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RESUMO

ARANTES, J. S. Sistema autonomo para supervisao de missdo e seguranca de voo em
VANTSs . 2017. 137 p. Monografia (Doutorado em Ciéncias — Ciéncias de Computagdo e
Matemdtica Computacional) — Instituto de Ci€ncias Matemaéticas e de Computagdo, Universidade
de Sao Paulo, Sao Carlos — SP, 2017.

O presente documento tem por objetivo apresentar a tese desenvolvida no Programa de Doutorado
em Ciéncia da Computagdo e Matematica Computacional do ICMC/USP. Essa tese abordara
o desenvolvimento de sistemas autdbnomos para supervisdo de missdo e seguranca de voo em
Veiculos Aéreos Nao-Tripulados (VANTS). A supervisdo da missdo serd assegurada através da
implementa¢@o de um sistema do tipo Mission Oriented Sensor Array (MOSA), responsdvel pelo
adequado cumprimento da missdo. A seguranca de voo serd garantida pelo sistema In-Flight
Awareness (IFA), que visa monitorar o funcionamento da aeronave. A integracdo dos sistemas
mencionados demandard um estudo aprofundado dessas arquiteturas, além do desenvolvimento e
estabelecimento de toda a arquitetura de comunicagdo entre tais sistemas. Assegurar 0s aspectos
de seguranca e missdao podem se tornar conflitantes durante o voo, pois em situagdes emergenciais
deve-se abortar a missdo. Diferentes estratégias para (re)planejamento de rotas baseadas em
computacdo evolutiva e heuristicas foram desenvolvidas e integradas nos sistemas MOSA e
IFA. Esses sistemas serdo validados em quatro etapas: (i) experimentos com o simulador de voo
FlightGear; (ii) simulagdes com Software-In-The-Loop (SITL); (iii) simula¢des com Hardware-
In-The-Loop (HITL); (iv) voos reais. Na dltima etapa, os sistemas serdo embarcados em dois

modelos de VANTSs desenvolvidos pelo grupo de pesquisa.

Palavras-chave: Veiculos Aéreos Nao-Tripulados, Sistema Autdonomo, Arquitetura Embarcada,

Planejamento de Missdo, Replanejamento de Rota .






ABSTRACT

ARANTES, J. S. Autonomous system for mission control and flight safety in UAVs . 2017.
137 p. Monografia (Doutorado em Ciéncias — Ciéncias de Computacdo e Matematica Computa-
cional) — Instituto de Ciéncias Matematicas e de Computacdo, Universidade de Sao Paulo, Sao
Carlos — SP, 2017.

This document aims to present the thesis developed in the Doctoral Program in Computer Science
and Computational Mathematics at ICMC/USP. This thesis will address the development of
autonomous systems for mission control and flight safety in Unmanned Aerial Vehicles (UAVs).
The mission control will be ensured through the implementation of Mission Oriented Sensor
Array (MOSA) system, which is responsible for the proper fulfillment of mission. The flight
safety will be guaranteed by the In-Flight Awareness (IFA) system, which is responsible for
monitoring the aircraft operation. The whole operation of the mentioned systems will require
the development of algorithms able to guarantee the proposed functionality. Different strategies
for path (re)planning based on evolutionary computation and heuristics were developed and
integrated in the MOSA and IFA systems. These systems will be validated in four steps:
(1) simulations with flight simulator FlightGear; (i) simulations using Software-In-The-Loop
(SITL); (iii) simulations using Hardware-In-The-Loop (HITL); (iv) real flights, where the systems
will be embedded in two models of UAVs developed by the research group.

Keywords: Unmanned Aerial Vehicle, Autonomous System, Embedded Architecture, Mission

Planning, Route Replanning .
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CAPITULO

INTRODUCAO

“ Ndo se espante com a altura do voo.
Quanto mais alto, mais longe do perigo.
Quanto mais vocé se eleva, mais tempo hd
de reconhecer uma pane. E quando se estd

»

proximo do solo que se deve desconfiar.
Santos Dumont

1.1 Contextualizacao

A presente proposta de doutorado visa o desenvolvimento de sistemas embarcados
autdonomos voltados a execucdo de missao e seguranca de voo para Veiculos Aéreos Nao-
Tripulados (VANTS). Devido a crescente utilizagdo de VANTS, alguns questionamentos foram
levantados sobre os riscos envolvidos em sua operagao sobre regides povoadas. Assim, para sua
integracdo ao espaco aéreo, a probabilidade de falha deve ser menor ou igual a aceita para a
aviacdo geral (FAA, 2012). Nesse contexto, uma adequada execucdo da missdo e uma constante
avaliacdo de possiveis falhas sdo aspectos que devem ser considerados ao elaborar um sistema
embarcado para VANTSs. O grupo de Sistemas Embarcados e Evolutivos (SEE) do Departamento
de Sistemas de Computagdo (SSC) no ICMC/USP tem desenvolvido trabalhos com VANTSs que
remetem a preocupacdes com execugdo da missao e seguranga de voo, em que se destacam o
Mission Oriented Sensor Array (MOSA) e o In-Flight Awareness (IFA). O sistema supervisor
da missdo MOSA permite um adequado acompanhamento de toda a missdo em execug¢do pelo
VANT (FIGUEIRA, 2016). O sistema supervisor da seguranga em voo IFA monitora em tempo

real o funcionamento da aeronave (MATTEI, 2015).

Todavia, até onde foi pesquisado, ndo ha na literatura uma arquitetura capaz de integrar
conceitos como MOSA, IFA e outros sistemas que garantam uma menor interven¢ao humana e,
consequentemente, maior nivel de autonomia para a aeronave. Observa-se que vdrias arquiteturas
apresentam foco no desenvolvimento de sistemas especificos para determinado tipo de aplicagdo
(BROWN; ESTABROOK; FRANKLIN, 2011; XUE et al., 2016; MOROZOV; JANSCHEK,
2016; RAMASAMY et al., 2016). Assim, esta tese pretende preencher a lacuna citada, introdu-
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zindo uma arquitetura de propdsito geral, com um nivel de resiliéncia capaz de mitigar falhas e

garantir um adequado nivel de autonomia para a aeronave.

A motivacgdo para o projeto estd na oportunidade de convergir diversos resultados obtidos
recentemente nas pesquisas em VANT conduzidas pelo grupo SEE dentro do SSC/ICMC/USP.
Uma primeira versdo do sistema IFA foi estabelecida em Mattei (2015). Da mesma forma,
a definicdo do sistema MOSA foi estabelecida em Figueira (2016). Algoritmos voltados ao
planejamento de missdes envolvendo Algoritmos Genéticos (AGs) combinados com resolucgao de
modelos de Programacao Linear Inteira-Mista (PLIM) foram desenvolvidos em Arantes (2017).
Por fim, algoritmos voltados ao replanejamento de rotas para pouso emergencial envolvendo
AGs, Heuristica Gulosa (HG) e modelos de PLIM foram desenvolvidos em Arantes (2016).

Os trabalhos sobre MOSA e IFA nao apresentam uma implementagdo embarcada dos
sistemas, focando mais no estabelecimento dos conceitos de monitoramento de missdo e segu-
ranca. Além disso, nenhum trabalho aborda o funcionamento conjunto de tais sistemas. Dessa
forma, um sistema embarcado com as arquiteturas MOSA e IFA serd desenvolvido e aplicado
em um VANT de asa fixa, chamado Ararinha, e também num VANT de asa rotativas, chamado
iDroneAlpha. O Ararinha € o primeiro projeto de VANT desenvolvido no SSC/ICMC/USP com
instrucdes para a sua constru¢do e uso disponibilizadas no site do Grupo de Interesse em Sistemas
Auténomos e Aplicagdes (GISA) '. O iDroneAlpha é um quadricéptero montado durante este

doutorado, visando sua integragdo a um computador embarcado com um piloto automatico.

1.2 Objetivos

O principal objetivo deste trabalho € a proposi¢do de uma arquitetura para VANTSs e o

desenvolvimento dos sistemas relacionados, que devem apresentar as seguintes caracteristicas:
e Propdsito geral: diferentes missdes podem ser incorporadas ao VANT sem necessidade de
mudancas relevantes na arquitetura definida.

e Resiliéncia: os sistemas definidos na arquitetura devem prevenir a propagacao de erros ou

alterar seu comportamento visando o correto funcionamento da aeronave.

e Autonomia: os sistemas irdo permitir que a aeronave opere com o menor nivel possivel de

intervenc¢ao humana.

Nesse contexto, o presente projeto estabeleceu como meta atingir os seguintes objetivos

especificos:

1. Implementar um sistema de controle de missao, baseado no MOSA, que inclua comporta-

mentos reativos. Por exemplo, algoritmos serdo incorporados ao MOSA possibilitando

I www.gisa.icmc.usp.br
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tomadas de decis@o em tempo real que levem a alteracdo da missdo original a partir de

novos dados obtidos pelo sensoriamento da aeronave.

2. Implementar um sistema de segurancga de voo, baseado no IFA, capaz de lidar de forma
robusta com diferentes tipos de falhas na aeronave. Por exemplo, algoritmos de replaneja-
mento que permitam o pouso da aeronave em caso de situacao critica ou a minimizacao de
erros na execugdo da trajetoria, serdo incorporados, assim como, sistemas para deteccio e

prevengdo de falhas.

3. Avaliar o comportamento da arquitetura desenvolvida em experimentos utilizando simula-
dor de voo, Software-In-The-Loop (SITL), Hardware-In-The-Loop (HITL) e, principal-
mente, voos reais com VANTS de asa fixa, como o Ararinha, e de asa rotativa, como o
iDroneAlpha.

1.3 Contribuicoes e Limitacoes

As contribui¢des esperadas com o desenvolvimento da presente tese sdo: obtengao de
um VANT com alto grau de autonomia, com capacidade de executar algoritmos de forma rdpida
e com habilidade de realizar tomadas de decisdo com interven¢do minima do piloto em solo.
Deseja-se que o sistema desenvolvido, ao realizar o planejamento/replanejamento de rotas,
minimize o consumo de combustivel e possiveis danos em caso de situagdo critica. Uma situagdo
critica abrange situagdes que levem o replanejamento da rota para execu¢do de um pouso de
emergéncia. Outra contribui¢do esperada € o desenvolvimento de uma plataforma embarcada
para testes como: (i) algoritmos de planejamento de missao; (ii) algoritmos de replanejamento de
rotas; (iii) algoritmos de fun¢do de sensores e (iv) coleta de dados em logs de voos para extracao

de conhecimento.

Este trabalho apresenta também alguns pontos que podem limitar o seu desenvolvimento
como: (1) a aeronave precisa conhecer o cendrio de voo, ja que qualquer eventual mudanga no
cendrio pode afetar os resultados dos algoritmos de planejamento; (ii) a dificuldade inerente a
realizacdo de experimentos reais em campo, pois trata-se de uma tarefa complexa que demanda

tempo e disponibilidade de recursos financeiros.

1.4 Organizacao do Texto
A organizacdo deste documento foi subdividida da seguinte forma:
e Capitulo 2: expde uma revisdo dos principais conceitos envolvidos;

e Capitulo 3: apresenta uma revisdo dos principais trabalhos relacionados;

e Capitulo 4: define o cendrio do problema abordado;
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Capitulo 1. Introdugdo

Capitulo 5: apresenta a metodologia a ser utilizada e a arquitetura desenvolvida;
Capitulo 6: mostra os resultados preliminares obtidos;

Capitulo 7: mostra o cronograma a ser seguido neste trabalho;

Capitulo 8: encerra esta tese apontado as conclusdes e 0s proximos passos da pesquisa.
Apéndice A: apresenta um artigo completo publicado na conferéncia GECCO 2017.
Apéndice B: apresenta um artigo completo publicado na conferéncia ICTAI 2017.

Apéndice C: apresenta um artigo completo publicado na revista IJAIT 2017.
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CAPITULO

CONCEITOS FUNDAMENTAIS

“ A resposta certa, ndo importa nada: o es-

sencial é que as perguntas estejam certas.

i3}

Mario Quintana

2.1 Consideracoes Iniciais

Este capitulo apresentard os conceitos fundamentais necessarios para a compreensao
deste trabalho como: Veiculos Aéreos Nao-Tripulados (VANTS), estacdes de controle de solo,
simuladores de voo, pilotos automaticos, companion computers, avidonicos, simulagdes software-

in-the-loop e simulac¢des hardware-in-the-loop.

2.2 \Veiculos Aéreos Nao-Tripulados

O contexto em que se insere os VANTS, analisado nesta tese, pode ser melhor compre-
endido a partir do panorama geral de veiculos ndo-tripulados apresentado na classificacdo da
Figura 1. Um Veiculo Nao-Tripulado (VNT) € um veiculo que pode andar, voar, navegar pelo mar
ou pelo espaco sem piloto a bordo. Diante de cada uma dessas capacidades, podemos subdividir
ainda mais esses veiculos. Um VNT capaz de andar sobre a superficie da terra € um Veiculo
Terrestre Nao-Tripulado (VINT). Os VINTSs podem ser subdivididos em autdnomos e operados
remotamente. Um veiculo capaz de navegar sobre ou abaixo da superficie da 4gua € um Veiculo
Marinho Nao-Tripulado (VMNT). Os VMNT podem ser subdivididos conforme operam sobre ou
abaixo da dgua e de acordo com sua autonomia. Um VNT que pode navegar pelo espago sideral
€ uma Espaconave Nao-Tripulada. Um VNT que pode voar € um Veiculo Aéreo Nao-Tripulado
(VANT), sendo subdividido em duas categorias principais: Aeronave Remotamente Pilotada
(ARP) e Veiculo Aéreo Autonomo Nao-Tripulado (VAANT). Tendo esse panorama em mente,
esta tese delimita como objeto de pesquisa os VANTSs com o objetivo de aumentar seu nivel

de autonomia, se aproximando, assim, dos VAANTSs. Conforme ird se observar, a arquitetura
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projetada nesta tese nao € restrita ao ambiente de VANTSs podendo, dessa forma, ser adaptada
aos contextos de VITNTs e VMNTs.

Figura 1 — Classificacdo dos veiculos nao-tripulados.

Veiculos
Nao-Tripulados
(VNTs)

v Y
[ Veiculos Marinhos ] [ Espagonaves ]

Veiculos Aéreos
Nao-Tripulados
(VANTS)

Veiculos Terrestres

Nao-Tripulados
(VTNTs)

Nao-Tripulados Nao-Tripulados
(VMNTs)

Veiculos Terrestres Veiculos Terrestres Veiculos Aéreos Aeronaves ] ( Veiculos Submarinos | (Veiculos de Superficie
Autdonomos Nao-Tripulados Autdnomos Nao- Remotamente Pilotadas| Nao-Tripulados Nao-Tripulados
(AGVs) Teleoperados (TUGV)) |Tripulados (VAANTS) (ARPs) (VSNTs) (USVs)

Autdnomos Operados

Veiculos Submarinos Veiculos Submarinos
(AUVs) Remotamente (ROVs)

Fonte: Adaptada de IndiaMart (2017).

Essa classificacdo apresentada agrupa os VNTs conforme o local em que operam: terra,
ar, dgua e espaco. Ela faz o agrupamento também, de acordo com a sua autonomia: operados
remotamente e autdnomos. Muitas outras formas de classificagdo poderiam ser feitas, como por
exemplo, subdivisao VNTs em autdnomos, semi-autdbnomos e radio controlados. Pensando nos
VANTs, eles poderiam ser organizados baseados em: massa, dimensao, alcance, resisténcia, tipo
de aplicacdo, tipo de sustentagdo, tipo de decolagem/pouso, como abordado em Weatherington e
Deputy (2005), Gambold (2011), Carvalho, Bueno e Modesto (2014).

A Agéncia Nacional de Aviagdo Civil (ANAC) define VANT ou drone como sendo
“Aeronave projetada para operar sem piloto a bordo e que ndo seja utilizada para fins meramente
recreativos” (ANAC, 2012a, pag. 3). Essas aeronaves podem ser controladas a distancia por
meios eletrOnicos e computacionais, por pessoas e por piloto automatico (LEITE, 2013, pag.
4). Segundo ANAC (2012b, pédg. 3), os VANTSs necessitam de infraestrutura remota para sua
operacao por nao possuirem piloto a bordo. Essa infraestrutura compde o que se denomina
Sistema de Veiculo Aéreo Nao-Tripulado (SisVANT). O SisVANT € formado pelo veiculo
aéreo, os componentes necessarios a decolagem, voo e pouso do veiculo, os meios utilizados na
realizagdo da missao, a esta¢do de pilotagem remota, 0os meios para comunicacdes e controle, a
carga util, entre outros. Este trabalho se encaixa na categoria de SisVANT, em que serd projetada
a arquitetura que permite a realiza¢do de voos autobnomos, no entanto, a fim de obter uma maior

simplicidade, a notacao de VANT serd utilizada nesta tese.

Os VANTs vém sendo utilizados em diversas dreas de aplicacdo como: agricultura
de precisdo, monitoramento/inspecao, busca e resgate, mapeamento/levantamento, seguranga

publica, ecologia, cinematografia, pesquisa académica, entre outras.

Durante essa pesquisa, dois VANTSs de asa fixa principais serdo utilizados: o Ararinha e

o Rascal 110. A Figura 2 mostra esses dois VANTs. O Ararinha é uma iniciativa aberta que teve
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origem em um projeto no ICMC/USP e possui informagdes de montagem em GISA (2017). Essa
aeronave serd utilizada em experimentos de voos reais durante o doutorado. A aeronave Rascal
110 sera utilizada nessa pesquisa dentro do simulador de voo, pois ndo existe uma modelagem
do Ararinha no simulador de voo utilizado. As principais especificagdes técnicas das aeronaves

Ararinha e Rascal encontram-se na Tabela 1.

Figura 2 — Veiculos aéreos ndo-tripulados utilizados.

- ™~ A

2 \ —

e
Vs

(a) Ararinha. (b) Rascal 110.

Fonte: MTBSAE (2017), SIGPlanes (2017).

Tabela 1 — Especificacdes técnicas das aeronaves Ararinha e Rascal 110.

Componente Ararinha | Rascal 110
Envergadura 1,90 m 2,79 m
Comprimento 1,15m 1,92 m
Poténcia elétrica 740 W 1600 W
Peso 2,83 kg 4,99 kg
Payload 0,60 kg 0,91 kg

Tempo de voo | 15 minutos | 23 minutos

Fonte: MTBSAE (2017), SIGPlanes (2017).

2.3 Estacoes de Controle de Solo

Uma Estagdo de Controle de Solo, do inglés Ground Control Station (GCS), é uma
aplicagdo executada sobre um computador, fablet ou celular localizado em solo, que se comunica
com o VANT através de um sistema de telemetria wireless (ARDUPILOT, 2017b). Esse software
possui uma interface em que se pode planejar, editar, salvar, carregar, acompanhar a missao pelo
VANT em tempo real. A GCS pode também ser utilizada para carregar o firmware do piloto
automadtico na controladora de voo, controlar o voo, visualizar os logs, atualizar os comandos e
as configuragcdes de parametros da aeronave. A maioria das esta¢des inclui informagdes sobre o
status do VANT e permite enviar comandos para a aeronave (PEREZ et al., 2013). As estacdes
Mission Planner, APM Planner 2, QgroundControl, LibrePilot e MAVProxy foram avaliadas

neste trabalho e estdo ilustradas na Figura 3.
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Figura 3 — EstacOes de controle de solo avaliadas.

(e) MAVProxy.

Fonte: Elaborada pelo autor.

Essas GCS foram analisadas e as principais caracteristicas levantadas sdo listadas nas
tabelas 2 e 3. Todos os cddigos fontes sdo abertos e estido disponiveis para download no GitHub
sob a Licenga Publica Geral, do inglés General Public License (GPL). Todas as estagdes sao
multiplataforma, com excec¢ao do Mission Planner, que é exclusivo para ambiente Windows
(Win.). Todas as estacoes, exceto o MAVProxy, operam sobre avido (P - Plane), multirotor (C
- Copter) e veiculo terrestre (R - Rover). Dentre todas essas ferramentas, o Mission Planner
¢ a que possui mais funcionalidades e op¢des disponiveis, além de ser a estacdo mais antiga.
Outras caracteristicas presentes em todas as estacdes estudadas sdo o fato de serem compativeis
com o protocolo Micro Air Vehicle Link MAVLink (MAVLink) (MAVLINK, 2017), possuirem
uma vasta comunidade de desenvolvedores ativos (contribuidores) e muitas informacdes (forks)

disponiveis no GitHub indicando o potencial dessas GCSs.
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A estacao QGroundControl possui a vantagem de dar suporte a simulacdes Software-
In-The-Loop (SITL) e Hardware-In-The-Loop (HITL). O Mission Planner descontinuou as
simulagdes HITL, dando suporte apenas a SITL. A estacdo QGroundControl possui a desvanta-
gem de dar suporte somente a pilotos automaticos da Pixhawk. O Mission Planner da suporte a
pilotos automaticos da Pixhawk e ArduPilot Mega (APM). Tanto o Mission Planner quanto o

QGroundControl ddo suporte aos dois principais firmwares existentes de piloto automético PX4

e Ardupilot.

Tabela 2 — Comparacdes entre as estacdes de controle de solo avaliadas.
GCS Plataforma Cédigo | Licenca | Linguagem | Contrib. [Forks] | Site [Code] | Veiculos
Mission Planner Win. Aberto GPL C# 43 [1004] T [2] P-C-R
APM Planner 2 Win., Lin., Mac. | Aberto GPL C++ 71 [307] 3 [4] P-
QGroundControl | Win., Lin., Mac. | Aberto | GPL C++ 112 [802] 316 P-
LibrePilot Win., Lin., Mac. | Aberto GPL C++ 65 [100] 7 [8] P-
MAVProxy Win., Lin., Mac. | Aberto GPL Python 44 [253] 91101

Fonte: Elaborada pelo autor.

Tabela 3 — Comparacdes entre as estacdes de controle de solo avaliadas.
GCS Lancamento | Ultima Versio Preco Firmwares Suportados Hardwares Suportados
Mission Planner 2010 2017 Gratuito PX4 e Ardupilot Pixhalk e APM
APM Planner 2 2013 2017 Gratuito PX4 e Ardupilot Pixhalk e APM
QGroundControl 2013 2017 Gratuito PX4 e Ardupilot Pixhalk
LibrePilot 2015 2016 Gratuito N/A Revolution, Atom, Sparky2
MAVProxy 2012 2017 Gratuito Ardupilot APM

Esta tese utilizard o Mission Planner, principalmente, para fazer os experimentos em
voos reais, devido a sua alta confiabilidade e quantidade de recursos. Nos experimentos SITL
e HITL, serdo utilizadas as estacdes QGroundControl e MAVProxy. Essa escolha se deu pelo
fato de ambas possuirem as funcionalidades SITL e HITL bem implementadas e serem faceis

de utilizar. Além disso, elas foram projetadas para o ambiente Linux, plataforma utilizada pela

Fonte: Elaborada pelo autor.

maioria das ferramentas utilizadas nesta tese.

O 0 N A AW =

http://ardupilot.org/planner
https://github.com/ArduPilot/MissionPlanner
http://ardupilot.org/planner2
https://github.com/ArduPilot/apm_planner
http://qgroundcontrol.com
https://github.com/mavlink/qgroundcontrol
https://www.librepilot.org
https://github.com/librepilot/LibrePilot
http://ardupilot.github.io/M AV Proxy

10" https://github.com/ArduPilot/MAVProxy
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2.4 Simuladores de Voo

Uma simulag@o pode ser pensada como uma imitagdo de um processo do mundo real ao
longo do tempo (BANKS, 2000). Um simulador de voo é um software que tenta recriar a realidade
existente no voo de uma aeronave. Em geral, os simuladores incluem as seguintes caracteristicas
do ambiente: turbuléncia, mudanc¢a do clima e transi¢cdo do tempo. Eles incluem também
caracteristicas do cendrio, tendo boa parte da superficie terrestre mapeada, e da aeronave, tendo
uma grande quantidade de veiculos modelados. Trés simuladores principais foram avaliados:
FlightGear (FG), X-Plane e Microsoft Flight Simulator (MSFES).

O FlightGear € um simulador de voo, codificado principalmente em C++, embora
algumas partes sejam desenvolvidas em C. Caracteriza-se por ser multiplataforma, codigo aberto,
lancado com a licenga GPL e utilizado em pesquisa académica, educacdo e entretenimento
(FLIGHTGEAR, 2017a). Ele se caracteriza também por possuir uma grande variedade de
aeronaves, aeroportos e cendrios disponiveis para download. Seu desenvolvimento teve como
foco principal o realismo e a possibilidade de uso em pesquisas, nao sendo voltado para jogos.
No entanto, o uso dessa ferramenta exige um conhecimento minimo de pilotagem, uma vez que,
manipular seus controles pode gerar uma dificuldade inicial. O motor de simulagdao SimGear é
utilizado pelo FG, sendo um software para simulacdes independente do FG (FLIGHTGEAR,
2017b). A Tabela 4 apresenta os principais tipos de veiculos presentes no FG, num total de 327
aeronaves de asa fixa e 2 aeronaves Radio Controladas (RC). A aeronave Rascal 110 € um dos
dois veiculos RC descritos nessa tabela. Outra op¢do € o Cessna 172p que é uma aeronave de asa
fixa e se destaca devido ao seu modelo de dindmica ser bastante realista, no entanto, ndo € um

VANT, mas sim uma aeronave tripulada. A Figura 4 (a) apresenta uma tela do simulador FG.

Tabela 4 — Caracteristicas dos modelos de aeronaves disponiveis no FightGear.

Sigla Descri¢cao Qtd. Disponiveis | % Modelos

A Aeronave de Asa Fixa 327 83,6%

H Aeronave de Asa Rotativa 32 8,1%
AG Planador 11 2,8%

A" Veiculo Terrestre 8 2,0%

F Ficcao/Fantasia/Diversao 6 1,5%
AZ Dirigivel/Balao 5 1,2%
RC | Controlado Remotamente 2 0,5%

Total - 391 100%

Fonte: Adaptada de FlightGear (2017c).

X-Plane, entre todos os simuladores de voo, € o tnico simulador, credenciado pela
Administracdo Federal de Aviacdo, do inglés Federal Aviation Administration (FAA), para
treinamento de pilotos (X-PLANE, 2017a). Esse simulador possui uma alta precisdo no modelo
de voo, uma grande base de dados de aeronaves e cendrios para navegacdo (X-PLANE, 2017b).

A Figura 4 (b) mostra a tela de interface do simulador X-Plane.
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Figura 4 — Simuladores de voo avaliados.

e

(b) X-Plane. (c) Microsoft Flight Simulator.

Fonte: X-Plane (2017b), Microsoft (2017).

Microsoft Flight Simulator (MSFS) € um jogo de computador e também um simulador
de voo (MICROSOFT, 2017). Na Figura 4 (c), é apresentada uma tela do simulador de voo
Flight Simulator. No ano de 2010 o nome desse simulador mudou para Microsoft Flight. Esse
simulador permaneceu em desenvolvimento até 2012, quando foi definitivamente cancelado
(WIKIPéDIA, 2017).

A Tabela 5 traz um resumo de algumas caracteristicas dos simuladores de voos estudados.
Entre essas caracteristicas se destacam: o ano de langamento, o ano da dltima versao, a plataforma

em que operam, o tipo de licenga, a linguagem de programacao utilizada e o preco.

Tabela 5 — Comparacdes entre os simuladores de voo avaliados.

Simulador | Lancamento | Ultima Versdo | Plataforma Licenca Linguagem Preco
FG 1997 2017 Win., Lin., Mac., FreeBSD, Solaris GPL C/C++ Gratuito
X-Plane 1993 2017 Win., Lin., Mac. Comercial C/C++ US$60,00! 1
MSFES 1982 2012 Win. Comercial | C/C++/C# | US$16,00'2

Fonte: Elaborada pelo autor.

Nesta tese serd utilizado, principalmente, o simulador FlightGear na etapa de experimen-
tos SITL. O X-Plane serd utilizado na etapa de experimentos HITL. As simula¢des conduzidas
no FG utilizardo o VANT Rascal 110. Os experimentos realizados no X-Plane utilizardo o VANT
HILStar17f (PIXHAWK, 2017a).

