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RESUMO

O resultado do escaneamento de um Laser Scannesifer(LST) € uma nuvem de pontos
com coordenadas geométricas ', 4, informacbes de coR, G, B provenientes de uma
camera fotografica acoplada ao equipamento e, amiidormacao do retorno da intensidade
do pulso laserl]. Esses sistemas de varredura possuem algumadecestcas como, por
exemplo, sua rapidez na aquisicdo de informac@egstro de cenas em 3D e coleta de
informacBes sem contato direto que se aplicam deafomportante nas andlises florestais.
Contudo, a grande vantagem da utilizacdo de um n&area florestal € a possibilidade de
caracterizar alvos remotamente de forma rapidaoede&trutiva. Assim, este trabalho teve
como objetivo principal avaliar os dados de intéade de retorno do laser provenientes de
um sistema LST para a caracterizacdo de alvosstise Metodologicamente foram
realizados experimentos controlados que envolversn seguintes etapas: calibragao
radiométrica do LST; avaliacdo da influéncia daéisia nos dados de intensidade de retorno
do laser e; analise do efeito de borda em image@andenalvos florestais (considerado um dos
principais problemas que afeta os dados intensidadetorno quando se utiliza um LST). O
equipamento utilizado durante os experimentos foi laser scanner modelo liris 3D da
Optech que trabalha no intervalo do infravermell&alim com comprimento de onde de 1535
nm. Os resultados mostraram que para esse compoirderonda os alvos florestais devem
ser imageados a uma distancia maior ou igual a Smpeocessamento dos dados com
resolucdo radiométrica de 8 bits foi mais adequadis proporcionou uma caracterizacao
geométrica do alvo com efeito visual de melhor igadle se comparado com o
processamento de 16 bits. Os resultados dos exgregomrealizados sobre o efeito de borda
possibilitaram identificar dois tipos de distor¢c@ge ocorrem em dados de nuvem de pontos
adquiridos com um LST. O primeiro afetou os valatesntensidade de retorno do laser e o
segundo criou um efeito que deslocou os pontosspage. Para minimizar este efeito foi
desenvolvido um algoritmo, o IRA (Intensity Recaovétgorithm), que possibilitou recuperar
automaticamente os valores de intensidade de cettoriaser minimizando em até 35,7% o
efeito de borda nos imageamentos do alvo estudadoesquisa. Assim para 0 uso de um
LST, na caracterizacdo geométrica de alvos flosestanecesséario desenvolver modelos de
calibracdo da intensidade de retorno do pulso,lgs®s os sistemas LST séo distintos em

termos de faixa do espectro eletromagnético queaopePor fim, no que tange ao efeito de



borda concluiu-se que o algoritmo IRA necessita sggimorado com outras abordagens

computacionais e matematicas que poderao ser dégielns em estudos futuros.

Palavras-chave:LIDAR. LaserScanneiTerrestre. Calibragédo. Efeito de Borda. Intensdad



ABSTRACT

The result of the scanning of a terrestrial lasanger (TLS) is a point cloud with geometric
coordinates (X, Y, Z), color information (R, G, Bbm a camera coupled to the equipment,
and also the return information of intensity of thser pulse (l). These scanning systems have
some characteristics, for example, its speed imidgog information, and of 3D scenes with
record of data remotely which applies significantlythe forestry analysis. The advantage of
using a TLS in the forestry area is the possibidityemote acquisition of data enabling a fast
and non-destructive work. This work aimed to eviduae laser return intensity data from a
TLS system for the characterization of forest tewgdiethodologically were performed
controlled experiments involving the following ssepradiometric calibration of TLS;
evaluating the influence of the distance in thedagturn intensity data and; analysis of the
edge effect in imaging forest targets (considemsel af the main problems that affect the data
intensity return when using a TLS). The equipmesgduduring the experiments was a laser
scanner llris Optech 3D model that works in the-infdared range with wavelength of 1535
nm. The results showed that for this wavelengtkedbtargets should be imaged at a distance
greater than or equal to 5m and processing of dde@metric data with 8-bit resolution is
more suitable because it provided a geometric cheniatics of the target with better visual
effect quality compared with the 16-bit processifige results of the experiments on the edge
effect possible to identify two types of distort®othat occur in cloud data points acquired
with a LST. The first affect the laser return irdgy values and the second set offset an effect
that the points in space. To minimize this effactadggorithm, the IRA (Intensity Recovery
Algorithm), was developed which enabled automdiicettrieve the laser return intensity
values up to 35.7% of minimizing the edge effecthe target imaging surveys studied in
research. Thus for use of an TLS, the geometribaracterization of forest targets, it is
necessary to develop calibration models of thermeaser pulse intensity, for TLS systems
are different in terms of the electromagnetic spastoperating range. Finally, with respect to
the edge effect it was concluded that the IRA algor needs to be enhanced with other

computational and mathematical approaches thathaaleveloped in future studies.

Key-words: LIDAR. LaserScannefTerrestre. Calibration. Edge Effect. Intensity.
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CAPITULO 1 - INTRODUCAO, HIPOTESE, OBJETIVOS, METOD OLOGIA
GERAL E ORGANIZACAO DA TESE

1.1 INTRODUCAO

O conceito que possibilitou a criagdo de lasergpfoposto por Albert Einstein, por
volta de 1917, cujo estudo previa ser possivemedir um corpo a liberar energia em forma
de radiacdo eletromagnética com caracteristicdsromes e constantes. A palavra LASER, na
verdade, € uma sigla em inglés cuja origem remeltéglt Amplification by Stimulated
Emission of Radiationque na traducédo significa Amplificacdo da Luz f@émisséo
Estimulada de Radiacdo. As limitacBes tecnoldgiesistentes na época da descoberta
fizeram com que as pesquisas sobre essa teoli@ssgm somente a partir da década de 1950
(GONCALES, 2007). Sendo assim, o descobrimentoudadb tipo laser data do inicio da
década de 60 e, é uma das numerosas contribuigbéisich quantica para a tecnologia
(HALLIDAY et al., 2007).

Por volta de 1960 o laser comecou a ser usado wantimentos topograficos para a
medicao de distancias o que permitiu o desenvolionde equipamentos que auxiliaram na
melhoria da exatiddo dos levantamentos topograficgeodésicos. Com o desenvolvimento
de um mecanismo de varrimento/escaneamento acoplasloequipamentos de medigéo,
surgiu o primeiro Laser Scanner Terrestre (LSTyual foi comercializado em meados da
década de 90.

Essa evolugédo se deu de forma continua acoplandotss tecnologias tal como a
camera fotografica e a possibilidade do registreetlno da radiacdo eletromagnética apos a
interacdo com o alvo. Sendo assim, um equipamentbST hoje, permite medir angulos,
distancias e nos da acesso as informacoes de GB)(Brovenientes da camera fotografica

acoplada e ainda, o registro da intensidade (tad@&céo eletromagnética no seu retorno.

A partir da determinagdo das distancias e dos éagélpossivel obter as coordenadas
geomeétricasX, Y, Zde cada ponto obtido. O resultado de um escangantem camera
fotografica acoplada € uma nuvem de pontos tridgioeal com redundéancia de informacéo
X, Y, Z, |, R, G, B podendo facilmente ultrapassar milhdes de poctos apenas alguns
segundos de coleta.
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Esses sistemas de varredura possuem algumas datmete que se aplicam de forma
importante nas analises florestais, pois as angesisanessa area geralmente sao destrutivas,
caras, trabalhosas e, muitas vezes, resultam emtr@sa@ouco representativas (Seielstad et
al. 2011). Contudo, a grande vantagem da utilizad@oum LST na area florestal € a
possibilidade de se adquirir dados remotamentesilpbgando assim, um trabalho rapido e
nao destrutivo. As pesquisas na area tém demoaostgag as informacdes obtidas
proporcionam exatidao quanto a geometria ao lomgtrahco das arvores, permitindo nao
somente obter valores de alturas e diametros, nasm@ a tortuosidade, forma e qualidade
da madeira em funcéo da insercédo de galhos e daegsossam ocorrer no tronco (MAAS et
al., 2008).

Os trabalhos publicados sobre as aplica¢des da@&@Bido direcionados a utilizagédo
das coordenadas geométricxs ¥, 4 e do atributo da coR| G, B para estimativas de
volume, reconstrucéo 3D, altura, diametro a alliarpeito, densidade de area foliar, indice de
area foliar entre outras. No entanto, existem pe@studos sobre abordagens metodologicas
de LST utilizando a informagédo da intensidade desrme do laser. Alguns estudos
relacionados a intensidade tém focado, principalejen questdo da calibracdo radiométrica
(WAGNER et al., 2006, 2008; HOFLE e PFEIFER., 20BAASALAINEN et al., 2009,
2011; SEIELSTAD et al., 2011; PFEIFER et al., 2008)

A intensidade ja foi exploradem algumas areas da Geociéncias. Burton et al1)201
estudaram a sua correlacdo em relagdo a litol@paresultados obtidos mostraram que a
intensidade teve uma correlagdo inversamente pigpal ao peso (%) de argila e
diretamente proporcional ao quartzo, plagioclasko-feldspato. Os autores enfatizam que a
intensidade do LST é um possivel sensor remoto imdodia, particularmente em
afloramentos remotamente inacessiveis e que, aotenpoucos pesquisadores tém estudado
sobre a informacédo da intensidade do LST. Eital.e{2010) correlacionaram o contetdo de
clorofila proveniente das folhas e a intensidadéteveram uma correlacdo dé 0,77 entre

essas duas variaveis.

Com base nos trabalhos supracitados foram estabmeos objetivos geral e
especificos que estdo descritos na sequéncia.



20

1.2 OBJETIVOS

1.2.1 Objetivo geral

Este trabalho teve como objetivo geral avaliaras$od de intensidade provenientes de

um sistema laser scanner terrestre para a caracigo de alvos florestais.
1.2.2 Objetivos especificos

Para corroborar com o objetivo geral, foi neceasariproposicdo dos seguintes

objetivos especificos:

a) estabelecer procedimentos metodoldgicos para asig§oi de dados de

intensidade de alvos florestais com LST;

b) analisar a influéncia da distancia na aquisicdodddos de intensidade de

retorno do pulso laser;

c) propor uma metodologia para minimizar o efeito deda sobre os dados de

intensidade do LST de alvos florestais;
1.3 ORGANIZACAO DA TESE

Esta tese foi organizada em seis capitulos. O utaplt apresenta a introducédo ao
assunto, estabelece o0s objetivos geral e espegifie® procedimentos metodolégicos
efetuados para cada objetivo e a organizagao éa tes

O capitulo 2 apresenta a revisdo bibliografica s@sr assuntos relacionados ao tema
deste trabalho. Sdo dadas as definicdes dos tedmasteresse, bem como os conceitos
bésicos sobre sensoriamento remoto, a técnica LIRAght Detection And Ranginga luz

laser, laser scanner terrestre e intensidade.

Ja os capitulos 3, 4 e 5 estdo estruturados de qumElcada um deles corresponde a
um dos trés objetivos especificos da tese. Es8sscaipitulos estdo elaborados na forma de
artigos em lingua inglesa. Na sequencia esta tiesori maior detalhamento sobre cada um

destes trés capitulos.
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O capitulo 3 foi desenvolvido para atender ao olgede estabelecer procedimentos
metodoldgicos para a aquisicdo de dados de inthesido LST para estudos de correlagéo
com as caracteristicas quimicas de alvos floredtkste capitulo esta descrita a exploracédo
metodoldgica e os testes de calibracdo realizados @ LST. S&o descritos também os
procedimentos realizados no processamento dos daa@s a aquisicdo da intensidade
objetivando a aplicacdo em alvos florestais. Esf@talo foi publicado no periédico IERI
Procedia, v 5, p. 238-244, 2013 .

O capitulo 4 trata do estudo desenvolvido paradatemo objetivo de analisar a
influéncia da distancia na aquisicdo de dados tmsidade de retorno do pulso laser. Este
capitulo analisa e modela a intensidade de retonoST em funcéo da distancia. O referido
capitulo foi publicado nos anais do The InternatioArchives of the Photogrammetry,
Remote Sensing and Spatial Information SciencesRCOM), v. XL-2/W1, p. 99-103, 2013.

O capitulo 5 apresenta o estudo desenvolvido garaler ao objetivo de propor uma
metodologia para minimizar o efeito de borda sasrdados de intensidade do LST de alvos
florestais. Nessa parte do estudo foi realizadaracterizacdo do comportamento do efeito de
borda, bem como o desenvolvimento de um algoritraa pninimizar este efeito. Este
algoritmo foi baseado em um processo de agrupamentamente com abordagens baseada

em centroides e quadtree para tratar do efeitmdkalautomaticamente.

