proposed in the section 3.3.

Furthermore, the application includes data exploration and customization mechanisms
to help users interpret information, such are mechanisms that support the user in ob-
taining relevant information [19]. The data exploration and customization features are

discussed below:

I) Exploration:

The pop-ups are the exploration mechanisms present in this application, which are
simple resources that increase the user’s interactivity with the data. The purpose of these
pop-ups is to provide more details about the application feature, as illustrated by figure

4.13, showing different examples of pop-ups available in the application.
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(c) Pop-up of command sending

Figure 4.13: Example of application pop-ups

IT) Customization:

Besides the data exploration pop-ups, the application also allows for the customization
of the main page, and it is an interactive mechanism which enables the Administrator to
change the visual features present on the main page of the application. Therefore, this
allows the Administrator to adapt the available tools to the current needs and objectives
[19]. This feature is illustrated in figure 4.14, which shows the change in the content

available on the application page.

This customization mechanism occurs by storing the Administrator preferences in
the Remote Unit’s database. Using the POST method, as described in section 4.3.3,
the information contained in the database is modified. The metadata related to the
visual feature, the position of this feature in the main page grid and the visual size are
stored. These data are queried by the application when the page is loaded to assemble

the visualization that the user defines.
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Chapter 5

Results Analysis

This chapter presents the analysis of the tests performed to verify if the development
described in chapter 4 satisfies the requirements described in chapter 3 as well as testing
the impact of the system on platform performance, battery consumption, and computer
resource usage during operation.

In addition to these tests, the system developed is compared with a commercial solu-
tion for managing and monitoring fleets of UGVs. Checking if the solution implemented
in this work satisfactorily meets commercially-used feature requirements.

The chapter is divided into three sections. The first evaluates the information flow, the
second analyses the use of embedded resources in the platform, and the third compares

the developed project and the commercial solution.

5.1 Information flow assessment

This section is intended to present the tests and their results conducted to ensure that
the process blocks implemented align with their proposed objectives and requirements.

This section is divided into two parts, focused on analyzing aspects related to data
capture and manipulation and information transmission. Therefore, it encompasses the

processes proposed in figure 3.2.

69
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5.1.1 Data acquisition and processing

The acquisition and processing of data are associated with the processes of data ac-
quisition, pre-processing and data management, which are performed on board the AMR,
as explained in 3.2.1 and 3.2.2.

When executing the scripts of data capture and manipulation in the nodes defined in
the table 4.2, using acquisition rates from 1 Hz to 3 Hz, it is observed that the processes
occur in a way consistent with the proposal and without significant effects on the platform
operation.

However, when sample rates were between 3 Hz and 6 Hz, it was observed that while
the vehicle is in motion, there occur time delays in the reaction to obstacles by the Motion
Planning task. Therefore, the AMR gets closer to the obstacles with the increase of the
capture rate.

When the sample rate is higher than 7 Hz, it is observed that the Motion Planning task
is prejudiced so that the equipment cannot recognize obstacles correctly. This behaviour
is potentially harmful to the health of the equipment. The same situation is observed
when acquiring the information provided by the LiDAR, independently of the acquisition
rate.

When analyzing the behaviour of using the Central Processing Unit (CPU) and mem-
ory of the onboard microcomputer in the AMR, comparing these data with the sample

rate. The curves demonstrated in the figures 5.1a and 5.1b are obtained.
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(a) CPU usage test results by sample rate  (b) Memory usage test results by sample rate

Figure 5.1: Sample rate impact test in the use of the microcomputer
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It can be observed that there are no significant changes in the use of volatile mem-
ory. Although, for the use of CPU, it shows significant growth, exceeding 50% of the

consumption of this resource for sample rates higher than 5 Hz.

5.1.2 Transmission of information

The transmission of information in the project occurs in two different modes as illus-
trated in the figure, 4.5b, AMR and Remote Unit or Remote Unit and Dashboard. The
effectiveness of the communication and the corresponding scripts that perform the send-
ing and receiving of information is tested in this section. For this purpose, the analysis

conducted below is divided into the modes mentioned earlier.

I) AMR and Remote Unit:

The exchange of information between these components occurs via the PyMongo API,
as illustrated in figure 4.5b, that establishes a connection between the AMR and the

MongoDB server that is executing in the Remote Unit [64].