2.5 Pilotos Automaticos

Um Piloto Automitico, do inglés AutoPilot (AP), € um controlador de voo capaz de
seguir waypoints especificados pelo usudrio, prover estabilizacdo autdénoma e seguir comandos
de telemetria (ARDUPILOT, 2017c¢). De forma geral, os APs contém um conjunto de sensores
internos como: acelerdmetro, giroscopio, bussola (magnetdmetro) e bar6metro. Existem no
mercado diversos APs disponiveis. Neste trabalho, quatro APs, ilustrados na Figura 5, foram
avaliados. Os APs sdo: Ardupilot APM, Pixhawk versdo 1, Pixhawk versdo 2 e Naza M versdo 2.

1" Prego retirado do site http://www.x-plane.com/desktop/buy-it/
12 Prego retirado do site https://www.amazon.com



34 Capitulo 2. Conceitos Fundamentais

O Ardupilot APM utiliza um processador AVR 2560 8 bits. O controlador de voo Pixhawk v1
possui um ARM Cortex de 32 bits. O Pixhawk v2 possui um ARM Cortex de 32 bits e, além
de incluir o suporte a varios sistemas de redundancia como GPS, alimentac¢ao, acelerdmetro,
giroscopio, bissola e bardmetro, inclui também uma placa Intel Edison integrada. O controlador

de voo Naza-M v2 € um projeto de hardware fechado fabricado pela empresa DJI.

Figura 5 — Pilotos automaticos avaliados.

(a) Ardupilot APM v2.8. (b) Pixhawk v1. (c) Pixhawk v2. (d) Naza M v2.

Fonte: Ardupilot (2017a), Pixhawk (2017b, 2017b), DJI (2017).

A Tabela 6 sintetiza algumas caracteristicas dos APs avaliados como o tipo de projeto de
hardware, a empresa que o desenvolve, o processador embarcado, os tipos de veiculos suportados
e o preco médio. Nesta tese os APs Ardupilot APM e Pixhawk v1 serdo utilizados por serem

mais baratos e se adequarem bem ao presente projeto.

Tabela 6 — Comparacdes entre os pilotos automaéticos avaliados.

Piloto Automético | Hardware | Empresa Processador Veiculos Suportados | Preco Médio'3
Ardupilot APM Aberto Ardupilot AVR 2560 - 8 Bits P-C-R US$27,00
Pixhawk v1 Aberto 3DR ARM Cortex - 32 Bits P-C-R US$65,00
Pixhawk v2 Aberto 3DR ARM Cortex - 32 Bits P-C-R US$198,00
Naza M v2 Fechado DJI N/A C US$100,00

Fonte: Elaborada pelo autor.

2.6 Companion Computers

O termo Companion Computer (CC) pode ser definido como um computador a bordo
da aeronave, que auxilia nas tomadas de decisdo durante o voo. O CC se comunica e controla
o piloto automatico, usando os dados obtidos através do protocolo MAVLink para fazer uma
tomada de decisdo inteligente durante o voo. Como exemplo de processamento a ser realizado a
bordo temos: planejamento de missdo, replanejamento de trajetdria, retirada de fotografia, iniciar
gravacdo de video, fazer processamento de imagens a bordo, abortar voo, disparo do paraquedas,

entre outros.

Atualmente, solu¢gdes usando companion computer estao sendo desenvolvidas e utiliza-

das por diversos grupos de pesquisa em todo o mundo. As principais comunidades/empresas

13 Precos retirados do site https://www.amazon.com
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envolvidas em seu desenvolvimento sdo ardupilot.org !4, DroneKit 1>, 3DR ¢, FlytBase !7. As
principais placas de processamento embarcado utilizadas pelo CC sdo: Intel Edison, Raspberry
Pi, ODroid, BeagleBone, BeaglePilot (projeto de Piloto Automatico dentro de uma BeagleBone
Black), NVidia TX1 (usando a placa J120), Intel Aero, FlytPOD, FlytPOD PRO, entre outras. A
Figura 6 mostra as placas Intel Edison, Raspberry Pi, ODroid e BeagleBone Black.

Figura 6 — Computadores embarcados avaliados.

(a) Intel Edison. (b) Raspberry Pi 3. (c) Odroid XU4. (d) BeagleBone Black.

Fonte: Intel (2017), Pi (2017), Hardkernel (2017), BeagleBoard (2017).

A Tabela 7 mostra as configura¢des dos CC analisados em que podemos ver o ano de
lancamento, o processador, o nimero de nicleos, a frequéncia, a quantidade de meméria RAM,

o Sistema Operacional (SO) e o pregco médio.

Este trabalho pretende utilizar os companion computers Intel Edison, Raspberry Pi e
ODroid como forma de processamento a bordo do VANT. Essa escolha se deu basicamente pelo

poder de processamento, documentagao disponivel e prego.

Tabela 7 — Comparacdes entre 0os companion computers avaliados.

CC Ano | Processador Nicleos Frequéncia RAM SO Preco '8
Intel Edison 2014 | Intel Atom - 64 bits | Dual-Core 500 MHz 1GB Yocto US$85,00
Raspberry Pi 3 2016 | ARMv8  Cortex- | Quad-Core 1.2 GHz 1 GB Raspbian | US$34,00

A53 - 64 bits
Odroid XU4 2015 | Cortex-Al5 e Octa-Core 2 GHz 2 GB Ubuntu US$69,00
Cortex-A7
BeagleBone Black | 2013 | ARM Cortex-A8 - | Single-Core 1.0 GHz 512 MB Debian US$57,00
32 bits

Fonte: Elaborada pelo autor.

2.7 Avionicos

Um conjunto de sistemas avionicos estdo presentes no VANT. Por avionicos, queremos

dizer toda a eletronica a bordo do avido, como por exemplo, Piloto Automaético (AP), Companion
14

http://ardupilot.org

15 http://dronekit.io

16 https://3dr.com

7 https://flytbase.com

18 Precos médios retirados do site https://www.amazon.com
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Computer (CC), receptor de radio controle, médulo de telemetria e Sistema de Posicionamento
Global, do inglés Global Positioning System (GPS). Os avidonicos AP e CC ja foram tratados nas

secoes 2.5 e 2.6, dessa forma, ndo serdo destacados aqui.

O receptor de radio controle ilustrado na Figura 7 (a) € responsavel por receber os sinais
enviados pelo radio controle e enviar os comandos para o AP, que em seguida executard a
manobra do comando recebido. O rddio controle (transmissor) utilizado nesta tese € o FlySky
FS-16 com 6 canais operando a 2.4 GHz. Ja o receptor de rddio controle é o FlySky FS-1A6

operando também a 2.4 GHz.

Um outro avidnico importante € o méodulo de telemetria air ilustrado na Figura 7 (b).
Esse componente € responsavel por receber/enviar comandos da GCS para a aeronave e da
aeronave para a GCS. Dessa forma, é necessario que um moédulo de telemetria ground esteja
conectado ao computador em solo que executa o software da GCS. O mdédulo de telemetria da
3DR, operando a 433 MHz e com taxa de transmissido de dados no ar de até 250 kbps, serd

utilizado.

Por fim, o avidnico GPS esta ilustrado na Figura 7 (c). Esse componente € responsdvel
por dar as coordenadas geograficas da aeronave e a sua orientacao (trés eixos) através de uma
bussola (magnetometro) interna incluida. O médulo GPS ublox NEO-6M com biussola sera

utilizado.

Figura 7 — Componentes avionicos utilizados neste trabalho.

GPS Module

(a) Receptor de rddio controle.  (b) Mddulo de telemetria air. (c) GPS com bussola.

Fonte: FlySky (2017), 3DR (2017, 2017).

2.8 Simulacao Software-In-The-Loop

Uma simulagdo Software-In-The-Loop (SITL) permite executar missdes de VANTSs sem
nenhum hardware fisico. Dessa forma, todo o ambiente, hardware da aeronave, hardware do
piloto automético e sistema de comunicagdo sao emulados em software (ARDUPILOT, 2017e).
A simulacdo da aeronave e do ambiente € feita por um simulador de voo convencional, por
exemplo, o FlightGear, enquanto a simulacio do hardware do AP e do sistema de comunicagdo é

feita através do ambiente ArduPilot.
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O ArduPilot possui uma ampla quantidade de simuladores de veiculos incorporados e
pode se conectar a varios simuladores externos. Dessa forma, o SITL pode simular: aeronaves
multi-rotor, aeronaves de asa fixa e veiculos terrestres. A Figura 8 mostra o funcionamento
interno da simulacao SITL. Cinco componentes principais podem ser visualizados: software
SITL, simulador de fisica, simulador de voo, MAVProxy e estacdo de controle de solo. O
software SITL € o mesmo que o ArduPilot e pode executar os pilotos autométicos ArduPlane
e ArduCopter. O simulador de fisica utilizado € o JSBSim, que simula o modelo de dindmica
de voo da aeronave. O simulador de voo utilizado € o FlightGear que € apenas um renderizador
grafico para acompanhamento do voo, sendo um elemento opcional. O MAVProxy € uma estacio
de controle de solo para execuc¢do das simulagcdes SITL, além de ser um né hub para outras
estacdes de controle de solo. Por fim, tem-se que outras GCS mais robustas podem ser conectadas

ao MAVProxy para acompanhar o voo.

Figura 8 — Esquema da arquitetura de simula¢do SITL montada.
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+ .
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FlightGear

Estacdo de Controle

de Solo
MAVProxy A Mission Planner
QGroundControl

APM Planner 2.0

Fonte: Adaptada de CentMesh (2017).

Duas simula¢des SITL principais serdo realizadas neste projeto: uma sobre o ambiente
ArduPilot'” e outra sobre o ambiente DroneKit-SITL?’.

2.9 Simulacao Hardware-In-The-Loop

Uma simulacdo Hardware-In-The-Loop (HITL) substitui a aeronave e o ambiente por
um simulador de voo. Esse simulador deve possuir um modelo de dindmica de aeronave de alta
fidelidade e modelo de ambiente (ARDUPILOT, 2017d). Os componentes piloto automatico,

19" http://ardupilot.org/dev/docs/sitl-simulator-software-in-the-loop.html
20" http://python.dronekit.io/develop/sitl_setup.html
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telemetria, receptor de rddio controle, controle de rddio sdo todos hardwares fisicos. Tais elemen-
tos de hardwares devem estar configurados da mesma forma que para execugdo de um voo real.
Esse tipo de simulagao, assim como SITL, auxilia no debug de algoritmos reduzindo o risco de

uma queda do VANT em testes reais.

A Figura 9 apresenta um esquema da arquitetura HITL desenvolvida neste doutorado.
Tem-se um computador executando a estacdo QGroundControl com um moédulo telemetria
ground. Em outro computador tem-se o simulador de voo X-Plane conectado com o hardware
do piloto automatico. Integrado ao AP tem-se o mddulo de telemetria air e o receptor de radio
controle. Ainda nessa figura, percebemos duas formas de comunica¢do: uma usando o radio
controle a 2.4 GHz e uma usando a telemetria a 433 MHz. Nessa figura, pode-se pensar que o
primeiro computador descrito funciona como uma estacao de controle de solo, em que monitora-
se a missdo. O segundo computador simula todo o hardware da aeronave e o ambiente, no entanto

todo o sistema avidnico dessa aeronave € composto por um hardware fisico.

Figura 9 — Esquema da arquitetura de simulagdo HITL montada.

Fonte: Elaborada pelo autor.

2.10 Consideracoes Finais

Este capitulo apresentou os principais conceitos envolvidos com veiculos aéreos néo-
tripulados, estacdes de controle de solo, simuladores de voo, pilotos automaticos, companion
computers, avidnicos, simulacdes software-in-the-loop e simulagdes hardware-in-the-loop. Todos
esses conceitos sao importantes e dao suporte para a compreensao dos capitulos seguintes. O
proximo capitulo apresenta uma revisdo bibliografica dos principais trabalhos relacionados a

presente tese e que dardo suporte a criagdo da arquitetura proposta.



39

CAPITULO

REVISAO BIBLIOGRAFICA

“ Se fui capaz de ver mais longe, é porque

i3}

me apoiei em ombros de gigantes.

Isaac Newton

3.1 Consideracoes Iniciais

Este capitulo apresentard uma revisao bibliogréfica dos principais trabalhos relacionados

a essa tese.

3.2 Trabalhos Relacionados

A tese descrita em Figueira (2016) apresenta os conceitos envolvidos na arquitetura
do MOSA e sua estrutura basica. Esse sistema faz a integracdo de varios componentes como
sensores, processador e hardware de comunicagdo, além do processamento em tempo real dos
dados. Ele € o responsével por controlar o percurso e os sensores do VANT durante toda a
realiza¢do da missdo. MOSA ¢ utilizado em Figueira et al. (2015) numa aplicagao envolvendo
a geracdo automatica de mapas temadticos, através de monitoramento ambiental. O objetivo é
identificar eventos de interesse, baseados em atividade sonora como o disparo de armas de fogo
ou uso de motosserras em uma floresta. Para isso, a integragdo dos dados de camera térmica
localizada no VANT e de um conjunto de microfones posicionados sobre o solo € realizada com
o intuito de localizar o evento. Além disso, MOSA gerencia toda a missd@o do VANT que inclui
voar até a origem do evento e realizar coleta de dados. Nesse trabalho, o sistema é simulado

utilizando Matlab Simulink, ou seja, ele ndo foi de fato embarcado numa aeronave.

O conceito do IFA estd relacionado a um sistema supervisor que monitora todos os
aspectos relacionados a seguranca da aeronave conforme proposto em Mattei (2015). Esse
monitoramento € feito através de um conjunto de sensores que verificam o funcionamento dos
principais componentes da aeronave, visando mitigar acidentes ou, simplesmente, atualizar o

plano de voo. Uma proposta de implementacio do sistema IFA € descrita em Mattei et al. (2015),
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chamada In-Flight Awareness Augmentation Systems (IFA”S), apresentando como seria sua
integracdo a uma aeronave do mundo real. As aplicagdes reportadas em Figueira et al. (2015)
e Mattei et al. (2015) ndo implementaram de fato um sistema embarcado e voos reais nao
foram realizados. Os autores em Figueira et al. (2015) apenas ilustram os conceitos do sistema
MOSA na aplica¢gdo mencionada utilizando Matlab Simulink, enquanto em Mattei (2015) outra
simulacdo bastante simples, que integra o Labview (linguagem de programacdo baseada em
fluxo de dados) ao simulador de voo X-Plane, € realizada para ilustrar o uso do IFA. Nao ha um
sistema integrando MOSA e IFA reportado na literatura até o momento. Também ndo ha sistemas
embarcados efetivamente desenvolvidos que permitam o uso de tais conceitos combinados a
outros sistemas em uma plataforma para VANTS versétil e resiliente. Esse € um dos pontos a ser

coberto neste doutorado.

Um modelo de avaliacdo de arquitetura para VANTS € proposto em Renault (2015), cujo
propésito € auxiliar o processo de geracdo de arquiteturas, reduzindo ambiguidades nos estdgios
iniciais do desenvolvimento de projetos de hardware/software. Esse modelo avalia, entre outros
aspectos, o nivel de autonomia da aeronave para tomada de decisdes em voo. Uma arquitetura é
descrita em Brown, Estabrook e Franklin (2011) para sistemas de VANTs que executam missoes
de resgate de caminhantes perdidos no deserto, em que imagens obtidas pela camera acoplada a
aeronave sdo processadas. Uma arquitetura focada em sistemas de pulverizagdo contra pragas
agricolas, proposta em Xue et al. (2016), permite a execugdo automdtica da aspersdo sobre a
plantacdo. Um sistema para controle da trajetdria é proposto em Prodan et al. (2013), baseado
em controle preditivo e considerando pertubagdes externas ao voo. Uma arquitetura avancada
para controle de trajetéria, combinando hardware e software, € desenvolvida em Ramasamy et
al. (2016), permitindo ao VANT executar manobras para evitar obstidculos e outras aeronaves
em tempo real. Os autores em Morozov e Janschek (2016) introduzem uma implementagao
otimizada, baseada em software para detectar falhas e evitar degradagao de desempenho em
sistemas embarcados, incluindo seu uso em VANTSs. Os trabalhos mencionados apresentam
arquiteturas voltadas a uma aplicacdo especifica e ndo utilizam um modelo como proposto
em Renault (2015) no desenvolvimento ou avaliacdo das arquiteturas. Este projeto pretende
contribuir com a proposi¢do e desenvolvimento de uma arquitetura mais versatil, adotando ou
adaptando metodologias, como a proposta em Renault (2015), para o seu desenvolvimento e

posterior avaliacdo.

Uma falha critica na aeronave, detectada por um sistema com o IFA, pode levar a um
replanejamento da miss@o ou a sua interrup¢do. Nesse caso, algoritmos que permitam pousar a
aeronave em seguranca ou refazer o plano de voo deverao ser integrados. Até onde foi pesquisado
pelo autor deste projeto, hd poucos trabalhos enfatizando o pouso de aeronaves em situacdo
critica como reportado em Meuleau et al. (2011), Meuleau et al. (2009), Li (2013). Nos dois
primeiros trabalhos, considera-se o pouso emergencial de aeronaves tripuladas de grande porte.
Trabalhos tratando o pouso emergencial de VANTS s@o ainda mais escassos. Os trabalhos Li,

Chen e Li (2014), Li (2013) tratam o pouso emergencial, no entanto, ndo sdo bem definidas as
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falhas e ndo sdo apresentados testes rigorosos considerando tais falhas.

O trabalho de Kim et al. (2013) se aproxima da presente proposta ao tratar 0 pouso
totalmente autdbnomo de um VANT de asa fixa, em que ele possui sensores como camera e GPS.
Esse trabalho difere do proposto neste projeto ao efetuar o pouso sobre uma rede de recuperagdo
e ndo sobre regides no solo adequadas ao pouso. Os autores em Kim et al. (2013) também
efetuam o pouso usando visdo computacional, mas ndo utilizam dados de GPS, como se pretende

utilizar neste projeto de doutorado.

Resultados obtidos pelo autor deste doutorado, durante o mestrado, sdo reportados em
Arantes et al. (2015), Arantes (2016), em que o pouso de VANTS considerando situacdes criticas
foi tratado. Sete métodos para o planejamento da rota de pouso sdo comparados: uma Heuristica
Gulosa (HG), dois métodos baseados em Algoritmos Genéticos (AG), dois métodos baseados em
Algoritmos Genéticos Multi-Populacionais (AGMP) e dois métodos baseados em Programacao
Linear Inteira-Mista (PLIM). Um gerador de mapas foi desenvolvido, permitindo a criagdo de
600 cenarios diferentes para avaliagdo dos métodos. Alguns experimentos usando o simulador
de voo FlightGear (FG) também foram executados. Uma das contribuicdes no desenvolvimento
desta pesquisa € a integracdo de sistemas que permitam o replanejamento da rota para execugao
da missao ou para realizacao de um pouso de emergéncia. O foco nesse desenvolvimento esta
centrado em um replanejamento autdnomo de trajetdria, visando maior seguranga e autonomia

no processo de tomada de decisdo pela aeronave em voo.

Além do replanejamento da trajetéria, procedimentos que permitam mitigar falhas
na aeronave devem ser implementados. Segundo os autores em Morozov e Janschek (2016),
solugdes baseadas em hardware apresentam a vantagem de serem mais seguras e capazes de lidar
diretamente com as falhas, mas trazem um custo financeiro elevado e podem deteriorar com o
decorrer do tempo. Por outro lado, solu¢des baseadas em software podem nao permitir a corre¢@o
de erros, mas sdo capazes de detectar antecipadamente as falhas no sistema. A desvantagem
estd em um elevado tempo de execucao do sistema que pode demandar um maior consumo de
memoria e, consequentemente, levar a degradacdes de desempenho dos algoritmos de controle.
Por isso, uma implementagdo baseada em software com otimizagdes para detectar falhas, que

busca evitar degradacao de desempenho foi apresentada.

Dependendo do tipo de falha detectada, um ajuste dos parametros do sistema pode
nao ser suficiente ou pode indicar um problema sério o bastante para demandar atitudes mais
dréasticas como: replanejar a rota para retornar a base, replanejar a rota para executar um pouso
de emergéncia ou desligar o motor seguido pelo acionamento do paraquedas. Um sistema
redundante envolvendo os método HG e AG executando em paralelo foi desenvolvido durante

esse doutorado em Arantes et al. (2017).

O presente projeto de doutorado introduz uma arquitetura para VANTSs visando preencher
diversas lacunas encontradas na literatura em projetos de desenvolvimento de plataformas em

software e hardware para VANTS. A ideia é desenvolver uma plataforma que permita a integragdo
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de sistemas como MOSA (FIGUEIRA et al., 2015), IFA (MATTEI, 2015), algoritmos de
planejamento e replanejamento de rotas (ARANTES ez al., 2015; ARANTES, 2016; ARANTES
et al., 2016), controle de trajetoria (PRODAN et al., 2013; RAMASAMY et al., 2016) com
o proposito de executar diferentes tipos de missdo com seguranca e autonomia (BROWN;
ESTABROOK; FRANKLIN, 2011; XUE et al., 2016).

Os conceitos de MOSA e IFA foram definidos para serem tratados em conjunto, entre-
tanto nenhum trabalho nesse sentido foi desenvolvido até o momento. O projeto de doutorado
pretende preencher essa lacuna, implementando um sistema integrado visando acompanhamento
de missdo e segurancga. Os algoritmos desenvolvidos serdo avaliados inicialmente em simuladores
de voo, sendo embarcados em uma proxima etapa para sua validacao em testes reais. Conforme
mencionado no capitulo anterior, simulagdes hardware-In-The-Loop (HITL) combinam sistemas
simulados em software com hardware fisico. As simula¢des HITL tém facilitado o desenvolvi-
mento em numerosos campos, incluindo engenharia aerondutica (CAI et al., 2009), aeroespacial

(FRITZ et al., 2015), automotiva, sistemas de energia, manufatura e robdtica.

A tarefa de projetar e testar algoritmos de controle de VANTSs é uma tarefa dificil,
bastante onerosa e que pode gerar riscos a propriedades e pessoas. Simulagdes nem sempre sao
suficientes para testar os algoritmos, pois ndo levam em consideracao todos os aspectos como
funcionamento do controlador, ruidos dos sensores e problemas associados aos atuadores. Nesse
sentido, simulagdes HITL surgiram de forma a combinar partes do sistema em hardware com
partes em software. Os autores em Cai et al. (2009) apresentam um framework de simulagao
HITL para um VANT de asa rotativa de pequena escala, mais especificamente o Raptor 90. Nesse
trabalho € apresentado em linhas gerais os elementos que compdem tal ambiente de simulagao,
como hardware on-board, controlador de voo, estacdo de terra e um software de integracao.
Comparagdes entre as simulagdes HITL e os voos reais sao feitas. No entanto, esse trabalho
apresenta como grande limitacao o pequeno niimero de experimentos, apenas trés, utilizados na
validag@o do framework e resultados apenas qualitativos sdo apresentados. No trabalho em Gans
et al. (2009) € apresentado um ambiente para executar simulacdes HITL para VANT usando um
sistema de controle de visdo que incorpora camera, avidnicos e tinel de vento. A plataforma
desenvolvida possui um VANT com piloto automético on-board e uma camera interligados ao

software de realidade virtual.

3.3 Arquiteturas da Literatura

Como mencionado anteriormente, os autores em (BROWN; ESTABROOK; FRANKLIN,
2011) descrevem uma arquitetura para VANTSs que poderiam ser utilizados em missdes de resgate
de caminhantes perdidos no deserto. O projeto foi chamado WiND e desenvolvido no Worcester
Polytechnic Institute. Um microprocessador € responsdvel pelo controle de trés partes do VANT:

piloto automético, sistema de navegacao e sistema de processamento de imagem. A Figura 10
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apresenta um diagrama da arquitetura utilizada.

Figura 10 — Arquitetura utilizada no sistema de resgate do projeto Wind.
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Fonte: Brown, Estabrook e Franklin (2011).

Os autores em Xue et al. (2016) apresentam uma arquitetura para VANTSs, mostrada na
Figura 11, que executa uma pulverizagdo contra pragas agricolas, composta por um controlador
de voo, planejamento de rota e controle de aspersdo. A aeronave € controlada de acordo com
coordenadas determinadas previamente pelo GPS, ou seja, a rota foi previamente calculada. Um
sinal distinto € enviado para controlar o sistema de aspersao que realimenta em tempo real o

sistema a bordo, responsavel por repassar as informagdes para a estacdo de solo.

Na Figura 12 um sistema mais elaborado para controle da trajetdria, proposto em Prodan
et al. (2013), utiliza controle preditivo para lidar com pertubagdes externas durante o voo. Esse
sistema possui dois lacos de controle: um laco interno mais rdpido a bordo do VANT e um laco
externo mais lento, implementado nos computadores de controle da estacao de solo. Assim, o
laco externo fornece a rota a ser seguida, enquanto o laco interno controla a dindmica do VANT,

minimizando os erros durante a execu¢do da trajetdria.

Uma arquitetura mais avancada para hardware e software, chamada LIDAR Obstacle
Warning and Avoidance System (LOWAS), € descrita em Ramasamy et al. (2016) para aplicagdes
com VANTs. LOWAS utiliza tecnologia Light Detection and Ranging (LIDAR), que emprega
sensores laser e componentes eletro-6ptico de direcionamento da aeronave que proporcionam alta
resolucdo e precisdo angular em diversas condi¢des operacionais. O sistema consegue realizar
um acompanhamento em tempo real da navegacao, facilitando o tratamento de erros e incertezas
durante a execucao da trajetdria. Assim, LOWAS passa a ser um sistema de auxilio a navegacao

concebido para detectar obstdculos terrestres e aéreos potencialmente perigosos na trajetéria de
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Figura 11 — Arquitetura utilizada no sistema de pulverizagdo de pragas agricolas.
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Figura 12 — Arquitetura utilizada no sistema de controle da trajetdria.
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voo, fornecendo os avisos necessdrios a execug¢do de manobras de evasdo. A Figura 13 ilustra a
arquitetura LOWAS.

As interacdes com o piloto na estagdo de solo envolvem links de comunicacdo que
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Figura 13 — Arquitetura utilizada no sistema para evitar colisdes.
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Fonte: Ramasamy et al. (2016).

permitem a comunica¢cdo do LOWAS com a estag@o de solo e com o sistema de gerenciamento
de trafego aéreo. Os dados de telemetria precisam ser trocados entre o VANT e a estagcdo de
solo permitindo rastreamento de veiculos, controle de missdo e atualizagdes do perfil da missao.
LOWAS emprega trés algoritmos: predicao da trajetdria futura, calculo das colisdes potenciais

com os obstaculos detectados e geracdo de trajetdrias para evitar colisdo.

3.4 Consideracoes Finais

Este capitulo apresentou os principais trabalhos relacionados a presente tese que servirdo
de base para o desenvolvimento da arquitetura proposta. O préximo capitulo apresenta o problema

abordado.
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CAPITULO

CENARIO DO PROBLEMA ABORDADO

“ Para qué preocuparmo-nos com a morte?
A vida tem tantos problemas que temos de

”»

resolver primeiro.

Conffiicio

4.1 Consideracoes Iniciais

O cendrio do problema abordado serd descrito inicialmente em linhas gerais e ilustrado
através de um exemplo. Em seguida, o problema de planejamento/replanejamento de rotas
serd estabelecido através de um modelo estocdstico. Esse cendrio do problema € a base para a

elaboragdo da arquitetura proposta nesta tese.

4.2 Descricao Geral do Cenario do Problema Abordado

O sistema proposto serd aplicado no contexto do problema de planejamento e execucao de
missao ilustrado na Figura 14, em que o VANT ndo pode sobrevoar dreas povoadas, aeroportos
comerciais e regioes de tempestade, denominadas de Zonas de Exclusdao Aérea ou No-Fly
Zones (NFZ). Assume-se que o VANT pode sobrevoar o restante do mapa como florestas,
montanhas e pistas para aeromodelos (Figura 14 (a)). Incertezas relacionadas a aeronave e ao
ambiente aumentam o risco da aeronave sobrevoar uma NFZ ou colidir com uma montanha, por
exemplo. A abordagem utilizada para modelar tal problema foi tratar NFZs como obstaculos
com altura ilimitada (h[e]), desse modo, o VANT niao sobrevoaria tais regides. Montanhas e
florestas também sdo consideradas obstaculos, porém como sua altura € limitada, o VANT podera
sobrevod-las (Figura 14 (b)). Dado esse tratamento para o problema, o planejamento de trajetoria

passa a ser executado em uma regiio nao-convexa (devido a presenca de NFZs).