O capitulo 6 apresenta a conclusdo da tese, aglemagdes finais e indica propostas

para estudos futuros.

1.4 METODOLOGIA

A Figura 1 ilustra, por meio de um organograma, etogiologia empregada no
desenvolvimento da tese. Ela foi elaborada com apdgsito de elucidar as etapas
metodoldgicas realizadas. Essas etapas estaooredeis aos objetivos especificos propostos
na pesquisa. Contudo, um maior detalhamento seesepgado nos capitulos 3, 4 e 5

correspondentes a cada objetivo especifico.
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Figura 1 -Organograma das etapas metodologicas.

Objetivos especificos x
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de borda.
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Fonte: A autora
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O desenvolvimento da etapa experimental foi redtizeo campus da Universidade do
Vale do Rio dos Sinos (UNISINOS) localizado na delale Sdo Leopoldo, estado do Rio
Grande do Sul no Brasil. Este campus dispde de59%¢stares e 142 km? de area de
preservacdo ecologica. Foram escolhidas duas analeatorias como alvo de estudo. A
aquisicdo da intensidade desses alvos foi realizamia o equipamento Laser Scanner
Terrestre llris 3D da Optech. Este equipamento é&emsor ativo que trabalha com a radiacao
eletromagnética no comprimento de onda de 1535Amgur@ 2). Ele emite radiagdo na regido
do infravermelho médio por emissdo estimulada dwrlade diodo (Kekeba, 2008). O
equipamento funciona com o principio de tempo de vo

Figura 2 - Laser Scanner Terrestre ILRIS 3D.

LCD Panel with Digital Image USB Port
of Survey Scene with Latching Cover

Ethearnat Port

Bafttery Connection
09 Serial Data Port

Wireless LAN Port

Level Bubble

Fonte: Optech (2009)

Segundo Ponzoni (2002), a regido do infravermelédioncompreende a faixa que vai
de 1,3 a 2,um, cuja ilustracdo consta na Figura 3.

Figura 3 - Regido do infravermelho médio, de 1236aum.
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Fonte: Adaptado de Ponzoni (2002).
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O sistema possui uma interface de simples opergg@dendo ser controlado por

Notebook, através de uma conexéao por cabo ou domMieless. Os dados adquiridos podem

ser armazenados em memoria de dispositivos USBariDeiro escaneamento, podem
selecionadas diversas areas do alvo, com opcaifedendes resolugdes para cada area.

As especificacdes técnicas do ILRIS — 3D. Optetioedescritas no Quadro 1.

Quadro 1 - Especificagdes técnicas do LST ILRIS 3D.

ser

Alcance variavel entre 400 metros, para objetos ftatancia de 10%, e 1200 metros, para

objetos com 80% de refletancia;

Possui uma preciséo linear de 7 milimetros e ureaigiio angular de 8 milimetros, ambag

uma distancia de 100 metros do equipamento;

Sa

A divergéncia de seu laser, de 0,00974°, faz com em uma distancia de 100m

equipamento, o diametro do raio do laser emitig de 2,2 centimetros.

do

Laser classe 1, seguro para o olho humano, operarenirequéncia de 1535 nm, ou seja

faixa do infravermelho médio;

na

O lIris 3D opera no modo de janela, ou seja, ena gaxsicdo do equipamento ele possui

campo de visada de 20° em todas as direcdes, pedi@zma janela total de 40°x40°;

um

Possui integrada uma camera digital de 3.1 megapilozalizada fora do eixo central
equipamento, o que causa uma distorcéo de parahaxabjetos localizados a menos de 3

40 metros do equipamento.

S5a

Fonte: Optech (2009)

A partir da exposicdo da introducdo, hipodtese, tolgje e metodologia, a tese

apresenta 0s principais conceitos que embasarasscaipa no capitulo que trata da revisao

bibliogréfica.
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CAPITULO 2 - REVISAO BIBLIOGRAFICA

Neste capitulo é apresentada a revisao bibliogr&abre os assuntos pertinentes a
esta pesquisa. Em linhas gerais, foram abordadosrz®itos sobre sensoriamento remoto, a
técnica LIDAR, a luz laser, o laser scanner tereds¢m como a intensidade do LST.

2.1 SENSORIAMENTO REMOTO

Segundo Novo (2010), o principio do sensoriameertmoto esta cientificamente
ligado ao desenvolvimento da fotografia e a pesgespacial. A primeira fotografia de que se
tem noticia foi obtida por Daguerre e Niepce em91834 em 1840 o seu uso estava sendo
recomendado para levantamentos topograficos. Augiiol nesta area ocorreu rapidamente
até que em 1858 o corpo de engenharia da Frargstgaa utilizando aparatos fotograficos
embarcados em balBes para o0 mapeamento topogEsientermo apareceu pela primeira vez
na literatura cientifica em 1960 e significava desmente a aquisi¢do de informacdes sem o
contato fisico com os objetos (NOVO, 2010).

Existem diversas definicbes para o sensoriamemote Charles Elachi, em 1987,
qualificou esta tecnologia como sendo a aquisicéo iformacbes pela detecgcédo e
mensuracdo das mudancas que um determinado objgibei aos campos de forgca
eletromagnéticos, acusticos ou potenciais quecarmitam. (ELACHI, 1987).

Sabins (2007), também se refere ao termo incluiasioondas acusticas e define
sensoriamento remoto como sendo 0 conjunto de etople empregam a energia
eletromagnética, tais como a luz, o calor e as onudaradio, como meios de deteccdo e

mensuracao da caracteristica dos alvos.

Apesar de sensores de ondas acusticas (sonaresprdds sismicas (sismoégrafos)
também permitirem a aquisicdo de informacfes solietos ou fendbmenos através da
mensuragcdo das mudancgas que impdem a esses cangeigicao atual de sensoriamento
remoto se limita a utilizacdo de sensores que medieracdes sofridas pelo campo

eletromagnético.

De acordo com Fitz (2008), os sensores remotoslisfositivos com capacidade de
captar e registrar, em forma de dados, a enerfidida pelas superficies. Os dados obtidos
podem entdo ser armazenados, manipulados e awalisdthvés de softwares especificos. A
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energia utilizada no sensoriamento remoto é a ¢adialetromagnética (REM), medida em
frequéncia e comprimento de onda (FLORENZANO, 2002)

Segundo Florenzano (2002), sensoriamento remote Emt definido como a
tecnologia que permite a obtencdo de imagens euipos de dados de determinada
superficie através da captacao e registro da eneefletida ou emitida pela superficie. A
palavra sensoriamento refere-se a aquisicdo dassdad termo remoto é utilizado porque a

obtencao de dados é feita a distancia, sem o odigato entre o receptor e 0 emissor.

Para Jensen (2009), as caracteristicas fisicasneicgs de um objeto podem ser
identificadas por equipamentos especializados Brgaeiros de distancia, pois captam as
informacdes por meio da radiacdo que este objdEteaeabsorve, transmite ou emite. Este
alvo pode estar localizado tanto na Terra comospaéo, pois 0s sensores estdo localizados,
guase que na totalidade, em satélites que orbitamedor da Terra. Esta capacidade de

conseguir estudar materiais sem o contato fiscwéado de sensoriamento remoto.

Novo (2010) definiu como sendo a utilizacdo corgudé sensores e equipamentos
para processamento e transmisséo de dados conetovolge estudar eventos, fendbmenos e
processos que ocorrem na superficie do planeta Bepartir do registro e da analise das
interacdes entre a radiacdo eletromagnética e leasicias que o compdem em suas mais

diversas manifestacoes.

Para Longley et al., (2013), o sensoriamento remoe&mle propriedades fisicas,
guimicas e biolégicas de objetos sem o contatdéodao@m eles e é, atualmente, a forma mais

popular de captura de dados geograficos primarios.

Em relacdo a origem da fonte de energia, os sensaie classificados em ativos e
passivos. Os sensores ativos emitem a energiasdeigesm direcdo ao alvo para captarem a
sua reflexao, ou seja, possuem fonte de energmigrda os sensores passivos necessitam de
fontes de energia externas para captarem a reftagisuperficies dos alvos, como a energia

proveniente do sol, por exemplo. (FITZ, 2008).

Quanto a forma como os dados sao traduzidos, ssEsnpodem ser classificados em
imageadores e ndo imageadores. Os sensores imegegdomitem que seja gerada uma
imagem através das informacfes coletadas, podemdest bi ou tridimensional, enquanto
gue os sensores ndo imageadores fornecem apeoasdgbes. (NOVO, 2010). Conforme

Fitz (2008), este ultimo traduz as informacdesdastiem forma de graficos e dados diversos.
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As imagens coletadas através do sensoriamentoagrossuem diferentes resolucdes,
sendo que a resolucdo é definida como a capacidadam sensor distinguir objetos.
(FLORENZANO, 2002). Fitz (2008) menciona quatrootipde resolugdo, sendo estas:
espacial, espectral, radiométrica e temporal.

Segundo Valenca (2011), a resolucdo espacial ekiaionada diretamente com o
tamanho real dos elementos que compde uma imadg@maclos de pixels, e com a dimenséo
do menor objeto a ser identificado pelo sensor. ddes e Almeida (2012), completa esta
definicdo explicando que soO serdo identificado® @einsor objetos cujo tamanho seja no
minimo igual ao tamanho da resolucéo. Os pixelemoser relacionados com uma grandeza

de comprimento, permitindo assim medir o tamanhbda imagem. (VALENCA, 2011).

A resolucdo espectral é dada pela capacidade deensor em dividir uma imagem
em um determinado namero de bandas e em definmesvalo destas. Quanto maior a
resolucdo espectral, mais estreito € o intervaldbaleda e maior € o niumero de bandas.
(VALENCA, 2011). O fator que permite distinguir uwbjeto do outro em diferentes
comprimentos de onda é a diferenca de refletanom eptes possuem. (MENESES e
ALMEIDA, 2012).

Resolucdo radiométrica é definida pela habilidadesehsor em distinguir variacdes
no nivel de energia que é refletida ou emitida pelperficie do alvo. Serd maior quanto
maior for a capacidade do sensor em perceber gedga da intensidade do sinal. (NOVO,
2010). A medida desta resolucéo é expressa em sedmamumeros de digitos binérios, ou
bits. (MENESES e ALMEIDA, 2012). Por fim, a resdiactemporal refere-se ao espago de

tempo que o sensor leva para obter cada cenaZ,(EOD8).

Os equipamentos de sensoriamento remoto se diferenguanto a plataforma de
observacdo. Eles podem ser orbitais e aerotramsjosrte, existem ainda outras plataformas
como balbes, sistemas de voo de controle remotoraes elevatorias. (BLASCHKE e KUX,
2011). Contudo, é fato que, o sensoriamento renfmitoe esta muito difundido pelas
aplicacbes de sensores a bordo de plataformasi@spdds equipamentos de plataforma

terrestre ainda sdo pouco mencionados na bibliagraf serem tecnologias recentes.

A técnica de sensoriamento remoto abordada nestgalltio sera a LIDAR,
especificamente pela utilizacdo do Laser Scanneredtee (LST), sensor remoto ativo de

plataforma terrestre. A varredura a laser (em gdéSser scanning € uma das tecnologias
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que foi aperfeicoada a partir dos principios desggamento remoto. (NASCIMENTO
JUNIOR et al., 2006).

2.1.1 Sensoriamento remoto por meio da técnica LIDR

A tecnologia LIDAR é baseada nos mesmos principitlizados no sistema de
RADAR, com a diferenca de que, ao invés do usondi@a® de radio para localizar os objetos
de interesse, o sistema LIDAR utiliza pulsos I§&ONGO et al., 2010).

Os sistemas de varredura a laser sdo técnicasnderigenento remoto baseadas na
deteccédo da variacao de luz do laser (POPESCU).20JAR € uma tecnologia recente que
emprega um equipamento de sensoriamento remoto (at&nney, que transmite a radiacéo
eletromagnética e mede a radiacdo que € retroesi@affara um receptor depois de interagir

com a atmosfera da Terra ou com objetos. (LONGLEA.e2013).

O equipamento que realiza o escaneamento é chaieddger Scannee pode ser do

tipo movel ou fixo, aerotransportado ou terrestre.

De acordo com Popescu (2011), ndo ha grandes mijeseentre os principios opticos
e mecanicos dos sistemas LIDAR de escaneamento, &&acial e terrestre. As distingdes
ocorrem na montagem das plataformas e na comptixidas tecnologias adicionais usadas
para determinar a orientagdo e a posi¢céao do sensor.

Assim, para um melhor entendimento sobre a téddidbAR e o funcionamento do
equipamento de escaneamento a laser utilizado trabho, se faz necessaria uma breve

abordagem sobre os fundamentos do laser e sopre@sedades da luz laser.
2.1.2 Luz laser

O LST esta baseado na emisséo estimulada de radiaighé um sensor ativo cujo

feixe de luz é do tipo laser.