The scripts that are developed from the algorithms 3 and 6 allow the exchange of
information between the AMR and the Remote Unit. The data transmitted by the AMR is
exclusively information about aspects and status of the platform’s systems and is directly
stored for use by the subsequent processes. The data transmitted to the AMR consists of
commands generated through the decision-making processes, which come from either the

Remote Unit or the Administrator.

The communication between the AMR and the Remote Unit is considered efficient,
as no loss or error is observed. However, analyzing the data collected by the system
developed in this project makes it possible to identify attenuation zones in the wireless

signal.

Where through the heat map presented in figure 5.2, the distribution of the average
RTT obtained from the connection established between the AMR and the Remote Unit

can be observed. The red zones indicate signal attenuation zones of the platform’s wireless
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connection.
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Figure 5.2: Heatmap of the average RTT between AMR and Remote Unity

These zones can cause partial or complete loss of communication with the AMR, and
a potential development in future work is the development of path planning algorithms

that can avoid or mitigate the platform crossing through these zones.

II) Dashboard and Remote Unit:

The dashboard and the remote unit are communicated via a Django API. This com-
munication occurs via the HTTP protocol and uses the GET and POST methods, as
described in the 4.3.3 section. The correct generation of resources on the dashboard and
the ability to force the execution of actions on the robotic platform is observed. No fail-
ures in communication or information generation were observed. The average response

time for requests sent to the server is approximately 90 ms.

5.2 Use of embedded resources

Through the execution of the routines developed in chapter 4, with a sample rate of 1
Hz. The objective of this section is to verify the impact caused by the use of the system
in its totality in the operation of the platform, evaluating the use of memory, the use of
the CPU and the battery cycle. Therefore, these data are collected every five minutes

while the platform performs the one-hour looping route.
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Obtaining the graphs represented in the figures 5.3, 5.4a and 5.4b, where the horizontal
axis is the time, and the vertical axis is the observed magnitude, and the results are
grouped in two groups containing the average of the results for the control samples and

the samples with the execution of the system.
I) Battery test result:

—@— Without the system —@— With the system
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Figure 5.3: Battery test results by time

No significant voltage and battery capacity decrease can be observed in these tests
compared to the control tests. This way, it is possible to infer that the execution of the

system does not cause significant losses in the autonomy of the platform.

Through these tests, it is possible to identify a discharge curve not following the
expected battery discharge curve [76], which may indicate damage in one or more battery

pack cells embedded in the platform.

IT) Microcomputer test result:

Regarding the use of the microcomputer’s volatile memory, an average increase of
approximately 6.5 percentage points is observed compared to the control tests. Although

the total usage was close to 20%, it does not represent a significant usage value.

For the usage of the CPU, the average use value of the four cores present in the

microcomputer is obtained. In this way, it is possible to observe an average increase of
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9 percentage points compared to the control values. However, the average value of the
use of the CPU is maintained below 20% of the total in the main part of the samples

collected, meaning that it does not represent a significant increase in the use of CPU.
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(a) Memory usage test results by time (b) CPU usage test results by time

Figure 5.4: Results of the impact test in the use of the microcomputer

5.3 Comparison with the commercial solution

This project proposes a free solution for projects based on the ROS, which enables
data capture, storage, command transmission, and decision-making capabilities in the
system. Similar solutions that either include or partially include the features proposed in
this project can be found in commercial products [77]-[79].

For comparative purposes of the developed solution along this work, the commercial
solution developed by the company Freedom Robotics is selected. This platform allows
managing fleets of UGVs that use the ROS [77], [80].

For comparison purposes, the developed solution was compared with a commercial
solution developed by Freedom Robotics [77], [80]. Table 5.1 presents a feature comparison

between the two solutions.
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Table 5.1: Feature comparison between the solution developed and the commercial prod-
uct

Feature Commercial solution Proposed solution
Alerts Yes Yes
Customizable layout and graphs Yes Yes
Data store No Yes
Decision-making capability No Yes
Maps Yes Yes
Multiple UGVs Yes No
Remote manual operation Yes No
Remote SSH Yes No
Security features Yes No
Sending commands Yes Yes

The table suggests areas for improvement in future work and that the solution proposed
in this work satisfies, in part, the product that is commercially offered. It is important to
note that the commercial solution also includes information security characteristics that
should be studied in further work.

Additionally, the commercial solution does not focus on storing information for long
periods or storing information acquired. At the same time, the equipment is discon-
nected, allowing different approaches to information management compared to the strate-

gies adopted in the development of this work.