Considera-se que todo ou pelo menos parte do mapa seja conhecido inicialmente, mas

atualizacOes seriam realizadas durante o voo via enlace de comunica¢do com um operador em



48

Capitulo 4. Cendrio do Problema Abordado

Figura 14 — Cendrio geral do problema abordado.

a)

b) c)

(a) Cenario inicial. (b) Cenario mapeado. (c) Cenario com rota de voo.

Fonte: Elaborada pelo autor.

solo ou por meio dos sensores da propria aeronave. As regides descritas na Figura 14 (b) sdo

classificadas em um dos conjuntos abaixo como estabelecido em Arantes (2016).

1. Conjunto Nao-Navegavel (®"): A aeronave nido pode sobrevoar e pousar nas regioes

deste conjunto, também conhecido como NFZ (por exemplo, aeroportos, cidades, bases

militares).

. Conjunto Navegavel com Penalizacdo ($”): O VANT pode sobrevoar regides deste

conjunto, mas nao é desejavel que ele pouse sobre elas (por exemplo, florestas, montanhas,

lagos).

. Conjunto Navegavel e Bonificador (®”): O VANT pode sobrevoar e é desejado que ele

pouse numa das regides deste conjunto (por exemplo, grandes dreas gramadas ou campos
com plantacdes rasteiras).

. Conjunto Remanescente (9"): A aeronave pode sobrevoar e pousar nessas regioes. Este

conjunto representa areas restantes que ndo foram classificados para o pouso, sendo assim,

ndo ha restricdes de voo ou pouso.

A partir do cendrio definido na Figura 14 (c), a situag@o descrita a seguir ilustra o tipo de

problema a ser tratado nesta tese em que tem-se o plano da missdo e as tarefas que os sistemas
MOSA e IFA devem realizar.

Plano da Missao: O VANT deve iniciar o seu voo na pista A e seguir em direcdo a pista

C, devendo sobrevoar a regido B para retirada de fotos. O plano de voo original considera

sobrevoar as florestas, desviando das casas e do aeroporto.

Sistema MOSA: O sistema MOSA é o responsdvel pelo completo cumprimento da missdo

definida acima. Dessa forma, ele planeja toda a rota que minimiza o combustivel da aeronave
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entre os pontos decolagem (A) e pouso final (C). Em seguida, ele controla a rota a ser seguida

pela aeronave, seu voo sobre a regido B e o momento certo para retirar fotografias nessa regido.

Sistema IFA: Enquanto o VANT realiza a missdo, a aeronave apresenta uma falha como, por
exemplo, superaquecimento da bateria. O sistema supervisor (IFA) detecta a falha e decide
abortar a rota atual, encerrando o controle da missdo executado pelo MOSA e acionando um
algoritmo para planejar uma rota de pouso emergencial. Isso leva o VANT a pousar na regido
D.

Algoritmos de planejamento e replanejamento de rotas serdo integrados ao sistema
MOSA considerando os conjuntos de regides mencionados. No caso do sistema IFA, algumas
falhas que podem levar ao pouso de emergéncia naquelas regides foram modeladas durante o
mestrado como descrito em Arantes (2016): motor para de funcionar (y), superaquecimento da
bateria (), acronave passa a executar curvas apenas para esquerda (y*!) e a aeronave executa

curvas apenas para direita (y*2).

4.3 Problema de Planejamento de Missao e Seguranca

A Figura 15 ilustra o cendrio geral de trés trabalhos publicados anteriormente, ilustrando
a forma como esses trabalhos se encaixam dentro do contexto abordado nesta tese. A Figura 15 (a)
mostra um cendrio no qual o problema de planejamento de caminho foi abordado em Blackmore,
Ono e Williams (2011), Arantes et al. (2016).

Os autores em Blackmore, Ono e Williams (2011) introduziram o Problema de Planeja-
mento de caminho Nao-convexo com restri¢des de probabilidade (Chance-constraint), nomeado
em inglés Chance-constraint Non-convex Path-planning Problem (CNPP). Nesse problema,
um VANT deve alcancar a posic@o objetivo partindo da posi¢do inicial, evitando regides nao-
navegaveis, como aeroporto regular, regides povoadas, bases militares ou areas de tempestade.
E possivel sobrevoar florestas e montanhas, mas as incertezas relacionadas com o ambiente e
a dinamica do VANT podem desviar a aeronave para alcancar uma regiao nao-navegdvel ou,
até, atingir uma montanha. Portanto, um certo nivel de risco é assumido através das chance-
constraints e o problema torna-se encontrar um caminho através da otimizacao de uma medida,
como a distancia, sem exceder o nivel de risco assumido. Os autores em Blackmore, Ono e
Williams (2011) descreveram este problema usando um modelo de Programacao Nao-Linear
Inteira-Mista (PNLIM), mas heuristicas que resolvem modelos de Programacgao Linear Inteira-
Mista (PLIM) foram propostas em Arantes (2017). Um algoritmo genético combinado com o
grafo de visibilidade, nomeado de Hybrid Genetic Algorithm for mission (HGA4m), foi utilizado

para resolver o mesmo problema em Arantes et al. (2016).

A Figura 15 (b) mostra um cendrio em que o problema de replanejamento de rota ocorre
a partir da deteccao de uma situagdo critica. Esse problema foi abordado por Arantes et al.

(2015), onde o replanejamento de rota é definido com a mesma chance-constraint e dentro
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Figura 15 — Cendrios ilustrativos do problema de planejamento de missdo e seguranca.
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(a) Exemplo de planejamento de (b) Exemplo de replanejamento (c) Exemplo de missdo com sis-
rota abordados em Arantes et de rota emergencial abordado tema de seguranca abordado
al. (2016). em Arantes ef al. (2015). em Arantes et al. (2017).

Fonte: Elaborada pelo autor.

de um ambiente ndo-convexo de Blackmore, Ono e Williams (2011), Arantes et al. (2016). O
tipo de situacdo critica € considerado em Arantes et al. (2015), uma vez que pode impactar
na capacidade de voo da aeronave (dindmica do VANT). Assim, as regides sdo previamente
mapeadas e rotuladas como regides ndo-navegdveis, em que o VANT nao pode pousar; regides
bonificadora, na qual o VANT pode pousar; e regides penalizadoras, em que o VANT pode
pousar, mas sofrendo alguns danos. Um método chamado Multi-Population Genetic Algorithm

for security (MPGA4s) foi aplicado para encontrar uma trajetdria de pouso emergencial.

A Figura 15 (c) ilustra um cendrio para planejamento de missdo, que considera todos
esses aspectos juntos. Nesse caso, o planejamento de rota é exigido para diferentes posi¢oes
iniciais e objetivos, e isso pode ser feito durante o voo. Além disso, durante o voo, uma situagao
critica pode ocorrer, levando a aeronave a realizar um pouso de emergéncia. Esse € o cendrio
abordado em Arantes et al. (2017), em que os métodos HGA4m e MPGAA4s sdo combinados

para a execuc¢do da missao com seguranca.

Os aspectos mencionados acima serdo devidamente descritos por duas formulagdes
matematicas estocasticas. A primeira formulacdo descreve o CNPP, como introduzido por
Blackmore, Ono e Williams (2011) e utilizado em Arantes ef al. (2016).

Minimizar Y w; - 4.1)
t

sujeito a:

XT = Xgoal 4.2)
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X0~ N (£0,5x), @~ AN(0,50) V() 4.4)

>1—-A (4.5)

Pr [/\/\X, ¢ O}

No modelo acima, o vetor de estado x; tem as posicdes do veiculo p e velocidades v,

enquanto que o vetor de controle u, possui aceleragdo definida pelas expressoes (4.6).

X; 1= [px Py Vx vy]T, w, = [ay ay]T (4.6)

As entradas incluem a posigdo inicial (£p), a posi¢do objetivo (£,404/), as matrizes de
controle da dindmica A e B, o horizonte de planejamento (t = 0,---T), o intervalo de tempo (A?),
as incertezas externas () e o nivel de risco assumido (A). As varidveis de decisdo sdo os estados
do VANT (x;) e os controles (u;) aplicados em cada instante de tempo (¢). A fun¢io objetivo (4.1)
¢ o produto escalar dos controles que € minimizado durante o planejamento da missao. Essa
medida pode estar relacionada ao consumo de combustivel ou a distincia percorrida. O estado do
veiculo (x7) deve atingir a posi¢ao objetivo (Xg04/) nO final dessa missao através da restri¢ao (4.2).
A transicdo de estados do veiculo estd descrita na restri¢do (4.3), em que o primeiro estado (Xg)
segue uma distribui¢cdo Gaussiana do estado inicial esperado (£p) com matriz de covariancia
(Xy,)- Existe um ruido Gaussiano branco aditivo (@) com matriz de covariancia (X,) aplicado a
cada transicao de estado. A restricao (4.5) define que os estados do veiculo (x;) devem estar fora
dos obstédculos (@?) em todo tempo 7. A expressdo Pr[-| > 1 — A reporta que a probabilidade do
veiculo estar fora de todos os obstdculos deve ser maior ou igual a 1 — A. Assim, a probabilidade

de falha deve ser menor que A.

A segunda formulacdo, introduzida em Arantes ef al. (2015), descreve todas as restri¢des

relacionadas ao problema de replanejamento de rotas sobre situacdes criticas.

Minimizar Pr(\/xr € @?) —Pr(\/xT € @?) 4.7)

sujeito a:
X1 = Fy(x;,u) + o V(t) (4.8)

X0~ N (£0,5x), @~ N (0,5,) V(1) (4.9)
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PriA\/\x¢0Qj| >1-A (4.10)
J t

No modelo acima, o vetor de estado x; tem as posicdes do veiculo p, velocidades v e
angulo a, enquanto que o vetor de controle u; possui aceleracdo a e variacao angular €, como

definido pelas expressoes (4.11).

X; 1= [px py Vv a]T, w = [a S]T 4.11)

As entradas incluem a posic¢do inicial (¥p) no momento da falha, a funcdo de transi¢ao de
estados ndo-linear (Fy), o horizonte de planejamento (t = 0, - - - K), o intervalo de tempo (At), as
incertezas externas (y) e o nivel de risco (A). As variaveis de decisdo sao os estados do VANT
(x;) e os controles (u;) aplicados em cada instante de tempo (¢). A funcao objetivo (4.7) define
punicdes sobre a chance de pousar a aeronave sobre uma regido penalizadora (@j-7 ) e recompensas
sobre a chance de pousar sobre regides bonificadoras ((O)l]’. ). A funcdo de transi¢do dos estados do
veiculo estd descrita pela restri¢do (4.8), em que o primeiro estado (Xo) segue uma distribui¢cdo
Gaussiana do estado esperado (£p) com matriz de covariancia (Xy,). Um ruido Gaussiano branco
(@) com matriz de covariancia (X, ) € aplicado a cada transicdo. A restri¢do (4.10) define que

os estados do veiculo devem estar fora dos obstaculos (@7) em todo tempo ¢.

4.4 Consideracoes Finais

Este capitulo descreveu o cendrio do problema abordado em maiores detalhes, em que
um exemplo de planejamento de missdo com situagao critica foi descrito e foram definidos os
conjuntos de regides mapeados e os tipos de situagdes criticas a serem tratados. Assim, a partir
do problema de planejamento, replanejamento e execucdo da missdo com seguranga, descrito
neste capitulo, uma arquitetura de hardware serd elaborada visando fornecer a aeronave maior

autonomia para tomadas de decisdo dentro do problema proposto.
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CAPITULO

METODOLOGIA

“ A imaginagdo é mais importante que a
ciéncia, porque a ciéncia é limitada, ao
passo que a imaginacdo abrange o mundo

inteiro. ”

Albert Einstein

5.1 Consideracoes Iniciais

O presente capitulo apresenta a metodologia empregada. Inicialmente é mostrada a
arquitetura proposta € o como as arquiteturas da literatura poderiam ser incorporadas ao presente
trabalho. Em seguida, o estado atual das plataformas, Ararinha e iDroneAlpha, é descrito. Por
fim, serd mostrado um protocolo que estd sendo definido para especificacdo do mapa e da missdo

a serem utilizados em voos reais.

5.2 Arquitetura Proposta

A metodologia proposta para execugdo deste doutorado consiste na constru¢ao passo a
passo de uma arquitetura que combina o desenvolvimento de sistemas em hardware e software
para VANTS. A arquitetura introduzida por este projeto inova ao permitir a execucao de diferentes
tipos de missdes, garantir requisitos de seguranga de voo em tempo real e fornecer o maior nivel
de autonomia possivel para a aeronave. Nesta se¢do, algumas arquiteturas para VANTSs existentes
na literatura serdo adaptadas a arquitetura proposta com o objetivo de ilustrar claramente quais
serdo as contribui¢des trazidas pela nossa arquitetura. Também serd mencionada a forma como

se pretende avaliar e comparar o sistema desenvolvido utilizando trabalhos da literatura.

A arquitetura do sistema embarcado proposto € mostrada na Figura 16, em que sdo
integradas uma camada de monitoramento do cumprimento da missdo (MOSA) e uma outra que

garante a seguranca da aeronave (IFA).
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Figura 16 — Arquitetura proposta do sistema embarcado na aeronave.
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Fonte: Elaborada pelo autor.

A arquitetura possui seis principais componentes de hardware: atuadores, piloto auto-
matico, sensores, comunica¢do, alimentacdo e computador embarcado. Os atuadores sdo os
mecanismos que permitem o deslocamento e a execucdo das manobras do VANT; os sensores sdo
responsaveis pela captura de informacdes do ambiente e auxilio a navegagdo, missdo e seguranca;
o piloto automatico é responsavel pela navegacdo, mantendo a aeronave na rota planejada; a
comunicagdo € responsavel por receber comandos do controle de radio e enviar dados através do
modulo de telemetria; a alimentagdo € responsédvel por fornecer energia para todo o sistema de
hardware e, finalmente, tem-se o computador embarcado dual-core que fica dedicado a execucgdo

dos sistemas MOSA e IFA, que garantem a autonomia de voo da aeronave.

Dentro dos sistemas MOSA e IFA, um conjunto de médulos foram implementados a
fim de garantir o correto cumprimento da missdo levando em conta aspectos relacionados a
seguranga. Os principais modulos do MOSA sao aquisi¢do de dados, fusdo de sensores, controle
da missao, controle da camera, controle da comunica¢do e planejamento de rota. No médulo

de planejamento de rota foi integrado o algoritmo HGA4m, descrito em Arantes et al. (2016).
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Os principais componentes do IFA sao aquisicdo de dados, fusdo de sensores, controle da
seguranca, tomada de decisdo, controle da comunicagdo e replanejamento de caminho, onde o
MPGAA4s, descrito em Arantes et al. (2015), foi integrado. Os mddulos de planejamento de rota e
replanejamento de rota s@o 0s que consomem mais processamento nessa arquitetura embarcada,
uma vez que tais problemas sdo considerados de dificil solu¢@o por serem classificados como

nao-convexos e nao-lineares.

A Figura 17 ilustra a maquina de estados do médulo de planejamento de rota no sistema
MOSA. Inicialmente, o subsistema encontra-se no estado Aguardando, o qual pode trocar para
o estado Processando Rota, em que o método HGA4m ¢ acionado, mudando entdo seu estado
para Rota Pronta, quando a nova rota € enviada para o piloto automatico. O estado Desativado
pode ser alcancado sempre que uma falha critica ocorrer, levando o médulo MOSA a abortar o

processamento atual.

Figura 17 — Mdaquina de estados do médulo de planejamento de rota no MOSA.
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Fonte: Elaborada pelo autor.

A Figura 18 mostra a maquina de estados do mddulo de replanejamento de rota no sistema
IFA. Inicialmente, o médulo de replanejamento de rota encontra-se no estado Monitorando e
troca para Processando Rota no caso de alguma falha no sistema, em que o método MPGA4s
¢ acionado. Assim que a rota for retornada pelo MPGA4s, o estado atual torna-se para Rota
Pronta e entdo a rota € enviada para o piloto automdtico. Em seguida, o sistema retorna ao estado
Monitorando. Esse mddulo pode entrar no estado Desativado, caso alguma falha severa ocorra
no sistema [FA. Sendo assim, o sistema IFA € projetado para tomar o controle da aeronave em
caso de situacdes adversas, tomando decisdes como abortar a missdo, retornar a base, realizando

um pouso de emergéncia, ou ainda efetuar o disparo do paraquedas.

A seguir sera apresentado como € possivel fazer uma integracio das arquiteturas exis-
tentes na literatura, descritas no Capitulo 3, com a arquitetura aqui proposta. O projeto Wind,
descrito em Brown, Estabrook e Franklin (2011), estd focado no processamento das imagens
obtidas pela camera visando a localizacdo e resgate dos caminhantes. A arquitetura descrita em
Xue et al. (2016) prioriza um controle automatico da pulveriza¢do durante o voo. Nos trabalhos

Brown, Estabrook e Franklin (2011), Xue et al. (2016), a arquitetura estd fortemente relacionada
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Figura 18 — Maquina de estados do médulo de replanejamento de rota no IFA.
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Fonte: Elaborada pelo autor.

a aplicacdo ou tipo de uso da aeronave. Os autores também consideram uma constante troca de
informacgdes entre a estacio de solo e a aeronave, o que reduz o nivel de autonomia da mesma
para tomada de decisdes. Observa-se também que esses trabalhos apresentam sistemas dedicados
ao controle da trajetéria ou voo, em que Brown, Estabrook e Franklin (2011) € o tnico que
considera um sistema para planejamento da rota embarcado na aeronave. A Figura 19 apresenta
como ficariam dispostas as funcionalidades descritas em Brown, Estabrook e Franklin (2011),

Xue et al. (2016), Ramasamy et al. (2016) adaptadas ao contexto desta tese de doutorado.

Pode-se observar que o sistema controlador da missao (MOSA) serd implementado
de forma genérica o suficiente para se comunicar com os dados obtidos por um sistema de
processamento de imagem ou um sistema de pulverizacdo. Tais sistemas podem ser integrados ao
MOSA conjuntamente ou separadamente. O sistema controlador da missao supervisiona se, por
exemplo, no caso da pulverizac¢do da plantacio, o sistema de aspersdo € acionado como esperado
quando o VANT atingir a regido alvo. No caso da camera, o sistema supervisiona, por exemplo,
se a obtencdo das imagens estd ocorrendo e, se for o caso, se a retransmissao estd sendo feita para
a estacdo de solo. Diferente do que foi definido em Xue et al. (2016), o médulo de planejamento
de rota estd embarcado e faz parte do controle da missao, que passa a ser responsdvel por enviar
0s waypoints para o piloto automatico. Isso se justifica j4 que um mesmo algoritmo que planeja

ou replaneja uma trajetéria pode ser aplicado a diferentes missoes.

A arquitetura definida em Ramasamy et al. (2016) ndo foca em uma aplicacao especifica,
mas propdem o desenvolvimento de sistemas mais elaborados para controle da execucdo da
trajetoria. Nesse caso, o planejamento da rota ocorre na estagc@o de solo e o controle da trajetdria
€ realizado parcialmente pelo sistema embarcado em tempo real. Os autores em Ramasamy et
al. (2016), dada a tecnologia empregada, conseguem evitar obstadculos e executar manobras na
aeronave com maior precisdo e seguranga. Sistemas semelhantes poderiam ser incorporados
ao médulo IFA como ilustrado na Figura 19. Nesse caso, se um obstaculo ou outra aeronave
aparecesse durante a execucdo da missao, detectado pelo sensor LIDAR, o sistema IFA tomaria

o controle da trajetdria da aeronave e executaria as manobras evasivas necessdrias para evitar
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Figura 19 — Arquitetura proposta adaptada ao contexto de Brown, Estabrook e Franklin (2011), Xue ef al.
(2016), Ramasamy et al. (2016).
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colisdo, retornando o controle ao MOSA em seguida. Além disso, sistemas para controle de
trajetorias, como descritos em Prodan et al. (2013), Ramasamy et al. (2016), e sistemas capazes
de mitigar falhas, como apresentados em Morozov e Janschek (2016), Arantes et al. (2015),

Arantes (2016), podem ser integrados a arquitetura proposta na Figura 19.

A metodologia proposta para viabilizar as funcionalidades descritas nesta se¢io passa
pelo tratamento modular dos sistemas e estabelecimento de protocolos de comunicacdo bem
definidos. O desenvolvimento de cada médulo passard por implementa¢des em hardware e
software, de forma similar as metodologias adotadas em Brown, Estabrook e Franklin (2011), Xue
et al. (2016), Ramasamy et al. (2016), Morozov e Janschek (2016). Acredita-se que no decorrer
do desenvolvimento de cada sistema, contribui¢des especificas serdo alcangadas cujos resultados
poderdo ser contrastados com as abordagens da literatura. Além disso, vantagens e desvantagens
de se estabelecer uma arquitetura mais ampla serdo objetos de discussdo deste projeto de

doutorado, em que os ganhos em termos de robustez ou funcionalidade serdo comparados as
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possiveis perdas de desempenho do sistema embarcado e seu impacto na carga ttil da aeronave.
Para isso, comparagdes com arquiteturas como aquelas propostas em Brown, Estabrook e
Franklin (2011), Xue et al. (2016) serdo conduzidas.

Os autores em Renault (2015) apresentam um modelo de avaliagdo especifico para
sistemas de VANTs. O modelo de avaliagdo proposto combina heuristicas de projeto com
representacdes quantitativas, qualitativas e visuais que permitem avaliar a probabilidade de que a
arquitetura gerada atenda aos requisitos de desempenho e capacidade. O modelo de avaliacao
da arquitetura retorna uma pontuacdo combinada, a partir de varios aspectos que indicam se
a arquitetura projetada € aceitavel ou nao. Os aspectos principais considerados na avalia¢io
sdo: desempenho dos seus atributos chaves, conceitos e funcionalidades da arquitetura, niveis
de autonomia e conceito de modelo de dados. O modelo de dados € usado para determinar as
relacdes entre funcdes e suas entradas e saidas. O modelo de niveis de autonomia pode ser usado
para determinar um nivel adequado de autonomia do sistema Husar e Stracener (2013) para que
o VANT execute as missdes. Cendrios de missdes sdo usados para avaliar a probabilidade de que
o VANT possa executar missoes regulares e identificar deficiéncias no sistema. Os atributos sao

avaliados com uma pontuag@o numérica como mostrado na Figura 20.

Figura 20 — Utilizando o modelo de avaliagao.
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Fonte: Renault (2015).

Assim, espera-se utilizar ou adaptar critérios como aqueles definidos em Renault (2015)

para auxiliar numa correta definicdo da arquitetura proposta e avaliacdo dos sistemas desenvolvi-
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dos.

5.3 Plataforma Ararinha

A Figura 21 apresenta o estado atual de uma das plataformas a serem utilizadas neste
doutorado. Trata-se da aeronave Ararinha, modelo elétrico desenvolvida pelo grupo. A aeronave
mostrada na figura € capaz de realizar voos radio controlados enviando os logs de voo através da
telemetria para a estagdo de controle de solo. A seguir € apresentada uma descri¢do detalhada

dos equipamentos presentes na Figura 21, bem como suas funcionalidades.

Figura 21 — Plataforma Ararinha utilizada para valida¢do da arquitetura proposta.

Fonte: Arantes (2017).

(a) Telemetria na aeronave: permite que a aeronave receba remotamente configuragdes para
o Piloto Automadtico (AP) e estabeleca uma rota de voo definida por um conjunto de

waypoints.

(b) GPS com IMU: médulo contendo um GPS e Inertial Measurement Unit (IMU) de alta
precisao, que fornecem ao AP a posi¢do e orientacdo da aeronave.
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(c) Piloto automatico: utilizado para navegacdo autdonoma, capaz de seguir um conjunto de
waypoints e executar algumas manobras basicas, como manter altitude, voar em circulos e

estabilizar aecronave.

(d) Receptor do radio controle: recebe comandos do controle manual, utilizado em situacdes

que exigem a intervenc¢do humana.
(e) Bateria recarregavel: a bateria alimenta o motor e todo hardware da aeronave.

(f) Telemetria no computador: permite configurar o AP pelo computador utilizando a estacdo

de controle de solo Mission Planner ou via protocolo MAVLink.

(g) Computador: utilizado para estabelecer uma rota de forma manual, utilizando o Mission
Planner ou estabelecer uma rota de forma automatica, através de algoritmo planejador de

rota.

(h) Radio controle: permite controlar o VANT diretamente ou passar a navegagao para o AP.

A Figura 22 mostra alguns componestes que poderdo ser adicionados a plataforma afim
de permitir a realizacdo de voos auténomos. Isso serd possivel através da implementagdo os

sistemas MOSA e IFA dentro do companion computer, nesse exemplo, temos a Raspberry Pi:

Figura 22 — Componentes que serdo integrados a plataforma visando voos autdénomos.

Fonte: Arantes (2017).

(a) Raspberry Pi: trata-se de um mini computador, que estara na aeronave em que serao em-
barcados os sistemas MOSA e IFA.
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(b) Camera: utilizada para registrar o voo. As informacdes obtidas serdo uteis para projetar
algoritmos auxiliares que podem detectar situagdes adversas e auxiliar durante o pouso e

decolagem autonomo.

(¢) Arduino: utilizado para fazer o processamento dos dados dos sensores. O uso de Arduino
€ uma alternativa mais segura do que adicionar os sensores diretamente aos GPIOs na
Raspberry Pi, pois uma sobrecarga nos circuitos dos sensores pode queimé-la, inutilizando

o sistema IFA.

(d) Sensor Ultrassonico: serd utilizado durante o pouso e decolagem para detectar a proxi-
midade com o solo com mais precisdao do que os atuais sensores GPS e bardometro da

acronave.

(e) Relégio de tempo real: visto que a Raspberry Pi ndo possui uma bateria interna capaz de
manter a data (dia e hora) atualizadas, este médulo serd utilizado para manter os sistemas
MOSA e IFA a par dessa informacao, o que pode ser util, principalmente, para registrar

quando ocorreram as mudangas no cendrio e acesso correto a condi¢gdes climdticas.

(f) Sensor de corrente: adicionado na bateria do VANT para monitorar o consumo, podendo

ser utilizado para detectar falhas elétricas, sobrecarga e fazer previsdo da carga restante.

micro sd: trata-se de um cartdo de memoria com 16 GB, que armazena o sistema operacional e

demais softwares a serem embarcados na plataforma, além dos dados do voo.

GPIO: General Purpose Input Output (GPIO) ¢ utilizado para entrada e saida de dados da
Raspberry Pi, podendo ser conectados sensores e atuadores nos GPIOs. Como forma de

exemplificar isso, pode-se pensar em um GPIO utilizado para disparar um paraquedas.

Wifi USB: permite conectar a Raspberry Pi a uma rede Wifi para acesso a internet em solo e

atualizar as configuragdes do IFA e do MOSA facilmente com um computador.

5.4 Plataforma iDroneAlpha

A Figura 23 mostra a plataforma iDrone Alpha montada durante a elaboragao desta tese.
O iDroneAlpha estd sendo utilizado nas etapas iniciais, como uma alternativa ao Ararinha, por se
tratar de uma aeronave menor e de asa rotativa. Isso permite que os experimentos se tornem mais
faceis de serem conduzidos. Os componentes que integram esse VANT e suas funcionalidades

sdo descritos a seguir:

(a) Intel Edison: computador embarcado capaz de realizar o processamento on-board tornando

0 voo da aeronave com maior nivel de autonomia.

(b) GPS: mddulo capaz de obter a posicdo e orientagdo da aeronave.
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Figura 23 — Plataforma iDroneAlpha montada durante este trabalho.

Fonte: Elaborada pelo autor.