O modelo do 4&tomo de Bohr pode ser usado paracermi principio da absorcéao e
emissao de luz (radiacao) laser do LST. Segundo @&I79), os atomos absorvem e emitem
luz unicamente se puderem passar de um estadcetgaepara outro. A absorcéao de luz ou
de outra forma de energia ocorre quando um elégoaebe energia por excitacdo térmica,

colisdo de elétrons ou absorcao de fotons.
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Bagnato (2001) buscou explicar a emissdo estimuthslauma maneira bastante
simples. Segundo o autor, um elétron esta no sadaefundamental, quando esta na orbita
mais proxima do nucleo. Quando um elétron estama de suas orbitas mais externas, diz-
se que ele estd em estado excitado. A tendéncia éspe elétron no estado excitado retorne
para a Orbita mais préxima do nucleo. Porém, esseepso € relativamente demorado,
podendo, no entanto, ser acelerado por um agetgenexnesse caso um foton. Um féton
externo estimula o decaimento do elétron excitaéste, ao passar para uma camada mais
préxima do ndcleo, emite outro féton. Os dois f&taue emergiram da emissao estimulada,
vao perturbar outros atomos com elétrons nos s#adas excitados e havera a emissao de
mais fotons que se juntardo aos primeiros, prodazinm feixe de luz onde todos os fétons se

comportam identicamente.

A Figura 4a mostra o elétron migrando de um nivelrgético mais baixo para um
mais alto. Na emissdo espontanea a energia enditigaal a diferenca de energia entre o
nivel inicial e o final (Figura 4b). Nela, os atasnemitem luz incoerente (sem relacdo de
fase) e em varias dire¢Bes, sendo que, em meiosd@maos, a luz emitida apresenta uma
direcao preferencial. Na emisséo estimulada (giaae funcionamento do laser), um foton
incidente estimula a emissao de outro féton, gaespa vez, é idéntico ao primeiro féton o
que pode ser visto na Figura 4c (DRUMMOND, 2007).

Figura 4 - Transicdo de elétrons entre niveis dergim por (a) absorcdo, (b) emisséo
espontanea e (c) emisséo estimulada

 Emisséo
- Estimulada

" Absorgio

Fonte: Drummond (2007)

Um sinal de entrada faz com que os atomos de um atigd emitam fétons coerentes
(emissé@o de luz em fase) com o sinal de entradde @penas uma fase define a onda
eletromagnética. A amplificacdo (ou ganho Optielch sistema laser € bem definida por um
amplificador comum: um sistema que proporciona imal gle saida maior que o de entrada,

guando muito bombeado. Esse ganho do laser éagsuda emissao estimulada de fotons. O
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meio amplificador de um laser fica situado entres dmspelhos, permitindo a reflexdo dos
foétons e sua amplificacdo (DRUMMOND, 2007). Essdiagdo e/ou energia ao ser emitida
pelo LST interage com o alvo e ao retornar € cappmlo sensor, convertida em um sinal

elétrico e registrada como um numero digital.

De acordo com Popescu (2011), a luz laser tem ipagues importantes que a
diferenciam da luz comum (branca). Mais notavelmentoeréncia, 0 comprimento de onda,
a pureza espectral, a direcionalidade e a divergé&w feixe, modulagdo da poténcia, e a
polarizagéo.

A Figura 5 ilustra o conceito de coeréncia des@@oPopescu (2011). Nela, as ondas
de luz estdo em fase uma com a outra, 0 que sigrifile 0s seus picos sdo alinhados no
mesmo ponto e no tempo. Para que as ondas dgdnz seerentes, elas devem comecar com
a mesma fase e na mesma posicdo. Além disso, releisgm ter 0 mesmo comprimento de
onda, isto é, ser espectralmente pura. A coer@ecfaita € dificil de alcancar e, nem todos os
tipos de luz laser sdo igualmente coerentes. Aéoo& pode ser caracterizada como espacial
ou temporal. A coeréncia temporal é definida pelemh como as ondas de luz laser
permanecem em fase enquanto viagjam. A coeréncieciespnede a area sobre a qual as
ondas de luz sao coerentes, e é um pré-requisiem@al para uma forte direcionalidade dos
feixes de laser. Provavelmente esta € a diferangdafmental entre a luz laser e a radiacao a
partir de outras fontes de luz. Se compararmog @dmum (proveniente do Sol) com a luz
do tipo laser, a luz laser possui potencial dergkiaes com maior coeréncia espacial e

temporal que a luz comum.

Figura 5 - Coeréncia das ondas eletromagnéticas.
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Fonte: Popescu (2011)

A luz do laser é geralmente considerada monocromasso significa que todos os
foétons tém quase o0 mesmo comprimento de onda. Emimmalmente lasers emitam uma
gama de comprimentos de onda, a largura da banldaeteé muito mais estreita do que a de
luz comum POPESCU, 2011)
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O Quadro 2 apresenta as principais propriedadesdaser.

Quadro 2 - Propriedades da luz laser

Propriedades da luz Caracteristica do laser

A luz laser gera ondas com elevada coeréncia
espacial e temporal (picos alinhados no mesmo panto
ao mesmo tempo). As ondas iniciam no mesmo periodo,
Coeréncia es;l)acial € | na mesma posicdo e tem o0 mesmo comprimento deg onda
tempora (ondas em fase). Essa caracteristica € respongséie|
forte direcionalidade do feixe mesmo em longas

distancias.

A luz laser € monocromatica, ou seja, possui
apenas um comprimento de onda, ao contrario da luz
Comprimento de Onda . .

comum. No laser, a energia carregada pelo foton

estimulante e pelo féton emitido € a mesma.

A luz laser possui carater direcional do fe|xe.
Todo o feixe propaga-se na mesma dire¢ao, havemdo u
Divergéncia do feixe |Minimo de dispersdo. Os feixes de laser percgrrem
grandes distancias com um pequeno angulg de

retroespalhamento (0,057°).

Ao contrario das fontes de luz convencionais, a
Intensidade do feixe |intensidade do feixe laser & extremamente grande,

atingindo poténcias na ordem de terawatt 3.

Fonte: Adaptado de Popescu (2011); Bagnato (2008).

Na sequéncia serdo abordados os principios do LST.

2.1.3 Principios do Laser Scanner Terrestre

Segundo Wutke (2006), os sistemlaser scanner estdo divididos em dois tipos:

estaticos e dinamicos. Os estaticos sao utilizadoplataformas fixas, para levantamentos
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terrestres, e os dinamicos sdo utilizados para gdesi em movimento, geralmente

transportados por aeronaves ou helicopteros.

Como o foco deste trabalho é a utilizacdo do sistesmrestre, os sistemas aéreo e
espacial ndo serdo abordados na reviséo bibliografi

Da mesma forma que outros sistemas de sensoriamentio ativo, os sistemas de
LST utilizam comprimento de onda especifico. Essterma tem como principio de
funcionamento a emissdo estimulada de ondas eleggodticas na regido do visivel, do
infravermelho ou do ultravioleta. Esses equipangefi@seiam-se na emissdo de um feixe

desse tipo especial de luz, na direcao do alvo.

A interacdo entre as ondas eletromagnéticas paodanséisada por meio de técnicas
de interferometria. A interferometria é o estuds temédmenos causados por interferéncia nas
ondas de luz, que nesse caso, é a interacdo erdoenprimento de onda do laser e as
caracteristicas quimicas dos alvos (HARIHARAN, 2007

Boehler et al., (2001) definem o terdaser scannecomo qualquer equipamento que
coleta coordenadas 3D da superficie de um objefordea automatica e com a aquisicédo de
dados em tempo quase real.

Centeno et al., (2004) divide o sistema laser ssra@m trés componentes principais: a
unidade de medicéo laser propriamente dita, urersetde varredura optomecanico e uma
unidade de registro de medicdes de apoio. A unidadmedicio laser € a parte encarregada
de emitir e captar o sinal laser, sendo respongaefal determinacdo da distancia entre o
sensor e o objeto.

O LST emite um estreito feixe de pulsos laser ddaoeletromagnética com alta
frequéncia de repeticdo. Ele mede o tempo de vdt@& dos pulsos que retornam ao viajar do
sensor ao alvo (WEHR e LOHR, 1999). Eles possuéenetites principios de funcionamento
para a determinacéo do intervalo de tempo de viagesinal. Os mais disseminados séo o

por tempo de voo e por diferenca de fase (Figura 6)
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Figura 6 - Principio de medi¢do do tempo de viageniaser. a) Por tempo de vdo. b) Por
diferenca de fase. AT e AR sdo as amplitudes dal stransmitido e recebido,
respectivamente.

tl t
(b)

Fonte: Adaptado de Wehr e Lohr (1999, p. 71).

Em sua maioria, cada equipamento LST gera um forprdiprio de arquivo de dados
coletados. Porém, esses arquivos possuem simdasdam relacdo as informacdes contidas.
Os arquivos baseiam-se em uma estrutura onde s@zemadas as coordenadas dos pontos
no espaco X, Y, 4, o valor de intensidade de retorno do pulso ldbere, caso haja
disponibilidade, os valores provenientes da canfiggrafica digital R, G, B acoplada,
interna ou externamente, gerando uma sequénciafoenacdes X, Y, Z, I, R, G, B A

Figura 7 ilustra uma varredura realizada com o p&®& a coleta dessas informacdes.

Figura 7 - llustragcdo de uma varredura e aquisig@informacdes para a determinacao das
coordenadas espaciaks, (Y, Z, I, R, G, B

Measured points
(X, Y, Z + intensity)

Laser
scanner
coordinate
system

Fonte: Adaptado de Reshetyuk (2009, p. 18).
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A distancia entre o sensor e o alvo é determinatka pquacéo (1) que considera o
tempo que o sinal leva entre a ida e a volta, ehéla distancia entre o sensor e 0 atv®,a
velocidade da luz) é o intervalo de tempo da viagem do sin& € a fracdo que considera a
metade do tempo entre a ida e a volta.

d =ctl (1)

As informacdes espaciaxf, YO, Z&s&o geradas por meio das Equacdes 2, 3 e 4, onde
X0, YO, Z(Gsdo as coordenadas espaciais do al9,Y1, Zlas coordenadas da estagiie, a

distancia entre a estacdo e o alwv@, o angulo horizontal,@n é o desnivel entre a estacdo e o

alvo.

X0 = X1 + d ser (2)
YO =Y1+d cop 3)
Z0=71+dn (4)

Os equipamentos disponiveis atualmente no mercadocapazes de realizar o
levantamento e a coleta de milhares (sistema dpadete voo) a até milhdes (sistema de
diferenca de fase) de pontos por segundo e algismdein da capacidade de gravar a
intensidade do pulso de retorno do laser para @adacao espacialX( Y, 4 de um
determinado alvo (BELLIAN et al., 2005).

A energia do feixe de laser ndo €, contudo, igualenelistribuida dentro do seu
diametro. Ela segue uma distribuicdo Gaussian@alela com Béland et al (2011) e Popescu
(2011). O perfil da Figura 8 mostra que a interdgdado feixe cai radialmente e a extremidade
do feixe onde é considerada a intensidade dimiara {3,5% do seu pico, ou o valor maximo
axial (RESHETYUK, 2009).
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Figura 8 - Padréo de intensidade do feixe tranal’erdiametro do feixe

% Intensity
A
100%

Transverse beam
Intensity pattern

13,5%

a a 0 b b
) Beam diameter
Beam diameter

Fonte: Adaptado deopescu (2011)

Segundo Béland et al (2011), o feixe laser do emménto ILRIS 3D da Optech
possui um raio de 6 mm ao ser emitido e aumentaacdmtancia de acordo com a Equacéao
5.

_0,17d+12

R > (5)

OndeR é o raio do feixe d é a distancia ao alvo.

Geralmente, a divergéncia do feixe é consideradagulo entre os lados do feixe
(BALTSAVIAS, 1999). Nao importa como a divergénd@amedida, calcular o tamanho do
feixe ou o didmetro do laser € um problema trigogioico que pode ser determinado pela

Equacédo 6 baseada na Figura 9.
]

Figura 9 - Divergéncia do feixe em certo angulwvaeedura

L Distance _]
(d)

E Beam
{ Diameter
Laser System !

Fonte: Adaptado deopescu (2011).

OndeD é o diametro do feixe (didametro da area iluminadi@)a distancia ao alvote
€ 0 angulo de divergéncia do feixe.
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A partir do exposto a respeito do LST, se faz refes um entendimento sobre a

intensidade do feixe de laser.

2.1.4 Intensidade

Nesse estudo, a intensidade seguiu a definicAotiee (1983), que € a variagdo do
fluxo de energia por unidade de angulo sélido ia@ol numa certa direcdo a partir de uma
fonte pontual. Ela é caracterizada pelo simbol@ ldada em watts por esterorradiaisy).

