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Resumo

A tomada de decisao para problemas do mundo real pode envolver objetivos conflitantes
entre si. Na literatura, os problemas de otimizagao sao classificados como mono-objetivo
quando se tem apenas um objetivo a ser otimizado, multiobjetivo (dois ou trés objetivos
a serem otimizados) e muitos objetivos, quando se tem acima de trés objetivos a serem
otimizados simultaneamente. Dentre os diversos algoritmos propostos para resolver esses
problemas, os Algoritmos Evolucionarios (AEs) mostraram eficazes em encontrar solugdes
quase 6timas. Dentro do grupo dos AEs estda o algoritmo mono-objetivo Differential
FEvolution (DE), amplamente utilizado devido sua facilidade de uso, velocidade, estrutura
simples e robustez. Yuan, Xu e Wang (2015) extenderam o DE para problemas com
muitos objetivos, chamando essa abordagem de NSGA-III-DE. A principal diferenca do
DE para os outros AEs se da na mutacao de um individuo. Diferentes variantes de mutagao
diferencial foram propostas nas duas ultimas décadas, mas nao foram encontradas pesquisas
investigando e comparando o seu desempenho na otimizacao com muitos objetivos. Portanto,
o objetivo desta pesquisa é comparar a performance das principais estratégias de mutacao
diferencial no NSGA-III-DE, em problemas de otimizagdo com muitos objetivos, utilizando
os problemas de benchmark DTLZ1, DTLZ2, DTLZ3 e DTLZ4, sendo executados em até
15 objetivos. A métrica de desempenho utilizada é o Inverse Generation Distance (IGD).
Resultados experimentais demonstraram que a variante de mutacao current-to-rand/1

apresenta uma melhor performance dentre todas as variantes.

Palavras-chave: Differential Fvolution. mutacdo. comparacao.



Abstract

Decision-making for real-world problems may involve conflicting objectives. In the literature,
optimization problems are classified as mono-objective when there is only one objective
to be optimized, multiobjective (two or three objectives to be optimized) and many-
objectives, when there are above three objectives to be optimized simultaneously. Among
the several proposed algorithms to solve these problems, Evolutionary Algorithms (EAs)
proved effective in finding near optimal solutions. Within the group of EAs is the mono-
objective algorithm Differential Evolution (DE), widely used because of its ease of use,
speed, simple structure and robustness. Yuan, Xu e Wang (2015) extended the DE
to many-objectives problems, calling this approach NSGA-III-DE. The main difference
from DE to the other EAs occurs in the mutation of an individual. Different differential
mutation variants have been proposed in the last two decades, but no research was found
investigating and comparing their performance in many-objectives optimization, therefore,
the purpose of this research is to compare the performance of the main differential mutation
strategies in NSGA-III-DE, on many-objectives optimization problems, using the DTLZ1,
DTLZ2, DTLZ3 and DTLZ4 benchmarking problems, running in up to 15 objectives.
The performance metric used is the IGD. Experimental results demonstrated that the

current-to-rand /1 mutation variant shows a better performance among all variants.

Keywords: Differential Evolution. mutation. comparation.
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1 Introducao

A tomada de decisdao para problemas do mundo real pode ser uma tarefa complexa
e dificil, geralmente esses problemas envolvem objetivos conflitantes entre si. Muitas vezes,
a solucao para tais problemas de decisao requer o uso de técnicas de otimizacao que sejam

modeladas de forma a considerar simultaneamente objetivos conflitantes.

Na literatura, os problemas de otimizacao sao definidos em trés classes distintas,
problemas de otimizagao de objetivo inico (ou mono-objetivo), problemas de otimizagao
multiobjetivo (dois ou trés objetivos) e problemas de otimizagdo com muitos objetivos
(acima de trés objetivos). Essa diferenca de classificacao acontece porque o aumento da
quantidade de objetivos insere dificuldades na otimizacao, como dificuldade em classificar a
populacao em fronteiras nao dominadas, dificuldade de geracao de individuos préximos aos
pais, obstaculos para garantir a manutencao da diversidade das solugoes, dificuldade na
visualizagdo dos objetivos, dentre outros (ISHIBUCHI; TSUKAMOTO; NOJIMA, 2008a;
CHAND; WAGNER, 2015).

A convergéncia e a diversidade sdo os principais interesses na otimizac¢ao multiob-
jetivo. Convergéncia refere-se a encontrar um conjunto de solugoes que se situam sobre
ou perto da verdadeira fronteira Pareto. A diversidade refere-se a encontrar um conjunto
de solugoes suficientemente diversas para representar toda a fronteira Pareto. Satisfazer

esses dois interesses é uma tarefa desafiadora para qualquer Algoritmo de Otimizacgao
Multiobjetivo (AOM) (ROBI; FILIPI, 2005).

Entre diversos algoritmos de otimizacao existentes, os Algoritmos Evoluciona-
rios (AEs) mostraram-se eficazes em encontrar solugoes quase étimas. Alguns dos AEs
sao Non-dominated Sorting Genetic Algorithm (NSGA), NSGA-II, NSGA-III, Strength
Pareto Evolutionary Algorithm (SPEA), SPEA-II, Pareto Archived Evolution Strategy
(PAES), Differential Evolution (DE), Differential Evolution for Multiobjective Optimiza-
tion (DEMO), dentre outros.

Para alcancar a convergéncia, o NSGA-III combina o operador de crossover SBX
com a mutacao polinomial para gerar novas solugoes, selecionando primariamente as
solucoes nao dominadas. Para alcancar a diversidade em problemas com muitos objetivos,
foi proposto no NSGA-III um mecanismo de selecao por pontos de referéncia, esse proce-
dimento prioriza os membros da populacao que nao sao dominados e estao proximos a
um conjunto de pontos de referéncias pré-definidos. No trabalho publicado, em que Deb e
Jain (2013) propoe o NSGA-III, o NSGA-III é aplicado a vérios problemas de benchmark
de trés a quinze objetivos e em problemas praticos envolvendo entre dois a nove objetivos,

alcancando resultados competitivos em relagao a outros Algoritmos de Otimizag¢ao com
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Muitos Objetivos (AOMOs).

Em Storn e Price (1997) é proposto o Differential Evolution (DE), um algoritmo
de otimizacao global capaz de otimizar fun¢des de valores reais, tendo gerado interesse em
pesquisas posteriores devido sua facilidade de uso, velocidade, estrutura simples e robustez.
A principal diferenca do DE para os outros AEs se d4 na mutagao de um individuo. A
proposta original do DE gera um vetor de mutacao adicionando a diferenga ponderada
entre dois vetores populacionais a um terceiro vetor, todos aleatérios. Inicialmente, Storn e
Price (1997) introduziram o DE com duas variantes de mutagao, DE/rand/1 e DE/current-

to-best/1, posteriormente, outras variantes foram propostas por outros autores.

Em Praveen e Thangavelu (2015) foi feita uma investigacao para analisar a per-
formance de 10 variantes do DE comumente utilizadas. As variantes foram analisadas
quanto a convergéncia e diversidade para problemas multiobjetivos. No trabalho publi-
cado, as variantes foram implementadas em uma versao multiobjetivo do DE denominada
DEMO, a qual utiliza o principio de dominancia Pareto e crowding distance para garantir
a convergéncia e diversidade respectivamente. Yuan, Xu e Wang (2015) considera-se o
primeiro trabalho a inserir o DE no NSGA-III, substituindo o operador de crossover SBX
utilizado no NSGA-III pela variante DE/rand/1/BIN do DE. Resultados experimentais
para problemas com muitos objetivos demostraram que a abordagem proposta alcangou
resultados favoraveis em relagdo aos resultados alcancados originalmente pelo NSGA-III.
Porém, no trabalho publicado por Yuan, Xu e Wang (2015), o desempenho de outras

variantes de mutacao diferencial nao foi investigado.

1.1 Justificativa e motivacao

Diferentes variantes de mutacao diferencial foram propostas nas duas ultimas
décadas, como rand/2/, best/1/bin, best/2/bin, current-to-rand/1, etc. Essas variantes
diferem-se na maneira como os vetores sao selecionados para o processo de mutagao, niimero
de pares de vetores envolvidos no vetor de diferenga e, consequentemente, na sua eficacia
para resolver um problema em particular. Portanto, com a multiplicidade de variantes de
mutagao disponiveis, nao é facil escolher a melhor variante para um determinado problema.
Consequentemente, as variantes de mutagao diferencial precisam de mais investigagoes sob

quais circunstancias elas funcionam bem (JEYAKUMAR; Shunmuga Velayutham, 2009).

Existem na literatura alguns trabalhos comparando a performance de diferentes
variantes de mutacao diferencial em problemas mono e multiobjetivo, porém, nao foram
encontradas pesquisas investigando e comparando a performance dessas variantes em

problemas com muitos objetivos.

Devido a importancia e eficacia do algoritmo DE na otimizacao de problemas, ha

uma motivacdo em ampliar as pesquisas investigando o comportamento de cada estratégia
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de mutacao diferencial na otimizagdo com muitos objetivos, de forma que trabalhos futuros
possam utilizar os resultados apresentados para propor abordagens hibridas de mutacao,

ou, até mesmo, aprimorar as existentes.

1.2 Objetivo

Essa pesquisa tem como objetivo geral comparar a capacidade de convergéncia e
diversidade de 10 variantes de mutacao diferencial no NSGA-III-DE em problemas de
otimizacao com muitos objetivos, utilizando para isso a métrica IGD. Também, como
objetivo especifico, é analisado o efeito de dois principais parametros de controle no
NSGA-III-DE.

1.3 Organizacdo do Texto

Nas secOes anteriores, foi feita uma breve introdugao sobre as diferentes classificagoes
de problemas de otimizacao e alguns algoritmos propostos para resolvé-los. Apresentou-se

também o objetivo, justificativa e a motivacdo para realizar a pesquisa proposta.

No capitulo 2 é apresentado o referencial tedérico, apresentando os principais con-

ceitos e algoritmos mencionados neste trabalho.

No capitulo 3 sao definidas as diretrizes que guiaram este trabalho desde o levanta-

mento bibliografico até a andlise dos resultados.
No capitulo 4 sao apresentados alguns trabalhos correlacionados a essa pesquisa.

No capitulo 5 é apresentada a abordagem utilizada, especificamente o ambiente, os
parametros e o algoritmo utilizado para analisar a performance das variantes de mutacao

estudadas.

Por fim, no capitulo 6 sao apresentados e analisados os resultados obtidos na
execugao de cada variante. Também, sao feitas consideragoes sobre a pesquisa realizada,

apresentando sua contribuicao e os possiveis trabalhos futuros sobre a atual proposta.
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?2 Referencial Tedrico

Neste capitulo serao abordados alguns conceitos relacionados ao tema dessa pesquisa,

que ajudarao na compreensao de sua relevancia.

2.1 Algoritmo Evolucionario (AE)

AEs usam modelos computacionais dos processos naturais de evolugao como uma
ferramenta para resolver problemas, simulando o processo de evolucao das espécies através
dos operadores de selecao, mutacao e reproducao. Para isso, os AEs mantém uma populagao
de estruturas, denominadas individuos. A essas estruturas sio aplicados os operadores
genéticos, como recombinacao, mutagao, entre outros. Nesse processo, cada individuo é
avaliado quantificando sua qualidade como solugdo para o problema em questao. Com base
nesta avaliacdo, sao aplicados os operadores genéticos de forma a priorizar a sobrevivéncia
dos individuos mais aptos. A figura 1 apresenta uma implementacao béasica de um AE
(LINDEN, 2012).

Portanto, verifica-se que o principio basico dos AEs consiste em buscar dentro
do conjunto atual de solugoes, aquelas solugoes que possuem as melhores caracteristicas
e tentar combina-las de forma a gerar solu¢oes ainda melhores, repetindo esse processo
até que se tenha atingido um determinado critério de parada, como niimero maximo de
geragoes ou tenha obtido uma solucao satisfatéria para o problema. Assim, os AEs sdo
parte de um ramo da busca chamado de “técnicas aleatérias guiadas”, isto é, possuem

componentes aleatérios mas utilizam as informagoes do estado corrente para guiar a
pesquisa (LINDEN, 2012).

2.2 Algoritmos Genéticos

De acordo com Linden (2012) “Algoritmos Genéticos (AGs) sdo um ramo dos AEs
e como tal podem ser definidos como uma técnica de busca baseada numa metafora do

processo bioldgico de evolugao natural.”

A principal caracteristica dos AGs e o motivo por sua ampla utilizacao é o grau de
generalizacdo que o AG possui, o que lhe permite solucionar diversos tipos de problemas

de otimizacao. Destaca-se também como vantagens (LINDEN, 2012):

e Busca global: Os AGs nao usam apenas informacao local, logo ndo necessariamente

ficam presos em 6timos locais. Essa caracteristica faz com que eles sejam uma técnica
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Figura 1 — Visao em alto nivel de um AE
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¥
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Fim_)

Fonte: Baseado em (LINDEN, 2012, p.44)

extremamente adequada para fungoes multimodais e de perfis complexas, como a

maioria das fungoes de problemas reais.

e Busca nao afetada por descontinuidades na funcao ou derivadas: os AGs nao usam
informacoes de derivadas na sua evolugao nem necessitam de informagao sobre o
seu entorno para efetuar sua busca. Isto faz com que sejam adequados para fungoes

descontinuas ou para fung¢oes para as quais nao tem como calcular uma derivada.

e Capacidade de lidar com fungoes discretas, continuas e até mesmo categéricas (nao

numéricas) sem prejuizo para a habilidade dos AGs na resolugao do problema.
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2.3 Conceitos da otimizacao com muitos objetivos

2.3.1 Modelagem Matematica

O que torna um problema multiobjetivo (ou muitos objetivos), é sua caracteristica
em possuir varias fungoes a serem otimizadas (maximizadas ou minimizadas) por uma
solucao x, satisfazendo diferentes restricoes. Assim, um Problema de Otimizacdo com
Muitos Objetivos (POMO) ¢é definido através da equacao (2.1) (CHAND; WAGNER,
2015).

POMO — MaX/Min f(l’) = (fl(x)va(x)7 ) fm(x))v (2'1)

Sujeito a x € X

Onde m é a quantidade de objetivos, * = (x1,...,x,) é o vetor de n varidveis
de decisao, ou seja, uma possivel solucao para o problema, f; é o ¢ — ésimo objetivo a
ser maximizado ou minimizado dependendo do problema e f(x) é o vetor objetivo de
m-~dimensoes calculado em z, isto é, contém os valores de cada objetivo f; da solugao x.

X é a regiao factivel.

A transi¢ao de problemas de otimizacao com um unico objetivo para um problema
com muitos objetivos introduz um desafio na comparacao de solugoes, ja que uma solugao

¢ entao um vetor de valores, em vez de um tnico escalar (JUSTESEN, 2009).

2.3.2 Fronteira Pareto e Pareto-dominancia

Para um problema com muitos objetivos, geralmente nao ha uma tunica solucao
para a qual todos os objetivos sejam 6timos. Existe na verdade, um conjunto de solucoes
alternativas para as quais se afirma que nao existem outras solugoes que sejam superiores
quando todos os objetivos sao considerados simultaneamente. Essas solugoes 6timas sao

conhecidas como conjunto de solugoes 6timas de Pareto ou solugoes nao dominadas.

Pareto dominancia: Esse principio de dominancia é definido como (VOORNE-
VELD, 2003):

Definicao 1. Uma solucao x; domina uma solugao s se:

e A solugao x; nao é superada por xs em nenhum objetivo, ou seja, f;(x1) < fi(x2)Vi =
1,...,M e;

e A solugdo z; supera x5 em pelo menos algum objetivo, ou seja, fi(z1) < fi(x2) para

pelo menos um i € {1,..., M }.
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A figura 2 apresenta trés cendarios possiveis para um problema com dois objetivos e
duas possiveis solugoes A e B:
Figura 2 — Relacao de dominancia entre duas solugoes A e B
(b) Ponto A supera ponto

B em um objetivo e nao
(a) Ponto A supera ponto B é superado em nenhum(c) Ponto A e B néo se do-

em todos os objetivos. outro. minam.
F2 F= F=
, A A
i B 'B :
. . 5|
| : . :
i LA LA
L S . S e
! : i
| i '
. » Fi : » Fi : » Fi

Fonte: Adaptado de (Ribeiro, R. S, 2016)

Para exemplificar o conceito de conjunto de solugdes 6timas de Pareto, um simples
problema Fj de dois objetivos é considerado na equacao (2.2) (SRINIVAS; DEB, 1995).

Minimizar Fy; = 22,
F = (2.2)
Minimizar Fjy = (z — 2)?

O problema tem dois objetivos e ambas as imagens dos dois objetivos em funcao

da variavel de decisao x s@o exibidas na figura 3 (a).

Figura 3 — Imagem e espago objetivo do problema F}

(a) Fungoes F1; e Fio plotadas em fungao de x (b) Espago objetivo do problema Fj
16 9
XZ
14 2 8
12 7
6
10
o 5
w o
= 8 s
I 4
6
3 Solugbes ndo dominadas
4 2
2 1
0 7 0
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2 25 3 0 1 2 3 4 5 6 7 8 9

Fonte: Adaptado de (SRINIVAS; DEB, 1995)

Claramente verificamos que a solugado x = 0 ¢ 6tima com respeito a Fj; mas nao é

Otima com respeito a Fis, e a solucao = = 2 é 6tima com respeito a funcdo Fis e nao é



Capitulo 2. Referencial Teorico 23

6tima com respeito a F1;. Qualquer ponto no intervalo (0,2) cria uma relacao de trade-off
entre os objetivos e constitui a curva 6tima de Pareto. Entretanto, qualquer solugao fora
desse intervalo ¢ uma solug¢do dominada, por exemplo, a solucao x = 3 nao é melhor que a
solugdo x = 2 em relacdo a qualquer objetivo. Esse comportamento fica evidente através

da figura 3 (b) que exibe o valor objetivo Fj5 em funcao de Fj; para as solugbes = € R.

Portanto, a escolha de uma solu¢ao em relagao a outra fica a cargo do tomador
de decisao. Dai se da a importancia de encontrar solucoes diversificadas simultaneamente
(solugoes entre 0 e 2 para o problema apresentado) para que os tomadores de decisao

possam escolher a solucao mais adequada para o seu problema de otimizacao.

2.3.3 Desafios na otimizacao com Muitos objetivos

Como mencionado anteriormente, problemas com quatro ou mais objetivos sao
classificados como problemas com muitos objetivos. Quando o problema envolve quatro
ou mais objetivos, surge uma série de problemas que nao eram tao importantes para dois
ou trés objetivos, dai se da a separagao entre problemas multiobjetivo e problemas com
muitos objetivos. Esses problemas incluem (ISHIBUCHI; TSUKAMOTO; NOJIMA, 2008a;
CHAND; WAGNER, 2015):

Dominéancia Pareto: A maioria dos AOMOs utilizam o conceito de dominancia
Pareto para comparar e identificar as melhores solugdes. Porém um aumento no niimero de
objetivos faz com que uma grande parte da populacao seja nao dominada. Isso enfraquece

a pressao seletiva e reduz a capacidade de convergéncia dos algoritmos.

Eficiéncia computacional: Os AOMOs tendem a ser computacionalmente caros.
Algumas métricas de calculo como o hipervolume exige um poder de computagao exponen-
cialmente maior quando o nimero de objetivos aumenta. Medidas de espalhamento como
o crowding distance também tendem a se tornar computacionalmente caras ao identificar

os vizinhos em um espacgo de alta dimensao.

Recombinacgao: Uma vez que as solugoes tem maior probabilidade de estarem
amplamente distante umas das outras em um grande espago dimensional, ha uma dificul-
dade em gerar solugoes proximas aos pais. A geracao de individuos proximos aos pais é

importante para aprimorar a busca local.

Preservacgao da diversidade: Como a fronteira Pareto para um POMO é uma
hiper-superficie no espago objetivo, o niimero de solugoes requeridas para a sua aproximagao
se expande exponencialmente com a dimensionalidade do espago objetivo, isto é, necessita-
se de milhares de solugoes nao dominadas para aproximar toda a curva Pareto de forma

espalhada.

Visualizacao: A medida que o nimero de objetivos aumenta acima de trés, torna-se

dificil para os pesquisadores visualizar o espago objetivo na tomada de decisao.
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2.4 Principais caracteristicas de problemas de otimizacao

Unimodal ou Multimodal: Quanto a modalidade, uma fungao ¢é dita unimodal
(Figura 28 (a)) ou multimodal (Figura 28 (b)). As fun¢ées unimodais possuem apenas
um 6timo local, que é, portanto, o étimo global. Uma func¢ao multimodal, por sua vez,
possui varias inflexoes em sua superficie, o que caracterizam multiplos pontos 6timos locais

(HORN; GOLDBERG, 1995).

Figura 4 — Fun¢ao unimodal e multimodal

(a) Funcao Sphere - Unimodal (b) Funcao Rastrigin - Multimodal

Fonte: Adaptado de (S. Surjanovic, D. Bingham, 2015)

Separavel e nao separavel: Considera-se separavel um problema no qual cada
variavel pode ser tratada de forma independente uma da outra. Um problema nao separavel
apresenta relagoes entre as variaveis e é de mais dificil resolugdo (HUBAND et al., 2006;
Ribeiro, R. S, 2016).

Discretos, reais ou mistos: Um problema de otimizacao é dito ser real, discreto
ou misto de acordo com suas variaveis de decisao. Em um problema discreto, suas variaveis
de decisao podem receber apenas um conjunto discreto de valores. Analogamente, em
um problema do tipo real, suas variaveis podem assumir valores reais. Quando algumas
varidveis sdo reais e outras discretas, chamamos esse problema de misto (ARORA; HUANG;
HSIEH, 1994).

Restritos ou irrestrito: Um problema matematico é restrito quando suas solucoes
devem satisfazer restrigoes impostas as variaveis de decisao. Essas restricoes podem estar
associadas ao dominio da funcao objetivo ou, impor restri¢goes adicionais as solugoes de
acordo com um conhecimento prévio do problema. Na auséncia de restri¢oes, diz-se que o
problema ¢ irrestrito (FONSECA; FLEMING, 1998).
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2.4.1 Interesses da otimizacao com muitos objetivos

O principal interesse de um algoritmo evolucionario para problemas com muitos
objetivos é aproximar o conjunto de solugoes a verdadeira fronteira Pareto. Portanto,
esse objetivo é definido em trés caracteristicas das quais as métricas buscam avaliar
(JUSTESEN, 2009):

e Proximidade em relagdo a verdadeira fronteira Pareto
e Distribuicao uniforme entre as solugoes

e Alta disseminacao de solugoes

Isto é, as solugoes devem estar o mais perto possivel da verdadeira fronteira
Pareto, usando como critério de proximidade a distancia euclidiana no espaco objetivo.
Simultaneamente, o segundo objetivo é cobrir ao maximo a fronteira Pareto, obtendo uma
distribuicao uniforme de solugoes. Ter um conjunto de solugoes equidistantes permite ao
tomador de decisao uma visao geral da fronteira Pareto, dando-o mais alternativas de
escolhas com base na relacao trade-off entre os objetivos representados pela populacao.
O terceiro objetivo esta diretamente ligado ao segundo. Ter uma alta disseminacao de
solugoes significa ter alta distdncia entre as solugoes extremas no espago objetivo para
garantir uma boa cobertura da fronteira Pareto, em outras palavras, deve-se preservar ao

maximo as solugoes extremas da fronteira Pareto.

Para alcancar os trés objetivos, os AOMOs tradicionais combinam dois mecanismos
destinados a garantir a convergéncia para verdadeira fronteira Pareto e uma boa distribui-
¢oes de solugoes. O primeiro mecanismo € o elitismo, que garante que as solugoes mais
proximas da verdadeira fronteira Pareto nao sejam eliminadas da populacao. Isso faz com
que o numero de solu¢oes nao dominadas na populacao aumente a cada geracao. O segundo
mecanismo ¢ uma medida de aglomeragao ou densidade entre as solucoes, priorizando as
solucoes em uma regiao menos movimentada no espago objetivo. Esse segundo mecanismo
normalmente é incorporado a classificacao de Pareto para formar uma medida de aptidao

Unica.

2.4.2 Exploracao local vs Exploracdo Global

Todo algoritmo de pesquisa, precisa contemplar a exploragao global (exploration) e
a exploragao local (ezploitation) em um espago de busca. Exploragao global é o processo
de visitar regides inteiramente novas dentro de um espacgo de busca, enquanto a exploracao
local visita regioes vizinhas de pontos ja encontrados no espago de busca (CREPINSEK;
LIU; MERNIK, 2013). Em outras palavras, a exploracao local busca melhorar uma solugao

promissora ja obtida pelo algoritmo, equivalendo, portanto, a um processo de refinamento
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das solugoes encontradas. A exploracao global, por outro lado, consiste em sondar uma
porcao muito maior do espago de busca, buscando novas solugoes promissoras que ainda
precisam ser refinadas, diversificando as solugoes de forma que a pesquisa nao fique presa

em Otimos locais.

2.4.3 Operadores basicos em Algoritmo de Otimizacdo com Muitos Objetivos

(AOMO)

Geralmente em um AOMO sao aplicados trés operadores basicos, sendo eles os
operadores de avaliacao, selecdao e variacao. Esses operadores sao iterativamente aplicados
as solugoes em cada geragao, até que algum critério de término pré-definido seja atendido,

sendo normalmente o nimero de fungoes de avaliagoes executadas (JUSTESEN, 2009).

Avaliagao: normalmente é baseado na relacao de dominancia, definido na subsecao
2.3.2. Os AOMOs tradicionais incorporam a selecao por dominancia a um segundo critério
de avaliacao, de forma a melhorar a diversidade das solugdes. A avaliacao é realizada no

espago objetivo.

Selecao: Esse operador seleciona os individuos que irdo gerar novos filhos. Essa
selecao normalmente envolve todos os individuos da geracao atual, dando-os uma chance
igual de acasalar, ou permitindo chances maiores aos individuos mais aptos. O operador

de selecao ¢ aplicado no espaco objetivo.

Variacao: O operador de variagao é aplicado aos individuos selecionados pelo
operador de selecao. Esses individuos, portanto, geram filhos, que sdo uma variacao de seus
pais. Dois operadores de variagdo sao normalmente aplicados, mutagao e recombinagao. A
mutagao visa causar apenas pequenas alteracoes na descendéncia, enquanto o operador de
recombinacao possibilita a reten¢ao de boa parte dos genes dos pais nos filhos. A mutacao
tem o efeito de aumentar a otimizacao local, enquanto a recombinacao tem o efeito de

aprimorar a busca global. Os operadores de variacao sao aplicados no espago de variaveis.

2.5 Algoritmo Non-dominated Sorting Genetic Algorithm Il (NSGA-II)

Em Srinivas e Deb (1995) é proposto o Non-dominated Sorting Genetic Algorithm
(NSGA), um dos primeiros algoritmos genéticos para otimizagao multiobjetivo com base
em uma sugestdo de Goldberg (1989). Esse algoritmo elimina o problema de baixa
diversidade presente em outras abordagens, distribuindo a populagao ao longo da fronteira
Pareto. Contudo, o algoritmo apresenta alguns pontos negativos, como a dependéncia
da especificagdo de um parametro de diversidade e alta complexidade na classificacao

nao-dominada dos individuos.

Em Deb et al. (2002a) foi proposta uma versao aprimorada do NSGA chamada
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NSGA-II, a qual elimina as dificuldades presentes no NSGA. Especificamente, foi proposto
um mecanismo eficiente para o célculo das solu¢des nao dominadas, denominado Fast
Non-Dominated Sorting (FNDS) e uma medida de espalhamento das solugdes chamada
por crowding distance. Resultados de simulagao do NSGA-II em problemas nao lineares

com até cinco objetivos demonstraram um bom desempenho do algoritmo.

2.5.1 Abordagem Fast Non-Dominated Sorting (FNDS)

Na implementacao do FNDS, primeiramente, para cada solucao p da populagao S

calcula-se:

e Numero de solugoes n, que dominam a solucao p.

e Conjunto de solugoes S, que a solucao p domina.

Todas as solugoes que possuem n, igual a zero sao as solucoes nao dominadas para a
geragao 1" e sao classificadas para a primeira fronteira nao dominada. Para cada solugao
p com n, = 0, visita-se cada membro (¢) do conjunto S, e decrementa a quantidade n,
de solugoes que a domina em 1. Se para qualquer membro g, o valor n, se tornar 0, ele é
classificado como sendo da segunda fronteira ndo dominada. Esse procedimento continua
até que todas as fronteiras sejam identificadas. O algoritmo 1 descreve esse procedimento.
A figura 5 exemplifica a classificagdo de uma geracao para um problema de minimizacao

com dois objetivos.

Figura 5 — Classificacao por fronteiras de dominancia
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Fonte: (ISHIBUCHI; TSUKAMOTO; NOJIMA, 2008b)

Na fronteira 1 estao contidas as solu¢oes dominantes, ou seja, as solugdes que nao
sao dominadas por nenhuma outra solu¢ao da populacao. A fronteira 2, contém individuos

que sao dominados apenas por individuos da fronteira 1, e assim sucessivamente.
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Algoritmo 1: Fast Non-Dominated Sorting (FNDS)

Entrada: Populacao de pais P
Saida: Fronteiras classificadas F

1 inicio

2 para cada p € P faga

3 Sp=0,n,=0

4 para cada q € P faga

5 se p domina q entao

6 | S, =5,U{q}

7 senao se q domina p entao
8 | n,=mn,+1

9 fim

10 fim

11 se n, = 0 entao

12 ‘ pfront:LFl:FlU{p}
13 fim

14 fim

15 1=1

16 enquanto F; # () faga

17 Q=10

18 para cada p € F; faga

19 para cada g € S, faca
20 Ng=mng — 1
21 se n, =0 entao

22 ‘ qfront:Z+17Q:QU{Q}
23 fim

24 fim

25 fim

26 1=14+1, F;=Q

27 fim

28 fim

2.5.2 Crowding Distance

Como mencionado, o crowding distance elimina a necessidade de especificacao
de qualquer parametro de diversidade do usuario para manter o espalhamento entre
os membros da populacao. Para descrever essa abordagem, é definida uma métrica de

estimativa de densidade e um operador de comparacao crowded.

1. Estimativa de densidade: Para ter uma estimativa da densidade de solugoes em
torno de uma solucao em particular calcula-se a distancia média entre dois pontos
adjacentes a essa solucao. Chama-se essa distancia de crowding distance. Na figura
6, o crowding distance da solucao ¢ é o comprimento médio dos lados do cubdide

formado entre as solugoes (i — 1) e (i + 1).
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Figura 6 — Célculo do Crowding Distance
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Fonte: Adaptado de (DEB et al., 2002a)

Apos calcular o crowding distance de todos os membros da populacao, cada solugao

possui agora dois atributos

1. Rank ndo dominado (i,enk);

2. Crowding Distance (igistancia)
Assim, definimos o operador de comparacao crowded (<) como:

{ '<] Se (irank < jrank)
Ou ((Ircmk = jrank) E (idisténcia > jdisténcia))

Isto é, entre duas solu¢oes em fronteiras diferentes, a melhor solucao é a que esta
na fronteira inferior (i,quk < jrank). NO caso de duas solugoes se encontrarem na mesma
fronteira (Irank = Jrank), @ melhor solugao é aquela que possui um maior valor de crowding
distance (idisténcia > jdisténcia)-

Ap6s definir o mecanismo de classificagdo em fronteiras ndo dominada (FNDS), a
estimativa de crowding distance e o operador de comparacao crowded, o loop principal do

algoritmo NSGA-II é apresentado no algoritmo 2.

Primeiro, cria-se uma soluc¢ao R; a partir da unido da solucao de pais com filhos
(P, U Q). Entao o conjunto de solugbes R; é classificado em fronteiras nao dominadas.
Estando os individuos separados em fronteiras nao dominadas, comeca entao o processo de
selecao dos individuos para a nova populacao. Primeiro, os individuos da fronteira 1 sao
passados para a nova populacao, depois os individuos da fronteira 2, e assim sucessivamente.
Caso a quantidade de individuos na fronteira | (tltima fronteira a ser inserida na nova

populacao) seja maior que a quantidade que falta para preencher uma nova populacao,
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Algoritmo 2: NSGA-II - PROCEDIMENTO DA GERAQAO t
Entrada: Populacao de pais P,
Saida: Populagao P4

1 inicio

2 Q@ = recombinagao + mutacao(FP;)

3 R, =P, UQ,

4 (F1, By, ...) = fast_non__dominated__sort(Ry)
5 R5+1 = @ et =1

6 enquanto |P, 1| + |F;| < N faga

7 Py =P UF

8 1=1+1

9 fim

10 ultima fronteira a ser incluida: F; = F;
11 calcula__crowding _distance (F))

12 Ordene (£, <,)

13 n_indiv_rest = N — | Py |

14 Py1 = Py UF[1:n_indiv_rest]

15 fim

sao escolhidos os melhores individuos de acordo com o operador de comparagao crowded.
Assim, todos os demais individuos da fronteira [ e das demais fronteiras sao descartados
dessa nova populagao. Esse procedimento é representado de forma grafica através da figura
7.

Figura 7 — Algoritmo NSGA-II

Non-dominated Crowding distance
Sorting sorting

Py

Qi

Solugdes
" rejeitadas

Ry
Fonte: Adaptado de (DEB et al., 2002a)

Resultados de simulagdo do NSGA-II a véarios problemas de teste, incluindo um
problema nao-linear de sete restrigoes e cinco objetivos demonstraram que o NSGA-II
apresenta um bom desempenho. Entretanto, trabalhos posteriores observaram que para
problemas com mais de quatro objetivos os resultados nao eram tao satisfatorios, sendo as-
sim, o préprio autor publicou uma versao aprimorada do NSGA-II, chamada por NSGA-III,

na qual substitui o crowding distance por uma abordagem que seleciona as solugoes mais



Capitulo 2. Referencial Teorico 31

proximas a um conjunto de pontos de referéncia pré-definidos. Essa abordagem é explicada

na subsecao 2.6.1.

2.6  Algoritmo Non-dominated Sorting Genetic Algorithm Il (NSGA-III)

O algoritmo NSGA-IIT mantém a estrutura basica do NSGA-II, com mudancas
significativas no mecanismo de selecao, trocando o crowding distance por um procedimento
baseado na abordagem proposta em Das e Dennis (1998). Esse procedimento é explicado

nas subsecoes a seguir.

2.6.1 Pontos de referéncia

Os pontos de referéncia utilizados pelo NSGA-IIT compoe um conjunto de pontos
no espaco de objetivos que busca guiar o processo de busca, garantindo a diversidade
entre as solucoes obtidas pelo algoritmo. Os pontos de referéncia podem ser definidos de
forma algoritmica ou fornecidos preferencialmente pelo usuéario. A abordagem proposta
em Das e Dennis (1998) coloca pontos em um simplex unitario de (M — 1) dimensoes
interceptando cada eixo objetivo no ponto unitario, considerando M o niimero de objetivos.
O simplex unitéario é definido como a generalizacao do tridngulo para uma determinada
quantidade de dimensoes. Portanto, um simplex bi-dimensional ¢ um triangulo, um simplex
tridimensional é um tetraedro, e assim sucessivamente (Ribeiro, R. S, 2016). Por exemplo,
em um problema com trés objetivos (M = 3), os pontos de referéncia sao criados em
um tridngulo com vértices em: (1, 0, 0), (0, 1, 0) e (0, 0, 1). Para cada eixo, sdo feitas
p divisdes entre 0 e 1. A quantidade H de pontos de referéncia gerados sao calculados

conforme equacao 2.3.

Al
H=—— 2.3
P (A —p)! 23)
Onde;
A=M+p-1

Portanto, tendo como exemplo M =3 e p =4, teremos H = 6!/(4!1(6 — 4)!) = 15
pontos de referéncia. Os pontos de referéncia para essas configuragoes sao exibidos na

figura 8.

Vale observar que para um alto nimero de objetivo, para se evitar uma grande
quantidade de pontos de referéncia, Deb e Jain (2013) recomenda usar duas camadas de
pontos de referéncia, com valores relativamente pequenos de p. Esse cenario é ilustrado na
figura 9 para um problema de trés objetivos usando p = 2 para a camada externa e p =1
para a camada interna. Nessa pesquisa, assim como no trabalho de Deb e Jain (2013), essa

estratégia ¢ usada para M > 8.
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Figura 8 — Pontos de referéncia em trés dimensdes com quatro divisoes

Hiperplano
normalizado

Ponto de referéncia
-

Ponto ideal

Fonte: (DEB; JAIN, 2013)

Figura 9 — Conceito de duas camadas de pontos de referéncia [com seis pontos na camada
externa (p = 2) e trés pontos na camada interna (p = 1)] para um problema

com trés objetivos

Camada externa N

Camada interna

3,
1 -rj

0.5+

o=
[
\
L

Fonte: (DEB; JAIN, 2013)

2.6.2 Mecanismo de associacao

Na proposta do NSGA-III, além de priorizar as solu¢oes nao dominadas, sdo

priorizados também os membros da populagao que estao associados a cada um desses

pontos de referéncia. Um vez que os pontos de referéncia sao amplamente distribuidos em

todo o hiperplano normalizado, as solugoes obtidas provavelmente estarao amplamente

distribuidas na fronteira 6tima de Pareto. Para associar cada solugao a um ponto de

referéncia, é definida uma reta de referéncia para cada ponto no hiper-plano pela juncao

do ponto de referéncia com a origem. Entao, calcula-se a distdncia perpendicular de

cada membro da populacgao S; as retas de referéncia. Assim, o membro da populacao
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¢é considerado associado ao ponto de referéncia que possui a reta correspondente mais
proxima a solugao. Vale ressaltar que um ponto de referéncia pode ter zero, um ou mais
membros da populacao associados a ele. Apos todas as solugoes estarem associadas a um

ponto de referéncia, inicia-se o processo de sele¢cao das solugoes, conforme algoritmo 3.

Algoritmo 3: Procedimento de associacao
Entrada: K,p;,m(s € S;),d(s € S), Z", F,
Saida: P,

1 inicio

2 k=1

3 enquanto k£ < K faga

4 Imin = J 1 argminjezrp,

5 j =random(Jpi) I; =S :7(s) = j,s € Fy

6

7

8

9

se [; # () entao
se pj—, entao
‘ Py =P U(s: argminseljd(s))

senao
10 | Pip1 = Py Urandom(I;)
11 fim
12 p;=p;+1,Fi=F\s
13 k=k+1
14 senao
15 Zr=7"/j
16 fim
17 fim
18 fim

Inicialmente, conta-se o nimero de membros da populagdo P,y = S;/F; que estao
associados a cada ponto de referéncia. Esse valor ¢ denotado como p; para o j—ésimo ponto
de referéncia. Apés fazer esse calculo para todos os pontos de referéncia, comega o processo
de selegao. Primeiro seleciona o ponto de referéncia que tem o menor valor p;. No caso de
empate, é selecionado um ponto de referéncia aleatoriamente. O membro associado a esse
ponto é entao adicionado a nova populagao e o valor de p; ¢ incrementado em uma unidade.
No caso de mais de um membro estar associado ao ponto j, é selecionado o individuo que
possui a menor distancia perpendicular a linha de referéncia. Esse procedimento é repetido

por um total de K vezes para preencher a quantidade de individuos que faltam para a

populagao pyy1.

2.6.3 Normalizacdo adaptativa dos membros da populacao

Para que o NSGA-III possa resolver problemas tendo uma fronteira Pareto com
valores em diferentes escalas, é necessario que todos os pontos do conjunto de solu-
¢oOes estejam normalizados entre 0 e 1. Para isso, primeiramente é determinado o valor

minimo (Z,,:,) para cada fungdo objetivo i = 1,2,..., M, construindo um ponto ideal
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Z = (zmn Zzmin_ . Zmin). Cada valor objetivo de S; é entdo transladado pela subtragao

do valor objetivo f; por Z™". Essa translacao é denominada f;(z) = fi(z) — Z"". Apés

esse passo, o ponto extremo em cada objetivo é identificado determinando a solucao x € S;

que retorna o valor minimo para a equacao 2.4, sendo w a dire¢ao do eixo.

fi()
i

Os pontos sao encontrados minimizando cada objetivo individualmente, de modo que, o

ASF (z,w) = max;—y M ,para x € S; (2.4)

ponto extremo para o objetivo ¢ possui um alto valor para f; e valores baixos para os
demais objetivos do problema. Esses pontos constituem um conjunto de pontos extremos
fext, composto de M pontos. Geometricamente os pontos extremos sao os pontos mais
proximos de cada eixo objetivo, considerando apenas as solu¢oes nao dominadas. Esses M
pontos extremos sao entao utilizados para constituir um hiperplano linear de M dimensoes.

Os pontos de interceptacao em cada eixo objetivo é chamado de a;.

A figura 10 exibe um conjunto de pontos transladado (hiperplano interno) e o
hiperplano linear de M dimensdes (hiperplano externo) construido a partir dos pontos

extremos. Assim, as fungoes objetivos podem ser normalizadas através da equacao 2.5.

fi(x)

%

fi(x) = ,para i=1,2,..., M. (2.5)

Figura 10 — Procedimento de cédlculo dos pontos de interceptacao e construcao de um
hiperplano a partir dos pontos extremos para um problema de trés objetivos

Fonte: (DEB; JAIN, 2013)

2.6.4 Algoritmo NSGA-III

Apés explicar os conceitos de pontos de referéncia, normalizacao adaptativa dos

membros da populagdo e o mecanismo de associacao e selecao de individuos, o algoritmo
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completo NSGA-III é apresentado através do algoritmo 4.

Algoritmo 4: NSGA-III - PROCEDIMENTO DA GERAGAO t
Entrada: Pontos de referéncia H, Populagao de pais P,
Saida: Populagao P4

1 inicio

2 Si=0,1=1

3 Q: = recombinacao + mutagao(P;)

4 Ry =P UQy

5 (Fy, Fy,...) = non__dominated_sort(R;)

6 repita

7 St = St U E

8 1=1+1

9 até |S;| > N;

10 Ultima fronteira a ser incluida: F; = F;

11 se |Si| = N entao

12 ‘ P = St

13 senao

14 Py = UL F

15 Pontos a serem escolhidos de F; : K = N — |P,14]

16 Normalize os objetivos e crie o conjunto de referéncia
Z" . Normalize(f™, Sy, 2", Z°, Z)

17 Associe cada membro de S; a um ponto de referéncia:
[7(s),d(s] = Associagao(Sy, Z") onde; m(s): ponto de referéncia mais
proximo, d: distancia entre s e 7(s)

18 Calcule a contagem de nicho do ponto de referéncia
JEZ p;=%s€S/EF((n(s)=7)71:0)

19 Escolha K membros um por vez de F; para construir
Pyiy : Niching(K,p;,m,d, Z", F}, Pyq)

20 fim

21 fim

2.7 Differential Evolution (DE)

DE é um algoritmo evolucionario que cria uma nova solu¢do candidata através
da combinagao de um individuo pai, com outros individuos da mesma populacao. Na
versao original do DE, uma solucao candidata substitui a solu¢ao pai apenas se possuir
um melhor fitness, como descrito no algoritmo 5. A figura 11 ilustra o procedimento de

criacao de um individuo utilizando o DE.

O algoritmo DE foi projetado para atender os quatro seguintes requisitos exigidos
em técnicas de otimizacao (STORN; PRICE, 1997):

1. Capacidade de lidar com funcoes de custos nao diferenciaveis, nao-lineares e multi-

modais.
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Algoritmo 5: ALGORITMO Differential Evolution (DE)

1 inicio

2 Inicializar D, N, CR, F, gen_ max

3 //Onde: D = Numero de varidveis, N = Numero de individuos, CR=
Probabilidade de crossover e gen__max = Numero maximo de geragoes

4 Gerar a populagao inicial aleatoriamente

5 Avaliar cada individuo da populagao

6 repita

7 para Cada individuo i faga

8 Selecionar aleatoriamente 3 outros individuos da populacao

9 Calcula o vetor de diferencas

10 Executar mutacgao e cruzamento

11 Avaliar Fitness do individuo gerado

12 Comparar individuo ¢ com a sua versao experimental e selecionar o de

menor custo para a nova populacao.

13 fim

14 até Satisfazer critério de parada;

15 fim

Figura 11 — Mecanismo de geracao de um individuo experimental, através da variante

DE /rand/1/BIN
Escolha um Aleatoriamente escolha Aleatoriamente escolha
vetor Alvo dois outros vetores um vetor de mutacéo
i - ~ i
' el “a '

Individuo | I Individuo 2 || indiviguo 3| Individuo 4 || individuo 5| | Individuo 6

v e NE — |

Individuo 1

¥ ¥
Vetor de
i vetor de ————“—(—F— ————— » diferencas Individuo &
| diferencas Ponderado
| o=

h
Vetor
Experimental

Fonte: Elaborado pelo autor

2. Paralelizabilidade, para lidar com func¢ées computacionais de custo intensivo.
3. Facilidade de uso, ou seja, poucas variaveis de controle para orientar a minimizacao.

4. Boas propriedades de convergéncia, isto é, convergéncia consistente para o minimo

global em execugoes independentes consecutivas.