(c) Piloto automatico: utilizado para navegacio autonoma e capaz de seguir varios waypoints.
(d) Receptor do radio controle: recebe comandos do radio controle.
(e) Bateria recarregavel: a bateria alimenta os motores e todo hardware da aeronave.

(f) Radio controle: permite controlar o VANT diretamente ou passar a navegagdo para o AP.

5.5 Protocolo para Especificacao do Mapa e da Missao

A especificac@o do cendrio (mapa) e da missdo € uma etapa bastante importante durante
a realizacdo do voo real. A ferramenta Google Earth serd utilizada durante esta tese para definir o
mapa e a missao a ser cumprida pelo VANT. Este programa apresenta um modelo tridimensional
do globo terrestre e possui um ambiente que permite edi¢des (GOOGLE-EARTH, 2017). Dessa
forma, um protocolo préprio estd sendo definido para a criacdo do mapa e da missdo usando
esse ambiente. Na Figura 24, essa ferramenta foi utilizada para definir o cendrio (mapa), os
waypoints, € os locais de retirada de fotografias da missao. Essas informacdes especificadas pelo
projetista da missdo serdo salvas em um formato apropriado. Posteriormente, os sistemas MOSA
e IFA fardo as leituras dessas informagoes, de forma a seguir os waypoints e efetuar a retirada de

fotografias.

Esse mapeamento prévio das regides é importante para que o VANT conheca o cendrio
de voo, uma vez que, ndo serd feito processamento de imagens para desvio de obsticulos.
Na presente abordagem, todo o mapa estard na memoria da aeronave. Em diversos trabalhos
anteriores, como em Blackmore, Ono e Williams (2011), Ono, Williams e Blackmore (2013),

Arantes et al. (2016), apenas cendrios artificiais foram analisados.
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Figura 24 — Protocolo de mapeamento das regides e definicdo da missao.
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Fonte: Elaborada pelo autor.

As seguintes notacdes foram definidas afim de mapear as regides em que ocorrerd a

missao:

obstacle_nfz: esta regido define as dreas que o VANT estd estritamente proibido de sobrevoar
ou pousar, podendo representar, por exemplo, edificios, casas, bases militares, aeroportos,

entre outras.

penalty_zone: esta regidao define as dreas que o VANT pode sobrevoar, mas nao deve pousar.
Caso pouse, uma penalizacdo sera aplicada. Isso porque nessa drea encontram-se estruturas

de tamanho mediano como as arvores, lagos, montanhas, etc.

bonus_zone: esta regido define as dreas que o VANT pode sobrevoar e pousar. Essa regido pode

representar a pista de pouso do VANT, planicies, entre outras.

As seguintes notacdes foram definidas afim de registrar as atividades relacionadas a

missao:

waypoint: define um ponto de passagem que a aeronave deve cumprir durante a sua missao. Os
waypoints definidos serdo utilizados pelo MOSA para estabelecer a rota a ser seguida pela

acronave.

photo: define um ponto ou regido de pontos em que fotografia(s) deve(m) ser retirada(s). O sis-

tema MOSA ao atingir esse ponto ou regido de pontos efetua a retirada da(s) fotografia(s).
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A justificativa da escolha dessa ferramenta para a definicdo do mapa e da missdo se deu
pelo ambiente de edicdo, que atende todos os requisitos que necessitivamos: simplicidade de
utilizacdo; capacidade de cria¢do de poligonos, linhas e caminhos; capacidade de salvar/carregar

as informagdes em arquivo e facilidade de interpretacdo do arquivo.

5.6 Consideracoes Finais

Este capitulo apresentou a arquitetura proposta e como as arquiteturas da literatura
poderiam ser encaixadas neste trabalho. O estdgio atual da plataforma Ararinha foi mostrado,
bem como do iDroneAlpha. Por fim, foi mostrado um protocolo que estd sendo definido para
especificacdo do mapa e da missdo. O capitulo seguinte apresenta os resultados preliminares

obtidos até o momento.
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CAPITULO

RESULTADOS PRELIMINARES

“Vocé nunca sabe que resultados virdo da
sua acdo. Mas se vocé ndo fizer nada, ndo

existirdo resultados. ”
Mohandas Karamchand Gandhi

6.1 Consideracoes Iniciais

O presente capitulo apresenta alguns dos resultados preliminares ja obtidos. Maiores

detalhes podem ser encontrados nos artigos publicados anexados a este documento.

6.2 Resultados do Artigo do GECCO 2017

Esta secdo discute os resultados computacionais obtidos em dois experimentos desen-
volvidos e publicados no GECCO 2017, (ARANTES et al., 2017), disponivel no Apéndice A.
O primeiro experimento objetiva avaliar o desempenho do método Hybrid Genetic Algorithm
for mission (HGA4m) e do Multi-Population Genetic Algorithm for security (MPGA4s) quando
executado sobre a plataforma de hardware Intel Edison. O modelo dos métodos HGA4m e do
MPGA4s foram brevemente apresentados no Capitulo 4. O segundo experimento € um estudo de
caso mais especifico em que simulagdes sdo conduzidas sobre a arquitetura do sistema proposto
descrita no Capitulo 5. A Tabela 8 mostra os valores dos pardmetros para 0 HGA4m e MPGA4s
utilizados. Esses valores sdo os mesmos valores utilizados em Arantes ef al. (2016), Arantes et
al. (2015).

Um total de 40 mapas foi aleatoriamente gerado, usando um gerador proposto em
Blackmore, Ono e Williams (2011), para os experimentos com HGA4m, onde rotas para o
planejamento da missdo devem ser obtidas. A avaliacdo do método MPGA4s foi conduzida sobre
um conjunto de 60 mapas, em que havia 10 mapas para cada tipo de instancia como descrito em
Arantes et al. (2015), onde o replanejamento da rota para pouso em caso de situagdo critica deve
ser realizado. Os primeiros resultados foram obtido apds se executar o HGA4m por 10 vezes

sobre cada um dos 40 mapas. O HGA4m foi executado em duas plataformas de hardware. A
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Tabela 8 — Configuracdes utilizadas nos métodos HGA4m e MPGA4s.

Parametro Valor HGA4m | Valor MPGA4s
niimero de populacoes 3 3
tamanho da populacdo 3x13 3x13

taxa de crossover 5 0,5
taxa de mutacdo 0,7 0,75
critério de parada 10 segundos 1 segundo

Fonte: Elaborada pelo autor.

primeira delas foi a plataforma de computacao Intel Edison com processador dual-core com
500 MHz, 1 GB de memoria RAM e sistema operacional Linux - Yocto. A segunda foi um
Computador Pessoal (PC) regular com processador Intel i5 com 1.8 GHz, 4 GB de memoria
RAM, sistema operacional Linux - Ubuntu 16.04. Duas métricas principais sao comparadas:
numero de avaliacdes de fitness e tamanho da rota retornado. A Figura 25 mostra o niimero de

avaliagdes de fitness médios sobre 10 execugdes em cada instancia.

Figura 25 — Nimero de avaliacdes por instancia no método HGA4m.
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Fonte: Elaborada pelo autor.

O ndmero de avalia¢des € reduzido quando executando o HGA4m sobre a Edison como
poderia ser esperado. Isto significa que 0o HGA4m explora menos o espaco de busca do que ao
ser executado em um PC regular. Entretanto, a qualidade da solugao em termos de tamanho da
rota € praticamente a mesma como mostrado pela Figura 26. O tamanho da rota retornada com
a Edison foi similar a alcancada sobre a platatorma PC. Logo, a segunda métrica indica que a
qualidade das rotas retornadas € mantida quando o HGA4m € executado sobre uma plataforma

de hardware inferior.

A seguir € avaliado o MPGA4s sobre ambas plataformas, PC 15 e Edison, para resolver

um conjunto de 60 mapas. A Figura 27 mostra o nimero de avalia¢des (avaliacdes da funcao de
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Figura 26 — Tamanho da rota por instancia no método HGA4m.
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Fonte: Elaborada pelo autor.

fitness).

Figura 27 — Niimero de avaliagdes por instdncia no método MPGA4s.
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Fonte: Elaborada pelo autor.

Existem em média 805 avaliacdes da funcado de fitness executando MPGA4s com a
plataforma Edison, contra 34.440 avaliacdes executando sobre PC i5. A plataforma PC executa
aproximadamente 42 vezes mais avaliacdoes do que a Edison, mas a qualidade do desempenho

mantém-se satisfatéria como mostra a Figura 28.

O local de pouso pode ser pensando como uma maneira direta de medir a qualidade da
solucdo. A Figura 28 ilustra os locais onde o pouso ocorreu. Esse local € obtido através das
rotas do MPGA4s em ambas as arquiteturas avaliadas. Existem seis conjuntos de instancias (11,
12, --- 16), em que 0 MPGAA4s € avaliado levando em conta quatro situagdes criticas descritas
em Arantes et al. (2015): falha no motor (¥,,), superaquecimento da bateria (W), problema na

semi-asa direita (W,) e problema na semi-asa esquerda (Wy,). A cor azul indica o local de pouso
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Figura 28 — Local de pouso em ambas as arquiteturas de hardware para 0o MPGA4s.
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Fonte: Elaborada pelo autor.

em regido bonificadora, cor branca indica pouso em regido remanescente € cor cinza escuro
indica violacdo da restricao de ndo-navegabilidade. Essa imagem revela uma grande similaridade

entre os locais de pouso para as rotas retornadas em ambas arquiteturas de hardware.

Um estudo de caso também foi avaliado em que uma aplicacdo do mundo real para
planejamento de missdo e seguranca é conduzido. Nesse experimento, o desempenho do sistema
¢ também comparado quando executado sobre as plataformas Edison e PC i5. A Figura 29 (a)

mostra os resultados obtidos.

A rota completa planejada com o método HGA4m € representada por uma linha verde,
em que o VANT deve executar todo o plano da missdo. Essa rota é extremamente similar em
ambas as arquiteturas e ndo apresenta diferencgas significativas. Uma andlise dessa rota mostra

que a missdo é executada sem violagc@o das regides ndo-navegaveis.

A Figura 29 (a) também mostra pontos rotulados por F1, F2, F3, F4 e F5, que sao
lugares onde uma falha critica foi detectada. Entdo, o sistema proposto é avaliado quando uma
falha ocorre para cada uma desses pontos. O superaquecimento da bateria € assumido como
falha, forcando o sistema IFA a realizar um pouso de emergéncia. Nesse caso uma, linha azul

indica a rota emergencial retornada pela Edison. A linha vermelha indica a rota emergencial
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Figura 29 — Resultado do estudo de caso em um cendrio do mundo real no Campus 2-USP.

(a) Rotas obtidas pelo HGA4m e MPGA4s. (b) Rota obtida pelo HGA4m usando SITL.

Fonte: Elaborada pelo autor.

Tabela 9 — Diferentes simulagdes efetuadas usando SITL para validar as rotas.

Arquitetura | Método Avaliado Descricao Link Web
PCi5 HGA4m Rota completa sem falha <https://youtu.be/D22r8qZ4Wmo>
Edison HGA4m Rota completa sem falha <https://youtu.be/O-xMC51w5Sec>

PCi5 HGA4m e MGPA4s | Rota parcial com falhaem FS | <https://youtu.be/Vzt6sZgFhL.O>
Edison HGA4m e MGPA4s | Rota parcial com falha em F5 | <https://youtu.be/rTtg3ANmNvw>

Fonte: Elaborada pelo autor.

retornada pela plataforma PC. Todas as rotas sdo capazes de trazer com seguranca a aeronave ao

solo, pousando sobre regides bonificadoras, sem voar sobre regides ndo-navegaveis.

Um conjunto de simulagdes SITL foi utilizado para validar as rotas, em que o hardware
do piloto automdtico é simulado. A Figura 29 (b) apresenta os resultados obtidos quando a missao
é executada sem qualquer falha. As trajetorias seguidas pelo VANT durante essas simulagdes

apresentam um pequeno desvio da rota planejada pelo HGA4m.

Os videos na Tabela 9 mostram quatro de 12 experimentos conduzidos usando SITL,
incluindo quando falhas ocorrem, executando sobre PC i5 e Edison. E possivel ver que a
interagdo entre os médulos embarcados funcionam adequadamente e que o consumo de tempo

com HGA4m e MPGA4s ndo compromete os experimentos.


https://youtu.be/D22r8qZ4Wmo
https://youtu.be/O-xMC51w5ec
https://youtu.be/Vzt6sZgFhL0
https://youtu.be/rTtg3ANmNvw
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6.3 Resultados do Artigo do ICTAI 2017

Esta secdo discute brevemente os resultados computacionais obtidos nos experimentos
desenvolvidos e publicados no ICTAI 2017, (ARANTES et al., 2017), disponivel no Apén-
dice B. Esses experimentos avaliam o desempenho de quatro métodos quando executado sobre a
plataforma de hardware Intel Edison. Um estudo de caso foi avaliado, em que simulagdes sdao

conduzidas sobre a arquitetura do sistema proposto descrita no Capitulo 5.

A Figura 30 detalha o médulo de replanejamento de rota do sistema IFA. Apds detectar
uma falha, o sistema IFA aciona o médulo de replanejamento que envia as entradas: Estado
Inicial, Mapa, Modelo de Dinamica, Falha e Configuragdes para o algoritmo de replanejamento.
No médulo de replanejamento, uma das seguintes estratégias podem ser selecionadas: Heuristica
Gulosa (HG), Algoritmo Genético (AG), combinacdo do AG executando em paralelo (AG-AG)
e combinacdo do AG com HG executando em paralelo (AG-HG). A estratégia selecionada
retornard a seguinte informagao: Conjunto de Waypoints, Local de Pouso, Probabilidade de
Pouso e Fitness. Essas saidas retornam ao médulo de replanejamento de rota que comanda o AP

para abortar a rota atual (missdo) e seguir o novo caminho.

Figura 30 — Arquitetura do sistema embarcado no médulo de replanejamento de rotas.

Y

Entrada Métodos Saida
j ’7 Estado| _ _|Conjunto de
= / Inicial HG Waypoints
o
£ " .
g o I apa > AG _| Local de
© = ° Pouso
£ O £l _|Modelode|
@ |2 o[ |pinamica [
@l |le D AG-HG _ [probabilidade
v e > Falha > de Pouso
T o N

\ AG-AG
\Conﬁg > Fitness

Fonte: Elaborada pelo autor.

Tratam-se de estratégias baseadas em comité que serdo comparadas a uma simples
execu¢do da HG e AG. A Figura 31 mostra o fluxo de execucdo das estratégias propostas. Depois
que uma situagdo critica foi detectada, dois métodos sdo executados em paralelo usando os
dois nucleos disponiveis € a melhor solucdo € retornada no final. A Figura 31 (a) mostra a
estratégia baseada em comité que usa a combinagdo do AG e HG (AG-HG), enquanto o método
da Figure 31 (b) executa dois AGs em paralelo (AG-AG).

As configuracdes do AG sio as mesmas descritas na Tabela 8. Nesses experimentos duas

situacdes criticas foram avaliadas: problema na bateria e no motor.
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Figura 31 — Estratégias implementadas executando os métodos em paralelo.
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Fonte: Elaborada pelo autor.

Um total de 30 mapas foram avaliados. A Tabela 10 apresenta os resultados alcancados
para cada abordagem (HG, AG, AG-HG e AG-AG). Esses resultados sdo as taxas de sucesso,
quando a aeronave executa um pouso seguro. Também & mostrado o Critério de Parada (CP) do
algoritmo genético, em que a execu¢do da HG ndo foi previamente configurada com limite de
tempo, pois € uma heuristica deterministica de rapida execucdo. As colunas ¥, e W¥,, representam
a taxa de pouso com sucesso diante uma falha na bateria e no motor, respectivamente. A coluna
Meédia indica a média das colunas ¥, e ¥,,. A coluna Tempo indica a dura¢@o do processamento

em milissegundos (ms).

Tabela 10 — Resultados obtidos depois de avaliar diferentes estratégias em mapas artificiais.

Intel i5 Intel Edison
Métodos | CP (ms) ¥, R Média | Tempo ¥, Y., Média | Tempo
HG - 86,7% | 60,0% | 73,3% 41 86,7% | 60,0% | 73,3% 347
AG 250 96,3% | 72,0% | 84,2% 250 72,3% | 62,3% | 67,3% 250
AG 500 99,0% | 73,0% | 86,0% 500 84, 7% | 65,3% | 75,0% 500
AG 1000 98,3% | 75,7% | 87,0% | 1000 | 91,0% | 68,0% | 79,5% | 1000

AG-HG 250 95,3% | 71,0% | 83,2% 250 | 89,3% | 62,7% | 76,0% 309
AG-HG 500 100,0% | 72,3% | 86,2% 500 | 90,3% | 65,7% | 78,0% | 510
AG-HG 1000 99,3% | 76,0% | 87,7% | 1000 | 92,3% | 69,0% | 80,7% | 1000
AG-AG 250 99,3% | 72,3% | 85,8% 250 | 81,0% | 65,0% | 73,0% | 250
AG-AG 500 99,7% | 73,3% | 86,5% 500 | 89,7% | 68,3% | 79,0% | 500
AG-AG 1000 99,7% | 78,0% | 88,8% | 1000 | 94,7% | 70,0% | 82,3% | 1000
Média - 97.4% | 72,4% | 84,9% - 87,2% | 65,6% | 76,4% -

Fonte: Elaborada pelo autor.

Os resultados dos métodos que executam no computador Intel 15 sdo competitivos com

base nos valores relatados. O VANT conseguiu pousar com seguranga, em média de 83,2% até
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88,8% dos casos, exceto pela HG que pousa a aeronave 73,3% das vezes. Por outro lado, a HG
precisa apenas de 41,2 milissegundos em média para retornar um novo caminho. Além disso, o
aumento no limite de tempo melhora os resultados globais, apenas 5,6% (de 83,2% até 88,8%),

mesmo quando executado quatro vezes mais.

A HG mantém sua qualidade, pois € uma heuristica determinista. No entanto, o tempo de
execucdo aumenta de 41 ms na Intel i5 para 347 ms na Intel Edison, o que significa uma perda
de desempenho em torno de 8,4 vezes. As taxas de sucesso dos outros métodos mudam de 67,3%
para 82,3%, o que significa uma diferenca em torno de 15% com base na estratégia, bem como o
limite de tempo associado. As estratégias baseadas em comité superam a HG para a maioria dos
casos, enquanto eles sdo melhores do que GA quando comparados dentro do mesmo limite de
tempo de execugdo. A estratégia AG-HG retorna uma taxa de pouso de sucesso em 76,0% em
pouco tempo (250 ms), enquanto a estratégia AG-AG tem melhores taxas de sucesso que variam
de 500 ms a 1000 ms.

Um conjunto de simulag¢des foram executadas a partir de um estudo de caso sobre um
cendrio para imageamento aéreo. A Figura 32 mostra a rota seguida pelo VANT durante a missao.
Existem varias falhas rotuladas como F1, F2, F3 e F4 que serdo simuladas em que o sistema
IFA detecta essas falhas. Em seguida, o algoritmo de replanejamento é executado. A nova rota é

enviado para o piloto automaético e a missao atual é interrompida.

Figura 32 — Resultado do estudo de caso em um cendrio do mundo real usando AG.

Fonte: Elaborada pelo autor.
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As rotas brancas na Figura 32 representam o caminho replanejado para a falha da bateria,
enquanto as rotas pretas representam a falha do motor. Essas trajetorias foram determinadas
aplicando a estratégia AG-AG. A aeronave foi capaz de pousar em uma regido bonificadora em

quase todos os casos, em que a Unica excecao foi a falha no motor (F4).

A Tabela 11 apresenta algumas das simulagdes usando SITL para validar as rotas geradas
pelo AG-AG, ap6s uma falha critica na bateria. Essa estratégia foi executada na Intel Edison. As
simula¢Oes mostram que o piloto automético do VANT € capaz de seguir o caminho de pouso de

emergéncia enviado pelo método.

Tabela 11 — Diferentes simulagdes efetuadas usando SITL para validar as rotas do AG.

Simula¢do | Descricao Link Web
Simulacdo 1 | Falha critica na bateria em F1 <https://youtu.be/IPYJ6nVCBRs>
Simulagdo 2 | Falha critica na bateria em F2 <https://youtu.be/k38GBjMSjXU>
Simulacdo 3 | Falha critica na bateria em F3 <https://youtu.be/SQebmNOnUkg>
Simulacdo 4 | Falha critica na bateria em F4 <https://youtu.be/E6L2kQBF-ps>
Simulag¢do 5 | Rota completa sem falha critica | <https://youtu.be/DxWcQVyJtFQ>

Fonte: Elaborada pelo autor.

6.4 Consideracoes Finais

Este capitulo apresentou os resultados preliminares ja obtidos durante o doutorado,
em que dois artigos publicados em conferéncias internacionais foram brevemente descritos. O

proximo capitulo apresenta o cronograma proposto para execugdo deste projeto de doutorado.


https://youtu.be/lPYJ6nVCBRs
https://youtu.be/k38GBjM5jXU
https://youtu.be/SQebmNOnUkg
https://youtu.be/E6L2kQBF-ps
https://youtu.be/DxWcQVyJtFQ
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CRONOGRAMA

“Toda e qualquer conquista de vida requer

””

planejamento e estratégia.

Thaianne Vendncio de Farias

As atividades definidas e o cronograma previsto para a tese sdo apresentados a seguir:

Disciplinas: Cumprimento do ndimero minimo de créditos em disciplinas exigido pelo

programa de pds-graduacdo do ICMC/USP.
Proficiéncia: Exame de proficiéncia em lingua inglesa.

Revisao Bibliografica: Uma revisao abrangente da literatura serd realizada e atualizada

ao longo do desenvolvimento da pesquisa.
Desenvolvimento: Adaptar e desenvolver uma primeira versao conjunta de I[FA e MOSA.

Desenvolvimento: Propor/desenvolver algoritmos para fazer a detec¢do automdtica de
falhas que serdo integrados no IFA, baseados nos dados dos sensores. Estratégias como

fusdo de sensores poderdo ser utilizados nesta fase.

Qualificacdo: Ao final de um ano e meio, o candidato deverd redigir e apresentar seu

exame de qualificacdo a uma banca examinadora.

Testes, Simulacoes e Analises dos Resultados: Os algoritmos elaborados serdo avaliados
procurando os melhores pardmetros e configuragdes. Simulagdes em experimentos serdo
realizadas. Andlises e comparagdes dos resultados encontradas serdo comparados entre si

e com outras técnicas da literatura.

Embarcar: Primeiros testes em Software-In-The-Loop (SITL) com o sistema IFA e
MOSA. Em seguida, efetuar testes em Hardware-In-The-Loop. Por fim, fazer testes em

voos reais do sistema embarcado.
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I) Elaboracao de Artigos: O trabalho desenvolvido serd documentado apropriadamente na

forma de artigos cientificos.

J) Elaboracao da Tese: O trabalho desenvolvido serd documentado na forma da tese de

doutorado, com defesa prevista para Abril de 2019.

Tabela 12 — Cronograma de execucio das atividades.

Meses

Atividades | 01-06 | 07-12 | 13-18 | 19-24 | 25-30 | 31-36 | 37-42
A) v v
B) v
O) v v v
D) v
E)
F)
G)
H)
I) v
J)

ANENEN

O cronograma para execucdo das atividades previstas segue na Tabela 12. As atividades
marcadas com o simbolo (v') foram executadas e concluidas e as indicadas por (e) estdo previstas

para serem executadas nas proximas etapas deste trabalho.
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CONSIDERACOES FINAIS

“ O futuro dependerd daquilo que fazemos

”

no presente.

Mohandas Karamchand Gandhi

8.1 Resumo

A presente proposta de doutorado visa o desenvolvimento de um sistema autdnomo
para Veiculos Aéreos Nao-Tripulados (VANTS). Pretende-se aumentar a autonomia da aeronave
incorporando nela um computador de bordo, em que os sistemas Mission Oriented Sensor
Array (MOSA) e In-Flight Awareness (IFA) serdo executados. Nessa primeira etapa, diversas
arquiteturas foram estudadas de forma a desenvolver uma arquitetura capaz de integrar o MOSA

e IFA com diversos requisitos existentes nas mais diversas aplicagdes reportadas na literatura.

Até o presente momento, avangos ja foram feitos como: (i) constru¢ao do VANT iDro-
neAlpha, que incorpora um computador de bordo com piloto automatico e seus periféricos; (ii)
diversos experimentos avaliando os algoritmos planejadores de missdo e rotas de pouso emer-
gencial na Intel Edison; (iii) validacdo das rotas obtidas em experimentos Software-In-The-Loop
(SITL); (iv) aprendizado sobre o funcionamento do ambiente de testes Hardware-In-The-Loop
(HITL); (v) implementac¢do bésica dos sistemas MOSA e 1FA.

8.2 Artigos Publicados

Os seguintes artigos foram escritos e publicados durante a elaboracdo desta tese:

An Embedded System Architecture based on Genetic Algorithms for Mission and Safety
Planning with UAV: Publicado na conferéncia Genetic and Evolutionary Computation
Conference (GECCO) em 2017. Qualis Al. Resultado direto da presente tese de doutorado.
Encontra-se no Apéndice A.
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Evaluating Hardware Platforms and PathRe-Planning Strategies for the UAV Emergency-
Landing Problem: Publicado na conferéncia IEEE International Conference on Tools
with Artificial Intelligence (ICTAI) em 2017. Qualis B1. Resultado direto da presente tese

de doutorado. Encontra-se no Apéndice B.

Heuristic and Genetic Algorithm Approaches for UAV Path Planning under Critical Si-
tuation: Publicado na revista International Journal on Artificial Intelligence Tools (1JAIT)
em 2017. Qualis B1. Resultado direto da minha dissertacao de mestrado e indireto desta

tese. Encontra-se no Apéndice C.

8.3 Proximas Etapas

Nas proximas etapas, pretende-se avangar em experimentos reais envolvendo as platafor-
mas iDroneAlpha e Ararinha. Uma pequena parte da implementacio dos sistemas MOSA e IFA
ja foi realizada e embarcada na placa Intel Edison. Essas implementagdes serdo continuada de
forma que os sistemas MOSA e IFA se tornem robustos o suficiente para a realizacdo de voos
autdbnomos, e capazes de realizarem missdes reais em aplicagcdes como imageamento aéreo e

pulverizagdo.

Espera-se atingir trés objetivos principais: (i) uma contribuicao efetiva para a drea de
VANTS, a partir da introducao de uma arquitetura de propdsito geral, resiliente e autdbnoma;
(i1) desenvolvimento dos sistemas relacionados com foco em sistemas autdbnomos que integrem
efetivamente a execug@o da missao e a seguranga de voo; (iii) avaliagdo da atuacdo conjunta dos
sistemas MOSA e IFA, bem como, de algoritmos de planejamento de missdo e pouso, através de

experimentos simulados e de voos nas plataformas iDroneAlpha e Ararinha.

Ao final de toda a pesquisa deseja-se divulgar: os coédigos-fonte como open-source
na plataforma GitHub; e a montagem da arquitetura de hardware necessdria a automatizagao
do VANT. Espera-se obter uma plataforma de baixo custo e de baixo peso que poderd ser
utilizada em VANTS de asa fixa e asa rotativa, além de poder ser expansivel para outros veiculos

nao-tripulados como veiculos terrestres € marinhos.
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GLOSSARIO

Aeronave de Asa Fixa: aeronave capaz de voar usando a asa fixada em seu chassi. Alguns

exemplos dessas aeronaves sdo: Ararinha e Rascal.

Aeronave de Asa Rotativa: aeronave em que sua asa € representada por hélices que giram em
torno de um eixo vertical. Alguns exemplos dessas aeronaves sao: helicopteros, quadricop-

teros e multicopteros.

Avidnicos: diz respeito a toda a eletronica a bordo do avido, como por exemplo, piloto automa-

tico, companion computer, receptor de radio controle, médulo de telemetria e GPS.

Companion Computer: é um computador a bordo da aeronave, que auxilia nas tomadas de

decisio durante o voo.

Estacao de Controle de Solo: ¢ um software executado em um computador no solo que recebe
informacdes de telemetria do VANT, exibe seu progresso e status, e transmitir comandos a

acronave.