Ou ainda, como a quantidade de energia que passaéstde uma unidade de area por
segundo, por esterorradiano. A Figura 10 e a Equadastram esse conceito.

Figura 10 - Fonte pontual irradiando energia emaagulo solido.

dQ

Fonte: Adaptado de Colwell (1983).

E
" Acos0dQ (7)

Ondel é a intensidade: € a quantidade de energia que passa atraves algpa@re
segundo €Q é o angulo sdlido. Portanto, a radiacédo faz unuldngplidodQ com a normal a

areaA. E, a projecao dessa érea é dada®gos).

Ainda, é possivel definir a intensidade realizano@ analogia a equacédo do RADAR.
Para o LIDAR, a energia que retorna é descrita pejaacado 8, (BALTSAVIAS, 1999;
WEHR e LOHR 1999; WAGNER et al., 2006; HOFLE e PHER, 2007).

A
b =P ﬁpnonza (8)

OndePr é a energia que retorna ao sensor, apés sua emisfléxao pelo alvo e
dispersédo na atmosfef@t € a energia do pulso na saida do laséra reflectancia do alvé,

€ a area efetiva do laser na superficie do dvé,a distancia entre o sensor e 0 alypg¢
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eficiéncia de transmissao oOptica do sensor, o datsr e as propriedades do receptxp?'aea

eficiéncia de transmissao da atmosfera entre @sens alvo.

Outros termos como brilho, irradiancia, radiancBRDF ou BRF (radiacéo
retroespalhada pela superficie em dada direc&oy, da reflectancia ou reflectancia relativa

também sao usados.

Na pratica, os sensores laser scanners medemad&fdtons que entram no receptor
a partir de uma determinada direcdo e angulo séideseja, a radiacao dispersa a qual esta
relacionada com a poténcia do sinal recebido. @sn&ss a laser gravam o retorno discreto
da poténcia do pulso recebido como um Unico nurdgital representando a intensidade. A
intensidade gravada € proporcional a funcdo deilligtdo bidireccional de reflectancia
(BRDF) do alvo, que pode ser escrita em termos aténpia do laser de acordo com a
Equacéo 9, (LEADER, 1979):

02Pg 1

BRDF = 0P; 0Qg cosBg

9)

OndePi e Ps sdo a energia incidente no alvo e a energia (di&pg que retorna ao
sensor respectivament@; € o angulo solido de dispersddse¢ o angulo entre a direcdo de
disperséo e a normal da superficie do alvo.

A intensidade de retorno € dependente das catitasi fisico-quimicas do material
do alvo. Tomaselli (2003) comenta que a intensiqamtie ser usada para criar uma imagem
associada a reflectancia da superficie no comptonele onda utilizado. Intensidades
geometricamente normalizadas séo proporcionaifiecté@ncia do alvo (SONG et al., 2002;
AHOKAS et al., 2006; COREN e STERAZI 2006; PFEIFERal., 2008). Por conseguinte,
0s materiais com diferentes propriedades de radlgx@lem ser distinguidos pela variacdo na
sua intensidade (SONG et al., 2002; LUTZ et al020AHOKAS et al., 2006; HOFLE e
PFEIFER 2007).

Tanto as condic¢des fisicas como ambientais impaota valores de intensidade. Os
fatores fisicos mais importantes sado a distanca reflectancia do alvo, com angulo de
incidéncia e rugosidade sendo secundarios. Corglmdientais como umidade, poeira, e as
variagdes na densidade do ar também podem afettersidade. Quando as informagdes de
intensidade sdo adquiridas em condi¢cdes favorjuemsdade do ar baixa) e as variaveis

geomeétricas corrigidas, a intensidade torna-segocamal a reflectancia (LUTZ et al., 2003;
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AHOKAS et al., 2006; HOFLE e PFEIFER, 2007; PFEIF&Ral., 2007). No entanto, essas
condicOes fisicas afetam mais significativamentatansidade de lasers aerotransportados

pelo fato deles estarem a distancias muito matwsslvos do que os terrestres.

Embora a teoria diga que os lasers terrestres sajanos afetados pelas condi¢bes
fisicas, € necessario que se realize uma granddidade de estudos de calibracdo. Estudos
sobre a calibracdo de lasers aerotransportadaaamnrse disponiveis recentemente, mas para
0s LST sdo ainda pouco disponiveis. Alguns estultogalibracdo radiométrica de LST
podem ser vistos em Kaasalainen et al., (2009D&1(2 Pfeifer et al (2007), Hofle e Pfiefer,
(2007) e Sielstad et al., (2011). Estes estudoddéato na andlise da influéncia dos angulos
e da distancia da aquisicdo da intensidade aos.al@uanto aos estudos sobre a influéncia
angular, Hofle e Pfeifer, (2007) dizem que a quiadée de radiacdo eletromagnética de um
feixe que atinge uma determinada unidade de arsapkficie atinge o seu maximo quando
a area de superficie € perpendicular ao feixe Zlcasseno 90° =)) e diminui & medida que

0 angulo da superficie se desvia desta orientagg®pdicular.

A relacéo entre a refletividade dos alvos e a sitlatde do laser emitido € diretamente
proporcional ao alcance do Laser Scanner, ou sejam determinado alvo possui 10% de
refletividade, o equipamento devera estar muitosnpadximo do que um alvo que possui
90% de refletividade (PETRIE e TOTH, 2009).

Algumas técnicas de correcao diferentes tém sidpgstas para explicar o angulo de
incidéncia do laser e da lei do inverso do quadrddodistancia da propagacao da luz
(COREN e STERZAI, 2006; HOFLE e PFEIFER, 2007; KAAAINEN et al., 2009). No
entanto, pouco se sabe sobre como corrigir um &mmplicador conhecido como o efeito de
borda (VAN GENECHTEN et al., 2008; BOEHLER et 2001; EITEL et al., 2010), (Figura
11). O efeito de borda ocorre quando o feixe derlédividido na extremidade de um objeto
e 0 seu retorno € uma combinacdo de sinais reftetidpartir de pelo menos dois objetos.
Pode-se tomar como exemplo a borda de uma follguemabjeto que esta atras. O sinal, ao
retornar ao sensor registra uma informacédo que lanésclos da folha e do alvo atras. Ou
ainda, porque apenas uma fragdo do feixe de ladevalvida para o sensor e o outro é fraco

demais para desencadear um sinal.
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Figura 11 - llustracao do efeito de borda nas flha

Efeito de Borda

2 B rolha
y I Fundo

Resolucdo de escaneamento igual ao campo de
visada do feixe laser

A T
L -

Resolucdo de escaneamento maior que o campo de
visada do feixe laser

Fonte: Eitel (2010).
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CAPITULO 3 - METHODOLOGY FOR ACQUISITION OF INTENSITY DATA IN
FOREST TARGETS USING TERRESTRIAL LASER SCANNER

This chapter was published in the jourli&RI Procedia, v 5, p. 238-244, 2013.

Abstract The advance of technology and the availability ighkresolution and accurate systems have
permitted the development of new methods for studie forests. Terrestrial laser scanners have been
consolidated as one of the most effective techriefofpr geospatial data acquisition since thedastde. They
have offered the possibility of mapping tridimemsdy with high positional accuracy a great numbktargets,
including forests. However, it is quite difficulh find methodological approaches for acquisitiorfarést data
involving these types of systems. Thus, based amdaand long range laser scanner with an electroetag
spectrum ranging into the mid-infrared, 1535nmfedént distances and radiometric resolutions weséetl in
order to establish a method of acquisition of isigndata in forest targets. After processing, detse analyzed
with a clustering algorithm to test the possibilifyidentifying different elements. Trunk, branclas®l leaves as
well as an edge effect were satisfactorily groupggelsides defining a method for acquisition of isign it
opens good perspectives in terms of integratingcthssification obtained by the clustering techeiguith the
point cloud. Future studies can contribute to dgwva method for quantifying the volume of foregineénts and,

consequently, estimate biomass.

Keywords Remote Sensing, Radiometric Resolution, Distacepeans Algorithm, LIDAR, Mid-infrared,
Edge Effect.

3.1 INTRODUCTION

The forestry as well as other areas of knowledgeetitefrom technological advances
to develop and improve their working methods anch¢oease their knowledge about forests.
New equipment and methods have been continuallgldpgd to support these approaches. In
the last decade, systems for laser scanning ardinpgydhave been consolidated as one of the
most effective technologies for geospatial dataussitipn. The automated data acquisition
has expanded rapidly in recent years, together thightechnological advances made in the
areas of surveying and mapping (Buckley et al.,8200he laser scanning and profiling
systems, also known as Terrestrial Laser Scanne3)(are fast, non-destructive (Seielstad et
al., 2011) and provide accurate tridimensional dat, worthwhile for forest analysis.
Moreover, the visual quality of the generated digmodels is appropriate for many different

quantitative approaches.
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Spatial information obtained from laser scannersoimmonly used for both volume
estimation and identification and characterizatbbrgeometric features in Civil Engineering,
Architecture and Geology, for example. In such sreaethodological developments have
arisen in the last years in order to attend theipaecessities. However, there are relatively
few studies addressing methodological approacheerodstrial LIDAR for forest studies.
Considering the data structure acquired by lasanrsrs, three sets of data are stored and
available in their format file: spatial datH,(Y, 3, intensity of the laser pulsé) (@and color
data R, G, B.

Spatial data are useful for defining volume andngetwy whereas color provide
texture and visual quality to the image. Intensiyues are the record of the laser pulse that
returned from the target and are affected by itgsigial and chemical characteristics. Thus,
there is a potential application of the intensig@ues for identifying forest elements, once that
trunks, branches and leaves are chemically andigailysdifferent. In order to develop new
methodological approaches using remote sensomspnsity data obtained by the LIDAR
technique was acquired and tested. This methodmbgipproach is relatively new for
forestry studies and each acquisition have to dendive main aspects: ranging principle,
wavelength, distance, radiometric resolution angsochemical characteristics of the target.
The main goal of this study was to test a methaglolimr acquisition of this type of data
considering the distance and radiometric resolui®iimportant parameters and to discuss its

application for forest studies.

3.2 MATERIAL AND METHODS

3.2.1 Experiment 1

The first experiment performed the scanning of @atire tree. After scanning, the file
from the point cloud with 8 bits radiometric residtn containing informationX, Y, Z, ) was
manually cleaned for eliminating noise and/or umdése objects that were not part of the
study material. The point cloud was classified iM@ classes (trunk and leaves) using K-
clouds, an in-house software based on the k-meHms. algorithm is a cluster classifier
which performs a process of partitioning of a pagioh ofn in k classes. These partitions

represent the internal variation which occurs witl@ach class. Two images show the
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classification obtained with two and three clasddw third class was included and made

possible the identification of the edge effect (Bleeet al., 2001).
3.2.2 Experiment 2

The acquisition of the intensity data is shown digstep in Figure 12. The trunk of
the tree originally had lichens, which were pregiguemoved (Figure 12 a). After cleaning,
a circular area was selected on the trunk and rdaskia black pen (Figure 12 b). After that,
distances of 1m, 2m, 3m and 5m were marked frontrthk using metric tape and pickets
(Figure 12 ¢ and 12 d). The fixation of the Spdot'd 99% on the tree trunk required a
plastic bag in order to avoid the contact of the@mlor? 99% with the surface of the tree
and to remove it when necessary (Figure 12 e). dlastic was cut so that the center of
Spectralofi 99% was the same without the plastic coating,ifeaenly a 5mm circular edge
to fixate the plate. This fixation procedure wasf@ened with plastic protection for the

preservation of SpectralBr99%, because it cannot come into contact with dugtease.

It was necessary to perform the acquisition twicethe same area, one of them
scanning the Spectral8r09% and after scanning only the trunk (Figure 1and 12 ),
always keeping the same height of the equipmentder to maintain the viewing geometry
(Figure 12 g). Scanning was performed with a sgaoin0.5 mm between points for the four
determined distances, for both the trunk and ferSpectralofi 99%. After scanning, thX,

Y, Zand| data file was processed and it was possible totifgethe target as shown in the
Figure 12 h. The red area illustrates the seleatiothe target in the point cloud directly on
the trunk. For the different distances, the intgndata were collected and compared in order
to determine the average intensity of return ofléser beam, the minimum distance between
the target and the TLS for a good quality acqusitand if radiometric resolution affects the

results.
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Figure 12 - Procedures for acquisition of the istgndata as a function of distance and type
of target. a) Trunk before cleaning. b) Tree anel tdwrget demarcated after cleaning. c,d)
Different distance demarcation using metric tape graduated rulers. e,f) Representation of
the target in the trunk and Spectralon® 99%. gpéation of the height of the equipment for
maintaining the viewing geometry. h) Points of ret# enhanced in red in the point cloud.