Para cumprir o requisito (1) o DE foi projetado como um modelo de busca direta
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estocéstica. Para cumprir o requisito (2), o DE utiliza uma populacao de vetores onde a
perturbacao estocastica dos vetores populacionais pode ser feita de forma independente.
Para satisfazer o requisito (3), é necessério que o método de otimizacao seja auto-organizado,
exigindo poucas especificagoes do usuario. Para isso, o esquema de auto-organizacao do
DE utiliza a diferenca entre dois vetores da populacao, escolhidos aleatoriamente, para
perturbar um terceiro vetor existente. Referente ao requisito (4), simulagoes publicadas
em Robi e Filipi (2005) e Storn e Price (1997) demonstram que tanto o algoritmo DEMO

quanto o seu original DE apresentam boa convergéncia para os problemas apresentados.

2.7.1 Mutacdo diferencial

Durante o processo de mutagao, para cada membro da populagdo (vetor alvo)
Z;,1=1,2,3,...N, um novo vetor mutante v; (também chamado de vetor ruido) é gerado
de acordo com uma estratégia de mutacao. As estratégias de mutacao podem ser formadas
por qualquer combinacao entre individuo alvo, individuo aleatério ou melhor individuo.
Assim, diversas variantes de mutacgao foram propostas nas duas ultimas décadas. As
comumente utilizadas sao descritas no quadro 1. Em Storn e Price (1997) foi introduzida a
notagdo DE/x/y/z para identificar diferentes variantes do algoritmo DE, onde x especifica
o vetor a sofrer mutacao, y é o niimero de vetores de diferencas utilizado e z define o tipo
de cruzamento utilizado. Nessa pesquisa, como focamos apenas no processo de mutagao do
DE, contraimos essa notacao para x/y, isto é, omitimos o identificador DE e considera-se

o parametro z como o cruzamento binomial

Quadro 1 — Estratégias para criacdo de um individuo mutante

Variante | Definigcao Referéncia
rand/1 | U; = Zp1 + Foe(Zpy — Zry) Storn e Price (1997)
rand/2 | U; = Tp1 + Foc(@ry — Try) + Foe(Zry — Zry) Islam et al. (2012)

v Ty — Tpy) Islam et al. (2012)

best/1 | U; = Zp + Fie(
best/2 | U; = Tp + Fro(Tyy — Tpy) + Fre(Try — Ty Islam et al. (2012)

current-to-best/1 | U; = &; + For(Tp — T;) + Fue(Tr, — Try) Storn e Price (1997)
current-to-best/2 | U; = T + Fer(Tp — T3) + Fue(Try — Try) + Fuc(Try — Try) Zielinski et al. (2008)
current-to-rand/1 | v; = T; + Fop (T, — &i) + Foe(Zpy — Tpy) Zielinski et al. (2008)
current-to-rand/2 | U; = T; + Fop(Zp, — ;) + Foo @y — Tpg) + Foe(Zry — Tpy) Zielinski et al. (2008)
rand-to-best/1 | U; = Ty, + For(Tp — ;) + Fre(Try — Tpg) Almeida-Luz et al. (2008)
rand-to-best/2 | U; = Ty, + For(ZTp — Ti) + Foe(Try — Tig) + Foe(Try — Trg) Weber (2010)
Fonte: (QIANG; MITCHELL, )

Os ntimeros inteiros rq,79,73,74 € 75 sao escolhidos aleatoriamente no intervalo
€ [1, N] e sdo mutuamente exclusivos entre si e estritamente diferentes do indice atual 1,
F,. é um fator de escala real que controla a amplificacdo da variacao diferencial, z; é a
melhor solugao entre os membros da populagao e F,,. é um fator de peso para a combinagao

entre o vetor alvo original e o melhor vetor pai ou o vetor aleatorio.
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Nessa pesquisa, assim como em Abbas, Ahmad e Jabeen (2015) e Jeyakumar e
Shunmuga Velayutham (2009), utilizamos o mesmo valor para F,. e F,,., portanto, para

facilitar a leitura, denotaremos essas constantes simplesmente como fator de escala F.

Na otimizag¢ao mono-objetivo, a melhor solugao é aquela que possui o melhor fitness,
isso é, possui um menor valor objetivo (considerando um problema de minimizagao). Nessa
pesquisa, considera-se os melhores individuos para a otimizacao com muitos objetivos

aqueles individuos que estao na primeira fronteira ndo dominada.

2.7.2 Crossover Binomial

Para aumentar a diversidade dos vetores experimentais, o cruzamento binomial é

introduzido. Assim, o vetor experimental é formado, conforme equagao (2.6).

vj; se (randb(j) < CR) ou j=rnbr(i) (2.6)
! ;i se  (randb(j) > CR) e j % rnbr(i)

j=1,2,..,D.

Onde CR é uma constante de cruzamento € [0,1] determinada pelo usudrio.
randb(j) é um valor aleatério ente 0 e 1. Para cada indice de um determinado pardmetro,
sorteia-se um valor entre 0 e 1 (randb(j)). Se randb(j) < C'R a respectiva posi¢ao i do vetor
experimental receberd o valor correspondente a posicao ¢ do vetor mutante. Caso contrario,
a respectiva posicao ¢ do vetor experimental receberd o valor correspondente a posicao
i do vetor alvo. rnbr(i) é um indice escolhido aleatoriamente € 1,2, ..., D que garante
que u; tenha pelo menos um parametro de v;. Através de experimentos, em problemas
mono-objetivos, Storn e Price (1997) sugere que CR = 0.1 seja uma boa escolha inicial. A

figura 12 exibe um exemplo do crossover Binomial para um vetor de sete dimensdes.

Figura 12 — Ilustragao do crossover Binomial para D =7

j:

(o2 TV 2 B N VO R S N
a U kW N

rand(6) <= CR

Vetor alvo Vetor mutante Vetor experimental

Fonte: Adaptado de (STORN; PRICE, 1997)
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2.7.3 Crossover exponencial

Outro tipo de crossover que pode ser utilizado no DE é o exponencial, como mostra

a equacao (2.7).

vj; para  Jj =Tne,ne+1,...,n.+L—1, 2.7)
U; = Ujﬂ' = .
z;; para Vje€[0,D—1]

Onde:

e 1. ¢ o indice obtido aleatoriamente dentro do intervalo inteiro [0, D — 1];

e [ denota o niimero de pardmetros que serao trocados, a partir do intervalo [1, D].

O valor de L é determinado pelo algoritmo 6. A figura 13 ilustra um exemplo da

utilizagdo do crossover exponencial para D =7, n, =4e L = 3.

Algoritmo 6: Escolha do valor L

até (rand[0,1] > CR) Ou (L > D);

e+
1

LS

O U W N R
O R W N
un

o

Vetor alvo Vetor mutante Vetor experimental

Fonte: Adaptado de (STORN; PRICE, 1997)

2.8 Simulated Binary Crossover (SBX)

O operador de cruzamento bindrio simulado (em inglés, SBX) usa uma distribuigao

de probabilidade em torno de dois pais para criar duas solucoes filhas. Para explicar
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o operador de crossover SBX é definido o fator de espalhamento . Apés efetuar o
cruzamento, as solugoes filhas podem estar dentro ou fora de uma regiao delimitada pelos
pais. Assim, o fator de espalhamento 5 é definido como a razao entre a distancia entre os

pais e os filhos, conforme equacao (2.8).

1 —C2

b1 — D2

(2.8)

Assim, os crossovers sao definidos em trés diferentes classes, declarados nas defini-
coes de 2 a 4 (DEB; AGRAWAL, 1994).

Definicao 2. Todas as operacoes de crossover tendo 3 < 1 sdo definidas como crossover

de contragao.

Quando os filhos sao colocados entre os pais, a distancia entre os filhos é menor
que a distancia entre os pais, assim, o valor de 5 é menor que 1, esse crossover, portanto,

causa um efeito de contragao nos pais, conforme figura 14(a).

Definicao 3. Todas as operagoes de crossover tendo 5 > 1 sao definidas como crossover

de expansao.

Quando os pais estao entre os filhos, a diferenca absoluta entre os filhos é maior
que a dos pais. Portanto, esse crossover tem o efeito de expandir os pais através dos filhos,

conforme figura 14(b).

Definicao 4. Todas as operacoes de crossover tendo § = 1 sdo definidas como crossover

estacionarios.

Nos crossovers estaciondrios, os filhos sao idénticos aos pais, conforme figura 14(c).

Figura 14 — Efeito do fator de espalhamento (8
(a) p <1 (b) B>1 (c) B=1

I':' C: Cl Cy [:-1
1

]

Py P> Pi P2 Py

= ]
(]

Fonte: (DEB; GOYAL, 1996)

Apoés exemplificar o efeito da variavel 5, o procedimento de criagdo das solugoes ¢

e co a partir das solugoes pais p; e py ¢ descrito a seguir:

c1 = 0,5[(1+ Bg)pr + (1 — Bg)pa], (2.9)
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¢z = 0,5[(1 = Bg)p1 + (1 + Bg)p]- (2.10)
em que 3, ¢ um ntmero aleatério dado por:
(2u)7eF1, Se u < 0, 5;
By = (2.11)

onde:

e 1 ¢ um numero aleatério entre 0 e 1,

e 7. é um valor positivo que define o quao préximo dos pais serdao criados os novos

individuos. Um grande valor de 7. d4 maior probabilidade de criar filhos préximos

aos pais e um pequeno valor de 7. permite que os filhos sejam criadas mais distante

dos pais. A figura 15 exibe a distribui¢do de probabilidade SBX para dois pais p; e

Py paran.=2en.=>95

Figura 15 — Probabilidade de distribuicdo SBX, onde 7. é um parametro de controle

definido pelo usuario.
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Fonte: (DEB; JAIN, 2011)

2.9 Mutacao Polinomial

Deb e Agrawal (1999) sugeriram um operador de mutagao polinomial com um

pardmetro (7,,) definido pelo usudrio. Com base em um estudo tedrico, eles concluiram que
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um valor 7, € [20,100] é uma escolha recomendével na maioria dos problemas investigados.
Nesse operador, uma distribuicao de probabilidade polinomial é usada para perturbar
determinada solugao. Para uma solucao pai p € [a, b] a solugdo mutada p’ é criada conforme
equagao (2.12) (DEB; DEB, 2014).

p+on(p— JJEL)), para u < 0, 5;

P = B (2.12)
P+ 53(555— ) —p), para u > 0, 5.
Onde 87 e 0g é calculado como:
o = (2u)V/0*m) _ 1 para u < 0,5; (2.13)
0r =1 — (2(1 — w))Y+) para u > 0,5. (2.14)

O valor aleatério u é gerado por uma funcao com distribui¢cao de probabilidade,
que pode ser do tipo uniforme, exponencial, Gaussiana, binomial, ou outra (PIRES et al.,
2005).

A figura 16 ilustra a densidade de probabilidade de criar um filho mutado a partir

de um ponto pai p = 3,0 em um intervalo restrito a [1, 8] com 7, = 20.

Figura 16 — Funcao de densidade de probabilidade de criacao de uma solucao filha mutada
usando o operador de mutagao polinomial
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Fonte: (DEB; DEB, 2014)
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2.10 Medida de desempenho dos AOMOs

Para analisar e contrapor diferentes habilidades de um AOMO, varios problemas
de benchmark e métricas de desempenho foram propostos(as). O quadro 2 relaciona alguns

indicadores de qualidade utilizados.

Quadro 2 — Indicadores de qualidade para otimizagao multiobjetivo

Indicador de qualidade Medidas Fonte
Hypervolume Convergéncia, espalhamento e uniformidade | (WHILE et al., 2006)
IGD Convergéncia, espalhamento e uniformidade | (SATO; AGUIRRE; TANAKA, 2004)
Proporgao de hiper-drea | Convergéncia, espalhamento e uniformidade | (VELDHUIZEN; VELDHUIZEN, 1999)
Indicador R2 Espalhamento e uniformidade (BROCKHOFF; WAGNER; TRAUTMANN, 2012)

Fonte: (CHAND; WAGNER, 2015)

Os indicadores IGD, hipervolume e o indicador R2 sdo os indicadores mais utilizados
no ambiente cientifico. O IGD mede a distancia média entre todos os membros do verdadeiro
conjunto Pareto étimo para as solugoes mais proximas no conjunto de solugdes obtidas. O
hipervolume de um conjunto de solugoes mede o tamanho da por¢ao do espago objetivo
que sao dominada por essas solugoes coletivamente. O IGD e o hipervolume podem ser

usados para medir o espalhamento das solugbes, a uniformidade e convergéncia para a
curva Pareto (CHAND; WAGNER, 2015).

2.10.1 Inverse Generation Distance (IGD)

Para computar o valor IGD de um conjunto de solu¢ao encontradas, é necessario
conhecer os pontos 6timos da fronteira Pareto para o problema estudado. Assim, calcula-se
a média da distancia euclidiana entre os pontos da curva Pareto previamente conhecidos e

as solugdes nao dominadas encontradas. Esse calculo é definido através da equagao 2.15.

1Z]

1

IGD(A, Z) = 7 S mintd(z, ay), (2.15)
=1

Onde A é o conjunto de solu¢ées nao dominadas encontradas e Z é o conjunto de
pontos 6timos de Pareto. Se o conjunto A for grande o suficiente para representar toda a
fronteira Pareto, o IGD pode medir tanto a diversidade quanto a convergéncia do conjunto
de solugoes A. Quanto menor o valor IGD para um conjunto de solugdes encontradas,
melhor a qualidade das solu¢oes. Ou seja, para ter um valor de IGD baixo, o conjunto A
deve estar bem préximo e amplamente distribuido ao longo da fronteira Pareto (ZHANG
et al., 2009).
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2.10.2 Problemas de teste DTLZ

A fim de verificar a eficicia dos AOMOs foi sugerido por Deb et al. (2002b) o
conjunto de problemas de teste DTLZ. A simplicidade de construcao, escalabilidade
para qualquer nimero de variaveis de decisao e objetivos, conhecimento da forma exata
e localizacao da fronteira Pareto e capacidade de controlar a dificuldade tanto para
convergéncia quanto para a diversidade sdo as principais caracteristicas dos problemas
de testes sugeridos. Devido a esses recursos, esses problemas sao amplamente utilizados
para testar o desempenho, comparar e ter uma melhor compreensao dos principios de

funcionamento dos AOMOs.

DTLZ1: A equacao (2.16) apresenta a definicdo do problema DTLZ1. A solugao
Pareto corresponde a xf = 0,5 (xf € ) e os valores da funcao objetivo situam-se no
hiper-plano linear S"_, f* = 0,5. k = 5 é sugerido para a DTLZ1. o niimero total de
variaveis é n = M + k — 1. A dificuldade nesse problema é convergir para o hiperplano. O
espaco de busca contém (11% — 1) curvas Pareto locais. A figura 17 apresenta uma amostra

de pontos da fronteira Pareto da funcao DTLZ1 para 3 objetivos.

Min f1(X) = jz129 - - - -1 (1 + g(zar)),

Min fo(X) = zyz0 - (1 — xp-1) (1 + g(@m),

DTLZ1 = { (2.16)
Min fy_1(X) = %931(1 —22)(1 + g(zwm))

Min far(X) = 3(1 — 1) (1 + g(zu)),

sujeitoa 0 < z; <1, parai=1,2,...,n.

Figura 17 — Amostra da fronteira Pareto da funcao DTLZ1
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Fonte: (DEB et al., 2002b)

DTLZ2: A equacgao (2.17) apresenta a defini¢do do problema DTLZ2. As solugoes
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Pareto correspondem a zf = 0,5 (2} € zp) e todos os valores da func¢ao objetivo
devem satisfazer >"_ (f,,*)? = 1. Esta funcdo também pode ser usada para investigar
a capacidade de um AOMO em manter seu desempenho para um grande numero de
objetivos. A figura 18 apresenta uma amostra de pontos da fronteira Pareto da DTLZ2

para 3 Objetivos.

Min f1(X) = (1 + g(xar))cos(z17/2)...cos(xpr—17/2),

Min fo(X) = (1 + g(xp))cos(x1m/2)...sen(xpr—17/2),

DTLZ2 = { (2.17)
Min fa(X) = (1 + g(xpm))sen(zy7/2)

0<z;, <1, parai=1,2,...,n,

onde g(wn) = Xgex,, (ri —0,5)2 .

Figura 18 — Amostra da fronteira Pareto da funcao DTLZ2
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Fonte: (DEB et al., 2002b)

DTLZ3: O problema DTLZ3 modifica a fungao g do problema DTLZ2, introduzindo
fronteiras Pareto locais, que permite avaliar a capacidade de um AOMO em nao ficar

preso em 6timos locais. A fronteira Pareto para a DTLZ3 é a mesma da DTLZ2.

DTLZ4: O problema DTLZ4 modifica o mapeamento de meta-variavel x; — x;a.
O parametro a = 100 é sugerido. Esta modificacao permite que um conjunto denso de
solugoes existam perto do plano f,, — f1. Essa caracteristica permite investigar a capacidade
de um AOMO em manter uma boa distribui¢ao de solugoes. A fronteira Pareto para a
DTLZ4 é a mesma da DTLZ2.

O quadro 3 apresenta um resumo com as principais caracteristicas das fungoes
DTLZ.
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Quadro 3 — Principais caracteristicas das fungoes DTLZ apresentadas

Problema Principais Caracteristicas
DTLZ1 Linear, Multimodal
DTLZ2 Concavo
DTLZ3 Coéncavo, Multimodal
DTLZ4 Concavo, Tendencioso (dificuldade de convergéncia)

Fonte: Adaptado de (LI et al., 2015)

2.10.3 Funcdes WFG

Huband et al. (2005) apresentaram um conjunto de problemas denominado WFG,
contendo 9 fungoes com muitos objetivos, possuindo curva Pareto conhecida e com diversas
geometrias, como convexas, concavas, lineares dentre outas. Todos os parametros definidos

no WFG sao bem definidos e escalonaveis em relagao ao nimero de objetivos e variaveis.

O quadro 4 apresenta as principais caracteristicas das fungdes WFG.

Quadro 4 — Principais caracteristicas das fungoes WFG

Problema Principais caracteristicas
WFG1 Separavel, unimodal, fronteira convexa
WFG2 Nao separavel, unimodal, fronteira convexa

(multimodal para ultimo objetivo M — 1)
WFG3 Nao separavel, unimodal, fronteira linear
WFG4 Separavel, multimodal, fronteira concava
WFGH Separavel, unimodal, fronteira concava
WFG6 Nao separavel, fronteira concava
WEGT7 Separavel, unimodal, fronteira concava
WFGS Nao separavel, unimodal, fronteira concava
WFG9 Nao separavel, multimodal, fronteira concava

Fonte: (HUBAND et al., 2005; Ribeiro, R. S, 2016)
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3 Método de pesquisa

O desenvolvimento desse trabalho foi guiado por uma sequéncia de passos necessa-
rios para atingir o objetivo proposto, passando por desde o levantamento bibliografico,
modelagem da proposta até a analise dos resultados. Portanto, os procedimentos metodo-

l6gicos foram organizados nas seguinte etapas:

1. Levantamento bibliografico, buscando identificar os trabalhos mais abrangentes e
atuais sobre o problema apresentado. As fontes de busca foram repositérios cientificos
online, como o portal periédico da CAPES e as bases que essa contempla, Google

académico e bibliotecas virtuais institucionais.

2. Para analisar as variantes de mutacao diferencial em problemas com muitos objetivos,
é utilizado o algoritmo NSGA-III-DE proposto por Yuan, Xu e Wang (2015) que
combina o DE com o principio de classificagdo em fronteiras ndo dominadas proposto
no NSGA-II e o mecanismo de preservacao da diversidade por pontos de referéncia
proposto no NSGA-III.

3. Os problemas de benchmark utilizados sao os problemas DTLZ1, DTLZ2, DTLZ3 e

DTLZ4, por suas propriedades linear, multimodal, concavo e tendencioso.

4. Sao analisadas as variantes de mutacao rand/1/, rand/2/, best/1/, best/2/, current-
to-best/1/, current-to-best/2/, current-to-rand/1/, current-to-rand/2/, rand-to-

best/1/, rand-to-best/2/, utilizando o crossover binomial.

5. A métrica de desempenho utilizada é o IGD, por sua capacidade em medir a

convergéncia, uniformidade e diversidade das solugoes obtidas.

6. E por fim, com base nos resultados apresentados, sao feitas analises de desempenho

das variantes de mutacao e propoe-se alguns trabalhos futuros.
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4 Revisao bibliografica

Neste capitulo serao apresentados os principais trabalhos relacionados a essa
pesquisa, descrevendo alguns AEs propostos e algumas investigacoes realizadas quanto a
performance de variantes de mutagao diferencial. O quadro 5 apresenta alguns dos principais
algoritmos de otimizacao citados. O quadro 6 apresenta alguns trabalhos que compararam

diferentes variantes de mutacao diferencial em problemas mono e multiobjetivo.

Quadro 5 — Revisao bibliografica - Principais algoritmos de otimizagao

Ano | Algoritmo | Artigo Autor(es)
1984 VEGA Schaffer (1984)

Some Experiments in machine learning using
Vector Evaluated Genetic Algorithms

Multiobjective Optimization Using

1995 NSGA Nondominated Sorting in Genetic Algorithms. (Slrsggas ¢ Deb
Differential Evolution — A Simple and Efficient

1997 DE Heuristic for global Optimization over Storn e Price
Continuous Spaces (1997)

1998 SPEA An I.EVf)lut'lonary Algorithm for Multiobjective Zitzler e Thiele
Optimization: The Strength Pareto Approach (1998)
The Pareto Archived Evolution Strategy : A

1999 PAES New Baseline Algorithm for Pareto Knowles e Corne
Multiobjective Optimisation (1999)

2001 SPEA2 SPEA2: Improving the Strength Zitzler, Lau-

ParetoEvolutionary Algorithm )
manns e Thiele

(2001)
2002 NSCA-TI A fas't and elitist multiobjective genetic Deb ot al.
algorithm: NSGA-IT
(2002a)
2005 | DEMO | DEMO: Differential Evolution for Robi ¢ Filipi
Multiobjective Optimization (2005)

MOEA/D: A Multiobjective Evolutionary
Algorithm Based on Decomposition

2007 | MOEA/D Zhang, Member e

Li (2007)

An Evolutionary Many-Objective Optimization
Algorithm Using Reference-point Based
Non-dominated Sorting Approach, Part I:
Solving Problems with Box Constraints

2013 | NSGA-III Deb e Jain (2013)

An Evolutionary Many-Objective Optimization
2015 | MOEA /DD | Algorithm Based on Dominance and Deb (2015)
Decomposition

Fonte: Elaborado pelo autor

Na década de 80, quando pouco ou nenhum conhecimento a priori estava disponivel
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para guiar a pesquisa no campo de otimiza¢ao multiobjetivo, Schaffer (1984) publicou sua
dissertacao de pds-doutorado, na qual descreve experiéncias conduzidas para explorar a
eficicia de procedimentos adaptativos na resolugdo de problemas vetoriais. Nessa pesquisa
foi desenvolvido o algoritmo Vector Evaluated Genetic algorithm (VEGA). A conclusao
principal destes experimentos foi que o VEGA forneceu uma poderosa e robusta técnica de
busca para problemas complexos de otimizacao multiobjetivo de alta ordem, demonstrando
o poder dos algoritmos genéticos em problemas vetoriais (SCHAFFER, 1984). Entretanto,
percebeu-se que o algoritmo tinha tendéncia em convergir para determinadas regides
(SRINIVAS; DEB, 1995), o que nao é interessante, ji que um dos interesses da otimizacao

multiobjetivo é encontrar as mais diversas solugoes possiveis.

Na década de 90, Srinivas e Deb (1995) propuseram o NSGA com base em uma
sugestao de classificagdo nao-dominada sugerida por Goldberg (1989). Além de garantir a
convergéncia através do mecanismo de classificacdo nao-dominada, o NSGA controla a
diversidade atribuindo a cada individuo da populacao um valor de fitness simulado, dividido
pela quantidade de membros ao redor desse individuo. Assim, os individuos com menos
membros ao redor sao priorizados. Portanto, o operador de selecdo com base no principio
de dominancia garante uma boa convergéncia da populagao em direcdo as regides nao
dominadas ao mesmo tempo que o fitness ficticio mantém a diversidade entre as solugoes.
Dessa forma Srinivas e Deb (1995) conseguiram eliminar o problema de convergéncia
genética presente no VEGA. Porém, essa abordagem recebeu algumas criticas por possuir
alta complexidade computacional, envolvida no processo de classificagao nao-dominada em
cada geragao e a necessidade do usuério especificar um parametro de diversidade (DEB et
al., 2002a).

Em Storn e Price (1997) é apresentada uma nova abordagem heuristica para
otimizacao de problemas nao-lineares, nao-diferenciaveis e continuos, utilizando uma
populagao de individuos. Esse algoritmo, chamado de Differential Evolution (DE), baseia-
se em operagoes aritméticas no espago de busca de diferentes individuos da populacao
para gerar novos individuos, processo esse denominado mutacao diferencial. A principal
diferenga do DE para demais algoritmos evolutivos estd no mecanismo de geracao de novos

individuos.

Outros autores utilizaram de técnicas evolutivas ja consagradas, e as combinaram
com novas técnicas para otimizacao multiobjetivo. Zitzler e Thicle (1998) utiliza o conceito
de dominancia de Pareto, porém, diferente das abordagens anteriores, trabalha com duas
populacoes, uma externa e outra corrente. A cada geracao, as solugoes nao-dominadas
sao armazenadas no conjunto externo de solugoes. Esse conjunto externo é usado para
avaliar os individuos da nova populacao. Esse método de atribuicao de fitness onde uma
populacao serve como base para a avaliagao de outra populacao é inspirado por trabalhos

no campo do sistema imunoldgico para resolu¢ao de problemas adaptativos (ZITZLER;
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THIELE, 1998).

Diferente das abordagens comuns que utilizam uma busca global no espaco de
solugoes, Knowles e Corne (1999) desenvolveram o algoritmo PAES, que é estritamente
limitado & busca local, utilizando apenas um operador de pequena mudanca (mutacao)
para gerar uma nova solucao candidata. Assim, essa abordagem faz uma cépia de cada
solugao corrente, aplica a essa nova copia uma mutacao e ambas sao comparadas entre si
em termos de dominancia. A solugdo ndo-dominada é entdo armazenada no conjunto de
solugoes nao dominadas. Em caso de empate, cada solugao é comparada com o conjunto
de solugoes nao dominadas de referéncia. Se ainda houver empate, é escolhida a solucao

que reside na regiao menos movimentada do espaco.

Outros algoritmos multiobjetivos surgiram como continuidade dos algoritmos
anteriores, como o Strength Pareto Evolutionary Algorithm II (SPEA-II), NSGA-II e
DEMO.

O SPEA-II incorpora ao Strength Pareto Evolutionary Algorithm (SPEA) uma
técnica de estimativa de densidade e aprimora o mecanismo de truncamento do conjunto

externo de solugoes.

O NSGA-II reduz a complexidade computacional do NSGA, elimina a necessidade
de especificacdo de um parametro de diversidade e introduz a ideia de elitismo. Para
garantir a diversidade e convergéncia das solugoes, o NSGA-II alia o crowding distance a
classificacao em fronteiras de dominancia, priorizando as solugoes com maior diversidade,

em caso de empate em termos de dominancia.

O DEMO estendeu o DE para problemas multiobjetivos, utilizando o crowding

distance e a classificacao por fronteiras de dominéncia, utilizados no NSGA-II.

Uma vez que os algoritmos multiobjetivos se encontravam bem definidos, apresen-
tando um 6timo desempenho e eficacia para otimizacao multiobjetivo, diversos autores
comegaram a estudar evolugoes dos algoritmos multiobjetivos e novos algoritmos/técnicas

para a otimizacao de problemas com muitos objetivos.

Em Deb e Jain (2013) é sugerida uma nova versao do NSGA-II, baseada em pontos
de referéncia, chamada por NSGA-III. Diferente do NSGA-II, que utiliza o crowding
distance como operador de selecdo em caso de empate em termos de dominancia, o
NSGA-III prioriza os membros da populagdo que nao sao dominados, mas estao préoximos
a um conjunto de pontos de referéncias previamente definidos. No artigo publicado, o
NSGA-III é aplicado a problemas de benchmarks entre dois a quinze objetivos, apresentando

resultados satisfatérios.

Em Deb (2015) é publicada uma versao muitos objetivos do algoritmo Multiobjective
Evolutionary Algorithm Based on Decomposition (MOEA /D), denominada Many-Objective
Optimization Algorithm Based on Dominance and Decomposition (MOEA /DD). O algo-
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ritmo MOEA /DD combina as vantagens da classifica¢gdo ndo-dominada do NSGA-III com
o mecanismo de decomposi¢ao do MOEA /D.

Quadro 6 — Revisao bibliografica - Trabalhos analisando a performance de variantes do

DE
Ano | Artigo Autor(es)
An Empirical Comparison of Differential
2009 | Evolution Variants on Different Classes of Jeyakumar e Shunmuga Ve-

Unconstrained Global Optimization Problems | layutham (2009)

Performance Analysis of Variants of Differential

2015 | Evolution on Multi-Objective Optimization Praveen e Thangavelu (2015)
Problems
A Novel Tournament Selection Based

2015 | Differential Evolution Variant for Abbas, Ahmad e Jabeen (2015)

Continuous Optimization Problems

An Experimental Investigation of Variation

2015 | Operators in Reference-Point Based Yuan, Xu e Wang (2015)

Many-Objective Optimization
Fonte: Elaborado pelo autor

Em Jeyakumar e Shunmuga Velayutham (2009) foi feita uma andlise empirica
de quatorze variantes do DE em 14 func¢oes benchmarks de até 30 dimensoes, irrestritas,
agrupadas por sua modalidade e decomponibilidade, unimodal nao separavel, unimodal,
nao separavel, multimodal separavel e multimodal nao separavel. Os resultados obtidos
mostraram que as variantes mais competitivas foram rand/1/bin, rand-to-best/1/bin,
rand/2/bin e best/2/bin. as variantes current-to-rand/1/* e current-to-best/1/* tiveram
a pior performance. O cruzamento binomial mostrou consistentemente um desempenho
relativamente melhor contra o cruzamento exponencial nas func¢oes de teste unimodal e

multimodal.

Em Praveen e Thangavelu (2015) a anélise feita comparou cinco variantes em cinco
fungoes benchmark multiobjetivo chamadas fungoes de teste ZDT, possuindo caracteristicas
convexa, nao-convexa, nao-uniforme, discreta e de curva Pareto de baixa densidade. Cada
fungdo ZDT inclui duas fungoes objetivos. Foram analisadas as variantes DE/rand/1/*,
DE/rand/2/*, DE/best/1/*, DE/best/2/* and DE/rand-to-best/1/*, onde * representa o
crossover binomial ou exponencial. Os autores utilizaram o algoritmo DEMO para analisar
a performance das variantes. Os resultados mostraram que as variantes rand/1/bin e

best/1/bin tiveram a melhor performance em termos de convergéncia e diversidade.

No trabalho publicado por Abbas, Ahmad e Jabeen (2015) foi feita uma comparacao
estatistica, baseada no desempenho geral de diferentes variantes de mutacao do DE. Além
disso, os autores apresentaram uma nova variante do DE chamada Tournament Selection

Based Differential Evolution (TSDE) que introduz o critério de selegdo de pais por torneio.
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Yuan, Xu e Wang (2015) considera-se o primeiro trabalho a inserir o DE no
NSGA-III, chamando essa abordagem de NSGA-III-DE. No trabalho publicado foi feita
uma investigacao analisando como os operadores de variacao do DE e o SBX influenciam
na performance dos algoritmos para problemas com muitos objetivos baseados em pontos
de referéncia. Também foi investigado o efeito de dois principais parametros de controle
no DE. Nessa investigagao, notou-se que os operadores de variagao do DE possui uma
melhor exploracao global, enquanto que o operador de cruzamento SBX possui uma
melhor exploracgao local. Assim, foram propostas duas novas abordagens denominadas
NSGA-III-2S e NSGA-III-HVO com novos mecanismos de reproducao baseados na analise
experimental feita através do NSGA-III-DE. No algoritmo NSGA-III-2S utiliza-se o DE
para criar novas solugoes na primeira metade da execucao do algoritmo e na segunda
metade utiliza-se o SBX. O NSGA-III-HBO combina trés operadores de variacdao, o DE,
o SBX e a mutacao polinomial, onde um operador ¢é aleatoriamente selecionado para
cada solucao a ser criada. Ambos os algoritmos propostos superaram o desempenho do

NSGA-IIT usando como métrica de performance o IGD.
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5 Abordagem Utilizada

Conforme mencionado no capitulo 3, para investigar a performance das variantes
de mutagao diferencial, foi utilizado o algoritmo proposto em Yuan, Xu e Wang (2015)
denominado NSGA-III-DE que combina o algoritmo DE com o mecanismo de classificagao
em fronteiras ndo dominadas publicadas em Deb et al. (2002a) ¢ o método de selegao por
pontos de referéncia publicado em Deb e Jain (2013). A figura 19 exibe o fluxograma do

algoritmo utilizado. O mesmo fluxograma ¢é descrito através do algoritmo 7.

Figura 19 — Abordagem utilizada

Inicio

Gerar populacdo o |Avaliar populacio
inicial Py o inicial

ara cada pai da
populagdo Py

Gerar individuo mutante de
acordo com uma das variantes
de mutagado diferencial

Concatenar populagdo
de pais e filhos

Gerar individuo Classifigue os individuos em
experimental utilizando fronteiras ndo dominadas
cruzamento Binomial ¥

Selecione os individuos por

Aplicar mutacio polinomial : ; il
P ¢aop fronteiras de dominancia

no individuo experimental

Avaliar individuo Selecione os individuos da Ultima
experimental fronteira por pontos de referéncia

Geragdo da populagdo de filhos
através do Differential Evolution

NEo

Satisfez o critério de parada?

Fonte: Elaborado pelo autor

Inicialmente, cria-se aleatoriamente a populacgao inicial, de tamanho N. Para cada
individuo da populacao inicial P, cria-se uma solucao experimental através de uma
das variantes de mutacao do quadro 1, o cruzamento binomial e a mutagao polinomial.

Assim, a populacao de pais P, é concatenada com a solugao de filhos @), obtendo um
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conjunto de solugoes R; de tamanho 2/N. Apds esse processo, inicia-se a selecao dos N
melhores individuos da populacao R;. Primeiro, seleciona-se os individuos por fronteiras
nao dominadas conforme o algoritmo descrito na subsecao 2.5.1. Caso a quantidade de
individuos da ultima fronteira L a ser inserida seja maior que a quantidade de individuos
restante para completar a populacao P, os individuos da fronteira L sao selecionados

de acordo com o critério de associacao por ponto de referéncia, descrito na subsegao 2.6.2.

Algoritmo 7: NSGA-III-DE
Entrada: Pontos de referéncia Z, populacao de pais P,
Saida: Pt+1

1 inicio

2 para Cada individuo Py(i = 1,..., N) da populagio P, faga

3 C = cria__solucao__candidata(P;)

4 Qi=0Q:uC

5 fim

6 R, =P, UQ,

7 (F1, Fy,...) = non__dominated_sort(R;)

8 repita

9 Sy = S; UF;

10 1=1+1

11 até |S;| > N;

12 Ultima fronteira a ser incluida: F; = F;

13 se |S;| = N entao

14 | P =S

15 senao

16 Py = U\ F;

17 Pontos a serem escolhidos de F} : K = N — |P,14]

18 Selecione individuos por pontos de referéncia conforme passos descritos na
secao 2.6

19 fim

20 fim

5.1 Parametrizacao

Para realizar as comparagoes, foram utilizados os problemas de benchmark DTLZ1,
DTLZ2, DTLZ3 e DTLZ4. Cada problema foi analisado em 3, 5, 8, 10 e 15 objetivos.
cada combinacao foi executada 20 vezes para diferentes populacoes iniciais geradas ale-
atoriamente, calculando-se o menor, o maior, e a media dos valores de IGDs para as 20

execucoes independentes sequenciais.

A tabela 1 apresenta o nimero de pontos de referéncia para cada quantidade de
objetivos, a quantidades de subdivisoes por eixo para os pontos de referéncia, e o tamanho

da populagao correspondente a cada quantidade de objetivo.
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Tabela 1 — Numero de pontos de referéncia e tamanho correspondente da populacao

Quantidade de Tamanho da Quantidade de Quantidade de
objetivos (M) populagao (N) pontos de subdivisées por
referéncia (H) eixo (p)
3 92 91 12
5 212 210 6
8 156 156 p1 =3
p2 =2
10 276 275 p1 =3
p2 =2
15 136 135 p1 =2
p2=1

Fonte: Deb e Jain (2013)

A tabela 2 apresenta os parametros relacionados ao operador de mutagao polinomial:

Tabela 2 — Parametros da mutacao polinomial

Operador de Variacao | Parametro Valor
Mutacao Probabilidade de mutacao (p,) 1/n
Polinomial indice de distribui¢ao para mutagao (n,,) 20

Fonte: Deb e Jain (2013)

Os valores dos quadros 1 e 2, e o niimero méaximo de geracgoes foram definidos com

base nos valores utilizados no trabalho de Deb e Jain (2013).

Calculo do IGD: Para o calculo do IGD foram geradas soluges étimas igualmente
espacadas, de acordo com o problema sendo executado. Para cada quantidade de objetivos,

foi gerado um nimero de solugoes idéntico a quantidade de pontos de referéncia.

Geracao de solugoes iniciais: inicialmente foram gerados 20 conjuntos de so-
lugoes aleatorias para cada configuracdo de problema executado. Assim, essas solugoes
foram utilizadas ao longo de toda a andlise dessa pesquisa, isto é, as solugdes inciais para

cada variante de mutacao executada foram as mesmas.

Ambiente de execugao: A execucao foi feita no sistema operacional Windows 7
Ultimate, 64 Bits. A maquina utilizada tem processador Intel Core i7-2630QM 2.00 GHz,
4 GB de meméria RAM e 640 GB de espaco de armazenamento.

Implementacao: A implementagao foi feita sobre uma versdo nao-oficial do
NSGA-III disponibilizada em https://github.com/yyxhdy/ManyEAs na linguagem Java.

Até a conclusao dessa pesquisa nao foi publicada uma versao oficial do NSGA-III.
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6 Resultados e consideracoes finais

6.1 Efeito dos parametros no NSGA-III-DE

Nesta subsec¢ao serao apresentados os efeitos dos parametros F e CR na performance
das variantes de mutacao nos problemas DTLZ1, DTLZ2, DTLZ3 e DTLZ4, com 5, 8, 10
e 15 objetivos. O método utilizado para tal anélise foi baseado no método utilizado em
Yuan, Xu e Wang (2015).

Para examinar o efeito de F, fixamos CR em 0,1 e variamos o valor de F entre 0,1
a 1,0, com passo de 0,1 e assim, identificamos o melhor valor de F para cada variante de

mutacao.

Para examinar o efeito de CR, apds identificar o melhor valor de F, fixamos F no

valor recomendével e variamos a constante CR entre 0,1 e 1,0 com o passo de 0,1.

As figuras 20 a 29 apresentam como a performance do NSGA-III-DE varia para
cada estratégia de mutacao, em termos de IGD médio de 20 execugoes independentes
sobre a variagao de F e CR. As tabelas 5 a 24 na secao de Apéndices contém os dados

utilizados para gerar os graficos.

Os resultados demonstram que para as variantes rand/1, rand/2, best/1, best/2,
current-to-rand /1, rand-to-best/1 e rand-to-best/2 o IGD médio tem quedas acentuadas

para o valor de F igual a 0,1 e 0,5.

Para as variantes current-to-best/1, current-to-best/2 e current-to-rand/2 o valor
IGD médio é menor quando F é igual a 0,5 e 1,0, com quedas mais acentuadas quando F

é igual a 1,0. A tabela 3 apresenta esses resultados.

Tabela 3 — Escolha recomendével para o fator de escala F

Variante Melhor(es) valor(es) de F
rand/1 0,1e0,5
rand /2 0,1e0,5
best/1 0,1e0,5
best /2 0,1e0,5

current-to-best/1 1,0
current-to-best /2 1,0
current-to-rand /1 0,5¢e1,0
current-to-rand /2 1,0
rand-to-best /1 0,1e0,5
rand-to-best /2 0,1e0,5

Fonte: Elaborado pelo autor
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Percebe-se que, no geral, o valor de F igual a 0,1 e 0,5 é uma boa escolha para a
maioria das variantes. Para as variantes que utilizam a solugao corrente nos individuos

utilizados para mutacao, escolher o valor de F igual a 1,0 é uma boa escolha inicial.

Para todas as variantes, a constante CR igual a 0,1 é uma boa escolha, indepen-
dente da variante ou do tipo de problema sendo analisado. Nota-se que ao aumentar a

probabilidade de crossover CR, o valor IGD médio sofre uma piora consideravelmente.
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6.2 Comparacao do valor de IGD entre as variantes

Apés identificar a melhor escolha para o valor do fator de escala F e a constante CR,
executamos a abordagem proposta para cada variante de mutagao, conforme procedimentos

e parametros descritos nos capitulos 3 e 5.

A tabela 4 apresenta os valores de IGD menor, médio e maior obtidos em cada
problema para cada variante. A célula em destaque indica que para aquele problema, a

variante correspondente aquela coluna obteve um melhor desempenho.

Tabela 4 — Menor, médio e maior valor de IGD obtido para o NSGA-III-DE para as vari-
antes de mutacao consideradas. A melhor performance é exibida em destaque.

