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Resumo
A urbanizagdo desordenada tem resultado em impactos ambientais significativos e
desafios para a satide puiblica. A conversao de dreas verdes em infraestruturas urbanas
pode comprometer servigos ecossistémicos essenciais, intensificando problemas como
a deterioragao da qualidade de vida. Diante desse cendrio, foram desenvolvidas e
avaliadas duas abordagens complementares, apresentadas na forma de artigos que
compoOem a presente dissertacao. O primeiro artigo propds e validou um Sistema de
Suporte a Decisao (SSD) fundamentado em ldgica fuzzy, voltado a identificagao e
priorizacao de areas para implantagao de infraestrutura verde. O segundo artigo
ampliou essa perspectiva ao desenvolver um arcabougo metodoldgico baseado em
sistemas de inferéncia fuzzy, direcionado a classificagao de dreas urbanas conforme
suas demandas especificas. A metodologia adotada incluiu uma revisao sistematica da
literatura e a selecao de variaveis indicadoras para composi¢ao dos sistemas. Como
parte da abordagem, foram desenvolvidos modelos computacionais de suporte a
decisdo, integrando ldgica fuzzy e andlise multicritério no ambiente de um Sistema de
Informagao Geografica. Os métodos foram aplicados a estudos de caso em Jundiai, SP,
e Sao José dos Campos, SP, considerando diferentes condicionantes urbanos e
ambientais. Os resultados demonstraram que a logica fuzzy foi adequada para a
avaliacao da infraestrutura urbana existente e a identificagao de areas prioritarias para
ampliacao, contribuindo para a otimizacao da gestao dos recursos naturais e para a
melhoria da qualidade de vida em 4reas urbanas. Além disso, a abordagem baseada
em inferéncia fuzzy permitiu a classificacdo dinamica das areas urbanas, viabilizando

a recomendacao de estratégias especificas para planejamento sustentavel.

Palavras-chave: Infraestrutura Verde, Logica Fuzzy, Gestao Urbana Sustentavel,

Servicos Ecossistémicos, Analise Multicritério, Planejamento Urbano.



Abstract
Unregulated urbanization has led to significant environmental impacts and public
health challenges. The conversion of green areas into urban infrastructure can
compromise essential ecosystem services, exacerbating issues such as the deterioration
of quality of life. In response to this scenario, two complementary approaches were
developed and evaluated, presented in the form of articles that compose this
dissertation. The first article proposed and validated a Decision Support System (DSS)
based on fuzzy logic, aimed at identifying and prioritizing areas for green
infrastructure implementation. The second article expanded this perspective by
developing a methodological framework based on fuzzy inference systems, designed
to classify urban areas according to their specific demands. The adopted methodology
included a systematic literature review and the selection of indicator variables for
system composition. As part of this approach, computational decision-support models
were developed, integrating fuzzy logic and multicriteria analysis within a
Geographic Information System (GIS) environment. The methods were applied to case
studies in Jundiai, SP, and Sao José dos Campos, SP, considering different urban and
environmental constraints. The results demonstrated that fuzzy logic was suitable for
evaluating existing urban infrastructure and identifying priority areas for expansion,
contributing to the optimization of natural resource management and the
improvement of quality of life in urban areas. Additionally, the fuzzy inference-based
approach enabled the dynamic classification of urban areas, facilitating the

recommendation of specific strategies for sustainable planning.

Keywords: Green Infrastructure, Fuzzy Logic, Sustainable Urban Management,

Ecosystem Services, Multicriteria Analysis, Urban Planning.
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1 INTRODUCAO

1.1 Consideragoes iniciais

A crescente expansao dos centros urbanos, impulsionada pela busca por
melhorias em infraestrutura e condi¢des de vida, vem promovendo profundas
transformagdes no ambiente construido e natural. Estima-se que, até 2050, cerca de
68% da populagio mundial residira em 4reas urbanas (NACOES UNIDAS, 2018). Essa
migracao, motivada por demandas como moradia, transporte, satide, saneamento e
educacao (WANG et al., 2021), tem intensificado a conversao de areas naturais em
infraestrutura urbana, resultando na degradagao ambiental e no agravamento de
desafios relacionados a saude publica. Problemas como poluicdo, perda de
biodiversidade e aumento da incidéncia de doengas respiratdrias e cardiovasculares
(BRESSANE et al, 2019; RAMELI et al, 2019; LEDDA; DE MONTIS, 2019;
NIEUWENHUIJSEN, 2021; YANG et al.,, 2021) evidenciam a necessidade urgente de
estratégias sustentdveis para mitigar os impactos desse crescimento desordenado.

Historicamente, o desenvolvimento urbano tem sido pautado pela
implementacao de infraestruturas predominantemente cinzas, voltadas ao suporte de
atividades econdmicas e sociais essenciais, como comércio, producao e lazer (FERRER

et al,, 2018; SUN et al., 2020). Essa abordagem tradicional, ao priorizar solugoes



tecnoldgicas e construidas para atender demandas imediatas, frequentemente
negligenciou a incorporacao de elementos naturais, contribuindo para a intensificagao
dos problemas ambientais.

Assim, ha a necessidade por cidades mais equilibradas e resilientes, e essa
pauta tem ampliado a necessidade por cidades sauddveis e sustentdiveis. Segundo Silva e
Pereira (2021), uma cidade saudavel é caracterizada por oferecer condigdes adequadas
para o bem-estar fisico, mental e social da populagao, promovendo acesso universal a
saneamento basico, servigos de satide de qualidade e espagos urbanos seguros e
inclusivos. Ja Oliveira (2022) destaca que uma cidade sustentdvel tem como principio
fundamental a preservacdao ambiental, a gestdao eficiente dos recursos naturais e a
mitigacdo dos impactos ecologicos, garantindo qualidade de vida também para as
geragOes futuras. Embora esses conceitos sejam complementares, eles nao sao
sinOnimos: é possivel que uma cidade apresente alta qualidade nos servigos de satde
e infraestrutura social, mas falhe em termos de sustentabilidade ambiental (COSTA;
MOURA, 2023). Do mesmo modo, cidades com excelente desempenho ambiental
podem nao garantir equidade no acesso a satide e bem-estar. Assim, compreender as
nuances e inter-relagdes entre saude urbana e sustentabilidade é essencial para a

formulacao de politicas ptiblicas integradas e eficazes.

Nesse contexto, surge a Infraestrutura Verde como uma alternativa
integrativa, que promove a resiliéncia urbana ao associar elementos naturais ao

planejamento territorial (NEFEDOV, 2017). Exemplos dessa abordagem incluem a



criacdo de parques urbanos, arborizacao vidria, sistemas de drenagem sustentavel,
como biovaletas e lagoas pluviais, e pavimentos permedveis, os quais nao apenas
promovem a biodiversidade, mas também melhoram a qualidade do ar e da agua,
além de oferecerem espagos de lazer e bem-estar a populagao (KOC et al., 2017;
MACHADO et al., 2020; NIEUWENHUIJSEN, 2021).

Apesar dos beneficios comprovados da Infraestrutura Verde, sua
implementacdao em larga escala ainda é limitada. Diversos fatores dificultam sua
consolidagao nos processos de planejamento urbano, incluindo a priorizagao historica
da Infraestrutura Cinza e a maior familiaridade dos gestores publicos com seus
métodos de financiamento e execugao. Além disso, a percepcao de que os
investimentos em solugdes verdes demandam retornos a longo prazo, somada a
complexidade da integracdao dos servigos ecossistémicos nas politicas urbanas,
contribui para a resisténcia a adogao dessas estratégias. Embora a Infraestrutura Verde
ofereca beneficios como mitiga¢do das ilhas de calor, purificacdo do ar e da agua e
aumento da resiliéncia climatica, barreiras institucionais e econdmicas continuam
favorecendo a manutencao do modelo tradicional (BENEDICT; MCMHON, 2006).

A predominancia da Infraestrutura Cinza no planejamento urbano esta
também associada a sua capacidade de atender rapidamente as demandas urbanas e
ao respaldo financeiro e politico consolidado em torno de obras convencionais. Esse
viés na alocagao de recursos e na formulagao de politicas ptblicas resulta em solugdes
de curto prazo que, muitas vezes, ignoram os impactos ambientais e sociais de longo

prazo (GILL et al., 2007). Dessa forma, a transicdo para um modelo de



desenvolvimento urbano sustentavel enfrenta desafios estruturais, exigindo uma
abordagem integrada que alie infraestrutura tradicional e solu¢des baseadas na
natureza.

A busca por um equilibrio entre esses dois paradigmas ressalta a necessidade
de ferramentas metodoldgicas inovadoras, capazes de auxiliar a tomada de decisao na
priorizagao de areas para implementacdo de Infraestrutura Verde. Nesse sentido,
metodologias baseadas em analise multicritério e Sistemas de Informagao Geografica
(SIG) tém sido amplamente exploradas para avaliar a viabilidade de diferentes
intervengoes urbanas (MACHADO et al., 2020; LIU et al., 2018; NIKIFOROVA et al.,
2019; ZHOU et al.,, 2018). No entanto, desafios relacionados a disponibilidade e
heterogeneidade dos dados ainda persistem, dificultando a implementacao de
abordagens mais precisas e adaptativas. Para lidar com essas incertezas inerentes aos
dados espaciais, técnicas baseadas em ldgica fuzzy tém se destacado como uma
solugdo promissora, permitindo maior precisao na identificacao de dreas prioritarias
para intervencdes sustentaveis (MEHRYAR et al., 2017; CANIANI et al., 2016;
BRESSANE et al., 2016, 2017, 2020, 2022, 2023).

A légica fuzzy, desenvolvida inicialmente por Lotfi Zadeh em 1965, tem sido
intensificado o uso nas ultimas décadas, pois tem se configurado de modo a se tornar
uma ferramenta para lidar com incertezas e imprecisdes em processos complexos.
Assim, seu uso tem sido expandido para diferentes areas, incluindo satde publica,
agricultura de precisao, controle ambiental e, especialmente, planejamento urbano

(SINGH; KUMAR; SHARMA, 2021; MENEZES et al., 2023). A principal vantagem da



logica fuzzy reside na sua capacidade de modelar variaveis qualitativas e subjetivas
de maneira mais proxima ao raciocinio humano, superando limitagoes dos modelos
tradicionais binarios (LI; ZHOU; CHEN, 2022). Portanto, se focado no planejamento
de infraestrutura verde urbana, essa abordagem é particularmente adequada, pois
permite integrar fatores diversos — como densidade populacional, cobertura vegetal
e qualidade ambiental — que geralmente apresentam altos niveis de incerteza e
variabilidade espacial (RAMOS; DIAS, 2024). Ademais, a logica fuzzy proporciona
maior flexibilidade e precisao na identificagdo de areas prioritarias para agdes de
infraestrutura verde, resultando em decisdes mais robustas e adaptaveis as

especificidades locais.

1.2 Estrutura da dissertacao

A presente dissertacdo estd estruturada em dois artigos cientificos que, de
forma complementar, introduzem uma proposta metodologica para aprimorar a
gestao sustentdvel da infraestrutura verde urbana. Esses artigos nao apenas
compartilham um eixo tematico comum — o uso da logica fuzzy para suporte a tomada
de decisdao —, mas também se interligam para construir uma abordagem complementar
sobre como identificar, priorizar e classificar dreas urbanas para intervencdes verdes
estratégicas.