Firmware do Piloto Automatico: ¢ o programa que controla o hardware do piloto automatico

determinando como ele ird operar.

Logs de Voos: conjunto de informagdes, sobre o comportamento da aeronave, salva pelo piloto

automatico durante o voo.

MAVLink: protocolo de comunicag¢ao utilizado nos pilotos autométicos de VANTSs.

Piloto Automatico: equipamento acoplado ao VANT capaz de estabilizar o voo, manter a

posicdo e seguir waypoints.

Simulador de Voo: ¢ um software que tenta recriar a realidade existente no voo de uma aeronave

simulando tanto o cenério quanto a aeronave..

Simulacdao HITL: permite executar missdes de VANTs em que parte dos componentes sdo
simulados e parte sdo fisicos. A aeronave e o ambiente sdo simulados, ja o AP, telemetria,

receptor de radio controle, controle de radio sao todos hardwares fisicos.
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Simulacgdo SITL: permite executar missdes de VANTSs sem nenhum hardware fisico, dessa
forma, todo o ambiente, hardware da aeronave, hardware do piloto automético e sistema

de comunicagdo sao emulados.

Sistema de Telemetria: sistema de comunicagio entre o computador em solo e a aeronave no

ar capaz de fazer o monitoramento do voo.
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APENDICE

ARQUITETURA EMBARCADA BASEADA
EM ALGORITMOS GENETICOS

Artigo completo publicado na conferéncia Genetic and Evolutionary Computation Confe-
rence (GECCO) em 2017, com qualis Al em ciéncia da computagdo. Nesse trabalho € feita uma
andlise de desempenho dos algoritmos de planejamento e replanejamento de rotas em VANTSs
embarcados no companion computer Intel Edison. Esse trabalho apresenta uma primeira versao
dos sistemas MOSA e IFA e sua arquitetura funcionando em conjunto, sendo resultado direto da

presente proposta de doutorado.
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ABSTRACT

The present paper describes an embedded system architecture,
based on genetic algorithms, aiming safety mission execution by
Unmanned Aerial Vehicles (UAVs). A two-dimensional non-convex
environment is considered since obstacle avoidance happens. The
embedded system integrates the Mission Oriented Sensor Array
(MOSA) and In-Flight Awareness (IFA) systems, where MOSA is
responsible for mission accomplishment and IFA stands for flight
safety. The features of MOSA and IFA are combined under a plat-
form that applies promising genetic algorithm approaches from
literature to reach their goals. First, the genetic algorithms perfor-
mance running from the embedded system is compared against their
performance on a personal computer architecture. Next, the pro-
posed system is evaluated in a real-world scenario using Software-
In-The-Loop (SITL) technique. The computational results showed
that the embedded system provides reliable results.

CCS CONCEPTS

«Computer systems organization — Evolutionary robotics;
Robotic autonomy; «Computing methodologies — Planning un-
der uncertainty;

KEYWORDS

Embedded System, Evolutionary Computation, Path Planning, Un-
manned Aerial Vehicles

ACM Reference format:

Jesimar da Silva Arantes, Marcio da Silva Arantes, Claudio Fabiano Motta
Toledo, Onofre Trindade Junior, and Brian C. Williams. 2017. An Embedded
System Architecture based on Genetic Algorithms for Mission and Safety
Planning with UAV. In Proceedings of GECCO ’17, Berlin, Germany, July
15-19, 2017, 8 pages.

DOI http://dx.doi.org/10.1145/3071178.3071302

Permission to make digital or hard copies of all or part of this work for personal or
classroom use is granted without fee provided that copies are not made or distributed
for profit or commercial advantage and that copies bear this notice and the full citation
on the first page. Copyrights for components of this work owned by others than ACM
must be honored. Abstracting with credit is permitted. To copy otherwise, or republish,
to post on servers or to redistribute to lists, requires prior specific permission and/or a
fee. Request permissions from permissions@acm.org.

GECCO ’17, Berlin, Germany

© 2017 ACM. 978-1-4503-4920-8/17/07...$15.00

DOI: http://dx.doi.org/10.1145/3071178.3071302

Marcio da Silva Arantes

University of Sdo Paulo - USP

Sao Carlos, Sao Paulo, Brazil
marcio@icmc.usp.br

1049

Claudio Fabiano Motta Toledo
University of Sdo Paulo - USP
Sao Carlos, Sdao Paulo, Brazil
claudio@icmc.usp.br

Brian C. Williams

Massachusetts Institute of
Technology - MIT
Cambridge, Massachusetts, USA
williams@mit.edu

1 INTRODUCTION

The present paper proposes an embedded system architecture for
Unmanned Aerial Vehicle (UAV), based on Genetic Algorithms (GA),
aiming mission execution and flight safety. The supervision of mis-
sion systems applies the concept of Mission Oriented Sensor Array
(MOSA) described in [6], which is focused on those subsystems
responsible for mission accomplishment. The supervision of safety
systems applies the concept of In-Flight Awareness (IFA) that stands
for ensuring flight safety by monitoring in real-time the aircraft
operation as proposed by [10].

MOSA concept becomes possible to setup the aircraft for different
missions by separating mission systems from other control systems.
For instance, the flight navigation path can be included among
MOSA attributes. In this case, the mission systems will sense if
the aircraft follows the path, making adjustments in the trajectory
when necessary. The present paper will include the evolutionary
algorithm adapted from [2] within MOSA module, named here
as Hybrid Genetic Algorithm for mission (HGA4m). The HGA4m
defines a path planning that avoids obstacles within a safety margin
of risk, executes it within a short computational time and minimizes
fuel consumption. Moreover, the mission system module will be
able to provide autonomously reliable trajectories.

On the other hand, IFA concept includes those systems that
are monitoring the operation of aircraft. The IFA module takes
control in case of any situation that puts the flight at risk, which
can happen by internal (subsystems problems) or external (bad
weather, intruder aircraft) conditions. The evolutionary algorithm
adapted from [1], named here Multi-Population Genetic Algorithm
for security (MPGA4s), will be integrated to IFA module. The
MPGA4s was designed for path re-planning under critical situations,
where the aim is to land the aircraft safely.

The flight occurs in non-convex environment, which means the
presence of non-navigable regions. The MOSA and IFA systems
along with HGA4m and MPGA4s are embedded in a hardware
platform for UAVs. Their performance on such hardware platform
is compared against a Personal Computer (PC) architecture. A
simulation is also conducted to evaluate the embedded system
behaviour using Software-In-The-Loop (SITL) technique.

The paper is organized as follows: section 2 describes some
related work and section 3 defines the problem to be studied. The
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proposed method is introduced in section 4 and computational
results are reported in section 5. The conclusions of this work
follow in section 6.

2 RELATED WORK

The ideas and concepts related to MOSA and its basic structure are
reported in [5, 6]. A MOSA architecture can be designed to include
sensors, processors and communication hardwares as well as to
execute a real-time data processing. MOSA is in charge of the path
planning execution as reported in [6]. The authors in [5] apply the
MOSA concept as reference to design a system that automatically
produce thematic maps by processing raw data collected from an
array of sensors. A case study was reported with feasible results
achieved, where MOSA managed the UAV mission that included
to fly until the source of an event and gathering data. The systems
designed were able to combine data from a thermal camera and
on-the-ground microphone array.

IFA concept is defined in [10] as a supervisor system that moni-
tors all aspects related to the safety of the aircraft. This monitoring
is done through a set of sensors that verify the operation of the
main components of the aircraft, aiming to mitigate accidents or
simply update the flight plan. IFA establishes a model for obtaining
situational awareness for unmanned aircraft regarding the opera-
tions of its systems as well as the surroundings environment. The
aim is to identify autonomously a threat and effectively to avoid
or mitigate a possible accident as described in [10]. The authors in
[9] proposed an implementation for such concept, named In-Flight
Awareness Augmentation System. This system was implemented
as part of the autopilot software in a small fixed wing UAV, where
it is reported an awareness improvement in safety based on a total
of 100 flights.

The systems reported in [5] and [9] were not embedded on any
platform, this work contributes in this sense. In addition, there is
not a system integrating MOSA and IFA reported in the literature
so far, the present paper describes such integration.

An architecture for UAV focused on spray systems against agri-
cultural pests is proposed in [15] that allows the automatic execu-
tion of spraying on plantations. A system to control the trajectory is
proposed in [12] based on predictive control and considering exter-
nal perturbations to the flight. Another architecture for trajectory
control, combining hardware and software, is developed in [13]
which allows the UAV to perform maneuvers avoiding obstacles
and other aircraft in real-time. The authors in [11] introduce an
optimized implementation based on software to detect failures and
avoid degradation of performance in embedded systems that in-
cludes UAVs systems. The architectures proposed in [11-13, 15] do
not describe a similar division between mission execution systems
and awareness systems as proposed here, which can provide more
autonomy and resiliency to the UAV systems.

A set of critical situations for UAV flight are taking into account
in [1]. These situations lead the UAV to execute a hard landing
triggered by equipment failures or environmental situations, where
the goal is to define a path that will land the aircraft without risk for
people, properties and itself. A Multi-Population Genetic Algorithm,
named here as MPGA4s, and a greed heuristic are proposed to define
a landing trajectory by taking into account the type of critical
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situation. The methods are evaluated over a set of 600 maps, where
the MPGA4s performs better. Experiments using FlightGear (FG)
Flight Simulator are also executed.

The authors in [2] present an evolutionary algorithm, named
here as HGA4m, which defines a path planning for UAVs to ex-
ecute missions in a non-convex environment with uncertainties.
HGA4m combines a multi-population genetic algorithm [14] with
visibility graph [8] by solving linear programming models to find
paths. HGA4m is applied to find paths for a set of 50 maps and
its results are compared against an exact and heuristic approaches
with competitive results achieved within a short computational
time.

In the current paper, HGA4m is integrated to MOSA system
while MPGA4s is added to IFA. The autonomous system produced
is evaluated running under a hardware platform. The evaluations
done here differ from those reported in [1, 2] since the proposed
system will perform more complete missions. In addition, the
results achieved are also validated by Software-In-The-Loop (SITL)
technique.

Hardware-In-The-Loop (HITL) simulations usually combine sim-
ulated software systems with physical hardware. The authors in
[4] present a HITL framework composed of on-board hardware,
flight controller, ground station and integration software for a UAV
helicopter. A framework is presented in [7] to run HITL simulations
for UAV based on a vision control system. The developed platform
has an UAV with on-board autopilot and a camera interconnected
to virtual reality software. In the present paper, the simulations
are executed using Software-In-The-Loop (SITL), where all aircraft
hardware is emulated in software, similarly to the work described
in [12].

To sum up, this paper contributes to the development of a more
versatile architecture focused on mission execution and security.
The idea is to develop a platform that enables the integration of
systems like MOSA [5] and IFA [9], mission planning algorithms as
HGA4m [2], path re-planning for emergency landing as MPGA4s
[1], control of trajectory as described in [12, 13] and the execution
of different types of mission as proposed in [15].

3 PROBLEM DESCRIPTION

Figure 1 illustrates how previous literature works lead to the prob-
lem approached by this paper. Figure 1 (a) shows a scenario from
which the path planning problem was addressed in [3] and [2].
The authors in [3] introduced the Chance-constraint Non-convex
Path-planning Problem (CNPP), where an UAV must reach a goal
position from a start one by avoiding no-fly zones (NFZ) such as
regular airport, populated regions, military bases or storm areas.
It is possible to fly over forests and mountains, but uncertainties
related to the environment and the UAVs dynamics can deviate the
UAV to reach a NFZ or even to hit a mountain. Therefore, a certain
level of risk is assumed by chance-constraints and the problem
becomes to find a path by optimizing a measure, such as distance,
without exceeding the level of risk. The authors in [3] described
this problem using a nonlinear mixed-integer programming model,
but heuristics are proposed that solve mixed-integer linear pro-
gramming models. A genetic algorithm is combined with visibility
graph to solve the same problem in [2].
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Figure 1: Illustrative scenarios of the mission and path planning problem. (a) Example of path planning addressed in [3] and
[2]. (b) Example of emergency path re-planning addressed in [1]. (c) Example of mission addressed in this paper.

Figure 1 (b) shows a scenario where the problem of path re-
planning under a critical situation was addressed by [1]. The path
re-planning is defined for the same chance-constraint and non-
convex environment from [2, 3]. However, the type of critical
situation is now considered since it may impact in the aircraft’s
flight ability (UAV dynamic). Thus, the regions are previously
mapped and labeled as no-fly zones, where the UAV can not land;
bonus regions, where the UAV can land; and penalty regions, where
the UAV can land but suffering some damage. More details about
this mapping of regions are available in [1]. The MPGA4s method
was applied to find a landing trajectory.

Figure 1 (c) illustrates a scenario for mission planning that con-
siders all those aspects together. In this case, path planning is
demanded for different starts and goal positions, and it can be done
during the flight. Also, during the flight, a critical situation may
occur, leading the aircraft to perform an emergency landing. This
is the scenario approached by the present paper.

The aspects mentioned above will be properly described by two
stochastic mathematical formulations. The first formulation de-
scribes the CNPP as introduced by [3].

Minimize Z u - uy (1)
subject to: [
XT = Xgoql 2
X¢41 = AXy + Buy + oy Y(t) ©)
X0 ~ N(%0,Zx,), @ ~N(0,Zs,) V() (4
Pr /\/\x”é@}l >1-A (5)
jot

In the above model the state vector x; has the vehicle’s positions
p and velocities v, while the control vector u; has acceleration
defined by expressions (6).
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The inputs are initial position (%), goal position (£404;), dy-
namic control matrices A and B, time horizon (¢t = 0,- - - T), time
interval (At), external uncertainties (w;) and level of risk (A). The
decision variables are UAV states (x;) and controls (u;) applied at
each time step (t). The objective function (1) is the scalar product
of the controls that is minimized during the mission planning. This
measure may be related to fuel consumption or distance traveled.
The vehicle state (x7) must reach the goal position (x4047) at the
end of this mission by constraint (2). The vehicle state transitions
is described in constraints (3), where the first state (x¢) follows a
Gaussian distribution of the initial expected state (%) with covari-
ance matrix (Zy,). There is an additive Gaussian white noise (w;)
with covariance matrix (2., ) applied to each state transition. Con-
straint (5) stands that vehicle states (x;) must be out of obstacles
(@j") for all time steps . The expression Pr[-] > 1 — A reports that
the probability of the vehicle being outside of all obstacles must be
greater than or equal to 1 — A. Thus, the probability of failure must
be less than A.

The second formulation, introduced in [1], describes all con-
straints related to the path re-planning problem under critical situ-
ation.

Minimize Pr( \/ XT € @f) - Pr( (7)

\/XT € @Jb)
i

j
subject to:
Xt+1 = Fy(xz,uz) + 0 v(t) 8)
X0 ~ N (%0,Zx,), @t ~N(0,20,) (1) )
Pr /\Ax,et@;’ >1-A (10)
jt

In the above model the state vector x; has the vehicle’s positions
p, velocities v and angle o while the control vector u; has accelera-
tion a and angular variation ¢ as defined by expressions (11).
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Xt = [px py v )T, uwpi=[ae)T (11)

The inputs include initial position (Xp) at the moment of failure,
nonlinear state transition function (Fy), time horizon (t = 0, - - - K),
time interval (At), external uncertainties (w;) and level of risk (A).
The decision variables are UAV states (x;) and controls (u;) applied
at each time step (t). The objective function (7) defines penalties
on the chance of landing the aircraft over a penalty region ((O)f )
and rewards for the chance of landing the UAV on bonus regions
(O}’ ). The transition function of the vehicle states is described
by constraint (8), where the initial state (xo) follows a Gaussian
distribution of the expected state (Xp) with covariance matrix (Zy).
A white Gaussian noise (w;) with covariance matrix (2, ) is applied
to each transition. The constraint (10) defines that the vehicle states
should be outside the obstacles (@;‘) for all time step ¢.

Figure 2: Real world case study for mission and safety.

A case study is also conducted by the present paper in order to
verify the joint operation of the mission planning with safe lading
under critical situation. Figure 2 describes the scenario for this
case study, where a set of waypoints is specified (green color). The
aircraft start its route at point A and must go through each of these
waypoints. The region highlighted by red color is the border of our
safe region (navigable area). It is also shown a set of regions that
was previously mapped. These regions are represented by convex
polygons, where the gray color represents NFZ regions, blue color
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represents bonus regions (safe landing area) and the orange color
represents penalty regions (landing area with some damage for
UAV).

The scenario in Figure 2 allows us to give more details about
how the problem is approached by this paper:

Mission Plan: The UAV should start its flight at the point A and
proceed to the goal points B, C, D, E, F, G, H and then conclude its
flight at A. This sequence of points determines the whole mission to be
followed by the UAV that will take pictures at each region. However,
the next goal can be provided to the aircraft during the flight.

The tasks of MOSA and IFA systems during this mission are
described next:

MOSA System: MOSA system is responsible for fulfilling the mission
defined above. In this way, it first plans the route that minimizes the
aircraft’s fuel consumption between waypoints A and B. Next, the
system oversees the implementation of the route by autopilot as well
as the right instant to start taking pictures. At the same time, the
system also defines the next route between waypoints B and C, and
so on during the mission execution.

IFA System: During the mission, the internal states of the aircraft
is being monitored by IFA system. The UAV may present a failure,
such as battery overheating, due to unforeseen event on the aircraft.
The supervisor system (IFA) is in charge to detect such failure and
it may decide to abort the current mission. In this case, the UAV
control executed by MOSA is interrupted and an algorithm for path
re-planning is executed aiming to define a landing route.

4 METHODS

The architecture of the embedded system proposed is shown in
Figure 3.

ollow
point
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MOSA System |———

| Sensor || Mission
Fusion

Control

Data
Acquisition

i Camera Path ommunication|
| Control Planning Control

IFA System |—

| Sensor || Security |
Fusion

Data

Acquisition Control

Decision Path ommunication|
Makin Re-planning Control

Figure 3: Embedded system architecture in the aircraft.
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The system has four main hardware components: actuators,
autopilot, sensors and embedded processor. Actuators allow the
displacement and maneuvers execution of the UAV; the sensors
are responsible for capturing information from the environment
aiming to aid navigation, mission execution and flight; the autopilot
is responsible for navigation keeping the aircraft in the route; and
the dual core embedded processor is dedicated to executing MOSA
and IFA systems.

The main modules of MOSA are data acquisition, sensor fu-
sion, mission control, camera control, communication control and
path planning. The present paper focuses in the this last module
where HGA4m is integrated. The main components of the IFA are
data acquisition, sensor fusion, security control, decision making,
communication control and path re-planning where MPGA4s is
integrated. The path planning and re-planning modules are the
ones that consume more processing in this embedded architecture,
since they solve non-convex path planning problems.

Figure 4 illustrates the state machine of path planning module
in MOSA system.

—{MOSA - Path Planning Module |

Waiting
- ’- Processing
Disabled .- Route - HGA4m

Ready Route

Figure 4: State machine of path planning module in MOSA.

Initially the subsystem is kept in Waiting state from which it
can switch to Processing Route state, where HGA4m is triggered,
changing its state to Ready Route, when the new path is sent to au-
topilot. The Disabled state can be reached always a critical situation
happens, leading MOSA modules to abort the current processing.
Figure 5 shows the state machine of path re-planning module in
IFA system.

—]IFA - Path Re-planning Module |

Disabled

Processing
Route - MPGA4s
Ready Route

Figure 5: State machine of path re-planning module in IFA.

Path re-planning module starts from Monitoring state and changes
to Processing Route state in case of a system failure. As soon as
the route is returned by MPGA4s, the current state becomes Ready
Route where the trajectory is sent to autopilot. Next, the system
returns to Monitoring state. This module can enter the Disabled
state since an event related to a severe fault happens. For instance,
such severe fault can lead IFA to abort all systems to trigger the
aircraft parachute.
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5 COMPUTATIONAL RESULTS

This section discusses the computational results obtained in two
experiments. The first experiment aims to evaluate HGA4m and
MPGA4s performance when running under a hardware platform.
The second experiment is a more specific case study where simula-
tions are conducted with the proposed system architecture. Table 1
shows parameter values set for HGA4m and MPGA4s, which are
practically the same reported in [1, 2]. The only exception is the
stopping criterion for MPGA4s that has been changed from number
of evaluations to time limit. This change is important to ensure
that the method returns an emergency route within a short com-
putational time. The crossover rate is 5.0 for HGA4m and 0.5 for
MPGA4s, which means HGA4m and MPGA4s will generate, respec-
tively, 195 and 19 new individuals (crossRate*popSize, see [1, 2]) at
each generation. The mutation rates are seemingly high since the
mutation operators designed are very subtle.

Table 1: Settings used in the HGA4m and MPGA4s method.

Parameters Value HGA4m | Value MPGA4s
number of populations 3 3
population size 3x13 3x13
crossover rate 5 0.5
mutation rate 0.7 0.75
stopping criterion 10 sec 1 sec

The parameter settings Xy, Xgoal> T, At, A, A, B, 5y, and 3,
used in the mathematical models of the section 3 are the same
used for HGA4m described in [2]. The same occurs for parameter
settings Xo, T, At, A, Fy, 2y, and 2, in MPGA4s as defined in [1].

A total of 40 maps is randomly generated, using the generator
proposed in [3], for the experiments with HGA4m. The evaluation
of MPGA4s method is conducted over a set of 60 maps, where
there are 10 maps for each type of instance as described in [1]. The
experiments are designed and calibrated based on a fixed wing UAV
called Ararinha. The parameters related to Ararinha are depicted
in Table 2. During the experiments using SITL with FlightGear (FG)
simulator, the Rascal 110 aircraft is used due to its similarity to the
Ararinha.

Table 2: Technical specifications of the Ararinha and Rascal.

Component | Value Ararinha | Value Rascal 110
Wingspan 1.90m 2.79m
Length 1.15m 1.92m
Electric Power 740W 1600W
Weight 2.83kg 4.99kg
Payload 0.60kg 0.91kg
Endurance 15 minutes 23 minutes

5.1 Evaluating HGA4m

The results running HGA4m 10 times over each one of those 40
maps is reported in this section. HGA4m is executed in two different
hardware platforms. The first is a dual core Intel Edison computing
platform with 500 MHz, 1 GB RAM and Linux - Yocto operating
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system. The second is a regular Personal Computer (PC) running
under an Intel Core i5 processor with 1.8 GHz, 4 GB RAM and
Linux - Ubuntu 16.04 operating system. Two main metrics are
compared: number of fitness evaluations and length of the path
returned. Figure 6 shows the number of fitness evaluations on
average after 10 executions over each instance.

10000000
1000000

100000
=& PCi5

== Edison

Total Evaluations

10000
1000

100
YR ONONLONODDEA R DDA D
Instances

Figure 6: Number of evaluations by instance in the HGA4m.

The number of evaluations is reduced when running HGA4m
under Edison as expected. This means that HGA4m exploits less the
search space than running in a regular PC. However, the solution
quality in terms of path length is practically the same as shown by
Figure 7. This second metric indicates that the quality of the routes
returned is maintained even running under an inferior hardware
platform. Thus, even exploring less the search space under Edison,
the path lengths returned were similar to those achieved under PC
platform.

~&-PCi5
=4 Edison

Path Length
S

R R R A I IR T I R
Instances

Figure 7: Path length by instance in the HGA4m method.

Table 3: Kruskal-Wallis test for HGA4m

Metric Architecture | p-value
Evaluations peis <0.0001
Edison
PCi5
Path Length .1
ath Lengt Edison 0.185

The Kruskal-Wallis non-paramtetric test is performed to mea-
sure statistically the results in Figures 6 and 7 as show on Table 3.
There is a significant different between the results returned from
PC i5 and Edison as can be seen by p-value < 0.0001 regarding
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evaluation criterion. However, there is no significant difference
detected regarding length-path criterion.The criteria of indepen-
dence, homoscedasticity and normality must be satisfied to apply
parametric tests. If at least one criterion is not satisfied, we must
use non-parametric tests. The Kolmogorov-Smirnov test was first
performed and showed that the data from Figures 6 and 7 do not
follow a normal distribution.

5.2 Evaluating MPGA4s

This section evaluates MPGA4s on both PC i5 and Edison plat-
forms by solving the set of 60 maps. Figure 8 shows the number of
evaluations (fitness function evaluations).
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Figure 8: Number of evaluations by instance in the MPGA4s.

There are in average 805 fitness evaluations running MPGA4s
with Edison platform, while 34,440 evaluations are performed run-
ning the PC platform. The PC platform executes around 42 times
more evaluations than Edison, but the quality performance remains
satisfactory as shown in Figure 9 and Table 4.

Edison
PCi5

Legend: (@Bonus Region (CJRemainder Region @ No-Fly Zone

Figure 9: Landing sites in both architectures for MPGA4s.

The landing place is highlighted in [1] as a straight way to mea-
sure the solution quality. Figure 9 illustrates the locations where
the landing place occurred from paths returned by MPGA4s in
both architectures. There are six set of instances (I1, 12, - - - 16)
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where MPGAA4s is evaluated taking into account 4 critical situa-
tions described in [1]: motor failure (¥,,), battery overheating (¥}),
right wing problem (¥1) and left wing problem (¥s2). The blue
color indicates landing place in bonus region, light gray indicates
landing in remaining region, and dark gray color indicates viola-
tion of the non-navigability restriction. This image reveals a great
similarity between the landing sites for paths returned from both
architectures.

Table 4 presents numerically the results of Figure 9. It can be
seen that about 75.4% of the solutions landed on a safe region for
paths returned by Edison, against 85.8% in PC platform. The PC
solutions performed only 10.4% better than the embedded solutions
and the number of violations of the non-navigability condition on
paths from both platforms is practically the same.

The above results reveal that a hardware architecture as Edison
becomes possible to save the aircraft in 75.4% of the critical situ-
ations that would cause its inevitable fall. The results also show
that even if it were possible to configure all hardware from a PC
platform in the aircraft, despite problems related to PC weight re-
strictions and energy consumption, the improvement achieved is
around 10.4% on the chances to save the aircraft.

Table 4: Summarizing the landing sites of the MPGA4s.

Region PCi5 Edison
bonus 206 (85.8%) | 181 (75.4%)
remainder 19 (7.9%) 43 (17.9%)
penalty 0(0.0%) 0(0.0%)
no-fly zone 15 (6.2%) 16 (6.6%)
total 240 240

The Kruskal-Wallis test is performed again to measure statisti-
cally the results from Figure 8 and the results are showed in Table 5.
The non-parametric test was justified since these data also do not
follow a normal distribution by Kolmogorov-Smirnov test. There is
a significant difference between MPGA4s performance comparing
both hardware platform.

Table 5: Kruskal-Wallis test for MPGA4s

Metric Architecture | p-value
PCi5

Evaluations -1 < 0.0001
Edison

5.3 Results of the Case Study

The present section evaluates the system proposed in section 4,
where a real world case study for mission and safety planning is
conducted. In this experiments, the system performance is also com-
pared when running under Edison and PC i5 platforms. Figure 10
shows the results achieved.

The complete route planned with HGA4m method is represented
by a green line, where the UAV must fulfill the mission plan as
defined in section 3. This route is extremely similar for both archi-
tectures and does not present significant changes. The analysis of
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Figure 10: Results of case study in a real world scenario.

Figure 11: Experiment with SITL to validating routes.

this route shows that the mission is executed without violation of
non-navigable regions.

Figure 10 also shows points labeled by F1, F2, F3, F4 and F5,
which are places where a critical fault has been detected. Thus,
the proposed system is evaluated when a failure happens for each
one of these points. The overheating of battery is assumed as
failure, forcing the IFA system to perform an emergency landing.
In this case, the blue line indicates the emergency landing paths
returned by Edison. The red line indicates the emergency landing
route from PC platform. All routes are able to safely bring the
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Table 6: Different simulations performed using SITL to validate the trajectories obtained by HGA4m and MPGA4s methods.