Source: The author

3.3 RESULTS AND DISCUSSION

3.3.1 Experiment 1

The results of the first experiment are shown i Bigure 13. Figure 13 shows the
picture of the camera coupled to the TLS that mgkessible the association of the RGB
attribute with each point of the cloud. Althoughrigéions in the daylight interfere in the
image quality, they did not affect the results lué present study because only ¥jeY, Z, |
data were used. Figure 13 b show the scanning winddh the tree of interest. After

processing, it is possible to see the same treesepted by th¥, Y, Z, Idata (Figure 13 c).
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Figure 13 - Digital representation of the studyeabj a) Photograph of the digital camera
coupled to TLS before scanning. b) Image of the Bt&en during scanning, with the gray
area showing the scanning window. c) 3D model gftecessing of the coordinates, (Y, 4
plus intensity k).

Source: The author

The results of the classification using the clustassifier K-clouds can be seen in the
Figure 14. The intensity of the point cloud witldi@metric resolution of 8 bits was ranked in
2 and 3 classes. Moreover, the k-means algorithmeasily programmable and
computationally economic, being capable to prodasge volumes of data in applications
such as clustering, predicting nonlinear approxiomatof multivariate distributions and

nonparametric tests, among others (MacQueen, 1967).

Figure 14 a shows the tree classified into twosdasand it was observed that the
algorithm could differentiate branches and leailging the visualization of the 3D model it
was possible to detect the edge effect around bifecio In order to isolate the edge effect
from the branches and leaves in the 3D, the olwestreclassified into 3 classes as shown in
Figure 14 b. The edge effect can be observed boigures 14 a and 14 b. However, the use
of 3 classes enhanced the edge effect, as showigumne 14 a in white color around the tree

and in Figure 14 b as a more prominent black boadaund the tree.

This effect is related with the first and secontsps that return to the TLS. Part of the
energy emitted by the laser beam hits some pdheofarget and part of the laser beam hits a

target that is behind. After returning, the sensoprds a pixel that merges both data.
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Figure 14 - Intensity after classification by K-gtts. a) Point cloud classified with 2 classes.
Note that white color represents both the edgece#fied leaves. b) Point cloud classified with
3 classes. Note that the edge effect is betterrobdeas a well-defined black border around
the tree.

Source: The author

3.3.2 Experiment 2

The intensity of the laser beam returns to TLSrafteeracting with the target and is
recorded together with the spati&, (Y, 4. It was evaluated after processing of the data
acquired from different sets of distance and ra@iim resolution of 8 and 16 bits (Figure
15). There was not record of intensity during thquasition far 1 meter from the target. Thus,
results represent point clouds far 2 m, 3m and &m fthe target. The point cloud did not
have a complete record for the distances of 2 amet®rs; its record was satisfactory with 8
bits of radiometric resolution at 5m of distancleTesolution of 16 bits was not satisfactory
because the gray scale increased and contrastadedrdt was possible to identify the edge
effect in all images. The mean intensity of retofnSpectralon® 99 % was the maximum

over a distance of 5m.
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Figure 15 - Digital photographs, point clouds antemsity classification obtained with (a)
2m, (b) 3m and (c) 5m from the target with 0.5mnsjpécing between points and radiometric
resolution of 8 and 16 bits. The edge effect hgjitied in the red rectangle can be recognized
in a), b) and c), both in 8 and 16 bits. Radiongetasolution of 16 bits did not provide
satisfactory image contrast (the circular targetasvisible in the trunk shown in c).

Source: The author

3.4 FINAL REMARKS

The results presented in this study demonstrate LUHXAR technique based on a
pulse-based laser system can be used for distimggisree elements as trunk, branches and
leaves, which constitute a useful application fanbon estimation and biomass quantification.
Based upon the intensity data, such elements shdiffedent characteristics after processed
with a cluster classifier. Radiometric resolutioh ® bits was better than 16 bits for
classification purposes as well as the minimumadis¢ of 5 meters. Moreover, the edge
effect was efficiently recognized and classifiedhwsuch algorithm. This methodological
approach is relatively new for forestry studies aadh acquisition has to consider five main

aspects: ranging principle, wavelength, distanadiometric resolution and physicochemical
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characteristics of the target. Thus, it is fundatalemno define a methodology to better
understand the behavior of the intensity in retatiath the above-mentioned aspects. Future
studies must use the point cloud to determine dke volume of each element separately,
especially trunk and canopy, and try to reduceliorieate the edge effect during processing.
To establish a correlation between the intensith whysicochemical characteristics of trunks
and canopies will allow the integration with volume data in order to predict biomass in

forests.
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CAPITULO 4 - EFFECTS OF DISTANCE ON LIDAR DATA INTENSITY

This chapter was published in thit¢ernational Archives of the Photogrammetry, Remf®énsing and Spatial
Information Sciences (CD-ROM), v. XL-2/W1, p. 9931@2013.

Abstract The forest science as well as other research &erzefit from technological advancements
and develop respective working methods to enrigir tknowledgebase. New equipment and methods are
continuously being developed to support these eaftins. In the last decade, laser scanning anfilipgo
systems have been consolidated as one of the rffiestive technologies for geospatial data acquisitiThus,
the main objective of this study is to evaluate hbevdistance influences the record of the lasésepintensity.
We used a Terrestrial Laser Scanner based onmieedt flight principle employing the wavelength,3856nm, of
the infrared spectrum. In the infrared spectrung thrrestrial laser systems are appropriate fodiessuof
vegetation. The data acquisition was performed -80 Im distance using a standard board with 99% of
reflectance as a control of the measurements. @dts were analyzed and showed that the distdfeetsathe
intensity values. It is recommended that there khbe at least 5 m as minimal distance betweeitetes beam
and the target, as well as 8 bits of radiometrsokation, considering the specifications of theipment used.
The intensity data must be calibrated in relatomistance before being used as a data sourcéufty ef the
physical and chemical characteristics of the targhkt addition, much more tests involving the claien

between angle of acquisition and distance as weathethods for reducing the edge effect must bepeed.

Keywords Remote Sensing, Terrestrial Laser Scanner, K-mealgorithm, LIDAR, Laser Intensity,

Radiometric Calibration

4.1 INTRODUCTION

Several recent studies with the LIDAR technologwéhabeen applied in the
topography and in digital terrain modeling (Lagueak, 2013; Ergun et al., 2014), civil
engineering (Gonzélez-Jorge et al., 2012; Laefed.e2014), agriculture (Ehlert and Heisig,
2013), photogrammetry (Sahin et al., 2012), gedgggymorphology (Franceschi et al., 2011;
Santana et al., 2012; Ferrari et al., 2012; Silvale 2012; Picco et al., 2013; Souza et al.,
2013; Inocencio et al., 2014), and forestry (Fede@rSarria et al., 2013; Pueschel et al.,
2013; Eitel et al., 2010; Liang and Hyyppé&, 2018rdBn et al., 2013a; Bordin et al., 2013b).
The acquisition of geospatial data plays an impantale in forest analysis, e.g., in providing
support for the estimation of volume, identificatiof geometric features, measurement of
amount of biomass, carbon storage estimations, fetc. this reason, researchers are
increasingly proposing innovative methods and dg¥ah new technologies to deal with the
automated acquisition of geospatial data, includasgr scanning and profiling systems for
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surveying and mapping purposes. In the forestrgnad, researchers have been testing
LIDAR technology to generate reconstructed 3D m®adeld to explore other characteristics
of forestry using georeferenced point clouds (Linaé, 2012; Raumonen et al.,, 2013;

Seielstad et al., 2011).

The major advantage of using LIDAR is fast and destructive acquisition.
Typically, the stored files follow a structure bds@n variables as the spatial coordinabes (
Y, 2, the intensity of the laser puldg, (@nd ther, G, Bcolor pattern obtained from the digital
camera. The coordinates of the points are commoséd to estimate volume and identify
geometric features, whereas the RGB data are nsetptove the visual identification of the
object. The intensity of the laser pulse may, imtypotentiate more detailed analysis using
LIDAR. However, few studies have approached intgress target of specific studies (Wang
and Lu, 2009; Barnea and Filin, 2012; Bordin et2013a; Bordin et al., 2013b; Inocencio et
al., 2014). The main question is to evaluate hostadice affects the intensity of the laser
pulse that returns after reflecting from the targéte utilization of the intensity data for

correlation with physical and chemical characterssof the target is being addressed herein.

4.1.1 Intensity

Intensity is based on the definition given by CdIwW&983) that is the variation of the
flux by energy for unit by solid angle irradiatedthe same direction from the point source. It
is characterized by the symHdahnd is given in watts per estereoradian (W/sr)ex@n as the
guantity of energy that passes through a unit peegecond, per estereoradian. The Figure 16
and Equation 10 illustrate this concept.

Figure 16 - Point source radiating energy in adsatigle (Colwell, 1983).

dQ

Source: adapted Colwell (1983).
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_ E
" Acos0dQ

(10)

Wherel is the intensityE is the quantity of energy that passes throughitaanea per
secondA is the area andQ is the solid angle.

The radiation does a solid angl@ with the normal to the are&a And, the projection
of this area with the radiation passing is givenAlep®. The intensity can be defined by the
analogy to the RADAR equation. In terms of LIDARetenergy that returns is described by
Equation 11, (Baltsavias; 1999; Wehr and Lohr, 1988fle and Pfeifer, 2007; Wagner et al.,
2008). Other terms such as brightness, irradiaBBEF or BRF (backscattered of radiation

from the surface in a given direction), reflectafasor or relative reflectance are also used.
_ A 2
P. =P —Z PN g (11)

WhereP; is the energy that returns to the sensor afteentgssion, reflection in the
target and dispersion in the atmosphéeis the energy of the laser output pulsds the
reflectance of the targe is the effective area of the laser on the surtddbe targetR is the
distance between the sensor and the targets the transmission efficiency of the optical
sensor, the laser pulse, and the properties ofréleeiver andn?, is the efficiency of

transmission of the atmosphere between the sendaagget.

In fact, laser scanner sensors measure the phloborthfat enters the receiver from a
given direction and the solid angle or the scatteeiation that is related to the received
signal power. Laser scanners record the discrétenr®f pulse power received as a single
digital number representing the intensity. The rded intensity is proportional to the
function of bi-directional reflectance distributigBRDF), which can be written in terms of
laser power in accordance with Equation 12 (Leati&r9).

02pPg 1

BRDF = 0P; 0Qg cos0O

(12)
WhereP; and R are the energy incident on the target and the eneadippérsion) that
returns to the sensor, respectivedds is the solid angle of dispersion afd is the angle

between the direction of the surface normal andtadtering target.
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4.2 MATERIAL AND METHODS

The experiment used a Terrestrial Laser Scanneflrf@8Optech, a mid and long
range pulse-based laser scanner integrated withetaicntamera of 3.0 megapixels. The
acquisition was planned and executed in two st&ps. first step of acquisition was for
determination of the minimum distance between th@pmmnent and the target (the trunk of a
tree) to acquire the intensity data. It measureddistance as 1-5 m. The second step was
performed on two different targets on the same tineek. One target was a sample of the
trunk and the other was a standard Spectfa@®% reflectance board at a distance between 1
and 50 m and radiometric resolutions of 8 and 1& brhe acquisition of the intensity data is
shown step by step in Figure 17. The trunk of tiee originally had lichens, which were
previously removed (Figure 17 a). After cleaning;ilwular area was selected on the trunk
and marked with black pen (Figure 17 b). After tlisgtances of 1- 50 m were marked from
the trunk using metric tape and pickets (Figure Bnd 17 d). The fixation of the Spectrdlon
99% on the tree trunk required a plastic bag ireotd avoid the contact of the Spectr&lon
99% with the surface of the tree and to removehiénvnecessary (Figure 17 e). The plastic
was cut so that the center of Spectr&le8% was exposed, leaving only a 5 mm circular edge
to fixate the plate. This fixation procedure wasf@ened to protect Spectral8r99% from
dust and grease. It was necessary to perform tésiiton twice in the same area; one by the
scanning of Spectral899% and the other by scanning only the trunk (Fédlv e and 17 f).
The height of the equipment was always kept atsdmae position in order to maintain the

viewing geometry (Figure 17g).
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Figure 17 - Procedures for acquisition of the isigndata as a function of distance and type
of target. a) Trunk before cleaning; b) Tree arel thdrget demarcated after cleaning; ¢ & d)
Different distance demarcation using metric tapeé graduated rulers; e & f) Representation
of the target in the trunk and Spectralon® 99%tngpection of the height of the equipment
for maintaining the viewing geometry; h) Pointsimterest enhanced in red in the point cloud
(From Bordin et al., 2013a).