O primeiro artigo introduz o desenvolvimento de um Sistema Fuzzy de
Suporte a Decisao (SSD), concebido para otimizar a alocagao de infraestrutura verde

em ambientes urbanos. A principal inovacao desse estudo reside na integracao de



dados geoespaciais com logica fuzzy dentro de um Sistema de Informagao Geografica
(SIG), permitindo a priorizagao de areas para intervengao com base em multiplos
critérios ambientais e sociais. Essa abordagem aborda desafios metodoldgicos na
incorporacao de incertezas inerentes aos dados espaciais, refinando a capacidade de
andlise para identificar regides onde a infraestrutura verde pode gerar maior impacto
positivo.

O segundo artigo expande essa perspectiva ao propor um arcabougo
metodoldgico baseado em sistemas de inferéncia fuzzy, que aprofunda a analise da
classificacao de areas urbanas conforme demandas especificas. Enquanto o primeiro
artigo foca na priorizagao espacial das dreas mais adequadas para infraestrutura verde,
o segundo investiga quais tipologias de infraestrutura verde sao mais apropriadas
para cada contexto urbano analisado. Assim, essa abordagem nao apenas define onde
devem ser realizadas as interven¢des, mas também orienta quais solugdes sustentaveis
sao mais eficazes para atender as necessidades locais, considerando varidveis como
vulnerabilidade ambiental, conectividade ecoldgica e impactos socioecondmicos.

Dessa forma, a dissertacao introduz uma proposi¢ao metodoldgica que avancga
do diagnostico espacial a formulacdo de solugdes concretas para a sustentabilidade
urbana. O primeiro artigo estabelece os fundamentos para a tomada de decisao
baseada em andlise multicritério, enquanto o segundo amplia essa légica ao detalhar
a adaptagao das solugoes de infraestrutura verde as caracteristicas especificas de cada
area urbana. Essa relacdo entre os dois estudos fortalece o carater aplicado da pesquisa,

fornecendo uma estrutura de suporte a decisao que pode ser replicada e ajustada para



diferentes cendrios urbanos, contribuindo para o avango das praticas de planejamento

territorial sustentavel.

2 OBJETIVOS
2.1 Objetivo Geral
Desenvolver e avaliar uma proposicao metodoldgica baseada em ldgica fuzzy
para suporte a decisao na gestao da infraestrutura verde urbana, contemplando tanto
a identificacdo e priorizacao de dreas estratégicas para sua implementacdo quanto a
classificacdo e recomendacdo de tipologias adequadas de intervencdo, visando a

construcao de cidades mais saudaveis, resilientes e sustentaveis.

2.2 Obijetivos especificos

(1) Identificar e selecionar variaveis indicadoras relevantes para a avaliagao da
infraestrutura verde urbana, considerando fatores ambientais, sociais e espaciais, com
base em revisao bibliografica e métodos analiticos de priorizagao;

(2) Desenvolver e validar um Sistema de Suporte a Decisao (SSD) baseado em
logica fuzzy, integrado a um Sistema de Informagdao Geografica (SIG), para a
priorizacao de dreas urbanas que demandam intervengao por meio da infraestrutura

verde;



(3) Propor e avaliar um arcabougo metodologico de inferéncia fuzzy para a
classificacdo das dreas urbanas identificadas, de modo a recomendar tipologias
adequadas de infraestrutura verde, alinhadas as necessidades e caracteristicas

especificas de cada regiao.



2 ARTIGO PUBLICADO

Sistema Fuzzy de Apoio a Gestao da Infraestrutura Verde Urbana

Adriano Bressane, Leonardo Massato Nicacio Nomura, Felipe Hashimoto Fengler, Liliam

César de Castro Medeiros, Rogério Galante Negri

Resumo: Lidar com os desafios do rapido crescimento urbano, enquanto
preserva ecossistemas e a qualidade de vida humana, ¢ um desafio
complexo e essencial para o desenvolvimento urbano sustentavel. Este
estudo visa apresentar um Sistema de Suporte a Decisdo (SSD) para a
gestao sustentavel da Infraestrutura Verde Urbana (IVU). Considerando
a urgéncia do desenvolvimento sustentavel urbano, este SSD,
desenvolvido com base em inteligéncia artificial (IA) fuzzy, é projetado
para lidar com incertezas inerentes a integracdo de dados geoespaciais no
ambiente computacional de um Sistema de Informacdo Geografica. A
selecdo das varidveis e parametros do SSD foi realizada por meio de
revisdo da literatura e consulta a especialistas utilizando o método Delphi.
Para demonstrar e discutir o potencial SSD, é realizado um estudo de caso
sobre uma bacia hidrografica localizada na Reserva Bioldgica da Serra do
Japi. Os resultados indicam que o SSD constitui uma ferramenta
promissora para planejadores, formuladores de politicas e pesquisadores,
a qual oferece suporte a recomendagdes orientadas a dados e derivadas
de andlises de casos. Pesquisas futuras devem explorar a integracdo de
indicadores adicionais, aprimorar o mecanismo de inferéncia fuzzy e
estender a aplicagao do SSD em diversos contextos urbanos.

Keywords: Infraestrutura verde. Cidades sustentaveis. Légica fuzzy.
Inteligéncia artificial

1. Introduction

No contexto contemporaneo de rapido crescimento urbano
desordenado, as cidades confrontam desafios cruciais, como a
fragmentacdo dos ecossistemas naturais, impactando adversamente a
qualidade ambiental e agravando as condi¢oes de vida nas cidades (LIMA
et al., 2022; ASSEDE et al., 2023; ZHENG et al., 2023). A complexidade
resultante da interse¢do entre a conservacdo de recursos naturais e a
gestdo do uso e cobertura do solo (UCS) contribui para crises que afetam
a seguranca alimentar e o bem-estar humano (NASCHEN et al,, 2019;
KARIUKI et al., 2021; CUI et al., 2022).

Em resposta a esses desafios, surge o conceito de cidades mais
verdes, buscando harmonizar a expansdo urbana com a preservagao
ecoldgica. Para essa transformacdo, emerge como estratégia a
Infraestrutura Verde Urbana (IVU), que abrange elementos e espagos
naturais, como florestas e parques urbanos, essenciais para promover
ambientes resilientes e habitaveis (ZHANG et al., 2022; BLASI et al., 2022;
DEMIREL, 2023).

Estudos recentes tém focado nos desafios e estratégias para gestao da
IVU, visando apoiar a preservacao dos recursos hidricos, mitigacao das
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ilhas de calor, reducdo de riscos climaticos, seguranca alimentar e
eficiéncia energética (FLORES et al., 2021; OU et al.,, 2022; OLIVEIRA et
al., 2022; LIN et al, 2023). Esforcos tém sido dedicados ao
desenvolvimento de Sistemas de Suporte a Decisdao (SSD) para diversas
aplicagdes, por exemplo, a gestdo da arborizacdo urbana e a gestao
participativa de espagos verdes (BRESSANE et al., 2018; LANGEMEYER
et al, 2020; ZAREL NIK-BAKHT, 2021; MASSARO et al, 2021,
CARVALHO MARIA et al., 2023).

O presente estudo tem como objetivo propor o desenvolvimento de
um SSD voltado a gestao sustentavel de IVU baseado na analise integrada
de dados geoespaciais em ambiente computacional de um sistema de
informacdes geograficas (SIG). A fim de contornar incertezas inerentes a
aquisi¢ao indireta de dados espaciais, sobretudo, quando provenientes de
multiplas fontes (LIU et al., 2018), sujeitos a varia¢des de escala, sistemas
de referéncia e precisao dos equipamentos (NIKIFOROVA et al., 2019),
que podem ser analdgicos ou digitais e com diferentes formas
representacao (ZHOU et al., 2018), o SSD proposto utiliza conceitos de
inteligéncia artificial (IA) e l6gica fuzzy.

Em especial, devido a sua reconhecida capacidade em lidar com
incertezas, a logica fuzzy tém sido amplamente utilizada na construgao de
sistemas de gestdo ambiental para suporte a tomada de decisdes
complexas (MOCHIZUKI et al., 2016; BIAGOLINI et al., 2017, MOTA et
al., 2019; SILVA et al., 2020; EWBANK et al., 2020; SPALDING et al., 2022;
BRESSANE et al., 2022; GOMES et al., 2023; GOULART et al., 2023).

2. Materiais e métodos

O desenvolvimento do SSD proposto € baseado na integragao de trés
Sistemas de Inferéncia Fuzzy (SIF), no ambiente computacional de um
Sistema de Informagao Geografica (SIG) composto pelo software QGIS.
Em geral o desenvolvimento dos SIF envolveu duas etapas principais,
sendo a primeira delas a fuzzificacdo das variaveis selecionadas para
compor o SSD.

A selecao destas variaveis baseou-se na revisao da literatura. Para
levantar os estudos correlatos utilizou-se a base Web of Science, aplicando
os seguintes termos de busca: title-abs-key ((“infraestrutura verde” OU
“espago verde” OU “edificio verde”) E (“cidade inteligente” OU “cidade
sustentavel” OU “cidade saudavel”) E (“inteligéncia artificial” OU “légica
fuzzy” OU “aprendizado de maquina”)) E (limit-to (pubstage, “final”)) E
(limit-to (doctype, “ar”)) E limit-to (subjarea, “eng.” ou “env.”)) E (limit-
to (pubyear, “de 2015 a 2024”)).

Como resultado, foram encontrados 172 artigos. Apds a exclusao dos
artigos fora do escopo do estudo, foram selecionados 12 trabalhos
relacionados a SSD aplicados a gestao da IVU e que por sua vez
determinam o referencial tedrico do sistema proposto. Ademais, os
documentos selecionados permitem identificar os avangos alcangados por
estudos anteriores, bem como estabelecer a base para as contribui¢des
inovadoras pretendidas nesse estudo.

Na etapa de fuzzificagdo, as variaveis do sistema foram
categorizadas com uso de valores linguisticos. Ao contrario de SSD
baseados em logica classica, os SIF desenvolvidos proporcionam um
mecanismo para tratar matematicamente incertezas através de transi¢des
graduais entre valores (TAVANA; HAJIPOUR, 2020). Para tanto, foram
usadas fungdes de pertinéncias triangulares, amplamente utilizadas em
estudos similares (JAIN; SHARMA, 2020).
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A segunda etapa da modelagem fuzzy do SSD foi a construc¢do da
base de regras, com uso de SIF Tipo-1, uma extensdao com maior poder
expressivo e melhor capacidade de lidar com incertezas, comumente
usada em diversas areas de aplicagao devido a sua flexibilidade e menor
custo computacional (SILVA et al., 2020). Dessa forma, o SSD baseado em
mecanismo de inferéncia fuzzy é capaz de emular o processo de raciocinio
humano ao capturar a esséncia de como os especialistas tomam decisdes
(BIAGOLINI et al., 2017).

Os limites estabelecidos as variaveis do SSD, bem como as bases de
regras aplicadas nos SIF, foram definidos por meio de um comité de
especialistas. Para isso, foi adotada a técnica Delphi, onde cada
especialista apresenta de forma independente proposi¢des que sao
posteriormente sintetizados por um facilitador (HSU; SANFORD 2019).
Em seguida, os membros do comité discutem e analisam um relatério
sintese, atualizando suas proposi¢des em rodadas subsequentes até
alcancar um consenso. O processo preservou o anonimato, permitindo
que os especialistas expressassem opinides e promovessem discussoes
abertas e de alto nivel sem viés.

3. Resultados e discussio

3.1 Sintese da literatura

Uma sintese dos estudos revisados é apresentada no Quadro 1. Para
cada referéncia, € sintetizada a abordagem desenvolvida e as
contribui¢des proporcionadas pelo estudo ao campo da gestdo da IVU.
Neste contexto, foi estabelecida uma base para demonstrar a originalidade
e avangos pretendidos com o SSD proposto no presente estudo.
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Quadro 1 - Sintese de revisao da literatura.