Architecture Evaluated | Methods Evaluated Description Web Link
PCi5 HGA4m Full route without failure critical https://youtu.be/D22r8qZ4Wmo
Edison HGA4m Full route without failure critical https://youtu.be/O-xMC51w5ec
PCi5 HGA4m and MGPA4s | Partial route with route of failure in F5 | https://youtu.be/Vzt6sZgFhL0
Edison HGA4m and MGPA4s | Partial route with route of failure in F5 | https://youtu.be/rTtg3ANmNvw

aircraft to the ground, landing over bonus regions without to fly
over no-navigable regions.

The Software-In-The-Loop (SITL) technique is used to validate
these trajectories, where the hardware of autopilot is simulated.
This type of experiment allows to verify the behavior of the aircraft
in conditions closer to one found in real flight, since the maneuvers
of the aircraft are more realistically executed. Figure 11 presents the
result obtained when the mission is executed without any fail. The
trajectories followed by the UAV during these simulations present a
small deviation from the path planned by HGA4m. In this case, the
path planned executing the system from Edison or PC platforms
is extremely similar as already mentioned, thus, only one path
planned is shown.

The videos in Table 6 show four of the 12 experiments conducted
using SITL, including when failures happen, running the system
from Edison. It is possible to see that the interaction between
the embedded system modules works properly, where the time
consumption running HGA4m and MPGA4s does not compromise
the experiments.

6 CONCLUSIONS

This paper described and evaluated an embedded system architec-
ture based on genetic algorithms, where HGA4m and MPGA4s were
integrated within MOSA and IFA systems. First, the HGA4m and
MPGA4s performances running under Edison and PC platforms are
compared. The results achieved by the embedded architecture was
very promising with a reduced loss of quality in the solutions found
from Edison. Such result indicates the robustness of the evolution-
ary algorithms to find good solutions despite the limitation of the
hardware platform. The complete embedded system integrating
MOSA and IFA also returned promising results for the execution
of a mission. The system implementation was evaluated in a case
study by comparing the results also running under Edison and PC
platforms. SITL simulations were performed in order to validate the
routes obtained by the system. The experiment allowed to verify
the behavior of the aircraft in conditions close to one found in an
real flight. The simulation using Edison platform returned paths
able to be executed with the maneuvers capability of the aircraft.
The results presented in this work indicate that genetic algorithms,
running under an embedded system, can provide reliable solutions
for autonomous decision making during real UAV flights.

7 ACKNOWLEDGMENTS

This paper acknowledges Fundac¢do de Amparo a Pesquisa do Es-
tado de Sao Paulo (FAPESP), with financial support from projects
2015/23182-2, 2014/11331-0 and 2013/26091-2 and MIT-Brazil Seed
Fund, project Study and Development of Methodologies for Ap-
plications in Unmanned Aerial Vehicles, with support from the

Itat Fund for research on sustainability in Latin America via the
Sustainability Initiative at MIT Sloan. This paper acknowledges
too Coordenacdo de Aperfeicoamento de Pessoal de Nivel Superior
(CAPES) by financial support.

REFERENCES

[1] Jesimar da Silva Arantes, Marcio da Silva Arantes, Claudio Fabiano Motta Toledo,
and Brian Charles Williams. 2015. A Multi-Population Genetic Algorithm for
UAV Path Re-Planning under Critical Situation. In Tools with Artificial Intelligence
(ICTAI), 2015 IEEE 27th International Conference on. IEEE, 486-493.

[2] Marcio da Silva Arantes, Jesimar da Silva Arantes, Claudio Fabiano Motta Toledo,
and Brian C Williams. 2016. A Hybrid Multi-Population Genetic Algorithm
for UAV Path Planning. In Proceedings of the 2016 on Genetic and Evolutionary
Computation Conference. ACM, 853-860.

[3] Lars Blackmore, Masahiro Ono, and Brian C. Williams. 2011. Chance-Constrained
Optimal Path Planning with Obstacles. IEEE Press. (2011).

[4] Guowei Cai, Ben M Chen, Tong H Lee, and Miaobo Dong. 2009. Design and
implementation of a hardware-in-the-loop simulation system for small-scale
UAV helicopters. Mechatronics 19, 7 (2009), 1057-1066.

[5] N. Figueira, I. Freire, O. Trindade, and E. Simdes. 2015. Mission-Oriented
Sensor Arrays and UAVs - A Case Study on Environmental Monitoring.
ISPRS - International Archives of the Photogrammetry, Remote Sensing and
Spatial Information Sciences (2015), 305-312. DOI :http://dx.doi.org/10.5194/
isprsarchives-XL-1-W4-305-2015

[6] N.Figueira, O. Trindade, A. L. P. Mattei, and L. Neris. 2013. Mission Oriented
Sensor Arrays — An Approach towards UAS Usability Improvement in Practical
Applications. In 5th European Conference for Aeronautics and Space Sciences
(EUCASS).

[7] NR Gans, WE Dixon, R Lind, and A Kurdila. 2009. A hardware in the loop simu-
lation platform for vision-based control of unmanned air vehicles. Mechatronics
19, 7 (2009), 1043-1056.

[8] Yoshiaki Kuwata. 2003. Real-time Trajectory Design for Unmanned Aerial Vehicles
using Receding Horizon Control. 151 p. Massachusetts Institute of Technology.

[9] A.L.P. Mattei, A. M. Cunha, L. A. V. Dias, P. C. S. Euphrasio, O. Trindade,
and C. M. Toledo. 2015. IFA2S - In-flight Awareness Augmentation Systems.
In Information Technology - New Generations (ITNG), 2015 12th International
Conference on. 95-100. DOI : http://dx.doi.org/10.1109/ITNG.2015.21

[10] A.L.P. Mattei, E. Fonseca, N. M. Figueira, O. Trindade, and F. Vaz. 2013. UAV

In-Flight Awareness: A Tool to Improve Safety. In 5th European Conference for

Aeronautics and Space Sciences (EUCASS). Munich.

Andrey Morozov and Klaus Janschek. 2016. Flight Control Software Failure

Mitigation: Design Optimization for Software-implemented Fault Detectors.

IFAC-PapersOnLine 49, 17 (2016), 248 — 253. DOI:http://dx.doi.org/10.1016/j.

ifacol.2016.09.043 Symposium on Automatic Control in Aerospace.

Tonela Prodan, Sorin Olaru, Ricardo Bencatel, Jodo Borges de Sousa, Cristina

Stoica, and Silviu-Iulian Niculescu. 2013. Receding horizon flight control for

trajectory tracking of autonomous aerial vehicles. Control Engineering Practice 21,

10 (2013), 1334 — 1349. DOI:http://dx.doi.org/10.1016/j.conengprac.2013.05.010

Subramanian Ramasamy, Roberto Sabatini, Alessandro Gardi, and Jing Liu. 2016.

{LIDAR} obstacle warning and avoidance system for unmanned aerial vehicle

sense-and-avoid. Aerospace Science and Technology 55 (2016), 344 — 358. DOI:

http://dx.doi.org/10.1016/j.ast.2016.05.020

[14] C.FEM. Toledo, P.M. Franca, A. Kimms, and R. Morabito. 2009. A multi-population
genetic algorithm approach to solve the synchronized and integrated two-level
lot sizing and scheduling problem. International Journal of Production Research
47 (2009), 3097-3119.

[15] Xinyu Xue, Yubin Lan, Zhu Sun, Chun Chang, and W. Clint Hoffmann. 2016.
Develop an unmanned aerial vehicle based automatic aerial spraying system.
Computers and Electronics in Agriculture 128 (2016), 58 — 66. DOI:http://dx.doi.
org/10.1016/j.compag.2016.07.022

(11

[12

[13

1056






97

APENDICE

AVALIACAO DE PLATAFORMAS DE
HARDWARE EM REPLANEJAMENTO DE
ROTA

Artigo completo a ser publicado na conferéncia IEEE International Conference on Tools
with Artificial Intelligence (ICTAI) em 2017, com qualis B1 em ciéncia da computacao. Esse
trabalho faz uma anélise de desempenho de diferentes estratégias para replanejamento de rota
em caso emergencial quando embarcados no computador embarcado Intel Edison. Nesse estudo
foi destacada a arquitetura do sistema [FA, em que o replanejamento de rotas € efetuado. Esse

artigo € resultado direto da presente proposta de doutorado.
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Abstract—The present paper evaluates some strategies to apply
path re-planning algorithms for emergency landing of Unmanned
Aerial Vehicles (UAVs). The strategies proposed are based on
executing only one path re-planning algorithm or a combination
of them using an ensemble approach. The proposed methods are
integrated to the security supervision system of the UAV, namely
In-Fly Awareness (IFA), where decision-making algorithms are
applying after a critical situation happens. The critical situations
considered are battery overheating and engine failure. The
performance of the proposed strategies for emergency landing
is evaluated in a real world scenario using the Software-In-The-
Loop (SITL) technique. Computational results reported show
that these strategies are promising based on the success rate to
land the UAV safely.

Keywords—Evolutionary Computation; Unmanned Aerial Ve-
hicles; Path Re-Planning; Embedded Applications

I. INTRODUCTION

Unmanned Aerial Vehicles (UAVs) are broadly used in
many real world applications such as agriculture, transporta-
tion, logistics, surveillance, among others [1]. Although UAVs
are becoming more robust in terms of processing power,
autopilot (AP), embedded sensors and flight time, their au-
tonomy level can be improved through, e.g., decision-making
capability during the flight.

The autonomy of UAVs may vary from a ground control
system with a human pilot to a fully autonomous flight [2].
In the case of human pilot, the authors in [3] describe that
a reliable communication is relevant, otherwise, the remote
control can break away and the aircraft will not be able, e.g.,
to re-planning a mission under a critical situation.

This work intends to improve the UAV autonomy even
facing critical situations, where the path re-planning problem
for fixed wing UAVs is solved. This problem is based on
the chance-constrained non-convex problem approached in [4],
[5]. The proposed methods extends studies conducted by [6]—
[8].

The path re-planning begins after a critical failure has
been detected by the aircraft supervisor system, which is
composed by a collection of sensors responsible to monitor the
aircraft health and report any problem identified. Hence, after
detecting a failure, an emergency landing must be performed

aiming to avoid any damage to people, properties and aircraft
itself.

The present paper is organized as follows: Section II
presents some related work and Section III defines the problem
to be studied. The proposed method is introduced in Section IV
and computational results are reported in Section V. The
conclusions of this work follow in Section VI.

II. RELATED WORK

There are many applications of Artificial Intelligence (AI)
techniques with UAV systems as reported in [9]-[11]. Systems
for wildlife detection with UAV are evaluated in [9] where
an automated detection is proposed by using thermal image
acquisition and video processing. Mission planning and re-
planning problems are approached by [10] applying Al tech-
niques to reduce workload of operators. The methods proposed
emphasize the improvements achieved for UAV operations
from the ground control stations. The advantages of Al and
control systems for UAVs autonomy are discussed in [11].

The present paper proposes autonomous systems to make
decision about path re-planning based on the Chance-
constrained Non-convex Path planning Problem (CNPP). The
authors in [4], [5] introduce the CNPP and apply methods
based on mathematical programming techniques to solve it. A
hybrid method combining multi-population genetic algorithm
with visibility graph is described in [7] to solve the CNPP,
where improvements are reported planning trajectories from a
large set of maps. Path re-planning for UAV is approached by
[12] where new targets can become available during the UAV
mission execution. A path re-planning heuristic is proposed
to define a trajectory that will improve the chance to reach
foreseen and unforeseen targets. However, these previous
works do not solve path re-planning problem under critical
situation.

The Emergency Landing Planner (ELP) is described in
[13], [14], which assists aircraft pilots to find a best landing
place. If a critical situation occurs, ELP applies an A* hybrid
algorithm to execute a path re-planning. Computational tests
were conducted using a flight simulator for large aircraft. A
emergency landing planner for UAVs is introduced by [6], [8]



with evolutionary algorithms and a greedy heuristic applied
to find a safe landing path. The evolutionary algorithms are
able to find good quality solutions, while the greedy heuristic
returns feasible solutions within a short computational time.

The UAV hardware can be designed to integrate different
embedded systems by using companion computers such as
Intel Edison, Intel Aero, Raspberry Pi, BeagleBone, ODroid,
among others. The companion computer is an efficient way
to link the embedded systems with autopilot, where a Linux-
based computer may be used to run a tool such as DroneKit-
Python !. The authors in [15] develop a framework with
Raspberry Pi to perform image processing for object detection,
while image tracking with embedded computer ODroid XU4
is done by [16]. A BeagleBone Black is used by [17] with
on-board image processing in UAV to execute missions over
a sugar cane plantation. An application for crowd surveillance
with UAV and Internet of Things (IoT) is described in [18],
where the UAV platform is setup with an autopilot, Raspberry
Pi and video camera. The acquired images are processed using
face recognition algorithms. An evolutionary algorithm for
emergency landing was implemented and evaluated in [19]
using two different hardware platforms: a personal computer
and an Intel Edison.

Mission Oriented Sensor Array (MOSA) and In-Fly Aware-
ness (IFA) systems are employed in the present paper using
as companion computer an Intel Edison platform. MOSA was
introduced by [20] and it is responsible for mission execution
by processing data in real-time and keeping the aircraft on
track. IFA was proposed by [21] as a supervisor system
responsible for detecting failures, taking control of the aircraft
under critical situations. According to the website 2 the critical
failures that more often cause UAVs to crash are engine,
mechanical, electrical (battery) failures as well as pilot error,
loss of link and bad weather. Thus, the present paper will
include the path re-planning for emergency landing module
inside IFA system.

III. PROBLEM DESCRIPTION

Figure 1 illustrates the problem approached by this work.
Let’s suppose an UAV that executes aerial imaging mission
over several crop fields in a farm, where there are also a
house, warehouse, granary, two tractors, cattle shed and UAV
runway. The whole imaging mission is previously planned on
the ground such that the UAV autopilot is setup to follow
waypoints. Thus, the flight is semi-autonomous since a human
pilot is not needed to control the aircraft. The pilot is still
needed to monitor the whole mission once unforeseen events
may happen and the aircraft can not be able to deal with such
unexpected or critical situation. However, the pilot may lose
contact with the aircraft, as a consequence of the failure, or
he/she can not be able to decide fast enough the best place to
land the aircraft, damaging it during the emergency landing
process. The present work proposes an autonomous decision-
making device to avoid human intervention when a critical

Uhttp://ardupilot.org/copter/docs/common-companion-computers.html
Zhttps://dronewars.net/drone-crash-database/

situations happens. The idea is to develop a system able to
decide where to land the aircraft quickly and safely.

critical
situation

no-fly region o
=] yreg ' ——mission route
penalty region — emergencial route

[ bonus region  =---- aborted route — critical distance

Fig. 1. Illustrative scenario of emergency path re-planning.

The critical situations approached are battery overheating
and engine failure, which trigger the IFA system to take control
of the aircraft, switching from the current path to an emergency
landing. The path re-planning problem for critical situations
approached here is similar to one addressed in [6], however,
this work focuses on two hardware failures: battery and engine
problems.

The scenario describe in Figure 1 is non-convex since the
UAV can not fly above some regions that will be considered
obstacles as proposed in [4]. Therefore, the house, warehouse
and granary become no-fly regions. The regions with cattle
shed, crop fields and two tractors are considered as penalty
regions for landing. It means that the UAV may land there, but
it will probably cause some damage. Finally, the runway was
considered a bonus region which means the perfect place to
land in case of critical situation. The black route in Figure 1
indicates the current mission being executed until a critical
situation has been detected. At that point, the IFA system
executes a re-planning algorithm and a new route is planned,
while the aircraft is still flying a critical distance (d.). The
so-called critical distance is travelled until the safe route to
land (red line) has been found. Hence, the remain original
route (gray line) is aborted when the safe route is setup to the
autopilot.

During the path re-planning, there are many constraints to be
taking into account. These constraints will be better described
by the stochastic mathematical model introduced in [6] and
showed next.

Minimize Pr(\/XTG@g) —Pr(\/xTG(O);’-) (1)
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The state vector x; has the positions p of vehicle, velocities
v and angle «, while the control vector u; has acceleration a
and angular variation ¢ as defined by expressions (5).
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The mathematical model inputs include initial position (Z¢)
at the moment of failure, nonlinear state transition function
(F'y), time horizon (t = 0, ---T), time interval (At), external
uncertainties (w;) and level of risk (A). The decision variables
are UAV states (x;) and controls (u;) applied at each time step
(t). The objective function (1) defines penalties on the chance
of landing the aircraft over a penalty region ((O)g.’ ) and rewards
on the chance of landing the UAV in bonus regions ((O);’-).
The transition function of the vehicle states is described by
constraint (2), where the initial state (xq) follows a Gaussian
distribution of the expected state () with covariance matrix
(Xz,)- A white Gaussian noise (w;) with covariance matrix
(Xw,) is applied to each transition. The constraint (4) defines
that the vehicle states should be outside the obstacles ((O);?) for
all time step ¢.

The aircraft dynamics change when a critical situation oc-
curs and such change has to be considered when planning the
emergency landing. The notation ¥, means a battery problem,
whereas W, indicates a engine failure. The state transition,
given by equation 6, is applied when a battery problem
happens (Fy,) and the equation 7 is setup for engine failure
(Fy,). Equation 7 assumes the absence of acceleration since
the engine does not work anymore. The dynamic functions
al}lows to model the behaviour of the UAV. The component
% describes the drag force exerted on the aircraft, reducing at
each instant its speed. The two-dimensional modelling aims to
lead the aircraft to the bonus region. The position component
in the third axis (p7) is calculated afterwards by using a linear
decay for the altitude.
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A real-world case study was done executing aerial imaging
in a farm as shown by Figure 2. A mission was design using

the Ground Control Station (GCS) Mission Planner, where a
set of waypoints was established as depicted by the green route
with length equal to 4,150m. In an ideal setting, the UAV
takes off from the runway, executes its mission and returns
to the runway. However, a fail can happen and an intelligent
system is necessary to find quickly a safe place to land the
aircraft. Therefore, a set of regions was previously mapped as
illustrated in Figure 2, where there are three bonus regions
(blue polygons), two no-fly regions (gray polygons) and three
penalty regions (orange polygons) as proposed in [4], [5].
Nevertheless, non-convex regions can be modeled as a set of
convex polygons as shown by the two polygons in orange
that are side by side. The red region indicates the border of
the mapped area with dimensions 675m x 940m. Mapping
the region beforehand avoids to execute image processing in
the UAV, which would consume a lot of computational power
from a small aircraft.

Legend:
= no-fly region boundary  — mission route
= bonus region boundary e takeoff
~— penalty region boundary e landing
—— map boundary

Fig. 2. Real world case study for aerial imaging application.

IV. METHODS

The embedded system architecture is based on one pro-
posed in [19] and illustrated by Figure 3. The system has
six main hardware components: actuators, autopilot, sensors,
communication, power and embedded processor. The actuators
allow maneuvers of the UAV; the sensors are responsible for
capturing information from the environment to aid mission
execution and flight; the autopilot is responsible for navigation
by keeping the aircraft in the desired route; communication
is responsible for receiving commands from the radio control
and sending the aircraft data through the telemetry modem; the
battery is responsible for powering the components throughout
the flight; and the dual core embedded processor is dedicated
to executing IFA and MOSA systems.

The main components of the IFA are data acquisition, sen-
sor fusion, security control, decision making, communication
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Fig. 3. Embedded system architecture in the aircraft.

control and path re-planning where a set of algorithms is
integrated. The main modules of MOSA are data acquisition,
sensor fusion, mission control, camera control, communication
control and path planning. The present paper focuses in the
path re-planning module of IFA, which is one that most
consumes processing power in this embedded architecture.
This happen once real-time decisions under a critical situation
have to be made as soon as possible, where many paths have
to be processed within a short time to return the best one.
Figure 4 details the path re-planning module of the IFA
system. After detecting a failure, the IFA system triggers
the path re-planning module by sending the inputs: Initial
State, Map, Dynamic Model, Failure, and Config to the re-
planning algorithm. In the path re-planning module, one of the
following strategies can be selected: Greedy Heuristic (HG),
Genetic Algorithm (GA), combination of GA executing in
parallel (GA-GA) and combination of GA with HG execut-
ing in parallel (GA-HG). The selected strategy will output
the following information: Set of Waypoints, Landing Site,
Probability of Landing and Fitness. These outputs return to
the path re-planning module that commands the autopilot to
abort the current route (mission) and to follow the new one.
In Section V, the ensemble strategies will be compared
against the single execution of HG and GA. Figure 5 shows
the execution flow of the proposed ensemble strategies. After a
critical situation has been detected, two methods are executed
in parallel using both available cores and the best solution is
returned at the end. Figure 5 (a) shows the ensemble strategy
that uses a combination of GA and GH (GA-GH), while the
method in Figure 5 (b) runs two GAs in parallel (GA-GA).
The Greedy Heuristic (GH) aims to return feasible solutions

Input Methods Output
DD/ Initial L, Set of
'/’ State GH Waypoints
2l < - Site
21 = <l Dynamic
58
< & GA-GH Probability
= o _ of Landing| |
\ GA-GA
DDN Config }—» ﬂ Fitness h

Fig. 4. Embedded system architecture in the path re-planning module.

failure failure
| GA | | GH | | GA |
N/ N/
evaluation evaluation
best route best route
(a) (b)

Fig. 5. Implemented strategies running methods in parallel. (a) Combining
of GA e GH. (b) Two executions of GA.

fast enough as described by Algorithm 1. This approach
becomes relevant when a viable solution is more demanded
than time-consuming better solutions. In lines 3-5, paths for
each bonus regions are initialize and evaluated. A path is
determined first by rotating the UAV to reach a bonus region.
Next, the procedure defines a path as a straight trajectory to
the bonus region. After a list of paths has been built for all
bonus regions, the best path is returned. Details about GH are
reported in [6].

Algorithm 1: Greedy Heuristic.

1 begin

EmergencyRoute listRoutes <— &,

foreach region in map.setBonusRegions do
EmergencyRoute route;
initialize(route, region);
evaluate(route, map);
listRoutes.add(route);

I N )

EmergencyRoute bestRoute <— getBestRoute(/istRoutes);
9 return bestRoute;

%

Algorithm 2 describes the genetic algorithm (GA), which
is based on standard genetic algorithm approaches. A pop-
ulation of paths is generated and evaluated, with the evo-
Iutionary process being executed next until a convergence
criterion happens. During the evolutionary process, a total
of crossRate x numlndividuals individuals are generated. A
tournament operator selects two individuals (parents) for re-
production, and the new individual is created by crossover and
mutation operators. If the new individual is better, it replaces
the worst parent. A convergence occurs when new individuals



are not inserted into the population during the evolutionary
process. In this case, the population is re-initialized by saving
only its best individual. Details about GA are reported in [8].

Algorithm 2: Genetic Algorithm.

1 begin

2 EmergencyRoute vectorRoutes[numindividuals];

3 for i = I to numindividuals do

4 EmergencyRoute route;

5 initialize(route, map);

6 evaluate(route, map);

7 vectorRoutes.add(route);

8 repeat

9 repeat

10 for i = 1 to crossRate X numlindividuals do
1 EmergencyRoute indl, ind2;

12 select(indl, ind2);

13 EmergencyRoute child < crossover(indl, ind2);
14 mutation(child);

15 evaluate(child, map);

16 vectorRoutes.add(child);

17 until converge(vectorRoutes);

18 restart(vectorRoutes);

19 until reach(stoppingCriterion);

20 EmergencyRoute bestRoute <— getBestRoute(vectorRoutes);
21 return bestRoute;

V. RESULTS

Table I shows the parameters of GA, which are applied here
based on the parameter tuning reported in [19].

TABLE 1
SETTINGS USED IN THE GA METHOD.

Parameter Value Parameter Value
population size 39 crossover rate 0.5
tournament size 3 mutation rate 0.7

stopping criterion | time elitism yes

Two critical situations are evaluated as already mentioned:
battery and engine failure. First, the convergence of the GA
method is analyzed and, next, the methods are applied over
an artificial set of 30 maps. These maps were generated using
the same generator introduced in [6]. Finally, computational
experiments are conducted from the real world scenario in-
troduced in Section III. The methods are evaluated in two
different hardware platforms. The first is a dual core Intel
Edison computing platform with 500 MHz, 1 GB RAM and
Linux - Yocto operating system. The second is a regular
Personal Computer (PC) running under an Intel Core i5
processor with 1.8 GHz, 4 GB RAM and Linux - Ubuntu
16.04 operating system. The comparison between two different
computer architectures is relevant since the results obtained
by Intel i5 computer can be seen as an upper bound for the
quality of the embedded computer solution. The experiments
are designed and calibrated based on a fixed wing UAV named
Ararinha as shown by Table II. The GA strategies are executed
10 times over each map, while GH is executed only one since
it is a deterministic heuristic.

TABLE II
TECHNICAL SPECIFICATIONS OF THE ARARINHA.

Component Value || Component Value

Wingspan 1.90m Weight 2.83kg

Length 1.15m Payload 0.60kg
Electric Power | 740W Endurance | 15 minutes

A. Convergence of the GA

Figure 6 shows the results executing the GA to find a path
re-planning when a battery failure happens. This experiment
was executed using Intel i5 personal computer. The battery
overheating was chosen since it leads the UAV to land as
soon as possible. The average, minimum and maximum values
of the fitness function for all maps are depicted. The aim
is to determine the maximum time (time,,q.) that a fitness
convergence usually happens on those maps. The fitness values
is improved less than 1% after 890ms, while this value is 2%
between 690 and 890ms. The improvement is around 4% from
460ms to 690ms. It seems that running the GA for 690ms may
be enough and extending such execution for more than 890ms
may be unnecessary.
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Fig. 6. Time analysis for convergence of the GA.

B. Results for artificially generated maps

The 30 maps evaluated have dimensions 1000m x 1000m
and the critical situation always happens in the center of the
map. Table III presents the results achieved for each approach
(GH, GA, GA-GH e GA-GA). These results are the success
rates, when the aircraft executes a safe landing. It is also shown
the time limits (Stopping Criterion (SC)) evaluated, where GH
execution is not previously setup with time limit since it is a
deterministic method and fast enough. The columns ¥, and
W, represent the success landing rate under battery and engine
failure, respectively.

The results of the methods executing on Intel i5 computer
are competitive based on the values reported. The UAV was
able to land safely on average from 83.2% to 88.8% of the
cases, except by GH that lands the aircraft 73.3% of the
times. On the other hand, GH needs only 41.2 milliseconds
on average to return a new path. Also, the increase in the
time limit improves the overall results only 5.6% (from 83.2%
to 88.8%), even when running four times longer. This makes



TABLE III
RESULTS OBTAINED AFTER EVALUATING DIFFERENT STRATEGIES IN ARTIFICIAL MAPS.

Intel i5 Intel Edison
Methods SC (ms) Wy, U, Avg Overall | Time (ms) Wy U, Avg Overall | Time (ms)
GH - 86.7% | 60.0% 73.3% 41 86.7% | 60.0% 73.3% 347
GA 250 96.3% | 72.0% 84.2% 250 72.3% | 62.3% 67.3% 250
GA 500 99.0% | 73.0% 86.0% 500 84.7% | 65.3% 75.0% 500
GA 1000 983% | 75.7% 87.0% 1000 91.0% | 68.0% 79.5% 1000
GA-GH 250 953% | 71.0% 83.2% 250 89.3% | 62.7% 76.0% 309
GA-GH 500 100.0% | 72.3% 86.2% 500 90.3% | 65.7% 78.0% 510
GA-GH 1000 99.3% | 76.0% 87.7% 1000 92.3% | 69.0% 80.7% 1000
GA-GA 250 99.3% | 72.3% 85.8% 250 81.0% | 65.0% 73.0% 250
GA-GA 500 99.7% | 73.3% 86.5% 500 89.7% | 68.3% 79.0% 500
GA-GA 1000 99.7% | 78.0% 88.8% 1000 94.7% | 70.0% 82.3% 1000
Final Avg - 97.4% | 72.4% 84.9% - 87.2% | 65.6% 76.4% -

sense once the improvements happen in the beginning of the
execution as reported in Section V-A.