Source: The author

For the distances, 1, 2, 3 and 5 m, the intensitg evere collected and compared in
order to determine the average intensity of retirthe laser beam. Such information helped
to establish some criteria for imaging forest té&sgaiming the correlation with physical and
chemical properties, as well as to perform theaméitric calibration. The edge effect was
eliminated and the scanning was performed perpaladito the targetoQ°); therefore, there
was no influence of the viewing angle on the adgars of intensity. The calibration model
was developed at the distances, 5, 10, 15, 20ar3D,50 m, and adjusted by the method of
least squares (Equations 14, 15, 16 and 17) fraecand-order polynomial (Equation 13),

according to the following details:
Ity = ad® @y + bd@ny + ¢y (13)

Wherel is the intensity acquired with ranging from 1-6 experiments performed at
distances of 5- 50 ng is the distance to the target in meters an#y, care the adjustment

coefficients.

X =(ATA)1(ATL) (14)
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a

X = H
c

coefficientsa, b, andc of the model ), Equation 13.

3x1) (15)

Where Xsxy is the value of the parameters to be adjusted camckspond to the

dim=1) dim=1 di@m=1]
d dy d. |

[
|
A=
di(n=6)y di (n 6) 41(m=6)
a dC

(6x3) (16)

Where Agxs) corresponds to the matrix formed by the partiaivégive of intensity

related with coefficients, b andc of the model witm ranging from 1 to 6 experiments.

[tn=1
L =
In=6)

WhereA' is the transposed maitrix @{sxs) and L,y corresponds to the value of the

(6x1) (17)

independent terms of equation systigm

From the results of the intensity acquisition &talces, 5, 10, 15, 20, 30, and 50 m, it
was possible to define a model for radiometrickration with the variablek (intensity in

digital numbers from 0 to 255) anlddistance in meters ranging from 5 to 50).
4.3 RESULTS AND DISCUSSION

The intensity of the laser beam returning to TL&rainteracting with the target is
recorded together with the spatial coordinat¥s Y, 4. The intensity was subsequently
evaluated after processing the data acquired friffereht sets of distance and radiometric
resolution of 8 and 16 bits (Figure 18). There wasecord of intensity during the acquisition
at a distance of 1 m from the target. Thus, thaltesepresent point clouds 2, 3, and 5 m far
from the target. The point clouds did not have mglete record for the distances of 2 and 3
m; its record was satisfactory with 8 bits of radedric resolution at a distance of 5 m. The
resolution of 16 bits was not satisfactory becatlse grayscale increased and contrast
decreased. It was possible to identify the edgecefih all images. The mean intensity of

return of Spectraldh99% was the maximum over a distance of 5 m.
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Figure 18 - Digital photographs, point clouds antkmsity classification obtained with (a) 2
m, (b) 3 m, and (c) 5 m from the target with 0.5 nainspacing between points and
radiometric resolution of 8 and 16 bits. The edifece highlighted in the red rectangle can be
recognized in a), b) and c), both in 8 and 16 B&diometric resolution of 16 bits did not
provide satisfactory image contrast (the circugageét is not visible in the trunk shown in c)
(From Bordin et al., 2013a).

16 bits Sec.tralu 16 bits

Source: The author

Although laser scanner llris-3D is based on theetiof flight principle, similar
observations were made in equipment operating bhgedifference (Kaasalainen et al, 2009).
Subsequent experiments tested distances of 5,5,020, 30, and 50 m and the intensity
decreased at a distance more than 10 m, probablyodiine glare reducer (Figure 19). It was
possible to establish a model of intensity versistadce which may be represented by a
second order polynomial equation with 0.9588 (Equation 18).

| = -3.4643 ¢+ 12.079 d + 229.6 (18)

Wherel is the return intensity in digital number of TL8dd is the distance between
the sensor and the target in meters.

In this case, the results indicated that for distanof 5-10 m, both the measured

intensity and the mathematical model curve weraadent. At a distance higher than 10 m,
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the measured values can be higher or lower thathtwetical curve. It is important to note
that the Equation 18 is based on a methodologyhiciwthe edge effect was eliminated and
the scanning was performed perpendicular to thgeta®0°), so that there was no influence
of the viewing angle on the acquisition of intepsit

Figure 19 - Mathematical model for the adjustmestieen intensity and distance.
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Source: The author

This model adjusts the intensity data with theatise. It is normalized and allows
adjustment with data acquired at different distande other words, if methodologically it is
impossible to perform acquisition based on the sdistance and perpendicular to the target,
this model is capable to correct the intensity dalbéained in different conditions. The
distance has a direct influence on the intensitg daquisition. However, much more research
is necessary for a complete understanding of filsieance in the recorded intensity. Tests
involving different angles between equipment andigaas well as the correlation among
intensity, angle, and distance must be performedrdter to calibrate the intensity recorded
under different acquisition conditions. Only withweell-established acquisition procedure,
intensity data will be useful and reliable for adations and interpretations with physical and

chemical characteristics.
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The necessity of the detailed studies involvingmsity data can be emphasized, for
example, by comparing the results of this studywhbse obtained by Eitel et al. (2010). The
authors used equipment based on the time of flightwith a wavelength in the visible zone,
l.e., 532 nm. They developed a methodology for stiipns, 1-2.6 m far from the target and
reported that distance did not affect the intendaya. However, the equipment used in this
experiment requires a minimum distance of 5 nms Ifportant to mention that laser beam is
too stronger when nearer the source; thereforefteet of distance must be tested at different
distances between the equipment and the targete Slernices have dimmer brightness which
allows acquisitions within less than 3 m distarmoen the target (Kaasalainen et al. 2009) but

this type of information is seldom available to #red user.

4.4 FINAL REMARKS

The main objective of this study was to evaluatev hdistance affects the data
acquisition for intensity, when the acquisitiomiside perpendicular to the target. Moreover,
this study has proposed a numerical model to Gabbthe dataset acquired from different
distances. We recommend at least 5 m as minimtdroie between the laser beam and the
target, as well as 8 bits of radiometric resolutioconsidering the specifications of the
equipment used.

Future investigation involving intensity data mustd the correlation between
distance and angle of acquisition in order to eefine numerical models of calibration that
will support reliable applications of the intensitiata. Another aspect of investigation,
involving intensity data, could be finding a retati with the edge effect. Methods for
reducing or eliminating the edge effect have talbeeloped in order to provide an efficient
data processing thus resulting in normalized datalifferent applications. Thus, calibration
of the intensity data in relation with distance ardyle of acquisition and reduction of the
edge effect will be fundamental to test applicagiondifferent areas of knowledge.
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CAPITULO 5 — AN INTENSITY RECOVERY ALGORITHM (IRA) FOR
MINIMIZING THE EDGE EFFECT OF LIDAR DATA

Abstract The terrestrial laser scanner is a piece of togaucaequipment developed for surveying
applications and is also used for many other pwpahie to its ability to acquire 3D data quickijthaugh
many light detection and ranging (LIDAR) studiesvénabeen published in recent years, studies addessi
methodological approaches to use intensity datm ftdDAR are quite rare. In forestry, the intensdf the
terrestrial laser scanner (TLS) returning from $brargets can be correlated with characteristiasd¢an help to
estimate biomass and carbon storage. However, défbensity data can be used for analysis, it noest
processed in order to minimize the edge or bortlecte one of the most serious problems of LIDARItensity
data. In this work, we have identified two typesdddtortions in the point cloud data caused byeatige effect.
The first distortion modifies the intensity valuagile the second distortion shifts points along thaxis.
Previous studies have not provided any automatihoaks to eliminate or minimize the edge effect atensity
data. Our research has focused on characterizangdbe effect behavior as well as to develop aorighgn to
minimize edge effect distortion (IRA). Based onlastering process, together with centroid- and tpeadbased
approaches, an algorithm was written to correarnisity data automatically. The IRA showed to becfe
recovering 35.71% of points distorted by the edifecein this study. This research showed thatlt& can
provide significant improvements and promising hessfor the development of applications based oi% Hata

intensity for environmental studies.

Keywords Intensity Recovery Algorithm, Edge Effect LIDAR,eRiote Sensing, Terrestrial Laser

Scanner, Forestry.

5.1 INTRODUCTION

In the last decade, laser scanning and profilingsl@een consolidated into one system
to provide one of the most effective technolog@sdeospatial data acquisition. Automated
data acquisition equipment has made rapid techiwabgdvances in recent years, together
with other surveying and mapping technologies. Lasmanning and profiling systems are

fast, non-destructive and provide accurate tridisi@mal data.

Geometric information obtained from laser scanrsges commonly used to estimate
volume and characterize geometric features in nuhifigrent research areas. For each area,
methodological approaches have advanced in re@ars\to evaluate specific features. In
forestry studies, researchers have developed mathgds using TLS to estimate volume and

perform reconstructions (Keightley and Bawden, 2@sell and Sanz, 2012; Dassot et al.,
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2012), diameter breast height (DBH) and height @& and Inkinen, 1999; Hyyppa et al.,
2001), leaf area densityAD) and leaf area index_Al) (Béland et al, 2011). However, few
studies provide methodological approaches to useimtensity data (Eitel et al. 2010; Burton
et al., 2011; Inocencio et al., 2014).

Our starting point is to recover intensity dataalied by the edge from data acquired
with a terrestrial laser scanner. The principlehis research is that intensity data can be used
to obtain information regarding water content oneot characteristics of targets, but it is
required to minimize this effect. The edge effiscbne of the most serious problems that

appear during data acquisition by laser scannesth@r remote sensors.

This effect occurs in two cases. The first one iewthe laser beam is divided by an
object and returns as a combination of reflectgdads from at least two objects. An example
is the edge of a leaf plus an object behind thie T@#e signal returning to the sensor provides
information that merges data from the leaf and deien the target behind the leaf. The
second is when part of the laser beam collides thightarget and part of radiation is lost. In
other words, only a fraction of the laser beamrretuo the sensor or is too weak to trigger a
signal.

The problem of edge effect was already reportethénliterature (Eitel et al., 2010),
however none provided satisfactory solutions umtilv. Previous studies do not provide any
methodology to minimize or eliminate the edge dffet intensity data. Our research
contributes to an understanding of the edge effmotl provides an algorithm that
automatically minimizes this effect. These resulese made possible by the development of
the intensity recovery algorithm (IRA). The IRA cha used in a number of applications in
different research areas. As intensity data igedléo physical and chemical characteristics of
the targets (Inocencio et al., 2014), eliminatiominimization of the edge effect is beneficial
for research that intends to infer, correlate terpret these data.

5.1.1 Terrestrial Laser Scanner

Laser light has important properties that distisguit from ordinary light, such as
coherence, wavelength, spectral purity, directiaityg divergence of the beam, modulation of
power and polarization of light. The TLS is basedtiee emission of a laser beam toward the

target. The TLS for topographic mapping, also reférno as topographic LIDAR, emits a
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narrow laser beam that pulses with high repetifi@guency. The scanner measures the
round-trip time of the pulses between sensor aaddtget before calculating the position of
each point. Calculations are based on two diffeopetrating principles, the time of flight and

the phase difference.

Most TLS equipment generates a data file basedordmates of points in spack,(
Y, 2, the intensity value after collision with thedat () and, if available, th&GB values
from a digital camera. These data result in theiseceX, Y, Z, |, R, G, Bhat is recorded as a
text file. Figure 20 schematically illustrates datauisition performed with a TLS to collect

this type of data.

Figure 20 -Schematic representation of geometric coordinaXesy( 4 and intensity data
acquisition [).

Measured points
(X, Y, Z + intensity)

;L Laser
scanner

coordinate
system

Source: adapted Reshetiuk (2009).

The distance between the sensor and the targedtésntined by Equation (19) that
takes into account the time interval between thes&on and return of the signal and also the

speed of light.
1
d=-ctl (29)

Where d is the distance between the sensor anigrtet,c is the speed of light] is
the time interval between the emission and thermaby the sensor arg is the fraction that

considers the half-way point between the emissiahraturn of the laser pulse.

The geometric informationXQ, YO, ZDis generated by Equations (20), (21) and (22)
whereX0, YO, ZQare the geometric coordinates of the targét,Y1, Zlare the coordinates of
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the stationd is the distance between the station and the taggetthe horizontal angle, and

dnis the gap between the station and the target.

X0 = X1 +d sery (20)
YO =Y1+dcow (21)
Z0 =271 +dn (22)

The equipment currently available are capable teaothousands (time of flight) up
to millions (phase difference) of points per secand some of them are capable to record the
intensity of the pulse that returns from the tarfyet each geometric positiorX( Y, 2.
However, the energy of the laser beam is not umliprdistributed within its diameter. The
energy follows a Gaussian distribution, accordm@éland et al. (2011) and Popescu (2011).
Figure 21 shows that the intensity of the beameteses radially from the center to the border
of the beam, with the intensity decreasinglte’ or 13.5% of its peak value or maximum
axial, and where e is the energy of the laser plidspescu, 2011).