Abordagem desenvolvida

Contribui¢do ao campo de
estudo

Oliveira et al. (2022)

Bibri (2021)

Flores et al. (2021)

Bressane et al. (2018)

Lin et al. (2023)

Ou et al. (2022)

Massaro et al. (2021)

Langemeyer et al.
(2020)

Zhu et al. (2022)

Barbosa et al. (2019)

Biagolini et al. (2017)

Potencial da Infraestrutura Verde
e Azul urbana, destacando seu
papel em servigos ecossistémicos
e resiliéncia.

Integracao de processos
urbanisticos em cidades
inteligentes baseadas em dados e
com foco em tecnologias de
analise de dados.

Investigacao do papel de
governos regionais em praticas
sensiveis a 4gua na IVU.
Otimizacado da gestao da
arborizagdo urbana com
ferramentas de IA para avaliagao
de riscos e manejo eficaz de
arvores.

Aprendizado de maquina para
examinar a relagao entre o padrao
espacial da IVU e a intensidade
da ilha de calor.

Proposicao de método para a
priorizagao espacial da IVU,
abordando riscos decorrentes de
degradacao do ecossistema e
mudangas climaticas.

SSD para otimizar o
planejamento da IVU
considerando condi¢des
climaticas e padrdes de ocupagao.

Redes Bayesianas para avaliar a
demanda por servigos
ecossistémicos de telhados
verdes.

Conceito de Cidade Inteligente
Orientada pela Felicidade, com
énfase em IVU eficiente e publica.

Restauragao eficaz em designs de
IVU baseada em biodiversidade e
servigos ecossistémicos.

SSD baseado em logica fuzzy
para diagnostico participativo na
IVU.

Apoio a sustentabilidade, seguranca
hidrica e alimentar, reducgéo do
consumo de energia e contribui¢des
para a economia circular.

Exploracgao abrangente dos
paradigmas urbanisticos e do impacto
transformador da ciéncia de dados no
planejamento e gestao do uso e
cobertura do solo.

Abordagem de desafios especificos na
implementagao da IVU com foco em
governanga regional.

Enfoque na gestao eficiente da
arborizacgdo urbana, utilizando
inteligéncia artificial para melhorar
praticas de manejo.

Insights para o planejamento do Uso e
Cobertura do Solo considerando a
relacdo entre IVU e ilha de calor.

Incorporacao de estados de
vulnerabilidade e risco para priorizar
zonas de gestdao da IVU com base na
biodiversidade e servigos
ecossistémicos.

Enfoque na otimizagao do design da
IVU, integrando dados climéticos e de
ocupacgao para suportar decisdes de
planejamento.

Oferecimento de um modelo espacial
para orientar politicas municipais
eficazes para a IVU.

Destaque para o desenvolvimento
centrado no ser humano, incluindo a
IVU como componente essencial para
promover a felicidade.

Restauragao ecologica na IVU,
integrando biodiversidade e servigos
ecossistémicos em um design
otimizado.

Participacdo comunitdria, integrando
conhecimento técnico e compreensao
local por meio de um DSS fuzzy.
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Quadro 1 - Sintese de revisao da literatura.

Contribui¢do ao campo de
Abordagem desenvolvida estudo

Zarei and Nik-Bakht

(2021)

Quadro conceitual e um DSS para

envolvimento cidaddao em Promocao do envolvimento cidadao
projetos urbanos, utilizando na gestao urbana, utilizando logica
conjuntos fuzzy e um mecanismo  fuzzy para abordar incertezas.

de inferéncia fuzzy.

A revisdo dos estudos anteriores revelou contribui¢des significativas
para o aprimoramento da gestdo da IVU. As pesquisas revisadas
abrangeram desde a promogao de resiliéncia urbana até a otimizacao do
design da IVU, em alguns casos, incorporando o uso de IA e aprendizado
de maquina. Contudo, verifica-se uma lacuna, relacionada a auséncia de
um SSD para a gestdo sustentavel da IVU, orientado por dados
geoespaciais da resiliéncia, fragilidade e do nivel de perturbagdo da area
analisada, como proposto no presente estudo

3.2 Sistema de apoio a gestdo da IVU

O SIF1 foi desenvolvido para andlise integrada das variaveis
"Tamanho” e "Efeito de Borda", resultando no “Indice de Fragilidade” da
IVU (Figura 1, Quadro 2). A selecdo destas variaveis e a construgao das
regras que tragam relagdes sobre estas consideraram que fragmentos de
IVU maiores e com aspecto circular tendem a proporcionar melhor
resisténeia a estressores, diversidade de habitat, aumento da
biodiversidade e estabilidade do ecossistema (GUARIS et al., 2020).

minimo alto
baixo — extremo
moderado — muito extremo

1

OL
b) o

— muito pequeno — grande i
pequeno — muito grande — > SIF1 —> ;
médio i

777777777777777777777777777777 c)
1 fragilidade

— muito baixo — extremo
baixo — muito extremo
médio

d

Figura 1 - SIF1: a) Tamanho; b) Efeito de borda; c) Indice de fragilidade; d) Superficie de decisao.
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Quadro 2 — Base de regras do indice de fragilidade da IVU no SIF1.

Efeito de borda
muito baixo baixo médio alto muito alto
. muito muito
muito pequeno  moderado alto extremo
extremo extremo
Q .
é . muito
£ pequeno baixo moderado alto extremo
£ extremo
& médio baixo baixo moderado alto extremo
grande minimo baixo baixo moderado alto
muito grande minimo baixo baixo baixo moderado

Por sua vez, o SIF2 integra as variaveis "Conectividade" e
"Capacidade de Suporte", resultando na varidvel de saida "Indice de
Resiliéncia da IVU” (Figura 2, Quadro 3). A base ldégica aplicada
considerou que uma conectividade forte e uma alta capacidade de suporte
contribuem para a manuten¢do do fluxo génico, melhor movimento
efetivo de espécies, a troca de nutrientes e a propagacao da fungao
ecolégica (ABREU et al.,, 2014; SILVA et al., 2019).

muito pequena grande
pequena — muito grande
moderada

-
— muito pequeno — grande
pequeno — muito grande > SIF2 ’
médio
o]

b) o 1 resiliéncia

d)

Figura 2 — SIF2: a) Conectividade; b) Capacidade suporte; c) Indice de resiliéncia; d) Superficie de decisao.

Quadro 3 — Base de regras do indice de resiliéncia da IVU no SIF2.

o Capacidade cen .
Conectividade P Resiliéncia
suporte

muito
forte pequena
pequena
muito muito
fraca
pequena pequena
pequena forte pequena
muito
pequena fraca

pequena
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média forte moderada
média fraca pequena
grande forte grande
grande fraca moderada
muito grande forte muito grande
muito grande fraca moderada

Por fim, o SIF3 integra as saidas do SIF1 e SIF2, resultando no "Indice
de Sustentabilidade da IVU", nesse estudo considerada como a

capacidade da IVU de se manter a “muito curto”, “curto”, “médio”,
“longo” ou “muito longo” prazo (Figura 3, Quadro 4). Ao sobrepor tal
condicdo de sustentabilidade com a existéncia de fatores de perturbacgao
relacionados ao uso e ocupagdo, sistema vidrio e impermeabilizagdo do
solo, com uso das operagdes fuzzy overlay “OR” e “GAMMA” (y = 0,5)
no SIG, o SSD resulta em recomendagdes para gestao sustentavel da IVU
(Figura 4, Quadro 5).

fragilidade

sustentabilidade

a) e SIF3 ———»

resiliéncia

b)

Figura 3 — SIF2: a) Indice de fragilidade; b) Indice de resiliéncia; c) Indice de sustentabilidade.

Quadro 4 — Base de regras do indice de sustentabilidade da IVU no SIF3.

Resiliéncia

muito pequena pequena moderada grande muito grande

Fragilidade

minima

minima

moderada

alta

extrema

muito
extrema

médio prazo

médio prazo

curto prazo
muito curto
prazo
muito curto
prazo
muito curto
prazo

médio prazo

médio prazo
curto prazo
curto prazo

muito curto
prazo

muito curto
prazo

longo prazo

médio prazo
médio prazo

curto prazo

curto prazo

muito curto
prazo

muito longo
prazo

longo prazo
longo prazo
médio prazo

médio prazo

curto prazo

muito longo
prazo

muito longo
prazo

longo prazo

longo prazo
médio prazo

médio prazo
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efeito de borda

muito curto prazo

tamanho
SIF1
indice de
fragilidade curto prazo
capacidade suporte
SIF2
SIF3
conectividade indice de o médio prazo
—_— resiliéncia indice de
sustentabilidade
solo impermeabilizado longo prazo
- Fuzzy Overlay
OR Fuzzy Overlay
I —————
;1 GAMA
indice de
sistema vidrio perturbagao muito longo prazo
recomendacg0es para
ucs gestao da IVU

Figure 4 — Arquitetura do sistema de suporte a decisao baseado em inteligéncia artificial fuzzy.

Quadro 5 — Recomendagdes para gestao sustentavel da IVU.

Saida do Avaliacao da

SIF3 sustentabilidade Recomendagao




IVU com sustentabilidade
de muito longo prazo; em
condicdes que se
assemelham ao estado
natural.
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(i) criar zonas de amortecimento ao redor da IVU para
mitigar possiveis perturbagoes externas e salvaguardar sua
integridade diante da expansao urbana; (ii) implementar
monitoramento regular da biodiversidade para avaliar a
satude e diversidade da flora e fauna, identificando
quaisquer mudangas que possam exigir intervencao; (iii)
envolver as comunidades locais por meio de programas
educacionais para aumentar a conscientiza¢ao sobre a
importancia ecolégica da IVU, promovendo um senso de
responsabilidade; (iv) priorizar técnicas de regeneracao
natural, reduzindo a intervengao humana e permitindo que
0 ecossistema se restaure ao longo do tempo.

IVU com sustentabilidade
de longo prazo; sobre
pouco efeito de
perturbagdes,
prevalecendo elementos
de conservacao.

(i) estabelecer corredores ecolégicos conectando as areas
alteradas da IVU para promover a troca genética e facilitar o
movimento da flora e fauna dentro da paisagem urbana; (ii)
implementar esforgos direcionados de restauragao para

aprimorar a biodiversidade e as fung¢des ecoldgicas,
incluindo reflorestamento, manejo de espécies invasoras e
aprimoramento de habitats; (iii) regulamentacdes de

zoneamento que priorizem a preservacao da IVU,
garantindo que desenvolvimentos préximos nao invadam
ou degradem ainda mais sua integridade; (iv) integrar a
IVU no planejamento urbano, criando espagos
multifuncionais que equilibrem as necessidades humanas
com a preservagao ecologica.




[0,4 0,6]

IVU com sustentabilidade
de médio prazo; em
estado impactado por
perturbacdes, com
conservacao limitada.
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(i) recuperacao das areas degradadas com ag¢des que
priorizem a recomposi¢ao com espécies vegetais nativas,
visando restabelecer a funcionalidade do ecossistema e
promover a biodiversidade; (ii) executar planos de controle
de espécies invasoras para mitigar a propagacao de espécies
ndo nativas que poderiam degradar ainda mais a
integridade ecoldgica da Infraestrutura Verde Urbana (IVU)
moderadamente alterada; (iii) estabelecer corredores verdes
e ligagdes conectando as areas da IVU, fomentando o fluxo
genético e melhorando as oportunidades de movimentagao
para a fauna em dreas urbanas; (iv) integrar a IVU aos
frameworks de planejamento urbano, garantindo que o
desenvolvimento circundante leve em consideragao seu
valor ecoldgico; (v) envolver as comunidades locais por
meio de programas participativos, educando os residentes
sobre a importancia da IVU e os envolvendo em esforcos de
conservacao.