In the results achieved with Intel Edison, the success rate
decreases and computational time increases as expected. GH
keeps its quality since it is a deterministic heuristic. However,
the execution time increases form 41ms in Intel i5 to 347ms
in Intel Edison that means a loss of performance around
8.4 times. The success rates of the other methods change
from 67.3% to 82.3% which means a difference around 15%
based on the strategy as well as the time limit associated.
The ensemble strategies outperform GH for the majority of
instances, while they are better than GA when comparing
within the same execution time limit. The strategy GA-GH
returns a success landing rate of 76.0% within a short time
(250ms), while GA-GA strategy has the better success rates
running from 500ms to 1000ms.

The non-parametric Kruskal-Wallis test is applied to eval-
uate significant difference among the results reported in Ta-
ble IV. First, it is done a comparison between the success
rates achieved by running methods with Intel i5 and Edison
computers. The results show a significant difference since p-
value < 0.05. The second analysis compares if there is a
significant difference among success rates reported for battery
and engine failures. There is also a significant difference
between methods performance when dealing with battery and
engine failure.

TABLE IV
KRUSKAL-WALLIS TEST FOR ARCHITECTURE AND FAILURE
Metric Attribute p-value Groups
Architecture Intel i5 0.003 A
Intel Edison ’ B
. Battery failure A
Failure Motor failure < 0.0001 B

Table V reports the Dunn test results for multiple compar-
ison. The worst methods are GA and GA-GA within 250ms,
and GA with 500ms running on Edison, while there is no
significant difference among the other strategies. Thus, based
on the statistical evaluation done, we cannot guarantee a

significant difference among success rates when running the
majority of strategies using a companion computer as Intel
Edison or a personal computer with Intel i5.

TABLE V
DUNN TEST FOR MULTIPLE COMPARISON IN ARTIFICIAL MAPS.

Architecture | Methods | SC (ms) Groups
GA 250 D
GA-GA 250 D | C
GA 500 D|C|B
HG - C|B| A
. GA-GH 250 C|B| A
Intel Edison GA 1000 clBlaA
GA-GH 500 C|B| A
GA-GA 500 C|B| A
GA-GH 1000 C|B| A
GA-GA 1000 C|B| A
GH - C|B| A
GA 250 C|B| A
GA-GH 250 C|B| A
GA 500 B | A
Intel i5 GA-GA 250 B | A
GA-GH 500 A
GA-GA 500 A
GA 1000 A
GA-GH 1000 A
GA-GA 1000 A

C. Case study

Simulations are executed from the aerial imaging scenario
introduced in Section III. Figure 7 shows the path to be
followed by the UAV during a mission. There are several
failures labeled as F1, F2, F3 and F4 that will be simulated,
where IFA system detects these failures. Next, the re-planning
algorithm is executed during the time limit previously defined
as stopping criterion, which makes the UAV travels the critical
distance d.. In these experiments, the UAV speed during the
failures is 24m/s and, after one second as time limit, the
aircraft traveled d. = 24 meters far away from the failure
point. The new path is sent to the autopilot and the current
mission is aborted.

The white paths in Figure 7 are path re-planned for battery
failure, while the black paths represent engine failure. These
trajectories are determined applying GA-GA strategy and the



TABLE VI
RESULTS OBTAINED AFTER EVALUATING DIFFERENT STRATEGIES IN THE STUDY CASE.

Intel i5 Intel Edison
Methods | SC (ms) vy, W, Avg Overall | Time (ms) Wy W, Avg Overall | Time (ms)
GH - 25.0% 0.0% 12.5% 22 25.0% 0.0% 12.5% 192
GA 250 100.0% | 50.0% 75.0% 250 35.0% | 37.5% 36.3% 250
GA 500 100.0% | 50.0% 75.0% 500 62.5% | 50.0% 56.3% 500
GA 1000 100.0% | 67.5% 83.8% 1000 95.0% | 50.0% 72.5% 1000
GA-GH 250 100.0% | 50.0% 75.0% 250 37.5% | 37.5% 37.5% 234
GA-GH 500 100.0% | 50.0% 75.0% 500 67.5% | 50.0% 58.8% 481
GA-GH 1000 100.0% | 75.0% 87.5% 1000 92.5% | 50.0% 71.3% 992
GA-GA 250 100.0% | 50.0% 75.0% 250 50.0% | 45.0% 47.5% 250
GA-GA 500 100.0% | 50.0% 75.0% 500 85.0% | 50.0% 67.5% 500
GA-GA 1000 100.0% | 75.0% 87.5% 1000 100.0% | 50.0% 75.0% 1000
Final Avg - 92.5% | 51.8% 72.1% - 65.0% | 42.0% 53.5% -
TABLE VII

DIFFERENT SIMULATIONS PERFORMED USING SITL TO VALIDATE THE TRAJECTORIES OBTAINED BY GA METHOD RUNNING IN THE INTEL EDISON.

Simulation Description Web Link Average error (m) | Maximum error (m)
Simulation 1 | Failure critical in the battery in F1 | https://youtu.be/IPYJ6nVCBRs 29 9.0
Simulation 2 | Failure critical in the battery in F2 | https://youtu.be/k38GBjMS5jXU 18.6 30.0
Simulation 3 | Failure critical in the battery in F3 | https://youtu.be/SQebmNOnUkg 11.5 19.0
Simulation 4 | Failure critical in the battery in F4 | https://youtu.be/E6L2kQBF-ps 8.0 18.0
Simulation 5 | Full route without failure critical https://youtu.be/DxWcQVyJtFQ 325 59.0

aircraft is able to land on a bonus region in almost all cases.
The only failure that leads the aircraft to land on the forest is
the engine failure (F4).

Fig. 7. Results of case study in a real world scenario using a GA method.

Next, a total of 10 executions are done for each method and
each failure and the results are shown in Table VI. The method
with the worst performance is GH that saves the aircraft only
12.5%. The other methods return better solutions mainly when
executed for 1000ms. Their success rates reach values from
71.3% to 75.0%. According to these results, the method that
should be embedded in the UAV is the GA-GA that reports the
best success rate running on Intel i5 and Edison computers.

The Kruskal-Wallis test is applied and returns p-value

= 0.004 from these results, so there is significant difference
among methods. Table VIII has the groups defined by Dunn
test for multiple comparisons. The worst methods are HG,
GA, GA-GA, GA-GH executed within 250ms and there is no
significant difference among the other methods.

TABLE VIII
DUNN TEST FOR MULTIPLE COMPARISON IN THE STUDY CASE.
Architecture | Methods | SC (ms) Groups
HG - D
GA 250 D | C
GA-GA 250 D|C|B
GA-HG 250 D|C|B
. GA 500 D|C|B| A
Intel Edison GA-GH 500 DlclBla
GA-GA 500 D|C|B| A
GA-GH 1000 C|B| A
GA 1000 C|B|A
GA-GA 1000 C|B|A
GH - D
GA 250 C|B|A
GA-GH 250 C|B| A
GA-GA 250 C|B|A
Intel i5 GA 500 C|B| A
GA-GH 500 C|B|A
GA-GA 500 C|B| A
GA 1000 B | A
GA-GH 1000 A
GA-GA 1000 A

Table VII presents some of the simulations using Software-
In-The-Loop (SITL) technique to validate the routes generated
by the GA-GA, after a critical failure in the battery. SITL is
combined with FlightGear simulator, where parameters of the
fixed wing UAV named Ararinha are adjusted for the path re-
planning algorithm. The paths are provided by the GA-GA



strategy running on Edison. The simulations show that the
UAV autopilot is able to follow the emergency landing path
sent by GA-GA. An analysis of the average and maximum
error when executing the paths is also found in Table VII.
The simulation 2 has the worst result for average (18.6m)
and maximum errors (30.0m). A possible explanation for such
error is that the route is planned for the aircraft Ararinha,
while the SITL simulates the Rascal 110. The Rascal 110 was
chosen because it is the only available UAV for SITL in the
FlightGear.

VI. CONCLUSIONS

This paper evaluated different strategies to apply path re-
planning algorithms for UAVs under a critical situation. A
total of four strategies were evaluated, GH, GA, GA-GH
and GA-GA, running on two different hardware architectures:
a personal computer and a companion computer. A set of
artificial scenarios was evaluated as well as a case study
based on a real world scenario, considering an aerial imaging
application. This case study validated the path re-planning
using Software-In-The-Loop (SITL).

In both scenarios, there is a significant difference between
results achieved by all methods with personal computer i5
and companion computer Edison. As expected, the personal
computer leverages the strategies performance. However, the
Dunn test for multiple comparison did not report a statistical
significant difference among the majority of strategies running
on Intel i5 or Edison, when the time limit is greater than
250ms. Also, there is a significant difference between results
for battery and engine failures in the set of artificial map,
where the methods performance are better for battery failure.
This can be explained by the limitation brought by the engine
failure since it is not possible to apply acceleration in the UAV
as described by equation 7.

The number of executions from the set of artificial and real-
world scenarios seems to be not enough to reach a statistical
significant difference among results reported within time limit
greater than 250ms. As future work, more than 10 executions
will be considered to better verify if there is a statistical
difference among the strategies. Also other methods, such
as multi-population genetic algorithms proposed in [8] and
differential evolution, will be combined using the ensemble
approach.
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The present paper applies a heuristic and genetic algorithms approaches to the path
planning problem for Unmanned Aerial Vehicles (UAVs), during an emergency landing,
without putting at risk people and properties. The path re-planning can be caused by
critical situations such as equipment failures or extreme environmental events, which
lead the current UAV mission to be aborted by executing an emergency landing. This
path planning problem is introduced through a mathematical formulation, where all
problem constraints are properly described. Planner algorithms must define a new path
to land the UAV following problem constraints. Three path planning approaches are
introduced: greedy heuristic, genetic algorithm and multi-population genetic algorithm.
The greedy heuristic aims at quickly find feasible paths, while the genetic algorithms are
able to return better quality solutions within a reasonable computational time. These
methods are evaluated over a large set of scenarios with different levels of difficulty. Sim-
ulations are also conducted by using FlightGear simulator, where the UAV’s behaviour
is evaluated for different wind velocities and wind directions. Statistical analysis reveal
that combining the greedy heuristic with the genetic algorithms is a good strategy for
this problem.

Keywords: Genetic algorithms; unmanned aerial vehicles; path planning; risk allocation;
uncertainty.
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1. Introduction

The present paper describes heuristics and metaheuristics applied to the path plan-
ning problem for Unmanned Aerial Vehicles (UAVs) under the occurrence of critical
situations. The methods and results presented extend preliminary ones recently re-
ported in Ref. 1.

The commercial application of UAVs and risks related to their operation lead to
discussions about flight safety for this aircraft type. Safety is the most important
factor to ensure the integration of UAVs to airspace and one relevant aspect is to
bring back on board features lost by the absence of pilots.!* A possible security
measure to be considered is that the probability of failure for UAVs should be less
than or equal to the currently accepted one in general aviation.”

The path planning problem under critical situation here approached aims to
define autonomously a route that lands the UAV without risk to the safety of
people, properties and aircraft itself. We assume an aircraft running a mission that
needs to be aborted and re-planned by the proposed path planning methods. The
mission is aborted in case of a critical situation due to failures in the equipments
of the UAV or extreme environmental conditions.

Equipment failures can be caused by problems like battery overheating, motor
crash, sensors failure, among others. Extreme environmental situations can be the
approximation of a storm or another aircraft, the occurrence of strong turbulence
or unforeseen storm, among others. In these cases, the UAV can return base or
execute a hard landing.

This paper will consider critical situations caused only by equipment failures
demanding a hard landing. In this context, a near-optimal solutions become more
relevant than time-consuming optimal solutions which favors the use of heuristic and
metaheuristic approaches. Evolutionary techniques have been successfully applied
in real world problems.!” Thus, a greedy heuristic and two evolutionary algorithms
are applied to return emergency routes.

To summarize, the main contribution of this paper is to introduce the problem
of path re-planning under an emergency landing for UAVs and to propose fast
methods to solve it. A mathematical formulation is introduced aiming to describe
such problem. First, a Greedy Heuristic (GH) is developed to build fast feasible
paths. Next, a Genetic Algorithm (GA) and a Multi-Population Genetic Algorithm
(MPGA) are also applied as path planner. The performance of GH is evaluated by
itself and as an initialization operator for candidate solution used during the evolve
process by GA and MPGA.

The paper differs from Ref. 1 since we increase the results by introducing com-
parisons of MPGA against GA. Also, a more elaborated statistical analysis is done
to evaluate the methods performance. Finally, a series of new experiments involving
FlightGear (FG) simulator is added, where different speeds and direction for winds
are tested.

The paper is organized as follows: section 2 describes some related works and
section 3 defines the problem approached. The proposed methods are presented in
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section 4 and computational results achieved are reported in section 5. Finally, the
last section 6 summarizes concluding remarks and interesting points.

2. Related Work

Path planning under critical situations for manned aircraft is approached by Refs. 16
and 15, where a system helps pilots to determine the best landing site for a damaged
aircraft. After the critical failure of the aircraft, the pilot must first recover control
of the aircraft and the goal is to find the best place for the emergency landing.
The Emergency Landing Planner (ELP) system introduced in Ref. 16 evaluates
possible landing sites for the aircraft using an A* graph search algorithm. The
same algorithm is analyzed in Ref. 15 by applying it to real scenarios. The authors
conducted tests with a flight simulator for large aircraft, where the ELP system is
triggered to assist pilots for critical situations happening between 1 to 3 minutes of
flight.

The studies conducted in our paper is closer to those described in Ref. 16,
but we are planning emergency landing for autonomous UAVs, while the authors
in Ref. 16 are dealing with manned aircraft. Also, we consider a different set of
associated failures, which demand an emergency aircraft landing. The aircraft in
Ref. 16 is still able to flight even during failure.

We are planning path for autonomous UAV taking into account the uncer-
tainty from the environment and the risk of collision with obstacles. The authors in
Refs. 13, 4 and 19 study the mission planning for autonomous vehicles. A sequence
of discrete actions and continuous controls for air and underwater autonomous vehi-
cles is presented in Ref. 13, where a system is able to plan those events is introduced.
The risks and uncertainty during the path planning for UAV are evaluated in Ref. 4,
where a certain margin of safety must be satisfy for the risk of collision with ob-
stacles incurred during the path planning. A new planner system is proposed for
mission planning in Ref. 19. This system introduces improvement in the treatment
of risk in Ref. 4 and integrates scheduling for the tasks to be executed.

The inaccuracies of the equipment and the environment lead to risks when ex-
ecuting a route previously planned. The authors in Refs. 13, 4 and 19 present
advances since they integrate risk allocation during the mission planning for au-
tonomous vehicles. This allows to ensure that the planned mission is executed within
a safety margin. However, they do not consider path re-planning under critical sit-
uations from the original path of an aborted mission. The present paper introduces
a mathematical formulation for this path re-planning problem based on that de-
scribed in Ref. 4 for path planning with risk allocation. Also, we are including risk
allocation when planning a path under critical situation.

This paper proposes the use of GA and MPGA as path planners. GA with
Voronoi diagram are applied by Ref. 20 for path planning of UAVs. A new muta-
tion strategy is proposed that works with global and local random diversity. The
initial phase of the method applies Voronoi diagram to create the population. GA is
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applied in Ref. 23 to path planning for land mobile robots, where the environment
to be traversed is represented by a grid. A new mutation operator is proposed that
avoids premature convergence and helps to find optimal paths.

Different methods are compared in Ref. 3 as path planners using a metric pro-
posed by the authors. This metric takes into account the complexity and pecu-
liarities of the problem handled. The methods evaluated are GA, Particle Swarm
Optimization (PSO) and Differential Evolution (DE). Based on the proposed met-
ric, GA is the best method followed by PSO and DE. Path planning for UAV in
three-dimensional environments is studied in Ref. 25, where the aircraft has to avoid
no-fly zones, radars zones, missiles and anti-aircraft guns. The authors developed a
DE method to define paths.

DE with constrained sampling is used in Ref. 24 for search and rescue in real
time scenarios with UAVs. A set of autonomous UAVs is used for rescue task within
a large area. The results are compared with a strategy based on Swarm Intelligence
(SI). The evolutionary approach proved to be better than the SI, once SI decreased
performance when the number of rescue targets increased.

MPGA evolves several populations trying to explore different regions from the
search space. The individuals are hierarchically structured in trees in each popula-
tion, where the best individual is the root. The method was introduced by Ref. 11
with individuals structured in ternary trees following a hierarchy based on their
fitness value. Such approach has been applied to solve problems in different con-
texts like glass container production,?? ordering microarray data'® and asymmetric
traveling salesman problem® with relevant results reported.

3. Path Planning Problem under Critical Situation

The path planning problem under critical situation is described in this section,
following two steps. First, it is provided a problem overview by an example of UAV
mission where a critical situation happens. This example will help to clarify all
constraints assumed. Next, a general mathematical formulation is introduced with
all constraints properly defined.

3.1. Problem overview

Figure 1 illustrates a UAV mission where a critical situation occurs. There are UAVs
runway, storm area, airport, plain area, two populated regions (houses), woods and
a scenic region.

Let us assume that the UAV mission starts from its runway, reaching the scenic
region next, remaining on this region to take pictures for a while and flying back
to the runway. During such mission, the UAV must avoid no-fly zones such as
storms and airports. The aircraft can fly over populated and wood areas. How-
ever, throughout the mission accomplishment, the UAV embedded systems detect
a problem, e.g., battery overheating, and the current mission is aborted and the
UAV systems trigger the algorithm to re-plan the current path. The re-planning
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Fig. 1. TIllustrative scenario for mission planning under critical situation.

will now minimize the possibility of damage during landing, considering informa-

tion from the mentioned regions in Figure 1 and limitations caused by the aircraft’s

problem.

It is assumed that information from several regions can be mapped before the

mission execution. It becomes possible to define disjoint sets of regions based on

the probability of landing the aircraft in one of these regions. In the present paper,

a total of four sets of regions are considered:

(1)

No-Fly Set (¢,): Regions on this set are represented by airports, military
base and other areas with restrictions on the UAV flight. These regions are also
called No-Fly Zone. Thus, it is forbidden for the UAV to fly over and land in
regions of this set.

Navigable with Penalty Set (¢,): Regions on this set may represent popu-
lated regions, factories, forests, among others. UAV can fly over these regions,
but it is not desired landing on them. Such regions are also called as penalty
region.

Navigable and Bonus Set (¢ ): Regions on this set contain flat and suitable
regions for landing as grassy areas or fields with grounder plantations. UAV can
fly over and it is possible to land on regions of this set. Thus, the regions on
this set are called bonus regions.

Remainder Set (¢, ): Regions on this set represent remain areas that are not
classified for landing. There are no restrictions for flight or landing in these
regions, but there is not enough information to classify them on set ¢,. The
regions on this set are called remainder region.

The limitations caused by the aircraft’s problem must be sent to the re-planning

algorithm. This is done by the UAV system when the critical situation is detected.
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The critical situations to aircraft operation considered by this paper are defined

next:

(1) Motor Failure (%,,): The UAV engine m presents problems and stops func-
tioning, and a region for landing has to be found while the aircraft is hovering.

(2) Battery Failure (t): The battery b presents an overheating, where all con-
trols work, but the UAV should land as soon as possible.
(3) Aerodynamic Surfaces Failure Type 1 (ts1): One of the wings sl fails
making the aircraft able only to turn left.
(4) Aerodynamic Surfaces Failure Type 2 (1s2): One of the wings s2 fails
making the aircraft able only to turn right.

3.2. Problem modeling

A mathematical formulation is introduced next to summarize all aspects approached

for the path planning problem under critical situation. The proposed formula-

tion extends a similar modelling described in Ref. 4 for path planning with risk

allocation.

Parameters:

Wt
(: Covariance matrix 4 x 4 associated with environmental uncertainty;
>¢: Covariance matrix 4 x 4 associated with the uncertainty of the UAV.

¢ = {le, Z;j, e Z(‘;jj'}: Set of regions with j € {n,p, b, r};
Zé)j: ith region of the set ¢;;

|¢j]: Number of regions in set ¢;;

Cy,: Cost of landing in set ¢;;

T: Number of time steps to land the UAV;

A:
Fy: State transition function for a given type of failure ¥y, with k € {m, b, s1, s2};
AT': Time discretization established in the simulation;

Probability of UAV violate a region in the set ¢,;

State-independent disturbance at time step t;

Decision variables:

Y

T
P
b
V¢
Ot
Ut
Ay
E¢:

Set of states of the UAV (x; = [p%, pf, vs, ) T);
Position in the z-axis of the UAV at time step t;
Position in the y-axis of the UAV at time step ¢;
Velocity at time step t of the aircraft;

Angle of the UAV in time step t from x-axis;
Set of UAV controls (u; = [as,g¢]7);
Acceleration of the UAV at time step t;

Angular variation of the UAV.

|ép] |Ps|
Minimize Z (Cy, - Plxr € Zép)) - Z (Cgy, - Plar € Zé)b))
i=1 i=1
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subject to:
xt+1=Fq,(xt,ut)+wt Vt:O,l,T (2)
wr ~N(0,Q) Vt=0,1,...T (3)
.ZEtNN(Et,Zt) Vt:O,l,T (4)
P(ANNz¢z, |>1-A (5)
t=0 i=1
Q= {(p5,p8), (1, p1), (p3,P5), - - - (PT. P7)} (6)

The decision variable x; represents the state of UAV at time stept =1,2,...,T.
The UAV state is defined by its position (p¥, p}), velocity (v;) and angular direction
(o) at Cartesian plane. Another decision variable, u;, defines controls to be applied
at each time step t given by acceleration (a;) and angular variation (&).

The fitness function (1) minimizes penalties and maximizes rewards. The penal-
ties Cy, are given by a route landing the aircraft at the last time step ¢ = 7" on
penalty set regions zp € Zé)p. On the other hand, rewards Cy, are given for routes
landing the aircraft on safety regions zr € Zj . The role of function P(...) is to
return the aircraft probability of being or not in a particular region ¢; for each
state ;.

Controls applied at t and the uncertainty w; from external factors define the
dynamic of the UAV states at the next time step ¢+ 1 following the transition state
constraint (2). Function Fy is defined by this work based on the type of critical sit-
uation addressed (V). We assume that the uncertainty w; follows a Gaussian white
noise distribution constraints (3) with covariance matrix Q). Gaussian distribution
for the initial position with mean &y and covariance matrix X, g ~ N (Zo, Xz, )
is also assumed. These assumptions are also made by Ref. 4, thus, future states fol-
low a Gaussian distribution and z; becomes a random variable by constraints (4).
Moreover, UAV location is not precise with the risk of the UAV deviates from its
route by reaching non-fly areas. A bound for such risk can be considered during
the path planning, and constraints (5) describe the probability (1 — A) of the UAV
being out of regions that belong to set ¢,. Equation (6) has the set of waypoints
belonging to the final landing trajectory.

4. Methods

A heuristic and two methods, based on genetic algorithms, are described here, all
of them share a same encoding (representation of solution), fitness function and
genetic operators. Thus, this section begins by explaining such common aspects
before describes the methods from their pseudocodes.
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Fig. 2. Codification and decodification of the controls on the route of the aircraft.

4.1. Representation of solutions and operators

The real values for the controls u; = [a, ;)" applied to the aircraft at each instant ¢
are encoded in the representation of solution. Figure 2 illustrates a solution that
encodes controls from (aq,€1) to (ar,er). The solutions are created applying four
initialization operators:

e random: generates values with uniform distribution for a; € Ulamin; @maz) and
€t € U[Emin;emax];

e short curves: defines values for a; € Ulamin; Gmaz], but it draws reduced values
for angular variation with e, € U [%smm; %emam];

e short acceleration:takes ¢; € Ulemin; Emaz] and a; € U[%amm; %amm];

e greedy: applies the greedy heuristic, described in the next section, generating

controls to reach bonus regions.

The operators of initialization short curves and short acceleration allow to apply
smoother controls when changing the direction and acceleration values of the air-
craft. The crossover operators average, geometric, arithmetic, order crossover (OX)
and blend crossover (BLX-a) were used as described in Refs. 10, 17 and 12 for
real-code. Uniform, limit and creep were the real-code mutation operators applied
as described in Refs. 17 and 9.

The operators were previously evaluated whose results defined as a best strategy
to apply all of them. This means randomly select one among the five crossovers to
be applied every time a new individual is created. A similar procedure occurs with
mutation operators, where one among the three mutations is also randomly selected
each time a mutation happens.
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4.2. Decoding and fitness function

Figure 2 shows that the solution is encoded as controls u; = [a¢, ;)" which are de-
coded next as a route §2; by the transition function Fy (x4, us) in Equation (7). The
motion of a fixed-wing UAV acting over a 2-D space is approximated by Fiy (z, ut)
with F# and m being, respectively, resistance of the air and mass of the UAV.

-pf + vy - cos(a) - AT + ay - cos(ay) - (AT)? /2
p! + v - sin(ay) - AT + ay - sin(ay) - (AT)?/2

Fy(z,ue) = AT Ftd AT (7)
(% + Qg - — E .
ap + €4 - AT

All states xy for t = 1,...,T will be determined by Fy(x¢,ut), where the
next expected state ;41 depends from the current expected state z; and nomi-
nal controls applied (7;). The state z; is a random variable with z; ~ N (%, X¢).%
Thus, the transition function can be used to calculate all the next expected states
Tir1 = Fy (T, 1)), but the uncertainty X in the expected state Z; grows at each
time step. A close-loop control approach is proposed in Ref. 19 defining control
inputs from a nominal control input u;, where a correction that slows down the
growth of the uncertainty >; is applied.

We assume a constant uncertainty »; at any time ¢ with 3; = Q. It is possible
to estimate the probability function P(x; € Z;s) by using a lookup table for a
Gaussian distribution, if the uncertainty about the state x; at any time step ft,
given by z; ~ N (T, %), is known. The covariance matrix used in this work is
given by Equation (8) where o = 10 meters is assumed.

a2 0 00
0 0200
S =Q= 8
t=Q=10 4 o o (8)
0 0 00

The critical situations are defined by changing Equation (7) as follows:

e Critical situation ,,: Acceleration is set null (a; = 0) in Fiy,, since acceleration
over the UAV is not possible during a motor failure.

e Critical situation 1s: The angular variation becomes only positive (e; €
[0, max]) for 151, when the UAV is able only to turn left.

e Critical situation 1go: It is set ; € [emin; 0] when the UAV is able only to turn
right.

e Critical situation v,: There is no change in Equation (7), since the UAV with a
battery failure has only to quickly land. In this case, Equation (16) is included
into fitness function as explained latter.

1760008-9



J. da S. Arantes et al.

Decoding procedure returns a set with all necessary waypoints to land the UAV
by constraints (2) in section 3.2. The fitness function evaluates this set of waypoints
as described by Equation (9).

ﬁtness = fLand¢b + fLand¢p + fFlight¢n + fCurves + fDistUAV¢b + fViolatedT (9)

The aircraft can land without spending all time steps available, so it can land
at time step K such that 0 < K < T. A trajectory like that is a possible solution.

Rewards and penalties for landing the UAV, respectively, in bonus and pe-
nalized regions are dealt with by Equations (10) and (11). However, fly over or
landing on no-fly zones is a hard constraint violation, which is penalized following
Equation (12).

|#s|
fLandqbb = _C¢b ’ Z (P(xK € Zzb)) (10>
=1
9] |
fLand¢p = C¢p ’ Z (P(JJK S Z(Zf)p)) (11)
i=1
friight,, = Cg, -max | 0,1—=A-P [ N N\ ¢z} (12)
t=0 i=1

It is also worth to avoid paths with unnecessary bend and taking long distances
to reach bonus regions. These issues are considered, respectively, by Equations (13)
and (14).

] K
fCurves = : Z |5t| (13)
|5max| —0
fpistvav,, = shortestDist(Tx, dp) (14)

The aircraft can reach, e.g., a bonus region without actually landing on it. This
happen when the aircraft has final velocity greater than its minimum value, so it
is not landing in fact. Equation (15) will give preference for those paths where the
UAV actually lands, besides it reaches the bonus region.