Figure 21 -Gaussian distribution of the energy across ther lasam intensity seen in a
diagram and across the diameter of the beam (Pop28t1).

% Intensity
a
100%

Transverse beam
Intensity pattern

13,5%

Beam diameter
Beam diameter

Source: adapted Popescu (2011)

According to Béland et al. (2011) the radius of fheer beam emitted by the
equipment ILRIS 3D increases with distance accgrtinthe Equation (23).

_0,17d+12
T 12

R

(23)

R is the radius of the laser beam ahis the distance to the target and 12 in meters.
Normally, the beam divergence is considered to lee dngle between the beam sides

(Baltsavias, 1999). No matter how the divergenameasured, the calculation of the diameter
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of the laser beam is a trigonometric problem wtoah be determined by Equation 24, based
on Figure 22 (Popescu, 2011).

Figure 22 - Representation of the laser diameteglation with the distance

L Distance R

Beam
Diameter

Laser System

Source: adapted Popescu (2011)

D=2d1:g9 (24)

2

For the equatiorD is the beam diameted,is the distance between the sensor and the

target, and is the divergence angle of the laser beam.
5.1.2 LIDAR Intensity

The definition of intensity, based on Colwell's cept (1983), is variation of the flux
of energy for unit by solid angle irradiated in tb@me direction from the point source. In
other words, intensity is the quantity of energgtthasses through a unit area per second, per
steradian. It is characterized by the symbol | andiven in watts per steradian (W/sr), as

shown in Figure (23) and Equation (25).
Figure 23 - Point source radiating energy in adsatigle (Colwell, 1983).

dQ

Source: adapted Colwell (1983).
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_ E
" Acos0dQ

(25)

| is the intensityE is the quantity of energy that passes through tanea per second,
Ais the area, and2 is the solid angle.

The radiation is emitted at a solid ang{e normal to the areA. The projection of this
area with the emitted radiation is givenf=0%). The intensity can be defined as an analogy
to the RADAR equation. In terms of LIDAR, the engtbat returns is described by Equation
26 (Baltsavias, 1999; Wehr and Lohr, 1999; Ho6fld Bfeifer, 2007; Wagner et al, 2008).

A
P =P mpnonza (26)

P, is the energy that returns to the sensor aftegmnission, reflection from the target
and dispersion in the atmosphdPeis the energy of the laser output pujses the reflectance
of the targetA is the effective area of the laser on the surfdcthe target, anR is the
distance between the sensor and the targets the transmission efficiency of the optical
sensor, the laser pulse and the properties of ¢loeiver andn?,is the efficiency of

transmission of the atmosphere between the sendaha target.

In fact, laser scanner sensors measure the phloborthfat enters the receiver from a
given direction and the solid angle or measuresttstered radiation, which is related to the
received signal power. Laser scanners record teeade return of the pulse power, which is
received as a single digital number that represatessity.

5.1.3 Edge effect on LIDAR data

The edge effect occurs in two cases. In the fasecthe edge effect is the outline of
the object generated when laser pulses collidaafigrivith the target being scanned (i.e.,
stop colliding with the target and start collidimgth the background). Figure 24 shows a
rectangle with circular holes, where the blue asethe internal portion of the object and the

red area is the border of the object.
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Figure 24 - Representation of an object with cecudioles. The red color represents the areas
where the edge effect will appear.

Source: The author

The edge effect will takes place at the edge oftdhget and can be understood as the
difference between the recorded intensity and #peaed intensity after colliding with the
target. This effect occurs due to the variable é&mof the laser beam, which is proportional
to the distance between the laser scanner anauttettand is referred to as laser divergence
or beam divergence (POPESCU, 2011).

5.2 MATERIAL AND METHODS

The TLS used in this study was an llris 3D Opterdhss 1 with a diode laser that
operated at an emission wavelength of 1535 nm (@mednfrared). The active sensor
operated based on the principle of time of flighte maximum range of this TLS is 400 m
for objects with a reflectance of 10% and 1200 mdigjects with a reflectance of 80%. The
linear accuracy is 7 mm, and the angular precim@&mm, both at a distance of 100 m from
the equipment. The divergence of the laser is OD@nd causes, at a distance of 100 m
from the equipment, a diameter of 5.58 cm (2.2Tme TLS includes a digital camera of 3.1
megapixels that is located off-axis, causing paratlistortion in objects located less than 35

to 40 m from the equipment.

For a better understanding, Figure 25 illustrateshethodological steps adopted in
this study.



73

Figure 25 - Methodological steps undertaken in shusly

*Study of edge effect in the intensity of
terrestrial laser scanner;

*Modeling experiments of edge effect with
controlled targets.

Edge effect test

* Implementation of the k-means modified
algorithm;

* Proposition and implementation of the
Intensity Recovery Algorithm (IRA).

Developing the IRA

. » Testing the IRA with point clouds of forestry
Testing the IRA targets

Source: The author

5.2.1 Modeling the edge effect

In order to acquire intensity data with an edgeafiunder controlled conditions, we
used one target, a total station tripod, a planaiteanscreen and a laser scanner. This target
was designed to the camera calibration. The nuwibleoles was chosen arbitrarily. The main
goal was to acquire intensity data showing a laegge of the edge effect. To that end, we
placed a white screen behind a wooden board witbl&s (Figure 26) in order to collect the
laser return after collision with the wooden boamd the white screen. The target was
scanned at two distances from the TLS, 5 m and 1@namework 3 shows the spacing
between points, the number of points collectedthedime necessary for the data acquisition.
After acquisition, the intensity data of the poohdud were processed using 8-bits (256 gray
levels), and the edge effect was modeled.
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Framework 3 - Scans with controlled settings.

Resolution (mm)  Number of points

0.5 480,244

1.0 120,150

£ 15 53,550
Q 2.0 30,082
= 3.0 13,500
5 4.0 7,605
[a) 5.0 4,860
7.0 2,522

10.0 1,224

0.6 387,138

= 1.0 139,944
o 1.6 54,912
o 2.0 34,986
e 3.0 15,572
g 4.0 8,772
a 5.0 5,658
7.0 2,940

10.0 1,449

Source: The author

Figure 26 - Experiment to generate the edge effsicly a tripod, a target, a white screen and
the laser scanner.

Source: The author
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5.2.2 Method proposed: IRA

From the initial tests, we were able to generageeitige effect in a controlled manner.
The results provided enough information in ordeutmerstand how this effect occurs and
how it affects the intensity data. Using the data,generated the intensity recovery algorithm
(IRA).

The IRA was developed in two steps: segmentatichiatensity recovery. Initially, a
clustering k-means algorithm (MacQueen, 1967) wssduto separate the intensity data
values into different groups. The algorithm groupeel points distorted by edge effect into a

specific class and could be used to recover intedsia.

The clustering based on the k-means algorithm pedd classifications by
partitioning the database inkanumber of groups (Gan et al., 2007). Initiklgentroids were
defined as 3 groups based on the clustering atgoriEach point of the cloud has an intensity
value that is associated with the recorded intgnstue returning from the target. For each
point, the algorithm searched for the nearest oahtin this case, the nearest centroid has an
intensity value similar to the group of points. Sheach point becomes part of the group of
the nearest centroid. When all the points were ggduthe centroids were re-calculated to

verify that each point belongs to the appropriateig.

The algorithm performs this operation repeatedb, enters a loop until the values
converge. Convergence takes place when point ckamgéonger occur between the groups,
but convergence can also be determined other wagsther way is to determine the
maximum number of exchanges between groups or &xénmum number of iterations. In this
case the maximum number of iterations must be ééfin order to limit the processe., the
user enters the number of iterations and the rdasuldependent of this choice. After
segmentation of the database into different groupspvery of intensity data can be
performed.

For recovering intensity data, we proposed Equafi@n which was implemented
using the IRA.

[ = 27)
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For the equationgc is the corrected intensity valuey is the measured intensity value
(value measured by the laser, ranging from 0 to I9B5, andk is the estimated collision

value of the laser pulse with the target, wh&d€' R ; 0 < k< 1}.

Once thek value is defined, it is possible to restore thensity value. Considering
thatQ is the set of all points of the databaBds then defined as the set of clustered points
which belong to the edge effect gropgds a point from the sé®, andq is a point from the set
Q. For each point p that belongsRpan Axis-Aligned Bounding Box (AABB) is createcath
is centered ip. The size of the AABB was defined with based thacing between points of
the laser configuration. All pointg from the seQ), are tested to verify iff is inside AABB.
The AABB size is defined through the spacing betwpeints, which generates the spacing
variable. The scanning configuration is necessargrder to have a minimum number of
points to calculate the collision approximationtié q point is inside the AABB, themis
inserted in a quadtree of levels created in the same AABB's position anchwiite same
AABB's size. Figure 27 shows the AABB with the pgirin the center in blue.

Figure 27 - Example of the AABB with quadtree letel(a) Shows the AABB with points
inside. (b) It is the quadtree centered in the spltaee of the AABB with the AABB points
inserted.

Ny

(a) (b)

Source: The author

Using the number of points in each quadrant ofcgihadtree, the number of collision
between the laser beam and the target is estimiateaih quadrant has a collision percentage
which depends on the quadtree level (Equation B&he quadtree leveh is 1, then the
guadtree has 4 quadrants. In this case, each quadmaesponds to 25% of a collision.

perc = 4% (28)
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For the equatiorpercis the total collision percentage for each quadtpeadrant, and

nis the quadtree level.

The collision percentagestis the more important element of the algorithminishis
part that is performed the calculation of collisgstimated of the laser.

The valueestis calculated by considering a weight of 25% facle one of the four
quadrants of the AABB. The algorithm identifies aiquadrant has the greatest number of
points, and then it records the weight using 25#%itie average intensity of the points in this
guadrant. This is considered the reference quadraetcalculation of the weight of the other
quadrants is performed by taking into consideratio® number of points existing in each

quadrant relative to the reference quadrant.

5.2.3 Testing IRA

The algorithm was first tested with a forestry &rga guava tree (Psidium guajava).
The choice was based on the availability of an eyppate target near the laboratory and on
the tree’s medium size (7 to 12 m) and regularbpeid leaves. The chosen tree was free from
obstacles, so the probability of intensity dataum@hg from other targets was eliminated.
Thus, the edge effect would not result from anothgget, only from the tree. This tree was
sampled approximately 40 meters from the laserrsgaim order to avoid parallax distortion.
After scanning, the point cloud file with 8-bitsdiametric resolution that contained Y, Z
and | was processed with IRA. The point cloud wasally classified into three groups
(branches, leaves and the edge effect) using theedn-based algorithm. The intensity
recovery algorithm was used next in order to gdeer&o point clouds, the first segmented

into three groups and the second segmented irde tmoups already processed with IRA.

5.3 RESULTS AND DISCUSSION

5.3.1 Results of the edge effect test

The greater the distance between the laser angihet, the larger is the diameter of
the laser beam. This occurs because the divergdribe beam is directly proportional to the
distance. Generally, the points affected by theeeelfect have a lower intensity value, as

previously addressed by Kaasalainen et al. (20091 Seielstad et al. (2011) and Bordin et
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al. (2013b). The distance also reduces the iniemaities. The edge effect and the distortions
in the intensity data, in this case, occurred duéhe divergence of the laser beam and the
influence of distance (Bordin et al., 2013b), aithb Eitel et al., (2010) did not identify
distortions in intensity caused by distance randhogn 1.1 to 2.6 m from the target. This
occurs because the beam spreads more as the distaatses between the target and the laser
scanner. The greater the distance of the targdtoirm the scanner, the greater is the
distribution of the radiation over the area, or #aene amount of radiation interacts with a
greater area of the target (Figure 28). This refefhip is shown by Equation 29, where

shorter distances might cause non-significant distts.

Figure 28 - Variation of the are& @ndA’) of interaction of radiation from the laser beam
with the distance (d and d’) between the sensottlaadtarget.

+—
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Source: The author

o 2
A= (2 ‘ tg?) (29)

2

A is the area illuminated by the laser beam as atifum of the distanced is the

distance between the sensor and the targetaadhe divergence angle of the laser beam.

In this test, we have identified two types of thstattions in the point cloud data
caused by the edge effect. The first type is thatdadge effect affects the data by causing
distortions in the intensity values. The seconcetipthat the edge effect shifts points in the

space along the y-axis.

The modification of intensity values occurs whea fensor records the return of the
intensity as a mixture of data from the obstacleifet the target (white screen) together with
data from the target (wood board with holes) asiigue value. The aperture of the sensor
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receives the radiation that returns of two targeetsng the range of time\f). An average of
both values is recorded in the file. This is registl as an intensity mixture of radiation from
the two targets. In Figure 29, the green pointglenthe circles and in the outer portion of the
wood board had distortions in their intensity valwaused by the edge effect. Overall, the
points affected by the edge effect had lower vathas the others, as indicated by Eitel et al.
(2010).