Chapter 6

Conclusion and Future Work

This work presented a solution for implementing a platform management and moni-
toring system based on ROS. The solution attended to the necessities and particularities
offered by the Magni robotic platform, which belongs to the CeDRI.

The control architecture proposed in this project combines centralized and decentral-
ized architectures. Through the processes presented in this work, it is possible to obtain
data that support autonomous or non-autonomous decision-making besides supplying the
system manager with graphical tools for analyzing the acquired data. This approach does
not interfere with the autonomous capabilities already operational in the robotic platform.

To analyze the equipment’s behaviour and the impacts caused by the implemented
processes over these tasks. On some occasions, the equipment was exposed to stress
conditions, particularly in Motion Planning and Path Planning tasks, using dynamic
obstacles such as people. In some of these stressful situations, it was observed that the
platform exhibited instabilities, suggesting potential for system improvements. However,
the implemented processes and their features have been validated in diversified conditions
in the area mapped and known by the equipment.

Furthermore, the application, developed to provide tools for analyzing the data trans-
mitted by the AMR, has several characteristics and functionalities shared with a com-
mercial product. The shared features indicate that this project segment is following

industrially used products. However, the approach for acquiring and handling the data

7
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presents significant differences, which can be explored in future work.

In summary, the tools developed in this work presented a satisfactory result and
agreed with the established objectives. However, there is potential for improvements and
development in future works concerning the platform that was the object of study and

for the expansion and implementation of these tools in other robotic platforms.

6.1 Future Works

As a suggestion for the continuity of this work, it is proposed to increase its resources,
complexity and available tools, besides verifying the effect of different approaches of those

adopted in the development of this work. Considered the following suggestions:

o Implement systems and mechanisms for the security of information. To protect the

data and privacy of the communications conducted by the system [81], [82];

o Expand the management capacity of the system to include multiple robotic plat-
forms and users, enabling the system to handle more complex management situa-

tions [77];

» Integrate Artificial Intelligence for the decision-making process performed by the
Remote Unit and the robotic platform, using more complex data sets to support

autonomous decision-making [83];

o Improve task prioritization by applying multi-criteria decision methods to determine

the optimal choice among available alternatives [2];

» Integrate additional sensors to acquire more information about the operation and

status of the platform, enabling better decision-making;

o Implement distributed computing systems, which act on demand, to reduce the use

of microcomputers onboard the robotic platform [84];
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o Identify and compare alternative data acquisition and management methods to min-

imize the impact on resources embedded in the robotic platform [80].
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Appendix A

Interview schedule for the dashboard

concepts

The document presented in this appendix is an interview schedule, which aims to elicit
the current requirements and expectations for the system proposed in this thesis. The

application of the script was oral to encourage communication.

93
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21/10/22, 13:23 Initial dashboard concepts

Initial dashboard concepts

This form aims to collect information about the visualization and feature priorities that
should be developed for the dashboard.

*Qbrigatorio

1.  What information/indicators do you believe should be presented to the system *
administrator?

2. The administrator must have what action capabilities with the dashboard (e.g., *
remotely cancel the current action of the robot)

3. Could you draw what you believe the layout of resources should look like?

Arquivos enviados:



Appendix B

Examples of application layouts

This appendix exposes some layouts of established web applications used to inspire
the application structure developed for this work. These being of email applications in

figures B.1 and B.2, and of entertainment in figure B.3.

M Gmail Q. Pesquisar e-mail =T R @

N

Escrever

Caixadeentrada
Com estrela

Adiados

Importante

Enviados

Rascunhos .
Categorias

v  Mais

U0V UY @=%0

Marcadores +

B Pessoal

v  Mais

Figure B.1: Screenshot of Gmail for layout example [85]
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APPENDIX B. EXAMPLES OF APPLICATION LAYOUTS

S om e | eme

Pagina Inicial Exibir Ajuda

Novo email . w3 O g [8 AT e {7 Etapas rapidas -

@) Destaques  Outros = Filtrar

2

Ontem
Selecionar um item para ler

Mada foi selecionado

Figure B.2: Screenshot of Outlook for layout example [86]

2 YouTube ™ . Pesquisar Q | i (@ Fazer login

TU| 0 Musica Ao vivo Kygo Lista de reprodugéo Jazz Destinos turisticos Chill out >

G
4,4 mil visualizagdes - ha 1 hora 607 mil visualizagbes
» Transmitido ha 4 meses

Figure B.3: Screenshot of Youtube for layout example [87]



Appendix C

AHP-TOPSIS analyses

This appendix aims to demonstrate the matrices used for the application Multiple Cri-
teria Decision Making (MCDM) Analytic Hierarchy Process (AHP) Technique for Order
Preference by Similarity to Ideal Solution (TOPSIS).