Coy,r, VK — Umin >0

fViolatedT - (15)

0, otherwise
Equation (16) is included to the fitness function when critical situation v, hap-
pens. In this case, it becomes even more important to land the aircraft as soon as
possible. Thus, the idea is to reduce the number of waypoints spent to land the
aircraft.
Cy, - 250, =1
¢ . 10 s = b
fo=9 " (16)

0, otherwise
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Algorithm 1: Greedy Heuristic

begin
RouteLanding route[] <— RouteLanding()[map.|¢p|];
for i = 1 to map.|¢p| do

initialize(routeli], map.Zé)b);

evaluate(routeli]);

RouteLanding bestRoute < getBestRoute(route);
return bestRoute;

1
2
3
4
5
6
7
8

end

4.3. Proposed methods

The first approach to solve the proposed problem was to define a heuristic fast
enough to return feasible solutions. The main idea is to have a fast decision-making
approach when a viable solution becomes more interesting than time-consuming
better solutions. The greedy heuristic (GH) described by Algorithm 1 was then
developed.

The method input is data from bonus regions map.|¢| in line 2 besides other
problems inputs. Candidate solutions for each bonus regions are generated and
evaluated from lines 3—5. A candidate solution is created by rotating the UAV until
it reaches the same direction of a bonus region (map.Zéb in line 4). Next, it is
calculated one trajectory straight to this region. Figure 3 illustrates this rotation
procedure by angles \; < \| for region b, where the rotation occurs towards the
angle A\;. UAV is rotated always to the side with lower angle between the UAV and
a straight line to a bonus region.

The best solution in Figure 3 lands the UAV in region bs that is the closest one.
Another candidate solution that lands on b, is slightly worse and the solution that
lands on by violates the navigability constraint, so it presents low quality. All these
possible solutions are evaluated by Equation (9).

' ?‘b;_ UAV's
== direction

Fig. 3. Candidate routes using greedy heuristic.
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Algorithm 2: Genetic Algorithm

1 begin

2 createPopulation(routes);

3 initialize(routes);

4 evaluate(routes, map);

5 repeat

6 repeat

7 for i = 1 to rateCross x numlIndividuals do
8 select(parents);

9 child < crossover(parents);

10 mutation(child);

11 evaluate(child, map);

12 add(child);

13 until converge (routes) ;

14 restart(routes);

15 until reach (stoppingCriterion) ;

16 RouteLanding bestRoute < getBestRoute(routes);
17 return bestRoute;

18 end

It was mentioned that GH can act as an initialization operator for GA and
MPGA. In this case, a trajectory is built as descried, but for a bonus region ran-
domly selected. Moreover, the controls defined for this solution will be an individual
in the GA or MPGA.

The other two proposed methods are based on genetic algorithms. While GH is
a determinist approach for this problem, the next methods are non-deterministic,
i.e., they can return different solutions from different executions over the same
problem instance. Algorithm 2 describes the first method named simply as Genetic
Algorithm (GA).

This approach comes from standard genetic algorithm approaches. First, a pop-
ulation of routes is created and evaluated by Equation (9). Next, the evolutionary
process occurs while there is no convergence. A total of rateCross x numiIndividuals
individuals are generated through crossover and mutation operators. The selection
for reproduction applies a tournament operator. After crossover and mutation op-
erators have been applied, the new individual, if better, replaces its parent with
worst fitness. A convergence is assumed when no new individual is inserted into
the population after rateCross x numliIndividuals attempts. If there is convergence,
the population is re-initialized keeping only the best individual found so far. This
process is repeated by a previously defined number of fitness evaluations (stopping
criterion). Algorithm 3 describes a multi-population genetic algorithm (MPGA)
with individuals hierarchically structured in trees.

The population is first initialized, all individuals are evaluated and structured
next in tree through lines 4-7. Figure 4 shows the individuals hierarchically struc-
tured in tree. The position of the individuals (nodes) reveals the hierarchy, where
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Algorithm 3: Multi-Population Genetic Algorithm

1
2
3
4
5
6
7
8
9

10
11
12
13
14

15
16
17
18

19
20
21

22

begin

end

repeat

for i = 1 to numPop do

for j = 1 to numiIndividuals do
initialize(pop(i).ind(5));

L evaluate(pop(i).ind(j));

organize(pop(i));

repeat

for j = 1 to rateCross x numlIndividuals do
select(parents);
child < crossover(parents);
mutation(child);
evaluate(child);
add(child, pop(i));

organize(pop(i));
until converge (pop(i)) ;

for i = 1 to numPop do
|_ migrate(pop(i));

until reach (stoppingCriterion) ;
RouteLanding bestRoute < getBestRoute(pop);
return bestRoute;

Best Individual
= o

Migration
Supporters  cjisters
Al

/AN N N e AN AN\
00 000 000 eee 000 ©

/Migration

Fig. 4. MPGA organization using a hierarchical tree structure.

the leader has better fitness than its followers in each cluster. Moreover, the best
individual is the root node and the worst individuals are the leaf nodes.
The evolutionary process happens on lines 10-14. First, the selection for re-

production always chooses randomly two individuals: a leader node and one of its

followers. The new individual created after crossover and mutation replaces the
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worst parent, if better.The population is hierarchically rearranged, after new indi-
viduals insertion, such that better individuals become leader in their clusters. If no
individuals are inserted after rateCross x numliIndividuals attempts, the popula-
tion converges. After all populations have converged, a migration operator sends
the best individual from population i to population 7+ 1. Next, the populations are
re-initialized, except by the best individual of each population and the migrated
individual. MPGA is executed until the number of fitness evaluations has been
reached (stopping criterion).

The main difference between GA and MPGA implementation is how solutions
(individuals) are structured. MPGA has individuals belonging to multi-populations,
where the individuals in each population are hierarchically structured as previously
described. The multi-population approach presents the island effect that can im-
prove the parallel search through the solution space.? The tree hierarchy impacts
over how individuals are selected to reproduce as well as how the insertion of new
individuals takes place, since there is an evolution pressure related to each cluster
(Figure 4). The authors in Refs. 11, 18 and 21 reported better results applying
MPGA approaches against classical GAs.

5. Computational Results
5.1. Maps and problem parameters

A map generator was developed taking into account the proportion of regions be-
longing to bonus set ¢, and map density. The aim is to create maps with different
scenarios randomly generated to validate the landing path planners. The generator
described is based on one introduced by Ref. 4 to create different maps.

The maps generated present dimensions 1000 m x 1000 m with critical situation
happening always at position (pg,pg) = (0;0). The proportion of regions belonging
to set ¢y, defines three levels of difficulty:

e Mp — Easy Maps: There is many bonus regions, a median level of penalty (¢,)
and few no-fly (¢,,) regions.

e My — Normal Map: There is a balanced number of regions belonging sets ¢,,,
¢p and ¢y,

o My — Hard Map: There is many regions in set ¢,, a median amount in set ¢,
and few regions in ¢y.

The map density is used o define two levels of difficulty:

o Cosy, — Coverage 25%: The regions spread out more sparsely across the map
occupying around 25% of the total area of the map.
e (U509 — Coverage 50%: The regions will occupy around 50% of the total area.

Moreover, it is possible to define six group of instances (I1-16) from these cri-
teria with 100 maps generated for each group. Figure 5 illustrates one map for
groups 11-16.
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Table 1. Settings of the UAV and weights of penalties used in the experiments.

Category | Parameter Description Symbol Value Unit
Ma Dimension on the X axis — 1000 meters (m)
P Dimension on the Y axis — 1000 meters (m)
Starting position (P&, DY) (0,0) meters (m)
Initial velocity ) 24 m/s
Initial angle ap 90 degree (°)
Velocity minimum Vmin 11.1 m/s
UAV Velocity maximum Umaz 30.5 m/s
Angular velocity minimum Emin -3 °/s
Angular velocity maximum Emazx 3 °/s
Acceleration minimum Amin 0.0 m/s2
Acceleration maximum Amazx 2.0 m/s2
Number of time steps T 60 seconds (s)
Model Time discretization AT 1 seconds (s)
Acceptable risk of collide with region ¢y, A 0.001 —
Cost bonus region Cy, 2000 $
. Cost penalty region Cy 8000 $
Weight p
GBS 1 Cost no-fly zone Cys, | 100000 $
Cost remainder region Cg, 0 $

The maps have a set of regions defined by convex polygons, where non-convex
regions are composed by two or more convex polygons. The map generator creates
a set of polygons based on rotated squares using a similar approach adopted by
Refs. 4, 13, 19 and 2 when dealing with non-convex regions.

Table 1 shows problem parameters. The UAV parameters are based on real
data of the UAV model Tiriba.® It is provided the UAV velocity when the critical
situation happens and values for minimum and maximum acceleration. There are
other parameters related to problem and cost of land in different regions. The
experiments were performed with machines under Linux-Ubuntu 13.10, Intel Core
i5 processor, 64 bits, 1.80 GHz and 4 GB RAM.

A previous parameter tuning for the MPGA are available at web.?* From these
results, MPGA is set with 3 populations, where each one has 13 individuals disposed
in ternary trees in a total of 39 individuals. The evolutionary process applies 0.5 and
0.75 of crossover and mutation rates, respectively. In despite of a 75% mutation rate,
only a single control (acceleration and angular variation) from a total of 7" = 60
will change. The stop criterion is 10000 fitness evaluations.

5.2. Comparing GH, GAs and MPGAs

Two versions of GA and MPGA are evaluated, one without applying GH as an
initialize operator, named GA1 and MPGA1, and another applying it as initialize

ahttps://drive.google.com/file/d /0B1_zUKNiVRefRnZBZUNYMnFad2M /view
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Table 2. Chance to save the UAV without putting risk on people, properties or itself.

Landing in Bonus Region (¢3)
V] Inst. GH GA1 MPGA1 GA2 MPGA2

I 79 81 81 90 90
2 92 88 92 26 26
13 58 59 60 71 71
Motor (vm) 14 86 81 84 95 26
15 30 34 36 40 40
16 62 59 60 81 82

Avg 67.8 67.0 68.8 78.8 79.2
11 99 96 100 100 100
12 97 99 99 99 99
13 93 91 94 98 99
Battery () 14 98 96 99 99 100
5 67 68 73 95 94
16 83 62 68 96 95

Avg 89.5 85.3 88.8 97.8 97.8
1 81 91 90 92 91
2 88 88 89 95 93
13 68 77 76 86 86
s1(¥s1) 4 82 81 84 90 89
15 41 49 49 73 67
16 56 39 46 78 78

Avg 69.3 70.8 72.3 85.7 84.0
5l 90 93 94 99 99
2 90 94 95 94 95
13 70 78 79 92 92
52 (¢s2) 14 87 83 83 94 94
15 40 65 62 78 74
16 61 49 57 7 76

Avg 73.0 77.0 78.3 89.0 88.3

Global Average 74.9 75.0 77.1 87.8 87.3

operator, named GA2 and MPGAZ2. Table 2 shows each type of critical situation
associated with the UAV (W), the level of difficulty given by each instance group
(I1-16) and the number of times the UAV landed in bonus regions (¢). The best
results for each test case is highlighted.

Let us give an example from the results reported for motor problem (1),,) in
instances 11 (Fasy Maps with Coverage 25%). GH is able to land the UAV for
79 out of 100 maps in bonus regions. GA1l, MPGA1, GA2 and MPGA2 return,
respectively, 81, 81, 90 and 90 routes that land the UAV in a bonus area for I1 with
motor problem.

The overall results show that GA2 and MPGA2 reached better and similar
results. They landed the UAV in bonus area for 87.8% and 87.3% of the maps on
average against 74.9%, 75.0% and 77.1% of GH, GA1 and MPGA1, respectively.
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All methods present better performance dealing with battery overheating problem,
which is expected since battery overheating problem is the only one that doesn’t
change the flight capacity or maneuvers of the UAV. For such critical situation,
GA2 and MPGA2 landed the aircraft safely in 97.8% of maps, while GH returned
89.5%, GA1 85.3% and MPGA1 88.8%. GA2 and MPGAZ2 are the only approaches
able to land the aircraft in bonus areas for more than 80% of maps when flaws in
both wings occur. GH, GA1 and MPGA1 presents the worst performance for the
majority of results with similar results.

The performance of GA1 and MPGAT1 is not much better than GH for all criti-
cal situations evaluated. This means that evolving paths, without some previously
routes to bonus regions, is not a better strategy. In the other hand, the combined
use of GH with GA and MPGA is able to save the UAV without put in risk peo-
ple or properties on more than 87% of the cases. However, hit people or damage
properties must be avoided even in critical situations within the maximum possi-
ble accuracy. Table 3 shows the possibility of save people and properties without
worrying about damages to the UAV.

GA2 and MPGA2 reach again the best results with 96.3% and 96.0% respec-
tively of chance to avoid hit people and properties. Motor problem (¢,,,) and battery
overheating problem (¢,) are even easier to work around with 99.2% of chance by
GA2 and MPGA2.

5.3. Statistical analysis

Tables 2 and 3 reports a total of 2400 tests performed for each method regarding all
failures and instances. Statistical tests are applied to check significant differences
out based on solution quality and computational time.

The criteria of independence, homoscedasticity and normality must be satisfied
to apply parametric tests. The samples are independent, if the occurrence of one
does not affect the probability of the other and this criteria can be verified by
Pearson correlation coefficient. The homoscedasticity occur if the samples have same
variances and can be verified by equals variance test as Levene’s test. The normality
criteria is satisfied if the populations from which the samples were obtained are
normally or approximately normally distributed, where a test like Anderson Darling
test can be applied. If at least one criterion is not satisfied, we must use non-
parametric tests.

All the three criteria fail from data in Tables 2 and 3. Moreover, the non-
parametric Friedman test was performed to determine whether the results in
Tables 2 and 3 are significantly different. Table 4 summarizes Friedman results
where at least one method is significantly different for Tables 2 and 3. The
P-Value = 0.000 < 0.05 reject the Null hypothesis, so the alternative hypothesis
is that one median at least is significantly different.

The Nemenyi’s test® is applied for pairwise comparison as shown on Table 5.
The results indicate that GA2 and MPGA2 outperform GH, GA1 and MPGA1 for
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Table 3. Chance of saving people and properties but without worrying with the UAV.

Landing in Bonus (¢p) or Remainder (¢,) Regions

1% Inst. GH GA1l MPGA1 GA2 MPGA2
11 100 100 100 100 100
12 98 99 99 99 99
Motor (¢m) I3 97 98 99 99 99
14 98 99 100 100 100
15 82 99 100 100 100
I6 90 90 93 97 97

Avg 94.2 97.5 98.5 99.2 99.2
I1 99 99 100 100 100
12 97 99 99 99 99
13 94 98 99 99 99

Batter

¥ () 14 98 97 99 99 100
15 68 99 100 100 100
16 83 79 85 98 97

Avg 89.8 95.2 97.0 99.2 99.2
11 87 97 98 98 98
12 88 88 89 95 93
13 82 94 94 95 94

sl
(s1) 14 83 83 87 90 89
15 62 92 95 95 95
16 56 64 69 83 82
Avg 76.3 86.3 88.7 92.7 91.8

11 93 98 98 99 99
12 90 95 96 96 96
52 (1s2) 13 87 94 95 97 97
14 88 91 91 94 94
15 57 96 97 98 98
16 64 66 70 80 80

Avg 79.8 90.0 91.2 94.0 94.0

Global Average 85.0 92.3 93.8 96.3 96.0

landing on bonus regions. For landing on bonus or remainder regions the MPGA1,
GA2 and MPGA2 outperform GH and GAL.

There is no significant difference between GA2 and MPGA2. Tables 2 and 3
show both methods performing equally well for the two land criteria evaluated.
Therefore, it will be evaluated next which method reaches the best route first.

The time spent by GA2 and MPGA2 to reach the best route is also evaluated
from 2400 executions. The hypothesis to apply parametric tests are not fulfilled,
so the non-parametric Friedman and Nemeneyi’s tests are performed in Table 6.
The Friedman test returns significant differences (P-value < 0.0001), where MPGA2
median value is 0.761 sec. against 0.815 sec. from GA2, and the Nemeneyi’s test
shows MPGA2 outperforming GA2, GA1 and MPGAL.
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Table 4. Friedman test evaluating the differences of methods for Tables 2 and 3.

From Table 2 From Table 3
Method N Median Sum of Ranks Median Sum of Ranks
GH 24 80.850 42.0 92.350 30.0
GA1l 24 81.750 43.5 96.250 50.0
MPGA1 24 82.250 64.5 97.450 81.5
GA2 24 91.250 106.0 97.950 101.5
MPGA2 24 91.150 104.0 97.750 97.0
Overall 120 85.450 — 96.350 -
P-value 0.000 0.000
DF 4 4
S 65.81 63.89
S(ties) 70.51 79.25
Table 5. Nemeneyi’s test results for Tables 2 and 3 instances.
Instance Group A Group B
Table 2 GH, GA1l, MPGA1 GA2, MPGA2
Table 3 GH, GA1 MPGA1, GA2, MPGA2

Table 6. Friedman’s and Nemeneyi’s test evaluating the time for each method
to get the best solution.

Friedman’s Test

Nemeneyi’s Test

Method N Median Sum of Ranks Groups
GH 2400 0.045 2424.5 A
GA1l 2400 0.864 8421.5 C
MPGA1 2400 0.946 9748.5 D
GA2 2400 0.815 8288.0 C
MPGA2 2400 0.761 7117.5 B

Figure 6 shows the analysis of the expected time execution for each method.
GH is the fastest one spending on average 0.07 sec. and no longer than 0.18 sec. for
99.9% of best samples. GA1, GA2, MPGA1 and MPGA2 spent on average around
1 sec. and no longer than 2.28, 1.97, 1.91 and 1.86 sec., respectively, considering
99.9% of best samples. These values are extract directly from the 2400 time samples.

5.4. Examples of routes

Figure 7 shows four routes determined by the planner MPGA2 in a map My with
coverage Chso,, where the aircraft is flying towards north direction when a failure
occurs. It is shown the routes as well as the point S where the critical situation
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GH GAl GA2 MPGA1 MPGA2

Fig. 6. Expected execution time for each method.

(b)

(c)

(d)
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©

Fig. 7. Examples for each critical situation: (a) ¥m, (b) 1, (c) ¥s1 and (d) ¥s2
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happens and the point E where the aircraft lands. The circles represent the uncer-
tainty related with the UAV position as described in sections 3 and 4.

In Figure 7(a), the aircraft lands on bonus region bs faster due to motor failure
(1 ). There is a landing on region by in Figure 7(b). Figures 7(c) and (d) show
landing routes after problems with wings s1 and s2.

Three routes generated by GH are shown by Figure 8, where the UAV reaches
bonus region bg in Figure 8(a); the aircraft fails to reach ¢, due to its long distance
in Figure 8(b); and there is a route over no-fly zone ¢,,, indicating a bad solution,
even if it allows to land in bonus region ¢3, in Figure 8(c). The regions ¢, and
¢p, are not chosen in Figure 8(b) because it would violate the constraint of non-
navigability.

(a)

@

4

Fig. 8. Examples of routes obtained by the GH.
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Fig. 9. Examples of routes obtained by the GA2.

Figure 9 shows routes generated by GA2. In Figure 9(a), the aircraft reaches a
bonus region and land safely. In Figure 9(b), it fails to reach the ¢, , thus, landing
in the remainder region. In Figure 9(c), the UAV has a small overlap when flying
over ¢n,, and landing on ¢y, .

A numerical example is presented next to illustrate how the fitness function is
calculated with Equation (9) from solution (trajectory) in Figure 9(c). The first
term of the fitness function assigns a bonus for solution that lands in a bonus
region. This is done by estimating the probability of the aircraft to land in bgy
as P(rg € Z¢2>b) = 0.9356. In this case, a bonus of —1871.2 was given following
Equation (17).
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|#s]
frand,, = —Cs, - Y (Plek € Z},))
=1
= —Cy, - 0.9356 = —2000 - 0.9356 = —1871.2 (17)

The second term assigns a penalty by landing in penalty region. In this example,
there is no landing over such region, i.e. P(zx € Zé)p) = 0 for all region in ¢, and
frand oy = 0. The chance of the aircraft violates any of the non-navigable regions

is estimated as P(AL, /\Li"l| xy ¢ Zfbn) = 0.8522. The region with high penalty was
n12 (see Figure 9(c)). Moreover, the maximum between (0,1 — A —0.8522) is 0.1468
with A = 0.001 following Equation (18).

K |¢nl
fFlight% =Cy, -max [ 0,1 -A—-P /\ /\ xy ¢ Zé)n
t=0 i=1
= Cy, - 0.1468 = 14680 (18)

There are also penalties for the amount of curves that the aircraft performs
(Equation (13)) and the distance from the center of the region where the aircraft
lands (Equation (14)), respectively, given by fourves = 20.33 and fDistUAv% = 50.
In this example the landing region was by and the model gave a penalty of 50 that
means a distance of 50 meters from the center of the region bs (see Figure 9(c)).
Let us assume that there is no speeding of the UAV at the last time step (Equa-
tion (15)), S0 fviotatedr = 0. Finally, let us suppose that the failure occurred in the
battery (¢ = 1), and the amount of waypoints allocated to the landing instant
was K = 35 with T' = 60 and Cj, = 2000. Thus, the penalty associated is given by
Equation (19).

(K-T)

O¢b 270 Y=y (35—60)
fo = = fyp =2000-2"10  =3534 (19)
0, otherwise

The fitness value is returned by Equation (20), whose high value (13241.33)
indicates an infeasible solution that is penalized.

fitness = —1871.2 + 0 + 14688.8 + 20.33 + 50 + 0 + 353.4 = 13241.33  (20)

The method will take a while to update the route and the UAV position will keep
changing. The UAV speed ranges from 11.1 m/s to 33.5 m/s, but it was assumed
24 m/s as speed at the time a fault is detected. Let us assume that the method used
for emergency route re-planning is MPGAZ2, so applying this speed to the worst case
time of MPGA2 give us 24 m/s x 1.86 s = 44.64 m. The distance traveled between
the failure detection and getting the final emergency route is about 45 meters.
Figure 10 shows that such shift does not compromise the re-planning process given
the dimensions of the map and UAV speed.
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UAV Position
(0, 45)

Fig. 10. Displacement of the UAV during the processing time of the emergency route.

5.5. Stmulations in FlightGear

A simulation is executed aiming to illustrate the behaviour of the aircraft following
one of the paths provided by MPGA2. The FlightGear (FG) is chosen since it is
an open-source simulator with many resource available. FG is set to simulate the
flight dynamic of Cessna 172, but an autopilot was coded to control automatically
the Cessna 172 flight. Figure 11 shows the framework that integrates FG, autopilot
and MPGA2 path. MGPA2 sends the path to the autopilot that aborts the current
path and starts a new path. The autopilot executes the MPGA2 path based on the
environment and aircraft simulations from FG. Due to the fact that the aircraft
used in flight (Cessna 172) is larger than the UAV used in the previous experiments
(Tiriba), the dimensions of the route and map used were increased.

APS Alrcraft Plotter

Fig. 11. Framework for FlightGear with MPGAZ2 paths.
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(a) Wind Velocity 10 Knots - My with Cjsq, (b) Wind Velocity 50 Knots - My, with Case;

Fig. 12. (a) and (c) FG simulation with winds 10 knots, (b) and (d) with winds 50 knots. Wind
direction: west.

Two maps from Instances I3 (My with Cos9) and 16 (Mg with Cyoy) are se-
lected to execute the simulations and a battery failure v, is assumed. Figures 12(a)
and (c) show the paths when there are winds with 10 knots during the flight sim-
ulation, while Figures 12(b) and (d) have the same path execution under winds
with 50 knots. The winds bring disturbances that do not allow to follow exactly
the MPGAZ2 route in both maps. As expected, the difference between MPGA2 path
and the path executed by autopilot is larger under strong winds, but the aircraft
stays away from non-fly zones and near the MPGA2 path in both cases.

Another amount of simulations is conducted using FG. These simulations aim to
stress different wind speeds and directions on the UAV’s flight. The same battery
failure on a single map is used for all simulations. Table 7 summarizes the 17
experiments performed. The first row of this table shows a windless flight where
simulation time spends 178 seconds, the average error was 8.65 meters with StDev
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Table 7. Results obtained in FlightGear for different wind speeds and directions.

Wind Speed  Simulation Time  Average Error  St. Dev Error
Wind Direction [knots] [seconds] [meters] [meters]
No Direction No Dir 0 178 8.65 7.79
North to South NtoS 10 192 21.18 12.26
North to South NtoS 20 208 36.21 19.16
North to South NtoS 30 226 53.26 27.20
North to South NtoS 40 241 70.47 37.93
South to North StoN 10 164 12.04 7.85
South to North StoN 20 157 24.99 15.77
South to North StoN 30 154 39.93 24.78
South to North StoN 40 139 57.38 33.66
East to West EtoW 10 194 14.02 7.61
East to West EtoW 20 197 32.24 11.41
East to West EtoW 30 218 50.15 16.11
East to West EtoW 40 219 69.25 23.05
West to East WtoE 10 176 26.27 11.02
West to East WtoE 20 172 43.72 19.37
West to East WtoE 30 157 68.37 21.27
West to East WtoE 40 157 92.33 29.51
8000 rr T T T T T I T
No Dir ————
7000 |- NtoS 10 ——— il
NtoS 20—
{ NtoS 30 ———
6000 |- NtoS 40 —— |4
StoN 10 ———
StoN 20 ——
5000 - StoN 30 i
E StoN 40
o
.(O“ 4000 |- Etow 10 -
< /4 EtoW 20
g s EtoW 30
3000 = EtoW 40 i
WtoE 10 ——
2000 - WtoE 20 ——— ||
WtoE 30—
WtoE 40 ——
1000 - -
o U4 | | | | | | |
0 1000 2000 3000 4000 5000 6000 7000 8000

posigao x (m)

Fig. 13. Routes obtained in experiments using FlightGear simulator.
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error 7.79 meters. The error of 8.65 m means the value on average that the aircraft
is shifted from the original route taking into account the whole path. The results
are shown for winds going from North to South and wind speeds ranging from 10
to 40 knots. It can be seen that the simulation time increases or decreases slightly
depending on the wind speed and direction. The column Average error shows that
wind speed increasing leads to error values that increase proportionally. Some videos
of these simulations are available at web.”

The graph of Figure 13 shows all routes in Table 7. These routes show that the
error of the aircraft in relation to original route is quite low, even under different
wind conditions.

6. Conclusions

A path re-planning problem to land a UAV under four types of critical situation
is approached by this paper. The aim was to minimize damages increasing the
safety during the emergency landing. Three methods were proposed, GH, GA and
MPGA, for path re-planning, where the GA and MPGA were evaluated using GH
to initialize paths (GA1l, MPGA1) and without such initialization (GA1, MPGA1).
A set of 600 maps were generated to evaluate the proposed methods.

All methods were able to land the aircraft for more than 67% of maps on average
under all critical situations. The type of landing executed by the UAV was evaluated
under two situations. First, The UAV landing is evaluated taking into account the
chance to save the UAV without putting risk on people, properties or itself. Next,
the UAV landing is evaluated taking into account the emphasis on saving people
and properties, without to care about UAV damages.

The methods are better dealing with battery problem and worse for landing the
UAV under motor failure. Thus, this issue must be taken into account as future
works to improve these methods. MPGA2 seems to be the most promising one since
it takes more advantage to evolve individuals initialized by GH. The statistical
analysis do not indicate significant difference among MPGA2 and GA2 based on
landing percentages, but MPGA2 lands the UAV in safety regions for more than
79% of the maps. However, they show a better performance of MPGA against GA2
based on computer time to reach a better route. Of course, GH is the approach
designed to return fast solution, but it can fail more than GA and MPGA to land
in bonus regions.

The simulation with FlightGear showed that the aircraft ares able to follow
the path even under different wind velocities and directions. During flights with-
out wind, the UAV deviates from the original route on average 8.65 meters. This
error can be considered low based on the aircraft and scenery dimensions. The
average error reached around 92.33 meters under winds of 40 knots and the devia-
tion can be considered average for the dimensions mentioned. However, even under

Phttps:/ /youtu.be/sN6yfr_3VbU
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such extreme conditions, the aircraft reaches adequate regions to land. Thus, the
proposed methods find good quality solutions within a short computational time,
which is a relevant aspect for this problem.

As future work, the mathematical model will be improved aiming to describe
this problem using a mixed-integer linear programming model, allowing to solve it
with exact methods. Finally, the functions to describe critical situations will also
be improved and other failures will be considered.
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