[0,2 0,4]

de curto prazo; exibe
caracteristicas de forte
efeito de fontes de
perturbacao.

IVU com sustentabilidade

(i) reabilitar essas areas da IVU altamente alteradas,
reintroduzindo espécies nativas e restaurando as fungdes
naturais do ecossistema; (ii) implementar técnicas de design
de IVU que aproveitem solugodes tecnologicas para
aprimorar servigos ecossistémicos, como gestao de aguas
pluviais, purificagao do ar e redugao de ruidos; (iii) executar
estrategicamente iniciativas de reflorestamento urbano que
visem o estabelecimento de vegetacao nativa dentro das
areas alteradas da IVU para aprimorar a biodiversidade e a
resiliéncia do ecossistema; (iv) construir melhorias de
habitat, como locais de nidificagao para aves e habitats para
insetos, para promover o retorno da biodiversidade e apoiar
o restabelecimento dos processos do ecossistema; (v)
realizar uma avaliagao abrangente dos servigos
ecossistémicos fornecidos por essas areas alteradas da IVU,
quantificando seus beneficios para o ambiente urbano e
defendendo sua preservagcao.




[0,00,2[

IVU com sustentabilidade
de muito curto prazo; sob
efeito extremo de fontes
de perturbacao.
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(i) desenvolver planos abrangentes de restauracao do
ecossistema que enfatizem o uso de espécies vegetais
nativas e foquem na restauragao de processos ecoldgicos
que apoiam o restabelecimento das fung¢des essenciais do
ecossistema; (ii) implementar soluc¢des avangadas de
infraestrutura ecoldgica, como sistemas de biofiltragao e
areas imidas artificiais, para mitigar os impactos da
vegetagao alterada, melhorando a qualidade da d4gua e a
regulacdo climatica urbana; (iii) projetar e implementar
iniciativas de criagdo de habitat que atendam a espécies
selvagens especificas adaptadas as condi¢des urbanas,
visando apoiar a biodiversidade local e promover a
conectividade de habitats; (iv) transformar areas altamente
alteradas da IVU em projetos de regeneracao de areas
degradadas, utilizando técnicas inovadoras para revitalizar
esses espagos enquanto integra usos sustentaveis da terra;
(v) langar campanhas abrangentes de engajamento ptblico
para conscientizar sobre a necessidade critica de preservar e
reabilitar essas areas alteradas da VU, envolvendo
comunidades em esfor¢os ativos de restauracao.

3.3 Estudo de caso

Para demonstrar e discutir seu potencial, o sistema proposto foi
aplicado a andlise da IVU na bacia hidrografica do rio Jundiai-Mirim,

localizada na Reserva Biologica da Serra do Japi, Estado de Sao Paulo (SP),
Brasil (Figura 5).



7435000

7442500

307500
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[JS&o0 Paulo
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Altitude (m)

™ 952 ~~— hidrografia WGS 1984
(|
698 corpo hidrico UTM - Zona 23S

320000

Figura 5 — Area de estudo — bacia hidrogréfica do rio Jundiai-Mirim.
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Apesar de situada na zona de amortecimento da Reserva Biologica
da Serra do Japi, um territorio especialmente protegido, a area tem sido
impactada com a crescente supressao de seus remanescentes florestais ao
longo das ultimas décadas, um cendrio critico que requer atencdo para
gestao sustentavel do uso da terra (LIMA et al., 2023). Para este estudo de
caso, foi utilizado um banco de dados abrangendo imagens aéreas e
orbitais, juntamente com dados geoespaciais de uso e cobertura do solo.
Esses dados foram estruturados em formato vetorial (i.e., shapefile),
garantindo interoperabilidade entre diferentes plataformas de SIG. Entao,
mapas sintéticos compostos de métricas da paisagem e pelo mapeamento
das fontes de perturbacdo na area foram gerados por geoprocessamento

(Quadro 6).

Quadro 6 — Ponderacao das fontes de perturbacao.

ucCs Peso* ucCs Peso*
agroindustria 0,1 moradia de alta densidade 0,1
culturas agricolas 0,5 moradia de baixa 01
! densidade
bosque 0,8 pastagem 0,5
gramado 03 pastagem com solo 0,3
exposto
industrial 0,1  pastosujo 0,6
loteamento industrial 0,1 piscicultura 1,0
loteamento para moradia 0,1 reflorestamento 1,0
macega 0,9 represa 1,0
mata 1,0 silvipastoril 0,7
mineragao 0,1 solo exposto 0,1
mina em recuperagao 0,2 varzea 1,0

*

valores mais proximos de 1 indicam menor potencial de perturbagao.

As métricas da paisagem incluiram o calculo das distancias entre
fragmentos florestais e fontes de perturbagdo, normalizadas em uma
escala de 0 (fragmentos diretamente adjacentes as fontes de perturbagao)
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a 1 (fragmentos situados a 200 metros ou mais de distancia). A capacidade
de suporte foi classificada considerando os potenciais e restricdes
relacionados ao uso da terra. Um raio de 100 metros ao redor de todas as
unidades de IVU foi estabelecido para a construcdo do indicador de
conectividade, vinculando distancias a unidade mais proxima. Maior
isolamento correspondeu a condigdes locais de resiliéncia mais adversas.
O tamanho de cada IVU foi calculado, e a distancia euclidiana dentro de
uma zona de amortecimento de 30 metros simulou o efeito de decaimento
da perturbac¢do a medida que a distancia da fonte aumenta. O efeito de
borda daIVU foi determinado pelo calculo da circularidade. Os principais

resultados estdo apresentados na Figura 6.

7 O%
WhoIW
%g} “
1’” i\i' 4
fragilidade resiliéncia -
minima W alta ‘ muito pequena B grande ,
baixa BN extrema pequena B muito grande
moderada B muito extrema moderada

(@) (b)

perturbagao sustentabilidade
minima W alta Bl muito longo prazo ¥¥ curto prazo
baixa Bl extrema longo prazo B muito curto prazo
moderada Bl muito extrema médio prazo

(© (d)
Figura 6 — IVU: (a) fragilidade baseada no SIF1, (b) resiliéncia baseada no SIF2, (c) perturbagao
baseada na sobreposicao fuzzy - OR, e (d) sustentabilidade baseada no SIF3.

Os resultados proporcionados pelo SSD proposto foram satisfatdrios,
produzindo classificagdes pertinentes para unidades homogéneas e
resultando em segmentacdo adequada nos procedimentos de sintese
cartografica. Tal como esperado, é possivel verificar que os resultados do
SIF2 foram influenciados pela capacidade de suporte dentro de cada
unidade de IVU, dada pela proximidade de fragmentos florestais dentro
de um determinado perimetro de referéncia. A abordagem baseada em
andlises vetoriais no ambiente SIG também foi satisfatéria durante o
geoprocessamento, respeitando como esperado as restri¢des pertinentes a
capacidade suporte e a ponderagao dos fatores de perturbagao no entorno.

O operador fuzzy OR, destacou adequadamente tais perturbac¢des
existentes sobre area de estudo. Essa abordagem garantiu que a saida
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resultante ndo apenas incorporasse as particularidades espaciais da IVU,
mas também enfatizasse de forma robusta as condi¢des em seu entorno.
Como resultado da integracdo desses aspectos intrinsecos a IVU e do seu
entorno com uso da operagao Fuzzy Overlay GAMMA, o SSD proposto
resultou em recomendagdes para gestdo sustentavel da IVU, as quais
podem ser visualizadas na representagao espacial da Figura 7.

307500 320000
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recomendacdes * ke R 2 4

[0,8 1,0] [0,20,4]
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Figura 7 - Recomendages para gestao sustentavel da IVU na area de estudo.

Em geral, o SSD proposto apresentou resultados pertinentes,
demonstrando robustez e aderéncia compativeis com os principios da
logica fuzzy no dominio de analises geoespaciais, proporcionando uma
abordagem capaz de integrar a influéncia de fatores de perturbacao aos
indicadores de fragilidade e resiliéncia. Logo, o estudo de caso
demonstrou o potencial do SSD proposto como ferramenta aplicavel a
gestao sustentavel da IVU.

4. Conclusoes

Este estudo contribuiu para o complexo desafio da gestao sustentavel
da IVU. O SSD baseado em IA fuzzy destacou-se como uma ferramenta
promissora, capaz de apoiar tomada de decisdes orientada por dados, ao
fornecer recomendagdes estratégicas por meio de analises “caso a caso”.
Logo, € valido concluir que o sistema proposto tem potencial de orientar
urbanistas e formuladores de politicas publicas na promocao de
ambientes urbanos que asseguram o equilibrio ecoldgico ao mesmo tempo
em que viabilizam o bem-estar social e a prosperidade economica.
Estudos futuros podem aprimorar a abrangéncia do SSD através da
integracdo de novos indicadores e fontes de dados adicionais. Esforcos
para refinar os SIF propostos devem ser realizados levando em
consideracao relagdes mais intrincadas entre as variaveis. Além disso,
estender a aplicagao do SSD a diferentes contextos urbanos contribuiriam
para consolidar a validacao da sua eficacia e versatilidade.
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Identifying Priority Areas for Urban Green Infrastructure Planning: A
Fuzzy Artificial Intelligence - Based Framework

Leonardo Massato Nicacio Nomura, Adriano Bressane, Vitoria Valente Monteiro, Inara Vilas

Boas de Oliveira, Graziele Ruas, Rogério Galante Negri, Alexandre Marco da Silva

Abstract: Urban green infrastructure (UGI) plays a key role in fostering
sustainability, resilience, and ecological balance in cities. However, the
task of identifying priority areas for UGI implementation remains
complex due to the multifactorial nature of urban systems and prevailing
uncertainties. This study proposes a fuzzy inference system (FIS)-based
framework composed of seven interconnected modules designed to
assess diverse criteria, including flood vulnerability, water quality,
habitat connectivity, vegetation condition, and social vulnerability. The
model was applied in the urban watersheds of Sao José dos Campos,
Brazil, a municipality recognized for its smart city initiatives and urban
environmental complexity. Through the integration of multi-criteria
spatial data, the framework effectively prioritized urban areas,
highlighting critical zones for extreme event mitigation, water quality
preservation, habitat conservation, and recreational space provision. The
case study demonstrated that Sdo José dos Campos, with an 11.73%
urbanized area and 737,310 inhabitants, benefits from targeted UGI
typologies, including sustainable drainage systems and green public
spaces, aligning infrastructure interventions with specific spatial
demands. Notably, the expert validation process involving 18
multidisciplinary specialists confirmed the model’s relevance and
coherence, with the majority classifying the outcomes as “highly
coherent”. The system’s modular structure, use of triangular membership
functions, and incorporation of the gamma operator allow for adaptable
prioritization across different planning horizons. By offering a
transparent, expert-validated, and data-driven approach, the proposed
method advances evidence-based decision-making and equips planners
with a practical tool for UGI implementation in dynamic urban contexts.

Keywords: Greener and Healthier Cities; Human well-being; Urban
Resilience; Sustainability.

Introduction

As the global population increasingly migrates to urban centers,
cities are undergoing transformative changes. These transformations are
further intensified by the escalating impacts of climate change, which
demand adaptive urban strategies integrated into spatial planning
frameworks. This urban shift demands a multifaceted infrastructure to
support essential aspects of city life, such as housing, sanitation,
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transportation, and healthcare services. Recent studies highlight the
pivotal role of such infrastructure in creating environments conducive to
human habitation [1,2]. However, the expansion of so-called gray
infrastructure often encroaches upon urban green spaces, posing
significant risks to environmental quality and public health [3,4]. This
reduction in green spaces underscores the importance of identifying
priority areas for urban green infrastructure (UGI) planning, a critical
endeavor for city planners and policymakers.