Prob. | M | Max.G. rand/1 rand/2 best/1 best/2 [ curr-to-best/1 [ curr-to-best/2 [ curr-to-rand/1 [ curr-to-rand/2 | rand-to-best/1 | rand-to-best/2
7371E-04 | 8,821E-04 | 6,880E-04 | 8,772E-04 7,517E-04 1,153E-03 4,775E-04 1,083E-03 7,826E-04 8,009E-04
3 400 9,744E-04 | 1,021E-03 | 9,616E-04 | 1,090E-03 1,102E-03 1,493E-03 6,757E-04 1,360E-03 1,125E-03
1,248E-03 | 1,330E-03 | 1,245E-03 | 1,484E-03 2,387E-03 1,838E-03 8,770E-04 1,660E-03 1,415E-03

4757E-04 | 7.256E-04 | 5,939E-04 | 9,681E-04 4.847E-04 8,001E-04 2,050E-04 7.850E-04 7,850E-04 1,087E-03
600 6,712E-04 | 9,487E-04 1,151E-03 5,722E-04 1,053E-03 2,943E-04 9,181E-04 9,911E-04 1,249E-03
9,555E-04 | 1,146E-03 1,369E-03 7,537E-04 1,252E-03 3,699E-04 1,376E-03 1,273E-03 1,520E-03

o

2,977E-03 |  3,144E-03 3,560E-03 2,697E-03 3,940E-03 2,507E-03 3,416E-03 3,186E-03 :

DTLZ1 | 8 750 3,777E-03 | 3,557E-03 4,110E-03 3,340E-03 4,505E-03 2,924E-03 4,157E-03 4,130E-03 4,431E-03
8,227E-03 | 3,975E-03 | 4,526E-03 | 4,998E-03 4,001E-03 5,190E-03 3,834E-03 4,848E-03 5,459E-03 5,514E-03
2,169E-03 | 2,675E-03 | 2,412E-03 | 2,716E-03 2,413E-03 307E-03 2,013E-03 3,219E-03 2,703E-03 2,994E-03

10 1000 3,278E-03 | 3,189E-03 | 2,839E-03 | 3,124E-03 2,663E-03 678E-03 2,412E-03 3473E-03 3,559E-03 3,355E-03
1,246E-02 | 4,229E-03 3,601E-03 3,026E-03 4,310E-03 ‘ 5,124E-03 3,863E-03 4,923E-03 3,751E-03
1,431E-03 | 1,537E-03 E-03 | 1,664E-03 1.591E-03 2,049E-03 1,178E-03 2,093E-03 1,787E-03 1,988E-03

15 1500 3,709E-03 | 3,845E-03 | 1,866E-03 | 2,213E-03 2,005E-03 2,487E-03 1,475E-03 2,463E-03 4,116E-03 5,787E-03
3,821E-02 | 3,778E-02 | 2,828E-03 | 6,271E-03 2,297E-03 2,983E-03 1,976E-03 2,763E-03 3,709E-02 3,818E-02
3,641E-03 | 3,447E-03 | 3,677E-03 | 3,567E-03 4,463E-03 6,740E-03 3,703E-03 6,581E-03 3,497E-03 3,628

3 250 4,076E-03 | 4,189E-03 | 4,337E-03 | 4,237E-03 5,446E-03 7,764E-03 4,473E-03 7,340E-03 4,296E-03 4,263E-03

4,519E-03 | 5,345E-03 | 5,705E-03 | 5,120E-03 6,294E-03 9,608E-03 4,940E-03 8,422E-03 5,082E-03 4,863E-03
5,423E-03 | 5,077E-03 | 5,532E-03 | 5,513E-03 6,052E-03 9,875E-03 5,042E-03 8,531E-03 5,583E-03 5,860E-03

5 350 5.963E-03 | 6,242E-03 | 6,141E-03 | 6,389E-03 6,849E-03 1,070E-02 5,753E-03 9,909E-03 6,279E-03 6,370E-0:
6,679E-03 | 7,056E-03 | 6,871E-03 | 7,013E-03 7.941E-03 1,201E-02 6,290E-03 1,115E-02 7,070E-03 6,974E
8,501E-03 | 9,481E-03 | 8,144E-03 | 9,891E-03 1,057E-02 1,907E-02 ‘ 8,570E-03 1,795E-02 9,305E-03 9,968E-

DTLZ2 | 8 500 9,348E-03 | 1,049E-02 | 9.730E-03 | 1,114E-02 1,292E-02 2,169E-02 9,317E-03 1,997E-02 1,055E-02 1.,129E-02
1,013E-02 | 1,211E-02 | 1,095E-02 | 1,263E-02 1,536E-02 2,367E-02 1,008E-02 2,293E-02 1,203E-02 1,288E-02
6,926E-03 | 7,966E-03 | 6,995E-03 | 7,912E-03 9,109E-03 1,345E-02 7,026E-03 1,302E-02 8,097E-03 8,721E-03

10 750 7,631E-03 | 8,573E-03 | 7.818E-03 | 8,876E-03 1,032E-02 1,599E-02 7.695E-03 1,433E-02 8,894E-03 9,367E-03
8,677E-03 | 9,191E-03 | 9.277E-03 | 9,849E-03 1.115E-02 1,706E-02 8,925E-03 1,605E-02 9,375E-03 1,022E-02
4,648E-03 | 5,515E-03 | 5,257E-03 | 5,570E-03 8,482E-03 1,063E-02 5,385E-03 1,002E-02 4,884E-03

15 1000 5,960E-03 | 6,258E-03 | 6,084E-03 | 6,141E-03 9,724E-03 1,263E-02 6,155E-03 1,140E-02 5,735E-03
6,912E-03 | 7,047E-03 | 7,381E-03 | 7,277E-03 1,074E-02 2,858E-02 7.499E-03 1,306E-02 6,622E-03
2,171E-03 | 2,406E-03 | 2,421E-03 | 2,208E-03 2,505E-03 3,495E-03 2,251E-03 3,531E-03 1,995E-03

3 1000 2,678E-03 | 3,103E-03 | 2,871E-03 | 2,929E-03 3,050E-03 4,336E-03 2,614E-03 4,291E-03 2,828E-03 3,098E-03
3,293E-03 | 3,689E-03 | 3,512E-03 | 3,526E-03 4,000E-03 7,021E-03 3,030E-03 6,932E-03 3,647E-03 3,954E-03
4,363E-03 | 5,177E-03 | 4,039E-03 | 5,200E-03 3,940E-03 6,360E-03 3,519E-03 6,075E-03 5,419E-03 5,845E-03

5 1000 5,875E-03 | 5,069E-03 | 6,010E-03 4,665E-03 7,792E-03 4,353E-03 7,192E-03 5,981E-03 6,590E-03

6,585E-03 | 6,609E-03 | 6,878E-03 5,439E-03 1,016E-02 4,865E-03 8,823E-03 6,914E-03 7,605E-03
1,639E-02 | 1,360E-02 | 1,754E-02 1,496E-02 3.473E-02 1,117E-02 3,445E-02 1,561E-02 2,061E-02

DTLZ3 | 8 1000 s 2,042E-02 | 1,609E-02 | 2,333E-02 1,825E-02 5,646E-02 1,314E-02 4,406E-02 2,283E-02 2,946E-02
1,773E-02 | 2,901E-02 | 2,042E-02 | 3,164E-02 2,209E-02 7,764E-02 1,516E-02 5,783E-02 4,543E-02 4,616E-02
7.241E-03 | 8,503E-03 | 7,707E-03 | 9,510E-03 9,153E-03 1,926E-02 6,715E-03 1,500E-02 9,042E-03 1,044E-02

10 1500 7,.893E-03 | 1,030E-02 | 8,559E-03 | 1,134E-02 1,060E-02 2,320E-02 7,636E-03 1,855E-02 1,132E-02 1,248E-02
9,334E-03 | 1,318E-02 | 9,814E-03 | 1,462E-02 1,336E-02 2,771E-02 9,421E-03 2,267E-02 1,439E-02 1,507E-02
4,573E-03 | 1,995E-02 | 4,726E-03 | 5,422E-03 7,077E-03 1,185E-02 3,945E-03 1,053E-02 5,127E-03 6,320E-03

15 2000 184E-02 02E-02 | 5,590E-03 | 6,358E-03 8,922E-03 1,327E-02 6,546E-03 1,173E-02 9,629E-03 9,391E-03
5,224E-01 44E-02 | 7,128E-03 | 7,901E-03 1,257E-02 1,803E-02 3,816E-02 1,432E-02 3,253E-02 1,717E-02

3,035E-03 | 3,368E-03 | 3.297E-03 | 3,592E-03 3,553E-03 4,686E-03 3,210E-03 4,433E-03 3,520E-03 3.945E-03

3 600 5,619E-02 | 3,943E-03 | 3,743E-03 | 4,180E-03 4,263E-03 5,373E-03 5,289E-03 4,097E-03 4,499E-03
5,308E-01 | 4,418E-03 | 4,391E-03 | 4,874E-03 4,901E-03 6,333E-03 6,080E-03 4,910E-03 5,102E-03

5,245E-03 | 7,561E-03 | 5,974E-03 | 7,689E-03 5,384E-03 7.837E-03 5,681E-03 8,295E-03 7,225E-03 8,443E-03

5 1000 6,167E-03 | 8,518E-03 | 6,904E-03 | 9,357E-03 6,315E-03 9,511E-03 6,791E-03 9,130E-03 8,412E-03 1,020E-02
7,345E-03 | 9,548E-03 | 7,849E-03 | 1,144E-02 7,077TE-03 1,054E-02 3E-03 9,947E-03 9,658E-03 1,148E-02

1,366E-02 | 1,995E-02 | 1467E-02 | 1,829E-02 1,384E-02 1,957E-02 1,880E-02 1,945E-02 1,978E-02 2,179E-02

DTLZ4 | 8 1250 1,626E-02 | 2,202E-02 | 1,720E-02 | 2,222E-02 1.669E-02 2,278E-02 2,086E-02 2,190E-02 2,140E-02 2,535E-02
1,872E-02 | 2444E-02 | 1,.874E-02 | 2,450E-02 2,039E-02 2,535E-02 2,275E-02 2,483E-02 2,242E-02 2,905E-02
1,066E-02 | 1472E-02 | 1,197E-02 | 1,725E-02 1,200E-02 1,595E-02 1,379E-02 1,637E-02 1,727E-02 1,872E-02

10 2000 1,200E-02 | 1,611E-02 | 1,313E-02 | 1,845E-02 1.335E-02 1.807E-02 1,565E-02 1,759E-02 1.885E-02 2,158E-02
1,337E-02 | 1,744E-02 | 1418E-02 | 2,070E-02 1,491E-02 2,010E-02 1,776E-02 1,989E-02 2,022E-02 2,290E-02
7,541E-03 | 9,202E-03 | 7,640E-03 | 8,882E-03 7,462E-03 1,011E-02 6,993E-03 1,017E-02 1,033E-02 1,094E-02

15 3000 9,311E-03 | 1,043E-02 | 8,681E-03 | 1,024E-02 8,990E-03 1.167E-02 9,224E-03 1,115E-02 1,161E-02 1.264E-02
1,102E-02 | 1,120E-02 | 1,034E-02 | 1,186E-02 1.112E-02 1,406E-02 1,109E-02 1,235E-02 1,260E-02 1,389E-02

Fonte: Elaborado pelo autor

A partir dos resultados obtidos, em termos de performance das variantes, podemos

chegar as seguintes consideragoes:

e A variante current-to-rand/1 apresentou um melhor desempenho para as fungoes
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6.3

DTLZ1, DTLZ3 e em parte para a DTLZ2.

A variante rand/1 apresentou um melhor desempenho para a fungdo DTLZ4, e em
parte para a DTLZ2.

A variante current-to-rand/1 apresenta uma melhor performance na maioria dos

casos, seguida pela variante rand/1.

Aumentar o nimero de individuos no vetor de diferencas, como nas variantes da

forma x/2, atrapalha o desempenho do algoritmo.

Conclui-se também que na otimizagado com muitos objetivos, inserir o melhor indi-
viduo da geragao corrente no processo de mutacao nao melhora a performance do

algoritmo.

Trabalhos futuros

Nessa pesquisa comparou-se a performance de diferentes variantes de mutagao no

NSGA-III-DE na otimizagdo com muitos objetivos, envolvendo de trés a quinze objetivos.

Para a coleta dos resultados, foi feita uma investigacao da melhor escolha de dois prin-

cipais parametros do NSGA-III-DE para cada variante. Uma vez identificada a escolha

recomendavel para esses parametros, cada estratégia de mutacao foi executada em quatro

fungoes DTLZs, utilizando a métrica IGD para mensurar a qualidade das solugoes obtidas.

Os resultados apontaram a variante current-to-rand/1 tendo um melhor desempenho para

trés das fungoes analisadas.

Para continuacao dessa pesquisa, sugere-se os seguintes trabalhos futuros:

Ampliar os experimentos realizados para outros problemas de benchmarks, como as

fungbes WFG.

Investigar o efeito da variacao individual dos fatores de escala Fj. e F.. no processo
de mutacgao, combinando diferentes valores entre 0,1 e 1,0 para essas constantes.
Utilizar o mesmo valor para F}. e F,. no processo de mutagao pode ter influenciado

os resultados.
Investigar o efeito da variacao da constante CR para valores entre 0 e 0,1.

Investigar o efeito da variacao das constantes F., F.. e CR como produto cartesiano,

pois isso pode influenciar os resultados.

Analisar a capacidade de exploracao global e exploracao local de cada variante,
identificando como o IGD das variantes decai ao longo das geragoes, a fim de avaliar

o porqué o desempenho final de uma variante é melhor que as demais.
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e Investigar a hipdtese de se obter melhores resultados substituindo a estratégia de
mutagao rand/1 pela current-to-rand/1 nos algoritmos NSGA-III-2S e NSGA-III-
HVO propostos em Yuan, Xu e Wang (2015).
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Tabela 5 — Menor, médio e maior valor de IGD de 20 execucoes independentes do NSGA-
IT1I-DE para a variante de mutagido rand/1 considerando diferentes fatores de
escala F', com CR fixo em

0,1.

Prob.

M

Max.G.

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1,0

DTLZ1

400

9,263E-04
1,896E-03
5,069E-03

§,355E-04
1,166E-03
1,765E-03

9,394E-04
1,299E-03
2,474E-03

7 508E-04
1,125E-03
1,380E-03

5,060E-04
7,193E-04
9,376E-04

§,651E-04
1,170E-03
1,626E-03

9,729E-04
1,318E-03
1,800E-03

9,412E-04
1,362E-03
2,165E-03

1,004E-03
1,399E-03
2,684E-03

6,435E-04
8,204E-04
1,166E-03

600

9,297E-04
1,196E-03
1,500E-03

7.894E-04
1,019E-03
1,359E-03

8425504
1,064E-03
1,367E-03

6,612E-04
8,430E-04
1,080E-03

2,072E-04
3,427E-04
5,188E-04

6,920E-04
9,335E-04
1,449E-03

8,480E-04
1,060E-03
1,275E-03

7,036E-04
9,703E-04
1,242E-03

9,172E-04
1,119E-03
1,580E-03

3,434E-04
4,098E-04
5,018E-04

750

3,368E-03
4,512E-03
8,828E-03

3,452E-03
7,160E-03
4,752E-02

3,239E-03
4,175E-03
7,737E-03

3,310E-03
4,169E-03
5,301E-03

2,285E-03
3,242E-03
4,684E-03

3,063E-03
4,180E-03
5,864E-03

2,944E-03
3,745E-03
4,478E-03

3,320E-03
3,909E-03
5,001E-03

3,201E-03
3,991E-03
5,540E-03

2,591E-03
3,201E-03
4,060E-03

10

1000

2,3036-03
3,273E-03
4,910E-03

2,599E-03
3,634E-03
8,438E-03

2,624E-03
3,363E-03
4,191E-03

2,677E-03
3,161E-03
3,992E-03

2,2636-03
2,647E-03
4,020E-03

2,684E-03
3,237E-03
5,667E-03

2,419E-03
3,025E-03
4 A5TE-03

2,658E-03
2,998E-03
3,418E-03

2,557E-03
2,804E-03
3,222E-03

2.231E-03
2,634E-03
2,900E-03

15

1500

1,507E-03
2,946E-03
7,974E-03

1,561E-03
4,050E-03
3,878E-02

1,7005-03
2,505E-03
4,608E-03

1,855E-03
3,648E-03
2,528E-02

1,561E-03
3,856E-03
3,760E-02

1,885E-03
2,.843E-03
1,152E-02

1,614E-03
2,118E-03
2,888E-03

1,841E-03
2,336E-03
3,379E-03

1,7655-03
2,304E-03
4,340E-03

1,630E-03
2,052E-03
2,970E-03

DTLZ2

250

3,364E-03
4,064E-03
4,594E-03

3,568E-03
4,200E-03
5,384E-03

3,561E-03
4,009E-03
4,519E-03

3,137E-03
4,206E-03
5,284E-03

3,771E-03
4,248E-03
4,718E-03

3,730E-03
4,301E-03
4,765E-03

3,583E-03
4,457TE-03
4,844F-03

4,109E-03
4,732E-03
5,559E-03

3,954E-03
4,996E-03
5,474E-03

4,453E-03
5,359E-03
6,321E-03

ot

5,375E-03
6,091E-03
7,325E-03

5,268E-03
5,847E-03
6,489E-03

5,264E-03
5,816E-03
6,260E-03

5,180E5-03
5,774E-03
6,186E-03

5,247E-03
5,786E-03
6,305E-03

5,483E-03
5,952E-03
6,647E-03

5,204E-03
5,877E-03
6,816E-03

5,4845-03
6,242E-03
6,306E-03

5,664E-03
6,806E-03
8,074E-03

5,813E-03
6,308E-03
6,904E-03

500

7.943E-03
9,533E-03
1,056E-02

7,980E-03
9,356E-03
1,052E-02

8 A11E-03
9,700E-03
1,152E-02

9,056E-03
1,031E-02
1,168E-02

3,158E-03
1,019E-02
1,158E-02

1,024E-02
1,116E-02
1,257E-02

1,038E-02
1,142E-02
1,242E-02

9,520E-03
1,130E-02
1,291E-02

1,072E-02
1,219E-02
1,405E-02

1,062E-02
1,220E-02
1,397E-02

10

6,650E-03
7,361E-03
8,187E-03

5,795E-03
7,050E-03
8,052E-03

7,589E-03
8,452E-03
9,913E-03

§,030E-03
8,768E-03
1,006E-02

7,267E-03
8,341E-03
9,448E-03

§,323E-03
9,218E-03
1,028E-02

7,055E-03
9,085E-03
1,001E-02

§,335E-03
8,907E-03
9,326E-03

8,753E-03
9,500E-03
1,030E-02

§,048E-03
9,245E-03
1,031E-02

1000

5,637E-03
6,983E-03
8,938E-03

5,4355-03
6,402E-03
7,576E-03

6,151E-03
6,662E-03
7,779E-03

6,293E-03
7.151E-03
8,422E-03

5,843E-03
6,777E-03
7,759E-03

6,416E-03
7,347E-03
8,422E-03

6,339E-03
7,523E-03
9,080E-03

6,579E-03
7,957E-03
8,806E-03

7,038E-03
8,263E-03
9,982E-03

8,258E-03
9,277E-03
1,190E-02

DTLZ3

1000

2,535E-03
3,871E-03
6,950E-03

2,790E-03
3,261E-03
3,724F-03

2,479E-03
3,045E-03
4,074E-03

2,016E-03
3,120E-03
6,385E-03

2,391E-03
2,605E-03
3,010E-03

2,526E-03
3,168E-03
4,072E-03

2,673E-03
3,067E-03
3,616E-03

2,5725-03
3,326E-03
4,655E-03

2,744E-03
3,506E-03
4,636E-03

2,579E-03
3,035E-03
4,455E-03

1000

4,426E-03
5,809E-03
7,889E-03

4,820E-03
5,519E-03
6,651E-03

4,592E-03
5,793E-03
9,546E-03

4,641E-03
5,418E-03
6,907E-03

3,821E-03
4,370E-03
5,752E-03

4,646E-03
5,654E-03
7,219E-03

3,992E-03
5,199E-03
6,395E-03

4,648E-03
5,654E-03
6,768E-03

5,302E-03
6,080E-03
7,740E-03

3,790E-03
4,393E-03
4,963E-03

1000

1,384E-02
2,072E-02
2,797E-02

1,452E-02
2,144F-02
3,970E-02

1,558E-02
2,123E-02
3,867E-02

1,527E-02
2,217E-02
3,093E-02

1,122E-02
1,304E-02
1,543E-02

1,602E-02
2,566E-02
4,121E-02

1,5615-02
2,203E-02
4,213E-02

1,947E-02
3,086E-02
7,200E-02

2,320E-02
3,260E-02
4,512E-02

1,381E-02
1,590E-02
1,993E-02

10

1500

6,663E-03
8,322E-03
1,001E-02

7,166E-03
8,301E-03
9,319E-03

8,918E-03
9,743E-03
1,112E-02

8,310E-03
1,000E-02
1,251E-02

7 498E-03
8,005E-03
8,757E-03

9,545E-03
1,145E-02
1,567E-02

9,304E-03
1,080E-02
1,201E-02

9,726E-03
1,275E-02
1,666E-02

1,000E-02
1,244E-02
1,672E-02

7,797E-03
9,142E-03
1,041E-02

2000

6,588E-03
3,336E-02
5,105E-01

5,895E-03
6,980E-03
1,014E-02

6,017E-03
3,280E-02
5,251E-01

5,604E-03
7,660E-03
1,838E-02

4,580E-03
5,771E-03
8,624E-03

6,626E-03
7,670E-03
9,759E-03

6,452E-03
7,653E-03
1,028E-02

3,085E-03
9,442E-03
1,198E-02

7,573E-03
9,455E-03
1,562E-02

6,67T0E-03
8,030E-03
9,530E-03

DTLZ4

600

2517603
8,287E-02
5,320E-01

2.801E-03
3,015E-02
5,309E-01

2,948E-03
3,948E-03
1,013E-02

3,180E-03
4,139E-03
1,339E-02

3,133E-03
3,584E-03
4,056E-03

3225503
3,748E-03
4,180E-03

3,212E-03
3,861E-03
4,456E-03

3482603
3,913E-03
4,630E-03

3445503
4,063E-03
4,792E-03

3,684E-03
4,232E-03
5,126E-03

1000

4,534E-03
5,460E-03
6,567E-03

5,337E-03
6,184E-03
6,892E-03

5,328E-03
6,344E-03
7,323E-03

5,468E-03
6,507E-03
7,556E-03

5,419E-03
6,507E-03
7,690E-03

5,859E-03
6,713E-03
7,807E-03

5,105E-03
6,681E-03
8,095E-03

5,877E-03
6,831E-03
7 ATAE-03

6,040E-03
6,998E-03
8,619E-03

5,280E-03
6,109E-03
6,818E-03

1250

1,138E-02
1,349E-02
1,534E-02

1,281E-02
1,520E-02
1,626E-02

1,295E-02
1,694E-02
2,189E-02

1,610E-02
1,849E-02
2,078E-02

1,721E-02
1,915E-02
2,235E-02

1,795E-02
1,999E-02
2,213E-02

1,610E-02
1,890E-02
2,163E-02

1,604E-02
1,961E-02
2,180E-02

1,616E-02
1,886E-02
2,110E-02

1,324E-02
1,620E-02
1,885E-02

10

2000

8,870E-03
9,963E-03
1,190E-02

9,937E-03
1,150E-02
1,306E-02

1,092E-02
1,251E-02
1,387E-02

1,206E-02
1,333E-02
1,465E-02

1,366E-02
1,470E-02
1,644E-02

1,363E-02
1,479E-02
1,665E-02

1,327E-02
1,534E-02
1,748E-02

L478E-02
1,562E-02
1,689E-02

1,453E-02
1,602E-02
1,717E-02

1,155E-02
1,275E-02
1,406E-02

15

3000

6,784E-03
7,787E-03
9,606E-03

6,073E-03
9,128E-03
1,054E-02

7,724E-03
1,001E-02
1,165E-02

§,554E-03
1,069E-02
1,238E-02

3,849E-03
1,077E-02
1,345E-02

9,120E-03
1,104E-02
1,319E-02

8,727E-03
1,095E-02
1,290E-02

1,037E-02
1,152E-02
1,271E-02

9,330E-03
1,072E-02
1,286E-02

§,142E-03
9,464E-03
1,107E-02

Fonte: Elaborado pelo

autor
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Tabela 6 — Menor, médio e maior valor de IGD de 20 execucoes independentes do NSGA-
IT1I-DE para a variante de mutagido rand/2 considerando diferentes fatores de
escala F', com C'R fixo em 0,1.

Prob. | M | Max.G. 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0
1,099E-03 | 1,012B-03 | 9,464E-04 | 9,960E-04 | 7,291E-04 | 1,164E-03 | 1,111E-03 | 1,218B-03 | 1,391E-03 | 1,116E-03

3 400 | 1,721E-03 | 1,234E-03 | 1,252E-03 | 1,357E-03 | 9,050E-04 | 1,611E-03 | 1,666E-03 | 1,768E-03 | 1,998E-03 | 1,356E-03
3,062E-03 | 1,483E-03 | 1,712E-03 | 1,960E-03 | 1,102E-03 | 2,249E-03 | 2,430E-03 | 2,550E-03 | 3,556E-03 | 1,656E-03

1,233E-03 | 1,0415-03 | 1,075B-03 | 9,525E-04 | 4,853E-04 | 1,051E-03 | 1,190E-03 | 1,306B-03 | 1,313E-03 | 7,767E-04

5 600 | 1,604E-03 | 1,303E-03 | 1,324E-03 | 1,146E-03 | 6,846E-04 | 1,227E-03 | 1,449E-03 | 1,539E-03 | 1,589E-03 | 9,788E-04
2,114E-03 | 1,524E-03 | 1,534E-03 | 1,356E-03 | 8,ATAE-04 | 1,420E-03 | 1,713E-03 | 2,068E-03 | 1,860E-03 | 1,209E-03

3,652E-03 | 3,765E-03 | 3,613E-03 | 3,605E-03 | 3,137E-03 | 3,601E-03 | 3,941E-03 | 4,038E-03 | 4,264E-03 | 3,545E-03

DTLZ1 | 8 750 | 4,739E-03 | 7,641E-03 | 4,013E-03 | 4,721E-03 | 3,586E-03 | 4,509E-03 | 4,858E-03 | 5,427E-03 | 5,176E-03 | 4,341E-03
6,531E-03 | 5,087E-02 | 8,045E-03 | 7,532E-03 | 4,323E-03 | 5,110E-03 | 6,663E-03 | 7,821E-03 | 6,154E-03 | 4,888E-03

2,991E-03 | 2,065E-03 | 3,068E-03 | 3,216E-03 | 2,538E-03 | 3,158E-03 | 3,194B-03 | 3,420E-03 | 3,280E-03 | 3,105E-03

10| 1000 | 3,629E-03 | 5,971E-03 | 3,849E-03 | 3,831E-03 | 2,952E-03 | 3,734E-03 | 3,701E-03 | 3,887E-03 | 3,821E-03 | 3,420E-03
4,214E-03 | 5,025E-02 | 6,456E-03 | 6,220E-03 | 3,370E-03 | 4,254E-03 | 4,548E-03 | 5,301E-03 | 4,318E-03 | 3,768E-03

1,745E-03 | 1,7585-03 | 2,295B-03 | 2,057B-03 | 1,926E-03 | 2,146E-03 | 2,174E-03 | 2,200B-03 | 2,240E-03 | 2,065E-03

15| 1500 | 8,240E-03 | 5,361E-03 | 6,602E-03 | 6,389E-03 | 2,304E-03 | 2,712E-03 | 2,464E-03 | 2,638E-03 | 2,735E-03 | 2,499E-03
7,187E-02 | 4,169E-02 | 3,793E-02 | 3,042E-02 | 3,214E-03 | 5,538E-03 | 2,920E-03 | 3,108E-03 | 3,342E-03 | 3,207E-03

3,5735-03 | 3,363E-03 | 3,607E-03 | 3,777E-03 | 3,750E-03 | 4,211E-03 | 4,412E-03 | 4,718E-03 | 5,484E-03 | 6,815E-03

3 250 | 3,946E-03 | 3,974E-03 | 4,275E-03 | 4,387E-03 | 4,728E-03 | 4,690E-03 | 5.287E-03 | 5,664E-03 | 6,372E-03 | 7,870E-03
4,704E-03 | 4,590E-03 | 5,211E-03 | 5,355E-03 | 5,724E-03 | 5,273E-03 | 6,479E-03 | 6,188E-03 | 7,055E-03 | 1,021E-02

5,384E-03 | 5,608E-03 | 5,565E-03 | 5,368E-03 | 5,519E-03 | 6,026E-03 | 6,242E-03 | 6,718E-03 | 7,931B-03 | 8,216E-03

5 350 | 6,372E-03 | 6,090E-03 | 6,182E-03 | 6,334F-03 | 6,244E-03 | 6,725E-03 | 6,912E-03 | 7,790E-03 | 8,989E-03 | 9,769E-03
7,025E-03 | 6,906E-03 | 7,008E-03 | 6,830E-03 | 6,985E-03 | 7,694E-03 | 8,132E-03 | 8,502E-03 | 1,012E-02 | 1,078E-02

3,084F-03 | 8,6045-03 | 8,721E-03 | 1,015E-02 | 1,052E-02 | 1,186E-02 | 1,3285-02 | 1,327E-02 | 1,566B-02 | 1,806E-02

DTLZ2 | 8 500 | 9,953E-03 | 9,939E-03 | 1,093E-02 | 1,141E-02 | 1,193E-02 | 1,315E-02 | 1,441E-02 | 1,571E-02 | 1,831E-02 | 1,980E-02
1,108E-02 | 1,223E-02 | 1,261E-02 | 1,282E-02 | 1,298E-02 | 1,489E-02 | 1,682E-02 | 1,726E-02 | 2,125E-02 | 2,287E-02

7,126E-03 | 7,528E-03 | 8,791E-03 | 8,3355-03 | 8,831E-03 | 9,558E-03 | 1,047E-02 | 1,000E-02 | 1,194E-02 | 1,294F-02

10| 750 | 7,963E-03 | 8,152E-03 | 9,372E-03 | 9,827E-03 | 9,763E-03 | 1,068E-02 | 1,152E-02 | 1,199E-02 | 1,330E-02 | 1,458E-02
8,871E-03 | 9,128E-03 | 1,018E-02 | 1,106E-02 | 1,092E-02 | 1,165E-02 | 1,263E-02 | 1,309E-02 | 1,516E-02 | 1,702E-02

5.469E-03 | 5,6565-03 | 6,143E-03 | 5,805E-03 | 6,508E-03 | 7,267E-03 | 8,153E-03 | 8,503E-03 | 8,427E-03 | 9,694E-03

15| 1000 | 6,222E-03 | 6,677E-03 | 7,052E-03 | 7,405E-03 | 7,445E-03 | 8,290E-03 | 8,869E-03 | 9,601E-03 | 1,010E-02 | 1,132E-02
6,003E-03 | 7,023E-03 | 7,808E-03 | 8,526E-03 | 8,720E-03 | 9,119E-03 | 9,749E-03 | 1,073E-02 | 1,171E-02 | 1,275E-02

2,728E-03 | 2,598E-03 | 2,300E-03 | 2,335E-03 | 2,466E-03 | 2,004E-03 | 2,728E-03 | 3,482E-03 | 3,975E-03 | 3,411E-03

3| 1000 | 4,068E-03 | 3,480E-03 | 3,260E-03 | 3,397E-03 | 2,913E-03 | 3,740E-03 | 3,720E-03 | 4,730E-03 | 4,911E-03 | 3,950E-03
8,428F-03 | 4,820E-03 | 4,175E-03 | 5,040E-03 | 3,494E-03 | 5,163E-03 | 4,842E-03 | 7,224E-03 | 6,331E-03 | 4,740E-03

5,637E-03 | 5,311E-03 | 5,481E-03 | 5,760E-03 | 4,572E-03 | 5,605E-03 | 5,200B-03 | 7,453E-03 | 7,333E-03 | 6,591E-03

5| 1000 |7,156E-03 | 6,517E-03 | 6,765E-03 | 6,533E-03 | 5,309E-03 | 7,422E-03 | 7,431E-03 | 9,315E-03 | 1,047E-02 | 7,295E-03
1,119E-02 | 7,629E-03 | 8,938E-03 | 7,744E-03 | 6,886E-03 | 1,028E-02 | 9,380E-03 | 1,569E-02 | 1,571E-02 | 8,112E-03

2,301E-02 | 1,813E-02 | 2,038E-02 | 2,304E-02 | 1,508E-02 | 3,176E-02 | 3,091B-02 | 6,534E-02 | 8,608E-02 | 3,059E-02

DTLZ3 | 8 | 1000 | 6,095E-02 | 3,109E-02 | 3,666E-02 | 4,187E-02 | 1,881E-02 | 8,979E-02 | 7,523E-02 | 3,572E-01 | 4,756E-01 | 4,118E-02
4,255E-01 | 4,217E-02 | 6,819E-02 | 1,043E-01 | 2,227E-02 | 3,164E-01 | 2,376E-01 | 1,594E+00 | 1,862E-+00 | 6,193E-02

9,507E-03 | 9,502E-03 | 1,030E-02 | 1,087E-02 | 8,417E-03 | 1,511E-02 | 1,475B-02 | 1,769E-02 | 2,720E-02 | 1,507E-02

10| 1500 | 1,105E-02 | 1,127E-02 | 1,316E-02 | 1,400E-02 | 1,076E-02 | 1,939E-02 | 2,006E-02 | 2,733E-02 | 4,201E-02 | 1,847E-02
1,320E-02 | 1,403E-02 | 1,673B-02 | 2,018E-02 | 1,262E-02 | 2,556E-02 | 2,684E-02 | 3,872E-02 | 8,105E-02 | 2,118E-02

5,6555-03 | 6,2065-03 | 7,465E-03 | 7,159E-03 | 5,045E-03 | 0,641E-03 | 1,0355-02 | 1,701E-02 | 1,499E-02 | 1,006E-02

15| 2000 | 8,032E-02 | 7,741E-03 | 3,671E-02 | 1,134E-02 | 6,715E-03 | 1,354E-02 | 1,442E-02 | 5,220E-02 | 3,440E-02 | 1,276E-02
5481E-01 | 1,281E-02 | 5,568E-01 | 1,883E-02 | 7,428E-03 | 2,472E-02 | 1,966E-02 | 5,682E-01 | 9,514E-02 | 2,768E-02

2,934E-03 | 3,381E-03 | 3,467E-03 | 3,481E-03 | 3,838E-03 | 3,760E-03 | 4,1185-03 | 4,335E-03 | 4,234E-03 | 4,609E-03

3 600 | 1,306E-01 | 3,020E-02 | 4,033E-03 | 4,179E-03 | 4,328E-03 | 4,530E-03 | 4,607E-03 | 4,913E-03 | 4,992E-03 | 5,219E-03
9,503E-01 | 5,308E-01 | 4,947E-03 | 4,849E-03 | 4,954E-03 | 5,149E-03 | 5,275E-03 | 5,844E-03 | 5,486E-03 | 5,952E-03

6,552E-03 | 7,739E-03 | 8,500E-03 | 8,262E-03 | 7,887E-03 | 8,645E-03 | 8,777E-03 | 8,938E-03 | 9,452E-03 | 7,737E-03

5| 1000 |7,576E-03 | 8,990E-03 | 9,395E-03 | 9,632E-03 | 9,562E-03 | 9,882E-03 | 9,920E-03 | 1,007E-02 | 1,020E-02 | 9,341E-03
8,151E-03 | 1,034E-02 | 1,043E-02 | 1,127E-02 | 1,124E-02 | 1,101E-02 | 1,082E-02 | 1,108E-02 | 1,140E-02 | 1,033E-02

1,630E-02 | 1,988E-02 | 2,131E-02 | 2,362E-02 | 2,450E-02 | 2,363E-02 | 2,478E-02 | 2,463E-02 | 2,359E-02 | 1,087E-02

DTLZ4 | 8 | 1250 | 1,820E-02 | 2,242E-02 | 2,482E-02 | 2,683E-02 | 2,711E-02 | 2,818E-02 | 2,790E-02 | 2,793E-02 | 2,780E-02 | 2,197E-02
2,105E-02 | 2,552E-02 | 2,933E-02 | 3,125E-02 | 2,995E-02 | 3,353E-02 | 3,369E-02 | 3,157E-02 | 3,066E-02 | 2,386E-02

1,178E-02 | 1,430B-02 | 1,651B-02 | 1,838E-02 | 1,924E-02 | 1,985E-02 | 2,141E-02 | 2,033B-02 | 2,119E-02 | 1,640E-02

10| 2000 | 1,318E-02 | 1,577E-02 | 1,820E-02 | 2,023E-02 | 2,157E-02 | 2,270E-02 | 2,341E-02 | 2,300E-02 | 2,277E-02 | 1,758E-02
1,444E-02 | 1,779E-02 | 2,100E-02 | 2,165E-02 | 2,513E-02 | 2,437E-02 | 2,542E-02 | 2,464E-02 | 2,526E-02 | 1,923E-02

7.819E-03 | 9,146E-03 | 1,021E-02 | 1,069E-02 | 1,000E-02 | 1,147E-02 | 1,128E-02 | 1,171E-02 | 1,166E-02 | 8,829E-03

15| 3000 | 9,197E-03 | 1,049E-02 | 1,146E-02 | 1,213E-02 | 1,203E-02 | 1,275E-02 | 1,204E-02 | 1,300E-02 | 1,275E-02 | 1,069E-02
1,047E-02 | 1,177E-02 | 1,336E-02 | 1,527E-02 | 1,497E-02 | 1,441E-02 | 1,411E-02 | 1,449E-02 | 1,445E-02 | 1,222E-02

Fonte: Elaborado pelo autor
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Tabela 7 — Menor, médio e maior valor de IGD de 20 execucoes independentes do NSGA-
ITI-DE para a variante de mutagao best/1 considerando diferentes fatores de
escala F', com C'R fixo em 0,1.

Prob.

M

Max.G.

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1,0

DTLZ1

400

1,106E-03
1,914E-03
1,060E-02

7742604
1,171E-03
2,687E-03

9,720E-04
1,165E-03
1,738E-03

8, 210E-04
1,143E-03
1,495E-03

5,113E-04
8,223E-04
1,143E-03

1,029E-03
1,412E-03
2,402E-03

1,004E-03
1,265E-03
2,157E-03

1,053E-03
1,353E-03
2,240E-03

9,543E-04
1,389E-03
2,070E-03

7 A15E-04
9,548E-04
1,315E-03

600

1,0365-03
1,364E-03
1,610E-03

9,779E-04
1,250E-03
1,872E-03

8, 748E-04
1,170E-03
1,624E-03

8 AGTE-04
1,007E-03
1,270E-03

3,538E-04
4,964E-04
9,015E-04

3, 110E-04
1,054E-03
1,337E-03

9,664E-04
1,196E-03
1,414E-03

7587604
1,074E-03
1,318E-03

1,0065-03
1,214E-03
1,482E-03

1,060E-04
5,533E-04
7,434E-04

750

3,274E-03
4,908E-03
1,297E-02

3,082E-03
5,142E-03
1,272E-02

3,657E-03
4,608E-03
8,392E-03

3,426E-03
4,487E-03
9,462E-03

2,586E-03
3,030E-03
3,542E-03

3,476E-03
4,113E-03
6,334E-03

3,431E-03
4,154E-03
5,814E-03

3,460E-03
4,445E-03
5,997E-03

3,727E-03
4,320E-03
5,602E-03

2,360E-03
3,316E-03
4,208E-03

10

1000

2,908E-03
3,420E-03
4,134E-03

2.870E-03
3,426E-03
4,650E-03

2,963E-03
3,604E-03
5,720E-03

2,.824E-03
3,322E-03
4,061E-03

2,210E-03
2,612E-03
3,007E-03

2,898E-03
3,349E-03
3,874E-03

2,681E-03
3,067E-03
3,425E-03

2,868E-03
3,291E-03
3,929E-03

2,913E-03
3,167E-03
3,518E-03

2,327E-03
2,704E-03
3,139E-03

15

1500

1,355E-03
2,157E-03
2,763E-03

1,668E-03
2,715E-03
6,480E-03

1,837E-03
5,916E-03
3,931E-02

1,683E-03
2,386E-03
3,021E-03

1,526E-03
2,194E-03
6,800E-03

1,849E-03
2,203E-03
2,612E-03

1,713E-03
2,282E-03
4,553E-03

1,028E-03
2,241E-03
2,537E-03

1,804E-03
2,172E-03
2,545E-03

1,675E-03
2,058E-03
2,501E-03

DTLZ2

250

3,504E-03
4,037E-03
4,490E-03

3,040E-03
3,839E-03
4,701E-03

3,560E-03
4,157E-03
5,220E-03

3,260E-03
4,126E-03
4,666E-03

3,649E-03
4,164E-03
4,716E-03

3,707E-03
4,266E-03
5,032E-03

4,000E-03
4,597E-03
5,155E-03

4,376E-03
4,796E-03
5,305E-03

4,428E-03
5,202E-03
6,617E-03

4,880E-03
5,524E-03
6,249E-03

ot

5,705E-03
6,262E-03
6,850E-03

5,337E-03
6,014E-03
6,587E-03

5,187E-03
5,876E-03
6,311E-03

5,580E-03
6,081E-03
6,867E-03

4,991E-03
5,951E-03
6,896E-03

5,841E-03
6,270E-03
6,756E-03

5,554E-03
6,154E-03
7,503E-03

5,854E-03
6,764E-03
7,677E-03

6,374E-03
7,193E-03
8,148E-03

5,901E-03
7,194E-03
8,934E-03

500

8 A7AE-03
9,524E-03
1,065E-02

8,864E-03
9,766E-03
1,080E-02

8,772E-03
9,948E-03
1,150E-02

9,011E-03
1,073E-02
1,237E-02

3,300E-03
1,052E-02
1,176E-02

1,056E-02
1,189E-02
1,417E-02

9,892E-03
1,184E-02
1,393E-02

1,006E-02
1,197E-02
1,358E-02

1,002E-02
1,249E-02
1,425E-02

1,062E-02
1,338E-02
1,587E-02

10

6,355E-03
7,355E-03
8,407E-03

6,844E-03
7,556E-03
8,861E-03

7,730E-03
8,489E-03
9,578E-03

7,937E-03
8,848E-03
1,007E-02

3,008E-03
8,874E-03
1,038E-02

§,697E-03
9,615E-03
1,077E-02

3,545E-03
9,784E-03
1,054E-02

9,054E-03
9,647E-03
1,065E-02

9,393E-03
1,009E-02
1,129E-02

9,020E-03
1,003E-02
1,094E-02

1000

5,521E-03
6,527E-03
7,679E-03

5,223E-03
6,512E-03
7,541E-03

5,501E-03
6,644E-03
7,583E-03

5,980E-03
7,082E-03
9,215E-03

5,258E-03
6,839E-03
8,796E-03

6,301E-03
7,584E-03
8,296E-03

6,871E-03
7,909E-03
9,685E-03

7,439E-03
8,269E-03
9,109E-03

7,005E-03
8,423E-03
1,005E-02

8,152E-03
9,490E-03
1,101E-02

DTLZ3

1000

2,299E-03
3,391E-03
5,218E-03

2,601E-03
3,082E-03
3,975E-03

2,578E-03
2,937E-03
3,844E-03

1,044E-03
2,999E-03
4,412E-03

2,122E-03
2,553E-03
3,481E-03

2,603E-03
3,016E-03
3 A67TE-03

2,542E-03
3,150E-03
4,739E-03

2,821E-03
3,346E-03
4,265E-03

2,514E-03
3,380E-03
4,403E-03

2,6025-03
3,120E-03
3,943E-03

1000

4,025E-03
6,022E-03
9,468E-03

4,880E-03
5,828E-03
7 A55E-03

4,514E-03
5,456E-03
7 544E-03

4,528E-03
5,607E-03
7,225E-03

4,059E-03
4,604E-03
5,521E-03

4,822E-03
5,830E-03
7,257E-03

4,000E-03
5,643E-03
6,333E-03

5,297E-03
6,132E-03
7,304E-03

5,382E-03
6,254E-03
8,004E-03

4,104E-03
4,626E-03
5,174E-03

1000

T,A51E-02
2,379E-02
4,465E-02

1,317E-02
2,203E-02
3,810E-02

1,5555-02
2,351E-02
3,414E-02

1,646E-02
2,532E-02
4,766E-02

1,I80E-02
1,386E-02
1,610E-02

1,863E-02
2,772E-02
5,098E-02

1,750E-02
2,668E-02
5,394E-02

2,1565-02
4,226E-02
1,683E-01

2,763E-02
5,342E-02
9,621E-02

LA78E-02
1,866E-02
2,291E-02

10

1500

7 139E-03
8,840E-03
1,114E-02

7,073E-03
9,228E-03
1,097E-02

9,083E-03
1,034E-02
1,288E-02

9,167E-03
1,125E-02
1,523E-02

7,947E-03
8,887E-03
1,096E-02

1,031E-02
1,263E-02
1,556E-02

9,485E-03
1,202E-02
1,483E-02

1,054E-02
1,445E-02
1,900E-02

1,265E-02
1,493E-02
1,741E-02

9,099E-03
1,043E-02
1,233E-02

2000

6,240E-03
7,677E-03
9,357E-03

5,738E-03
7,338E-03
1,170E-02

5,686E-03
6,969E-03
8,416E-03

6,333E-03
7,341E-03
1,133E-02

4,723E-03
5,802E-03
6,877E-03

6,838E-03
8,577E-03
1,100E-02

7,094E-03
8,389E-03
1,377E-02

§,120E-03
1,043E-02
1,502E-02

9,045E-03
1,176E-02
1,625E-02

7,049E-03
8,879E-03
1,269E-02

DTLZ4

600

2,348E-03
3,272E-03
4,030E-03

3,063E-03
3,591E-03
4,068E-03

3,310E-03
3,631E-03
4,071E-03

3,328E-03
3,816E-03
1,419E-03

3,2005-03
3,862E-03
4,552E-03

3,372E-03
3,778E-03
4,326E-03

3,5676-03
4,063E-03
4,750E-03

3,538E-03
4,118E-03
4,667E-03

3351603
4,167E-03
5,395E-03

3,502E-03
4,327E-03
4,981E-03

1000

5,580E-03
6,193E-03
6,821E-03

5,953E-03
6,663E-03
7,627E-03

5,176E-03
6,903E-03
7,855E-03

6,304E-03
7,166E-03
8,038E-03

5,081E-03
6,968E-03
7,991E-03

6,422E-03
7,305E-03
8,390E-03

6,219E-03
7,256E-03
8,128E-03

6,136E-03
7,493E-03
8,909E-03

6,576E-03
7,546E-03
8,560E-03

5,895E-03
6,599E-03
7,401E-03

1250

1,1445-02
1,368E-02
1,590E-02

1,502E-02
1,683E-02
1,946E-02

1,710E-02
1,853E-02
1,991E-02

1,627E-02
1,929E-02
2,218E-02

1811502
2,053E-02
2,393E-02

1,796E-02
2,021E-02
2,243E-02

1,702E-02
2,042E-02
2,239E-02

1,790E-02
2,072E-02
2,301E-02

1,6726-02
1,950E-02
2,089E-02

1,373E-02
1,591E-02
1,824E-02

10

2000

9,993E-03
1,049E-02
1,118E-02

1,187E-02
1,262E-02
1,362E-02

1,1876-02
1,390E-02
1,568E-02

1,273E-02
1,532E-02
1,683E-02

1,382E-02
1,614E-02
1,805E-02

1,515E-02
1,660E-02
1,846E-02

1,566E-02
1,678E-02
1,924E-02

1,449E-02
1,705E-02
2,027E-02

1,532E-02
1,695E-02
1,852E-02

1,123E-02
1,323E-02
1,522E-02

15

3000

6,144E-03
7,808E-03
9,217E-03

6,370E-03
8,603E-03
1,037E-02

7,947E-03
9,446E-03
1,155E-02

7 404E-03
9,875E-03
1,234E-02

3,600E-03
1,002E-02
1,142E-02

§,655E-03
1,090E-02
1,348E-02

9,081E-03
1,095E-02
1,272E-02

9,424E-03
1,089E-02
1,253E-02

3,716E-03
1,082E-02
1,302E-02

7,675E-03
9,340E-03
1,110E-02

Fonte: Elaborado pelo

autor
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Tabela 8 — Menor, médio e maior valor de IGD de 20 execucoes independentes do NSGA-
ITI-DE para a variante de mutagao best/2 considerando diferentes fatores de
escala F', com C'R fixo em 0, 1.

