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Abstract

Urban green spaces are key to sustainable urban development, yet climate change, urban densification,
and rising land and rental prices increasingly restrict access and reinforce social inequities. Sustainable
Development Goal 11.7 calls for universal, inclusive access to green spaces, with environmental justice
providing the normative framework. In Germany, however, visual access to urban greenery remains
largely unaddressed. While legal regulations protect landscape, street or townscape views, it rarely
creates new visual access. Especially for children and seniors in socio-economically disadvantaged
neighborhoods, physical access to green spaces is limited. This kind of imbalance has been intensified
by climate impacts and pandemics. In dense residential areas, green window views therefore represent
a low-threshold form of everyday nature contact, proven to have a multidimensional impact on the urban

population.

This study addresses the dimension of visual green access by developing, validating, and applying a
reproducible, scalable window view simulation engine based on open-source technology and open
geodata. At its core lies the Green Window View Index (GWVI), supplemented by the Floor Green
Window View Index (FGWVI) and Building Green Window View Index (BGWVI). This approach
meets key big-data criteria like volume, veracity, scalability, and granularity, enabling evidence-based
spatial analysis. Validation via semantic segmentation confirmed a promising degree of accuracy while
highlighting the need to include three-dimensional building models with indoor elements, phenological
dynamics of green spaces as well as the introduced framework regarding Volunteered Window View

Imagery (VWVI).

Empirical case studies in Bonn and Cologne, Germany show that green visibility decreases with urban
density and smaller dwelling size, whereas larger apartments and less compact structures achieve higher
GWVI values. In highly dense neighborhoods, seniors and children have less than half the visual access
to greenery compared with the population average, reflecting distributive environmental injustices.
Overall, visual green access is more evenly distributed than green space availability, indicating a

compensatory potential for vulnerable groups.

The findings emphasize that visibility equity is a measurable yet neglected aspect of environmental
justice. Promoting vertical greening offers a low-threshold, climate-responsive means of improving
visibility conditions. The work demonstrates that open geodata and open-source technology enable

valid, transferable, and cost-efficient analyses of visual environmental qualities.



Kurzfassung

Stadtische Griinflachen sind fiir eine nachhaltige Stadtentwicklung von entscheidender Bedeutung, doch
Klimawandel, stddtische Verdichtung und steigende Grundstiicks- und Mietpreise schrinken den
Zugang zunechmend ein und verstdrken soziale Ungleichheiten. Das Sustainable Development Goal 11.7
fordert einen universellen, inklusiven Zugang zu Griinflichen, wobei Umweltgerechtigkeit den
normativen Rahmen bildet. In Deutschland wird der visuelle Zugang zu stddtischem Griin jedoch nach
wie vor weitgehend vernachldssigt. Zwar schiitzen gesetzliche Vorschriften das Landschafts-, Orts- und
StraBlenbild, doch werden dadurch selten neue visuelle Zugénge geschaffen. Insbesondere fir Kinder
und Senioren in soziookonomisch benachteiligten Stadtvierteln ist der physische Zugang zu
Griinflachen eingeschrankt. Diese Ungleichheit werden durch Auswirkungen des Klimawandels und
durch Pandemien verstarkt. In dicht besiedelten Wohngebieten stellen griine Fensterausblicke daher eine
leicht zugdngliche Form des tiglichen Kontakts mit der Natur dar, der nachweislich einen

multidimensionalen Einfluss auf die Stadtbevolkerung hat.

Diese Arbeit befasst sich mit dem visuellen Zugang zu Griinflachen, indem sie eine reproduzierbare,
skalierbare Simulationsengine fiir Fensterausblicke auf Basis von Open-Source-Technologie und
offenen Geodaten entwickelt, validiert und anwendet. Im Mittelpunkt steht der Green Window View
Index (GWVI), erginzt durch den Floor Green Window View Index (FGWVI) und den Building Green
Window View Index (BGWVI). Dieser Ansatz erfiillt wichtige Big-Data-Kriterien wie Volumen,
Verlasslichkeit, Skalierbarkeit und Granularitdt und ermoglicht eine evidenzbasierte riumliche Analyse.
Die Validierung durch semantische Segmentierung bestitigte einen vielversprechenden Grad an
Genauigkeit und hob gleichzeitig die Notwendigkeit hervor, dreidimensionale Gebdudemodelle mit
Innenraumelementen, die phanologische Dynamik von Griinflichen sowie den eingefiihrten Ansatz fiir

Volunteered Window View Imagery (VW VI) einzubeziehen.

Empirische Fallstudien in Bonn und Ko&ln zeigen, dass die Sichtbarkeit von Griinflichen mit
zunehmender stidtischer Dichte und kleinerer Wohnflidche abnimmt, wéihrend groBere Wohnungen und
weniger kompakte Strukturen hohere GWVI-Werte erzielen. In sehr dicht besiedelten Stadtvierteln
haben Senioren und Kinder weniger als die Hilfte des durchschnittlichen Zugangs zu Griinflichen, was
auf distributive Umweltungerechtigkeiten hindeutet. Insgesamt ist der visuelle Zugang zu Griinflichen
gleichmiBiger verteilt als die Verfligbarkeit von Griinflichen, was auf ein Ausgleichspotenzial fiir

benachteiligte Gruppen hindeutet.

Die Ergebnisse unterstreichen, dass Sichtbarkeitsgerechtigkeit ein messbarer, aber dennoch
vernachléssigter Aspekt der Umweltgerechtigkeit ist. Die Forderung der vertikalen Begriinung bietet
eine niederschwellige, klimaresistente Moglichkeit zur Verbesserung der Sichtbarkeitsbedingungen.
Die Studie zeigt, dass offene Geodaten und Open-Source-Technologie valide, iibertragbare und
kosteneffiziente Analysen der visuellen Umweltqualitdt ermoglichen.

il



Content

ADSEIACE ...ttt ettt s h et h e e h et bt ettt e h e et bt et e bt ehe et e bt en e et e eaeeaees i
KUTZEASSUIIG ...ttt sttt et e et et e e s teestaeseteasbeesseesseessaessaesssesssessseenseenseenseens il
T INEFOAUCHION ..ottt ettt ettt e bt e bt e e at e e st e ea bt e bt e beesbeesaeesaeeenteenee 1
1.1 Research motivation and reSearch Gap ........occeeceeiiiiiiiiieieeees ettt 1
1.2 State OF the ATT....eoueeiiiieieie ettt ettt st e b e st et e bt et e et et e e e eees 3
1.2.1 Environmental justice as a guidance for sustainable open space planning ............c.ccccceeuee.. 3
1.2.2 Impacts of green window views on urban dwellers .............cooceeriieiieiiiniiiiieceeececeee 6
1.2.3 Legal implementations of visible green spaces in urban planning processes....................... 12
1.2.4 Methodologies and data to quantify green Window VIEWS .........ccceevveerieerienvenienreereeeeenens 17
1.3 ReSEAICH PrODICIM ...ttt ettt ettt e st e et e be b 22
1.4 Research objective and research qUESLIONS...........ccvvevieriierierierieeieere e esieesreesnesereesseeseesseeees 24
1.5 Research deVeIOPmMENL........ccuiviiiiiiiicieeiectte ettt e e esteestaeseeessseesseesseenseesnes 25
1o0 OULLINE ...ttt ettt e a e et e bt et e bt e bt e s ae e e aeeemt e e beebeeebeesaeesaseeabeeabeenseennes 26
1.7 RELETEICES ...ttt ettt ettt ettt ettt ettt ettt et e bt e bt e s at e saeeenteenteesbeesseesateenseeabeenseenseenes 28

2. Development of a window view simulation engine around the Green Window View Index
(G WV ettt ettt e a et e e h e e e e bt e et et e es e et e e et emte st eaeente st entenseeneensesteeneans 44
B B T2 (T L o1 T ) o OSSR 45
2.2 LALETALUIE TEVIEW ..eeeuveeutieitietientieeite et eteesteesttesetesaseeaseenseesseasseesntesnteenseenseesseesseesnsesnseenseenseenseenes 47
2.2.1 Effect dimensions of green WindOW VIEWS........cccvecvervirreenreenieesieesieesnesnessseesseesseesseesssenens 47
2.2.2 Assessments Of green WINAOW VIEWS ........ccverieerieiieirinreereesseesseesseesenessnessesssessseesseesssenens 48
2.3 Index and technical IMPlEMENTAtION. .......cc.eeviiriieiieiieriecie ettt e 52
2.3.1 Definition of green Window VIEW INAEX ........cccverieirircrieiieiierieesee e sre e e esreeseeseeesene e 52

2.3.2 An automated three-step application including window view simulation using bitmaps .... 53

2.4 EXPETIMENLAL SELUP ....eevieiiiieiiieiieieeieette sttt ettt et e st e s te et e et e bt e sbeesatesnteenseenbeesseesneesnsesnns 55
2.4.1 Analysis of green window view index in Bonn, Germany .........cc.ccoceeeeevenerneneneenienennnenn 55
2.4.2 Open data and 0pen SOUICE SOTTWAIE ......c..ccieiiieiieiieie ettt ere s ereeere e 56
2.4.3 Multi-step implementation procedure of the green window view indeX...........cceceeuveeenee. 57

2.5 EXPErimental TESULLS .....ccueetitieiieiiitieie ettt sttt ettt bbb st 58

2.6 DISCUSSION ...ttt ettt ettt ettt sttt et b e bt e bt et ebe e st ebesa et et e s eneenneneen 64
2.6.1 Green window view potential in Bonn, GErmany .............cccceevververviereenieeneeseesne e enveenns 64
2.6.2 Multi-dimensional visibility analysis of green Window VIEWS .........cccceeereevenencieneneeneene. 64
2.6.3 Approach applicability for the PractiCe ........ccccevirriiiiiiieriieiesieee e 65
2.6.4 Methodological openings for qualitative window view analysis .........ccccceceveneerieneneenene 65

2.7 COMNCIUSION. ...ttt ettt ettt sttt ettt ettt st beshe et s bt eat et e e st et e sheembe bt ese et e sbeensenees 66

2.8 RETEIEIICES ...ttt ettt ettt et sttt ettt ettt sbe et e bt sae et eseenaenaes 66

il



3. Derivation of building-typical facades for assessing green window views on residential

DUILAINESL........oooeiei ettt ettt ettt ettt a st e s s s s s ean s e s sees e enens 71
3.1 INETOAUCTION ..ttt et b et e e bt e bt ea et e s bt et e s bt s et et e sbeentesbeemeentens 72
3.2 Visibility analysis in a major city in North Rhine-Westphalia............cccccoeveieiiiiniiiencie e, 74