UGI represents man-managed natural systems designed to be
seamlessly integrated into the urban fabric, including, but not limited to,
parks, afforestation areas, stormwater management systems, and green
roofs. These elements play a dual role: they are essential for ecological
sustainability and serve as spaces for recreation, thus playing a significant
social role [5,6]. UGI typologies can be broadly categorized into four
groups: vegetated surfaces (e.g., parks, green roofs, green facades), water
management systems (e.g., bioswales, vegetated pavements, stormwater
wetlands, water circulation systems integrated into urban public spaces),
biodiversity corridors (e.g., urban forests, ecological strips), and social—-
nature interfaces (e.g., community gardens, green plazas). These elements
often overlap with Nature-Based Solutions (NBSs) and are most effective
when interwoven with gray infrastructure, such as roads, drainage, and
energy systems. Recognizing the hybrid nature of these infrastructures is
crucial for spatial planning, as urban resilience depends on the co-
functioning of green and gray systems. By enhancing environmental
quality and expanding the provision of ecosystem services, UGI is
fundamental in preserving biodiversity, conserving natural resources,
and improving residents’ well-being, all of which contribute to the
development of healthier and more sustainable urban environments [7].

Despite the recognized importance of UGI, urban planning faces
inherent complexities that demand sophisticated decision-making
processes capable of balancing diverse objectives and constraints. A
notable gap exists in the development of systematic frameworks for
identifying priority areas for UGI, crucial for its strategic planning.
Current methodologies often fail to address the multifaceted interplay of
factors and uncertainties that characterize urban planning [8]. The lack of
a comprehensive, data-driven approach capable of dealing with these
uncertainties may lead to suboptimal resource allocation, thereby
diminishing the potential positive impacts of urban planning
interventions. Addressing this challenge, our research introduces an
innovative framework centered on the fuzzy inference system (FIS), a
distinguished branch of artificial intelligence noted for its exceptional
handling of uncertainties. This framework distinguishes itself from
conventional Al technologies and decision-support systems through its
unique capacity to process imprecise, ambiguous, or subjective
information, which is a common challenge in the realm of urban planning.

The FIS leverages fuzzy logic to closely mirror human reasoning [9],
presenting a significant advantage in urban green infrastructure (UGI)
planning compared with traditional Al that depends on binary logic. This
approach excels in managing the qualitative, nuanced data characteristic
of UGI planning, enabling a structured decision-making process that
accommodates diverse variables and stakeholder perspectives [10]. This
adaptability is essential in UGI planning, aiming to balance ecological
sustainability with urban development amidst uncertainties. Unlike other
Al technologies requiring large, quantifiable datasets, the FIS integrates
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expert knowledge directly into the decision-making process [9]. This
integration is crucial in UGI planning, necessitating expertise across
ecology, urban design, and public policy fields. As such, the FIS-based
framework is uniquely suited for addressing the complexities of UGI
planning, providing a nuanced, inclusive decision-making approach that
aligns with the varied values and priorities of urban communities. This
method signifies a notable advancement in developing resilient,
sustainable urban environments.

This study contributes novel advancements to the field in several key
aspects. First, it proposes an integrated, multi-criteria FIS-based
framework capable of accommodating both biosphere and geosphere
demands—an approach not yet operationalized in prior UGI studies.
Second, unlike conventional data-driven models that require extensive,
high-resolution datasets or operate as opaque “black-box” systems, our
model combines fuzzy logic with expert-derived rules to enable
transparency, interpretability, and adaptability across varying data
conditions. Third, the modular architecture of the seven interconnected
FISs enables planners to generate flexible prioritization scenarios through
the tuning of the gamma operator, supporting short-, medium-, and long-
term strategies. These contributions address persistent gaps in scalability,
uncertainty management, and typology specificity, thus offering a robust
alternative to existing DSS approaches in UGI planning [10].

Our objectives include: (i) highlighting the necessity for a data-driven
framework in identifying priority UGI planning areas amidst
uncertainties; (ii) introducing an FIS-based model to identify such areas
and suggest appropriate UGI typologies based on specific urban
demands; (iii) implementing and validating this framework in a real-
world urban context to provide practical insights; and (iv) offering a
decision-support tool to enhance urban sustainability and resilience
through informed UGI planning.

This paper was structured into five main sections: “Related Works”,
presents a literature review contextualizing the study; “Theoretical
Background”, introduces key fuzzy logic concepts underlying the model
[9]; “Fuzzy Inference System Modeling”, details the design of the FIS-
based framework; “Application of the Proposed Framework”,
demonstrates real-world validation; and “Final Remarks”, discusses the
implications and potential of the proposed framework in advancing UGI
planning and sustainability. Figure 1 presents a flowchart detailing each
step of the proposed framework.

Figure 1. Flowchart of the proposed research framework.
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2. Related Works

To search for the most reliable, relevant, and up-to-date related works,
the Science Direct, Scopus, and Web of Science databases were used, in
which the following query was applied: title-abs-key (“green
infrastructure” or “green space” or “green building”) and (“sustainable
city” or “healthy city”) and (“artificial intelligence” or “fuzzy system”)
and (limit-to (pubstage, “final”)) and (limit-to (doctype, “ar”)) and limit-
to (subjarea, “eng.” or “env.”)) and (limit-to (pub year, “from 2014 to
2023”)) and (limit-to (language, “English”)). Thus, 181 articles were
found and preliminarily screened. After excluding those outside the
scope, eight works related to DSS to face challenges associated with the
management of UGI were selected and are discussed below.

Several research studies have emerged in the domain of UGI planning.
Table 1 highlights the diversity of methodologies applied in UGI
planning and their respective limitations. While each approach offers
unique advantages, they also present challenges that need to be
considered when implementing UGI projects, such as bias from expert
input, potential oversimplification, data requirements, interpretability
issues, and the complexity of integrating diverse data sources and expert
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knowledge.

Table 1. Methodologies applied in UGI planning and respective limitations.

Study Methodology Limitations in UGI Planning
Bagatini et al. (2018) Neuro-Fuzzy Adaptive Relia‘nce on expe.rt input for criteria weighting
Inference System may introduce bias.

Carvalho Maria et al.
(2023)

Lin et al. (2023)

Biagolini et al. (2017)

Zarei and Nik-Bakht
(2021)

Barbosa et al. (2019)

Massaro et al. (2021)

Langemeyer et al.
(2020)

May overlook subtle patterns due to simplicity;

Decision Tree Algorithm y o ubte pat PHCty
potential oversimplification.

Requires extensive data for training; can be

difficult to interpret ("black box").

Fuzzy-Based Decision Support Subjective set and rule base construction could

Machine Learning Techniques

Systems lead to variability in outcomes.
Fuzzy-Based DSS and Similar to Biagolini et al. (2017), with added
Conceptual Framework complexity in integrating inputs.

May not fully account for dynamic changes or

Computer-Aided Tool )
urban development over time.

Decision Support System

L. High dependency on accurate, real-time data.
Optimizing s dep y
. . Need for deep domain expertise and
Bayesian Belief Networks . P P

computational resources.

Bressane et al. [11] and Carvalho Maria et al. [12] concentrated on
optimizing urban afforestation management. Bressane et al. [11] employed
a combination of an Analytical Hierarchy Process and a Neuro-Fuzzy
Adaptive Inference System to assess tree falling risks, while Carvalho
Maria et al. [12] utilized the decision tree algorithm to achieve the same
objective, utilizing artificial intelligence tools to detect tree issues and
enhance management practices.

Lin et al. [13] applied machine learning techniques to analyze the
relationship between UGI spatial patterns and heat island intensity,
revealing that green space characteristics significantly impact heat island
intensity and providing valuable insights for land use and land cover
(LULC) planning.

Numerous other research studies with diverse focuses and methodologies
have also emerged. Bressane et al. [14] introduced a fuzzy-based DSS for
participatory UGI management, merging technical expertise with
community insights, promising enhanced participatory linear park
management.

Similarly, Zarei and Nik-Bakht [15] proposed the same approach to
integrate citizen engagement into urban projects, facilitating knowledge

extraction from the literature for new initiatives by researchers and
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practitioners. Barbosa et al. [16] proposed an innovative approach for
selecting cost-effective areas for UGI restoration, employing a computer-
aided tool to identify management zones within green and blue
infrastructure that align with various conservation objectives, aiming for
an optimal spatial UGI design that balances biodiversity protection and
the delivery of ecosystem services.

Massaro et al. [17] presented a DSS optimizing UGI design using climatic
data, environmental sensing, and occupancy patterns, incorporating
computer vision techniques. Langemeyer et al. [18] harnessed Bayesian
Belief Networks to assess demand for ecosystem services (ESs) from green
roofs, offering insights for local policy, particularly regarding the
effectiveness of UGI in delivering ESs.

In addition to the approaches discussed above, recent advances in multi-
criteria decision-making (MCDM) further support prioritization efforts in
complex systems. For instance, methods based on the Analytic Hierarchy
Process (AHP) have been employed to evaluate suitability for sustainable
construction and land use planning [19,20]. Furthermore, hybrid fuzzy
models—such as the hesitant fuzzy VIKOR—have demonstrated
improved ranking capabilities in medical and spatial domains [21]. These
studies underscore the flexibility of MCDM tools and inform the
positioning of our FIS-based approach as a robust alternative that balances
interpretability, adaptability, and data-driven rigor.

While the literature review reveals extensive research on UGI management
and data-driven decision-making, existing approaches often struggle to
handle the intricate interactions of various factors and uncertainties
inherent in UGI planning, particularly when using a Geographic
Information System (GIS). GIS analyses frequently involve indirect spatial
data acquisition and rely on multisource data [22], which can vary in scale,
reference system, and equipment precision [23]. Data can be either analog
or digital, and the representation can be raster- or vector-based [24]. Hence,
the search for suitable alternatives to address the integrated treatment of
data subject to such variations holds the potential for significant
advancements in multi-criteria analysis applied to the identification of

priority areas for UGI planning.
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In this context, we propose the development and evaluation of a
framework based on the FIS, a methodology that has been widely and
promisingly applied across various fields, including participatory
planning [25], impact assessment [26], and environmental management
[10]. This alternative approach, grounded in the FIS, has the potential to
overcome the challenges posed by diverse data sources, making it a
promising tool for dealing with uncertainties and addressing the
multifaceted nature of UGI planning.

To guarantee technical alignment with our proposed framework, we
emphasize that insights from UGI-related decision support systems
directly informed the construction of our FIS-based approach. Specifically,
limitations such as reliance on expert bias [11], oversimplification [12],
data-intensive requirements [13], and interpretability issues [17] shaped
the definition of input criteria and fuzzy rule structures used in our
system. For example, the integration of expert knowledge in our fuzzy rule
base responds to challenges faced by machine learning models that
operate as “black boxes”, while our modular FIS architecture overcomes
integration issues highlighted in prior GIS-dependent studies [22,24].
Thus, the empirical findings and constraints of prior UGI methodologies
served as a foundation for the FIS framework proposed herein,
underscoring a direct methodological progression rather than a thematic
digression.

3. Theoretical Background

An FIS can be structured through the specification of input and output
variables, membership functions, fuzzy rules, and an inference
mechanism, as delineated in prior studies [10,27]. In the current research,
the input variables are conceptualized as indicators for the demand in
mitigating extreme events, maintaining water quality, habitat
preservation, and facilitating leisure and recreation activities. Conversely,
the output variables delineate the prioritization categories for UGI
implementation.