Prob. | M | Max.G. 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0
1,121E-03 | 0,033E-04 | 0,772E-04 | 8,826E-04 | 7,004E-04 | 1,262E-03 | LI75E-03 | 1,244E-03 | 1,307E-03 | 1,251E-03

3| 400 | 1,695E-03 | 1,199E-03 | 1,205E-03 | 1,292E-03 | 9,863E-04 | 1,629E-03 | 1,520E-03 | 2,530E-03 | 1,084E-03 | 1,588E-03
4,817E-03 | 2,455E-03 | 2,203E-03 | 1,666E-03 | 1,259E-03 | 2,589E-03 | 2,063E-03 | 1,214E-02 | 4,330E-03 | 2,016E-03

1,265E-03 | 1,120E-03 | 0,705E-04 | 9,811E-04 | 6,4215-04 | 1,198E-03 | 1,306E-03 | 1,349E-03 | LAGLE-03 | 9,214E-04

5 600 | 1,570E-03 | 1,361E-03 | 1,431E-03 | 1,209E-03 | 8,054E-04 | 1,455E-03 | 1,611E-03 | 1,623E-03 | 1,751E-03 | 1,078E-03
1,974E-03 | 1,662E-03 | 1,915E-03 | 1,430E-03 | 1,018E-03 | 1,775E-03 | 1,811E-03 | 2,058E-03 | 2,200E-03 | 1,228E-03

3,7706-03 | 4,234E-03 | 3,5565-03 | 3,879E-03 | 2,017E-03 | 4,175E-03 | 4,3476-03 | 4,542E-03 | 4,280E-03 | 4,055E-03

DTLZ1 | 8 750 | 5,097E-03 | 5,112E-03 | 4,663E-03 | 4,850E-03 | 3,629E-03 | 5,205E-03 | 4,871E-03 | 5,571E-03 | 5,382E-03 | 4,483E-03
7,539E-03 | 9,571E-03 | 5,789E-03 | 6,802E-03 | 4,220E-03 | 7,699E-03 | 5,525E-03 | 8,746E-03 | 7,494E-03 | 5,020E-03

3,408E-03 | 3,312E-03 | 3,2505-03 | 3,264E-03 | 2,780E-03 | 3,426E-03 | 3,6055-03 | 3,400E-03 | 3,538E-03 | 3,212E-03

10| 1000 | 3,992E-03 | 3,913E-03 | 3,860E-03 | 3,833E-03 | 3,131E-03 | 3,836E-03 | 3,894E-03 | 4,047E-03 | 4,159E-03 | 3,591E-03
5,125E-03 | 5,870E-03 | 6,083E-03 | 5,616E-03 | 3,464E-03 | 4,201E-03 | 4,615E-03 | 4,992E-03 | 4,941E-03 | 3,864E-03

1,520E-03 | 2,007E-03 | 1,930E-03 | 1,001E-03 | 1,8285-03 | 2,211E-03 | 2,073E-03 | 2,107E-03 | 2,225E-03 | 2,110E-03

15| 1500 | 2,670E-03 | 4,955E-03 | 6,577E-03 | 4,403E-03 | 2,091E-03 | 2,530E-03 | 2,540E-03 | 2.836E-03 | 2,786E-03 | 2,467E-03
6,247E-03 | 4,473E-02 | 3,081E-02 | 3,820E-02 | 2,425E-03 | 3,065E-03 | 3,430E-03 | 4,179E-03 | 3,375E-03 | 2,897E-03

3,550E-03 | 3,677E-03 | 3,580E-03 | 3,801E-03 | 4,133E-03 | 4,101E-03 | 4,665E-03 | 5,199E-03 | 5,571E-03 | 6,664E-03

3| 250 | 4,072E-03 | 4,116E-03 | 4,127E-03 | 4,359E-03 | 4,736E-03 | 4,953E-03 | 5,587E-03 | 6,082E-03 | 6,873E-03 | 7,.909E-03
4,743E-03 | 4,628E-03 | 4,048E-03 | 5,023E-03 | 5,302E-03 | 5,500E-03 | 6,434E-03 | 7,338E-03 | 8,016E-03 | 1,022E-02

5,8315-03 | 4,072E-03 | 5,813E-03 | 5,491E-03 | 5,094E-03 | 6,703E-03 | 6,887E-03 | 7,572E-03 | 8,5735-03 | 9,557E-03

5 350 | 6,512E-03 | 6,170E-03 | 6,425E-03 | 6,355E-03 | 6,767E-03 | 7,075E-03 | 7,467E-03 | 8,324E-03 | 9,661E-03 | 1,053E-02
7,367E-03 | 7,232E-03 | 7,411E-03 | 7,293E-03 | 7,472E-03 | 8,136E-03 | 8,038E-03 | 9,425E-03 | 1,083E-02 | 1,231E-02

8.850B-03 | 9,241E-03 | 9,672E-03 | 1,020E-02 | 1,011E-02 | 1,261E-02 | 1,330B-02 | L,A76E-02 | 1,643E-02 | 1,818E-02

DTLZ2 | 8 | 500 | 1,022E-02 | 1,047E-02 | 1,000E-02 | 1,171E-02 | 1,246E-02 | 1,420E-02 | 1,532E-02 | 1,714E-02 | 1,931E-02 | 2,113E-02
1,133E-02 | 1,173E-02 | 1,253E-02 | 1,368E-02 | 1,462E-02 | 1,581E-02 | 1,804E-02 1,930E-02 2,199E-02 | 2,390E-02

7527603 | 7,651E-03 | 8,833E-03 | 9,112B-03 | 9,811E-03 | 1,060E-02 | 1,026E-02 | 1,171E-02 | 1,363B-02 | 1,426E-02

10| 750 | 8,232E-03 | 8,565E-03 | 9,088E-03 | 1,011E-02 | 1,045E-02 | 1,162E-02 | 1,247E-02 | 1,321E-02 | 1,511E-02 | 1,617E-02
9,351E-03 | 1,013E-02 | 1,137E-02 | 1,082E-02 | 1,129E-02 | 1,278E-02 | 1,371E-02 1.434E-02 1,710E-02 | 1,786E-02

5412E-03 | 5,854F-03 | 5,8305-03 | 6,861E-03 | 6,349E-03 | 7,066E-03 | 7,5265-03 | 8,673E-03 | 8,923E-03 | 1,012E-02

15| 1000 | 6,380E-03 | 6,733E-03 | 7,245E-03 | 7,723E-03 | 7,650E-03 | 8,642E-03 | 9,087E-03 | 1,003E-02 | 1,068E-02 | 1,179E-02
8,002E-03 | 8,221E-03 | 8,500E-03 | 8,836E-03 | 9,257E-03 | 1,038E-02 | 1,058E-02 | 1,121E-02 | 1,268E-02 | 1,329E-02

2,5665-03 | 2,163E-03 | 2,2415-03 | 2,837E-03 | 2,203E-03 | 2,642E-03 | 2,7926-03 | 3,728E-03 | 4,193E-03 | 3,361E-03

3| 1000 | 3,325E-03 | 3,186E-03 | 3,120E-03 | 3,293E-03 | 2,791E-03 | 3,632E-03 | 3,760E-03 | 4,570E-03 | 5,462E-03 | 4,091E-03
4,127E-03 | 3,999E-03 | 4,154E-03 | 4,166E-03 | 3,148E-03 | 4,606E-03 | 4,461E-03 | 5.674E-03 | 9,684E-03 | 4,978E-03

5,3495-03 | 5,500E-03 | 5,7576-03 | 5,670E-03 | 4,775E-03 | 6,753E-03 | 6,3265-03 | 8,150E-03 | 8,458E-03 | 6,100E-03

5| 1000 | 6,798E-03 | 6,600E-03 | 7,096E-03 | 6,572E-03 | 5,555E-03 | 7,570E-03 | 7,696E-03 | 1,022E-02 | 1,218E-02 | 7,502E-03
8,164E-03 | 7,940E-03 | 1,326E-02 | 7,703E-03 | 6,987E-03 | 9,183E-03 | 1,028E-02 | 1,460E-02 | 1,664E-02 | 9,254E-03

1,046E-02 | 2,114E-02 | 2,161E-02 | 2,491E-02 | 1,6265-02 | 4,594E-02 | 3,351E-02 | 6,772E-02 | 8,050E-02 | 3,320E-02

DTLZ3 | 8 | 1000 |3,511E-02 | 4,991E-02 | 9,257E-02 | 4,521E-02 | 2,192E-02 | 1,509E-01 | 1,065E-01 | 4,319E-01 | 7,576E-01 | 5,499E-02
6,374E-02 | 3,534E-01 | 9,080E-01 | 8,883E-02 | 2,667E-02 | 7,795E-01 | 2,599E-01 | 1,895E+00 | 2,921E-+00 | 8,036E-02

1,033E-02 | 1,038E-02 | 1,090E-02 | 1,204E-02 | 1,036E-02 | 1,547E-02 | 1,752E-02 2,572E-02 2,524E-02 | 2,003E-02

10| 1500 | 1,207E-02 | 1,179E-02 | 1,415E-02 | 1,510E-02 | 1,165E-02 | 2,144E-02 | 2,414E-02 | 4,355E-02 | 6,207E-02 | 2,200E-02
1,565E-02 | 1,528E-02 | 1,768E-02 | 2,035E-02 | 1,416E-02 | 3,581E-02 | 4,421E-02 | 9,002E-02 | 1,630E-01 | 2,668E-02

6,805E-03 | 6,308E-03 | 7,6395-03 | 7,769E-03 | 6,353E-03 | 1,208E-02 | L,161E-02 | 2,181E-02 | 2,759E-02 | 1,040E-02

15| 2000 | 3,952E-02 | 8,676E-03 | 1,026E-02 | 1,184E-02 | 7,389E-03 | 2,042E-02 | 1,973E-02 | 5,664E-02 | 2,190E-01 | 1,273E-02
6,282E-01 | 1,445E-02 | 1,512E-02 | 2,033E-02 | 8,545E-03 | 4,990E-02 | 3,738E-02 | 2,040E-01 | 1,252E-+00 | 1,496E-02

3,080E-03 | 3,462E-03 | 3,7755-03 | 3,731E-03 | 3,879E-03 | 4,316E-03 | 4,160E-03 | 4,571E-03 | 4,450E-03 | 4,468E-03

3| 600 |3810E-03 | 4,245E-03 | 4,353E-03 | 4,505E-03 | 4,534E-03 | 4,905E-03 | 4,858E-03 | 5,217E-03 | 5422E-03 | 5,271E-03
4A11E-03 | 4,793E-03 | 4,975E-03 | 5,014E-03 | 5,339E-03 | 5,705E-03 | 5,677E-03 | 6,235E-03 | 6,379E-03 | 6,190E-03

6,090E-03 | 8,402E-03 | 8,4435-03 | 8,063E-03 | 8,985E-03 | 9,136E-03 | 8,836E-03 | 9,091E-03 | 9,537E-03 | 8,722E-03

5| 1000 | 8,056E-03 | 9,260E-03 | 9,758E-03 | 1,013E-02 | 1,040E-02 | 1,036E-02 | 1,020E-02 | 1,038E-02 | 1,065E-02 | 9,296E-03
9,143E-03 | 1,006E-02 | 1,111E-02 | 1,111E-02 | 1,154E-02 | 1,196E-02 | 1,239E-02 1,145E-02 1,259E-02 | 1,144E-02

1,624E-02 | 1,801E-02 | 2,285E-02 | 2,294E-02 | 2,464E-02 | 2,638E-02 | 2,523E-02 | 2,638E-02 | 2,454E-02 | 2,050E-02

DTLZA | 8 | 1250 | 1,876E-02 | 2,262E-02 | 2,598E-02 | 2,719E-02 | 2,816E-02 | 2,879E-02 | 2,933E-02 | 2,997E-02 | 2,903E-02 | 2,396E-02
2,042E-02 | 2,577E-02 | 2,922E-02 | 3,071E-02 | 3,087E-02 | 3,198E-02 | 3,379E-02 | 3,406E-02 | 3,224E-02 | 2,622E-02

1,377E-02 | 1,615E-02 | 1,710E-02 | 2,108E-02 | 2,144B-02 | 2,156E-02 | 2,219E-02 | 2,130B-02 | 2,142E-02 | 1,605E-02

10| 2000 | 1,452E-02 | 1,830E-02 | 2,047E-02 | 2,249E-02 | 2,328E-02 | 2,384E-02 | 2,413E-02 | 2,378E-02 | 2,328E-02 | 1,851E-02
1,556E-02 | 2,173E-02 | 2,273E-02 | 2,433E-02 | 2,643E-02 | 2,671E-02 | 2,618E-02 | 2,532E-02 | 2,465E-02 | 2,092E-02

1,556E-02 | 2,173E-02 | 2,273E-02 | 2,433E-02 | 2,6435-02 | 2,671E-02 | 2,618E-02 | 2,532E-02 | 2,A65E-02 | 2,002E-02

15 3000 9,198E-03 | 1,010E-02 | 1,121E-02 | 1,200E-02 | 1,204E-02 | 1,264E-02 | 1,331E-02 1,335E-02 1,334E-02 | 1,182E-02
1,037E-02 | 1,122E-02 | 1,265E-02 | 1,384E-02 | 1,410E-02 | 1,414E-02 | 1,492E-02 | 1,442E-02 | 1,514E-02 | 1,282E-02

Fonte: Elaborado pelo autor
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Tabela 9 — Menor, médio e maior valor de IGD de 20 execucoes independentes do NSGA-
ITI-DE para a variante de mutagao current-to-best /1 considerando diferentes

fatores de escala F', com C'R fixo em 0,1.

Prob. | M | Max.G. 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0
4,527E-02 | 9,324E-03 | 3,318E-03 | 7,649E-04 | 7,388E-04 | 1,198E-03 | 1,080E-03 | 1,027E-03 | 1,321E-03 | 7,517E-04

3 400 5,808E-01 | 6,894E-02 | 5,078E-02 | 5,299E-03 | 8,518E-04 | 2488E-03 | 3,889E-03 | 2,175E-03 | 5,180E-03 | 1,102E-03
1,249E4+00 | 3,364E-01 | 3,140E-01 | 2,147E-02 | 1,062E-03 | 1,683E-02 | 2,215E-02 | 6,557E-03 | 2,450E-02 | 2,387E-03

1,743E-01 | 2,143E-02 | 4,751E-03 | 2,013E-03 | 8,009E-04 | 1,265E-03 | 1,270E-03 | 1,168E-03 | 1,170E-03 | 4,847E-04

5 600 5,480E-01 | 9,918E-02 | 4,795E-02 | 4,682E-03 | 1,002E-03 | 1,854E-03 | 2,111E-03 | 2,229E-03 | 2,747E-03 | 5,722E-04
1,067E4+00 | 2,565E-01 | 1,136E-01 | 1,987E-02 | 1,312E-03 | 3,402E-03 | 5,956E-03 | 6,252E-03 | 1,024E-02 | 7,5637E-04

2,509E-01 | 1,642E-01 | 1,559E-01 | 8,834E-02 | 6,972E-03 | 1,136E-02 | 5,352E-03 | 4,491E-03 | 6,155E-03 | 2,697E-03

DTLZ1 | 8 750 5,448E-01 | 2,283E-01 | 2,133E-01 | 1,739E-01 | 4,626E-02 | 8,293E-02 | 6,902E-02 | 7,463E-02 | 1,663E-01 | 3,340E-03
1,.859E4+00 | 4,0567E-01 | 4,218E-01 | 4,060E-01 | 7,985E-02 | 2,556E-01 | 4,472E-01 | 3,638E-01 | 6,307E-01 | 4,001E-03

1,840E-01 | 1,739E-01 | 1,637E-01 | 4,138E-02 | 8,886E-03 | 8,984E-03 | 5,244E-03 | 3,779E-03 | 3,999E-03 | 2,413E-03

10 1000 2,738E-01 | 2,107E-01 | 1,974E-01 | 1,569E-01 | 5,367E-02 | 3,806E-02 | 2,481E-02 | 1,381E-02 | 8,422E-03 | 2,663E-03
5,327E-01 | 2477E-01 | 2,248E-01 | 2,136E-01 | 1,146E-01 | 7,920E-02 | 8,587E-02 | 9,309E-02 | 2,503E-02 | 3,026E-03

3,029E-01 | 2,806E-01 | 2,810E-01 | 2,635E-01 | 3,360E-02 | 1,042E-01 | 8,163E-03 | 3,937E-02 | 4,244E-03 | 1,591E-03

15 1500 5,596E-01 | 3,208E-01 | 3,136E-01 | 3,240E-01 | 2,450E-01 | 2,333E-01 | 1,434E-01 | 1,403E-01 | 1,140E-01 | 2,005E-03
1,694E4+00 | 4,701E-01 | 3,499E-01 | 3,998E-01 | 3,441E-01 | 3,050E-01 | 2,801E-01 | 2,549E-01 | 4,294E-01 | 2,297E-03

4,491E-03 | 3,826E-03 | 3,644E-03 | 3,671E-03 | 3,352E-03 | 3,802E-03 | 3,695E-03 | 3,772E-03 | 4,039E-03 | 4,463E-03

3 250 5,548E-03 | 4,401E-03 | 4,226E-03 | 4,186E-03 | 4,135E-03 | 4,279E-03 | 4,212E-03 | 4,536E-03 | 4,945E-03 | 5,446E-03
6,857E-03 | 5,664E-03 | 4,673E-03 | 5,380E-03 | 5,062E-03 | 4,743E-03 | 4,793E-03 | 5,540E-03 | 6,089E-03 | 6,294E-03

8,578E-03 | 6,479E-03 | 6,316E-03 | 6,195E-03 | 6,290E-03 | 5,630E-03 | 5,832E-03 | 5,854E-03 | 6,304E-03 | 6,052E-03

5 350 1,226E-02 | 7,118E-03 | 6,898E-03 | 6,892E-03 | 6,816E-03 | 6,359E-03 | 6,380E-03 | 6,532E-03 | 6,988E-03 | 6,849E-03
1,715E-02 | 8,471E-03 | 7,856E-03 | 7,668E-03 | 7,343E-03 | 7,035E-03 | 6,918E-03 | 7,140E-03 | 8,028E-03 | 7,941E-03

2,350E-01 | 2,021E-02 | 9,515E-03 | 9,659E-03 | 9,679E-03 | 9,662E-03 | 9,150E-03 | 9,502E-03 | 9,469E-03 | 1,057E-02

DTLZ2 | 8 500 2,713E-01 | 7,464E-02 | 1,224E-02 | 1,104E-02 | 1,084E-02 | 1,050E-02 | 1,020E-02 | 1,082E-02 | 1,192E-02 | 1,292E-02
3,620E-01 | 2,041E-01 | 1,611E-02 | 1,249E-02 | 1,230E-02 | 1,172E-02 | 1,260E-02 | 1,215E-02 | 1,344E-02 | 1,536E-02

1,200E-01 | 1,222E-02 | 8,479E-03 | 8,277E-03 | 7,606E-03 | 7,792E-03 | 7,450E-03 | 7,652E-03 | 8,493E-03 | 9,109E-03

10 750 2,524E-01 | 4,518E-02 | 9,237E-03 | 9,111E-03 | 8,903E-03 | 8,603E-03 | 8,5639E-03 | 8,822E-03 | 9,487E-03 | 1,032E-02
3,370E-01 | 1,608E-01 | 1,026E-02 | 1,003E-02 | 9,654E-03 | 9,450E-03 | 9,946E-03 | 9,610E-03 | 1,046E-02 | 1,115E-02

2,809E-01 | 2,771E-02 | 7,627E-03 | 7,053E-03 | 4,503E-03 | 5,322E-03 | 5,805E-03 | 6,165E-03 | 6,746E-03 | 8,482E-03

15 1000 4,143E-01 | 1,762E-01 | 4,545E-02 | 2,576E-02 | 5,694E-03 | 6,650E-03 | 6,657E-03 | 7,189E-03 | 8,126E-03 | 9,724E-03
4,584E-01 | 3,022E-01 | 1,194E-01 | 8,750E-02 | 7,161E-03 | 8,169E-03 | 7,532E-03 | 8,158E-03 | 9,411E-03 | 1,074E-02

4,084E400 | 8,025E-02 | 1,177E-02 | 5,763E-03 | 2,450E-03 | 3,753E-03 | 3,396E-03 | 3,772E-03 | 5,709E-03 | 2,505E-03

3 1000 1,193E+01 | 1,850E400 | 5,206E-01 | 3,564E-01 | 2,963E-03 | 3,627E-02 | 4,488E-02 | 1,100E-02 | 1,277E-01 | 3,050E-03
3,364E401 | 1,034E+01 | 2,259E+00 | 3,602E4+00 | 3,741E-03 | 5,213E-01 | 6,970E-01 | 4,714E-02 | 1,016E+00 | 4,000E-03

4,764E400 | 3,495E-01 | 1,890E-01 | 9,767E-03 | 5,282E-03 | 8,341E-03 | 7,678E-03 | 1,209E-02 | 1,323E-02 | 3,940E-03

5 1000 1,433E+01 | 2,468E+00 | 2,314E400 | 5,006E-01 | 6,221E-03 | 2,337E-01 | 1,901E-02 | 1,825E-01 | 1,633E+00 | 4,665E-03
2,301E+01 | 5,110E4-00 | 7,440E+00 | 5,347E+00 | 7,756E-03 | 3,270E+00 | 4,374E-02 | 1,144E+400 | 6,807E+00 | 5,439E-03

1,113E+01 | 4,248E+400 | 2,251E4+00 | 8,269E-01 | 2,279E-02 | 1,465E+00 | 5,503E-02 | 5,429E-02 | 4,916E+00 | 1,496E-02

DTLZ3 | 8 1000 1,887E+01 | 7,768E+00 | 6,735E400 | 3,869E+00 | 2,050E-01 | 4,903E+400 | 3,554E+00 | 5,290E+400 | 1,917E+01 | 1,825E-02
2,625E+01 | 1,375E4-01 | 1,792E401 | 9,059E+00 | 6,491E-01 | 8,792E+00 | 8,757E+400 | 1,096E+401 | 3,528E+01 | 2,209E-02

6,084E4-00 | 1,989E+00 | 1,522E+00 | 2,506E-01 | 1,310E-02 | 1,422E-02 | 2,298E-02 | 2,314E-02 | 1,522E4-00 | 9,153E-03

10 1500 1,197E+401 | 5,482E+00 | 3,300E400 | 1,992E4+00 | 3,955E-01 | 2,909E+400 | 1,501E+00 | 2,392E400 | 6,799E+00 | 1,060E-02
1,662E401 | 8,426E+00 | 5,654E+4+00 | 7,602E+00 | 6,566E-01 | 5,668E+400 | 5,883E+00 | 5,504E+400 | 3,081E+401 | 1,336E-02

1,253E+401 | 5,683E+00 | 2,867E400 | 2,283E+00 | 7,985E-01 | 1,280E+400 | 3,025E-01 | 2,256E400 | 9,756E-01 | 7,077E-03

15 2000 1,986E+01 | 9,163E+00 | 7,772E+00 | 4,710E+00 | 1,105E+00 | 3,776E+00 | 2,830E+00 | 4,780E+00 | 2,672E+01 | 8,922E-03
3,133E401 | 1,457E+01 | 1,605E+01 | 9,371E+00 | 2,212E400 | 6,355E+00 | 6,843E+00 | 6,556E+00 | 4,709E+01 | 1,257E-02

2,440E-03 | 2,809E-03 | 3,160E-03 | 3,049E-03 | 3,447E-03 | 3,338E-03 | 3,462E-03 | 3,573E-03 | 3,589E-03 | 3,553E-03

3 600 3,357E-01 | 2,092E-01 | 1,357E-01 | 5,632E-02 | 3,784E-03 | 3,876E-03 | 3,991E-03 | 4,306E-03 | 4,308E-03 | 4,263E-03
9,503E-01 | 9,503E-01 | 5,308E-01 | 5,308E-01 | 4,545E-03 | 4,529E-03 | 4,541E-03 | 5,118E-03 | 5,351E-03 | 4,901E-03

9,224E-03 | 6,014E-03 | 6,256E-03 | 6,176E-03 | 6,199E-03 | 6,407E-03 | 7,006E-03 | 7,393E-03 | 7,271E-03 | 5,384E-03

5 1000 2,284E-01 | 8,576E-03 | 7,003E-03 | 7,031E-03 | 7,099E-03 | 7,587E-03 | 7,783E-03 | 8,263E-03 | 8,111E-03 | 6,315E-03
4,216E-01 | 1,803E-02 | 7,927E-03 | 7,790E-03 | 7,980E-03 | 8,863E-03 | 8,632E-03 | 9,205E-03 | 9,226E-03 | 7,077E-03

4,920E-02 | 2,546E-02 | 1,838E-02 | 1,644E-02 | 2,026E-02 | 2,060E-02 | 1,885E-02 | 1,937E-02 | 1,837E-02 | 1,384E-02

DTLZ4 | 8 1250 2,142E-01 | 5,796E-02 | 2,413E-02 | 2,156E-02 | 2,245E-02 | 2,343E-02 | 2,266E-02 | 2,327E-02 | 2,083E-02 | 1,669E-02
3,692E-01 | 1,879E-01 | 3,270E-02 | 2,607E-02 | 2,634E-02 | 2,701E-02 | 2,545E-02 | 2,789E-02 | 2,287E-02 | 2,039E-02

3,760E-02 | 2,535E-02 | 1,645E-02 | 1,658E-02 | 1,836E-02 | 1,813E-02 | 1,820E-02 | 1,671E-02 | 1,510E-02 | 1,200E-02

10 2000 7.813E-02 | 3,181E-02 | 1,931E-02 | 1,817E-02 | 1,990E-02 | 2,043E-02 | 1,983E-02 | 1,924E-02 | 1,685E-02 | 1,335E-02
1,636E-01 | 3,967E-02 | 2,281E-02 | 2,145E-02 | 2,166E-02 | 2,247E-02 | 2,151E-02 | 2,230E-02 | 1,823E-02 | 1,491E-02

2,350E-01 | 1,791E-01 | 1,931E-02 | 1,384E-02 | 1,268E-02 | 1,238E-02 | 1,198E-02 | 9,961E-03 | 8,863E-03 | 7,462E-03

15 3000 3,140E-01 | 2,325E-01 | 5,091E-02 | 1,686E-02 | 1,390E-02 | 1,375E-02 | 1,268E-02 | 1,147E-02 | 1,026E-02 | 8,990E-03
3,951E-01 | 2,864E-01 | 1,494E-01 | 4,671E-02 | 1,563E-02 | 1,546E-02 | 1,414E-02 | 1,262E-02 | 1,215E-02 | 1,112E-02

Fonte: Elaborado pelo autor
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Tabela 10 — Menor, médio e maior valor de IGD de 20 execugoes independentes do NSGA-
ITII-DE para a variante de mutagdo current-to-best/2 considerando diferen-
tes fatores de escala F', com C'R fixo em 0,1.

Prob. | M | Max.G. 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0
2,955E-02 | 4,300E-03 | 1,942E-03 | 1,182E-03 | 7,305E-04 | 1,272E-03 | 1,175E-03 | 1,371E-03 | 2,732E-03 | 1,153E-03

3 400 3,767E-01 | 5,683E-02 | 1,443E-02 | 2,699E-03 | 9,633E-04 | 2,290E-03 | 4,565E-03 | 5,593E-03 | 7,091E-02 | 1,493E-03
1,022E4+00 | 3,986E-01 | 4,591E-02 | 7,535E-03 | 1,176E-03 | 4,106E-03 | 2,139E-02 | 1,738E-02 | 7,872E-01 | 1,838E-03

1,109E-01 | 3,650E-03 | 2,373E-03 | 1,503E-03 | 7.911E-04 | 1,346E-03 | 1,280E-03 | 1,293E-03 | 1,657E-03 | 8,001E-04

5 600 4,320E-01 | 2,158E-02 | 2,096E-02 | 2,793E-03 | 1,020E-03 | 2,130E-03 | 2,060E-03 | 2,024E-03 | 6,948E-03 | 1,053E-03
8,953E-01 | 1,049E-01 | 2,304E-01 | 4,794E-03 | 1,288E-03 | 3,920E-03 | 4,200E-03 | 5,496E-03 | 3,182E-02 | 1,252E-03

2,143E-01 | 1,147E-01 | 9,300E-02 | 1,158E-02 | 4,108E-03 | 5431E-03 | 3,453E-03 | 4,992E-03 | 8,720E-03 | 3,940E-03

DTLZ1 | 8 750 3,872E-01 | 1,877E-01 | 1,894E-01 | 7,658E-02 | 1,736E-02 | 1,203E-01 | 4,023E-02 | 6,875E-02 | 1,161E-01 | 4,505E-03
7,741E-01 | 3,557E-01 | 3,031E-01 | 1,901E-01 | 5,832E-02 | 5,313E-01 | 4,659E-01 | 5,702E-01 | 7,497E-01 | 5,190E-03

1,941E-01 | 8,364E-02 | 5,325E-02 | 1,665E-02 | 4,555E-03 | 5,346E-03 | 3,737E-03 | 3,907E-03 | 4,227E-03 | 3,307E-03

10 1000 2,762E-01 | 1,731E-01 | 1467E-01 | 5,564E-02 | 1,939E-02 | 1,879E-02 | 6,916E-03 | 1,539E-02 | 1,387E-02 | 3,678E-03
4,314E-01 | 2,094E-01 | 1,817E-01 | 9,038E-02 | 5,524E-02 | 1,409E-01 | 2,789E-02 | 1,424E-01 | 8,810E-02 | 4,310E-03

2,922E-01 | 2,670E-01 | 2,683E-01 | 1,605E-01 | 6,487E-03 | 6,341E-03 | 3,224E-03 | 4,122E-03 | 3,124E-03 | 2,049E-03

15 1500 3,862E-01 | 3,360E-01 | 3,317E-01 | 2,561E-01 | 4,847E-02 | 1,027E-01 | 4,073E-02 | 7,561E-02 | 1,693E-01 | 2,487E-03
7,139E-01 | 7,811E-01 | 6,351E-01 | 3,003E-01 | 1,573E-01 | 2,161E-01 | 5,384E-01 | 4,913E-01 | 8,382E-01 | 2,983E-03

4,239E-03 | 3,022E-03 | 3,677E-03 | 3,928E-03 | 3,984E-03 | 4,014E-03 | 4,605E-03 | 4,949E-03 | 5,677E-03 | 6,740E-03

3 250 4,824E-03 | 4,429E-03 | 4,223E-03 | 4,408E-03 | 4,486E-03 | 4,663E-03 | 5,062E-03 | 5,854E-03 | 6,564E-03 | 7,764E-03
5,735E-03 | 5,176E-03 | 4,770E-03 | 5,198E-03 | 5,243E-03 | 5,330E-03 | 5,755E-03 | 6,492E-03 | 7,461E-03 | 9,608E-03

7,083E-03 | 6,296E-03 | 6,137E-03 | 6,099E-03 | 6,078E-03 | 6,040E-03 | 6,259E-03 | 7,294E-03 | 8,304E-03 | 9,875E-03

5 350 8,952E-03 | 6,920E-03 | 7,122E-03 | 6,822E-03 | 6,790E-03 | 6,669E-03 | 7,244E-03 | 8,010E-03 | 9,092E-03 | 1,070E-02
1,221E-02 | 7,489E-03 | 7,779E-03 | 7,959E-03 | 7,429E-03 | 7,447E-03 | 7,945E-03 | 8,757E-03 | 9,988E-03 | 1,201E-02

1,040E-01 | 9,275E-03 | 9,484E-03 | 1,026E-02 | 9,957E-03 | 1,035E-02 | 1,218E-02 | 1,388E-02 | 1,691E-02 | 1,907E-02

DTLZ2 | 8 500 2,061E-01 | 1,316E-02 | 1,091E-02 | 1,149E-02 | 1,146E-02 | 1,174E-02 | 1,368E-02 | 1,564E-02 | 1,851E-02 | 2,169E-02
2,959E-01 | 3,870E-02 | 1,199E-02 | 1,266E-02 | 1,352E-02 | 1,298E-02 | 1,666E-02 | 1,784E-02 | 2,069E-02 | 2,367E-02

8,657E-02 | 7,988E-03 | 8,435E-03 | 8,751E-03 | 8,482E-03 | 9,450E-03 | 9,743E-03 | 1,006E-02 | 1,323E-02 | 1,345E-02

10 750 1,725E-01 | 9,144E-03 | 9,161E-03 | 9,686E-03 | 9,436E-03 | 1,007E-02 | 1,069E-02 | 1,181E-02 | 1,419E-02 | 1,599E-02
2,532E-01 | 1,149E-02 | 1,032E-02 | 1,071E-02 | 1,052E-02 | 1,097E-02 | 1,158E-02 | 1,374E-02 | 1,545E-02 | 1,706E-02

2,945E-01 | 7,685E-03 | 6,731E-03 | 6,327E-03 | 5,286E-03 | 6,254E-03 | 6,867E-03 | 8,195E-03 | 9,560E-03 | 1,063E-02

15 1000 3,709E-01 | 6,663E-02 | 1,5619E-02 | 7,609E-03 | 6,194E-03 | 7,483E-03 | 8,475E-03 | 9,596E-03 | 1,099E-02 | 1,263E-02
4,417E-01 | 1,089E-01 | 8,198E-02 | 8,938E-03 | 7,035E-03 | 8,483E-03 | 9,629E-03 | 1,050E-02 | 1,256E-02 | 2,858E-02

3,309E400 | 5,320E-02 | 8,862E-03 | 4,333E-03 | 2,358E-03 | 4,111E-03 | 4,004E-03 | 5,454E-03 | 7,293E-03 | 3,495E-03

3 1000 8,919E400 | 1,334E+00 | 3,499E-01 | 1,182E-01 | 2,980E-03 | 6,446E-02 | 8,259E-03 | 1,016E-01 | 3,361E-01 | 4,336E-03
1,475E401 | 5,698E+400 | 2,563E400 | 2,088E+00 | 3,949E-03 | 1,001E4+00 | 2,770E-02 | 1,286E-+00 | 1,880E+00 | 7,021E-03

5,011E+00 | 1,317E-01 | 2,019E-02 | 1,108E-02 | 5,117E-03 | 1,123E-02 | 7,402E-03 | 8,115E-03 | 3,139E-02 | 6,360E-03

5 1000 1,374E+01 | 1,655E400 | 2,264E400 | 3,210E-01 | 6,192E-03 | 2,093E-01 | 1,323E-01 | 2,519E-01 | 2,017E+00 | 7,792E-03
2,212E+01 | 5,657TE400 | 5,984E+00 | 2,052E+00 | 7,216E-03 | 1,149E+00 | 1,728E+400 | 1,367E+00 | 5,888E+00 | 1,016E-02

8,763E+400 | 3,490E+00 | 2,005E+00 | 2,645E-01 | 1,729E-02 | 1,624E+400 | 2,300E-01 | 2,239E+00 | 4,078E+00 | 3,473E-02

DTLZ3 | 8 1000 1,812E+01 | 6,088E+00 | 7,407TE+400 | 3,847E+00 | 2,315E-02 | 5,064E+00 | 4,044E+00 | 5,669E+400 | 3,149E+01 | 5,646E-02
3,039E401 | 1,265E+01 | 1,299E+01 | 6,873E400 | 2,849E-02 | 8,767TE+400 | 8,269E+400 | 1,216E+01 | 6,270E401 | 7,764E-02

4,309E400 | 6,349E-01 | 3,010E-01 | 3,958E-02 | 1,075E-02 | 2,548E-02 | 3,216E-02 | 2,137E-01 | 2,641E4-00 | 1,926E-02

10 1500 1,098E+401 | 3,318E+00 | 2,856E400 | 1,502E+00 | 1,218E-02 | 3,159E4+00 | 9,888E-01 | 3,590E+400 | 1,035E+401 | 2,320E-02
1,988E+01 | 7,663E+00 | 6,433E4+00 | 4,427E+00 | 1,387E-02 | 5,417E4+00 | 3,059E+00 | 6,716E400 | 2,917E4+01 | 2,771E-02

6,555E4-00 | 5,370E+00 | 2,971E+00 | 1,984E400 | 9,609E-03 | 2,414E+400 | 4,010E-02 | 3,077E+00 | 9,216E4-00 | 1,185E-02

15 2000 1,722E+01 | 9,457E+00 | 7,028E+400 | 4,884E+00 | 2,129E-01 | 5,218E+400 | 3,496E+00 | 6,237E+400 | 2,507E+01 | 1,327E-02
2,681E+01 | 1,952E+01 | 1,405E+01 | 7,734E+400 | 1,196E+00 | 8,142E+00 | 1,002E+01 | 1,054E+401 | 4,458E+01 | 1,803E-02

2,891E-03 | 3,182E-03 | 3,540E-03 | 3,670E-03 | 3,505E-03 | 3,915E-03 | 3,870E-03 | 4,624E-03 | 4,194E-03 | 4,686E-03

3 600 3,038E-01 | 1,767E-01 | 4,148E-03 | 4,526E-03 | 4,590E-03 | 4,707E-03 | 4,943E-03 | 5,303E-03 | 5,287E-03 | 5,373E-03
9,503E-01 | 5,310E-01 | 4,780E-03 | 5,723E-03 | 5,582E-03 | 5,405E-03 | 5,939E-03 | 6,150E-03 | 6,026E-03 | 6,333E-03

9,779E-03 | 8,369E-03 | 8,259E-03 | 8,454E-03 | 8,880E-03 | 8,940E-03 | 9,737E-03 | 1,023E-02 | 9,279E-03 | 7,837E-03

5 1000 9,784E-02 | 9,666E-03 | 9,412E-03 | 1,012E-02 | 1,007E-02 | 1,055E-02 | 1,088E-02 | 1,112E-02 | 1,062E-02 | 9,511E-03
4,212E-01 | 1,136E-02 | 1,117E-02 | 1,122E-02 | 1,186E-02 | 1,164E-02 | 1,250E-02 | 1,205E-02 | 1,185E-02 | 1,054E-02

5,127E-02 | 2,585E-02 | 2,508E-02 | 2,446E-02 | 2,443E-02 | 2,675E-02 | 2,650E-02 | 2,622E-02 | 2,339E-02 | 1,957E-02

DTLZ4 | 8 1250 1,513E-01 | 3,339E-02 | 2,793E-02 | 2,920E-02 | 2,924E-02 | 2,997E-02 | 3,204E-02 | 3,115E-02 | 2,841E-02 | 2,278E-02
2,523E-01 | 4,267E-02 | 3,198E-02 | 3,374E-02 | 3,311E-02 | 3,453E-02 | 3,637E-02 | 3,462E-02 | 3,169E-02 | 2,535E-02

3,487E-02 | 2,146E-02 | 2,090E-02 | 2,211E-02 | 2,230E-02 | 2,246E-02 | 2,354E-02 | 2,220E-02 | 2,102E-02 | 1,595E-02

10 2000 6,223E-02 | 2,616E-02 | 2,361E-02 | 2471E-02 | 2480E-02 | 2,431E-02 | 2,533E-02 | 2,446E-02 | 2,289E-02 | 1,807E-02
1,176E-01 | 2,933E-02 | 2,662E-02 | 2,802E-02 | 2,640E-02 | 2,598E-02 | 2,665E-02 | 2,819E-02 | 2,590E-02 | 2,010E-02

1,631E-01 | 2,022E-02 | 1,381E-02 | 1,353E-02 | 1,252E-02 | 1,217E-02 | 1277E-02 | 1,207E-02 | 1,211E-02 | 1,011E-02

15 3000 2,438E-01 | 5,999E-02 | 1,512E-02 | 1,459E-02 | 1,383E-02 | 1,380E-02 | 1,404E-02 | 1,359E-02 | 1,286E-02 | 1,167E-02
3,118E-01 | 1,183E-01 | 1,682E-02 | 1,614E-02 | 1,555E-02 | 1,513E-02 | 1,593E-02 | 1,490E-02 | 1,409E-02 | 1,406E-02

Fonte: Elaborado pelo autor
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Tabela 11 — Menor, médio e maior valor de IGD de 20 execugoes independentes do NSGA-
ITII-DE para a variante de mutagdo curr-to-rand/1 considerando diferentes
fatores de escala F', com C'R fixo em 0,1.