Figure 29 - Edge effect generated in the initigt.tdhe green points inside the circles and
around the blue rectangle represent the edge eféect in the 3D point cloud. Figure in false
color.

Source: The author

Moreover, we observe that the configuration of $patial resolution during a scan
also contributes to the distortion of intensityued. There are three possible situations that
can be observed. If we consider the first situasbown as Figure 30 a, the edge of the
rectangle is scanned, and we note that the distagiveeen the centers of the beam is greater
than the diameter of the beam, resulting in undadrdata. In the second situation shown as
Figure 30 b, the distance between the centerseobéfam is smaller than the diameter of the
beam, so the borders of the beams overlap and reswise in the intensity data of the point
cloud. In the third situation shown as Figure 3Ghe distance between the centers of the
beam is equal to the diameter of the beam and leatle best case scenario because all the

area is sampled and no noise is generated in thegoud.
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Figure 30 - Different resolutions of the data acgdiwith the laser scanner. a) The distance
between the centers of the beam is greater thaudlifmeeter of the beam. b) The distance
between the centers of beam is smaller than themedlex of the beam. c) The distance
between the centers of the beam is equal to tmeede of the beam.

(a) (b) (c)

Source: The author

In the second type of distortion, we note that fof the cloud shift in the space, as
shown in Figure 31. This distortion occurs on thaxis because the sensor calculates the
distance of the point based on the average reina @f the pulse that returns from both the

target and the white screen.

The study of the edge effect is a very complex extbfhat requires a range of
complementary experiments to address the topicgefine, the distortion of points in the
space will not be addressed. This study is focusedinderstanding distortion of intensity

data values.

Figure 31 - Edge effect generated in the initiat.t&he green points in the cloud are shifted in
space on the y-axis. Figure in false color.

Source: The author
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5.3.2 Results of the IRA

In our study, we analyzed the edge effect on a evlrele. The tree point clouds used
in the test had initially 1,082,996 points. Afteropessing and classifying initial intensity
values, using a modified k-mean algorithm for thgreups (branches, leaves and edge
effect), the points were classified according te iimage shown in Figure 32 a. As result of
the classification, 151,542 points were characterias branches (red color, 13.99% of all
points), 390,200 points were characterized as ge effect (blue color, 36.03% of all points)
and 541,254 points were characterized as leaver{gcolor, 49.98%). The goal of this
classification was to segment the points of thesezffect prior to processing the data in order
to recover lost intensity values. Figure 32 b vesitthat the algorithm satisfactorily identified
the edge effect (blue color). After the classifioat the points that were characterized as an
edge effect were processed by the IRA in orderetmover branch or leaf points, whose

intensities were affected by the edge effect.

After IRA processing, the points were further cloéeaized as those shown in Figure
32 b, with 221,901 points classified as branched @olor, 20.49% of all points), 250,844
points classified as an edge effect (blue colorl@%® of all points) and 610,251 points
classified as leaves (green color, 56.35%).

Data processing of the edge effect points by th& tBsulted in the recovery of
139,356 points or approximately 35.71% of lost msigy values. These 139,356 points were
classified as 68,997 points for leaves and 70,380tg for branches. The results suggest that
if we use intensity data values to correlate anirenmental variable (e.g., chlorophyll,
carbon, or water content), we would obtain restiitstaining errors that could be minimized

using IRA as shown in Table 1.

Figure 32 a and 32 b visually show the result afimizing the edge effect presented
in Table 1. In Figure 32 a, the quantity of blueng® is visibly greater than those shown in
Figure 32 b. The Table 1 summarizes results oldaafier IRA processing. The edge effect is

represented as blue, the leaves as green, andathehles as red in the Figure 32 b.
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Table 1 - The table summarizes results obtaineser 4RA processing. The edge effect is
represented as blue, the leaves as green, andathehles as red in the Figure 32.

Point cloud Point cloud Point cloud
segmented processed by difference %
Classes (Numberof % IRA (Number % before/after .
. ) . Difference
points) of points) processing by
Figure 32 a Figure 32 b IRA
Edge
effect 390,200 36.03 250,844 23.16 139,356 35.71
Leaves 549954 4998 610251  56.35 68,997 112.75
Branches 151542 1399 221001 2049 70,359 146.43
Total 1,082,996 100 1,082,996 100

Source: The author

Analyzing the results, we determined that branchess more affected by the edge
effect than leaves. This was expected becauseifimeter of the majority of branches is
smaller than the diameter of the leaves. In otherds;, the smaller the target, the more the
target will be affected by the edge effect. If lbaves were smaller than the branch diameters,
leaves would have been more affected. The IRA Wwaws to be more effective for recovery

of leaves points, restoring 35.71% of points distiby the edge effect in this study.
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Figure 32 - Point clouds of the tree as a 3D imagfere (a) and after (b) recovering intensity
lost due to the edge effect. The tree before psmegga) shows a large number of blue edge
effect points, whereas the tree after processingsiiiows a reduced number of blue edge
effect points. Figure in false color.

Source: The author

For a better understanding of how the algorithmcessed the data, histograms are
presented to show the variation of the intensityes before and after processing (Figure 33).
The recovery 35.71% intensity data is directly elated to the recovery of the radiation that
has been lost; therefore, points originally clasdifas edge effect may continue to belong to
this group even after the processing. This resxftlagns recovery of the intensity data
35.71% of points. In fact, part of the databasesifeed as edge effect continues to be part of

the group edge effect after processing.
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Figure 33 - Distribution of intensities of the pburloud before column (a) and after column
(b) segmentation and processing by IRA.
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The histograms in Figure 33 show the variationhef intensity of the point cloud of
the entire tree in 8 bits before (Figure 33 a) aftelr processing (Figure 33 b). The histograms
show a normal distribution with the greatest numisepoints having intensities between 0
and 100 before IRA processing. The average intengds approximately 52.99 with a
standard deviation of 22.55 in digital number (NBiter processing, the normal distribution
of the histogram showed a greater range of intesdetween 0 and 140 (Figure 33 b).

Algorithm processing provides interesting inforroatithat can be seen in Figure 33.
The points that were identified as branches wese #ie points with the greater intensity
values, i.e., the branches reflected a greater ataduradiation for mid-infrared wavelengths
than the leaves. Thus, the average intensity valti¢ise leaves ranged from 58.68 to 78.34
ND after IRA processing and showed a standard tdewiaf 8.19 to 9.90, respectively (Table
2).

Table 2 - Average and standard deviation of intgnailues before and after the IRA.

Tree intensity  Branches intensity Edge effect intensity Leaves intensity

(ND) (ND) (ND) (ND)
T C T C T C T C

(O] = (O] = (D) = [¢D) hast
=) c -2 =) a8 o) c .2 =) c .2
© T © T © © T © T
— c .2 — c .9 — c .2 — c .2
(O] c > (O] c > (O] c > D) c >
> +— QO > +— QO > +— QO > +— QO
< N o < n o < N o < N o

Before 52.99 22.55 90.00 16.80 30.72 11.67 58.68 8.19

After 77.07  29.23 117.21 18.47 38.47 15.12 78.34 9009.

Source: The author
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5.4 FINAL REMARKS

The results presented in this study demonstrate Th& intensity can be used to
distinguish tree elements, such as branches, lemv@sdge effects, and could be used to
develop a useful application to estimate and/omtfyacarbon and biomass composition.
Based upon the intensity data, the point cloud etégsnshowed different characteristics that
were identified by k-means clustering. Experimep&formed in a controlled mode are
fundamental to understanding how the edge effettterpoint cloud occurs. From our results,
we have identified two types of distortions thatwrcin point cloud data. The first type affects
the data by causing distortions in intensity valddse second type creates an edge effect that
shifts the points in the space on the y-axis. lditeah, we developed an IRA for minimizing
the edge effect. By processing the data with th&, \Re recovered 35.71% of the intensity
values that were affected by the edge effect. Téssilt shows that the use of the IRA on
intensity data values decreases distortions camgedge effect. This algorithm will aid in the
development of methodologies to study the cormatabetween TLS intensity and physical
and chemical characteristics for forestry and otiaegets and applications. The ability to
identify a correlation between TLS intensity andperties such as water, carbon and sulfur
content in trees could lead to the creation of neffecient and cheaper methodologies to
quantify physical and chemical characteristic, gsiremote and non-destructive data

collecting techniques.

The algorithm developed for minimizing the edgeeeffis our first attempt to address
the problem regarding edge effect in LIDAR dataerétiore, more research must be
conducted to test and improve processing LIDAR .ddtiae utilization of a structure
composed of an octree rather than a quadtree rbighdan alternative method to improve
results. In terms of clustering, algorithms that gkassification other methods should also be
tested.
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CAPITULO 6 — CONSIDERACOES FINAIS

Em termos de consideracdes gerais ao longo do\d@senento da Tese destacam-se
que a tecnologia LIDAR empregada em um sistema ¢8d em constante evolucdo e pode
ser considerada, de acordo com a literatura, um&damentas mais promissoras em relacao
as técnicas de aquisicdo de dados 3D. As infornsapitidas por meio desse sistema
possuem grande potencial de utilizacdo e aplicag@o diversas areas. Os resultados
apresentados neste estudo demonstram que a it@@sld retorno do pulso laser advinda do
LST pode ser usada para distinguir elementos dus dlarestais (troncos, galhos e folhas),
pois os dados da nuvem de pontos estudados nestmigse mostraram caracteristicas
diferentes ao serem classificados pelo algoritnmeéklia. Por possibilitar a visualizagéo e o
escaneamento dos alvos sem o contato direto, ccanca de distancias na casa de metros e
até de quilémetros, o LST seria uma opcédo paraussiggo de informacdes para alvos que
estivessem inacessiveis. A caracteristica do LSTgetar cenas em 3D, com dados de
intensidade e de cor, possibilita 0 armazenamesasoirdformacdes para o acompanhamento
da evolucdo desses alvos. Porém, a coleta de dadpspgramacdo e processamento
computacional e o efeito de borda, podem ser ceraids pontos criticos no planejamento e
execucao de projetos que utilizam dados de lager gaaracterizacdo de alvos florestais.
Assim, esta pesquisa demonstrou que os experimeodolados foram fundamentais para a
compreensao e o desenvolvimento de metodologiasode a minimizar possiveis fontes de

erros inerentes ao sistema.
Pontualmente, os principais resultados obtidoxardim que:

a) Para o LST lIiris 3D da Optech a distancia minimeapmageamento de alvos
florestais foi de 5m e o processamento da intedsidie retorno do laser com
resolucdo radiométrica de 8 bits proporcionou uaraaterizacdo geométrica do
alvo com efeito visual de melhor qualidade se caag@mcom o processamento de
16 bits;

b) A distancia entre o LST e o alvo florestal influencna aquisicdo dos dados de
intensidade de retorno do laser e que para cadpaggento é necessario elaborar
um modelo matematico de calibracdo compativel comsen respectivo

comprimento de onda;
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c) Os resultados dos experimentos realizados sobfeito de borda possibilitaram
identificar dois tipos de distor¢cdes que ocorrerava dados da nuvem de pontos
adquiridos com o LST. O primeiro afetou os valatesntensidade de retorno do
laser e 0 segundo criou um efeito que deslocou aydop no espaco. Para
minimizar este efeito foi desenvolvido um algoritmoe possibilitou recuperar
automaticamente os valores de intensidade de cettwraser (IRA) minimizando
em até 35,7% o efeito de borda no imageamentoldos #iorestais estudados.

Assim, conforme as consideracfes gerais e ponatmingo do desenvolvimento
desta Tese foi possivel concluir que, para o udodSdona caracterizacdo de alvos florestais, €
necessario desenvolver outros métodos para mininsizefeito de borda aprimorando o
algoritmo IRA com outras abordagens computaciormaisnatematicas que poderdo ser

desenvolvidos em estudos futuros.

6.1 SUGESTOES PARA TRABALHOS FUTUROS

Sugere-se para trabalhos futuros:
a) comparar os resultados obtidos nessa pesquisauinos modelos de LST;

b) estudar outras metodologias e algoritmos patassificacdo e segmentacao entre

as diferentes partes da arvore e o efeito de borda;

c) comparar equipamentos com diferentes comprirsedéoonda e principios de

funcionamento;

d) propor metodologias para o estudo da florestaseja, quando a quantidade de

arvores for maior;

e) melhorar o processamento de dados testanddueasrlcompostas por octree ao
invés de quadtree. A estrutura octree pode ser @todo alternativo para melhorar os

resultados do algoritmo;