3.2.1 Integration of open source software and open data............ccceeveverieriieciienieneenee e 74
3.2.2 Green Window VIEW QNalYSiS.......cccueriurriieerieesiiesierierteereereesseesseesseesseesssesssessseessesssessssensses 75
3.3 Green visibility potential in Bonn, NRW .......c.cccooiiiiiiiiiiiiccce e 77
3.3.1 Spatial distribution of the BGW VI........ccooiiiiiiiiiiiiie ettt 77
3.3.2 Correlation between density, apartment size, and green wWindow VIEW............cceeververerennne. 77
3.4 DISCUSSION ..ttt ettt ettt sttt e et e bt et e et e e st e ete s bt e e e ebees e e bt es e e s e sbeemeentesstenteeneeneenseenean 79
3.5 CONCIUSION . ...e ittt ettt e s bt e e a e et e et e bt e bt e s bt e sbeeeaeeeateenbeesbeeeseesnbeemseenbeenbeenses 79
3.0 RETETEIICES ...ttt ettt h et e bt et e ettt et e s bt et e s bt eat e beeneeneesneeneas 80

4. Assessment of green window views in residential areas regarding age and socio-economic

R 711 ) OO O OO OO OO PO PPOU PP 82
4.1 INEEOAUCTION <.ttt ettt ettt ettt et e bt e s bt e eateeate e bt e bt e st e sseesaeeenteenseenbeesaeesnseens 83
4.2 Material and MEthOAS ........c.oouiiiiiiieiei ettt ettt et 85

T B 16 | A (o WSS 85
4.2.2 DALA SOUITES ..eeeureeeiteerutieeniieenteeeatteesitee ettt easteesbteeshaeesabeeeabteesabeeeabeeesabeesabaeensbeesabeesnsaeesabeean 85
4.2.3 Analyzing green WiNAOW VIEW ........cceiuiiiiieriiestieeiie ettt ettt et stte st e seesteebeesbeesseesneeenes 87
4.2.4 Evaluating spatial fairness of visible urban green Spaces.........ccovvevverveeveerieereereervennenens 89
4.3 RESUILS .ttt ettt ettt et ettt b e s h e e et e et e e he e bt e ehteeate e bt e be e bt e nbtesheeenteenbeens 90
4.3.1 Spatial distribution of visible urban green SPaces ..........ccceeveereerierierieeieereerieeeee e 90
4.3.2 Equity of visible urban reen SPACES .........ccvvereerverrierieiiesieesieeseesresreeseesseesseesseesssesssensns 92
4.3.3 Correlation among evaluation INAICALOTS. ........c.cccueeriecrierrieriereesreereereereesseesreesreeseressnenens 95
4.4 DISCUSSION ..eeeieeenieeteestteetteeiteeteettesteesteestteeateeateeteesseesseesatesaseeaseenseeseanseesnsesnseenseenseesseesanesnsennns 95
4.4.1 Socio-economic equity of green WindOW VIEWS........ccceverieniineenienienienienieenienieeieenie e 95
4.4.2 Implications for urban green space Planning.............cccceevveereererercreecreerreereeseeseesnesneesneenns 97
4.4.3 LIMITATIONS .. teeteettettesteeetteette et eteesteesteesseesatesaseenseenseeseenseesseesnseenseenseenseenseesseesnsesnsesnsennne 97
I 0] 1 1od 1313 T ) o BRSPS 98
T AN o) 1S3 1 L¢ b QO OO PP 98
A S (53 <) 1< TSP 104

5. Validation of a window view simulation engine around the GWVI using semantic

SEEIMEMEATION .....oouiiiiiiiiiiiiii ettt ettt s e st et e bt et e bt e be e s st e st en e beennee s 107
B 112 (T L1 T 5 (04 I TSRS 108
5.2 MEtNOAOLOZY ...eocvviiiiiiiiieieeitie e ete ettt et ettt e s b e e b e esbeesteestaessaessseesseesseessaesssessseesseessessssenseenes 109

5.2.1 SIMUulating WiNAOW VIEWS .......ceecuieriiieerrieiiieeriteesreeestteesseeesseeeseseeesseessseessesesssesesssessses 109
5.2.2 Segmenting photorealistic window views as ground truth...........c.ccooceenininiininnicenene 109

! Headings and subheadings of Chapter 3 are translated, as this section was originally written in German.
v



5.2.3 ValIAAtION INIEITICS ..vvvieiiiiiiieiieieeeeeeeeeeeeeeee et eeeeeeeeeeeeeeeseeaaeeeeeeessssasnaaaseeeessssassnssseeeesssssnnnns 110

5.3 RESULLS ettt ettt st b e ettt a et bt et besae et e 110
5.3.1 Visual comparison of window view simulation and photorealistic semantic window view
CleTa 00 1S) 1Lz 10 ) s DO SRR RPS 110
5.3.2 Intersection quality of window view SIMUIAtion ............cceeeverevircieecieenieeneenee e see e enne 111
5.3.3 Visibility values of window view SIMUIAtioN ...........cccverierierciieiieiieieeee e 111

5.4 DISCUSSION ..eutietieiiieeite ettt et et ettt e bt e eb e e e bt e e ate et e e bt e bt e bt e saeesaeeemte e bee bt asaeesaeeemteenbeanbeenbeen 111
5.4.1 Interpretation of validation OULCOMES..........ccueiiiiiiciiieriieeiie ettt et ereeeiee e e eeaeeeeeeas 111
5.4.2 LAMIEALIOMS. ..c.tetieieitieieste ettt ettt ettt e et e e et et et e st e s bt eat e besbeente e bt estenseeneeneesaeeneensesaeans 112

R O70) 1 Ted LT 103 s OO OO S PR 112

5.0 RETEIENCES ...cutieiieiieiie ettt ettt ettt et e s bt e sat e et e e bt e bt e bt e sbtesbeesaeeenteenbeesbeesneeeas 112

6. Volunteered Window View Imagery (VWVI) as crowdsourcing data alternative in window
VIBW AMALYSES......oooiiiiiiiiiie ettt e e et e et e et e e st e e nte e e beeetaeenntaeenaeennreenn 114

6.1 INETOAUCTION ..ttt ettt et e bt et e bt et e e e bt et e st e eat et e ebeemeeseeaeenee 115

6.2 RESEATCH COMLEXL...ceuutiiuiiiiietietiet ettt ettt ettt et b e be e s bt e s et e eateeneeeteesbeesbeesaeesnneens 116
6.2.1 Visibility of Urban reen SPACES ........c.eecviereerieeriierieeieesieeseeseesresreeseereesseesseesseessnesssenns 116
6.2.2 Crowdsourcing and Volunteered Geographic Information (VGI).........ccccevvevvervencinennnns 117

6.3 Utilizing crowdsourcing in window VIEW analysis.........cceceevuierieiienienienieeieeieesiee e 118
6.3.1 Information bundling from Volunteered Window View Imagery (VWVI) ......cccccoeeeeie. 118
6.3.2 Key aspects of utilizing crowdsourcing and VGl...........ccccoovvciivciiicieciienieniecee e 119

6.4 Outlook and CONCIUSION ....cccuuiiiiiiieitieitieeie ettt ettt ettt ettt et be e bt e saeesneeeneeens 121

0.5 RETETEICES ....oeveeuiieiieiie ettt ettt ettt sttt e bt e bt e s heesateeateeabeenbeeseesbeesaeesnseenseans 121

7. Research implications and limitations....................cccoooiiiiiieiiicc e 125
7.1 Research iMPlICAtIONS. .......cccviiriieriiesiecreere et et et stesbeebeesseesteeseaeseaeesseesseesseesssesssesssesssesssenns 125
7.2 Key challenges and lMitations...........cecuieiueerierienieiie ettt ettt ettt seeeneeeneeens 130

8. Conclusion and OULIOOK...............cocoiiiiiiiiiiii et 133
T B O0) 1 e 1] 103 4 DTSRRI 133
8.2 FULUIE TESCAICH ..ottt ettt s e e eta e e s b e e eteeeseaeeenbaeeaneas 135

APPEIAIX ..ottt ettt et b ettt e ettt e hte e e bt e e hte e e bt e e eht e e s bt e e bt e e sabeeebteesanes vi

K N0 1) 1) % 1 1L PRSP Vi

FHUIES ...ttt et e et e e ta e e s bt e etteeasseeessaeesssaeessaeenssaeesseeesseeanseeensseennsens vii

TADIES.....c.oeeiiee ettt et e sttt e bt e e et e e bt e e s i bt e s bt e e eabeesbee s bteeebeeenaaeeas X

ACKNOWIEAGIMENES........cooiiiiiiiiiiiii ettt ettt e st e et eesabe e s bteesabeeebaeesaeeas X



1. Introduction

1.1 Research motivation and research gap
Urban green spaces exhibit a high degree of morphological and functional diversity, providing a wide

range of ecosystem services that offer ecological, climatic, economic, health, and socio-cultural benefits
to the urban population. These spaces are therefore key to achieving sustainable and resilient urban
development. Concurrently, the consequences of climate change and internal migration to densely
populated areas, in combination with rising land and rental prices, are intensifying socio-spatial
disparities and constraining access to urban green spaces (Godoi, Gomes, and Longo 2025; Miosga
2020; Semeraro et al. 2021; Zhang and Qian 2024). In response, the United Nations' Sustainable
Development Goal (SDG) 11.7 underscores the imperative of ensuring universal access to "safe,
inclusive, and accessible green and public spaces," with a particular emphasis on the needs of women
and children, older adults, and individuals with physical disabilities (United Nations 2017). The concept
of environmental justice provides a suitable normative and analytical framework for the scientific

investigation, planning, and implementation of this objective (Derdouri et al. 2025).

The discourse on environmental justice, which originated in US civil and environmental movements in
the 1960s, was later transferred to Europe (Maschewsky 2012; Walker 2012), is interdisciplinary and
multifaceted (Bolte et al. 2012). In the context of German planning practice, environmental justice is
conceptualized as the mitigation and reduction of spatial concentration of health-related environmental
pollution, alongside the promotion of socially equitable access to environmental resources (Bohme et
al. 2015). The concept of equitable opportunity is predicated on the notion of realizing one's inherent
potential for a healthy, long life (Bohme and Kdockler 2018; Mielck 2005). Focusing on sustainable
integrated spatial planning, planning assessment, and planning participation, the discipline of
environmental justice includes the sub-concepts of distributive, procedural, outcome, and
intergenerational justice (Bohme and Kdockler 2018; Kloepfer 2006; Miosga 2020). Although these
principles are embedded in the German legal system, their implementation often remains fragmentary.
While many legal instruments focus on the protection of existing visual qualities, the proactive creation
of new green visual access is still rare. A limited number of specific requirements exist, including those
associated with lines of sight at children's playgrounds in the state of Rhineland-Palatinate. Moreover,
guidelines that promote specific actions, such as the 3-30-300 guideline, underscore the significance of

everyday visual exposure to green spaces (Konijnendijk 2022).