Unlike classical logic models, where membership functions are binary,
indicating a state of either true (1) or false (0), fuzzy logic employs a

continuous scale from 0 to 1 to express membership (¢) within a fuzzy set.
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This gradation allows for the depiction of membership degrees through
various function shapes, such as linear (triangular or trapezoidal),
sigmoid, or quadratic, thereby facilitating the representation of linguistic
terms within a fuzzy set context [10]. In this investigation, these linguistic
values (ai), corresponding to the demand levels (lower, medium, higher)
and implementation priority (very small, small, moderate, large, very
large), are articulated.

Compared with traditional Al approaches—such as neural networks or
decision trees—the FIS presents distinct advantages for urban planning
applications. While conventional models typically require large,
structured datasets and often function as ‘black boxes” with limited
transparency, the FIS accommodates small, imprecise, or subjective
datasets through rule-based modeling. This makes it particularly suitable
for planning contexts marked by uncertainty, heterogeneous data, and
multidimensional decision criteria. Moreover, the FIS enables expert-
driven customization and interpretability, which are essential for policy-
sensitive domains such as green infrastructure planning.

The continuum of membership values enhances the depiction of truth,
introducing a flexible and authentic approach to managing uncertainties
inherent in real-world phenomena [10]. As an element’s value nears the
soft boundaries between overlapping concepts, the uncertainty level
escalates. This study employs triangular-shaped membership functions to

represent such uncertainties effectively (Figure 2).

soft boundary higher certainty
a a as
1 1
¢ X P |
overlap higher uncertainty

Figure 2. Uncertainty modeled by a triangular-shaped membership function.
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Fuzzy rules articulate the correlation between input and output
variables, outlining the transformation of inputs into outputs (Gomes et
al., 2023). The inference engine operationalizes these rules through fuzzy
logic operations like OR (Max), AND (Min), and GAMMA (), producing
the output variables. In our model, the GAMMA operator is utilized,
defined by:

¢=(Z)" x ()17
where @ is the membership, X and I1; represent the fuzzy algebraic sum

and product, respectively, and y is the GAMMA operator, defined
between zero and 1. When v is zero, the output results from the product,
and when it is 1, it results from the sum. The output's restrictiveness is
modulated by v's value, with lower y values creating more stringent
conditions. This foundational overview underscores the modeling
process's steps: defining linguistic terms, establishing membership
function shapes, and crafting fuzzy rules, all underpinned by expert
knowledge (Figure 3).

Experts knowledge

|
| :

Demand Membership Rule base
indicators Functions building

l

i

Input —= Fuzzification Defuzzification —¢

\—> Inference J Output
1 ¢

GAMMA Priority
Operator areas

Figure 3. Fuzzy logic - based modeling process.

4. Fuzzy Inference System Modeling

The proposed framework encompasses seven distinct FIS, designed
to advance UGI planning through a comprehensive, data-driven
approach. Each FIS is tailored to assess specific criteria, thereby
facilitating enhanced decision-making processes for UGI prioritization
(Figure 4).
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Figure 4. FIS-based framework proposed to identify priority areas for UGI planning.

The input data for the FIS framework were obtained from multiple
public and institutional sources. Land use and land cover (LULC) data
were derived from remote sensing classification of Sentinel-2 imagery (10
m resolution) using supervised classification techniques validated against
field points. Flood and landslide susceptibility maps were obtained from
the Brazilian Geological Survey (CPRM) based on topographic and
lithological models [32]. Social vulnerability indicators were derived from
census tract data provided by the Brazilian Institute of Geography and
Statistics [33], including variables related to housing quality, income, and
infrastructure. Riparian buffer conditions and vegetation states were
assessed using high-resolution aerial imagery and vegetation indices (e.g.,
NDVI), processed via QGIS. All spatial layers were resampled to a
common grid resolution (30 m), normalized to a 0-1 scale, and clipped to
the study area using a standardized urban watershed boundary.
Reclassification routines were applied based on thresholds from the
literature to assign fuzzy linguistic values (low, medium, high). These
preprocessing steps ensured data consistency and spatial comparability
across all FIS modules.

The variables used in the FIS were selected based on their relevance
to the multidimensional demands of UGI planning. These criteria—such
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as flood vulnerability, water quality, vegetation condition, and social
vulnerability —were chosen through a review of the scientific literature
and urban planning guidelines, prioritizing indicators commonly used to
assess geosphere and biosphere pressures [34,35]. Each input variable was
normalized to a continuous scale from 0 to 1, following a standard fuzzy
logic preprocessing approach that ensures compatibility with membership
functions and rule-based reasoning [29]. The normalization procedure
assigned 0 to the least critical condition (lowest demand) and 1 to the most
critical (highest demand), with intermediate values of 0.25, 0.5, and 0.75
used to represent graduated levels of intensity. The specific criteria for
mapping raw data to this standardized scale were adapted from existing
methods in environmental modeling. For example:
e Flood and landslide vulnerability: derived from multi-criteria risk
indices incorporating slope, soil, and hydrological data [32];
e Water quality demand: inferred from land use categories and
vegetation cover in riparian areas [34,36];
e Habitat connectivity and vegetation condition: classified based on
ecological fragmentation and forest succession stage [10,37];
e Social vulnerability: scored using spatial census indicators for
infrastructure, income, and human capital [35].

The initial system (FIS1) is dedicated to identifying areas that require
urgent interventions to mitigate extreme events, taking into account
factors such as vulnerability to flooding and landslide susceptibility. FIS2
focuses on evaluating regions demanding water quality maintenance,
utilizing LULC data and the proximity to unprotected conservation areas
as primary criteria. Subsequently, FIS3 synthesizes the outputs from FIS1
and FIS2 to prioritize areas based on geosphere-related needs, while FIS4
integrates criteria associated with forest connectivity and vegetation
condition to address habitat maintenance requirements. FIS5 assesses
potential locations for leisure and recreation, considering the green area
per capita and social vulnerability indicators. The outputs of these systems
are further analyzed by FIS6 to derive priorities based on biosphere
demands. Ultimately, FIS7 integrates the findings to identify priority areas
for UGI implementation, considering both biosphere and geosphere
demands.

Itis important to note that the resulting priority areas are not assumed
to be spatially homogeneous across all UGI typologies. Instead, the
framework identifies dominant demands (e.g., flood mitigation, water
quality, recreation) and recommends typologies based on these primary
needs. As such, each area may be associated with different UGI categories
depending on the prevailing environmental and social indicators. In some
locations, overlapping demands may lead to multifunctional
infrastructure recommendations. This approach reflects the heterogeneity
of urban environments and the necessity of place-based planning
strategies.

In the quantification of demands related to flood vulnerability and
landslide susceptibility, this study incorporates indices developed by [32],
which consider a range of environmental factors including slope, soil type,
riverbed characteristics, terrain morphology, amplitude, and the density
of structural lineaments. This comprehensive approach facilitates a
nuanced assessment, where the severity of conditions is stratified on a
scale from O (least critical) to 1 (most critical), with intermediary conditions
assigned values of 0.25, 0.5, and 0.75, respectively.
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For evaluating the necessity of water quality maintenance, LULC data
were scrutinized to determine the prevalence of impervious surfaces,
following the methodology proposed by [34]. The categorization of
demand was based on the degree of urbanization, with built-up areas
denoted as high demand (scored as 1), and a descending order of priority
given to exposed soil (0.8), herbaceous or shrub cover (0.6), tree cover (0.4),
and wetland areas (0.2), culminating with water bodies (0) as the lowest
demand.

The study also explores the impact of vegetation cover absence on
sediment transport into water channels, which may result in siltation
affecting water flow and quality, as described by [36]. The retention
capabilities of riparian forests for pollutants are compromised in the
absence of adequate vegetation cover, necessitating the assessment of
unprotected conservation areas. Different ground cover states within
riparian buffer zones are evaluated, ranging from no vegetation (1),
indicating the highest demand for intervention, to advanced secondary
growth or forested savanna (0), signifying the lowest. Intermediate states
such as pioneer vegetation (0.75), early secondary growth (0.5), and mid-
secondary growth (0.25) are scored accordingly, reflecting varying levels
of water quality maintenance demand.

Forest connectivity is determined by prioritizing strategic areas for
the maintenance of biodiversity and the promotion of ecosystem services
[38]. According to [37] there are eight categories representing degrees of
forest connectivity urgency, ranging from minimum to maximum. In the
present study, these categories are scored as lower (0) and higher (1)
demand, with intermediate categories scored as 0.15, 0.3, 0.45, 0.60, 0.75,
and 0.9, respectively. Likewise, the vegetation condition considers the
stage of forest regeneration, where absent vegetation is considered the
most critical situation, or, in other words, there is a higher demand for UGI
(scored as 1), followed by pioneer vegetation (0.75), early secondary
growth (0.5), wooded savanna or mid-secondary growth (0.25), and
forested savanna or advanced secondary growth (0), as proposed by [39].

The per capita green area is calculated as the percentage obtained by
dividing the vegetated area by the total population. A ratio of 15 m? per
inhabitant is considered as a reference according to the literature [40];
therefore, areas with this ratio equal to or greater than this are scored as
lower demand (0). In turn, social vulnerability encompasses infrastructure
and the urban environment, human capital, income and employment, and
housing dimensions [35]. The most critical condition corresponds to 100%
of people living in vulnerable conditions, i.e., higher demand (scored as 1),
followed by 60 to 90% (0.9), 30 to 60% (0.75), 10 to 30% (0.5), 0 to 10% (0.25),
and 0% scored as 0.

As described above, for each demand indicator variable, the reference
values from the literature were standardized, using a scale ranging from 0
to 1. Then, in the variable fuzzification stage, each FIS assigns three
linguistic values to input variables, classifying areas as having lower,
medium, or greater demand. These demand categories are modeled using
triangle-shaped membership functions (Table 2).

Table 2. Fuzzy triangle-shaped membership function.

demand parameters (a, b, ¢)*

lower 0,0, 0.5)

demand indicator variable medium 0,05, 1)
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greater 05,1, 1)

* parameters ‘a’ and ¢’ locate the base and the 'b’ locates the peak of the triangle-shaped

membership function.

Triangular membership functions was selected for this study due to
their computational efficiency, simplicity, and proven effectiveness in
applications where data are limited or where interpretability is essential
[29,31]. These functions are particularly suitable when expert knowledge
is the primary source for defining fuzzy sets, as they require only three
parameters and allow for straightforward rule construction and tuning
[30]. Moreover, in environmental and spatial decision-making contexts
such as UGI planning —where data uncertainty is common —triangular
functions offer a practical balance between expressiveness and
transparency [10,41]. Regarding parameter determination, the values for
(a, b, c) were defined based on the standardized scales of input indicators
and refined through iterative expert consultation, consistent with
participatory FIS design methodologies [14]. Specifically, endpoints ‘a’
and ‘c” delineate the lower and upper bounds of each linguistic category
(e.g., “low”, “medium”, “high”), while ‘b’ represents the peak (maximum
membership value). The adopted configuration— (0, 0, 0.5) for “low”, (0,
0.5, 1) for “medium”, and (0.5, 1, 1) for “high” —reflects an even
distribution across the normalized range [0-1], allowing symmetric
overlap between categories and ensuring continuity in the fuzzification
process. This structure also aligns with prior FIS applications in
environmental modeling, enhancing comparability and replicability [10].