Prob. | M | Max.G. 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0
3,521E-02 | 6,744E-03 | 5,209E-03 | 1,408E-03 | 5,349E-04 | 8,491E-04 | 1,048E-03 | 1,365E-03 | 1,738E-03 | 6,126E-04

3 400 8,082E-01 | 7,184E-02 | 3,881E-02 | 3,678E-03 | 7,077E-04 | 3,416E-03 | 3,000E-03 | 4,154E-03 | 2,056E-02 | 8,434E-04
2,499E+00 | 6,614E-01 | 3,056E-01 | 1,789E-02 | 8,147E-04 | 1,978E-02 | 1,819E-02 | 3,879E-02 | 2,552E-01 | 1,189E-03

1,543E-01 | 1,752E-02 | 5,824E-03 | 2,449E-03 | 5,063E-04 | 1,239E-03 | 1,222E-03 | 9,294E-04 | 1,093E-03 | 3,598E-04

5 600 5,146E-01 | 1,045E-01 | 5,812E-02 | 3,910E-03 | 7,607E-04 | 2,346E-03 | 2,921E-03 | 1,739E-03 | 2,576E-03 | 4,566E-04
1,301E4+00 | 1,383E-01 | 1,502E-01 | 7,219E-03 | 1,380E-03 | 6,049E-03 | 1,820E-02 | 3,377E-03 | 8,996E-03 | 6,489E-04

2,340E-01 | 1,553E-01 | 1,445E-01 | 9,213E-02 | 6,693E-03 | 2,573E-02 | 7,120E-03 | 5,084E-03 | 4,024E-03 | 2,802E-03

DTLZ1 | 8 750 4,833E-01 | 2,372E-01 | 2,430E-01 | 1,649E-01 | 4,159E-02 | 1,207E-01 | 5,677E-02 | 6,034E-02 | 9,763E-02 | 3,184E-03
1,416E4+00 | 5,128E-01 | 6,125E-01 | 3,272E-01 | 1,439E-01 | 3,588E-01 | 1,405E-01 | 2,677E-01 | 6,923E-01 | 3,825E-03

1,991E-01 | 1,731E-01 | 1,335E-01 | 1,228E-01 | 5,268E-03 | 1,092E-02 | 4,313E-03 | 3,949E-03 | 3,673E-03 | 2,396E-03

10 1000 3,040E-01 | 2,127E-01 | 1,842E-01 | 1,629E-01 | 3,659E-02 | 3,990E-02 | 2,131E-02 | 1,398E-02 | 8,506E-03 | 2,649E-03
7,403E-01 | 2,543E-01 | 2,241E-01 | 2,074E-01 | 6,963E-02 | 6,370E-02 | 8,376E-02 | 5,725E-02 | 3,483E-02 | 2,862E-03

3,101E-01 | 2,960E-01 | 2,668E-01 | 2,664E-01 | 1,735E-01 | 8,907E-02 | 1,979E-02 | 1,209E-02 | 3,929E-03 | 1,710E-03

15 1500 5,167E-01 | 3,383E-01 | 3,185E-01 | 3,163E-01 | 2,644E-01 | 2,085E-01 | 1,265E-01 | 1,029E-01 | 9,971E-02 | 2,057E-03
1,439E+00 | 6,011E-01 | 5,380E-01 | 3,748E-01 | 3,237E-01 | 3,383E-01 | 2412E-01 | 2,443E-01 | 2,926E-01 | 2,448E-03

3,910E-03 | 3,535E-03 | 3,443E-03 | 3,566E-03 | 3,488E-03 | 3,619E-03 | 3,510E-03 | 3,521E-03 | 4,456E-03 | 4,128E-03

3 250 5,311E-03 | 4,291E-03 | 4,167E-03 | 4,194E-03 | 4,224E-03 | 4,195E-03 | 4,093E-03 | 4,555E-03 | 4,955E-03 | 5,128E-03
6,697E-03 | 4,946E-03 | 4,901E-03 | 5,699E-03 | 4,822E-03 | 4,747E-03 | 5,040E-03 | 5,952E-03 | 5,948E-03 | 6,190E-03

7,766E-03 | 6,146E-03 | 6,322E-03 | 5,906E-03 | 6,115E-03 | 5,211E-03 | 5,192E-03 | 5,598E-03 | 5,968E-03 | 5,612E-03

5 350 1,165E-02 | 7,235E-03 | 7,062E-03 | 6,789E-03 | 6,730E-03 | 5,887E-03 | 6,291E-03 | 6,242E-03 | 6,715E-03 | 6,590E-03
1,714E-02 | 8,424E-03 | 7,964E-03 | 7,581E-03 | 7,425E-03 | 6,661E-03 | 6,851E-03 | 6,822E-03 | 7,744E-03 | 7,485E-03

1,825E-01 | 1,531E-02 | 9,514E-03 | 9,250E-03 | 9,202E-03 | 8,811E-03 | 8,988E-03 | 9,303E-03 | 9,782E-03 | 1,058E-02

DTLZ2 | 8 500 2,763E-01 | 6,574E-02 | 1,156E-02 | 1,088E-02 | 1,048E-02 | 1,033E-02 | 1,016E-02 | 1,050E-02 | 1,143E-02 | 1,179E-02
3,570E-01 | 1,905E-01 | 1,433E-02 | 1,230E-02 | 1,163E-02 | 1,153E-02 | 1,147E-02 | 1,284E-02 | 1,321E-02 | 1,358E-02

2,237E-01 | 1,490E-02 | 8459E-03 | 8,280E-03 | 7,534E-03 | 7,190E-03 | 7,475E-03 | 7,181E-03 | 8,019E-03 | 8,053E-03

10 750 2,810E-01 | 4,467E-02 | 9,684E-03 | 9,051E-03 | 8,409E-03 | 8,116E-03 | 8,224E-03 | 8,420E-03 | 8,769E-03 | 9,163E-03
3,871E-01 | 1,636E-01 | 1,586E-02 | 9,578E-03 | 9,447E-03 | 8,925E-03 | 9,380E-03 | 9,314E-03 | 1,013E-02 | 1,077E-02

3,239E-01 | 8,186E-02 | 7,747E-03 | 6,638E-03 | 4,734E-03 | 5,440E-03 | 5,815E-03 | 6,079E-03 | 6,154E-03 | 8,516E-03

15 1000 4,025E-01 | 1,604E-01 | 6,112E-02 | 2,283E-02 | 5,360E-03 | 6,589E-03 | 6,567E-03 | 7,250E-03 | 7,634E-03 | 9,908E-03
4,419E-01 | 2,365E-01 | 1,158E-01 | 9,399E-02 | 6,314E-03 | 8,060E-03 | 7,693E-03 | 8,590E-03 | 9,176E-03 | 1,164E-02

3,984E400 | 3,683E-02 | 1,528E-02 | 4,095E-03 | 2,643E-03 | 4,430E-03 | 3,421E-03 | 4,063E-03 | 3,605E-03 | 2,544E-03

3 1000 1,050E+01 | 1,550E400 | 8,070E-01 | 7,390E-02 | 3,194E-03 | 1,530E-02 | 1,317E-02 | 6,489E-02 | 3,418E-01 | 3,369E-03
1,893E+01 | 6,141E400 | 3,470E4+00 | 1,015E+00 | 4,811E-03 | 8,223E-02 | 1,332E-01 | 1,000E+00 | 2,046E+00 | 4,452E-03

7,113E+00 | 3,525E-01 | 3,633E-02 | 1,544E-02 | 5,293E-03 | 8,508E-03 | 7,572E-03 | 8,454E-03 | 1,709E-02 | 3,314E-03

5 1000 1,430E+01 | 2,787E400 | 2,669E4+00 | 6,409E-01 | 5,906E-03 | 3,736E-01 | 9,708E-02 | 5,559E-01 | 1,982E+00 | 4,463E-03
2,017E+01 | 4,701E4-00 | 9,856E+00 | 5,858E+00 | 6,997E-03 | 3,369E+00 | 5,004E-01 | 3,130E+400 | 6,554E+00 | 4,927E-03

8,994E400 | 3,039E+00 | 4,054E+00 | 6,918E-01 | 2,312E-02 | 6,357E-02 | 4,900E-02 | 4,219E+00 | 9,468E+00 | 1,316E-02

DTLZ3 | 8 1000 1,813E+01 | 7,551E+00 | 7,596E+400 | 3,824E+00 | 9,688E-02 | 4,163E+00 | 5,803E+00 | 5,919E+400 | 3,330E+01 | 1,615E-02
2,747TE+01 | 1,517E401 | 1,529E+01 | 7,314E+00 | 5,291E-01 | 8,350E+00 | 1,361E+401 | 1,022E+4-01 | 5,655E+01 | 2,061E-02

4,546E4-00 | 2,136E+00 | 1,365E+00 | 3,110E-01 | 1,328E-02 | 3,026E-02 | 1,637E-02 | 8,101E-02 | 3,726E4-00 | 8,168E-03

10 1500 1,109E+401 | 5,331E+00 | 4,066E400 | 1,949E+00 | 3,063E-01 | 1,386E+400 | 9,886E-01 | 2,952E+400 | 1,021E+401 | 9,040E-03
1,952E401 | 8,491E+00 | 8,150E400 | 5,385E+00 | 6,288E-01 | 4,355E4+00 | 4,371E+00 | 7,250E400 | 2,182E401 | 1,011E-02

1,228E+401 | 5,576E+00 | 1,732E400 | 2,308E+00 | 7,817E-01 | 1,494E4+00 | 4,261E-01 | 1,213E400 | 7,916E+400 | 6,256E-03

15 2000 2,005E+01 | 8,987E+00 | 7,776E+00 | 5,263E+400 | 1,059E+00 | 4,862E+00 | 2,793E+00 | 4,705E400 | 4,088E+01 | 9,497E-03
3,315E401 | 1,372E+01 | 1,747E+01 | 9,166E+00 | 1,854E+400 | 7,084E+00 | 9,503E+00 | 7,508E+00 | 7,053E+01 | 3,503E-02

2,045E-03 | 3,081E-03 | 2,964E-03 | 3,150E-03 | 3,084E-03 | 2,873E-03 | 3,500E-03 | 3,442E-03 | 3,499E-03 | 3,476E-03

3 600 2,874E-01 | 2,337E-01 | 2,356E-01 | 1,882E-01 | 7,738E-02 | 3,015E-02 | 3,952E-03 | 3,981E-03 | 4,284E-03 | 4,115E-03
9,503E-01 | 9,503E-01 | 9,503E-01 | 5,308E-01 | 9,503E-01 | 5,308E-01 | 4,360E-03 | 4,628E-03 | 4,675E-03 | 4,757E-03

5,604E-03 | 5,521E-03 | 5,896E-03 | 5,674E-03 | 5,905E-03 | 6,002E-03 | 6,605E-03 | 6,717E-03 | 6,582E-03 | 5,165E-03

5 1000 2,012E-01 | 1,167E-02 | 6,693E-03 | 6,905E-03 | 6,824E-03 | 6,741E-03 | 7,236E-03 | 7,633E-03 | 7,587E-03 | 5,928E-03
4,219E-01 | 9,551E-02 | 7,540E-03 | 1,243E-02 | 7,913E-03 | 8,233E-03 | 8,002E-03 | 9,178E-03 | 8,254E-03 | 7,261E-03

8,012E-02 | 3,345E-02 | 1,888E-02 | 1,666E-02 | 1,806E-02 | 1,984E-02 | 1,891E-02 | 1,800E-02 | 1,646E-02 | 1,410E-02

DTLZ4 | 8 1250 2,033E-01 | 5,375E-02 | 2,447E-02 | 2,048E-02 | 2,103E-02 | 2,262E-02 | 2,279E-02 | 2,266E-02 | 1,942E-02 | 1,605E-02
4,016E-01 | 8,397E-02 | 3,542E-02 | 2,279E-02 | 2411E-02 | 2,656E-02 | 2,689E-02 | 2,598E-02 | 2,203E-02 | 1,835E-02

5,214E-02 | 2,322E-02 | 1,556E-02 | 1,551E-02 | 1,708E-02 | 1,692E-02 | 1,719E-02 | 1,662E-02 | 1,356E-02 | 1,127E-02

10 2000 1,002E-01 | 3,061E-02 | 1,919E-02 | 1,793E-02 | 1,895E-02 | 1,904E-02 | 1,893E-02 | 1,836E-02 | 1,538E-02 | 1,273E-02
2,152E-01 | 5,170E-02 | 2,383E-02 | 1,983E-02 | 2,069E-02 | 2,037E-02 | 2,145E-02 | 2,000E-02 | 1,685E-02 | 1,489E-02

2,030E-01 | 1,105E-01 | 1,924E-02 | 1,298E-02 | 1,199E-02 | 1,199E-02 | 1,094E-02 | 9,934E-03 | 7,186E-03 | 8,124E-03

15 3000 2,814E-01 | 2,244E-01 | 4,729E-02 | 1,496E-02 | 1,407E-02 | 1,336E-02 | 1,247E-02 | 1,111E-02 | 9,188E-03 | 9,410E-03
3,648E-01 | 3,066E-01 | 9,278E-02 | 1,704E-02 | 1,575E-02 | 1,493E-02 | 1,376E-02 | 1,267E-02 | 1,106E-02 | 1,255E-02

Fonte: Elaborado pelo autor
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Tabela 12 — Menor, médio e maior valor de IGD de 20 execugoes independentes do NSGA-
ITII-DE para a variante de mutagdo curr-to-rand/2 considerando diferentes

fatores de escala F', com C'R fixo em 0,1.

Prob. | M | Max.G. 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0
3,513E-02 | 2,520E-03 | 1,505E-03 | 8,181E-04 | 7,570E-04 | 8,703E-04 | 1,226E-03 | 1,201E-03 | 1,817E-03 | 1,083E-03

3 400 4,349E-01 | 2,760E-02 | 2,070E-02 | 2,022E-02 | 8,702E-04 | 2,558E-03 | 1,811E-02 | 1,368E-02 | 3,713E-02 | 1,360E-03
1,328E+00 | 1,736E-01 | 3,124E-01 | 3,377E-01 | 1,134E-03 | 6,543E-03 | 3,015E-01 | 2,108E-01 | 3,048E-01 | 1,660E-03

1,399E-01 | 4,682E-03 | 2,367E-03 | 1,701E-03 | 7,348E-04 | 1,197E-03 | 1,272E-03 | 1,401E-03 | 1,866E-03 | 7,.850E-04

5 600 4,417E-01 | 2,189E-02 | 8,422E-03 | 2,369E-03 | 8,773E-04 | 1,957E-03 | 1,871E-03 | 2,722E-03 | 3,794E-03 | 9,181E-04
8,119E-01 | 1,324E-01 | 5,997E-02 | 3,918E-03 | 1,153E-03 | 3,092E-03 | 3,143E-03 | 9,182E-03 | 9,353E-03 | 1,376E-03

2,189E-01 | 1,214E-01 | 9,179E-02 | 1,089E-02 | 5,249E-03 | 4,916E-03 | 4,429E-03 | 5,407E-03 | 4,178E-03 | 3,416E-03

DTLZ1 | 8 750 4,159E-01 | 1,781E-01 | 1,959E-01 | 1,013E-01 | 1,951E-02 | 1,076E-01 | 1,546E-02 | 6,054E-02 | 1,000E-01 | 4,157E-03
7,792E-01 | 2,156E-01 | 3,519E-01 | 3,004E-01 | 7,257E-02 | 6,940E-01 | 1,063E-01 | 3,534E-01 | 3,437E-01 | 4,848E-03

1,938E-01 | 7,625E-02 | 6,743E-02 | 1,189E-02 | 3,593E-03 | 4,538E-03 | 3,084E-03 | 3,449E-03 | 4,345E-03 | 3,219E-03

10 1000 2,600E-01 | 1,701E-01 | 1,274E-01 | 6,136E-02 | 1,806E-02 | 1,575E-02 | 4,527E-03 | 5,667E-03 | 1,160E-02 | 3,473E-03
4,990E-01 | 2,016E-01 | 1,922E-01 | 1,344E-01 | 5,650E-02 | 5,733E-02 | 1,004E-02 | 9,466E-03 | 9,321E-02 | 3,863E-03

3,026E-01 | 2,788E-01 | 2,606E-01 | 1,808E-01 | 4,904E-03 | 5,740E-03 | 2,648E-03 | 3,918E-03 | 4,075E-03 | 2,093E-03

15 1500 4,098E-01 | 3,131E-01 | 3,005E-01 | 2490E-01 | 5,054E-02 | 1,011E-01 | 3,592E-02 | 7,272E-02 | 1,177E-01 | 2,463E-03
6,817E-01 | 3,849E-01 | 3,601E-01 | 3,230E-01 | 1,689E-01 | 3,402E-01 | 1,442E-01 | 4,571E-01 | 5,196E-01 | 2,763E-03

3,893E-03 | 3,682E-03 | 3,190E-03 | 3,670E-03 | 3,738E-03 | 4,050E-03 | 4,112E-03 | 4,642E-03 | 5,184E-03 | 6,581E-03

3 250 5,017E-03 | 4,261E-03 | 4,224E-03 | 4,322E-03 | 4,372E-03 | 4,594E-03 | 4,889E-03 | 5,502E-03 | 6,234E-03 | 7,340E-03
6,381E-03 | 5,347E-03 | 4,853E-03 | 4,863E-03 | 4,993E-03 | 5,147E-03 | 5,729E-03 | 6,435E-03 | 7,040E-03 | 8,422E-03

7,119E-03 | 6,433E-03 | 6,571E-03 | 6,378E-03 | 5,917E-03 | 6,015E-03 | 6,200E-03 | 7,116E-03 | 7,927E-03 | 8,531E-03

5 350 8,441E-03 | 6,945E-03 | 7,069E-03 | 7,033E-03 | 6,696E-03 | 6,651E-03 | 6,926E-03 | 7,781E-03 | 9,083E-03 | 9,909E-03
1,214E-02 | 7,715E-03 | 7,922E-03 | 7,451E-03 | 7,427E-03 | 7,268E-03 | 7,719E-03 | 9,128E-03 | 1,051E-02 | 1,115E-02

9,312E-02 | 9,675E-03 | 9,594E-03 | 9,705E-03 | 9,779E-03 | 1,035E-02 | 1,064E-02 | 1,163E-02 | 1,556E-02 | 1,795E-02

DTLZ2 | 8 500 1,992E-01 | 2,017E-02 | 1,054E-02 | 1,107E-02 | 1,107E-02 | 1,163E-02 | 1,259E-02 | 1,417E-02 | 1,766E-02 | 1,997E-02
2,911E-01 | 1,647E-01 | 1,225E-02 | 1,241E-02 | 1,248E-02 | 1,306E-02 | 1,540E-02 | 1,608E-02 | 1,901E-02 | 2,293E-02

7,520E-02 | 7,669E-03 | 8421E-03 | 8,717E-03 | 8,772E-03 | 8281E-03 | 9,127E-03 | 1,011E-02 | 1,187E-02 | 1,302E-02

10 750 1,785E-01 | 8,790E-03 | 9,064E-03 | 9,373E-03 | 9,347E-03 | 9,495E-03 | 1,023E-02 | 1,117E-02 | 1,322E-02 | 1,433E-02
2,642E-01 | 1,050E-02 | 9,601E-03 | 9,951E-03 | 1,017E-02 | 1,041E-02 | 1,133E-02 | 1,244E-02 | 1,449E-02 | 1,605E-02

2,726E-01 | 7,5631E-03 | 7,147E-03 | 6,034E-03 | 5,172E-03 | 6,318E-03 | 7,255E-03 | 8,039E-03 | 9,083E-03 | 1,002E-02

15 1000 3,5059E-01 | 7,591E-02 | 1,343E-02 | 7,298E-03 | 5,993E-03 | 7,462E-03 | 8,142E-03 | 9,270E-03 | 1,047E-02 | 1,140E-02
4,272E-01 | 1,250E-01 | 9,860E-02 | 8,952E-03 | 7,090E-03 | 8,866E-03 | 8,957E-03 | 1,022E-02 | 1,172E-02 | 1,306E-02

3,734E400 | 2,719E-02 | 5,552E-03 | 3,605E-03 | 2,408E-03 | 4,170E-03 | 4,487E-03 | 5,056E-03 | 6,572E-03 | 3,531E-03

3 1000 8,762E400 | 6,759E-01 | 2,207E-01 | 1,288E-02 | 2,952E-03 | 1,022E-02 | 6,996E-03 | 1,415E-02 | 4,397E-01 | 4,291E-03
2,047E+01 | 3,657E400 | 1,758E+00 | 6,937E-02 | 3,478E-03 | 2,341E-02 | 1,496E-02 | 6,354E-02 | 2,500E+00 | 6,932E-03

6,758E400 | 1,182E-01 | 2,708E-02 | 1,172E-02 | 5,168E-03 | 1,137E-02 | 9,165E-03 | 1,762E-02 | 6,090E-02 | 6,075E-03

5 1000 1,282E+01 | 1,849E+00 | 2,115E4+00 | 5,023E-01 | 5,883E-03 | 2,327E-01 | 8,171E-02 | 4,175E-01 | 1,326E+00 | 7,192E-03
2,213E+01 | 3,901E+00 | 6,530E+00 | 4,191E4+00 | 6,591E-03 | 1,560E400 | 1,169E+400 | 2,125E+400 | 5,438E+00 | 8,823E-03

7,790E+00 | 2,318E+00 | 1,434E+00 | 1,341E4+00 | 1,916E-02 | 1,219E400 | 3,634E-01 | 2,614E+00 | 1,118E+01 | 3,445E-02

DTLZ3 | 8 1000 1,849E+401 | 5,370E+4+00 | 6,810E4-00 | 3,758E+4-00 | 2,302E-02 | 4,799E+00 | 5,071E+00 | 6,500E+00 | 2,980E+01 | 4,406E-02
2,652E+01 | 1,200E+01 | 1,137E+01 | 7,897E4+00 | 2,833E-02 | 7,752E400 | 1,182E+401 | 1,055E+401 | 5,954E+01 | 5,783E-02

5,103E+00 | 2,020E+00 | 3,935E-01 | 3,261E-02 | 1,018E-02 | 6,774E-02 | 1,512E-02 | 1,630E-01 | 2,797E+00 | 1,500E-02

10 1500 1,107E+401 | 3,577E+4+00 | 2,678E+00 | 1,219E400 | 1,206E-02 | 3,074E+00 | 7,012E-01 | 3,168E+00 | 1,284E+01 | 1,855E-02
2,026E+01 | 5,710E+00 | 5,246E+00 | 4,533E+00 | 1,427E-02 | 5,763E400 | 2,139E+00 | 7,047TE+00 | 3,649E+01 | 2,267E-02

9,737E400 | 6,035E400 | 1,220E+00 | 1,468E+00 | 1,006E-02 | 1,918E+00 | 2,439E-02 | 4,660E+00 | 1,863E+401 | 1,053E-02

15 2000 1,625E+01 | 1,020E+01 | 6,233E+00 | 3,947TE+00 | 4,687E-01 | 4,809E+00 | 3,271E+00 | 7,438E+00 | 3,743E+401 | 1,173E-02
2,520E+01 | 2,046E4-01 | 1,907E4+01 | 7,799E+00 | 1,415E400 | 8,110E+00 | 9,393E400 | 1,044E+401 | 5,905E+01 | 1,432E-02

2,422E-03 | 3,274E-03 | 3,534E-03 | 3,291E-03 | 3,929E-03 | 3,614E-03 | 4,293E-03 | 4,467E-03 | 4,664E-03 | 4,433E-03

3 600 2,120E-01 | 8,536E-02 | 8,449E-02 | 4,236E-03 | 3,074E-02 | 4,817E-03 | 4,870E-03 | 5,213E-03 | 5,221E-03 | 5,289E-03
9,503E-01 | 5,308E-01 | 5,308E-01 | 6,121E-03 | 5,308E-01 | 5,635E-03 | 5,850E-03 | 5,694E-03 | 6,264E-03 | 6,080E-03

TA412E-03 | 7,572E-03 | 7,734E-03 | 8,594E-03 | 9,124E-03 | 9,316E-03 | 9,253E-03 | 9,273E-03 | 9,838E-03 | 8,295E-03

5 1000 1,076E-01 | 1,048E-02 | 8,983E-03 | 9,689E-03 | 9,865E-03 | 1,032E-02 | 1,045E-02 | 1,078E-02 | 1,079E-02 | 9,130E-03
2,722E-01 | 3,723E-02 | 9,851E-03 | 1,133E-02 | 1,137E-02 | 1,128E-02 | 1,195E-02 | 1,252E-02 | 1,239E-02 | 9,947E-03

6,458E-02 | 2,568E-02 | 2,369E-02 | 2,480E-02 | 2,593E-02 | 2,508E-02 | 2,536E-02 | 2,761E-02 | 2,469E-02 | 1,945E-02

DTLZ4 | 8 1250 1,617E-01 | 3,370E-02 | 2,790E-02 | 2,798E-02 | 2,908E-02 | 3.051E-02 | 3,057E-02 | 2,985E-02 | 2,759E-02 | 2,190E-02
2,811E-01 | 4,209E-02 | 3,340E-02 | 3,142E-02 | 3,316E-02 | 3,510E-02 | 3,598E-02 | 3,276E-02 | 3,271E-02 | 2,483E-02

3,865E-02 | 2,283E-02 | 2,096E-02 | 2,058E-02 | 2,253E-02 | 2,191E-02 | 2,158E-02 | 2,231E-02 | 2,020E-02 | 1,637E-02

10 2000 8,588E-02 | 2,613E-02 | 2,292E-02 | 2,465E-02 | 2,450E-02 | 2,463E-02 | 2467E-02 | 2,464E-02 | 2,178E-02 | 1,759E-02
1,740E-01 | 3,106E-02 | 2456E-02 | 2,724E-02 | 2,670E-02 | 2,777E-02 | 2,736E-02 | 2,679E-02 | 2,313E-02 | 1,989E-02

9,353E-02 | 1,955E-02 | 1,438E-02 | 1,335E-02 | 1,286E-02 | 1,272E-02 | 1,267E-02 | 1,185E-02 | 1,049E-02 | 1,017E-02

15 3000 2,405E-01 | 5,012E-02 | 1,576E-02 | 1,480E-02 | 1,362E-02 | 1,389E-02 | 1,361E-02 | 1,276E-02 | 1,208E-02 | 1,115E-02
3,990E-01 | 9.,829E-02 | 1,739E-02 | 1,622E-02 | 1,480E-02 | 1,481E-02 | 1,474E-02 | 1,402E-02 | 1,361E-02 | 1,235E-02

Fonte: Elaborado pelo autor
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Tabela 13 — Menor, médio e maior valor de IGD de 20 execugoes independentes do NSGA-
ITII-DE para a variante de mutagao rand-to-best/1 considerando diferentes
fatores de escala F', com C'R fixo em 0,1.

Prob. | M | Max.G. 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0
9,289E-04 | 1,018E-03 | 9,810E-04 | 1,045E-03 | 8,658E-04 | 1,344E-03 | 1,500E-03 | 1,624E-03 | 1,987E-03 | 1,513E-03

3 400 1,735E-03 | 1,191E-03 | 1,321E-03 | 1,313E-03 | 1,043E-03 | 1,831E-03 | 1,848E-03 | 2,162E-03 | 3,116E-03 | 1,959E-03
8,723E-03 | 1,418E-03 | 1,761E-03 | 1,699E-03 | 1,280E-03 | 3,176E-03 | 2,623E-03 | 2,985E-03 | 9,040E-03 | 2,518E-03

1,209E-03 | 9,933E-04 | 1,036E-03 | 8,859E-04 | 5,686E-04 | 1,156E-03 | 1,267E-03 | 1,330E-03 | 1,525E-03 | 9,577E-04

5 600 1,522E-03 | 1,312E-03 | 1,313E-03 | 1,232E-03 | 6,896E-04 | 1,351E-03 | 1,543E-03 | 1,709E-03 | 1,912E-03 | 1,217E-03
1,981E-03 | 1,642E-03 | 1,573E-03 | 1,735E-03 | 7,807E-04 | 1,600E-03 | 1,898E-03 | 2,273E-03 | 2,330E-03 | 1,459E-03

3,368E-03 | 4,181E-03 | 3,897E-03 | 3,698E-03 | 3,033E-03 | 3,859E-03 | 4,166E-03 | 3,836E-03 | 5,353E-03 | 4,708E-03

DTLZ1 | 8 750 6,624E-03 | 8,396E-03 | 5,150E-03 | 4,497E-03 | 3,607E-03 | 4,872E-03 | 5,231E-03 | 6,116E-03 | 7,187E-03 | 5,747E-03
1,345E-02 | 5,353E-02 | 8,229E-03 | 5,612E-03 | 4,196E-03 | 6,480E-03 | 9,670E-03 | 8,791E-03 | 1,068E-02 | 6,979E-03

3,151E-03 | 3,502E-03 | 3,582E-03 | 3,344E-03 | 2,771E-03 | 3,529E-03 | 3,547E-03 | 3,852E-03 | 4,166E-03 | 4,208E-03

10 1000 9,608E-03 | 6,363E-03 | 4,720E-03 | 4,098E-03 | 3,240E-03 | 4,015E-03 | 4,091E-03 | 4,390E-03 | 4,840E-03 | 4,644E-03
4,192E-02 | 4,520E-02 | 8,714E-03 | 5,205E-03 | 4,858E-03 | 4,583E-03 | 4,609E-03 | 5,895E-03 | 5,937E-03 | 5,289E-03

1,923E-03 | 2,534E-03 | 2,248E-03 | 2,565E-03 | 1,916E-03 | 2,624E-03 | 2,642E-03 | 2,641E-03 | 2,898E-03 | 2,947E-03

15 1500 1,713E-02 | 1,228E-02 | 1,301E-02 | 9,918E-03 | 6,087E-03 | 7,024E-03 | 3,109E-03 | 3,283E-03 | 3,480E-03 | 3,431E-03
1,204E-01 | 4,121E-02 | 4,075E-02 | 3,959E-02 | 3,904E-02 | 3,829E-02 | 3,874E-03 | 3,692E-03 | 4,138E-03 | 3,961E-03

3,244E-03 | 3,393E-03 | 3,344E-03 | 3,485E-03 | 4,012E-03 | 4,015E-03 | 4,648E-03 | 5,674E-03 | 6,930E-03 | 8,296E-03

3 250 3,863E-03 | 4,033E-03 | 4,123E-03 | 4,308E-03 | 4,622E-03 | 5,243E-03 | 5,702E-03 | 6,566E-03 | 8,248E-03 | 9,856E-03
4,848E-03 | 4,537E-03 | 5,014E-03 | 5,103E-03 | 5,393E-03 | 6,730E-03 | 6,722E-03 | 7,613E-03 | 9,620E-03 | 1,152E-02

5,753E-03 | 5,546E-03 | 5,738E-03 | 5,416E-03 | 5,745E-03 | 6,528E-03 | 6,860E-03 | 8,588E-03 | 1,074E-02 | 1,218E-02

5 350 6,255E-03 | 6,168E-03 | 6,268E-03 | 6,217E-03 | 6,650E-03 | 7,302E-03 | 7,965E-03 | 9,614E-03 | 1,196E-02 | 1,367E-02
6,917E-03 | 7,049E-03 | 7,141E-03 | 6,992E-03 | 7,319E-03 | 8,330E-03 | 8,800E-03 | 1,123E-02 | 1,387E-02 | 1,514E-02

9,014E-03 | 8,283E-03 | 9,523E-03 | 1,016E-02 | 1,115E-02 | 1,292E-02 | 1,442E-02 | 1,733E-02 | 2,152E-02 | 2,654E-02

DTLZ2 | 8 500 1,001E-02 | 9,799E-03 | 1,032E-02 | 1,142E-02 | 1,233E-02 | 1,441E-02 | 1,674E-02 | 2,006E-02 | 2,509E-02 | 2,983E-02
1,102E-02 | 1,187E-02 | 1,116E-02 | 1,298E-02 | 1,375E-02 | 1,715E-02 | 1,915E-02 | 2,318E-02 | 2,786E-02 | 3,366E-02

7,543E-03 | 7,464E-03 | 7,820E-03 | 9,093E-03 | 9,168E-03 | 1,090E-02 | 1,196E-02 | 1,392E-02 | 1,603E-02 | 2,100E-02

10 750 8,344E-03 | 8,271E-03 | 8,910E-03 | 9,968E-03 | 1,032E-02 | 1,221E-02 | 1,384E-02 | 1,595E-02 | 1,976E-02 | 2,258E-02
9,847E-03 | 8,726E-03 | 1,060E-02 | 1,090E-02 | 1,193E-02 | 1,301E-02 | 1,509E-02 | 1,717E-02 | 2,176E-02 | 2,470E-02

5,436E-03 | 5,171E-03 | 6,338E-03 | 6,937E-03 | 6,549E-03 | 8,550E-03 | 8,772E-03 | 9,432E-03 | 1,047E-02 | 1,180E-02

15 1000 6,222E-03 | 6,646E-03 | 7,085E-03 | 7,643E-03 | 7,452E-03 | 9,146E-03 | 1,008E-02 | 1,112E-02 | 1,241E-02 | 1,446E-02
7,617TE-03 | T7477E-03 | 8,356E-03 | 9,441E-03 | 8,430E-03 | 1,004E-02 | 1,148E-02 | 1,279E-02 | 1,367E-02 | 1,695E-02

2,786E-03 | 2,480E-03 | 2,485E-03 | 2,350E-03 | 2,461E-03 | 3,165E-03 | 3,330E-03 | 3,577E-03 | 5,020E-03 | 4,136E-03

3 1000 3,698E-03 | 3,220E-03 | 3,386E-03 | 3,110E-03 | 2,810E-03 | 3,681E-03 | 4,135E-03 | 4,950E-03 | 6,743E-03 | 5,196E-03
5,612E-03 | 4,266E-03 | 4,509E-03 | 4,065E-03 | 3,156E-03 | 5,382E-03 | 6,296E-03 | 8,400E-03 | 1,255E-02 | 6,593E-03

6,121E-03 | 5,763E-03 | 5,852E-03 | 5,136E-03 | 4,143E-03 | 6,552E-03 | 7,167E-03 | 8,669E-03 | 1,104E-02 | 8,082E-03

5 1000 8,075E-03 | 6,774E-03 | 6,932E-03 | 6,987E-03 | 5,443E-03 | 8,163E-03 | 8,688E-03 | 1,219E-02 | 1,690E-02 | 1,027E-02
1,344E-02 | 7,941E-03 | 7,951E-03 | 9,830E-03 | 6,817E-03 | 1,092E-02 | 1,174E-02 | 1,666E-02 | 2,591E-02 | 1,188E-02

2,754E-02 | 1,836E-02 | 2,244E-02 | 1,996E-02 | 1,625E-02 | 3,955E-02 | 3,600E-02 | 7,940E-02 | 8,439E-02 | 4,767E-02

DTLZ3 | 8 1000 1,348E-01 | 3,818E-02 | 6,207E-02 | 6,014E-02 | 2,122E-02 | 1,371E-01 | 8,358E-02 | 5,182E-01 | 8,071E-01 | 6,778E-02
1,793E4+00 | 7,605E-02 | 4,765E-01 | 1,970E-01 | 2,724E-02 | 6,754E-01 | 2,376E-01 | 2,855E+00 | 4,611E400 | 9,698E-02

1,011E-02 | 9,813E-03 | 1,014E-02 | 1,108E-02 | 9,910E-03 | 1,530E-02 | 1,708E-02 | 2,454E-02 | 3,205E-02 | 2,463E-02

10 1500 1,431E-02 | 1,147E-02 | 1,394E-02 | 1,476E-02 | 1,149E-02 | 2,250E-02 | 2,460E-02 | 5,560E-02 | 6,389E-02 | 3,086E-02
2,029E-02 | 1,413E-02 | 1,836E-02 | 1,777E-02 | 1,316E-02 | 3,173E-02 | 3,937E-02 | 1,630E-01 | 1,114E-01 | 3,495E-02

7,858E-03 | 7,575E-03 | 6,879E-03 | 7,892E-03 | 6,247E-03 | 9,632E-03 | 1,334E-02 | 1,903E-02 | 2,050E-02 | 1,319E-02

15 2000 2,819E-01 | 3,526E-01 | 5,082E-02 | 1,517E-02 | 7,516E-03 | 2,004E-02 | 2,102E-02 | 6,302E-02 | 7,561E-02 | 1,714E-02
4,150E4-00 | 2,464E+400 | 8,035E-01 | 6,377E-02 | 8,372E-03 | 4,917E-02 | 4,405E-02 | 5,909E-01 | 2,170E-01 | 3,539E-02

3,274E-03 | 3,265E-03 | 3,375E-03 | 3,745E-03 | 4,047E-03 | 4,148E-03 | 4,260E-03 | 4,271E-03 | 4,653E-03 | 5,162E-03

3 600 4,115E-02 | 3,063E-02 | 4,047E-03 | 4,512E-03 | 4,423E-03 | 4,708E-03 | 5,020E-03 | 5,208E-03 | 5,651E-03 | 5,829E-03
5,307E-01 | 5,309E-01 | 4,796E-03 | 5,435E-03 | 4,992E-03 | 5,375E-03 | 6,354E-03 | 6,196E-03 | 7,128E-03 | 6,415E-03

6,277E-03 | 7,551E-03 | 7,882E-03 | 8,077E-03 | 8,467E-03 | 8,875E-03 | 9,484E-03 | 9,019E-03 | 8,228E-03 | 9,043E-03

5 1000 7,290E-03 | 8,554E-03 | 9,096E-03 | 9,577E-03 | 9,946E-03 | 9,959E-03 | 1,044E-02 | 1,023E-02 | 1,070E-02 | 1,009E-02
8,620E-03 | 1,021E-02 | 1,011E-02 | 1,140E-02 | 1,156E-02 | 1,187E-02 | 1,154E-02 | 1,128E-02 | 1,209E-02 | 1,108E-02

1,595E-02 | 1,915E-02 | 2,178E-02 | 2,371E-02 | 2,368E-02 | 2,662E-02 | 2,527E-02 | 2,699E-02 | 2,602E-02 | 2,533E-02

DTLZ4 | 8 1250 1,833E-02 | 2,211E-02 | 2,485E-02 | 2,715E-02 | 2,823E-02 | 3,004E-02 | 3,019E-02 | 3,090E-02 | 3,140E-02 | 2,828E-02
2,100E-02 | 2,514E-02 | 2,772E-02 | 3,184E-02 | 3,258E-02 | 3,632E-02 | 3,388E-02 | 3,556E-02 | 3,596E-02 | 3,136E-02

1,338E-02 | 1,732E-02 | 2,090E-02 | 2,078E-02 | 2,125E-02 | 2,133E-02 | 2,289E-02 | 2,183E-02 | 2,322E-02 | 1,963E-02

10 2000 1,513E-02 | 1,943E-02 | 2,219E-02 | 2,344E-02 | 2,424E-02 | 2,423E-02 | 2,538E-02 | 2,482E-02 | 2,531E-02 | 2,267E-02
1,720E-02 | 2,135E-02 | 2,407E-02 | 2,535E-02 | 2,588E-02 | 2,641E-02 | 2,817E-02 | 2,690E-02 | 2,768E-02 | 2,506E-02

8,497E-03 | 1,092E-02 | 1,138E-02 | 1,251E-02 | 1,233E-02 | 1,385E-02 | 1,347E-02 | 1,386E-02 | 1,375E-02 | 1,208E-02

15 3000 1,030E-02 | 1,192E-02 | 1,282E-02 | 1,414E-02 | 1,399E-02 | 1,466E-02 | 1,527E-02 | 1,509E-02 | 1,515E-02 | 1,391E-02
1,148E-02 | 1,275E-02 | 1,476E-02 | 1,563E-02 | 1,578E-02 | 1,595E-02 | 1,660E-02 | 1,628E-02 | 1,615E-02 | 1,605E-02

Fonte: Elaborado pelo autor
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Tabela 14 — Menor, médio e maior valor de IGD de 20 execugoes independentes do NSGA-
ITII-DE para a variante de mutagao rand-to-best/2 considerando diferentes
fatores de escala F', com C'R fixo em 0,1.

Prob. | M | Max.G. 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0
1,039E-03 | 1,0095-03 | 9,059E-04 | 1,146E-03 | 8,279E-04 | 1,312E-03 | 1,813E-03 | 2,144E-03 | 2,307E-03 | 2,601E-03

3 400 | 1,524E-03 | 1,311E-03 | 1,349E-03 | 1,503E-03 | 1,128E-03 | 1,771E-03 | 2,565E-03 | 4,185E-03 | 4,481E-03 | 3,070E-03
3,045E-03 | 1,888E-03 | 1,738E-03 | 2,277E-03 | 1,333B-03 | 2,365E-03 | 3,882E-03 | 1,109E-02 | 1,550E-02 | 3,738E-03

1,436E-03 | 1,0976-03 | 1,137E-03 | 1,0085-03 | 8,280E-04 | 1,262E-03 | 1,A99E-03 | 1,565E-03 | 1,786E-03 | 1,546E-03

5 600 | 1,680E-03 | 1,362E-03 | 1.468E-03 | 1,341E-03 | 9,841E-04 | 1,576E-03 | 1,854E-03 | 1,987E-03 | 2,437E-03 | 1,978E-03
2,364E-03 | 1,646E-03 | 1,889E-03 | 1,557E-03 | 1,163E-03 | 2,224E-03 | 2,272E-03 | 2,603E-03 | 3,173E-03 | 2,390E-03

1,266E-03 | 3,635E-03 | 3,657E-03 | 3,929E-03 | 3,4206-03 | 4,326E-03 | 4,8515-03 | 5,696E-03 | 6,682E-03 | 6,364E-03

DTLZ1 | 8 750 | 1,063E-02 | 6,938E-03 | 6,928E-03 | 4,889E-03 | 3,976E-03 | 5347E-03 | 5.895E-03 | 8,999E-03 | 9,234E-03 | 6,987E-03
6,702E-02 | 2,929E-02 | 4,750E-02 | 7,525E-03 | 4,630E-03 | 6,738E-03 | 8,067E-03 | 2,779E-02 | 1,677E-02 | 8,328E-03

3,438E-03 | 3,444E-03 | 3,487E-03 | 3,530E-03 | 2,8885-03 | 3,566E-03 | 3,8715-03 | 4,618E-03 | 5,137E-03 | 4,750E-03

10| 1000 | 5,585E-03 | 5,193E-03 | 4,345E-03 | 3,991E-03 | 3,427E-03 | 4,173E-03 | 4,644E-03 | 5454E-03 | 5929E-03 | 5,423E-03
1,164E-02 | 1,202E-02 | 6,982E-03 | 5557E-03 | 3,775E-03 | 4,626E-03 | 5.601E-03 | 7496E-03 | 7.433E-03 | 5,865E-03

1,7025-03 | 2,3745-03 | 2,512E-03 | 2,293E-03 | 1,993E-03 | 2,456E-03 | 2,573E-03 | 3,174E-03 | 2,859E-03 | 2,882E-03

15| 1500 | 1,355E-02 | 1,034E-02 | 9,503E-03 | 7,986E-03 | 4,184E-03 | 3411E-03 | 3,162E-03 | 3,917E-03 | 3,947E-03 | 3,693E-03
4,864E-02 | 3,981E-02 | 4,016E-02 | 3,935E-02 | 3,783E-02 | 4,445E-03 | 3.771E-03 | 5481E-03 | 5420E-03 | 5,304E-03

3,256E-03 | 3,632E-03 | 3,615E-03 | 3,647E-03 | 4,0765-03 | 4,501E-03 | 5,6965-03 | 7,660E-03 | 9,555E-03 | 1,148E-02

3 250 | 3,911E-03 | 4,084E-03 | 4,120E-03 | 4,516E-03 | 5,078E-03 | 5,761E-03 | 6,980E-03 | 8,969E-03 | 1,114E-02 | 1,328E-02
4,499E-03 | 4,764E-03 | 4,547E-03 | 5,531E-03 | 5,707E-03 | 6,995E-03 | 8,074E-03 | 1,067E-02 | 1.204E-02 | 1,605E-02

5,352E-03 | 5,200E-03 | 5,571E-03 | 5,968E-03 | 6,687B-03 | 7,302E-03 | 8,456B-03 | 1,090E-02 | 1,425E-02 | 1,697E-02

5 350 | 6,315E-03 | 6,237E-03 | 6,204E-03 | 6,573E-03 | 7,332E-03 | 8,111E-03 | 9,736E-03 | 1,273E-02 | 1,543E-02 | 1,891E-02
6,096E-03 | 7,102E-03 | 6,991E-03 | 7,300E-03 | 7,822E-03 | 8,837E-03 | 1,101E-02 | 1,422E-02 | 1,680E-02 | 2,092E-02

8,892E-03 | 9,446E-03 | 9,627E-03 | 1,124E-02 | 1,1765-02 | 1,427E-02 | 1,816B-02 | 2,261E-02 | 2,716E-02 | 3,316E-02

DTLZ2 | 8 500 | 1,021E-02 | 1,047E-02 | 1,086E-02 | 1,233E-02 | 1,390E-02 | 1,658E-02 | 2,086E-02 | 2,731E-02 | 3,275E-02 | 3,999E-02
1,133E-02 | 1,185E-02 | 1,192E-02 | L416E-02 | 1,552E-02 | 1,914E-02 | 2,351E-02 | 3,066E-02 | 3,698E-02 | 4,798E-02

7A39E-03 | 8,006E-03 | 8,682E-03 | 9,120E-03 | 1,019B-02 | 1,271E-02 | 1,570B-02 | 1,805E-02 | 2,256E-02 | 2,611E-02

10| 750 | 8,432E-03 | 8,792E-03 | 9,464E-03 | 1,077E-02 | 1,187E-02 | 1,399E-02 | 1,710E-02 | 2,108E-02 | 2,469E-02 | 2,947E-02
9,546E-03 | 9,784E-03 | 1,034E-02 | 1,204E-02 | 1,308E-02 | 1,605E-02 | 1,893E-02 | 2,342E-02 | 2,722E-02 | 3,268E-02

5,134E-03 | 5,682E-03 | 5,075E-03 | 6,363E-03 | 7,1295-03 | 9,050E-03 | 1,034B-02 | 1,214E-02 | 1,340B-02 | 1,444E-02

15| 1000 | 5912E-03 | 6,906E-03 | 7,309E-03 | 8,279E-03 | 8,045E-03 | 1,013E-02 | 1,158E-02 | 1,356E-02 | 1,565E-02 | 1,674E-02
7.403E-03 | 9,288E-03 | 8,601E-03 | 9,348E-03 | 9,056E-03 | 1,145E-02 | 1,205E-02 | 1,560E-02 | 1,783E-02 | 1,836E-02

2,649E-03 | 2,826E-03 | 2,667E-03 | 3,040E-03 | 2,503E-03 | 3,898E-03 | 4,203E-03 | 6,080E-03 | 5,382E-03 | 5,875E-03

3 | 1000 | 3,469E-03 | 3,443E-03 | 3,504E-03 | 3,775E-03 | 3,213E-03 | 4,702E-03 | 5,717E-03 | 7,907E-03 | 1,257E-02 | 7,681E-03
4,648E-03 | 5,824E-03 | 4,650E-03 | 4,784E-03 | 3,678E-03 | 6,875E-03 | 8,976E-03 | 1,251E-02 | 3,601E-02 | 9,704E-03

6,005E-03 | 5,867E-03 | 6,545E-03 | 6,024E-03 | 5,307E-03 | 8,173E-03 | 9,403E-03 | 1,546E-02 | 1,445E-02 | 1,554E-02

5 | 1000 | 7881E-03 | 7,355E-03 | 8,056E-03 | 7,875E-03 | 6,408E-03 | 1,109E-02 | 1,443E-02 | 2,216E-02 | 2,752E-02 | 1,850E-02
1,007E-02 | 1,020E-02 | 1,266E-02 | 1,063E-02 | 6,983E-03 | 1,859E-02 | 2,543E-02 | 4,575E-02 | 5,622E-02 | 2,437E-02

2,173E-02 | 2,148E-02 | 3,040E-02 | 3,516E-02 | 2,449E-02 | 6,804E-02 | 6,282B-02 | 3,430E-01 | 3,392E-01 | 8,712E-02

DTLZ3 | 8 | 1000 |2,021E-01 | 9,758E-02 | 3,191E-01 | 4,091E-01 | 3,009E-02 | 7,463E-01 | 5435E-01 | 2,375E-+00 | 4,419E+00 | 1,394E-01
8,863E-01 | 5,242E-01 | 2,726E+00 | 2,161E+00 | 3,809E-02 | 2,867E+00 | 6,333E+00 | 5,436E+00 | 1,099E+01 | 2,419E-01

T,097B-02 | 1,039B-02 | 1,172E-02 | L,432E-02 | 1,142E-02 | 2,582E-02 | 2,001E-02 | 4,810E-02 | 7,046E-02 | 4,499E-02

10| 1500 | 1,334E-02 | 1,2903E-02 | 1,748E-02 | 1,862E-02 | 1,451E-02 | 4,335E-02 | 5,079E-02 | 1,322E-01 | 1,626E-01 | 5,692E-02
1,870B-02 | 1,633E-02 | 2,594E-02 | 2,598E-02 | 1,750E-02 | 7,899E-02 | 1,167E-01 | 4,532E-01 | 4,687E-01 | 7,685E-02

7.843E-03 | 8,181E-03 | 8,052E-03 | 1,011E-02 | 7,504E-03 | 2,149E-02 | 1,506E-02 | 5,568E-02 | 8,664E-02 | 1,775E-02

15| 2000 | 1,014E-01 | 5,821E-02 | 3,395E-02 | 1,8904E-01 | 9,472E-03 | 1,285E-01 | 1,286E-01 | 8,029E-01 | 1,192E+00 | 2,580E-02
7,121E-01 | 9,270E-01 | 1,638E-01 | 1,950E+00 | 1,478E-02 | 1,172E+00 | 6,318E-01 | 2,627E+00 | 4,732E+00 | 5,516E-02

3 A18E-03 | 3,048E-03 | 4,148E-03 | 4,464E-03 | 4,452E-03 | 4,568E-03 | 5,073E-03 | 5,283E-03 | 5,7765-03 | 6,163E-03

3 600 | 3,099E-02 | 3,091E-02 | 4,831E-03 | 5,132E-03 | 5,242E-03 | 5,654E-03 | 5.647E-03 | 6,204E-03 | 6,799E-03 | 7,129E-03
5,308E-01 | 5,307E-01 | 5,856E-03 | 6,290E-03 | 5,947E-03 | 6,676E-03 | 6,281E-03 | 7,270E-03 | 9,365E-03 | 8,338E-03

7.556E-03 | 9,012E-03 | 9,800E-03 | 1,020E-02 | 1,032E-02 | 1,068E-02 | 1,098E-02 | 1,164E-02 | 1,152B-02 | 1,075E-02

5 | 1000 | 8,945E-03 | 1,035E-02 | 1,135E-02 | 1,153E-02 | 1,211E-02 | 1,174E-02 | 1,220E-02 | 1,270E-02 | 1,288E-02 | 1,215E-02
1,001E-02 | 1,256E-02 | 1,267E-02 | 1,209E-02 | 1,349E-02 | 1,375E-02 | 1,337E-02 | 1,396E-02 | 1,464E-02 | 1,347E-02

1,8235-02 | 2,3796-02 | 2,255E-02 | 2,653E-02 | 2,820E-02 | 2,874E-02 | 3,075E-02 | 3,030E-02 | 3,230E-02 | 3,066E-02

DTLZ4 | 8 | 1250 |2,091E-02 | 2,588E-02 | 2,826E-02 | 3,021E-02 | 3,188E-02 | 3.231E-02 | 3.483E-02 | 3,548E-02 | 3,690E-02 | 3,507E-02
2,390E-02 | 2,880E-02 | 3,208E-02 | 3,284E-02 | 3,512E-02 | 3,601E-02 | 3,889E-02 | 3,963E-02 | 4,204E-02 | 4,017E-02

1,6365-02 | 2,039E-02 | 2,226E-02 | 2,375E-02 | 2,396E-02 | 2,480E-02 | 2,576E-02 | 2,615E-02 | 2,621E-02 | 2,505E-02

10| 2000 | 1,779E-02 | 2,211E-02 | 2,469E-02 | 2,590E-02 | 2,612E-02 | 2,707E-02 | 2,779E-02 | 2,871E-02 | 2,930E-02 | 2,672E-02
1,919E-02 | 2,387E-02 | 2,749E-02 | 2,789E-02 | 2,823E-02 | 2,969E-02 | 2,975E-02 | 3,082E-02 | 3,191E-02 | 2,955E-02

9,595E-03 | 1,166E-02 | 1,309E-02 | 1,385E-02 | 1,3685-02 | 1,359E-02 | 1,402B-02 | 1,423E-02 | 1,457E-02 | 1,262E-02

15| 3000 | 1,100E-02 | 1,269E-02 | 1458E-02 | 1,475E-02 | 1,455E-02 | 1,510E-02 | 1,564E-02 | 1,606E-02 | 1,560E-02 | 1,496E-02
1,191E-02 | 1,471E-02 | 1,608E-02 | 1,547E-02 | 1,663E-02 | 1,682E-02 | 1,692E-02 | 1,856E-02 | 1,763E-02 | 1,649E-02

Fonte: Elaborado pelo autor
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Tabela 15 — Menor, médio e maior valor de IGD de 20 execugoes independentes do NSGA-
ITI-DE para a variante de mutagao rand/1 considerando diferentes valores
de CR, com F = {0,1,0,5}.