Empirical evidence indicates a deficiency in the availability and accessibility to public green spaces
among children and older adults, particularly in low-income neighborhoods (EEA 2023; Rehling et al.
2021; Schiile, Gabriel, and Bolte 2017; Weigand et al. 2023; Wiistemann and Kalisch 2016). Climate
change and pandemic dynamics have exacerbated these inequities by restricting physical mobility and

increasing vulnerability (Labib, Lindley, and Huck 2021; Martinsen 2020). In densely built urban areas,

1



visual access through green window views is thus gaining relevance as a low-threshold alternative form
of'access to green spaces. Interdisciplinary research has demonstrated the wide-ranging effects of visible
vegetation on vulnerable population groups in their residential environments in terms of mobility and
behavior, cognition, economic assessments, health, and sensory perception. The quality and extent of
visible greenery have been demonstrated to function as key impacts in this context (see e.g. Benfield et
al. 2015; Calogiuri and Chroni 2014; Chang and Chen 2005; Crompton and Nicholls 2019; van Esch et
al. 2019; Felsten 2009; Hartig et al. 2003; Matsuoka 2010; Ulrich 1984; Van Renterghem 2019). These
findings underscore that visual greenery is not merely aesthetic but constitutes a socially relevant

environmental resource.

However, operationalizing visual equity within planning processes remains methodologically and data-
wise challenging. Manual-subjective methods provide rich contextual insights but are time- and
resource-intensive, limiting scalability (Waczynska, Sokol, and Martyniuk-Peczek 2021). Automatic-
objective approaches enable large-scale and reproducible assessments, yet frequently overlook observer-
centered parameters like window size, distance to the window or horizontal and vertical fields of view
(FOV) (Browning et al. 2024). Moreover, consistent and openly available three-dimensional data remain
deficient (Law et al. 2024). Given the heterogeneity of municipal data, open source technology and open
geodata offer a promising foundation for robust, transferable and economically efficient analyses (BDVI

et al. 2025).

Consequently, the following research problem arises: although the social and planning relevance of
visual equity in access to urban green spaces is normatively acknowledged in Germany, it remains
insufficiently addressed in operational practice. There is a recognized absence of scalable, observer-
centered, and data-efficient methods capable of reliably quantifying green visibility from residential
buildings, differentiating socio-spatial patterns, and integrating these results into existing planning

instruments.

The overall objective of this study is therefore to develop and validate a reproducible, scalable, and
technology-supported window view simulation engine based exclusively on open source technology and
open geodata to quantify visual access to urban green spaces from residential buildings. This
methodology will subsequently serve as the foundation for socio-spatial equity analyses and the
derivation of planning recommendations. These insights will inform efforts to enhance urban
governance, promoting environmental justice, and improving living conditions for vulnerable groups in

dense residential areas.



1.2 State of the art

1.2.1 Environmental justice as a guidance for sustainable open space planning
The morphological and functional diversity of urban green spaces provide a wide range of ecosystem

services, leading to ecological, climatic, economic, health, and socio-cultural benefits for the urban
population. It is evident that these entities play a crucial role in the development and provision of a
sustainable and resilient city (Godoi et al. 2025; Semeraro et al. 2021; Zhang and Qian 2024). The
consequences of climate change and intensive internal migration to urban settlement areas with rising
land and rental prices are intensifying spatial disparities, which also limit access to urban green spaces
(Miosga 2020). However, to ensure the beneficial impacts of urban green spaces on vulnerable
populations, it is essential to promote spatial networking and access to these green areas. According to
the United Nations, the SDG 11.7 calls for the provision of universal “access to safe, inclusive, and
accessible green and public spaces” (United Nations 2017), with a particular emphasis on ensuring the

inclusion of women and children, older persons, and persons with physical disabilities.

In order to scientifically investigate, evaluate, and practically implement this goal, a focus on
environmental justice is essential (Derdouri et al. 2025). The political discourse on environmental justice
has its origins in the socio-political movements that have taken place in the United States since the

1960s. In Europe, this subject was first addressed in Scotland (Maschewsky 2012; Walker 2012).

The scope and definition of environmental justice vary across different academic disciplines (Bolte et
al. 2012; Walker 2012). The German Institute of Urban Affairs defines environmental justice as the
“avoidance and reduction of the spatial concentration of health-relevant environmental pollution and the
guarantee of socio-spatially equitable access to environmental resources” (Bohme et al. 2015). As a
prerequisite for environmental justice, equitable opportunity can be described as a person's ability to
fully exploit their “individual potential for a healthy and long life” (Béhme and Kockler 2018; Mielck
2005). Focusing on sustainable integrated spatial planning, planning assessment, and planning
participation, the discipline of environmental justice includes several sub-concepts (Bohme and Kdckler

2018; Bunge 2012; Kloepfer 2006; Kockler 2020; Miosga 2020):

—  Distributive justice describes the spatial distribution of environmental burdens and environmental

goods within social groups (Béhme and Kockler 2018; Kloepfer 2006).

—  Procedural justice focuses on the fair process of decision-making in spatial planning and includes
the possibility of a normatively organized procedure, the course of the procedure, and
participation in the decision-making process (Béhme and Kdckler 2018; Kloepfer 2006).

—  Qutcome justice describes the planning and financial “compensation of environmental
distributional injustice in the context of legal possibilities” (Bohme and Kdckler 2018; Kloepfer

2006).



— Intergenerational justice is aimed at sustainable development and calls for a way of life that
enables future generations to experience the same or better quality of nature and ecological

conditions (Miosga 2020).
Integration of environmental justice concept in German planning practice

In German spatial planning, distributive and intergenerational justice is guaranteed by the welfare state
principle anchored in the German Constitution (Grundgesetzt, GG) and the resulting obligation to
“establish equal living conditions” (Art. 72, Section 2 GG; Miosga 2020). Furthermore, the Federal
Nature Conservation Act (Bundesnaturschutzgesetz, BNatSchG) defines the objective in §1 as “to
protect nature and landscape on the basis of their intrinsic value and as the basis for human life and
health, also in responsibility for future generations in settled and unsettled areas [...]”. The Federal
Spatial Planning Act (Raumordnungsgesetz, ROG) outlines the guiding principle of federal spatial
planning, which calls for “sustainable spatial development that reconciles the social and economic
demands on space with its ecological functions and leads to a permanent, large-scale balanced order
with equivalent living conditions in the sub-regions” (§ 1, Section 2 ROG; Davy 2020). This guiding
principle of equal living conditions is also transferred to urban land-use planning and specialist planning
and anchored in the Federal Building Code (Baugesetzbuch, BauGB) by means of “socially just land
use serving the common good” and the “humane environment” (§ 1, Section 5 BauGB; Davy 2020).
Furthermore, the implementation of funding programs is carried out for spatial development projects

and support these environmental justice principles (Bunge 2012).

The procedural justice is anchored in the Federal Building Code as well. § 3, Section 1 BauGB specifies
that “the public [including children and youths] [...] must be publicly informed as early as possible about
the general objectives and purposes of the planning, significantly different solutions that can be
considered for the redesign or development of an area and the likely effects of the planning”. The form
of this participation is specified in § 4a BauGB. These principles are taken into account in “‘consideration
and decision-making processes in the context of construction projects and planning processes” (Bunge

2012).

Finally, the integration of outcome justice is based on the general principle for the protection of nature
and landscape in the Federal Nature Conservation Act, which provides for the avoidance of “significant
impairments of nature and landscape” (§ 13, BNatSchG) and requires compensatory measures in the
form of compensation, replacement or a compensation payment. For practical implementation,
environmental impact assessments (Umweltvertraglichkeitspriifungen, UVP) and strategic
environmental assessments (strategische Umweltpriifungen, SUP) are particularly important (Bunge
2012). UVP and SUP are defined in the Environmental Impact Assessment Act (Gesetz iiber die
Umweltvertriaglichkeitspriifung, UVPG) and “contain the identification, description, and assessment of

the significant impact of a project, plan or program on the protected natural resources. [ The assessments]



are intended to ensure effective environmental prevention [...] with the participation of the public” (§ 3

UVPQG).
Investigation of distributional equity of urban green spaces

According to Walker (2012), the investigation of environmental justice is based on the concept of claim-
making. Thus, normative guiding principles of justice are defined, the significantly observed evidence
of justice and injustice is described, and mechanisms and processes of justice and injustice are explained
to fully understand the interrelationships of environmental justice (Kockler 2020; Walker 2012). The
investigation of the distributional equity of urban green spaces has been primarily investigated in terms
of availability (number, size, ratio) and accessibility (distance, travel time, buffer zones) of urban green
spaces (Bolte et al. 2019; Bolte et al. 2023; Derdouri et al. 2025; Raymond et al. 2025; Weigand et al.
2023).

“Individual vulnerability” is driven by “structural conditions such as access to healthcare, social
prosperity” (Martinsen 2020), and access to health-promoting green spaces (Kleinschroth et al. 2024).
A review of surveys supports this by showing that lower-income urban neighborhoods in Europe have
a reduced green space availability compared to higher-income ones (EEA 2023). In German cities,
neighborhoods that are distinguished by a low average income, limited educational achievement, and
high unemployment rates often have access to smaller areas of green space compared to those with high
income, educational achievement, and employment rates (Schiile et al. 2017; Wiistemann and Kalisch
2016). Inequitable distribution of available green spaces affects public urban green spaces in particular
(Weigand et al. 2023). Research has also indicated that children from lower socio-economic
backgrounds in Germany exhibit a lack of access to urban green space in comparison to their

counterparts from wealthy families (EEA 2023; Rehling et al. 2021).

In addition to considerations of green availability and accessibility, the visibility of green spaces,
especially through window views, is becoming increasingly important for vulnerable population groups
with reduced mobility (Pijpers and van Melik 2020). A multitude of studies have demonstrated that
visual access to green spaces has a positive impact on the quality of life for a variety of demographics,
including bedridden patients, the elderly, and children. This impact is evidenced by enhanced
rehabilitation intensity, improved sleep quality, increased physical activity, enhanced cognitive recovery
as well as improved cognitive performance (Lindemann-Matthies, Benkowitz, and Hellinger 2021;
Raanaas, Patil, and Hartig 2012; Tenessen and Cimprich 1995; Ulrich 1984; Yin et al. 2025; Zhang et
al. 2024). The combination of air pollution and heat waves, which are both intensified by climate change,
further restricts vulnerable population groups' access to urban green spaces worldwide and reduces the
number of ways in which public green spaces are used (Chen, He, and Pan 2021; Gao et al. 2024;
Wakayama et al. 2025). A systematic review on the utilization of green spaces during the COVD-19
pandemic has also demonstrated that, due to concerns regarding potential infection, there has been a

decline in the use of public green spaces and an increase in the use of private green spaces in the
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immediate residential environment among the elderly population (Kleinschroth et al. 2024). Socio-

economic conditions intensify these inequitable access patterns (Labib et al. 2021).