In turn, the fuzzy rule base was developed using a knowledge-driven
approach, relying on expert elicitation and established domain literature
to define the logical relationships between input and output variables.
Specifically, for each FIS module, fuzzy rules were formulated based on
how combinations of demand indicators —such as flood vulnerability and
vegetation cover—correlate with the need for UGI interventions. This
approach is consistent with methodologies adopted in participatory
environmental modeling, where rules are defined to reflect qualitative
expert knowledge in the absence of large training datasets [31]. Each rule
in the base follows the standard IF-THEN format, such as: IF flood
vulnerability is high AND vegetation condition is poor, THEN the priority
is very high. The linguistic values used (e.g., low, medium, high)
correspond to the triangular membership functions defined in Table 2.
Rule combinations were selected to reflect realistic environmental
interactions and spatial patterns, ensuring that they are both interpretable
and applicable to real-world urban conditions. For example, in FIS1
(extreme event mitigation), areas with both high slope and poor drainage
were prioritized more heavily than those meeting only one of these
criteria. The rule base structure was reviewed in iterative sessions with
domain specialists in urban planning, hydrology, and ecology, ensuring
consistency, plausibility, and alignment with planning practices.
Additionally, a parsimonious design principle was followed to avoid
unnecessary rule proliferation, using three linguistic categories for inputs
to limit the total number of rules while preserving decision quality [29].

The construction of fuzzy rule sets, while grounded in domain
knowledge and literature, is inherently subject to expert judgment and
may introduce cognitive or institutional biases. These biases can affect the
weighting of certain criteria, the interpretation of linguistic thresholds, or
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the prioritization logic embedded in the rules. To mitigate these effects,
this study employed a multi-pronged strategy: (i) triangulation of rules
with scientific literature and regulatory standards; (ii) validation of
preliminary rules through a workshop involving municipal planners,
ecologists, and engineers; and (iii) consistency checks against empirical
data distributions for each input variable. This approach enhances the
objectivity and contextual relevance of the fuzzy inference process.

The output variables can take on five linguistic values, categorizing
areas as having very small, small, moderate, large, or very large priority
(Figure 5). When this output enters a subsequent FIS, a new fuzzification
occurs using three linguistic values. This is done to prevent a significant
increase in the number of rules resulting from the combination of these
values, thereby avoiding unnecessary computational processing costs.
The rule base that guides the inference engine is shown in Table 3.

— very small large
small — very large
— moderate
output variable

17

a b c

input variable #1

a b c

— lower medium — greater

input variable #2

=
2
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2 4
' 2 g #2
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Figure 5. Fuzzification of input and output variables into linguistic values.

Table 3. Rule basis of fuzzy inference system.

Input #1 Input #2 Output
lower very small
lower medium small
greater moderate
lower small
medium medium moderate
greater large
lower moderate
greater medium large

greater very large



https://www.mdpi.com/2413-8851/9/4/126#fig_body_display_urbansci-09-00126-f005
https://www.mdpi.com/2413-8851/9/4/126#table_body_display_urbansci-09-00126-t003

42

After classifying urban areas based on their priority using the FIS7
output, specific green infrastructure typologies are recommended by the
proposed framework according to the preceding FIS outputs (Table 4).
For instance, if the high-priority level is due to the need for mitigating
extreme events, a suggested green infrastructure typology could be the
implementation of sustainable drainage systems (SDSs). SDSs are
designed to effectively manage stormwater runoff, reducing the risk of
flooding and erosion in urban areas.

Table 4. Recommendations for mainstreaming green infrastructure.

demand

data-driven decision-making

FIS1: Mitigation of
extreme events

FIS2: Water quality
maintenance

FIS4: Habitat
conservation

FIS5: Leisure and
recreation

(i) Sustainable Drainage Systems: including retention basins, permeable
pavements, and rain gardens to effectively manage stormwater runoff and
reduce flooding; (ii) Natural Retaining Walls: using vegetation and
engineering techniques to create natural barriers against landslides and
erosion; (iii) Wildlife Refuges: native vegetation areas that provide safe
habitats for wildlife, aiding in biodiversity preservation; (iv) Coastal
Vegetation Belts: planting coastal vegetation like mangroves and dunes to
protect against coastal erosion and storms; (v) Urban Infiltration Parks: green
spaces designed to absorb rainwater and recharge groundwater, mitigating
urban flooding.

(i) Constructing Wetlands: artificial wetland systems that naturally filter and
purify water, improving its quality; (i7) Bioretention Swales: channels planted
with vegetation to capture and treat stormwater runoff before it enters water
bodies; (iii) Floating Treatment Wetlands: floating islands with aquatic plants
that help remove pollutants from water bodies; (iv) Riparian Buffer Zones:
planting native vegetation along water bodies to reduce runoff and filter
contaminants; (v) Stormwater Ponds: engineered ponds designed to detain
and treat stormwater, enhancing water quality before release.

(i) Green Roofs: rooftop gardens with native plants to provide habitat for birds
and insects; (ii) Pollinator Gardens: planted with native flowers to support
pollinators like bees and butterflies; (iii) Wildlife Corridors: linear green spaces
that connect natural habitats, facilitating wildlife movement; (iv) Artificial
Nesting Structures: installing birdhouses and bat boxes to support urban
wildlife; (v) Aquatic Habitats: creating ponds or small water bodies for
amphibians and aquatic species in urban areas.

(i) Community Parks: multi-use parks with playgrounds, sports facilities, and
picnic areas for diverse recreational activities; (ii) Botanical Gardens:
showcasing a variety of plant species and providing a serene environment for
relaxation; (iii) Green Trails: pedestrian and cycling paths with lush greenery
for a pleasant outdoor experience; (iv) Outdoor Fitness Zones: equipped with
exercise stations and open spaces for fitness enthusiasts; (v) Plaza Gardens:
small urban plazas transformed into green spaces for leisure and social
gatherings.

This includes structures like stormwater ponds, permeable
pavements, green roofs, and rain gardens, which help control rainfall and
minimize damage from extreme weather events. Such green
infrastructure significantly contributes to urban resilience in the face of
adverse climate events [42].
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To provide greater clarity and usability for urban planning, the green
infrastructure typologies recommended by the framework are grouped
into four functional categories: (i) hydrological systems (e.g., sustainable
drainage systems, wetlands, stormwater ponds); (i) ecological
connectivity and habitat support (e.g., wildlife corridors, green roofs,
aquatic habitats); (iii) recreational and social green spaces (e.g., parks,
green trails, botanical gardens); and (iv) environmental quality
interventions (e.g., riparian buffers, bioretention swales, permeable
pavements). This classification reflects their intended roles in urban
systems and facilitates integration with spatial planning instruments,
enabling decision-makers to align infrastructure investments with specific
urban needs.

Conversely, if the demand is for leisure and recreational spaces, a
recommended green infrastructure typology could be the establishment
of urban parks and recreational zones. These areas are designed to offer
spaces for relaxation, physical activity, and community gatherings,
featuring amenities such as playgrounds, sports facilities, walking trails
and picnic areas. Mainstreaming such UGI can enhance the quality of life
for urbanites, promote physical and mental well-being, and foster a sense
of community engagement. As cities continue to grow and face various
challenges, prioritizing and expanding UGI contribute significantly to the
overall health and happiness of urban residents, while also serving
essential ecological functions, such as maintaining the hydrological cycle
and providing ecological corridors for the gene flow of fauna and flora.

To ensure the robustness and applicability of the proposed FIS
framework for UGI planning, an expert validation process was
conducted. This process aimed to assess the relevance of the selected
indicators, the coherence of the model’s inference process, and the
applicability of the results to real-world urban planning scenarios. The
validation was performed through a structured consultation with a panel
of 18 experts selected based on their experience and expertise in
environmental sciences, urban sustainability, and infrastructure planning.
The expert panel included: (i) academics and researchers from universities
and research institutes specializing in environmental studies and
sustainability; (ii) public and private sector professionals, including
environmental engineers, urban planners, and government officials from
state environmental agencies; and (iii) multidisciplinary experts, such as
project supervisors and environmental managers from private companies
and public administration bodies.

The consultation was conducted via an online survey using the
Google Forms platform. The survey covered three key dimensions:

Relevance of the indicators—experts were asked to evaluate the
coherence and suitability of the indicators used in the model to identify
priority areas for UGI implementation;

Suggestions for inclusion or modification of indicators—experts
were given the opportunity to propose additional indicators or suggest
modifications to existing ones;

Evaluation of model coherence and applicability —experts assessed
the overall structure, inference process, and the validity of the results
obtained from the case study application.

5. Application of the Proposed Framework
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To validate the proposed FIS-based framework, we conducted a case
study in the city of Sao José dos Campos, located in the eastern region of
the state of Sao Paulo, Brazil. The urban watersheds of this municipality
were selected due to their representativeness of rapid urbanization,
environmental variability, and high relevance in regional sustainability
planning. Additionally, the city holds ISO 37120, 37122, and 37123
certifications as a smart city, ensuring the availability of high-quality
spatial and socio-environmental data, which is essential for implementing
and evaluating data-driven planning models. Its urban fabric
encompasses ecologically sensitive zones, dense urban cores, and socially
vulnerable areas —conditions that are suitable for testing the framework’s
capacity to reconcile conflicting geosphere and biosphere demands.
Although the indicators used are context-specific, the modularity and
adaptability of the framework support its transferability to other urban
contexts, provided that locally relevant data are available. This area offers
a diverse set of conditions that are ideal for testing the framework’s ability
to integrate and prioritize conflicting geosphere and biosphere demands.
Figure 6 illustrates the geographic boundaries and spatial configuration
of the selected urban watersheds that served as the spatial domain for FIS

application.
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Figure 5. The study area - urban watersheds of Sao José dos Campos, Brazil.

The municipality comprises 737,310 inhabitants (in 2023) and covers a
total area of 1099.409 km?, with 11.73% designated as urbanized zones. It
boasts 94.7% of urban households along public roads adorned with trees,
while 66.4% enjoy adequate sanitary infrastructure. When compared with
other cities in Brazil, it ranks 961st for road afforestation and 125th out of
5570 for proper sanitary infrastructure [33].

Taking into account factors such as technological advancements, urban
economy, quality of life, sustainability, and response capability to face
natural disasters, Sao José dos Campos has been certified as the first smart
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city in Brazil [43], complying with the conformity indicators established
by the International Organization for Standardization—ISO. It fully
adheres to ISO 37120, focusing on quality of life and sustainability, ISO
37122, which pertains to technology, and ISO 37123, which deals with the
city’s economy and its capacity for prevention and action in the face of
natural disasters [44,45,46].

The proposed fuzzy model can be considered a strategic tool for UGI
planning, particularly due to its ability to handle uncertainty and generate
diverse scenarios by varying the values of the gamma operator. This
flexibility allows adjusting the prioritization approach according to
different time horizons, optimizing the allocation of resources and
efforts. Figure 7 presents the identification of priority areas through the
integrated assessment of all indicator parameters derived from preceding
analyses considering a short-term horizon (y = 1), in which the focus can
be on prioritizing a smaller quantity of areas with more urgent demands,
addressing immediate needs. In the medium term (y = 0.5), the model
would provide the capacity to establish an intermediate scenario. This
allows for a more balanced approach, addressing areas with significant
demands but with a more extended implementation perspective. In the
long term (y = 0), the model could be adjusted to prioritize a larger
quantity of areas, encompassing existing but less urgent demands.

N
A

Priority

B very small
small
moderate
large

mm very large

Figure 7. Urban areas prioritized for implementing UGI in a short-term horizon.

The selection of y values is grounded in the operational mechanics of the
GAMMA operator in fuzzy inference. When vy = 1, the output is driven
by the fuzzy algebraic sum, producing a more permissive aggregation —
suitable for identifying critical areas in short-term planning. When y =0,
the output is based on the algebraic product, leading to more stringent
prioritization and wider coverage, ideal for long-term, inclusive
interventions. The intermediate value y = 0.5 balances these extremes.
This parameterization enables planners to tailor spatial priorities to
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different implementation timeframes by adjusting the sensitivity of the
decision rules. The temporal flexibility enables efficient resource
management, considering the gradual evolution of urban conditions. In
addition, it also allows for a comprehensive and sustainable vision,
considering the gradual transformation of the urban environment over
time. Thus, the model not only provides a dynamic approach to current
demands but also becomes an adaptable tool for strategic urban planning
across different time horizons.