Prob. | M | Max.G. 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0
7,371E-04 | 6,187E-04 | 5,314E-04 | 5,908E-04 | 1,045E-03 | 1,951E-03 | 2,972E-02 | 9,540E-01 | 1,834E+00 | 2,227E+400

3 400 9,744E-04 | 7,942E-04 | 7,524E-04 | 9,209E-04 | 1,404E-03 | 4,393E-03 | 5,890E-01 | 2,358E+00 | 4,507E+400 | 5,177E+00
1,248E-03 | 9,832E-04 | 9,193E-04 | 1,231E-03 | 2,370E-03 | 8,575E-03 | 1,156E+00 | 3,570E400 | 8,247E+00 | 8,095E+00

4,757TE-04 | 5,210E-04 | 5,486E-04 | 8,961E-04 | 1,659E-03 | 4,881E-03 | 1,553E-02 | 3,778E-01 | 1,818E+400 | 2,667E-01

5 600 6,712E-04 | 6,317E-04 | 7,262E-04 | 1,114E-03 | 2,275E-03 | 7,070E-03 | 2,625E-02 | 1,158E+00 | 3,198E+00 | 4,183E+00
9,555E-04 | 8,385E-04 | 9,649E-04 | 1,428E-03 | 2,842E-03 | 1,271E-02 | 3,796E-02 | 2,236E+00 | 4,406E400 | 7,975E+00

2,789E-03 | 3,504E-03 | 4,411E-03 | 6,330E-03 | 1,256E-02 | 2,510E-02 | 1,985E-01 | 9,917E-01 | 1,453E+00 | 2,706E-01

DTLZ1 | 8 750 8,255E-03 | 4,611E-03 | 5,871E-03 | 8,332E-03 | 2,070E-02 | 5,517E-02 | 5,751E-01 | 1,798E+00 | 2,947E+400 | 2,125E+00
5,445E-02 | 8,271E-03 | 1,413E-02 | 1,133E-02 | 7,745E-02 | 2,098E-01 | 1,056E+00 | 2,667E+400 | 5,075E+00 | 4,963E+400

2,371E-03 | 3,495E-03 | 4,231E-03 | 6,267E-03 | 1,290E-02 | 2,486E-02 | 1,878E-01 | 7,658E-01 | 8,056E-01 | 1,295E-01

10 1000 2,872E-03 | 4,073E-03 | 7,648E-03 | 1,354E-02 | 1,798E-02 | 9,453E-02 | 3,086E-01 | 1,303E+00 | 2,683E+00 | 1,396E+00
4,053E-03 | 7,192E-03 | 5,514E-02 | 5,774E-02 | 5,023E-02 | 2,541E-01 | 7,737E-01 | 2,208E+00 | 4,642E+400 | 3,522E+00

1,476E-03 | 2,348E-03 | 3,361E-03 | 4,2215-03 | 6,207B-03 | 2,253E-02 | 4,182E-01 | 6,407E-01 | 1,171E+00 | 3,281E-01

15 1500 2,045E-03 | 4,704E-03 | 5,752E-03 | 6,988E-03 | 2,909E-02 | 2,456E-01 | 1,057E+00 | 2,230E+4-00 | 3,492E+00 | 2,145E400
2,680E-03 | 3,824E-02 | 3,913E-02 | 4,026E-02 | 6,464E-02 | 9,926E-01 | 2,609E+00 | 4,280E+00 | 5,832E+00 | 5,291E+400

3,641E-03 | 3,265E-03 | 2,996E-03 | 2,780E-03 | 3,180E-03 | 3,754E-03 | 4,614E-03 | 6,520E-03 | 9,026E-03 | 1,368E-02

3 250 4,076E-03 | 3,767E-03 | 3,673E-03 | 3,573E-03 | 3,842E-03 | 4,258E-03 | 5,411E-03 | 7,667E-03 | 1,118E-02 | 1,499E-02
4,519E-03 | 4,463E-03 | 4,182E-03 | 4,209E-03 | 4,554E-03 | 4,731E-03 | 6,329E-03 | 9,163E-03 | 1,339E-02 | 1,746E-02

5,423E-03 | 5,3605-03 | 6,272E-03 | 7,180E-03 | 1,033E-02 | 1,570E-02 | 2,405E-02 | 3,620E-02 | 5,084E-02 | 7,587E-02

5 350 5,963E-03 | 6,160E-03 | 7,027E-03 | 8,088E-03 | 1,121E-02 | 1,718E-02 | 2,673E-02 | 4,015E-02 | 5,626E-02 | 8,599E-02
6,679E-03 | 6,921E-03 | 7,909E-03 | 9,084E-03 | 1,215E-02 | 1,955E-02 | 3,192E-02 | 4,570E-02 | 6,561E-02 | 9,979E-02

7,885E-03 | 1,137E-02 | 1,651E-02 | 2,339E-02 | 3,301E-02 | 5,324E-02 | 8,520E-02 | 1,226E-01 | 1,869E-01 | 3,694E-01

DTLZ2 | 8 500 9,344E-03 | 1,348E-02 | 1,830E-02 | 2,648E-02 | 3,889E-02 | 6,216E-02 | 9,621E-02 | 1,450E-01 | 2,261E-01 | 3,985E-01
1,074E-02 | 1,540E-02 | 1,969E-02 | 3,130E-02 | 4,463E-02 | 7,641E-02 | 1,070E-01 | 1,798E-01 | 2,492E-01 | 4,341E-01

7,067E-03 | 1,065E-02 | 1,648E-02 | 2,363E-02 | 3,577E-02 | 6,001E-02 | 1,062E-01 | 1,561E-01 | 2,350E-01 | 4,010E-01

10 750 7,661E-03 | 1,194E-02 | 1,756E-02 | 2,547E-02 | 3,890E-02 | 6,986E-02 | 1,178E-01 1,760E-01 | 2,680E-01 | 4,273E-01
8,055E-03 | 1,315E-02 | 1,883E-02 | 2,899E-02 | 4,188E-02 | 9,482E-02 | 1,345E-01 | 2,000E-01 | 2,954E-01 | 4,637E-01

5,345E-03 | 8,185E-03 | 1,125E-02 | 1,381E-02 | 1,710E-02 | 2,721E-02 | 7,822E-02 | 1,542E-01 | 3,218E-01 | 5,519E-01

15 1000 5,963E-03 | 9,334E-03 | 1,232E-02 | 1,533E-02 | 2,123E-02 | 4,881E-02 | 1,244E-01 | 2,274E-01 | 3,640E-01 | 5,885E-01
6,764E-03 | 1,030E-02 | 1,348E-02 | 1,695E-02 | 2,604E-02 | 7,650E-02 | 1,810E-01 | 3,198E-01 | 4,109E-01 | 6,250E-01

2,171E-03 | 2,092E-03 | 2,416E-03 | 3,062E-03 | 1,385E-02 | 1,417E+01 | 3,627E+01 | 3,906E+401 | 5275E+01 | 1,713E-02

3 1000 2,678E-03 | 2,658E-03 | 2,956E-03 | 4,235E-03 | 4,559E+00 | 2,800E+01 | 5,202E+01 | 7,954E+01 | 8,819E+01 | 2,882E+01
3,293E-03 | 3,247E-03 | 4,023E-03 | 6,016E-03 | 1,064E+401 | 3,990E+01 | 7.167E+01 | 9,511E+01 | 1,221E+402 | 6,357E+01

4,363E-03 | 5,109E-03 | 7,750E-03 | 2,254E-02 | 8,343E+400 | 2,968E+01 | 4,422E+01 | 5,769E+01 | 6,187E+401 | 1,752E+01

5 1000 4,809E-03 | 5,775E-03 | 9,382E-03 | 5,257E-01 | 1,528E+401 | 4,026E+01 | 6,414E+01 | 8,155E+01 | 9,183E4-01 | 3,857E+01
5,769E-03 | 6,881E-03 | 1,157E-02 | 4,557E+00 | 2,301E+01 | 6,204E+01 | 7,880E+01 | 1,020E+02 | 1,240E+02 | 7,388E+01

1,189E-02 | 1,978E-02 | 6,730E-02 | 1,122E+401 | 3,282E+01 | 5,659E+401 | 7,690E+01 | 8,267E+01 | 8,477TE+01 | 1,217E+01

DTLZ3 | 8 1000 1,463E-02 | 2,658E-02 | 9,034E-01 | 1,893E+01 | 5,390E+01 | 8,013E+01 | 9,821E+01 | 1,129E+02 | 1,222E+402 | 4,150E+01
1,691E-02 | 3,830E-02 | 4,386E+00 | 3,764E+01 | 7,613E+01 | 1,025E+02 | 1,175E4+02 | 1,372E4+02 | 1,417E+02 | 1,344E+02

6,929E-03 | 1,329E-02 | 2,554E-02 | 2,616E-01 | 1,658E+401 | 5,089E+01 | 5,129E+401 | 9,163E+01 | 6,821E+01 | 1,816E+00

10 1500 7,744E-03 | 1,461E-02 | 4,294E-02 | 8,031E+400 | 3,303E+01 | 6,739E+01 | 8,525E+01 | 1,080E+02 | 1,113E+02 | 2,662E+01
8,627E-03 | 1,656E-02 | 9,273E-02 | 1,662E+01 | 5,283E+401 | 9,023E+01 | 1,049E+02 | 1,284E+02 | 1,358E+402 | 8,834E+01

3,967E-03 | 8,888E-03 | 1,444E-02 | 1,798E-01 | 3,410E+401 | 8,195E+01 | 9,808E+01 | 8,336E+01 | 1,035E402 | 2,549E+00

15 2000 6,195E-03 | 1,059E-02 | 1,499E-01 | 1,345E+01 | 6,441E+01 | 9,658E+01 | 1,252E402 | 1,301E+02 | 1,329E+02 | 4,974E+01
1,096E-02 | 1,473E-02 | 6,921E-01 | 3,977E+01 | 1,0056E+02 | 1,170E402 | 1,502E+02 | 1,469E+02 | 1,622E+02 | 1,101E+02

3,035E-03 | 2,402E-03 | 2,203E-03 | 2,168E-03 | 2,063E-03 | 1,954E-03 | 2,332E-03 | 2,708E-03 | 5,701E-03 | 1,062E-02

3 600 5,619E-02 | 2,880E-03 | 2,719E-03 | 2,508E-03 | 2,473E-03 | 2,456E-03 | 2,606E-03 | 3,555E-03 | 6,816E-03 | 1,340E-02
5,308E-01 | 3,567E-03 | 3,165E-03 | 2,820E-03 | 2,923E-03 | 2,854E-03 | 3,130E-03 | 4,470E-03 | 9,245E-03 | 1,569E-02

5,245E-03 | 4,636E-03 | 4,617E-03 | 5,099E-03 | 5,963E-03 | 6,719E-03 | 9,569E-03 | 1,920E-02 | 4,620E-02 | 1,070E-01

5 1000 6,167E-03 | 5,362E-03 | 5,461E-03 | 5,722E-03 | 6,640E-03 | 7,659E-03 | 1,036E-02 | 2,258E-02 | 5,467E-02 | 1,302E-01
7,345E-03 | 6,091E-03 | 6,217E-03 | 6,472E-03 | 7,246E-03 | 8,733E-03 | 1,137E-02 | 2,635E-02 | 6,418E-02 | 1,628E-01

1,355E-02 | 1,729E-02 | 2,239E-02 | 3,058E-02 | 3,788E-02 | 4,468E-02 | 5,178E-02 | 6,835E-02 | 1,425E-01 | 3,752E-01

DTLZ4 | 8 1250 1,574E-02 | 1,951E-02 | 2,486E-02 | 3,256E-02 | 3,946E-02 | 4,750E-02 | 5,696E-02 | 8,100E-02 | 1,699E-01 | 4,486E-01
1,845E-02 | 2,201E-02 | 2,727E-02 | 3,424E-02 | 4,298E-02 | 4,993E-02 | 6,389E-02 | 1,046E-01 | 2,041E-01 | 5,235E-01

1,024E-02 | 1,632E-02 | 2,352E-02 | 3,043E-02 | 3,718E-02 | 4,215E-02 | 4,801E-02 | 5,966E-02 | 1,427E-01 | 3,652E-01

10 2000 1,192E-02 | 1,814E-02 | 2,518E-02 | 3,231E-02 | 3,853E-02 | 4,355E-02 | 4,924E-02 | 6,669E-02 | 1,762E-01 | 4,474E-01
1,320E-02 | 2,043E-02 | 2,632E-02 | 3,380E-02 | 4,004E-02 | 4,499E-02 | 5,141E-02 | 8,362E-02 | 2,220E-01 | 4,828E-01

7,446E-03 | 1,082E-02 | 1,391E-02 | 1.,800E-02 | 2,053E-02 | 2,244E-02 | 2,423E-02 | 2,512E-02 | 2,659E-02 | 3,319E-01

15 3000 9,192E-03 | 1,219E-02 | 1,582E-02 | 1,951E-02 | 2,176E-02 | 2,347E-02 | 2,510E-02 | 2,599E-02 | 2,891E-02 | 3,791E-01
1,202E-02 | 1,317E-02 | 1,773E-02 | 2,070E-02 | 2,283E-02 | 2,442E-02 | 2,685E-02 | 2,784E-02 | 3,578E-02 | 4,517E-01

Fonte: Elaborado pelo autor
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Tabela 16 — Menor, médio e maior valor de IGD de 20 execugoes independentes do NSGA-
ITI-DE para a variante de mutagao rand/2 considerando diferentes valores
de CR, com F = {0,1,0,5}.

Prob. | M | Max.G. 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0
8.8215-04 | 6,161E-04 | 8299E-04 | 1,222E-03 | 3,667E-03 | 5,0865-01 | 1,082E+00 | 1,545E+00 | 3,502E+00 | 4,997E+00

3 400 | 1,021E-03 | 9,940E-04 | 1,202E-03 | 2,173E-03 | 1,232E-02 | 9,098E-01 | 2,252E+00 | 4,263E+00 | 6,992E+00 | 1,059E+01
1,330E-03 | 1,240B-03 | 1,716E-03 | 4,253E-03 | 4,653E-02 | 1,386E+00 | 3,410E+00 | 5,640E+00 | 1,001E+01 | 1,461E+01

7.256E-04 | 9,023B-04 | 1,235E-03 | 1,062E-03 | 5485E-03 | 2,461E-02 | 7,850B-01 | 1,047E+00 | 1,062E+00 | 2,697E+00

5 600 | 9487E-04 | 1,100E-03 | 1A477E-03 | 2,445E-03 | 6,738E-03 | 4,167E-02 | 1,221E+00 | 2,667E+00 | 4,332E-+00 | 6,574E+00
1,146E-03 | 1,299E-03 | 1,771E-03 | 3,237E-03 | 8,690E-03 | 9,555E-02 | 2,004E+00 | 3,829E+00 | 6,621E-+00 | 8,742E+00

3179E-03 | 4,421E-03 | 6,521E-03 | 1,173E-02 | 3,140B-02 | 6,841E-02 | 6,660E-01 | 1,460E+00 | 2,057E+00 | 3,148E-01

DTLZ1 | 8 750 | 3,947E-03 | 5,252E-03 | 7,858E-03 | 1,479E-02 | 4,675E-02 | 5,169E-01 | 1,684E-+00 | 3,150E+00 | 5,353E+00 | 4,394E-+00
6.077E-03 | 6,542E-03 | 9,912E-03 | 2,420E-02 | 8478E-02 | 1,222E+00 | 3,002E+00 | 4,806E-+00 | 8,069E+00 | 8,155E+00

2,734E-03 | 3,841E-03 | 5,875E-03 | 1,164E-02 | 2,682E-02 | 1,940E-01 | 5,294B-01 | 1,015E+00 | 2,253E+00 | 3,031B-01

10| 1000 | 3,179E-03 | 6,585E-03 | 6,721E-03 | 1,334E-02 | 4,003E-02 | 2,772E-01 | 1,160E+00 | 1,999E+00 | 4,246E-+00 | 3,080E+00
4,693E-03 | 4,813E-02 | 8,250E-03 | 1,595E-02 | 9,817E-02 | 4,973E-01 | 1,980E+00 | 2,829E-+00 | 6,222E+00 | 6,131E+00

1,600E-03 | 2,6745-03 | 3,925E-03 | 8,576E-03 | 3,275E-02 | 4,060E-01 | 8,284E-01 | 1,2695+00 | 2,172E-+00 | 1,841E+00

15| 1500 | 2,059E-03 | 1,034E-02 | 1,011E-02 | 4,196E-02 | 2,986E-01 | 1,023E-+00 | 2,287E+00 | 3,232E+00 | 4,761E-+00 | 4,250E+00
3,379E-03 | 3,958E-02 | 4,044E-02 | 1,681E-01 | 8797E-01 | 1,966E-+00 | 4,043E+00 | 7,024E-+00 | 7,227E+00 | 8,545E+00

34476-03 | 3,273E-03 | 3,152E-03 | 3,349E-03 | 3,680E-03 | 4,9385-03 | 6,856E-03 | 8,0105-03 | 1,A13E-02 | 1,781E-02

3 250 | 4,189E-03 | 3,870E-03 | 3,883E-03 | 3,931E-03 | 4,263E-03 | 5408E-03 | 7,825E-03 | 1,130E-02 | 1,604E-02 | 2,100E-02
5,345E-03 | 4,500E-03 | 4,701E-03 | 4,562E-03 | 4,903E-03 | 6,251E-03 | 9,117E-03 | 1,340E-02 | 1,851E-02 | 2,657E-02

5,077E-03 | G6,605E-03 | 7,276E-03 | 9,078E-03 | 1,5175-02 | 2,332E-02 | 3,887E-02 | 5,830E-02 | 7,454E-02 | 9,852B-02

5 350 | 6,242E-03 | 7,080E-03 | 8,027E-03 | 1,066E-02 | 1,648E-02 | 2,762E-02 | 4,430E-02 | 6,266E-02 | 8,137E-02| 1,072E-01
7,056E-03 | 8,002E-03 | 8,767E-03 | 1,153E-02 | 1,880E-02 | 2,948E-02 | 5052E-02 | 7,149E-02 | 9,300E-02 | 1,201E-01

9,6955-03 | 1,348E-02 | 2,040E-02 | 3,399E-02 | 5,602E-02 | 1,054B-01 | 1,635E-01 | 2,172B-01 | 3,208E-01 | 4,256E-01

DTLZ2 | 8 500 | 1,067E-02 | 1,539E-02 | 2,326E-02 | 3,810E-02 | 6,619E-02 | 1,165E-01 | 1,816E-01 | 2,609E-01 | 3,532E-01 | 4,584E-01
1,387E-02 | 1,736E-02 | 2,623E-02 | 4,378E-02 | 7,209E-02 | 1,262E-01 | 2,051E-01 | 3,064E-01 | 3,934E-01 | 4,919E-01

7.060E-03 | 1,240E-02 | 1,099E-02 | 3,687E-02 | 7,202B-02 | 1,203E-01 | 2,179E-01 | 2,955E-01 | 3,023E-01 | 4,743E-01

10| 750 | 8,369E-03 | 1,384E-02 | 2,191E-02 | 3,955E-02 | 8,058E-02 | 1,538E-01 | 2,397E-01 | 3,286E-01 | 4,164E-01 | 4,894E-01
9,250E-03 | 1,520E-02 | 2,455E-02 | 4,238E-02 | 9,224E-02 | 1,683E-01 | 2,621E-01 | 3,597E-01 | 4,511E-01 | 5,051E-01

1,0945-03 | 8,333E-03 | 1,247E-02 | 2,445E-02 | 8,025E-02 | 2,242B-01 | 3,757E-01 | 4,867B-01 | 6,041E-01 | 6,820E-01

15| 1000 | 6,165B-03 | 9,742E-03 | 1,380E-02 | 2,985E-02 | 1,120E-01 | 2,714E-01 | 4,413E-01 | 5525E-01 | 6,70E-01 | 7,364E-01
7,029E-03 | 1,102E-02 | 1,518E-02 | 3,806E-02 | 1,478E-01 | 3.454E-01 | 4,903E-01 | 6,321E-01 | 7,345E-01 | 7,902E-01

2,406E-03 | 2,564E-03 | 4,012E-03 | 9,055E-02 | 2,485E+01 | 3,410E+01 | 6,232E+01 | 6,646E+01 | 8,311E+01 | 2,052E+01

3| 1000 |3,103E-03 | 3,152E-03 | 7,528E-03 | 7,314E+00 | 3,087E+01 | 5,532E+01 | 8,153E+01 | 1,018E+02 | 1,122E+02 | 7,942E+01
3,689E-03 | 3,544E-03 | 2,379E-02 | 1,622E+01 | 3,639E+01 | 7,490E+01 | 1,054E+02 | 1,179E+02 | 1,323E+02 | 1,184E+02

5.177E-03 | 7,101E-03 | 2,003B-02 | 8,272B+00 | 2,261E+01 | 4,660E+01 | 6,191E+01 | 9,236E+01 | 9,189B+01 | 9,211E+00

5| 1000 |5875E-03 | 8,939E-03 | 1,914E-01 | 1,587E-+01 | 3,876E+01 | 6,737E+01 | 9,091E+01 | 1,082E+02 | 1,130E-+02 | 5,000E+01
6,585E-03 | 1,058E-02 | 1,417TE+00 | 2,664E+01 | 5,538E+01 | 8,255E+01 | 1,063E+02 | 1,216E-+02 | 1,380E+02 | 1,189E+02

1,504E-02 | 3,998B-02 | 5,321E+00 | 2,277E+01 | 5,869E+01 | 8,010BE+01 | 8,150E+01 | 1,207E+02 | 8,812E+01 | 1,060E+00

DTLZ3 | 8 | 1000 |2,113E-02| 7,885E-01 | 1,578E+01 | 4,701E+01 | 7,947E-+01 | 1,019E+02 | 1,212E+02 | 1,443E+02 | 1,388E+02 | 3,804E+01
2,653E-02 | 7,376E+00 | 2,488E+01 | 6,346E+01 | 1,003E-+02 | 1,180E+02 | 1,351E+02 | 1,628E+02 | 1,703E+02 | 1,426E+02

9,0385-03 | 2,175E-02 | 1,47T0E+00 | 2,007E+01 | 5,732B+01 | 7,502E+01 | 9,540E+01 | 9,867E+01 | 1,196E+02 | 2,925E+00

10| 1500 | 1,026E-02 | 2,550E-02 | 4,988E-+00 | 3,202E+01 | 7,163E+01 | 9,649E+01 | 1,177E+02 | 1,240E-+02 | 1,403E+02 | 3,080E-+01
1,219E-02 | 3,605E-02 | 8,438E+00 | 5,003E+01 | 8,845E+01 | 1,219E+02 | 1,376E+02 | 1,378E+02 | 1,633E+02 | 1,074E+02

5,310E-03 | 1,079E-02 | 4,015E+00 | 3,043E+01 | 6,907E+01 | 8,081E+01 | 1,160E+02 | 1,330E+02 | 1,242B+02 | 1,317E+01

15| 2000 |6,379E-03 | 2,914E-02 | 1,549E+01 | 6,071E+01 | 1,048E+02 | 1,337E+02 | 1,476E+02 | 1,625E-+02 | 1,581E+02 | 6,072E+01
8,872E-03 | 1,107E-01 | 3,990E+01 | 9,202E+01 | 1,326E+02 | 1,611E+02 | 1,689E+02 | 1,855E-+02 | 1,875E+02 | 1,493E+02

3.3685-03 | 3,037E-03 | 2,677E-03 | 2,758E-03 | 2,659E-03 | 3,0805-03 | 3,491E-03 | 5277E-03 | 1,116E-02 | 2,038E-02

3 600 | 3,943E-03 | 3,541E-03 | 3,343E-03 | 3,337E-03 | 3,098E-03 | 3,405E-03 | 4,061E-03 | 6,402E-03 | 1436E-02 | 2445E-02
4,418E-03 | 4,065E-03 | 3,773E-03 | 4,494E-03 | 3,703E-03 | 3,877E-03 | 4,682E-03 | 7,424E-03 | 1,664E-02 | 2,872E-02

7.561E-03 | 7,798E-03 | 7,888E-03 | 8,325E-03 | 9,3445-03 | 1,185E-02 | 1,007E-02 | 4,285E-02 | 9,533E-02 | 1,698E-01

5| 1000 |8518E-03 | 8,767E-03 | 8,845E-03 | 9,700E-03 | 1,092E-02 | 1,371E-02 | 2,084E-02 | 5,123E-02 | 1,053E-01 | 1,895E-01
9,548E-03 | 9,821E-03 | 9,878E-03 | 1,152E-02 | 1,235E-02 | 1473E-02 | 2,307E-02 | 6,122E-02 | 1,173E-01 | 2,148E-01

1,886E-02 | 2,4715-02 | 3,156E-02 | 3,855E-02 | 4,628E-02 | 5,305E-02 | 6,366E-02 | 1,011E-01 | 2,9715-01 | 5,196E-01

DTLZ4 | 8 | 1250 | 2,188E-02 | 2,769E-02 | 3,464E-02 | 4,173E-02 | 4,883E-02 | 5,672E-02 | 7,011E-02 | 1,274E-01 | 3,608E-01 | 5,803E-01
2,500E-02 | 3,161E-02 | 3,763E-02 | 4,403E-02 | 5,081E-02 | 6,183E-02 | 8,389E-02 | 1,552E-01 | 4,402E-01 | 6,276E-01

LATSE-02 | 2,380B-02 | 3,L16E-02 | 3,783E-02 | 4,295E-02 | 4,799E-02 | 5,538E-02 | 9,132E-02 | 3,290B-01 | 5,899E-01

10| 2000 |1,633E-02 | 2,522E-02 | 3,304E-02 | 3.892E-02 | 4,386E-02 | 4,950E-02 | 5,778E-02 | 1,073E-01 | 3,850E-01 | 6,216E-01
1,876E-02 | 2,670E-02 | 3,405E-02 | 4,011E-02 | 4,499E-02 | 5,268E-02 | 6,542E-02 | 1,340E-01 | 4,391E-01 | 6,496E-01

8,517E-03 | 1,343E-02 | 1,650E-02 | 1,930E-02 | 2,149E-02 | 2,330E-02 | 2,459E-02 | 2,501B-02 | 2,749E-02 | 4,735E-01

15| 3000 | 1,019E-02 | 1,465E-02 | 1,813E-02 | 2,056E-02 | 2,251E-02 | 2,439E-02 | 2,604E-02 | 2,719E-02 | 3.476E-02 | 5,328E-01
1,165B-02 | 1,547E-02 | 1,960E-02 | 2,160E-02 | 2,401E-02 | 2,521E-02 | 2,865E-02 | 2,847E-02 | 4,807E-02 | 6,175E-01

Fonte: Elaborado pelo autor
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Tabela 17 — Menor, médio e maior valor de IGD de 20 execugoes independentes do NSGA-
IT1I-DE para a variante de mutacao best/1 considerando diferentes valores de

CR, com F ={0,1,0,5}.

Prob. | M | Max.G. 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0
6,880E-04 | 6,707E-04 | 5,993E-04 | 8,407E-04 | 1,001E-03 | 1,712E-03 | 2,813E-03 | 5,447E-03 | 1,050E-02 | 7,673E-01

3 400 9,616E-04 | 8,552E-04 | 8,389E-04 | 1,009E-03 | 1,274E-03 | 2,358E-03 | 4,693E-03 | 3,750E-02 | 6,503E-01 | 2,407E+00
1,245E-03 | 1,152E-03 | 1,050E-03 | 1,273E-03 | 1,663E-03 | 3,759E-03 | 7.753E-03 | 5,351E-01 | 3,540E+00 | 4,335E+00

5,939E-04 | 7,025E-04 | 9,074E-04 | 1,539E-03 | 3,653E-03 | 9,544E-03 | 2,028E-02 | 5,590E-02 | 1,392E+00 | 1,886E-01

5 600 8,282E-04 | 9,035E-04 | 1,148E-03 | 1,868E-03 | 4,435E-03 | 1,190E-02 | 2936E-02 | 7,384E-01 | 3,031E+400 | 2,236E+00
1,040E-03 | 1,056E-03 | 1,322E-03 | 2,319E-03 | 5447E-03 | 1,491E-02 | 4,124E-02 | 1,280E+00 | 4,982E+00 | 8,698E+00

2,695E-03 | 4,238E-03 | 6,501E-03 | 1,226E-02 | 3,005E-02 | 1,571E-01 | 8,815E-01 | 1,151E+400 | 1,955E+00 | 2,204E-01

DTLZ1 | 8 750 3,556E-03 | 4,826E-03 | 7,502E-03 | 1,449E-02 | 4,124E-02 | 2,923E-01 | 1,637E+00 | 3,924E+00 | 5,078E+400 | 7,164E+00
4,950E-03 | 6,861E-03 | 9,281E-03 | 1,827E-02 | 5,933E-02 | 6,757E-01 | 2,966E+400 | 6,569E+00 | 9,206E+00 | 2,503E+01

2,455E-03 | 3,660E-03 | 6,255E-03 | 1,425E-02 | 3,285E-02 | 1,698E-01 | 5,052E-01 | 7,663E-01 | 2,597E+00 | 2,128E-01

10 1000 2,932E-03 | 4,308E-03 | 7,002E-03 | 1,613E-02 | 5948E-02 | 2474E-01 | 1,177E+00 | 3,232E+400 | 5,202E+00 | 9,808E-01
4,281E-03 | 5,716E-03 | 7,942E-03 | 2,307E-02 | 2,012E-01 | 4,628E-01 | 2,141E+400 | 4,804E+00 | 8,597E+400 | 6,361E+00

1,562E-03 | 2,520E-03 | 3,626E-03 | 1,331E-02 | 3,895E-02 | 4,277E-01 | 7,116E-01 | 1,638E+00 | 3,729E+400 | 3,861E-01

15 1500 1,916E-03 | 6,430E-03 | 6,518E-03 | 4,035E-02 | 3,288E-01 | 8,861E-01 | 2,149E+00 | 4,012E+00 | 6,406E+00 | 7,813E+00
2,700E-03 | 3,882E-02 | 3,584E-02 | 2,032E-01 | 8,198E-01 | 2,145E+00 | 3,813E+00 | 7,970E+00 | 8,031E+00 | 1,3090E-+01

3,677E-03 | 3,212E-03 | 3,467E-03 | 3,629E-03 | 4,548E-03 | 6,434E-03 | 9,910E-03 | 1,592E-02 | 2,432E-02 | 3,337E-02

3 250 4,337E-03 | 3,835E-03 | 3,839E-03 | 4,170E-03 | 5,256E-03 | 7,209E-03 | 1,148E-02 | 1,892E-02 | 2,777E-02 | 3,820E-02
5,705E-03 | 4,839E-03 | 4,594E-03 | 4,703E-03 | 6,381E-03 | 8,798E-03 | 1,367E-02 | 2,148E-02 | 3,128E-02 | 4,292E-02

5,5326-03 | 6,322E-03 | 7,424E-03 | 1,031E-02 | 1,741E-02 | 3,200E-02 | 5,228E-02 | 7,790E-02 | 1,105E-01 | 1,743E-01

5 350 6,141E-03 | 6,819E-03 | 8,083E-03 | 1,127E-02 | 1,939E-02 | 3,532E-02 | 5,711E-02 | 8,445E-02 | 1,207E-01 | 1,962E-01
6,871E-03 | 7,623E-03 | 8,910E-03 | 1,210E-02 | 2,136E-02 | 4,117E-02 | 6,543E-02 | 9,372E-02 | 1,306E-01 | 2,262E-01

8,999E-03 | 1,290E-02 | 1,894E-02 | 3,457E-02 | 6,824E-02 | 1,300E-01 | 2,253E-01 | 3,414E-01 | 4,832E-01 | 6,120E-01

DTLZ2 | 8 500 1,010E-02 | 1,435E-02 | 2,228E-02 | 3,938E-02 | 8,070E-02 | 1,533E-01 | 2,610E-01 | 3,972E-01 | 5,238E-01 | 6,393E-01
1,114E-02 | 1,678E-02 | 2,675E-02 | 4,423E-02 | 9,247E-02 | 1,749E-01 | 3,025E-01 | 4,383E-01 | 5,745E-01 | 6,728E-01

6,958E-03 | 1,164E-02 | 2,029E-02 | 3,858E-02 | 8,956E-02 | 1,857E-01 | 3,339E-01 | 4,454E-01 | 5,584E-01 | 6,722E-01

10 750 7,680E-03 | 1,296E-02 | 2,169E-02 | 4,266E-02 | 1,028E-01 | 2,126E-01 3,510E-01 | 4,835E-01 | 5,887E-01 | 7,018E-01
8,841E-03 | 1,385E-02 | 2,315E-02 | 4,589E-02 | 1,215E-01 | 2,337E-01 | 3,701E-01 | 5,111E-01 | 6,233E-01 | 7,806E-01

5,392E-03 | 8,645E-03 | 1,119E-02 | 2,713E-02 | 1,239E-01 | 2,904E-01 | 5,013E-01 | 6,385E-01 | 7,693E-01 | 8,788E-01

15 1000 6,061E-03 | 9,569E-03 | 1,396E-02 | 3,595E-02 | 1,637E-01 | 3,664E-01 | 5,555E-01 | 6,935E-01 | 8,472E-01 | 9,365E-01
6,892E-03 | 1,031E-02 | 1,503E-02 | 4,240E-02 | 2,121E-01 | 4,359E-01 | 6,146E-01 | 7,788E-01 | 9,139E-01 | 9,753E-01

2,421E-03 | 2,071E-03 | 2,111E-03 | 2477E-03 | 2,936E-03 | 8,239E-03 | 1,775E+00 | 4,197E-02 | 2,229E-02 | 6,327E+400

3 1000 2,871E-03 | 2,400E-03 | 2,643E-03 | 3,105E-03 | 5,377E-03 | 3,453E+00 | 2,603E+01 | 2,719E+401 | 5,287E+00 | 3,209E+01
3,512E-03 | 3,559E-03 | 3,236E-03 | 3,970E-03 | 1,079E-02 | 2,504E+01 | 5,311E+01 | 5,118E+01 | 2,412E+401 | 8,561E+01

4,039E-03 | 4,780E-03 | 8,105E-03 | 2,411E-02 | 6,215E400 | 2,821E+01 | 4,269E+01 | 5,9056E+01 | 7,669E+401 | 7,742E-01

5 1000 5,069E-03 | 6,350E-03 | 9,721E-03 | 9,420E-02 | 1,367E+01 | 4,233E+01 | 6,768E+01 | 9,395E+01 | 9,790E+01 | 4,078E+01
6,609E-03 | 8,012E-03 | 1,276E-02 | 6,250E-01 | 1,793E+401 | 7,923E+01 | 9,852E+01 | 1,221E+02 | 1,204E+402 | 1,593E+02

1,245E-02 | 2,986E-02 | 4,259E+00 | 4,466E+01 | 6,459E+01 | 7,181E+401 | 8,901E+01 | 1,204E+02 | 1,446E+02 | 8,959E-01

DTLZ3 | 8 1000 1,603E-02 | 6,604E-02 | 1,521E+01 | 5,597E+01 | 9,036E+01 | 1,176E+02 | 1,383E+02 | 1,545E+02 | 1,764E+402 | 1,305E+01
2,024E-02 | 2,446E-01 | 2,880E+01 | 7,536E+01 | 1,066E+02 | 1,395E+02 | 1,591E+02 | 1,798E+402 | 2,053E+02 | 2,078E+402

6,829E-03 | 1,643E-02 | 3,099E-01 | 1,834E+01 | 4,739E+401 | 7,617TE+01 | 9,036E+01 | 1,174E+02 | 1,238E+402 | 8,823E-01

10 1500 8,395E-03 | 1,999E-02 | 3,709E+00 | 3,360E+01 | 7,105E401 | 1,035E+02 | 1,247E+02 | 1,428E+02 | 1,624E+02 | 1,823E+00
1,126E-02 | 2,592E-02 | 9,486E+00 | 5,449E+01 | 1,016E+02 | 1,231E+02 | 1,506E+02 | 1,653E+02 | 1,895E+402 | 1,782E+01

4,862E-03 | 1,003E-02 | 9,878E-02 | 2,208E+01 | 2,840E+01 | 9,923E+01 | 1,204E402 | 1,071E+02 | 1,396E+02 | 1,655E+02

15 2000 5,598E-03 | 1,253E-02 | 1,175E+400 | 5,125E+01 | 9,100E+01 | 1,289E+02 | 1,488E+02 | 1,642E+02 | 1,796E+02 | 1,938E+02
6,523E-03 | 2,023E-02 | 6,237E+00 | 8,336E+01 | 1,264E+402 | 1,526E+02 | 1,812E+02 | 2,094E+02 | 2,106E+02 | 2,136E+02

3,297E-03 | 2,917E-03 | 2,367E-03 | 2,611E-03 | 2,765E-03 | 3,244E-03 | 5,041E-03 | 9,246E-03 | 2,136E-02 | 3,287E-02

3 600 3,743E-03 | 3,216E-03 | 3,032E-03 | 2,967E-03 | 3,162E-03 | 3,919E-03 | 5,965E-03 | 1,234E-02 | 2,548E-02 | 4,232E-02
4,391E-03 | 4,161E-03 | 3,414E-03 | 3,425E-03 | 3,714E-03 | 4,455E-03 | 7,002E-03 | 1,515E-02 | 2,881E-02 | 4,933E-02

5,974E-03 | 5,457E-03 | 5,807E-03 | 5,983E-03 | 7,610E-03 | 1,197E-02 | 2,553E-02 | 6,452E-02 | 1,322E-01 | 2,058E-01

5 1000 6,904E-03 | 6,481E-03 | 6,659E-03 | 7,162E-03 | 8,742E-03 | 1,309E-02 | 2,848E-02 | 7,142E-02 | 1,431E-01 | 2,186E-01
7,849E-03 | 7,248E-03 | 7,827E-03 | 8,718E-03 | 9,801E-03 | 1,486E-02 | 3,064E-02 | 8,005E-02 | 1,541E-01 | 2,349E-01

1,424E-02 | 1,833E-02 | 2,433E-02 | 3,383E-02 | 4,223E-02 | 5,371E-02 | 9,010E-02 | 2,614E-01 | 5,528E-01 | 6,764E-01

DTLZ4 | 8 1250 1,719E-02 | 2,082E-02 | 2,787E-02 | 3,747E-02 | 4,584E-02 | 5,757E-02 | 1,010E-01 | 3,707E-01 | 5,826E-01 | 7,083E-01
1,961E-02 | 2,428E-02 | 3,066E-02 | 4,131E-02 | 4,832E-02 | 6,072E-02 | 1,146E-01 | 4,224E-01 | 6,215E-01 | 7,286E-01

1,183E-02 | 1,969E-02 | 2,683E-02 | 3,363E-02 | 4,059E-02 | 4,817E-02 | 7,233E-02 | 3,298E-01 | 5,827E-01 | 7,077E-01

10 2000 1,309E-02 | 2,113E-02 | 2,824E-02 | 3,581E-02 | 4,181E-02 | 4,925E-02 | 8281E-02 | 3,803E-01 | 6,035E-01 | 7,334E-01
1,400E-02 | 2,315E-02 | 2,973E-02 | 3,762E-02 | 4,286E-02 | 5,045E-02 | 1,026E-01 | 4,301E-01 | 6,231E-01 | 7,595E-01

6,947E-03 | 1,237E-02 | 1,715E-02 | 1,904E-02 | 2,116E-02 | 2,305E-02 | 2,540E-02 | 1,464E-01 | 5,426E-01 | 7.074E-01

15 3000 8,911E-03 | 1,343E-02 | 1,790E-02 | 1,995E-02 | 2,242E-02 | 2,408E-02 | 2,624E-02 | 2,004E-01 | 5,795E-01 | 7,304E-01
1,075E-02 | 1,411E-02 | 1,897E-02 | 2,109E-02 | 2431E-02 | 2,498E-02 | 2,821E-02 | 2,796E-01 | 6,216E-01 | 7,647E-01

Fonte: Elaborado pelo autor
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Tabela 18 — Menor, médio e maior valor de IGD de 20 execugoes independentes do NSGA-
ITII-DE para a variante de mutacao best/2 considerando diferentes valores de

CR, com F ={0,1,0,5}.