In view of this described phenomenon, the importance of visibility as a green access alternative for
vulnerable population groups is growing in order to provide these populations a sufficient access to
healthy green spaces in their residential areas, especially in “compact city environments” (Bolte et al.
2019, 2023; Bolte, Olefs, and Kotter 2024; Haaland and Konijnendijk 2015; Klimeczek 2012; Ko et al.
2022; Orr et al. 2016; Pijpers and van Melik 2020).

Visibility analyses of urban green spaces investigate the visual connections of green spaces like lawns,
shrubs or trees from the perspective of an individual who may be located on the street or in a building
(Bolte et al. 2019). Previous research on the distributional equity of visible urban green spaces has
focused primarily on the street view perspective. Studies in Connecticut, and Los Angeles County, USA
identified that low-income individuals live in neighborhoods with less visible roadside greenery (Li et
al. 2015, 2016). Furthermore, those with a migration background live in areas that had less visibility of
private green spaces (Li et al. 2016). Studies in the Pearl River Delta Urban Agglomeration Area,
Guangzhou, subdistricts in Fuzhou, and residential communities in Wuhan, China confirmed these
results (Chen, Zhou, and Li 2020; Guo et al. 2025; Huang et al. 2024). Wang et al. (2022) also identified
in Beijing, China, that economic status correlates with qualitative aspects of visible green spaces. In
Fuzhou, China, Huang et al. (2024) showed that seniors have a reduced access to visible green spaces
compared to the social mean. In the time series analysis in Wuhan, China, in which visible street-level
greenery between 2014 and 2021 was examined, an increase in visible green spaces of 4.18% over time
could be recognized. However, this only led to a minimal increase in spatial equity of visible green

spaces (Guo et al. 2025).

Investigations focusing socio-economic influences on green window views have so far only been carried
out by Kley and Dovbishchuk (2024). In their survey in Hamburg and Cologne, Germany, they
concluded that green window views are particularly important for residential satisfaction among blue

collar workers (Kley and Dovbishchuk 2024).

1.2.2 Impacts of green window views on urban dwellers
Since the end of 1970s, researchers have investigated the effects of green window views on individuals

worldwide, with findings spanning multiple disciplines (Abd-Alhamid, Kent, and Wu 2023; Hartig
1993; Meng and Wang 2024).

A theoretical explanation for the diverse impacts of visible green spaces can be offered by a number of
anthropological and evolutionary theories that explain the relationship of human beings and the
environment (Volker 2016): Appelton's prospect refuge theory (1975) assumes that “human responses
to landscape are rooted in the earliest history of human development” (Voélker 2016) and that landscapes

6



9 <c

that meet the basic human needs of “prospect”, “refuge”, and “hazard” are sought out and favored. The
habitat selection theory (Orians 1980) also explains that landscape elements are preferred that originate
from a landscape that favors survival and thus, cause an innate positive reaction. Orians (1986) further
specified this theory by introducing the savanna theory, which states that humans universally prefer
savanna-like landscapes because they offer “a good overview with quick orientation and exploration
opportunities” (Volker 2016). Based on these presented theories, the information processing theory by
Kaplan and Kaplan (1989) shares these explanatory patterns and describes four key variables for
explaining visual landscape preferences (1) coherence, (2) complexity, (3) legibility, and (4) mystery.
Cognitive and mental recovery effects are explained by the psycho-evolutionary theory by Ulrich (1983)
and the attention restoration theory by Kaplan and Kaplan (1989). According to these theories, the
human brain can process stimuli from natural environments more easily, as it is evolutionarily
biologically geared towards efficient processing of such natural visual environments. Kaplan and Kaplan
(1989) defined important restoration variables as “being away”, “fascination”, “extent”, and
“compatibility”. Based on the psycho-evolutionary theory by Ulrich (1983), Wilson developed 1984 the
concept of biophilia. 1t posits that human beings have an intrinsic tendency to connect with nature.
Regarding the areas of health, healing, and well-being through visual access to nature, the concept of
therapeutic landscapes should be mentioned, which was first introduced by Gesler (1992) and defines
the key social, physical, and symbolic dimensions of therapeutic places (Bell, Hickman, and Houghton

2023).

A broad body of literature demonstrates the significant multidimensional impacts of visible vegetation
in accommodation, educational, healthcare, residential, and workspace settings (Table 1) (Bolte,

Niedermann, et al. 2024; Bolte, Kistemann, Dehbi, et al. 2025; Bolte et al. 2019, 2023).
Mobility behavior

Green window views influence daily behaviors, mobility choices, and physical activity, shaping long-
term lifestyle (Calogiuri and Chroni 2014). The absence of green window views was associated with
behavioral tendencies by Kley and Dovbishchuk (2021), using a cross-sectional sample of 1,886
residents. They showed that individuals without green views were significantly more likely to consider
relocation. Ugolini et al. (2021) investigated 2,081 residents and found that limited green visibility
correlated with a stronger sense of access loss to urban green spaces during COVID-19 restrictions. In
addition, Yin et al. (2025) found in a survey of around 1,000 individuals that a higher volume of green
and more harmonious colors in the window views leads to a higher overall intensity of physical activity

among senior adults.



Table 1 Significant multidimensional effect areas of green window views.

Purpose of building
Accommodation Education Healthcare Residential Workplace
Effects on urban dweller

Mobility Relocation X
behavior: Physical activity X
Social L L
behavior: Criminal activity X
Cognitive recovery X X
Cognition:
Cognitive performance X X
Real estate value X X
Economics:
Willingness to pay X X
Physiology X X X
Health: Psychophysiology X X X
Psychology X X X X
Sensory Noise annoyance X
perception: Thermal comfort X

Social behavior

The integration of visible greenery into urban settings also contribute positively to collective social
dynamics. Matsuoka (2010) found in a cross-sectional analysis of 101 high schools that the window size
in classrooms was negatively correlated with student misconduct, suggesting a link between visual

environmental exposure and social behavior.
Cognition

Visible greenery fosters both cognitive recovery and improved task performance. These benefits span
from early education to adulthood and from subjective experience to objective cognitive outcomes.
Felsten (2009) observed in a cross-sectional study with 236 college students that windows lacking nature
views were rated low in restorativeness, while even subtle natural scenes such as bare trees in late
autumn offered a moderate restorative effect. This aligns with findings by Van Esch et al. (2019), who
reported that a higher presence of greenery in office window views improved the perceived ability to
mentally recover from fatigue among 303 employees. Lindemann-Matthies et al. (2021) extended this
evidence to primary education investigating 634 children aged 8 to 11 years. They showed that stress
and inattentiveness declined when more greenery was visible from classroom windows (Lindemann-
Matthies et al. 2021). A similar cognitive benefit was found by Tennessen and Cimprich (1995), whose
study of 72 undergraduates revealed that individuals with natural window views performed significantly

better on tests of attention and processing speed.



In a small sample of 10 students, Hull et al. (1996) demonstrated improved concentration when working
in a room with green window views compared to those without. Taylor et al. (2002), investigating 169
children, found that a green window coverage in residential environments lead to better results in tasks
measuring focus, impulse control, delayed gratification, and self-discipline, particularly among girls.
Further confirming these trends, positive associations between cafeteria views of greenery and key
academic indicators such as graduation rates and college plans could be identified by Matsuoka (2010)
who analyzed 101 high schools. Notably, simple lawn views were less effective or even negatively
associated with outcomes, suggesting that the quality of vegetation matters. Additionally, larger

classroom windows correlated with more ambitious academic goals.

Observing 567 students in higher education, Benfield et al. (2015) found that college students, who have
access to green window views achieved better course grades than peers with concrete views. Finally,
Engell et al. (2020) used a small experimental design with nine male participants and showed that post-
exercise recovery in rooms with natural views led to faster reaction times, indicating measurable

performance gains.
Economics

Empirical evidence demonstrates that green window views play a notable role in both consumer
preferences and market value across housing and tourism sectors (Crompton and Nicholls 2019).
Bourassa et al. (2004) reported in a study of 4,814 residential properties that land views significantly
raised housing prices by 4% for narrow views to 6% for wide ones. Jim and Chen (2006), analyzing 652
residential units, found a 7.1% price increase associated with green space views. A follow-up study
showed a 23.1% rise in property value in new towns and an 8.6% increase in broader urban areas, based
on samples of 308 and 521 housing units, respectively (Jim and Chen 2007). Further reinforcing these
trends, they found a 1.95% rise in house prices across 1,471 private units linked to views of
neighborhood parks (Jim and Chen 2010). A study of 27,067 housing sales described that an increase in
visibility of green spaces of 1% within a distance range of 0 to 1km lead to an increase of dwelling unit
value of 0.9% whereby an increase of visual green within a distance range of 1 to Skm lead to a decrease

in unit value (Dai, Felsenstein, and Grinberger 2023).

In a related analysis, Chen and Jim (2010) observed 550 apartments and investigated that visibility of
urban parks and residential gardens elevated sales prices by 4.67% and 17.2%, respectively. Hui et al.
(2012) observed the same pattern in their study of 2,375 housing units, reporting that garden views
enhanced value by nearly 6%, with the effect varying by floor level to a maximum between the 11th and
20th floors. Based on these studies, Hui and Liang (2016) analyzed 1,369 apartment sales and found
that park views exerted a direct 7.97% increase on value, along with a 3.77% spillover effect to
surrounding properties. Gu et al. (2021) concluded based on a sample of 9,647 housing sales that urban
park and mountain forest views raised housing prices by approximately 2%, while forest views produced

a striking 34.37% positive spillover on neighboring properties. Based on these findings, Park et al.
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(2024) also confirmed the importance of the window view of natural objects for the development of
apartment prices. However, contrary results can also be observed regarding the price effect of visible
green spaces: A study of 9,722 apartment listings by Peng et al. (2025) showed that visible green spaces
such as grass can also lead to significant price reductions of about 0.3% for every 1% more greenery in

the window view.