From the results, it is evident that the proposed tool effectively classified
the study areas concerning demands related to extreme event mitigation,
water quality maintenance, habitat conservation, and spaces for leisure
and recreation. This comprehensive classification provides an evidence-
based understanding of urban green infrastructure (UGI) demands,
enabling targeted and effective planning.

For example, in areas where habitat conservation emerged as the primary
demand for prioritization, the recommended green infrastructure
typologies, such as green roofs, pollinator gardens, wildlife corridors,
artificial nesting structures, and aquatic habitats, as listed in Table 4,
align with the ecological needs of the area. This promotes biodiversity
and enhances the overall health of the urban ecosystem. Conversely, in
areas where leisure and recreation were identified as the main demand,
the FIS recommends typologies like community parks, botanical
gardens, green trails, outdoor fitness zones, and plaza gardens. These
interventions not only contribute to the physical and mental well-being
of urban residents but also foster a sense of community engagement. The
suggested UGI typologies align with the recreational needs of the area,
promoting a healthier and more socially vibrant urban environment.

6. Expert Validation

The majority of experts rated the proposed indicators as “relevant” or
“highly relevant” for identifying priority areas for UGI implementation
(Figure 8). While some experts expressed minor concerns about specific
indicators—such as the indirect role of vulnerability levels in decision-
making—there was a strong consensus on maintaining all proposed
indicators without exclusions.
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Figure 08. Experts' perception of the relevance of the proposed indicators.

Interestingly, when asked whether additional indicators should be
included, most experts indicated that the current set of indicators was
comprehensive and sufficient. However, a specific suggestion was made
to consider an indicator related to resource prioritization under budget
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constraints, highlighting the importance of financial feasibility in urban
sustainability planning.

The coherence of the model’s results was also positively evaluated
(Figure 9). Most experts classified the model’s outcomes as “highly
coherent”, with some responses indicating that results were simply
“coherent” but never inconsistent or unreliable. The structured inference
process and the ability of the model to classify urban areas into four
priority  categories—extreme event mitigation, water quality
maintenance, habitat conservation, and leisure and recreation
enhancement—were particularly well-received.

90 MM very coherent Bl coherent incoherent

Priority areas for:
60 Y
1. extreme event mitigation
30 2. water quality maintenance
3. habitat conservation
0 4. promotion of recreational spaces
1 2 3 4

Figure 9. Experts' perception of the coherence of the results from the application of the
proposed model in the study area.

Percentage of respondents

When asked about potential improvements, most experts did not identify
any critical weaknesses in the model. However, one recommendation was
to incorporate an open-ended question in future validation forms,
allowing respondents to provide qualitative insights beyond the
structured survey format.

The expert validation process confirmed the scientific rigor and practical
applicability of the proposed framework. The overwhelmingly positive
feedback on indicator selection, model coherence, and inference accuracy
suggests that the FIS-based approach is a viable tool for guiding urban
green infrastructure planning. Moreover, the interaction with specialists
provided valuable insights for future refinements, particularly regarding
the integration of economic constraints into the decision-making process.

This validation reinforces the study’s contributions to wurban
sustainability, demonstrating that data-driven methodologies can
effectively support policy and planning decisions. Future research can
build upon this foundation by expanding the expert panel, integrating
financial optimization models, and applying the framework across
diverse urban contexts to enhance its adaptability and scalability.

7. Limitations and Future Research Directions

While the proposed FIS-based framework has demonstrated both
technical feasibility and conceptual robustness, several limitations should
be considered and acknowledged to inform future research and support
broader applicability.

First, the study did not include a comparative evaluation with alternative
decision-support methodologies, such as Multi-Criteria Decision
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Analysis, machine learning approaches, or GIS-only models. This
omission reflects the study’s primary aim of developing and validating a
novel, expert-driven FIS architecture tailored to specific urban planning
challenges. Nevertheless, benchmarking the framework against
established methodologies is essential to strengthen its empirical
foundation and should be prioritized in future research.

Second, the framework currently operates using static, secondary spatial
data and expert-defined rule bases. While these choices ensure
transparency and interpretability, they may not adequately reflect
dynamic urban conditions. Incorporating real-time environmental
monitoring and crowdsourced data sources would enhance the model’s
adaptability and responsiveness to temporal changes.

Third, although we employed expert validation to assess the coherence of
the model and the relevance of its indicators, the framework does not yet
integrate broader stakeholder engagement processes. The absence of
participatory mechanisms, such as public input or multi-level
institutional review, may limit its applicability within inclusive planning
contexts.

Fourth, the framework was applied to a single case study —Sao José dos
Campos, Brazil. While this city presents a relevant context of urban
environmental complexity, the generalizability of the model to other
urban systems with different socio-ecological and governance
characteristics remains untested.

To advance the framework’s utility and scope, future research should
focus on benchmarking its performance against other UGI planning
methods; applying it to diverse geographic and institutional settings;
incorporating participatory and real-time data inputs; developing hybrid
models that integrate fuzzy logic with optimization or predictive tools;
and exploring its integration into municipal GIS platforms or digital twin
systems to enable real-time planning support.

8. Conclusions

This study presents a fuzzy inference system (FIS)-based framework to
identify priority areas for urban green infrastructure (UGI), addressing
the complex demands of urban resilience and sustainability. Through
seven interconnected modules, the model systematically integrates
environmental and social indicators to classify urban areas and
recommend tailored UGI typologies, such as sustainable drainage
systems, riparian buffers, and community parks. Its application in Sao
José dos Campos, Brazil, a smart city with diverse urban environmental
conditions, demonstrates the framework’s effectiveness in supporting
targeted planning across multiple time horizons.

By enabling the adjustment of prioritization sensitivity via the gamma
operator and adopting transparent, expert-informed rule bases, the
framework accommodates uncertainties and promotes informed
decision-making. Importantly, it offers a clear pathway for policymakers
by aligning with municipal planning instruments —such as master plans
and ecological zoning —while ensuring integration with commonly used
GIS platforms. Furthermore, the framework provides a practical decision-
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support pathway for policymakers by aligning its modular structure with
existing urban planning instruments such as municipal master plans,
ecological zoning, and resilience strategies. By utilizing accessible GIS
platforms and transparent rule-based logic, the framework facilitates
institutional adoption, allowing planners to integrate UGI prioritization
seamlessly into regulatory processes and policy development. Although
the model relies on secondary data and expert judgment, its modular
structure and validation by multidisciplinary experts confirm its practical
applicability. Future research should extend the framework to diverse
urban contexts, integrate real-time data inputs, and explore participatory
planning mechanisms to further its scalability and responsiveness. In
doing so, this approach will strengthen the role of artificial intelligence in
sustainable urban governance, contributing to climate adaptation and the
long-term resilience of cities.
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4 CONSIDERACOES FINAIS

A presente pesquisa buscou contribuir para o campo da gestao estratégica da
infraestrutura verde urbana por meio do desenvolvimento e avaliagio de um
arcabougo metodologico baseado em 1dgica fuzzy, voltado a identificacdo, priorizacao
e classificagdo de areas para implementacao de infraestrutura verde. A pesquisa
avangou a discussdao sobre o planejamento urbano sustentavel ao integrar duas
abordagens metodolodgicas complementares, abordando tanto a priorizagao espacial
da infraestrutura verde urbana quanto a adaptagao das solucdes as demandas
especificas do contexto urbano.

O primeiro estudo focou no desenvolvimento de um sistema de suporte a
decisdo baseado em ldgica fuzzy, projetado para otimizar a selecdo de 4&reas
prioritarias para a implantacao de infraestrutura verde. Os resultados demonstraram
a eficdcia da logica fuzzy na modelagem de incertezas espaciais e sua aplicabilidade
em um sistema de informacao geografica. A pesquisa refor¢ou a importancia do uso
de abordagens baseadas em dados para a sustentabilidade urbana, permitindo uma
avaliacao estruturada de indicadores ambientais e sociais para embasar a tomada de
decisao.

O segundo estudo ampliou essa abordagem ao propor um arcabouco
metodoldgico baseado em sistemas de inferéncia fuzzy, capaz de classificar dreas
urbanas conforme suas demandas especificas e recomendar tipologias adequadas de
infraestrutura verde. Essa abordagem superou a lacuna existente entre modelos
tedricos de priorizacdo e estratégias praticas de implementacdo, garantindo que as
areas selecionadas recebessem solugoes ajustadas as suas condig¢Oes ecologicas, sociais
e econOmicas.

Apesar das contribui¢des significativas, algumas limitacoes devem ser
reconhecidas. A primeira delas diz respeito a disponibilidade e heterogeneidade dos
dados espaciais, o que impds desafios na integracao de multiplos indicadores

ambientais e socioecondomicos. Embora a 16gica fuzzy tenha se mostrado eficiente para
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lidar com incertezas nos dados, pesquisas futuras podem explorar a incorporagao de
conjuntos de dados de maior resolucao e o uso de monitoramento ambiental em tempo
real, aprimorando a precisao do modelo.

Além disso, a validacdo do modelo foi realizada por meio da consulta a
especialistas, o que forneceu insights qualitativos valiosos, mas poderia ser
complementada por avaliagdes empiricas a partir do monitoramento de longo prazo
de projetos de infraestrutura verde. Estudos futuros podem incluir andlises
comparativas em diferentes contextos urbanos para testar a escalabilidade e
adaptabilidade do arcabougo proposto.

Outro aspecto relevante é a auséncia de varidveis econdmicas e institucionais
no modelo, visto que a pesquisa focou principalmente nos critérios ambientais e
espaciais. Assim, recomenda-se que futuras investigacdes integrem modelos de
avaliacdo econdmica e andlises de politicas publicas, tornando o processo de
planejamento da infraestrutura verde mais alinhado com as realidades financeiras e
institucionais dos municipios.

Com base nos achados desta dissertacao, recomenda-se que futuras pesquisas:
. Ampliem a aplicacdo do modelo para diferentes contextos urbanos, testando
sua adaptabilidade a cidades com condi¢des socioambientais e estruturas de
governanga diversas;

. Integrem técnicas de aprendizado de maquina e inteligéncia artificial para
aprimorar a modelagem preditiva e automatizar processos de tomada de decisao;

o Incorporem restri¢des financeiras e institucionais no arcabougo de suporte a
decisao, possibilitando um planejamento urbano mais abrangente e realista;

. Realizem valida¢des empiricas do modelo, acompanhando a efetividade das
intervengoes de infraestrutura verde ao longo do tempo;

. Aprimorem a participacao de stakeholders, utilizando metodologias de
planejamento participativo para incluir a percep¢ao da comunidade no processo

decisério.



54

Os resultados desta pesquisa evidenciam o potencial da logica fuzzy como
uma ferramenta robusta para o planejamento urbano sustentavel, especialmente na
gestaio da infraestrutura verde. A integracdo de andlise multicritério,
geoprocessamento e inteligéncia artificial proporcionou uma abordagem inovadora e
estruturada para apoiar a gestao de cidades mais resilientes e sustentaveis. Os achados
reforcam que metodologias orientadas por dados podem servir como ferramentas
essenciais para tomadores de decisao, planejadores urbanos e gestores ambientais,
auxiliando na construgao de cidades que conciliem preservacao ecoldgica, qualidade
de vida e viabilidade econdmica em seus processos de crescimento e desenvolvimento

urbano.
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