C.1 Remote Unit Database

This section demonstrates the matrices of weights and results obtained for selecting

the Database Management System (DBMS) software of the Remote Unit. The criteria,

sub-criteria and alternatives are listed below:

Criteria:

C1 Functionality
C11
C12

C2 Usability
C21
C22
C23

C3 Limits
C31
C32
C33

Alternatives:

S1

Compatibility S2
Compatibility

Ease integration
Recoverability
Cost

Storage

Requests
Compute Runtime

97
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Community
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The tables C.1, C.2, C.3 and C.4 denote the weights attributed to the criteria. The
table C.5 indicates the normalized weights already applied to the presented alternatives.

The C.6 table shows the classification and evaluation of the available alternatives.

Table C.1: Criteria comparison matrix for Remote Unit Database

‘ C1 C2 C3 ‘ Weights
C1 1 1/2 2 0.266
C2 2 1 1/5 0.242
C3 1/2 5 1 0.492

Table C.2: Sub-criteria C1 comparison matrix for Remote Unit Database

| C11 C12 | Weights
C11 1 2 0.667
C12 1/2 1 0.333

Table C.3: Sub-criteria C2 comparison matrix for Remote Unit Database

| C21 C22 C23 | Weights
C21 1 2 1/4 0.217
C22 1/2 1 1/5 0.114
C23 4 5 1 0.669

Table C.4: Sub-criteria C3 comparison matrix for Remote Unit Database

| C31 C32 C33 | Weights
C31 1 4 4 0.539
C32 1/4 1 5 0.374
C33 1/4 1/5 1 0.087
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Table C.5: Normalised weights for Remote Unit Database
C11 C12 C21 C22 C23 C31 C32 C33
- - - - - - - -
S1 1.062 0.44 0.265 0.168 1.296 0.53 0.368 0.086
S2 0.708 0.528  0.265 0.112 0.324 1.855 1.288 0.301
V+ 1.062 0.528 0.265 0.168 0.324 1.855 1.288 0.301
V- 0.708 0.44 0.265 0.112 1.296 0.53 0.368 0.086

Table C.6: Evaluation and ranking of alternatives for Remote Unit Database

Si+ Si- Pi Rank
S1 1.898 0.358402 0.158868 2
S2 0.358 1.897572 0.841132 1

C.2 Dashboard genre

This section demonstrates the matrices of weights and results obtained for selecting

the dashboard genre. The criteria, sub-criteria and alternatives are listed below:

Criteria:
C1 Screenspace
C11
C12
C13
Cl4
C15
C2 Structure
C21
C22
C23
C24
C3 Interaction
C31
C32
C33
C34

Screenfit
Overflow

Detail on demand
Parameterization
Multiple pages

Single page

Parallel structure
Hierarchical structures
Open structures

Exploration
Navigation
Drilldown
Personalization

Alternatives:

S1
S2
S3
S4
S5
S6

Static

Analytic
Magazine
Infographic
Repository
Embedded Mini

The tables C.7, C.8, C.9 and C.10 denote the weights attributed to the criteria. The

table C.11 indicates the normalized weights already applied to the presented alternatives.
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The C.12 table shows the classification and evaluation of the available alternatives.

Table C.7: Criteria comparison matrix for dashboard genre

| C1 C2 C3 | Weights
C1 1 2 1/2 0.333
C2 1/2 1 1/2 0.190
C3 2 2 1 0.476

Table C.8: Sub-criteria C1 comparison matrix for dashboard genre

| Cul C12 C13 C14 C15 | Weights
C11 1 4 0.5 1 1 0.223
C12 1/4 1 4 2 1 0.245
C13 2 1/4 1 3 2 0.245
C14 1 1/2 1/3 1 1/3 0.094
C15 1 1 1/2 3 1 0.193

Table C.9: Sub-criteria C2 comparison matrix for dashboard genre

| C21 C22 C23 C24 Weights
C21 1 2 2 1/3 0.269
C22 1/2 1 2 1/2 0.202
C23 1/2 1/2 1 2 0.202
C24 3 2 1/2 1 0.328