Beyond real estate, consumer willingness to pay has been explored in cross-sectional studies. Bishop et
al. (2004) conducted a survey with 31 students, revealing a statistically significant increase in
willingness to pay for views containing greater proportions of parkland. In a more diverse sample of 40
individuals including students, university staff, and members of the public, White et al. (2010) found
that willingness to pay more for hotel rooms rose significantly when green space in the window view
increased from 0% to 30%, and again from 60% to 100%. However, pricing in the hospitality industry
presents a more complex picture as well. Fleischer (2012) found in a correlational analysis of 2,819 and
2,406 hotel listings from the Mediterranean region that rooms with garden views were priced 8.7% and

7.7% lower during high and low seasons, respectively.
Health

A wide body of evidence ranges from large-scale population surveys to controlled physiological
experiments and demonstrates multidimensional health benefits of green window views. These benefits
extent emotional, physical, and neurological fields, underscoring the value of integrating visible
greenery into everyday environments. Green window views foster emotional resilience, physical
recovery, and neurophysiological relaxation, validating their broad health-promoting potential, with the
extent of the natural window view having a particularly positive effect (McSweeney et al. 2014; Meng
and Wang 2024; Williams et al. 2019; Yao et al. 2024). Regarding psychological impact, Amerio et al.
(2020) surveyed 8,177 university students and found significantly higher rates of depression among
those without access to green window views. Similarly, Brace et al. (2020) reported elevated anxiety
and depression symptoms in 479 adults lacking visible greenery in their window views. In a sample of
1,262 individuals, Chang et al. (2020) demonstrated that greener and closer window views correlated
with greater life satisfaction. Furthermore, a cross-sectional study of 622 college students indicated that
observing a minimum of three trees from a window perspective resulted in improved mental well-being

(Li et al. 2024).

Additional research confirms these effects across work-related and residential contexts. In a study with
317 office workers, Gilchrist et al. (2015) linked views of vegetation, such as trees and flowering plants,
with improved mental well-being scores. McFarland (2017) reached similar conclusions among 408
employees and volunteers, while Korpela et al. (2017), investigating 841 employees, found that green
views in residential settings enhanced feelings of vitality and happiness. Kley and Dovbishchuk (2024)
investigated in a population survey with 1,832 respondents the increase of residential satisfaction in the

working class due to available green window views.
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Workplace-specific findings by Van Esch et al. (2019), based on 303 employees, associated natural
views with lower emotional exhaustion. A smaller-scale cross-sectional study by Mihandoust et al.
(2021) confirmed reduced burnout symptoms among 51 nurses exposed to green window views.
Complementary evidence by Kaplan (1993, 2001), involving employees and residents, revealed
correlations between visible greenery and improved mood, less frustration, and a heightened sense of
peace. In the experiment by Ko et al. (2023), in which the window view in typical offices was simulated
for 40 participants, it was found that for satisfactory access to window views, the ratio of window to
wall area (WWR) in the field of vision should be between 25 and 65%. This outcome was dependent on
the distance from the window (Ko et al. 2023).

During COVID-19 lockdowns, Kaplan Mintz et al. (2021), surveying a questionnaire among 776
participants, found that natural views through windows played a crucial role in preserving emotional
well-being, linking greenery to increased happiness and lower emotional distress. Burton et al. (2015),
Soga et al. (2021), and White et al. (2010) echoed these findings and observed that perceived
restorativeness and well-being rose with greater green coverage in window views for a total of over

5,500 residents and 40 university members.

Furthermore, clinical and physiological studies validate these effects. Ulrich (1984), using retrospective
data from 46 surgical patients, showed faster recovery, reduced pain medication use, and fewer negative
notes among those patients with tree window views. Hartig et al. (2003) and Kahn et al. (2008) found
in their experiments with 112 and 90 student samples that green views facilitated steeper declines in
diastolic blood pressure and quicker heart rate recovery after stress. Engell et al. (2020) supported these
results in a small experimental study with nine male students, demonstrating a 39% improvement in
heart rate recovery after physical exertion. In rehabilitation settings with a total of 278 patients, Raanaas

et al. (2012) noted worsened health among female cardiac patients with blocked window views.

Research in maternal health adds further nuance. Boll et al. (2020) observed in 150 pregnant women
that over 50% greenery in the window view predicted reduced cortisol levels in cord blood. Similarly,
Torres Toda et al. (2020) associated high green view coverage with increased infant birth weight in a

sample of 301 pregnant women.

Additionally, Zhang et al. (2024) examined a positive correlation between the proportion of green

window views and sleep quality in a study of 1,007 elderly residents over the age of 70.

Neurological and psychophysiological responses were also consistently linked to window greenery.
Chang and Chen (2005), using EEG and pulse measurements in 38 students, identified increased alpha
brainwave activity and lower heart rates when green views were present. Elsadek et al. (2020) found in
a study with 30 female employees enhanced parasympathetic activation and reduced skin conductance
with green views compared to urban ones. Olszewska-Guizzo et al. (2018) as well as Zhang, Li, and Xu

(2025) testing 33 residents and 30 volunteers, measured elevated right frontal alpha and beta activity
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linked to highly green window scenes in large window openings. Moreover, especially horizontal
windows were linked to a reduced sensorimotor rhythm indicating an “optimal state of psychological
relaxation”. Zhang et al. (2025) observed these results based on a study including 30 volunteers. Gao
and Zhang (2020) investigated in a hospital-based experiment with 54 inpatients that urban park views

significantly decreased physiological arousal as indicated by lower skin conductance levels.
Sensory perception

Green window views not only provide aesthetic value but also shape how people perceive and tolerate
environmental stressors and indoor environment quality (Elnaklah and AlWaer 2025; Pasanen et al.
2025; Van Renterghem 2019). In a cross-sectional study of 105 residents, Van Renterghem and
Botteldooren (2016) found that moderate or higher levels of visible greenery reduced the chances of
being moderately annoyed by noise by “more than five times”. This effect was confirmed experimentally
by Sun et al. (2018), who reported lower noise annoyance in 68 participants when window views
included greenery. However, if the view included poorly maintained or visually unappealing vegetation
according to Kaplan and Kaplan (1989), this benefit was diminished. Supporting these findings, Van
Renterghem et al. (2023) conducted two virtual reality (VR) experiments with 79 and 62 participants,
simulating noisy urban views. The reduced noise annoyance was most effectively when the visual
greenness was around 30% and when the visible green space was rich in color and species. Excessively
dense vegetation or poorly maintained greenery, however, could reverse this positive effect. Also, Kley
and Dovbishchuk (2024) investigated a negative correlation between traffic noise disturbance and

available green window views in a study of 1,800 residents.

Beyond auditory comfort, Chen et al. (2025) and Ko et al. (2020) showed that green views influence
thermal perception. In a study with 86 participants, individuals in rooms with green window views rated
the thermal environment as cooler and more comfortable, despite constant temperatures (Ko et al. 2020).
Chen et al. (2025) also found that thermal sensation during physical activity decreased statistically with

a natural window view.

1.2.3 Legal implementations of visible green spaces in urban planning processes
The provision of accessible and available green spaces in close proximity to residential areas is essential

to ensure the development of attractive, healthy, and sustainable neighborhoods for vulnerable
population groups. Interdepartmental specialized planning employs legal principles and guidelines to

ensure sufficient access to green spaces (Bunge 2012).
Design and construction standards for window openings

Industry and building standards provide empirically based guidelines for the construction and design of

window openings for buildings with different purposes worldwide. These standards ensure indoor
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spaces with sufficient sunlight and a healthy microclimate, including visual comfort (Ko et al. 2023). In
these standards, the configuration of the window opening is derived by the relationship between the
location of the individual observer and their FOV. The width of the window is thus derived using the
distance to the window in combination with the horizontal FOV (CEN 2018; CIBSE 2014; USGBC
2019). The height of the window is based on the ratio of the distance to the window to the vertical FOV
(IWBS 2019; USGBC 2019). The distance to the window is determined by measuring the zonal distance
(CEN 2018; CIBSE 2014) or the perimeter (DIN e. V. 2021). The design standards also address the
WWR (BREEAM 2016) and the ratio of window opening to floor area (Abu Dhabi U.A.E. 2010;
BREEAM 2016; Cerway 2014; Green Building Council Indonesia 2021; Ko et al. 2023; Philippine
Green Building Council 2017).

Comprehensive reviews of existing design standards concerning the well-being of individuals in
buildings confirm that, in addition to window openings, visibility of green spaces must play a major role
in the planning of buildings for different purposes. Regarding healthcare facilities, McCuskey Shepley
(2006) compared the impact of design measures in neonatal intensive care units and Kesecioglu et al.
(2012) highlighted the impact of intensive care unit design with a focus on patient and family well-
being, comfort, safety, and functionality. DuBose et al. (2016) specifically targeted the healing process
of patients due to design interventions and Jiang and Verderber (2016) highlighted the design impact of
healthcare circulation spaces. Trostrup et al. (2019) addressed the impact of natural exposures on the
mental health of patients with physical illness and Jamshidi et al. (2020) presented environmental factors

and their effects on patients in hospitals.
Guidelines for implementing visual access to urban green spaces into urban planning practice

Regarding urban planning practice, the visibility of green spaces is becoming increasingly important for
the design of public open spaces with a focus on gender mainstreaming to provide a sufficient green
access potential for all genders with their individual needs. Consequently, it is essential to ensure that
“the social [...] needs of the population, in particular the needs of families, young people, the elderly,
and people with disabilities [as well as] the different impacts on women and men [...]” are taken into
account when preparing land-use plans in order to support their social participation (§ 1, Section 1
BauGB; BMVBS and BBR 2006). The visual connection to green spaces is seen as a prerequisite for a
“high quality of living” (City of Vienna 2013) for dense residential areas with a high number of floors
(Gehl and Svarre 2016). In addition, "to ensure independent outdoor activities for children, visual
connections and direct links between buildings and open spaces [such as children's playgrounds]" are
recommended (City of Vienna 2013). Ensuring "visual and call contacts from the residential units to [
...] open spaces [...]" has been identified in Austria and Germany as a method of improving childcare
and facilitating participation in life for less mobile people living in housing estates (BMVBS and BBR
2006; City of Vienna 2013).
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Another approach combines visibility, accessibility, and the availability of green space in a
neighborhood. The 3-30-300 guideline states that every person should be able to see at least three trees
from their window, 30 percent of a neighborhood should be covered by tree canopy, and every person
should be able to reach the nearest green space within a distance of 300 meters (Konijnendijk 2022).
This guideline enables the creation of multi-accessible green spaces and thus increases the quality of
neighborhoods for the population, which can be confirmed by multiple international implementations

(Konijnendijk and Ostberg 2025).
Legal anchoring of visual access to green spaces in German urban land-use planning

The focus of existing German guidelines on the accessibility and availability of public green spaces rests
in the legal provisions on the improvement contribution, which is defined in § 127 and following of the
BauGB (Blum et al. 2023; Gélzer 2001; Richter 1981). According to this, municipalities are entitled to
levy an improvement contribution “to cover their otherwise uncovered expenses for improvement
facilities” (§ 127, Section 1 BauGB). Regarding § 127, Section 2 No. 4 BauGB, improvement facilities
include “park areas and green spaces with the exception of children's playgrounds” within the land-use
areas, which must be necessary for their improvement according to urban planning principles. The
prerequisites for the existence of a green space eligible for a development fee are its existing greenery
and its purpose “to serve the recreation of people who live or work in close proximity to the [green]
space” (BVerwG 2021). In addition, the BNatSchG requires “areas [...] to be made accessible” and
“open spaces [...] including their components [...] to be preserved and, where they are not available in

sufficient quantity and quality, to be newly created and developed” (§ 1, Section 6 BNatSchG).