Prob. | M | Max.G. 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0
8.7726-04 | 8,202E-04 | 9,478E-04 | 1,005E-03 | 2,492E-03 | 7,0315-03 | 6,392E-01 | 1,743E+00 | 2,718E+00 | 3,564E+00

3 400 | 1,090E-03 | 9,757E-04 | 1,181E-03 | 1,737E-03 | 4,466E-03 | 1,962E-01 | 1,514E+00 | 3,486E+00 | 5,943E-+00 | 7,960E+00
1A84E-03 | 1,189E-03 | 1,408E-03 | 2,446E-03 | 6,552E-03 | 8,961E-01 | 3,170E+00 | 4,731E+00 | 8,944E+00 | 1,256E+01

9.6815-04 | 9,660E-04 | 1,544E-03 | 2,791E-03 | 7,824E-03 | 2,3945-02 | 2,380E-01 | 1,668E-+00 | 3,147E+00 | 3,988E-01

5 600 | 1,151E-03 | 1,270E-03 | 1,788E-03 | 3,444E-03 | 9,813E-03 | 4,127E-02 | 8,895E-01 | 2,885E-+00 | 5,180E+00 | 4,616E+00
1,369E-03 | 1,458E-03 | 1,007E-03 | 4,199E-03 | 1,380E-02 | 7,025E-02 | 1,408E+00 | 4,464E+00 | 8,347E-+00 | 8,481E+00

3,572E-03 | 5,065E-03 | 7,680E-03 | 1,742E-02 | T7,427E-02 | 4,953E-01 | 1,147TE+00 | 2,622E+00 | 2,961E+00 | 2,065E-01

DTLZ1 | 8 750 | 3,958E-03 | 5,726E-03 | 9,962E-03 | 2,714E-02 | 1,530E-01 | 9,967E-01 | 2,436E-+00 | 5,310E+00 | 7,128E+00 | 4,325E+00
4,613E-03 | 6,896E-03 | 1,285E-02 | 4,015E-02 | 3,731E-01 | 1,994E+00 | 3,755E+00 | 8,157E-+00 | 1,026E+01 | 1,775E+01

2,686E-03 | 4,645B-03 | 8,172E-03 | 2,259E-02 | 5,660E-02 | 2,832E-01 | 9,502B-01 | 2,264E+00 | 2,792E+00 | 2,106B-01

10| 1000 | 3,200E-03 | 4,993E-03 | 9,007E-03 | 2,568E-02 | 8,722E-02 | 5,938E-01 | 1,784E+00 | 3,728E-+00 | 6,000E+00 | 2,691E-01
4,336E-03 | 5,305E-03 | 9,955E-03 | 3,154E-02 | 2,160E-01 | 1,063E+00 | 3,559E+00 | 6,603E-+00 | 7,826E+00 | 3,524E-01

1,6745-03 | 2,616E-03 | 5,035E-03 | 3,0815-02 | 2,811E-01 | 4,567B-01 | 1,002E+00 | 2,443E+00 | 4,753E-+00 | 6,730E+00

15| 1500 | 2,008E-03 | 6,716E-03 | 1,051E-02 | 1,728E-01 | 5,837E-01 | 1,177E+00 | 2,453E+00 | 5,797E-+00 | 7,546E+00 | 9,635E+00
2,763E-03 | 3,800E-02 | 3,583E-02 | 3,541E-01 | 1,587E+00 | 2,444E+00 | 3,789E-+00 | 8,892E+00 | 1,116E+01 | 1,437E+01

3.5676-03 | 3,488E-03 | 3,713E-03 | 4,232E-03 | G6,073E-03 | 9,8145-03 | 1,A88E-02 | 2,080E-02 | 3,247E-02 | 4,432E-02

3 250 | 4,237E-03 | 4,139E-03 | 4,232E-03 | 5113E-03 | 7,029E-03 | 1,134E-02 | 1,721E-02 | 2,698E-02 | 3,666E-02 | 4,828E-02
5,120E-03 | 6,347E-03 | 4,730E-03 | 6,405E-03 | 7,915E-03 | 1,358E-02 | 2,070E-02 | 3,050E-02 | 4,176E-02 | 5411E-02

5.513E-03 | 6,770E-03 | 8,270E-03 | 1,368E-02 | 2,6025-02 | 4,804E-02 | 7,6710B-02 | 1,114E-01 | 1,655E-01 | 2,936E-01

5 350 | 6,389E-03 | 7,436E-03 | 9,517E-03 | 1,509E-02 | 2,892E-02 | 5277E-02 | 8,197E-02 | 1207E-01 | 1,762E-01 | 3,243E-01
7,013E-03 | 8,192E-03 | 1,056E-02 | 1,626E-02 | 3,218E-02 | 5.857E-02 | 8,788E-02 | 1,271E-01 | 1937E-01 | 3,611E-01

9,100B-03 | 1,430E-02 | 2,623E-02 | 5,371E-02 | 1,028E-01 | 2,082E-01 | 3,388E-01 | 4,716B-01 | 5,964E-01 | 6,726E-01

DTLZ2 | 8 500 | 1,079E-02 | 1,626E-02 | 2,906E-02 | 6,018E-02 | 1,249E-01 | 2,419E-01 | 3,790E-01 | 5,063E-01 | 6,276E-01 | 7,278E-01
1,252E-02 | 1,963E-02 | 3,090E-02 | 6,620E-02 | 1,424E-01 | 2,629E-01 | 4,123E-01 | 5495E-01 | 6,636E-01 | 7,646E-01

78A1E-03 | 1,443E-02 | 2,6655-02 | 6,642E-02 | 1,5685-01 | 3,123E-01 | 4,590E-01 | 5,584E-01 | G6,557E-01 | 7,154E-01

10| 750 | 8,953E-03 | 1,544E-02 | 2,886E-02 | 7,163E-02 | 1,774E-01 | 3,383E-01 | 4,776E-01 | 5815E-01 | 6,784E-01 | 7,689E-01
9,848E-03 | 1,621E-02 | 3,055E-02 | 7,874E-02 | 1993E-01 | 3,726E-01 | 5,048E-01 | 6,048E-01 | 7,027E-01 | 8,203E-01

5,051E-03 | 9,316E-03 | 1,842E-02 | 9,747E-02 | 3,317B-01 | 5,304E-01 | 6,712E-01 | 7,623E-01 | 8,796E-01 | 9,580E-01

15| 1000 | 6,016E-03 | 1,009E-02 | 2,113E-02 | 1,330E-01 | 3,806E-01 | 5,748E-01 | 7,185E-01 | 8462E-01 | 9,498E-01 | 1,013E+00
7,073E-03 | 1,079E-02 | 2,522E-02 | 1,822E-01 | 4,495E-01 | 6,269E-01 | 7,732E-01 | 9,404E-01 | 1,049E+00 | 1,062E+00

2,208E-03 | 2,278E-03 | 3,2275-03 | 7,254E-03 | 1,587E+01 | 3,239E+01 | 6,722E+01 | 6,035E+01 | 6,290B+01 | 1,622E+01

3| 1000 |2929E-03| 2,851E-03 | 4,515E-03 | 2,450E+00 | 2,641E+01 | 5,653E+01 | 8,075E+01 | 9,636E+01 | 1,138E+02 | 5,906E+01
3,526E-03 | 3,249E-03 | 9,887E-03 | 1,192E+01 | 3,384E+01 | 7,325E+01 | 9,311E+01 | 1,183E-+02 | 1,338E+02 | 1,123E+02

5,200E-03 | 7,229E-03 | 2,289E-02 | 6,752B+00 | 2,820E+01 | 4,288E+01 | 8,180E+01 | 8,358E+01 | 6,732E+01 | 9,878E-01

5| 1000 |6,010E-03 | 9,201E-03 | 2,680E-01 | 1,426E-+01 | 4,494E+01 | 8,312E+01 | 1,060E+02 | 1,128E+02 | 1,206E-+02 | 1,450E+01
6,878E-03 | 1,191E-02 | 2,792E+00 | 2,413E+01 | 7,263E+01 | 1,063E+02 | 1,230E+02 | 1,344E-+02 | 1,456E+02 | 2,965E-+01

1,605E-02 | 3,687B-01 | 2,036E+01 | 5,026E+01 | 7,493E+01 | 7,649B+01 | 1,I71E+02 | 1,464B+02 | 1,620E-+02 | 1,061E+00

DTLZ3 | 8 | 1000 | 2,328E-02 | 4,199E+00 | 3,413E+01 | 7,444E+01 | 1,072E+02 | 1,322E+02 | 1,462E+02 | 1,704E+02 | 1,857E+02 | 7,864E+01
3,066E-02 | 9,940E+00 | 4,388E-+01 | 9,812E+01 | 1,375E+02 | 1,649E+02 | 1,674E+02 | 1,961E-+02 | 2,040E+02 | 2,114E+02

9,8276-03 | 2,678E-02 | 9,126E+00 | 3,144E+01 | 6,616B+01 | 9,727E+01 | 1,103E+02 | 1,112E+02 | 1,370E+02 | 1,281E+02

10| 1500 | 1,133E-02 | 6,409E-02 | 1,638E+01 | 5,207E+01 | 9,369E+01 | 1,180E+02 | 1,455E+02 | 1,602E-+02 | 1,716E+02 | 1,818E+02
1,280E-02 | 1,337E-01 | 2,489E+01 | 7,809E+01 | 1,161E+02 | 1,359E+02 | 1,657E+02 | 1,872E+02 | 2,092E+02 | 2,097E+02

1,9515-03 | 1,565E-02 | 2,409E+00 | 5,088E+01 | 8,022B+01 | 1,000E+02 | 1,319E+02 | 1,398E+02 | 1,270E+02 | 1,617E+02

15| 2000 |6,827E-03 | 3,660E-01 | 2,122E+01 | 8,394E+01 | 1,156E+02 | 1,448E+02 | 1,624E+02 | 1,774E-+02 | 1,715E+02 | 1,913E+02
1,082E-02 | 3,790E+00 | 5,315E+01 | 1,121E+02 | 1,545E402 | 1,665E-+02 | 1,985E+02 | 2,047E+02 | 2,055E+02 | 2,233E+02

3,592E-03 | 3,404E-03 | 3,250E-03 | 3,192E-03 | 3,152E-03 | 4,010E-03 | 8,521E-03 | 1,751B-02 | 3,457E-02 | 5,191E-02

3 600 | 4,180E-03 | 3,931E-03 | 3,757E-03 | 3,787E-03 | 4,214E-03 | 5,750E-03 | 1,083E-02 | 2,164E-02 | 3,890E-02 | 5,965E-02
4,874E-03 | 5,116E-03 | 4,201E-03 | 4,405E-03 | 5039E-03 | 7,309E-03 | 1469E-02 | 2,639E-02 | 4,546E-02 | 7,116E-02

7.680E-03 | 8,044E-03 | 8,378E-03 | 1,009E-02 | 1,308E-02 | 2,141E-02 | 5,400B-02 | 1,214E-01 | 2,043E-01 | 2,559B-01

5| 1000 |9357E-03 | 9,308E-03 | 9,776E-03 | 1,126E-02 | 1.432E-02 | 2,339E-02 | 6,261E-02 | 1409E-01 | 2,210E-01 | 2,710E-01
1,144E-02 | 1,033E-02 | 1,092E-02 | 1,282E-02 | 1,586E-02 | 2,581E-02 | 6,786E-02 | 1,512E-01 | 2,401E-01 | 2,819E-01

2,033E-02 | 2,522E-02 | 3,355E-02 | 4,297E-02 | 5,155E-02 | 7,284E-02 | 2,121B-01 | 4,826E-01 | 6,441E-01 | 7,167B-01

DTLZ4 | 8 | 1250 | 2,309E-02 | 2,853E-02 | 3,634E-02 | 4,499E-02 | 5427E-02 | 7,707E-02 | 2,692E-01 | 5,125E-01 | 6,698E-01 | 7,605E-01
2,635E-02 | 3,233E-02 | 3,903E-02 | 4,725E-02 | 5,733E-02 | 8,181E-02 | 3,213E-01 | 5.497E-01 | 6,983E-01 | 7,906E-01

1,722B-02 | 2,486E-02 | 3,250E-02 | 3,898E-02 | 4,586E-02 | 5,620B-02 | 2,111E-01 | 4,966E-01 | 6,732B-01 | 7,541E-01

10| 2000 | 1,843E-02 | 2,703E-02 | 3,412E-02 | 4,019E-02 | 4,690E-02 | 5,927E-02 | 2571E-01 | 5,251E-01 | 6,947E-01 | 7,848E-01
1,931E-02 | 2,995E-02 | 3,583E-02 | 4,217E-02 | 4,844E-02 | 6,306E-02 | 2,954E-01 | 5,817E-01 | 7.,171E-01 | 8,032E-01

8,047TE-03 | 1,473E-02 | 1,803E-02 | 1,084E-02 | 2,154E-02 | 2,426E-02 | 3,732E-02 | 4,003B-01 | 6,330E-01 | 7,708E-01

15| 3000 |1,004B-02 | 1,577E-02 | 1,879E-02 | 2,119E-02 | 2,309E-02 | 2,510E-02 | 7,344E-02 | 4,590E-01 | 6,698E-01 | 7,953E-01
1,100E-02 | 1,746E-02 | 2,014E-02 | 2,262E-02 | 2,445E-02 | 2,697E-02 | 1409E-01 | 6,058E-01 | 7,508E-01 | 8,342E-01

Fonte: Elaborado pelo autor
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Tabela 19 — Menor, médio e maior valor de IGD de 20 execugoes independentes do NSGA-
ITII-DE para a variante de mutagdo current-to-best/1 considerando diferen-
tes valores de CR, com F' = 0,1.

Prob. | M | Max.G. 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0

7,517E-04 | 7,076E-04 | 1,089E-03 | 2,161E-03 | 3,708E-03 | 7,290E-03 | 1,107E-02 | 1,818E-02 | 2,548E-02 | 3,134E-02
3 400 1,102E-03 | 9,739E-04 | 1,338E-03 | 2,661E-03 | 4,833E-03 | 8,586E-03 | 1,403E-02 | 2,167E-02 | 3,806E-02 | 5,958E-02
2,387E-03 | 1,186E-03 | 1,785E-03 | 3,198E-03 | 5,708E-03 | 9,646E-03 | 1,602E-02 | 2,732E-02 | 7,394E-02 | 3,437E-01

1,847E-04 | 5,432E-04 | 1,236E-03 | 3,150E-03 | 8,315E-03 | 1,509E-02 | 2,734E-02 | 4,265E-02 | 6,374E-02 | 1,285E-01
600 | 5,722FE-04 | 7,123E-04 | 1,479E-03 | 3,863E-03 | 9,809E-03 | 1,845E-02 | 2,979E-02 | 4,678E-02 | 6,983E-02 | 3,169E-01
7,537E-04 | 8,978E-04 | 1,656E-03 | 4,569E-03 | 1,108E-02 | 2,104E-02 | 3,328E-02 | 4,983E-02 | 7,594E-02 | 4,909E-01

<3l

2,697E-03 | 4,167E-03 | 7,818E-03 | 1,553E-02 | 3,185E-02 | 6,049E-02 | 1,061E-01 | 2,974E-01 | 8,645E-01 | 1,323E+00
DTLZ1 | 8 750 3,340E-03 | 5,165E-03 | 9,297E-03 | 1,866E-02 | 4,011E-02 | 7,216E-02 | 1,489E-01 | 5,940E-01 | 1,437E+00 | 2,677E+400
4,001E-03 | 6,046E-03 | 1,013E-02 | 2,260E-02 | 4,891E-02 | 8,398E-02 | 1,996E-01 | 9,608E-01 | 2,166E+00 | 4,082E4-00

2,413E-03 | 3,997E-03 | 7,111E-03 | 1,541E-02 | 3,684E-02 | 6,983E-02 | 1,277E-01 | 3,481E-01 | 8,151E-01 | 1,395E+00
10 1000 2,663E-03 | 4,456E-03 | 7,823E-03 | 1,819E-02 | 4,193E-02 | 8,211E-02 | 1,492E-01 | 5,204E-01 | 1,272E4-00 | 2,203E4-00
3,026E-03 | 4,734E-03 | 8,672E-03 | 2,084E-02 | 4,863E-02 | 9,500E-02 | 1,964E-01 | 7,761E-01 | 2,001E+00 | 3,109E4-00

1,591E-03 | 3,023E-03 | 4,475E-03 | 7,653E-03 | 3,967E-02 | 1,549E-01 | 3,599E-01 | 8,260E-01 | 1,042E400 | 1,646E+00
15 1500 2,005E-03 | 3,381E-03 | 5,197E-03 | 1,027E-02 | 6,753E-02 | 2,036E-01 | 4,814E-01 | 1,217E4+00 | 2,204E+00 | 3,120E+00
2,297E-03 | 3,778E-03 | 6,105E-03 | 1,434E-02 | 1,106E-01 | 2,873E-01 | 7,321E-01 | 1,587E4+00 | 3,637E400 | 4,374E400

4,463E-03 | 6,317E-03 | 8,151E-03 | 1,571E-02 | 2,867E-02 | 4,424E-02 | 6,039E-02 | 8,225E-02 | 1,043E-01 | 1,251E-01
3 250 5,446E-03 | 6,891E-03 | 1,070E-02 | 1,957E-02 | 3,305E-02 | 4,864E-02 | 6,944E-02 | 9,223E-02 | 1,171E-01 | 1,426E-01
6,294E-03 | 7,479E-03 | 1,244E-02 | 2,325E-02 | 3,746E-02 | 5,639E-02 | 7,902E-02 | 1,017E-01 | 1,380E-01 | 1,682E-01

6,052E-03 | 1,031E-02 | 2,156E-02 | 4,861E-02 | 1,083E-01 | 1,848B-01 | 2,744E-01 | 3,758E-01 | 4,A63E-01 | 5,380E-01
6,849E-03 | 1,158E-02 | 2,591E-02 | 5,859E-02 | 1,194E-01 | 2,010E-01 | 2,920E-01 | 3,926E-01 | 4,832E-01 | 5,800E-01
7.941E-03 | 1,300E-02 | 2,908E-02 | 6,699E-02 | 1,296E-01 | 2,179E-01 | 3,115E-01 | 4,128E-01 | 5266E-01 | 6,190E-01

ot
99
ot
f==}

1,057E-02 | 2,612E-02 | 6,430E-02 | 1,532E-01 | 3,083E-01 | 4,747E-01 | 5,878E-01 | 7,010E-01 | 7,884E-01 | 8,129E-01
DTLZ2 | 8 500 1,292E-02 | 2,859E-02 | 7,302E-02 | 1,763E-01 | 3,402E-01 | 5,038E-01 | 6,280E-01 | 7,547E-01 | 8,413E-01 | 9,041E-01
1,536E-02 | 3,125E-02 | 8,927E-02 | 1,976E-01 | 3,875E-01 | 5,512E-01 | 6,757E-01 | 8,038E-01 | 9,010E-01 | 1,032E+00

9,109E-03 | 2,188E-02 | 5,742E-02 | 1,706E-01 | 3,514E-01 | 5,292E-01 | 6,429E-01 | 7,482E-01 | 8,480E-01 | 8,985E-01
10 750 1,032E-02 | 2,412E-02 | 6,443E-02 | 1,964E-01 | 3,928E-01 | 5,509E-01 | 6,800E-01 | 7,930E-01 | 8,957E-01 | 9,858E-01
1,115E-02 | 2,637E-02 | 7,179E-02 | 2,320E-01 | 4,241E-01 | 5,837E-01 | 7,138E-01 | 8,309E-01 | 9,400E-01 | 1,056E+00

8,482E-03 | 1,390E-02 | 2,317E-02 | 1,029E-01 | 3,938E-01 | 6,842E-01 | 8,620E-01 | 9,562E-01 | 1,030E+00 | 1,122E+-00
15 1000 9,724E-03 | 1,5647E-02 | 2,606E-02 | 1,631E-01 | 4,759E-01 | 7,524E-01 | 9,020E-01 | 1,026E+00 | 1,120E+00 | 1,194E+-00
1,074E-02 | 1,706E-02 | 3,036E-02 | 2,201E-01 | 5,475E-01 | 8,394E-01 | 9,689E-01 | 1,087E+400 | 1,206E400 | 1,290E+00

2,505E-03 | 2,754E-03 | 3,711E-03 | 9,379E-03 | 2,559E-02 | 4,726E-02 | 8,857E-02 | 2,383E-01 | 1,863E-01 | 1,094E-01
3 1000 3,050E-03 | 3,225E-03 | 4,865E-03 | 1,188E-02 | 3,003E-02 | 6,025E-02 | 1,200E-01 | 9,996E-01 | 6,476E-01 | 1,558E4-00
4,000E-03 | 3,918E-03 | 5,869E-03 | 1,435E-02 | 3,500E-02 | 7,440E-02 | 1,824E-01 | 2,410E+00 | 2,411E+00 | 9,358E4-00

3,940E-03 | 6,265E-03 | 1,957E-02 | 5,785E-02 | 1,483E-01 | 3,083E-01 | 3,179E+00 | 9,225E+00 | 1,486E+01 | 3,880E+01
1000 4,665E-03 | 7,344E-03 | 2,153E-02 | 7,040E-02 | 1,685E-01 | 3,648E-01 | 4,889E+00 | 1,244E+01 | 2,079E+01 | 5,696E+401
5,439E-03 | 8,439E-03 | 2,439E-02 | 8,234E-02 | 1,845E-01 | 4,267E-01 | 6,605E+00 | 1,523E+01 | 3,316E+01 | 7,713E+01

S}

1,496E-02 | 6,234E-02 | 9,388E-01 | 8,670E400 | 2,227E+01 | 3,101E+01 | 3,962E+01 | 5,101E401 | 6,535E+01 | 5,705E+01
DTLZ3 | 8 1000 1,825E-02 | 7,673E-02 | 2,217E4+00 | 1,522E401 | 3,318E+01 | 4,772E+01 | 6,210E401 | 7,269E+01 | 8,699E+01 | 9,230E+01
2,209E-02 | 9,582E-02 | 3,916E+00 | 2,425E401 | 4,031E401 | 5,819E401 | 7,544E4+01 | 1,003E+02 | 1,082E+02 | 1,124E+02

9,153E-03 | 3,035E-02 | 6,055E-01 | 9,708E400 | 1,791E+01 | 2,733E+01 | 4,586E+01 | 5,185E+01 | 6,194E+01 | 8,802E+401
10 1500 1,060E-02 | 3,759E-02 | 1,421E+400 | 1,490E401 | 2,761E+01 | 4,537E+01 | 5,953E4+01 | 6,841E401 | 8,732E+01 | 1,053E+02
1,336E-02 | 4,626E-02 | 2,484E+00 | 2,090E+01 | 3,847E+01 | 5,899E+01 | 7,164E+401 | 8,234E+401 | 1,044E4+02 | 1,217E+02

7,077E-03 | 1,639E-02 | 6,639E-01 | 1,198E+01 | 2,126E+01 | 3,798E4-01 | 5,187E+401 | 7,322E401 | 9,062E+01 | 8,542E+01
15 2000 8,922E-03 | 2,026E-02 | 1,717E400 | 1,641E401 | 3,164E+01 | 5,593E+01 | 7,792E+01 | 1,010E+02 | 1,213E+02 | 1,314E402
1,257E-02 | 4,268E-02 | 3,151E400 | 2,277TE401 | 4,650E+01 | 7,111E+01 | 1,067E4+02 | 1,306E+02 | 1,438E+02 | 1,606E+02

3,553E-03 | 3,413E-03 | 4,097E-03 | 6,239E-03 | 1,295E-02 | 2,661E-02 | 4,853E-02 | 6,817E-02 | 8,704E-02 | 1,038E-01
3 600 4,263E-03 | 4,298E-03 | 4,762E-03 | 7,489E-03 | 1,668E-02 | 3,282E-02 | 5419E-02 | 7,485E-02 | 9,725E-02 | 1,152E-01
4,901E-03 | 5,880E-03 | 5,318E-03 | 8,299E-03 | 2,030E-02 | 3,639E-02 | 6,369E-02 | 8,527E-02 | 1,045E-01 | 1,264E-01

5,384E-03 | 5,994E-03 | 7,086E-03 | 1,541E-02 | 5,828E-02 | 1,471E-01 | 2,374E-01 | 3,071E-01 | 3,694E-01 | 4,168E-01
1000 6,315E-03 | 6,607E-03 | 7,927E-03 | 1,785E-02 | 7,138E-02 | 1,612E-01 | 2,598E-01 | 3,347E-01 | 3,977E-01 | 4,475E-01
7,077E-03 | 7,526E-03 | 9,180E-03 | 2,162E-02 | 9,211E-02 | 1,783E-01 | 2,764E-01 | 3,603E-01 | 4,319E-01 | 4,883E-01

ot

1,384E-02 | 2,128E-02 | 3,369E-02 | 6,286E-02 | 1,843E-01 | 4,103E-01 | 5,626E-01 | 7,002E-01 | 7,456E-01 | 8,089E-01
DTLZ4 | 8 1250 1,669E-02 | 2,369E-02 | 3,770E-02 | 6,950E-02 | 2,415E-01 | 4,649E-01 | 6,148E-01 | 7,475E-01 | 8,144E-01 | 8,689E-01
2,039E-02 | 2,769E-02 | 4,057E-02 | 8,199E-02 | 2,982E-01 | 5,091E-01 | 6,915E-01 | 8,146E-01 | 8,674E-01 | 9,280E-01

1,200E-02 | 1,994E-02 | 3,093E-02 | 4,984E-02 | 1,827E-01 | 4,324E-01 | 6,387E-01 | 7,354E-01 | 8,070E-01 | 8,449E-01
10 2000 1,335E-02 | 2,164E-02 | 3,275E-02 | 5,228E-02 | 2,427E-01 | 5,027E-01 | 6,648E-01 | 7,834E-01 | 8,639E-01 | 9,006E-01
1,491E-02 | 2,365E-02 | 3,408E-02 | 5,688E-02 | 3,119E-01 | 5,714E-01 | 7,175E-01 | 8,460E-01 | 9,226E-01 | 9,373E-01

7,462E-03 | 1,466E-02 | 1,730E-02 | 2,066E-02 | 2,778E-02 | 2,573E-01 | 4,804E-01 | 6,419E-01 | 7,468E-01 | 8,221E-01
15 3000 8,990E-03 | 1,557E-02 | 1,922E-02 | 2,229E-02 | 3,291E-02 | 3,262E-01 | 5,494E-01 | 7,063E-01 | 8,282E-01 | 8,941E-01
1,112E-02 | 1,723E-02 | 2,102E-02 | 2,401E-02 | 4,446E-02 | 4,458E-01 | 6,082E-01 | 7,720E-01 | 9,409E-01 | 9,850E-01

Fonte: Elaborado pelo autor
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Tabela 20 — Menor, médio e maior valor de IGD de 20 execugoes independentes do NSGA-
ITII-DE para a variante de mutagdo current-to-best/2 considerando diferen-
tes valores de CR, com F' = 1,0.

Prob. | M | Max.G. 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0

1,153E-03 | 1,847E-03 | 3,478E-03 | 7,647E-03 | 1,560E-02 | 4,314E-02 | 5,009E-01 | 7,834E-01 | 2,290E+00 | 3,271E+00
3 400 1,493E-03 | 2,345E-03 | 4,761E-03 | 9,583E-03 | 2,116E-02 | 1,277E-01 | 8,013E-01 | 1,994E+00 | 3,858E+00 | 5,766E+00
1,838E-03 | 3,102E-03 | 5,815E-03 | 1,183E-02 | 2,574E-02 | 4,440E-01 | 1,392E+00 | 3,003E+00 | 5,495E+00 | 7,692E+00

8,001E-04 | 1,484E-03 | 4,139E-03 | 1,004E-02 | 2,229E-02 | 3,936E-02 | 1,210E-01 | 5,820E-01 | 1,734E+4-00 | 3,269E+00
5 600 1,0563E-03 | 2,012E-03 | 4,978E-03 | 1,230E-02 | 2,668E-02 | 5,052E-02 | 2,625E-01 | 1,056E+00 | 2,563E+00 | 4,631E+400
1,252E-03 | 2,342E-03 | 5,667E-03 | 1,466E-02 | 3,206E-02 | 6,104E-02 | 4,478E-01 | 1,492E+00 | 3,728E+00 | 6,492E400

3,940E-03 | 7,068E-03 | 1,502E-02 | 3,265E-02 | 6,789E-02 | 1,442E-01 | 5,287E-01 | 1,197E+400 | 2,179E+00 | 3,451E+00
DTLZ1 | 8 750 4,505E-03 | 8,473E-03 | 1,805E-02 | 3,843E-02 | 8,236E-02 | 2,793E-01 | 9,583E-01 | 1,961E+00 | 3,795E400 | 6,328E+00
5,190E-03 | 9,496E-03 | 2,085E-02 | 4,429E-02 | 1,048E-01 | 4,733E-01 | 1,551E+00 | 2,957E400 | 5,776E4+00 | 8,683E+00

3,307E-03 | 6,262E-03 | 1,337E-02 | 3,034E-02 | 6,691E-02 | 1,289E-01 | 3,388E-01 | 1,473E+00 | 1,522E4-00 | 3,426E+00
10 1000 3,678E-03 | 6,853E-03 | 1,509E-02 | 3.485E-02 | 7,777E-02 | 1,815E-01 | 6,786E-01 | 2,023E400 | 3,275E4-00 | 4,846E+00
4,310E-03 | 7,873E-03 | 1,652E-02 | 3,926E-02 | 8952E-02 | 2,334E-01 | 1,000E400 | 2,671E+400 | 4,614E+00 | 7,139E400

2,049E-03 | 4,046E-03 | 6,628E-03 | 2,695E-02 | 1,103E-01 | 3,231E-01 | 9,609E-01 | 1,498E+400 | 2,746E+400 | 1,674E+00
15 1500 2,487E-03 | 4,406E-03 | 7,687E-03 | 4,435E-02 | 1,722E-01 | 4,746E-01 | 1,371E+00 | 2,687E+400 | 4,928E+400 | 4,827E+00
2,983E-03 | 5,113E-03 | 9,307E-03 | 6,603E-02 | 2,440E-01 | 6,953E-01 | 2,409E+00 | 4,936E+400 | 7,645E400 | 7,147E+00

6,740E-03 | 1,166E-02 | 2,344E-02 | 4,295E-02 | 6,674E-02 | 9,713E-02 | 1,354E-01 | 1,971E-01 | 2,664E-01 | 3,264E-01
3 250 7,764E-03 | 1,456E-02 | 2,838E-02 | 4,782E-02 | 7,386E-02 | 1,071E-01 | 1479E-01 | 2,293E-01 | 3,072E-01 | 3,798E-01
9,608E-03 | 1,860E-02 | 3,660E-02 | 5,627E-02 | 8,309E-02 | 1,185E-01 | 1,687E-01 | 2,662E-01 | 3,417E-01 | 4,301E-01

9,875E-03 | 2,336E-02 | 6,333E-02 | 1,321E-01 | 2,177E-01 | 3,043E-01 | 4,050E-01 | 4,845E-01 | 5,636E-01 | 6,383E-01
1,070E-02 | 2,716E-02 | 7,066E-02 | 1,442E-01 | 2,375E-01 | 3,342E-01 | 4,340E-01 | 5,490E-01 | 6,214E-01 | 6,903E-01
1,201E-02 | 3,160E-02 | 8,122E-02 | 1,587E-01 | 2,565E-01 | 3,651E-01 | 4,805E-01 | 5,938E-01 | 6,605E-01 | 7,818E-01

s3]
w
I3
o

1,907E-02 | 5,908E-02 | 1,603E-01 | 3,269E-01 | 4,943E-01 | 6,539E-01 | 7,600E-01 | 8,487E-01 | 9,183E-01 | 9,843E-01
DTLZ2 | 8 500 2,169E-02 | 6,632E-02 | 1,789E-01 | 3,726E-01 | 5,463E-01 | 6,962E-01 | 8,069E-01 | 9,232E-01 | 1,002E+00 | 1,058E+00
2,367E-02 | 7,206E-02 | 2,073E-01 | 4,279E-01 | 5,737E-01 | 7,254E-01 | 8,789E-01 | 9,846E-01 | 1,073E+00 | 1,155E+00

1,345E-02 | 5,034E-02 | 1,550E-01 | 3,656E-01 | 5,506E-01 | 6,928E-01 | 8,107E-01 | 9,244E-01 | 1,019E400 | 1,045E4-00
10 750 1,599E-02 | 5,380E-02 | 1,811E-01 | 3,975E-01 | 5,871E-01 | 7,322E-01 | 8,676E-01 | 9,796E-01 | 1,054E400 | 1,124E4-00
1,706E-02 | 5,935E-02 | 2,242E-01 | 4,342E-01 | 6,358E-01 | 7,628E-01 | 9,233E-01 | 1,056E+00 | 1,107E+00 | 1,182E400

1,063E-02 | 2,103E-02 | 8,335E-02 | 4,316E-01 | 6,487E-01 | 8,515E-01 | 1,019E+00 | 1,134E+00 | 1,193E400 | 1,172E+400
15 1000 1,263E-02 | 2,440E-02 | 1,311E-01 | 4,782E-01 | 7,403E-01 | 9,451E-01 | 1,090E+00 | 1,207E+00 | 1,275E400 | 1,320E+400
2,858E-02 | 2,881E-02 | 1,842E-01 | 5,296E-01 | 8,011E-01 | 1,020E400 | 1,162E400 | 1,267E+400 | 1,412E+00 | 1,422E+00

3,495E-03 | 6,625E-03 | 2,402E-02 | 7.469E-02 | 4,297E+400 | 8,340E+00 | 2,104E+01 | 3,685E+01 | 4,916E+401 | 6,107E+01
3 1000 4,336E-03 | 8,357E-03 | 3,165E-02 | 1,912E-01 | 6,745E400 | 2,045E+01 | 3,637E+01 | 5,493E+01 | 6,808E+401 | 7,820E+01
7,021E-03 | 1,052E-02 | 3,774E-02 | 3,800E-01 | 9,988E+00 | 2,730E+01 | 4,763E4+01 | 6,715E401 | 8,331E+01 | 9,231E+01

6,360E-03 | 2,325E-02 | 9,696E-02 | 4,343E-01 | 7,572E400 | 1,779E+01 | 2,730E+01 | 4,031E+01 | 6,196E+401 | 6,772E+01
5 1000 7,792E-03 | 2,761E-02 | 1,271E-01 | 1,487E+00 | 1,064E+01 | 2,294E+01 | 4,007E4+01 | 5,711E401 | 7,146E+01 | 8,859E+01
1,016E-02 | 3,249E-02 | 1,440E-01 | 2,736E4-00 | 1,410E+01 | 3,160E401 | 5,519E+401 | 7,531E+01 | 8,516E4+01 | 1,051E+402

3,473E-02 | 4,845E-01 | 9,935E+00 | 1,927E+01 | 3,403E+401 | 5,067E+01 | 6,608E+01 | 7,572E+01 | 8,838E+01 | 9,311E+01
DTLZ3 | 8 1000 5,646E-02 | 1,804E+00 | 1,791E401 | 3,256E+01 | 5,133E+401 | 7,219E4-01 | 8,982E+01 | 9,779E401 | 1,080E+02 | 1,177E+02
7,764E-02 | 4,376E+00 | 2,750E401 | 4,983E+01 | 6,146E+01 | 8,769E+401 | 1,043E+02 | 1,101E402 | 1,243E+02 | 1,360E+02

1,926E-02 | 2,155E-01 | 7,267E+00 | 2,139E401 | 3,533E+01 | 4,720E401 | 5,429E+01 | 6,591E+01 | 7,455E401 | 9,238E+01
10 1500 2,320E-02 | 6,208E-01 | 1,216E401 | 2,973E+01 | 5,151E+401 | 6,464E4-01 | 8,255E+01 | 9,859E4-01 | 1,074E+02 | 1,196E+02
2,771E-02 | 1,471E+00 | 1,676E401 | 4,070E+01 | 6,269E+01 | 7,668E401 | 9,648E+01 | 1,124E402 | 1,322E4+02 | 1,388E+02

1,185E-02 | 3,675E-01 | 9,270E+00 | 1,520E4-01 | 3,097E+01 | 3,879E+401 | 7,692E+4-01 | 8,958E+01 | 9,876E+401 | 1,103E+402
15 2000 1,327E-02 | 9,613E-01 | 1,413E+01 | 3,092E401 | 5,522E+01 | 8,107E401 | 1,003E+402 | 1,143E+02 | 1,295E402 | 1,428E+02
1,803E-02 | 2,058E400 | 2,041E+01 | 4,271E401 | 7,294E+01 | 9,829E401 | 1,181E+402 | 1,317E+02 | 1,661E4+02 | 1,641E+02

4,686E-03 | 5,501E-03 | 9,347E-03 | 2,298E-02 | 4,376E-02 | 7,123E-02 | 1,032E-01 | 1,542E-01 | 2,236E-01 | 3,744E-01
3 600 5,373E-03 | 6,372E-03 | 1,104E-02 | 2,633E-02 | 5,183E-02 | 7,989E-02 | 1,148E-01 | 1,808E-01 | 2,869E-01 | 4,173E-01
6,333E-03 | 7,321E-03 | 1,237E-02 | 3,070E-02 | 6,064E-02 | 8,698E-02 | 1,314E-01 | 2,089E-01 | 3,678E-01 | 4,620E-01

7.837E-03 | 9,439E-03 | 1,856E-02 | 6,947E-02 | 1,592E-01 | 2,507E-01 | 3,276E-01 | 3,864E-01 | 4,516E-01 | 5,128E-01
1000 9,511E-03 | 1,090E-02 | 2,131E-02 | 7,891E-02 | 1,795E-01 | 2,719E-01 | 3,456E-01 | 4,154E-01 | 4,797E-01 | 5,404E-01
1,064E-02 | 1,245E-02 | 2,335E-02 | 9,337E-02 | 2,029E-01 | 2,884E-01 | 3,679E-01 | 4,479E-01 | 5,144E-01 | 5,777E-01

ot

1,957E-02 | 3,544E-02 | 6,186E-02 | 1,699E-01 | 3,953E-01 | 5,863E-01 | 7,423E-01 | 8,587E-01 | 9,082E-01 | 9,737E-01
DTLZ4 | 8 1250 2,278E-02 | 3,854E-02 | 6,754E-02 | 1,998E-01 | 4,703E-01 | 6,489E-01 | 7,973E-01 | 9,201E-01 | 9,892E-01 | 1,040E+00
2,535E-02 | 4,276E-02 | 7,263E-02 | 2,590E-01 | 5,200E-01 | 7,040E-01 | 8,446E-01 | 9,961E-01 | 1,047E+00 | 1,114E+00

1,595E-02 | 2,925E-02 | 4,544E-02 | 1,366E-01 | 3,882E-01 | 6,445E-01 | 8,032E-01 | 8,686E-01 | 9,746E-01 | 1,002E+00
10 2000 1,.807E-02 | 3,097E-02 | 4,919E-02 | 1,838E-01 | 4,657E-01 | 6,963E-01 | 8,334E-01 | 9,453E-01 | 1,046E+00 | 1,088E+00
2,010E-02 | 3,316E-02 | 5,237E-02 | 2,627E-01 | 5,613E-01 | 7,614E-01 | 8,716E-01 | 1,001E+400 | 1,121E+00 | 1,141E+00

1,011E-02 | 1,667E-02 | 2,047E-02 | 2,853E-02 | 2,883E-01 | 5,280E-01 | 7,277E-01 | 8,624E-01 | 9,804E-01 | 1,037E+00
15 3000 1,167E-02 | 1,774E-02 | 2,150E-02 | 3,640E-02 | 3,540E-01 | 6,052E-01 | 7,957E-01 | 9,484E-01 | 1,062E+00 | 1,128E+4-00
1,406E-02 | 1,891E-02 | 2,323E-02 | 5,380E-02 | 4,428E-01 | 7,137E-01 | 8,739E-01 | 9,943E-01 | 1,159E+00 | 1,222E+400

Fonte: Elaborado pelo autor



APENDICE B. Tabelas de variagio no fator de escala CR

94

Tabela 21 — Menor, médio e maior valor de IGD de 20 execugoes independentes do NSGA-
ITII-DE para a variante de mutagdo current-rand/1 considerando diferentes
valores de CR, com F = {0,1,0,5}.

Prob. | M | Max.G. 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0
5,435E-04 | 4,570E-04 | 4,560E-04 | 4,842E-04 | 8,000E-04 | 1,447E-03 | 2,834E-03 | 6,452E-03 | 1,907E-02 | 3,286E-01

3 400 6,583E-04 | 5,844E-04 | 5,815E-04 | 6,284E-04 | 1,008E-03 | 1,924E-03 | 3,644E-03 | 8,696E-03 | 7,879E-02 | 7,415E-01
7,607E-04 | 7,130E-04 | 7,201E-04 | 7,742E-04 | 1,437E-03 | 2,325E-03 | 4,533E-03 | 1,228E-02 | 2,891E-01 | 1,207E+00

1,729E-04 | 1,862E-04 | 2,171E-04 | 4,610E-04 | 1,183E-03 | 3,451E-03 | 7,481E-03 | 1,397E-02 | 2,796E-02 | 1,644E-01

5 600 2,974E-04 | 2,792E-04 | 3,435E-04 | 6,291E-04 | 1,674E-03 | 4,034E-03 | 8,705E-03 | 1,638E-02 | 3,469E-02 | 3,072E-01
4,799E-04 | 3,611E-04 | 4,778E-04 | 8,438E-04 | 2,129E-03 | 4,691E-03 | 9,889E-03 | 1,917E-02 | 4,540E-02 | 4,797E-01

2,318E-03 | 3,079E-03 | 4,733E-03 | 7,662E-03 | 1,482E-02 | 2,522E-02 | 5,691E-02 | 1,259E-01 | 3,196E-01 | 6,148E-01

DTLZ1 | 8 750 2,597E-03 | 3,739E-03 | 5,467E-03 | 9,473E-03 | 1,897E-02 | 3,545E-02 | 6,964E-02 | 2,042E-01 | 5,760E-01 | 1,168E+00
3,138E-03 | 4,584E-03 | 6,242E-03 | 1,118E-02 | 2,178E-02 | 4,379E-02 | 9,804E-02 | 4,002E-01 | 9,038E-01 | 1,808E+400

1,941E-03 | 2,816E-03 | 4,827E-03 | 8.,324E-03 | 1,689E-02 | 3,755E-02 | 5,427E-02 | 9,784E-02 | 2,859E-01 | 5,901E-01

10 1000 2,277E-03 | 3,341E-03 | 5,332E-03 | 9,464E-03 | 2,114E-02 | 4,594E-02 | 7,709E-02 | 1,800E-01 | 4,209E-01 | 9,228E-01
3,087E-03 | 3,857E-03 | 6,190E-03 | 1,185E-02 | 2,682E-02 | 5,635E-02 | 1,744E-01 | 2,439E-01 | 6.,459E-01 | 1,243E+400

1,217E-03 | 2,315E-03 | 3,376E-03 | 5,511E-03 | 5261E-02 | 2,000E-01 | 3,121E-01 | 3,165B-01 | 5,407E-01 | 5,790E-01

15 1500 1,565E-03 | 2,630E-03 | 4,567E-03 | 2,057E-02 | 1,387E-01 | 3,161E-01 | 5,749E-01 | 7,558E-01 | 1,205E+00 | 1,266E+00
2,316E-03 | 3,295E-03 | 6,140E-03 | 4,831E-02 | 2,868E-01 | 5,133E-01 | 1,420E-+00 | 1,217E+00 | 1,909E+00 | 2,757E+00

4,084E-03 | 3,646E-03 | 3,866E-03 | 4,558E-03 | 5,264E-03 | 7,469E-03 | 1,103E-02 | 1,730E-02 | 2,167E-02 | 2,566E-02

3 250 4,606E-03 | 4,273E-03 | 4,242E-03 | 5,041E-03 | 6,407E-03 | 8,810E-03 | 1,332E-02 | 1,931E-02 | 2,473E-02 | 3,032E-02
6,103E-03 | 4,980E-03 | 4,816E-03 | 5,600E-03 | 8,283E-03 | 9,926E-03 | 1,570E-02 | 2,241E-02 | 2,852E-02 | 3,601E-02

5,226E-03 | 5,671E-03 | 7,557E-03 | 1,146E-02 | 2,026E-02 | 3,252E-02 | 5,216E-02 | 6,784E-02 | 8,643E-02 | 1,065E-01

5 350 5,832E-03 | 6,345E-03 | 8,408E-03 | 1,236E-02 | 2,237E-02 | 3,687E-02 | 5,675E-02 | 7,452E-02 | 9,267E-02 | 1,125E-01
6,897E-03 | 6,791E-03 | 9,274E-03 | 1,320E-02 | 2,474E-02 | 4,201E-02 | 6,137E-02 | 8,507E-02 | 9,912E-02 | 1,210E-01

8,875E-03 | 1,314E-02 | 2,319E-02 | 4,131E-02 | 6,846E-02 | 1,233E-01 | 1,687E-01 | 2,502E-01 | 3,222E-01 | 3,931E-01

DTLZ2 | 8 500 9,850E-03 | 1,470E-02 | 2,575E-02 | 4,416E-02 | 8,323E-02 | 1,403E-01 | 2,039E-01 | 2,885E-01 | 3,596E-01 | 4,311E-01
1,185E-02 | 1,604E-02 | 2,953E-02 | 4,931E-02 | 9,833E-02 | 1,737E-01 | 2,255E-01 | 3,134E-01 | 4,012E-01 | 4,766E-01

6,853E-03 | 1,209E-02 | 2,218E-02 | 4,153E-02 | 8,968E-02 | 1,617E-01 | 2,518E-01 | 3,344E-01 | 3,952E-01 | 4,605E-01

10 750 7,551E-03 | 1,342E-02 | 2,388E-02 | 4,599E-02 | 9,774E-02 | 1,875E-01 | 2,839E-01 | 3,712E-01 | 4,327E-01 | 4,860E-01
8,416E-03 | 1,484E-02 | 2,525E-02 | 5,233E-02 | 1,109E-01 | 2255E-01 | 3,243E-01 | 4,222E-01 | 4,592E-01 | 5,357E-01

5,322E-03 | 9,019E-03 | 1,437E-02 | 2,449E-02 | 5,960E-02 | 2,579E-01 | 4,477E-01 | 5,717E-01 | 6,133E-01 | 6,898E-01

15 1000 6,200E-03 | 1,046E-02 | 1,608E-02 | 3,634E-02 | 1,599E-01 | 3,588E-01 | 5,167E-01 | 6,224E-01 | 6,725E-01 | 7,418E-01
7,783E-03 | 1,319E-02 | 1,758E-02 | 5,460E-02 | 2,624E-01 | 4,687E-01 | 5,620E-01 | 6,773E-01 | 7,001E-01 | 8,442E-01

2,050E-03 | 2,126E-03 | 2,277E-03 | 2,977E-03 | 4,732E-03 | 3,499E-02 | 4,049E+00 | 1,371E+01 | 2,0156E+01 | 3,360E+01

3 1000 2,666E-03 | 2,537E-03 | 2,827E-03 | 3,509E-03 | 6,958E-03 | 1,758E-01 | 7,600E+00 | 1,956E+01 | 3,114E+01 | 4,494E+01
3,301E-03 | 2,889E-03 | 3,328E-03 | 3,991E-03 | 8,780E-03 | 1,522E+00 | 1,120E+01 | 2,404E+01 | 3,969E+01 | 5,670E+01

3,765E-03 | 4,674E-03 | 6,460E-03 | 1,531E-02 | 6,627E-02 | 2,836E+00 | 9,360E+00 | 1,884E+01 | 2,071E+01 | 3,924E+01

5 1000 4,375E-03 | 5,400E-03 | 7,653E-03 | 1,792E-02 | 8,448E-02 | 4,627E400 | 1,278E4-01 | 2,559E+401 | 3,639E+401 | 4,827E+01
5,010E-03 | 6,672E-03 | 8,475E-03 | 2,004E-02 | 1,052E-01 | 6,438E+00 | 1,698E+01 | 3,663E+01 | 4,617E+01 | 6,010E+01

1,143E-02 | 2,210E-02 | 8,149E-02 | 5,415E-01 | 1,018E+01 | 1,733E401 | 1,723E401 | 3,675E4+01 | 4,614E+01 | 4,001E401

DTLZ3 | 8 1000 1,312E-02 | 2,633E-02 | 1,053E-01 | 3,063E+00 | 1,466E+01 | 2,720E+01 | 3,955E+01 | 5,453E+401 | 6,450E+01 | 5,785E+01
1,558E-02 | 3,308E-02 | 1,601E-01 | 5,286E+00 | 2,294E+01 | 3,679E+01 | 5,363E+01 | 7,046E+01 | 8,153E-+01 | 7,959E-+01

6,621E-03 | 1,278E-02 | 3,888E-02 | 2,102E-01 | 4,744E+00 | 1,646E+01 | 2,590E+01 | 2,705E+01 | 4,160E+01 | 2,930E+01

10 1500 7,797E-03 | 1,492E-02 | 4,610E-02 | 3,296E-01 | 7,390E+4+00 | 2,069E+01 | 3,500E+01 | 4,772E+01 | 5,787E+01 | 5,218E+01
1,027E-02 | 1,688E-02 | 5,705E-02 | 4,914E-01 | 1,036E+01 | 2,895E+401 | 4,702E+401 | 5,823E+01 | 6,947TE+01 | 7,454E+01

4,387E-03 | 1,041E-02 | 3,487E-02 | 6,970E-01 | 1,021E+401 | 2,321E+401 | 3,373E+01 | 5,525E+01 | 6,704E+01 | 2,077E+01

15 2000 5,131E-03 | 1,178E-02 | 1,011E-01 | 2,028E+00 | 2,074E+01 | 4,568E+01 | 6,405E+01 | 8,322E+01 | 9,448E+01 | 7,498E+01
6,305E-03 | 1,430E-02 | 2,465E-01 | 5,377E+00 | 2,699E+01 | 7,598E+01 | 8,981E+01 | 1,141E+02 | 1,280E+02 | 1,393E+02

3,235E-03 | 3,004E-03 | 2,612E-03 | 2,480E-03 | 3,106E-03 | 3,868E-03 | 5,680E-03 | 1,022E-02 | 2,007E-02 | 2,741E-02

3 600 3,817E-03 | 3,440E-03 | 3,249E-03 | 3,231E-03 | 3,473E-03 | 4,257E-03 | 6,640E-03 | 1,386E-02 | 2,394E-02 | 3,528E-02
4,462E-03 | 4,055E-03 | 3,649E-03 | 3,733E-03 | 4,338E-03 | 5,372E-03 | 8,268E-03 | 1,609E-02 | 2,933E-02 | 4,464E-02

5,718E-03 | 5,567E-03 | 5,442E-03 | 6,417E-03 | 7,744E-03 | 1,251E-02 | 3,386E-02 | 8,370E-02 | 1,510E-01 | 2,016E-01

5 1000 6,590E-03 | 6,331E-03 | 6,485E-03 | 7,206E-03 | 9,043E-03 | 1,419E-02 | 4,095E-02 | 1,009E-01 | 1,687E-01 | 2,185E-01
7,530E-03 | 7,120E-03 | 7,403E-03 | 8,312E-03 | 1,032E-02 | 1,564E-02 | 4,832E-02 | 1,146E-01 | 1,880E-01 | 2,362E-01

1,648E-02 | 2,316E-02 | 2,904E-02 | 3,763E-02 | 4474E-02 | 5,657E-02 | 7,759E-02 | 2,507E-01 | 4,551E-01 | 5,712E-01

DTLZ4 | 8 1250 1,960E-02 | 2,619E-02 | 3,281E-02 | 4,137E-02 | 4,936E-02 | 5,923E-02 | 9,384E-02 | 3,023E-01 | 4,871E-01 | 6,058E-01
2,458E-02 | 3,045E-02 | 3,723E-02 | 4,302E-02 | 5,119E-02 | 6,205E-02 | 1,100E-01 | 3,568E-01 | 5179E-01 | 6,351E-01

1,355E-02 | 2,144E-02 | 2,905E-02 | 3,720E-02 | 4,255E-02 | 4,777E-02 | 6,370E-02 | 2,212E-01 | 4,824E-01 | 6,203E-01

10 2000 1,545E-02 | 2,466E-02 | 3,212E-02 | 3,799E-02 | 4,361E-02 | 4,919E-02 | 6,905E-02 | 2,690E-01 | 5,239E-01 | 6,403E-01
1,786E-02 | 2,702E-02 | 3,438E-02 | 3,920E-02 | 4,450E-02 | 5,039E-02 | 7,826E-02 | 3,187E-01 | 5,603E-01 | 6,853E-01

7,698E-03 | 1,239E-02 | 1,833E-02 | 2,033E-02 | 2,283E-02 | 2,347TE-02 | 2484E-02 | 2,599E-02 | 6,539E-02 | 4,680E-01

15 3000 9,566E-03 | 1,404E-02 | 1,891E-02 | 2,160E-02 | 2,379E-02 | 2,520E-02 | 2,590E-02 | 2,668E-02 | 1,204E-01 | 5,395E-01
1,057E-02 | 1,578E-02 | 1,976E-02 | 2,428E-02 | 2,518E-02 | 2,596E-02 | 2,728E-02 | 2,838E-02 | 1,880E-01 | 5,743E-01

Fonte: Elaborado pelo autor
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Tabela 22 — Menor, médio e maior valor de IGD de 20 execugoes independentes do NSGA-
ITI-DE para a variante de mutagao current-to-rand/2 considerando diferen-
tes valores de CR, com F' = 1,0.