Table C.10: Sub-criteria C3 comparison matrix for dashboard genre

| C31 C32 C33 C34 | Weights
C31 1 2 3 3 0.412
C32 1/2 1 1 0.252
C33 1/3 1/3 1 3 0.214
C34 1/3 1 1/3 1 0.122
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Table C.11: Normalised weights for dashboard genre

Cl1 C12 C13 Ci4 C15 C21 (22
+ o+ o+ o+ o+ o+ o+
DI 0.594 0.082 0.082 0.031 0.064 041 0.038
D2 0.371 0.082 0.245 0.157 0.322 0.154 0.115
D3 0.074 0.653 0.245 0.094 0.193 041 0.038
D4 0.074 0.653 0.082 0.031 0.064 041 0.038
D5 0.149 0.653 0.082 0.157 0515 0.154 0.115
D6 0.149 0.163 0.163 0.157 0.064 0.051 0.115
V+ 0594 0.653 0.245 0.157 0.515 041 0.115
V- 0.074 0.082 0.082 0.031 0.064 0.051 0.038
C23 C24 (31 (32 (33 C34
+ o+ o+ o+ o+ 4+
D1 0.038 0.062 0196 0.12 0.102 0.058
D2 0115 0.187 1.57 096 0.814 0.465
D3 0.038 0.062 0589 0.36 0.305 0.174
D4 0.038 0.062 0.196 0.12 0.102 0.058
D5 0.115 0.187 1.57 024 0814 0.116
D6 0.115 0.312 0.589 096 0.305 0.174
V4 0115 0312 1.57 096 0.814 0.465
V- 0.038 0.062 0.196 012 0.102 0.058

Table C.12: Evaluation and ranking of alternatives for dashboard genre

101

Si+ Si- Pi Rank
D1 1.978 0.631 0.242 6
D2 0.704 1.871 0.727 1
D3 1.455 0.877 0.376 4
D4 1.964 0.675 0.256 5
D5 0.973 1.733 0.640 2
D6 1.444 1.011 0.412 3




Appendix D

Dashboard content

This appendix demonstrates examples of the visualisations available in the dashboard

application developed.
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D.1 Area charts

70
T 60
; 25
o S0 225
£ s 20
g 4 E 175
3 30 g 15
= S 125
2 20 z 10
8 10 £
0 25
) P . 0
30/Mar/23 18:02 30/Mar/23 18:42 30/Mar/23 19:22 30/Mar/23 18:02 30/Mar/23 18:42 30/Mar/23 19:22
Time Time
(a) Battery percentage area chart (b) Battery voltage area chart
50
225 45
20 w 40
& 1715 E 35
z s & 30
5 125 2 25
g 10 é 20
g 75 g 15
5 S 10
2 s 5
0 0
30/Mar/23 18:02 30/Mar/23 18:42 30/Mar/23 19:22 30/Mar/23 18:02 30/Mar/23 18:42 30/Mar/23 19:22
Time Time
(c) Computer memory usage area chart (d) Connection RTT area chart
2.25
2
1.75
T 15
E 125
9 1
9 075
= 05
2 o025
2 0
-0.25
0.5
-0.75
30/Mar/23 18:02 30/Mar/23 18:42 30/Mar/23 19:22

Time

(e) Robot yaw area chart

Figure D.1: Area charts
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D.2 Graph charts

Figure D.2: Nodes graph
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LINE CHARTS

D.3 Line charts

105

In the figures D.3a, D.3b and D.3c, the label left and right indents denote the motor

in the platform the chart references.In the figure D.3d the legend denotes the CPU core.

o left right
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(a) Motor current line chart
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(c) Motor rotation rate line chart
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(d) Computer CPU usage line chart

Figure D.3: Line charts
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D.4 Maps charts

—— | —— ¢

(a) Connection heatmap (b) Position heatmap

0278.69
(¢) RTT heatmap (d) Position map

(e) Breadcrumbs map

Figure D.4: Maps charts
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D.5 Progress bar charts

In the picture D.5b, the label left and right indents denote the motor in the platform

the chart references.

Battery actual states Motors actual states
2389
a7
031 033
0 0 — M - 0 0 0

Left  Right Left  Right Left  Right

Percentage Current  Voltage Temp. Current PWM Rot. rate

(a) Battery progress bar charts (b) Motor progress bar charts

Figure D.5: Progress bar charts
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D.6 Sunburst charts

(a) Computer CPU usage sunburst chart (b) Computer memory usage sunburst chart

Figure D.6: Sunburst charts
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