The landscape view is legally understood as a visually “perceptible connection of individual landscape
elements” (OVG NRW 1999). It can also have aesthetic-symbolic interpretable components (Hermes et
al. 2022; Jacobs 2011; Nohl 2001) and is “in its visual effect on people [...] part of the landscape within
the meaning of § 9 Section 1, No. 20 BauGB” (cf. OVG NRW 1999; VGH BW 2010). Accordingly, it
must also be protected with regard to its “diversity, character, and beauty as well as [its] recreational
value” (§ 1, Section 1, No. 3 BNatSchG) “especially in populated areas and areas close to settlements”
(§ 1, Section 4, No. 3 BNatSchG). The extent to which a requirement for the creation of accessible green
spaces also implies the creation of the visible and thus visually accessible landscape view lies within the
latitude of judgment of the specialist planning. They “can properly assess the need for compensation for
negative interventions in the landscape view (cf. § 14, Section 1 BNSchG) even without extensive expert
analyses of the landscape view [...]” (OVG NRW 1999). Instead, the BNatSchG focuses on the
qualitative consequences of interventions in nature and landscape that “can significantly impair the
landscape view” (§ 14, Section 1 BNSchG) and therefore aims to protect landscape elements that are
necessary “for the revitalization, structuring or maintenance of the townscape or landscape view” (§ 29,

Section 1, No. 2 BNSchG; Waobse 2002).
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As a result, the implementation sees no need to quantify the need for compensation. The need can also
be “qualitatively described in the form of the designation of concrete visually effective measures” (OVG
NRW 1999). In addition, compensation measures do not require the “complete elimination of visual
disturbances in the landscape view” (OVG NRW 1999), which is in line with the content of § 13, Section
2 of the Federal Compensation Ordinance (Bundeskompensationsverordnung, BKomV). This states that
visual impairments caused by buildings with a height of over 20 meters “cannot be compensated or

replaced” unless the buildings are dismantled (§ 13, Section 2, BKomV).

When considering the landscape view in land law, the landscape view is placed “in relation to the
existing urban structure and its urban spatial function for the present and future coexistence of people”.
As it is “in an urban planning relationship to a municipality”, the consideration of the landscape view in
urban land-use planning expresses a ‘“spatial-functional approach [...] in connection with the
determination of areas or measures for the protection, maintenance, and development of the landscape
within the meaning of § 9 Section. 1 No. 20 BauGB* (VGH BW 2010). To implement this, it is defined
in § 1, Section 5 BauGB that land-use plans should serve to preserve and develop the townscape and
landscape view. Therefore, the design of these views should be considered in particular when elaborating

them (§ 1, Section 6, No. 5 BauGB).

The distinction in the BauGB between the visual perception of the landscape, townscape, and streetscape
view can be determined on the basis of the handling of inner urban development measures in populated
areas and outer urban development measures in areas close to settlements: Inner urban development
should be assessed in accordance with § 34, Section 1 BauGB with regard to the impairment of the
townscape view, whereas outer urban development addresses “disfigurement” of the townscape view as

well as the landscape view (§ 35, Section 3, No. 5 BauGB).

The Zoning Ordinance (Baunutzungsverordnung, BauNVO), which deals with the type and extent of
building use, the development type, and the areas of land that can be built on, only addresses the effects
on the landscape and townscape view for the type of other special area in accordance with § 11 BauNVO.
The visual impact of shopping centers and large-scale retails businesses as well as other large-scale
trading businesses outside the core settlement area that exceed a floor area of 1,200 square meters (§ 11
Section 3, Sentence 2 and 3 BauNVO) must be countered. In addition, the number of floors or the height
of the building must be specified in the binding land-use plan when determining the extent of building
use in accordance with § 16 Section 3 No. 2 BauNVO “if without their specification [...] the townscape

and landscape view [...] could be impaired”.

State Building Codes (Landesbauordnungen, LBOs), which regulate the building code law in individual
federal states in Germany, address the landscape, townscape, and streetscape view to varying degrees

(see Figure 1).
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Figure 1 Content-related focus areas in State Building Codes regarding landscape, townscape, and streetscape view.

All 16 LBOs prevent the disfigurement or disruption of the landscape, townscape, and streetscape view
by stipulating the design of buildings in terms of their exterior design, color as well as material, design
features worthy of preservation, size, height, shape, scale or ratio of building masses, and components

to each other.

In 75% of the LBOs, there is also a focus on requirements and prohibitions regarding the design of
advertising structures and vending machines. The aim is to create visual harmony between buildings
and advertising structures with their spatial surroundings. The focus is therefore, upon protection rather
than the creation of visual areas. An exception is found in the state of Bavaria. Art. 81 Section 1 No. 1
BayBO enables municipalities to utilize local building regulations for greening building facades in order
to preserve or design the townscape view (Art. 81 Section 1 No. 1 BayBO). Consequently, the creation

of visual areas is also indirectly enabled.



The landscape, townscape, and streetscape view are also indirectly influenced by the design of urban
open spaces through requirements relating to distance areas, property as well as terrain surfaces.
According to the LBOs, the depth of distance areas depends on the wall height or eaves height of the
main building construction. In 56% of LOBs, municipalities are also granted the authority to utilize local
building regulations to regulate and adjust the dimensions of undeveloped distance areas in a manner
that differs from existing norms, with the aim of shaping the townscape and streetscape view. While the
primary objective of this initiative is not to visually ensure the presence of urban green spaces, the

dimensions of open spaces have, in fact, an indirect impact on their visibility potential.

The objective of addressing the property and terrain surface in eight LBOs is to avoid or eliminate
disruptions to the landscape, townscape, and streetscape view by maintaining or changing the quality of
the terrain surface or its height when constructing or modifying buildings. Therefore, the primary
emphasis in this context is on protection rather than the creation of visual areas. Particular attention
should be paid to the state of Hamburg. § 9 Section 2 HBauO allows the creation of constructional
ancillary facilities such as parking lots, locations for waste garbage cans, and constructional facilities
for people with physical disabilities. This applies as long as “despite the construction of the mentioned

facilities, a streetscape view characterized by the front gardens is maintained” (§ 9 Section 2 HBauO).

The state of Rhineland-Palatinate is the only federal state to stipulate the creation of visible green spaces
in § 11 Section 1 LBauO Rh-Pf, in which the requirement to ensure a “call and visual contact to
residential buildings” applies when creating children's playgrounds. This makes Rhineland-Palatinate
the only federal state in Germany directly addressing the creation of visual green access in its building
regulations to implement the potential of improving childcare and facilitating participation in life for
less mobile individuals. In contrast to the guidelines described above, in which the visibility of open
spaces is still spoken of in quite general terms, the requirement in Rhineland-Palatinate is more specific
to children's playgrounds. In urban land-use planning, these areas are usually designated in or as green
spaces, but primarily represent the functional character of an activity area for children and youths.
Therefore, the creation of visual green access only plays a subordinate role. Consequently, the
requirement is primarily aimed to increase the potential for compliance with the duty of supervision by
guardians instead of visually assessing green spaces "especially in populated areas and areas close to
settlements” (§ 1, Section 4, No. 3 BNatSchQG) in terms of their “diversity, character and beauty as well

as [their] recreational value” (§ 1, Section 1, No. 3 BNatSchG).

1.2.4 Methodologies and data to quantify green window views
In order to enable multi-scalable visibility potentials of urban green spaces, it is necessary to provide

large amounts of data on green window views. This allows an analysis of different impact areas for
vulnerable populations. As described in Chapter 1.2.2, studies on green window views often involve not

only large-scale surveys involving several thousand cases, but also small-scale experimental designs
17



with fewer than 20 participants. In addition to ensuring a large sample size, the measured data should
represent the proportion of visible green spaces in window views in order to investigate the effect
intensity of both the existence and the extent of green views. In addition, window size, distance to the
window, and window size need to be considered in the data as well as characteristics of visible green

space to provide necessary insights of possible effect areas.

The challenge described above may also be observed during the practical implementation of
environmental justice aspects. The Federal Ministry for the Environment, Nature Conservation,
Building and Nuclear Safety defined it as “the well-founded assessment of [...] [environmental] impacts
at a small-scale level [...]” (BMUB 2016). Particular obstacles exist in the availability and collection of
environmental data at municipal level. Compared to social data, this leads to very heterogeneous data
quality (BMUB 2016). Addressing this challenge, the technical assessment of big (spatial) data
techniques can be concentrated on diverse characteristics, depending on the research focus (Ahmad et
al. 2023; Kitchin and McArdle 2016; Moura and Serrdao 2015; Platzer 2021; Ul Ahsaan and Mourya
2019). In order to comply with the given research scope, an evaluation focus is placed on the following

criteria:

—  Volume describes the amount of provided data (Laney 2001).

—  Velocity describes the speed of data generation (Laney 2001).

— Variety describes the diversity of data format (Laney 2001).

—  Exhaustivity describes the inclusion of a statistical population instead of a sample (Mayer-
Schonberger and Cukier 2013).

—  Fine-grained describes the high resolution of clearly indexed data (Dodge and Kitchin, 2005;
Kitchin and McArdle 2016).

—  Relationality describes the ability to link different data sets (Boyd and Crawford 2012; Kitchin
and McArdle 2016).

— Veracity describes the trustworthiness, authenticity, and reputation of data quality and also
includes the availability of data (Kitchin and McArdle 2016; Marr 2014; Moura and Serrao 2015;
Ul Ahsaan and Mourya 2019).

— Validity describes the data accuracy (Ahmad et al. 2023; Ul Ahsaan and Mourya 2019).

— Visualization describes the visual data representations to identify correlations and statistical
patterns (Ahmad et al. 2023; Ul Ahsaan and Mourya 2019).

—  Extensionality and scaleability describe the possibilities to change and expand the data sets easily
and rapidly (Marz and Warren 2012).

—  Value describes the economic added value of big data use after deduction of their costs (Khan et

al. 2014; Kitchin and McArdle 2016; Marr 2014).