Prob. | M | Max.G. 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0

1,083E-03 | 1,586E-03 | 2,768E-03 | 8,382E-03 | 1,922E-02 | 4,936E-02 | 5,824E-01 | 1,228E+00 | 2,677E+00 | 1,991E+400
3 400 1,360E-03 | 2,028E-03 | 4,141E-03 | 1,087E-02 | 2,662E-02 | 2,531E-01 | 1,078E+00 | 2,507E+00 | 4,791E+00 | 6,865E+00
1,660E-03 | 2,546E-03 | 5,656E-03 | 1,329E-02 | 3,488E-02 | 4,951E-01 | 1,808E+00 | 3,826E+00 | 7,481E+00 | 1,035E+01

7.850E-04 | 1,174E-03 | 3,102E-03 | 7,486E-03 | 2,009E-02 | 4,815E-02 | 1,971E-01 | 6,467E-01 | 1,229E+00 | 1,270E+00
5 600 9,181E-04 | 1,447E-03 | 3,867E-03 | 9.,635E-03 | 2,353E-02 | 5,406E-02 | 3,437E-01 | 1,242E400 | 2,488E+400 | 4,544E+00
1,376E-03 | 1,708E-03 | 4,426E-03 | 1,104E-02 | 2,804E-02 | 6,365E-02 | 5,165E-01 | 1,776E+00 | 3,963E+00 | 6,894E+400

3,416E-03 | 6,329E-03 | 1,238E-02 | 2,171E-02 | 4,926E-02 | 1,171E-01 | 4,218E-01 | 1,205E400 | 1,633E+00 | 2,264E+400
DTLZ1 | 8 750 4,157E-03 | 7,278E-03 | 1,407E-02 | 2,920E-02 | 6,535E-02 | 1,948E-01 | 8,150E-01 | 1,874E+400 | 3,571E+00 | 5,053E400
4,848E-03 | 8,177E-03 | 1,625E-02 | 3,385E-02 | 8,296E-02 | 3,260E-01 | 1,393E400 | 2,877E4+00 | 5,122E+00 | 8,487E+4+00

3,219E-03 | 5,334E-03 | 9,980E-03 | 1,982E-02 | 4,818E-02 | 1,038E-01 | 3,461E-01 | 7,005E-01 | 1,278E4-00 | 2,141E+00
10 1000 3473E-03 | 5,943E-03 | 1,120E-02 | 2,449E-02 | 5,639E-02 | 1,298E-01 | 5,564E-01 | 1,373E400 | 2,726E+00 | 4,137E4+00
3,863E-03 | 6,497E-03 | 1,230E-02 | 3,050E-02 | 7,346E-02 | 1,659E-01 | 8,494E-01 | 1,959E+00 | 3,959E4-00 | 5,437E+00

2,093E-03 | 3,406E-03 | 5488E-03 | 9,544E-03 | 3,399E-02 | 2,316E-01 | 5,096E-01 | 8,293E-01 | 1,517E+00 | 2,999E+00
15 1500 2,463E-03 | 4,085E-03 | 6,151E-03 | 1,082E-02 | 7,487E-02 | 2,988E-01 | 9,143E-01 | 1,921E4-00 | 3,332E+00 | 5,180E+00
2,763E-03 | 4,596E-03 | 7,533E-03 | 1,347E-02 | 1,119E-01 | 4,116E-01 | 1,249E+00 | 3,367E+400 | 5,190E4+00 | 6,638E+00

6,581E-03 | 1,035E-02 | 1,936E-02 | 3.679E-02 | 5,475E-02 | 8,660E-02 | 1,324E-01 | 1,971E-01 | 3,027E-01 | 3,661E-01
3 250 7,340E-03 | 1,219E-02 | 2,570E-02 | 4,251E-02 | 6,772E-02 | 9,763E-02 | 1,570E-01 | 2,401E-01 | 3,410E-01 | 4,049E-01
8,422E-03 | 1,495E-02 | 3,720E-02 | 4,9838E-02 | 7,920E-02 | 1,070E-01 | 1,811E-01 | 2,766E-01 | 3,892E-01 | 4,668E-01

8,531E-03 | 1,972E-02 | 4,511E-02 | 9,649E-02 | 1,578E-01 | 2,281E-01 | 3,122E-01 | 3,918E-01 | 4,583E-01 | 5,358E-01
9,909E-03 | 2,180E-02 | 5,165E-02 | 1,080E-01 | 1,792E-01 | 2,478E-01 | 3,335E-01 | 4,244E-01 | 5,222E-01 | 5,929E-01
1,115E-02 | 2,340E-02 | 5,666E-02 | 1,248E-01 | 1,959E-01 | 2,645E-01 | 3,592E-01 | 4,566E-01 | 5,596E-01 | 6,884E-01

s3]
w
I3
o

1,795E-02 | 4,259E-02 | 1,140E-01 | 2,356E-01 | 4,019E-01 | 5,567E-01 | 6,615E-01 | 7,506E-01 | 8,174E-01 | 8,733E-01
DTLZ2 | 8 500 1,997E-02 | 5,136E-02 | 1,289E-01 | 2,674E-01 | 4,359E-01 | 5,925E-01 | 7,061E-01 | 7,973E-01 | 8,732E-01 | 9,190E-01
2,293E-02 | 5,800E-02 | 1,413E-01 | 2,956E-01 | 4,785E-01 | 6,403E-01 | 7,952E-01 | 8,751E-01 | 9,409E-01 | 9,717E-01

1,302E-02 | 3,208E-02 | 1,026E-01 | 2471E-01 | 4,322E-01 | 5,926E-01 | 7,149E-01 | 8,010E-01 | 8,723E-01 | 9,030E-01
10 750 1,433E-02 | 3,994E-02 | 1,181E-01 | 2,854E-01 | 4,734E-01 | 6,226E-01 | 7,402E-01 | 8,244E-01 | 9,049E-01 | 9,498E-01
1,605E-02 | 4,571E-02 | 1,298E-01 | 3,131E-01 | 4,990E-01 | 6,671E-01 | 7,686E-01 | 8,694E-01 | 9,530E-01 | 1,006E+400

1,002E-02 | 1,628E-02 | 3,352E-02 | 1,348E-01 | 4,036E-01 | 5,596E-01 | 7,120E-01 | 8,829E-01 | 9,266E-01 | 9,697E-01
15 1000 1,140E-02 | 1,950E-02 | 4,040E-02 | 2,245E-01 | 4,765E-01 | 6,584E-01 | 7,886E-01 | 9,183E-01 | 9,683E-01 | 1,009E+400
1,306E-02 | 3,283E-02 | 4,763E-02 | 2,882E-01 | 5,508E-01 | 7,268E-01 | 8,855E-01 | 9,588E-01 | 1,031E400 | 1,050E400

3,531E-03 | 5,792E-03 | 2,517E-02 | 1,108E-01 | 7,366E+400 | 1,547E+01 | 3,104E+01 | 4,679E+01 | 5,392E401 | 6,116E+01
3 1000 4,291E-03 | 7,432E-03 | 3,363E-02 | 7,118E-01 | 9,921E+400 | 2,404E+01 | 4,134E+01 | 5,773E+01 | 7,352E+401 | 8,293E+01
6,932E-03 | 8,900E-03 | 5,970E-02 | 2,068E400 | 1,323E+401 | 2,982E+01 | 5,131E+01 | 7,299E+01 | 8,660E4+01 | 9,965E+01

6,075E-03 | 1,764E-02 | 7,556E-02 | 1,111E400 | 8,456E+400 | 1,634E+01 | 3,019E+01 | 3,431E+01 | 4,974E401 | 5,691E+01
5 1000 7,192E-03 | 2,240E-02 | 1,031E-01 | 2,027E+00 | 1,105E+01 | 2,392E+01 | 4,052E401 | 5,129E401 | 6,716E+01 | 8,163E+01
8,823E-03 | 2,846E-02 | 1,418E-01 | 3,346E+00 | 1,396E+01 | 3,475E+01 | 5,012E401 | 6,735E+01 | 7,817E+01 | 9,605E+401

3,445E-02 | 1,606E-01 | 6,758E+00 | 2,235E+01 | 2,727E+401 | 4,745E+01 | 5,605E+01 | 6,172E+01 | 4,789E+01 | 6,251E+01
DTLZ3 | 8 1000 4,406E-02 | 5475E-01 | 9,821E+00 | 2,768E+01 | 4,500E+01 | 6,001E+01 | 7,540E+01 | 8,600E+01 | 9,288E+01 | 1,014E+402
5,783E-02 | 1,577E+00 | 1,544E401 | 3,320E+01 | 6,159E+01 | 8,457E+401 | 9,099E+01 | 1,092E402 | 1,139E+02 | 1,209E+02

1,500E-02 | 8,531E-02 | 4,033E+00 | 1,384E+401 | 2,433E+01 | 2,942E+401 | 4,838E+4-01 | 6,124E+01 | 7,702E+401 | 6,532E+01
10 1500 1,855E-02 | 1,575E-01 | 6,647E+00 | 2,162E4-01 | 3,737E+01 | 5,668E401 | 6,908E+4-01 | 8,039E+01 | 9,114E401 | 9,862E+01
2,267E-02 | 2,742E-01 | 9,932E400 | 2,955E+01 | 4,867E+01 | 7,044E401 | 9,220E+01 | 9,786E401 | 1,101E4+02 | 1,127E+02

1,053E-02 | 2,919E-02 | 4,408E+00 | 1,676E401 | 3,101E+01 | 3,234E401 | 4,087E+401 | 7,063E+01 | 6,763E401 | 6,151E+01
15 2000 1,173E-02 | 8,033E-02 | 7,585E+00 | 2,436E401 | 4,533E+01 | 5,752E401 | 7,378E+4-01 | 8,700E+01 | 9,704E+401 | 1,001E+02
1,432E-02 | 2,224E-01 | 1,129E+01 | 4,176E401 | 6,002E+01 | 7,267TE401 | 9,188E+401 | 1,052E+02 | 1,113E4+02 | 1,174E+02

4,433E-03 | 4,971E-03 | 7,505E-03 | 1,407E-02 | 3,767E-02 | 6,498E-02 | 1,003E-01 | 1,809E-01 | 2,971E-01 | 3,943E-01
3 600 5,289E-03 | 5,607E-03 | 8,626E-03 | 2,002E-02 | 4,256E-02 | 7,395E-02 | 1,161E-01 | 2,094E-01 | 3,501E-01 | 4,573E-01
6,080E-03 | 6,512E-03 | 9,583E-03 | 2,705E-02 | 4,950E-02 | 8,349E-02 | 1,317E-01 | 2,389E-01 | 3,928E-01 | 5,250E-01

8,295E-03 | 8,542E-03 | 1,273E-02 | 4,053E-02 | 1,037E-01 | 1,931E-01 | 2,748E-01 | 3,397E-01 | 4,044E-01 | 4,897E-01
1000 9,130E-03 | 1,002E-02 | 1,493E-02 | 4,616E-02 | 1,303E-01 | 2,183E-01 | 2,939E-01 | 3,638E-01 | 4,424E-01 | 5,189E-01
9,947E-03 | 1,233E-02 | 1,684E-02 | 5,517E-02 | 1,537E-01 | 2,404E-01 | 3,122E-01 | 3,976E-01 | 4,615E-01 | 5,486E-01

ot

1,945E-02 | 3,155E-02 | 4,981E-02 | 9,950E-02 | 3,480E-01 | 5,341E-01 | 7,301E-01 | 7,924E-01 | 8,946E-01 | 9,603E-01
DTLZ4 | 8 1250 2,190E-02 | 3,421E-02 | 5,339E-02 | 1,298E-01 | 3,971E-01 | 5,963E-01 | 7,701E-01 | 8,811E-01 | 9,522E-01 | 1,013E+00
2,483E-02 | 3,856E-02 | 5,812E-02 | 1,675E-01 | 4,559E-01 | 6,671E-01 | 8,360E-01 | 9,457E-01 | 1,025E+00 | 1,072E+00

1,637E-02 | 2,583E-02 | 3,891E-02 | 7,853E-02 | 2,951E-01 | 5,688E-01 | 7,861E-01 | 8,698E-01 | 9,114E-01 | 9,487E-01
10 2000 1,759E-02 | 2,885E-02 | 4,087E-02 | 8,891E-02 | 3,887E-01 | 6,412E-01 | 8,158E-01 | 9,251E-01 | 1,009E+00 | 1,045E+00
1,989E-02 | 3,116E-02 | 4,316E-02 | 1,037E-01 | 4,597E-01 | 7,112E-01 | 8,696E-01 | 9,704E-01 | 1,143E+00 | 1,135E4-00

1,017E-02 | 1,606E-02 | 1,935E-02 | 2,239E-02 | 4,797E-02 | 3,735E-01 | 6,270E-01 | 8,013E-01 | 8,692E-01 | 9,544E-01
15 3000 1,115E-02 | 1,716E-02 | 2,057E-02 | 2,444E-02 | 1,075E-01 | 4,897E-01 | 7,053E-01 | 8,611E-01 | 9,599E-01 | 1,024E+00
1,235E-02 | 1,884E-02 | 2,157E-02 | 2,626E-02 | 2,289E-01 | 6,034E-01 | 7,986E-01 | 9,691E-01 | 1,052E+00 | 1,085E+400

Fonte: Elaborado pelo autor
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Tabela 23 — Menor, médio e maior valor de IGD de 20 execugoes independentes do NSGA-
ITII-DE para a variante de mutagao rand-to-best/1 considerando diferentes
valores de CR, com F = {0,1,0,5}.

Prob. | M | Max.G. 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0
8.6585-04 | 8,314E-04 | 1,064E-03 | 1,391E-03 | 3,795E-03 | 1,307E-01 | 8,646E-01 | 2,492E+00 | 3,242E+00 | 4,334E+00

3 400 | 1,104E-03 | 1,072E-03 | 1,292E-03 | 2,033E-03 | 1,370E-02 | 6,915E-01 | 2.464E+00 | 5,119E+00 | 6,917E-+00 | 9,274E+00
1,396E-03 | 1,473E-03 | 1,728E-03 | 2,557E-03 | 4,420E-02 | 1,540E+00 | 4,051E+00 | 7,439E+00 | 1,106E+01 | 1,169E+01

7.959E-04 | 1,032E-03 | 1,278E-03 | 2,158E-03 | 5,7605-03 | 1,836E-02 | 6,156E-01 | 1,929E+00 | 2,669E+00 | 3,311E+00

5 600 | 9,948E-04 | 1,188E-03 | 1,604E-03 | 2,876E-03 | 7,846E-03 | 5,158E-02 | 1,081E+00 | 2,875E+00 | 4,852E-+00 | 6,264E+00
1,218E-03 | 1,380E-03 | 1,979E-03 | 3,622E-03 | 1,091E-02 | 2458E-01 | 1,631E-+00 | 3,741E+00 | 6,676E-+00 | 9,710E+00

3,203E-03 | 4,495E-03 | 6,051E-03 | 1,235E-02 | 2,672E-02 | 2,263E-01 | 8,869E-01 | 1,647E+00 | 2,883E+00 | 3,960E-01

DTLZ1 | 8 750 | 4,241E-03 | 5,549E-03 | 9,215E-03 | 1,859E-02 | 5,503E-02 | 5,707E-01 | 1,832E+00 | 3,805E+00 | 5,679E+00 | 3,406E+00
6,030E-03 | 8,732E-03 | 1,304E-02 | 3,365E-02 | 1467E-01 | 1,119E+00 | 2,901E+00 | 5,538E-+00 | 9,320E+00 | 7,520E+00

2.813E-03 | 4,000E-03 | 6,859E-03 | 1,416E-02 | 3,.271E-02 | 1,851E-01 | 8,114B-01 | 1,200E+00 | 3,385E+00 | 2,230B-01

10| 1000 | 3,631E-03 | 7,724E-03 | 1,029E-02 | 1,919E-02 | 7,448E-02 | 3,285E-01 | 1,441E+00 | 2,522E+00 | 4,679E-+00 | 2,460E+00
6,233E-03 | 5,483E-02 | 5,719E-02 | 2,879E-02 | 2,717E-01 | 6,726E-01 | 2,107E+00 | 4,008E-+00 | 6,836E+00 | 6,023E+00

1,7965-03 | 2,080E-03 | 5,100E-03 | 1,707E-02 | 2,814E-01 | 4,204B-01 | 8,042E-01 | 1,625E+00 | 2,035E+00 | 2,693E-01

15| 1500 | 5,724E-03 | 7.287E-03 | 3,268E-02 | 1,207E-01 | 4,514E-01 | 1,050E-00 | 2,483E400 | 3,908E-+00 | 6,172E+00 | 3,559E+00
3,846E-02 | 3,975E-02 | 1,011E-01 | 2,825E-01 | 1,169E+00 | 2,409E+00 | 3,672E+00 | 6,038E-+00 | 9,807E+00 | 8,281E+00

34715-03 | 3,508E-03 | 3,244E-03 | 3,413E-03 | 4,151E-03 | 5,2975-03 | 7,515E-03 | 1,054B-02 | 1,502E-02 | 1,886E-02

3 250 | 4,144E-03 | 4,095E-03 | 3,902E-03 | 4,159E-03 | 4,817E-03 | 5.892E-03 | 8,883E-03 | 1276E-02 | 1,784E-02 | 2,217E-02
4,977E-03 | 4,807E-03 | 4,912E-03 | 4,992E-03 | 5.866E-03 | 6,589E-03 | 1,113E-02 | 1,387E-02 | 2,089E-02 | 2,698E-02

5,656E-03 | 6,225E-03 | 7,796E-03 | 1,032E-02 | 1,8115-02 | 2,930E-02 | 4,3855-02 | 6,142E-02 | 7,034E-02 | 1,029E-01

5 350 | 6,261E-03 | 7,224E-03 | 8,721E-03 | 1,178E-02 | 1,910E-02 | 3,235E-02 | 5,004E-02 | 6,850E-02 | 8,661E-02 | 1,141E-01
7.282E-03 | 8,059E-03 | 9,375E-03 | 1,325E-02 | 2,224E-02 | 3,653E-02 | 5608E-02 | 7,643E-02 | 9,347E-02 | 1,298E-01

8.8765-03 | 1,332E-02 | 2,221E-02 | 4,185E-02 | 7,850E-02 | 1,2265-01 | 1,940E-01 | 2,800B-01 | 3,620E-01 | 4,371E-01

DTLZ2 | 8 500 | 1,077E-02 | 1,538E-02 | 2,500E-02 | 4,626E-02 | 9,156E-02 | 1,506E-01 | 2,211E-01 | 3,083E-01 | 3,977E-01 | 4,846E-01
1,265E-02 | 1,857E-02 | 2,817E-02 | 5268E-02 | 1,090E-01 | 1,830E-01 | 2,631E-01 | 3,388E-01 | 4,314E-01| 5,293E-01

8.4365-03 | 1,361E-02 | 2,358E-02 | 4,986E-02 | 1,119E-01 | 1,706B-01 | 2,658E-01 | 3,3665-01 | 4,328E-01 | 4,829E-01

10| 750 | 8,925B-03 | 1,444E-02 | 2,527E-02 | 5,640E-02 | 1272E-01 | 2,081E-01 | 3,013E-01 | 3,763E-01 | 4,557E-01 | 5,227E-01
9,819E-03 | 1,525E-02 | 2,751E-02 | 6,479E-02 | 1479E-01 | 2,535E-01 | 3,254E-01 | 4,151E-01 | 4,815E-01 | 5534E-01

1,8295-03 | 9,271E-03 | 1,548E-02 | 6,921E-02 | 2,102E-01 | 3,2615-01 | 4,077E-01 | 5,435-01 | 6,164E-01 | 6,063E-01

15| 1000 |5,745B-03 | 9,896E-03 | 1,883E-02 | 9,271E-02 | 2456E-01 | 3,874E-01 | 4,814E-01 | 5903E-01 | 6,572E-01 | 7,698E-01
6,274B-03 | 1,065E-02 | 2,216E-02 | 1,380E-01 | 2,983E-01 | 4,617E-01 | 5297E-01 | 6,588E-01 | 6,936E-01 | 8311E-01

2,423E-03 | 2,533E-03 | 3,480B-03 | G6,AG1E-03 | 1,879E+01 | 3,211E+01 | 6,012E+01 | 8,511E+01 | 7,408E+01 | 3,433E+01

3| 1000 |2992E-03| 3,055E-03 | 5,320E-03 | 5,999E+00 | 3,094E+01 | 6,066E+01 | 8,498E-+01 | 1,029E+02 | 1,115E+02 | 8,001E+01
3,548E-03 | 4,233E-03 | 1,021E-02 | 1,466E+01 | 4,078E+01 | 7,156E+01 | 9,949E+01 | 1,213E-+02 | 1,276E+02 | 1,262E+02

5,350E-03 | 8,033E-03 | 2,275B5-02 | 7,057E+00 | 2,953E+01 | 5,332E+01 | 6,986E+01 | 9,424E+01 | 1,103B+02 | 5,980E+00

5| 1000 |6,055E-03 | 9,453E-03 | 4,813E-01 | 1,810E+01 | 5,222E+01 | 7,116E+01 | 1,031E+02 | 1,178E+02 | 1,313E+02 | 3,955E+01
7,374E-03 | 1,259E-02 | 5,825E+00 | 3,147E+01 | 6,662E+01 | 8,599E+01 | 1,268E-+02 | 1,381E+02 | 1,475E+02 | 8,682E+01

1,744E-02 | 6,988B-02 | 4,539E+00 | 4,143E+01 | 5,233E+01 | 7,704B+01 | 1,027E+02 | 1,177B+02 | 1,221E+02 | 1,044E+00

DTLZ3 | 8 | 1000 | 2,248E-02 | 1,124E+00 | 1,706E+01 | 5,966E+01 | 8,368E-+01 | 1,100E+02 | 1,303E+02 | 1,435E+02 | 1,592E+02 | 2,836E+01
3,098E-02 | 5,557E+00 | 3,303E-+01 | 8,078E+01 | 1,044E+02 | 1,308E+02 | 1,542E+02 | 1,680E-+02 | 1,858E+02 | 7,289E-+01

9,2976-03 | 2,237E-02 | 7,059E-01 | 1,265E+01 | 5,772B+01 | 8,708E+01 | 8,560E+01 | 9,831E+01 | 1,173E+02 | 1,065E+00

10| 1500 | 1,076B-02 | 3,243E-02 | 6,414E+00 | 3,658E+01 | 7,316E+01 | 1,044E+02 | 1,185E+02 | 1,364E-+02 | 1,481E+02 | 2,537E+01
1,309E-02 | 4,800E-02 | 1,483E+01 | 5,770E+01 | 9,273E+01 | 1,269E+02 | 1,354E+02 | 1,534E+02 | 1,676E-+02 | 9,820E+01

5,650E-03 | 2,201E-02 | 8,097B-01 | 2,213B+01 | 7,506E+01 | 1,071E+02 | 1,332E+02 | 1,124E+02 | 1,574B+02 | 3,253E+01

15| 2000 |8,009E-03 | 2,379E-01 | 1,194E~+01 | 7,227E+01 | 1,055E+02 | 1,374E+02 | 1,518E402 | 1,600E-+02 | 1,766E+02 | 6,209E~+01
1,789E-02 | 7,318E-01 | 3,054E+01 | 1,015E+02 | 1417E+02 | 1,674E+02 | 1,845E+02 | 1,953E+02 | 2,036E-+02 | 1,401E+02

3.3326-03 | 2,978E-03 | 2,849E-03 | 2,361E-03 | 2,957E-03 | 3,0035-03 | 3,925E-03 | 6,700B-03 | 1,208E-02 | 2,308E-02

3 600 | 3,999E-03 | 3,722E-03 | 3,317E-03 | 3,226E-03 | 3,398E-03 | 3,660E-03 | 4,649E-03 | 7,756E-03 | 1,598E-02 | 2,835E-02
4,738E-03 | 4,397E-03 | 3,864E-03 | 3,766E-03 | 3,711E-03 | 4,101E-03 | 6,402E-03 | 9,252E-03 | 2,005E-02 | 3,733E-02

7552E-03 | 7,199E-03 | 8,253E-03 | 8,541E-03 | 1,070E-02 | 1,391E-02 | 2,140B-02 | 5,174E-02 | 9,690E-02 | 1,799B-01

5| 1000 |8,644E-03 | 8,198E-03 | 9,130E-03 | 9,843E-03 | 1,162E-02 | 1496E-02 | 2,500E-02 | 5992E-02 | 1,181E-01 | 1,975E-01
9,426E-03 | 9,000E-03 | 1,041E-02 | 1,111E-02 | 1,256E-02 | 1,688E-02 | 2,933E-02 | 7,435E-02 | 1,395E-01 | 2,237E-01

1,956E-02 | 2,5585-02 | 3,079E-02 | 3,090E-02 | 4,805E-02 | 5,553E-02 | 6,864E-02 | 1,395E-01 | 2,9555-01 | 5,347E-01

DTLZ4 | 8 | 1250 | 2,246E-02 | 2,815E-02 | 3421E-02 | 4,204E-02 | 4,994E-02 | 5.888E-02 | 7,781E-02 | 1,692E-01 | 3,922E-01 | 5,796E-01
2,570E-02 | 3,153E-02 | 3,719E-02 | 4,524E-02 | 5265E-02 | 6,391E-02 | 9,375E-02 | 2,133E-01 | 4,458E-01 | 6,389E-01

1,782B-02 | 2,450E-02 | 2,990E-02 | 3,798E-02 | 4,250E-02 | 4,874B-02 | 5,707E-02 | 1,341E-01 | 3,846B-01 | 5,002E-01

10| 2000 | 1,918E-02 | 2,634E-02 | 3,304E-02 | 3,913E-02 | 4,426E-02 | 4,998E-02 | 6,060E-02 | 1,619E-01 | 4,190E-01 | 6,256E-01
2,146E-02 | 2,845E-02 | 3,518E-02 | 4,114E-02 | 4,562E-02 | 5,222E-02 | 6,422E-02 | 2,002E-01 | 4,504E-01 | 6,580E-01

1,0685-02 | 1,455E-02 | 1,727E-02 | 1,893E-02 | 2,213E-02 | 2,339B-02 | 2531E-02 | 2,611E-02 | 3,554B-02 | 5,043E-01

15| 3000 | 1,175E-02 | 1,578E-02 | 1,827E-02 | 2,035E-02 | 2,280E-02 | 2,442E-02 | 2,611E-02 | 2,750E-02 | 4,792E-02 | 5,552E-01
1,361B-02 | 1,722E-02 | 1,946E-02 | 2,102E-02 | 2,365E-02 | 2,520E-02 | 2,743E-02 | 3,118E-02 | 7.436E-02 | 6,098E-01

Fonte: Elaborado pelo autor
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Tabela 24 — Menor, médio e maior valor de IGD de 20 execugoes independentes do NSGA-
ITII-DE para a variante de mutagao rand-to-best/2 considerando diferentes
valores de CR, com F = {0,1,0,5}.

Prob. | M | Max.G. 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0
8.0095-04 | 9,699E-04 | 1,182E-03 | 1,008E-03 | 7,702E-03 | 8,133E-01 | 1,722E+00 | 2,561E+00 | 4,404E+00 | 4,758E+00

3 400 | 1,138E-03 | 1,209E-03 | 1,624E-03 | 3,849E-03 | 2,052E-01 | 1,600E+00 | 3,077E+00 | 5,908E+00 | 8,534E-+00 | 1,063E+01
LAGAE-03 | 1,568E-03 | 2,385E-03 | 5,789E-03 | 8,670E-01 | 2,720E+00 | 4,785E+00 | 8,166E+00 | 1,298E+01 | 1,414E+01

1,087B-03 | 1,241E-03 | 1,513E-03 | 3,310E-03 | 9,710E-03 | 2,214E-01 | 8,047E-01 | 1,895E+00 | 1,873E+00 | 3,247E+00

5 600 | 1,249E-03 | 1,422E-03 | 2,016E-03 | 4,199E-03 | 1,358E-02 | 4,445E-01 | 1,837E+00 | 3,074E-+00 | 5,318E+00 | 7,056E+00
1,520B-03 | 1,927E-03 | 2,334E-03 | 5,906E-03 | 1,788E-02 | 7,343E-01 | 2,480E+00 | 4,846E+00 | 9,508E+00 | 1,110E+01

3.5795-03 | 4,526E-03 | 8,369E-03 | 1,658E-02 | 5,635E-02 | 4,683E-01 | 9,699E-01 | 1,927E-+00 | 2,749E+00 | 3,907E-01

DTLZ1 | 8 750 | 4,431E-03 | 5,572B-03 | 1,061E-02 | 2,373E-02 | 1,705E-01 | 9,226E-01 | 2,229E-+00 | 4,390E+00 | 6,760E+00 | 4,382E-+00
5,514E-03 | 6,203E-03 | 1,426E-02 | 3.291E-02 | 4,574E-01 | 1,706E+00 | 3,729E+00 | 7,780E+00 | 1,007E+01 | 8,115E+00

2,994E-03 | 4,362E-03 | 7,029E-03 | 1,679E-02 | 5,0065-02 | 2,843E-01 | 5469E-01 | 1,656E+00 | 3,163E+00 | 3,273E-01

10| 1000 | 3,355E-03 | 5,037E-03 | 9,405E-03 | 2,171E-02 | 7,172E-02 | 4,911E-01 | 1,635E+00 | 3,423E+00 | 5,632E-+00 | 4,892E+00
3,751E-03 | 5,950E-03 | 1,238E-02 | 3,360E-02 | 1,881E-01 | 7,031E-01 | 2,726E+00 | 5,366E-+00 | 8,223E+00 | 8,200E+00

1,0885-03 | 2,084E-03 | 6,058E-03 | 4,346E-02 | 2,857E-01 | 6,474B-01 | 8,162E-01 | 3,120E+00 | 2,837E+00 | 4,226E-01

15| 1500 |5,787E-03 | 1,337E-02 | 1,871E-02 | 1,700E-01 | 5,080E-01 | 1,262E+00 | 2,595E+00 | 6,171E+00 | 7,280E+00 | 5,215E+00
3,818E-02 | 4,083E-02 | 5849E-02 | 2,838E-01 | 1,012E+00 | 2,050E+00 | 4,680E+00 | 8,198E-+00 | 1,068E+01 | 8,817E+00

3,6285-03 | 3,817E-03 | 3,780E-03 | 3,874E-03 | 5,014E-03 | 7,2705-03 | 9,820E-03 | 1,603E-02 | 1,824FE-02 | 2,569E-02

3 250 | 4,263E-03 | 4,128E-03 | 4,203E-03 | 4,717E-03 | 5,845E-03 | 8,088E-03 | 1,161E-02 | 1,838E-02 | 2,309E-02 | 2,999E-02
4,863E-03 | 4,568E-03 | 4,924E-03 | 5,521E-03 | 7,023E-03 | 9,182E-03 | 1,320E-02 | 2,316E-02 | 3,062E-02 | 3,374E-02

5.860E-03 | 7,164E-03 | 8.46AE-03 | 1,191E-02 | 2,240B-02 | 3,646E-02 | 5,754B-02 | 7,400E-02 | 1,020E-01 | 1,253E-01

5 350 | 6,370E-03 | 7,569E-03 | 9,547E-03 | 1,390E-02 | 2,486E-02 | 4,246E-02 | 6,304E-02 | 8,380E-02 | 1,095E-01 | 1,401E-01
6,974E-03 | 8,056E-03 | 1,147E-02 | 1,553E-02 | 2,696E-02 | 4,788E-02 | 7,115E-02 | 9,078E-02 | 1,214E-01 | 1,535E-01

9,9685-03 | 1,A80E-02 | 2,627E-02 | 4,600E-02 | 9,860E-02 | 1,607E-01 | 2,312E-01 | 3,0385-01 | 4,062E-01 | 4,438E-01

DTLZ2 | 8 500 | 1,120E-02 | 1,676E-02 | 2,934E-02 | 5729E-02 | 1,131E-01 | 1,806E-01 | 2,711E-01 | 3,521E-01 | 4,388E-01 | 5,026E-01
1,288E-02 | 1,805E-02 | 3,354E-02 | 6,626E-02 | 1,348E-01 | 2,065E-01 | 3,062E-01 | 4,081E-01 | 4,751E-01| 5477E-01

8,7215-03 | 1,A86E-02 | 2,787E-02 | 6,603E-02 | 1,370E-01 | 2,3485-01 | 3,226E-01 | 4,047B-01 | 4,631E-01 | 5,128E-01

10| 750 | 9,367E-03 | 1,575E-02 | 2,964E-02 | 7,130E-02 | 1,542E-01 | 2,573E-01 | 3.476E-01 | 4,351E-01 | 4,994E-01 | 5517E-01
1,022E-02 | 1,698E-02 | 3,184E-02 | 7,831E-02 | 1,775E-01 | 2,888E-01 | 3,739E-01 | 4,662E-01 | 5,337E-01 | 5,933E-01

5,047E-03 | 9,558E-03 | 2,2535-02 | 1,041E-01 | 2,9135-01 | 4,133E-01 | 5,560E-01 | 6,582E-01 | 7,108E-01 | 7,690E-01

15| 1000 | 6,158E-03 | 1,075E-02 | 2,724E-02 | 1,380E-01 | 3,443E-01 | 4,967E-01 | 6,010E-01 | 6,901E-01 | 7,528E-01 | 8,107E-01
7,556E-03 | 1,185E-02 | 3,398E-02 | 1,788E-01 | 4,132E-01 | 5.443E-01 | 6,708E-01 | 7,308E-01 | 7,982E-01 | 8,742E-01

2,600E-03 | 3,162E-03 | 6,239E-03 | 9,7035+00 | 3,003E+01 | 3,802E+01 | 6,373E+01 | 6,538E+01 | 1,005B+02 | 5,352E+01

3| 1000 | 3,098E-03 | 4,000E-03 | 3,224E-01 | 1,847E+01 | 4,567E+01 | 6,741E+01 | 9,091E+01 | 1,097E+02 | 1,185E+02 | 9,246E+01
3,954E-03 | 4,890E-03 | 3,499E+00 | 2,830E+01 | 5,524E+01 | 8,606E+01 | 1,149E+02 | 1,295E-+02 | 1,425E+02 | 1,222E+02

5,845E-03 | 8,080E-03 | 7,112E-01 | 1,536B+01 | 3,006E+01 | 6,288E+01 | 9,499E+01 | 9,594E+01 | 9,396E+01 | 2,264E+01

5| 1000 | 6,590E-03 | 1,271E-02 | 4,254E+00 | 2,558E+01 | 5,875E+01 | 8,714E+01 | 1,114E+02 | 1,273E+02 | 1,339E+02 | 4,976E+01
7,605E-03 | 1,761E-02 | 7,607E+00 | 3,470E+01 | 7,066E-+01 | 1,053E+02 | 1,248E+02 | 1,402E+02 | 1,567E+02 | 1,017E+02

2,061E-02 | 2,015E-01 | 1,485E+01 | 4,247B+01 | 5,437E+01 | 9,759E+01 | 1,106E+02 | 1,178E+02 | 1,270B+02 | 1,I11E+01

DTLZ3 | 8 | 1000 | 2,946E-02 | 3,305E+00 | 2,962E+01 | 6,424E+01 | 9,442E+01 | 1,219E+02 | 1,433E+02 | 1,528E+02 | 1,625E+02 | 3,891E+01
4,616B-02 | 1,145E+01 | 4,540E+01 | 8,983E+01 | 1,264E+02 | 1,436E+02 | 1,596E+02 | 1,762E-+02 | 1,900E+02 | 9,863E-+01

1,044E-02 | 3,709B-02 | 8,184E+00 | 3,165E+01 | 7,221E+01 | 9,774BE+01 | 1,213E+02 | 1,222B+02 | 1,420E+02 | 1,649E+01

10| 1500 | 1,248E-02 | 7.818E-02 | 1,406E+01 | 5,109E+01 | 9,078E+01 | 1,188E+02 | 1,356E+02 | 1,A7TIE+02 | 1,582E+02 | 3,917E+01
L507E-02 | 2,165E-01 | 2,654E+01 | 7,207E+01 | 1,111E+02 | 1,357E+02 | 1,484E+02 | 1,712E+02 | 1,760E-+02 | 1,582E+02

6,320B-03 | 1,030E-01 | 9,202E+00 | 4,011E+01 | 7,826E+01 | 1,244E+02 | 1,108E+02 | 1,A61E+02 | 1,442E+02 | 2,395E+01

15| 2000 | 9,391E-03 | 1,097E+00 | 3,484E-+01 | 8,932E+01 | 1,200E402 | 1,523E+02 | 1,570E+02 | 1,737E+02 | 1,700E+02 | 8,502E+01
1717E-02 | 4,334E+00 | 5,993E+01 | 1,105E+02 | 1,637E+02 | 1,760E+02 | 1,860E+02 | 1,926E+02 | 1,977E-+02 | 1,906E+02

3,045E-03 | 3,137B-03 | 3,646E-03 | 3,065E-03 | 3,730B-03 | 4,337E-03 | 6,001E-03 | 1,162B-02 | 2,263E-02 | 4,466E-02

3 600 | 4,499E-03 | 4,305E-03 | 4,204E-03 | 4,123E-03 | 4,262E-03 | 4,985E-03 | 7,170E-03 | 1.466E-02 | 2,978E-02 | 4,969E-02
5,102E-03 | 5280E-03 | 4,992E-03 | 4,839E-03 | 5172E-03 | 6,282E-03 | 9,204E-03 | 1,883E-02 | 3,800E-02 | 5,708E-02

8,443E-03 | 9,862B-03 | 1,027E-02 | 1,088E-02 | 1,395B-02 | 1,794E-02 | 3,371E-02 | 8,572B-02 | 1,364E-01| 2,170E-01

5| 1000 |1,020E-02 | 1,071E-02 | 1,164E-02 | 1,310E-02 | 1,585E-02 | 2,053E-02 | 4,066E-02 | 9,767E-02 | 1,647E-01 | 2,291E-01
1,148E-02 | 1,163E-02 | 1,275E-02 | 1454E-02 | 1,821E-02 | 2,339E-02 | 4475E-02 | 1,137E-01 | 1,875B-01 | 2,465E-01

2,179E-02 | 2,623E-02 | 3,574E-02 | 4,448E-02 | 5,144E-02 | 6,097E-02 | 8,067B-02 | 2,201E-01 | 4,405E-01 | 5,932B-01

DTLZ4 | 8 | 1250 | 2,535E-02 | 3,194E-02 | 3,881E-02 | 4,619E-02 | 5.382E-02 | 6,531E-02 | 1,049E-01 | 2,856E-01 | 5,021E-01| 6,378E-01
2,905E-02 | 3,499E-02 | 4,207E-02 | 4,877E-02 | 5,657E-02 | 7,650E-02 | 1,228E-01 | 3,245E-01 | 5,666E-01 | 6,753E-01

1,872E-02 | 2,740B-02 | 3,434E-02 | 3,976E-02 | 4,580E-02 | 5,157E-02 | 7,011E-02 | 2,533E-01 | 4,9035-01 | 6,468E-01

10| 2000 | 2158E-02 | 2,866E-02| 3,557E-02 | 4,128E-02 | 4,700E-02 | 5,349E-02 | 7,649E-02 | 2,943E-01 | 5.406E-01 | 6,802E-01
2,290E-02 | 3,040E-02 | 3,668E-02 | 4,269E-02 | 4,866E-02 | 5,668E-02 | 8537E-02 | 3,280E-01 | 5712E-01 | 7,090E-01

1,094B-02 | 1,580E-02 | 1,739E-02 | 1,023E-02 | 2,170E-02 | 2,362B-02 | 2473E-02 | 2,729E-02 | 1,134B-01 | 5,712E-01

15| 3000 | 1,264E-02 | 1,661E-02| 1,868E-02 | 2,111E-02 | 2,305E-02 | 2,503E-02 | 2,690E-02 | 3,233E-02 | 1,920E-01 | 6,115E-01
1,380E-02 | 1,819E-02 | 2,002E-02 | 2.218E-02 | 2,420E-02 | 2,708E-02 | 3,010E-02 | 6,231E-02 | 2,771E-01 | 6,676E-01

Fonte: Elaborado pelo autor
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