A variety of methods have been developed and applied to measure green window views. These

techniques can be categorized into manual-subjective and automatic-objective approaches and have
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different measurement strengths, resulting in a range of interpretation potentials (Bolte, Kistemann,

Koétter, et al. 2025; Bolte, Niedermann, et al. 2024; Bolte et al. 2023).
Manual-subjective approaches

Manual-subjective methods focus on human perceptions and experiences of visible greenery. These
approaches assess how individuals interpret and react to green window views. The utilization of these
methodologies is characterized by their time-consuming and cost-intensive nature, which frequently
results in a limited number of cases. Consequently, these methods are often instrumental in the collection
of qualitative characteristics, encompassing aesthetic preferences, emotional responses, and
phenological characteristics of the vegetation observed. These methods can provide a deep

understanding of the quality and value of window views of social populations.

In photo evaluations, images of window view are rated in terms of the perceived degree of greenery,
naturalness or attractiveness (Felsten 2009; Lin, Le, and Chan 2022; Lindemann-Matthies et al. 2021;
Van Esch et al. 2019). This technique allows the inclusion of different seasons or weather conditions
that can influence the observer's reactions. Although this method is limited by subjective interpretation
and the inability to provide standardized visual data, it highlights elements such as color, texture,

phenological characteristics, and vegetation health that are often neglected in quantitative analyses.

Structured questionnaires and personal interviews are frequently utilized as research instruments to
facilitate the aggregation of comprehensive qualitative feedback regarding observers' experiences,
preferences, and emotional responses to visible green spaces (Kaplan Mintz et al. 2021; Kim et al. 2025;
Kley and Dovbishchuk 2021; Torres Toda et al. 2020). In addition to the evaluation of green window
views, these questionnaires quantify emotional well-being and quality of life in order to draw
conclusions about possible causal relationships. Additionally, Li et al. (2024) and Nieuwenhuijsen et al.
(2022) performed questionnaires to assess the amounts of visible trees regarding the 3-30-300 guideline
(see Chapter 1.2.3). In this context, Browning et al. (2024) assess that, in addition to a quantitative
window view analysis, questionnaires are best suited to measure the visual aspects of the 3-30-300
guidelines. Due to the subjective bias of the interviewees, the quality of these results can lack
comparability to other environments or studies based on objective computational evaluation

(Waczynska et al. 2021). This phenomenon can also result in reduced data accuracy.

Door-to-door household surveys offer an opportunity for the collection of contextual data within the
actual geographical setting of the view being assessed (Brace et al. 2020; Chen and Jim 2010). These
surveys offer respondents the opportunity to describe their immediate visual environment and expound
on the impact of green spaces on their living environment. While these surveys can yield in-depth,
localized data, they are also labor-intensive and face the same issues of non-standardization that arise in

other manual-subjective methods.
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Automatic-objective approaches

Automatic-objective methods utilize digital geodata and computational approaches to simulate and
evaluate visibility patterns of green spaces from indoor perspectives. Their key strength lies in the ability
to produce large-scale, consistent, and replicable assessments automatically. Nevertheless, depending

on the type of automatic methods, differences in the generated data can be observed.

The Floor Green View Index (FGVI) and the Building Visual Greenness Index (BVGI) can be described
as green-space-centered approaches. The FGVI calculates the areal extent of vegetation visible from
specific floors or buildings using 2D geospatial data and considers different viewing directions (Yu et
al. 2016). It generates visualization outputs in the form of two-dimensional maps, three-dimensional
heat maps, and numerical plots, offering insights into how visual access to vegetation changes vertically
across buildings (Deng et al. 2023). Similarly, the BVGI focuses on the proportion of green space within
a defined radius or buffer zone visible from a building’s facade, without directly considering individual
window characteristics (Wang et al. 2019). A similar approach is adopted by Battisti et al. (2023), Owen
et al. (2024), and Zheng et al. (2024), which records the number of visible trees within buffers around
individual buildings or windows in accordance with the 3-30-300 guideline. Both methods are efficient
for evaluating broader urban green availability, though they do not account for three-dimensional
vegetation structures or specific observer positions inside the building, which may reduce the accuracy

of observer-centered assessments.

Additional automatic techniques include viewshed and line of sight analyses. Viewshed analysis
computes areas visible from a particular observation point across natural topographies or urban terrains
(Browning et al. 2024; Dai et al. 2023; Hilal et al. 2018; Kara et al. 2020). It is suitable for evaluating
the vertical and horizontal extent of green visibility but may exclude crucial indoor parameters such as
the observers’ distance to the window. Line of sight analysis, on the other hand, assesses the straight-
line visibility to specific vegetation elements like urban parks or forests (Croeser et al. 2024; Gu et al.
2021; Pluta and Mitka 2019). While both approaches offer valuable and fast generated spatial data, they
often fail to incorporate detailed three-dimensional vegetation characteristics and overlook observer-

centered view constraints, which weakens their ability to represent lived visual experiences.

The Window View Index (WVI) ensures a fast and accurate precision through the use of semantic
segmentation. By rendering individual window views based on a photorealistic high-resolution, three-
dimensional City Information Model (CIM), visible vegetation can also be evaluated three-
dimensionally from individual window perspectives. This method considers vertical FOV and thus
recognizes how the floor number and the observer's viewing angle influence the window view (Li et al.
2022). However, WVI still omits horizontal FOV, window size, and the observer’s distance to the
window, all of which significantly influence visual access to greenery. Consequently, it may not
accurately capture the complete “potential [visual] access to nature” (Ko et al. 2021; Matsuoka 2010).

The fundamental principle of the New Window View Index aligns with that of the WVI (Law et al.
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2024). The foundation of this model is a three-dimensional city model provided by Google© which
resulted in limited usage and access rights in parts of Germany. In addition, the three-dimensional data
been only available for high-density cities, which also precludes consistent data availability. An
alternative for the provision of two- and three-dimensional data is the use of open and linked geodata,
as these data could continuously transmitted and harmonized by the public sector and are available free
of charge for national, regional, and municipal planning as well as interdisciplinary analyses purposes
(BKG 2024b, 2024a; Bolte, Kistemann, Kétter, et al. 2025). In light of the efficacy of open data and
open source in environmental and planning analyses at the municipal level, it is imperative to assess the
applicability of these techniques and data sets in providing visibility data (Henkel 2023; ISCN 2022;
Mobasheri 2021; Yap, Janssen, and Biljecki 2022). In addition, the public availability of open geodata
would promote innovation and economic efficiency, as described by the geoinformation industry in a

position paper for the 21* legislative period of the German federal government (BDVI et al. 2025).

Advanced spatial approaches such as isovist and space syntax analysis go further by considering both
horizontal and vertical FOV and enable an observer-centered approach. These analyses simulate
visibility within spatial enclosures and are often applied in combination with Building Information
Modeling (BIM) and VR environments (Abd-Alhamid et al. 2020; Fisher-Gewirtzman, Shashkov, and
Doytsher 2013; Kim et al. 2025; Motamedi et al. 2017; Suleiman, Joliveau, and Favier 2013). When
applied to green window view assessments, these methods can visualize spatial openness and the
perceived presence of greenery from inside rooms. However, they are dependent on high-resolution
semantically segmented three-dimensional city models with indoor elements? that are rarely available
nationwide at municipal level in Germany (BKG 2021; Kolbe et al. 2021; Kolbe, Groger, and Pliimer
2005).

The approaches by Ko et al. (2023) and Li and Samuelson (2020) should also be mentioned in this
context. With their view visualization method, Li and Samuelson (2020) simulated window views
including the derivation of individual window sizes, considering the distance to the window and the
vertical and horizontal FOV. Although this approach enabled a realistic observer-centered simulation of
green window views, the visualization duration of the model with 25 Minutes for a single window view
rendering did not allow data collection in real time (Li and Samuelson 2020). By analyzing the WWR
and the percentage of window view area in the visual field (PWV), Ko et al. (2023) focused more on the
spatial composition of the indoor space when observing the window view. Although the combined use
of VR and questionnaires made it possible to formulate significant recommendations for existing view
access standards, the small analysis sample of 40 cases illustrates the cost- and time-intensive approach

(Ko et al. 2023).

2 In early versions of CityGML, indoor elements were available in semantic 3D city models in LoD 4. From
version 3.0 onwards, they can be found in LoD 0-3 (Kolbe et al. 2021).
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1.3 Research problem

Ensuring equitable access to health-promoting green spaces is a fundamental prerequisite for sustainable
and resilient urban development. Despite the existence of numerous planning and legal instruments
designed to promote environmental justice, measurable inequalities in access to urban green spaces
persist in Germany, particularly among children, older adults, and socio-economically disadvantaged
population groups. These inequalities are further exacerbated by urbanization processes, climate change,
and pandemic-related restrictions, as physical access to public green spaces is increasingly limited in

densely built-up urban areas.

In this context, the visual access to green spaces, particularly the visibility of vegetation from residential
buildings (green window view), is gaining attention as a previously overlooked aspect of environmental
justice. For individuals with limited mobility or socio-economical disadvantages, the view of greenery
often serves as the sole remaining access to nature. The distribution of visible urban greenery, therefore,
becomes a social resource whose unjust distribution fosters novel forms of spatial disadvantage. For this
reason, the systematic consideration of this visual access to nature is central to a comprehensive

understanding of environmental justice and to the promotion of inclusive and resilient urban planning.

A broad range of interdisciplinary research has confirmed the positive multidimensional effects of
visible vegetation. A comprehensive review reveals a consistent pattern of findings across studies of
varying sizes, ranging from small experimental investigations with fewer than 20 participants to large-
scale surveys with several thousand cases. These studies consistently demonstrate that green window
views have the capacity to reduce stress, promote relaxation, improve concentration and cognitive
performance, and support mental and social stability. Visible greenery has been demonstrated to
contribute to attention regeneration, reduce psychological stress, promote social behavior, and increase
physical activity as well as the real estate value. The identified effects are particularly evident in
vulnerable groups, such as children, older adults, patients, and pregnant women, thereby underscoring
the universal relevance of visual access to greenery and providing a solid theoretical basis for exploring

the complex relationship between humans and nature in urban areas.

Despite the existence of comprehensive scientific evidence, the legal and planning implementation of
visual access to green spaces remains inconsistent and predominantly reactive. At the international level,
regulations such as daylight and building comfort standards have been developed to acknowledge the
health benefits associated with outdoor views and visual access to vegetation. Urban planning guidelines
and architectural recommendations are increasingly adopting this approach by emphasizing visual
access to green spaces as part of health-promoting design. However, the implementation of these

provisions is predominantly voluntary and seldom translated into binding planning law.

In Germany, the Federal Nature Conservation Act and the Federal Building Code acknowledge the
landscape as a valuable asset that requires protection. However, these laws primarily emphasize the

preservation of existing visual qualities rather than actively fostering the creation of new visual green
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access. However, only a limited number of regulations, such as those stipulated in the State Building
Code in Rhineland-Palatinate, explicitly address this aspect by requiring visual connections between
apartments and playgrounds. This reveals a clear discrepancy between scientific evidence and planning
law practice. Despite the substantial body of empirical evidence demonstrating the multidimensional
benefits of visible urban greenery, there is still a lack of standardized instruments for translating these

findings into legally binding and applicable planning principles.

In addition to these legal deficiencies, there are methodological and data-related challenges in recording
and evaluating green window views. Existing approaches can be categorized into two primary
categories: Manual-subjective methods, such as interviews and door-to-door household surveys, offer
profound insights. However, they are time-consuming and expensive, and therefore not scalable.
Automatic-objective methods that rely on geoinformatics and algorithms enable large-scale evaluations.
However, these methods frequently neglect crucial observation parameters such as window size, FOV,
or distance to the window. Furthermore, the presence of fragmented, heterogeneous, and non-
interoperable geodata at the municipal level complicates precise analyses. The quality and availability
of high-resolution three-dimensional data vary significantly between municipalities and federal states.
In many cases, these data sets are proprietary. This hinders their use in public planning processes and

complicates reproducibility and long-term monitoring.

This situation reveals a systemic research and implementation deficit: there is a lack of an open,
standardized, and interoperable analysis framework that integrates national 2D and 3D geodata
infrastructures, thereby enabling transparent, comparable, and reproducible visibility analyses. The
establishment of such an open analysis framework would enable local authorities and research
institutions to develop legally binding, cost-effective, and practice-oriented indicators for assessing
visual access to green spaces. This would allow the visibility of urban green spaces from buildings to

be operationalized as a quantitative dimension of environmental justice for the first time.

The development of data-based, technology-supported analysis methods has the potential to integrate
this previously underestimated aspect into planning and policy. This methodology facilitates the
objective documentation of spatial distribution of visible green resources, thereby establishing a
foundation for evidence-based planning recommendations that promote social justice, health, and

resilience in urban environments.

In light of the ongoing urbanization, increasing social inequality, and elevated climatic stress, there is
an imperative for immediate action to address this research deficit. The targeted promotion of the
visibility of urban greenery is not only a scientifically relevant issue, but also a socially urgent one,

which is key to the development of just, healthy, and sustainable cities.
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1.4 Research objective and research questions
In order to address the identified knowledge gap, this dissertation proposes a comprehensive

methodological and empirical foundation that promises to advance both research and practice. The
development and the validation of a reproducible, scalable, and technology-supported window view
simulation engine relying exclusively on open source technology and open geodata is the foundation of
this research. This novel approach offers the broader scientific community an innovative analytical
method for quantifying visual access to urban green spaces. Simultaneously, socio-spatial analyses and
the exploration of spatial equity are conducted, thereby generating valuable insights and evidence-based
planning recommendations that practitioners can directly apply to improve environmental justice and

the quality of life, particularly for vulnerable populations in densely populated urban settings.

In accordance with the overarching research objectives relating to the iterative development of a

methodological framework, the analysis, the derivation of planning recommendations, and the

methodological validation, the associated research questions are illustrated in Figure 2:

Iterative
methodological

development

Research objective 1:
Developing a window
view simulation engine
based on open source
for an automatic
assessment and
visualization of visible
urban green spaces.

Research question 1.1:

How can an automated
simulation engine be
configured exclusively
with open source
software and open
geodata so that it
quantifies green window
views in a reproducible
manner on a multi-scale
level?

Research question 1.2:

What are the
characteristics of big
data generated by the
developed window view
simulation engine?

Research objective 2:
Analyzing green window
view patterns of various
urban structure types
and degree of spatial
equity and inequity of
visible urban green
spaces regarding the
socio-economic status.

Research question 2.1:
How does the
percentage of visible
vegetation in the window
view vary between
different urban structure
types and what influence
has urban density on the
visibility of green
spaces?

Research question 2.2:
To what extent is the
distribution of visible
green spaces at the level
of Cologne's urban
districts socio-
ecologically just when
comparing children,
senior citizens, and
income classes using the
Gini coefficient, share
index, and location
entropy?

Derivation of planning
recommendations

Research objective 3:
Deriving
recommendations for
open space planning
regarding the visual
access of green spaces.

Research question 3.1:
What evidence-based
planning
recommendations can
be derived to improve
the visual access of
green spaces, especially
for vulnerable groups in
dense residential areas?

Methodological
validation

Research objective 4:
Demonstrating the
feasibility of quantifying
visible urban green
spaces using open
geodata.

Research question 4.1:
What accuracy and
performance does the
developed simulation
engine achieve and how
does it compare to
existing window view
methodologies?

Research question 4.2:
What are the challenges
of quantifying green
window views using
open geodata and how
can these challenges be
addressed?

Figure 2 Research objectives and research questions of the dissertation.




1.5 Research development
The present research project is guided by four overarching objectives: (1) The development of a window

view simulation engine based on open source for the automatic assessment and visualization of visible
urban green spaces, (2) the analysis of green window view patterns of various urban structure types and
the degree of spatial equity and inequity of visible urban green spaces regarding the socio-economic
status, (3) the derivation of recommendations for open space planning regarding the visual access of
green spaces, and (4) the demonstration of the feasibility of quantifying visible urban green spaces using

open geodata.

The methodological objective was realized through the iterative development of an innovative
simulation engine that implements the Green Window View Index (GWVI). This methodology was
developed to systematically assess the visibility of urban vegetation from various points of observation,
including windows, floors, and buildings. The simulation engine employs open source software and
open geodata to visualize the output individually. A comprehensive data set comprising over 2.5 million
windows in the city of Bonn, Germany, was utilized to conduct a feasibility study. The objective of this
study was to determine the practical feasibility and performance of the developed engine. In the
subsequent phase of technical development, a targeted methodological extension was implemented by
the integration of Sentinel-2 satellite data. This integration enabled the detailed modeling of ground-
level vegetation. Furthermore, a derivation of detailed, building-specific facades for urban structure
types was performed. These facades were derived from a thorough on-site survey. This enabled a
detailed analysis that further differentiates the visibility of urban green spaces. The feasibility of this
methodological addition was thoroughly assessed through a large-scale study encompassing

approximately 62,000 residential buildings in Bonn, Germany.

The analytical objectives are oriented towards the analysis of spatial patterns within different urban
structure types and the socio-spatial distribution of green window views. This research focused on the
relationship between the presence of visible green spaces, urban density values, and the size of
residential apartments and socio-demographic factors, including age and socio-economic status of
residents. A comprehensive investigation was conducted on the basis of two extensive case studies,
encompassing a total of 62,000 residential buildings in Bonn, Germany, and 160,000 residential
buildings in Cologne, Germany. This investigation aimed to empirically examine and evaluate spatial
and geostatistical patterns and inequalities in access to visible green spaces, and derive

recommendations for planning practice.

To ensure the accuracy and reliability of the developed simulation engine, a final validation phase was
carried out using semantic segmentation. This experimental study was conducted on a reduced sample
of a university building in Bonn, Germany. It offered valuable insights into the quality of the automated
method and potential areas for improvement. Finally, the integration of an advanced crowdsourcing

framework for the acquisition of Volunteer Window View Imagery (VWVI) augmented the
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methodological heterogeneity of this research. The potential of observer-generated data collection for
obtaining Volunteer Geographic Information (VGI) was critically analyzed highlighting its value in the
context of data collection. The research approach was thus methodically expanded to include the

quantification of green window views and supplemented by a practical perspective.

1.6 Outline
The structure of this thesis is divided into eight chapters as shown in Figure 3. Chapter 1 delineates the

motivation for the study, the identified research gap, the extant research background, and the research
problem. Furthermore, it provides a comprehensive exposition of the research approach and the structure
of the thesis. This structural overview elucidates the contributions, the main methods and the research
findings. Chapter 2 focuses on developing a window view simulation engine that implements the Green
Window View Index (GWVI). This method utilizes open source technologies and open geodata to
automatically measure and visualize the visibility of urban vegetation. The practical suitability of the
method is validated using a comprehensive data set from Bonn, Germany. Chapter 3 further refines the
technical methodology by employing Sentinel-2 satellite data and by conducting facade-specific
analyses. This procedure further accentuates the heterogeneity in the investigation of the green window
view. The validation process is grounded in an extensive case study encompassing approximately 62,000
residential buildings in Bonn, Germany. Chapter 4 provides a socio-spatial analysis of visible green
spaces in residential areas. A rigorous empirical examination of patterns and inequalities in terms of age
and socio-economic status is conducted on the basis of data from over 160,000 residential buildings in
Cologne, Germany. Chapter 5 provides a comprehensive overview of the validation of the simulation
engine using semantic segmentation. A reduced sample from Bonn, Germany offers pivotal insights into
the precision and enhancement of the window view simulation engine. In Chapter 6 the crowdsourcing
framework around Volunteer Window View Imagery (VWVI) is introduced. It utilizes Volunteered
Geographic Information (VGI) to augment the empirical data basis, A theoretical analysis of the
potentials and challenges concludes this chapter. In summary, Chapter 7 provides a comprehensive
overview of the technical and content-related contributions, a thorough examination of the study's
limitations, and a forward-looking perspective on potential future research directions. The conclusion
of Chapter 8 involves the synthesis of key findings and formulation of recommendations for planning

and practice.
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The content of the second through sixth chapters is derived from original research that has been
published in peer-reviewed journals or international conference proceedings. The chapters are grounded

in the following publications:

Chapter 2:  Bolte, A. M., B. Niedermann, T. Kistemann, J. H. Haunert, Y. Dehbi, and T. Kétter.
2024. “The Green Window View Index: Automated Multi-Source Visibility Analysis
for a Multi-Scale Assessment of Green Window Views.” Landscape Ecology
39(2024):26. doi: 10.1007/s10980-024-01871-7

Chapter 3: Bolte, A. M., M. Olefs, and T. Kétter. 2024. “Wie viel Griin sieht die Stadt?
Automatisierte mehrskalige Sichtbarkeitsanalyse von stiadtischen Griinflichen einer
nordrhein-westfalischen Grof3stadt (How much green does the city see? Automated
multi-scale visibility analysis of urban green spaces in a large city in North Rhine-
Westphalia).” Pp. 237-46 in Flachennutzungsmonitoring X VI Flachenpolitik -
Flidchenanalyse - Methoden und Werkzeuge. Vol. 82, IOR-Schriften. Dresden:
Rhombos Verlag. doi: 10.5281/zenodo.14699410

Chapter 4:  Bolte, A. M., T. Kistemann, Y. Dehbi, and T. Kétter. 2025. “(Un)Just Distribution of
Visible Green Spaces? A Socio-Economic Window View Analysis on Residential
Buildings: The City of Cologne as Case Study.” Journal of Geovisualization and
Spatial Analysis 9(17). doi: 10.1007/s41651-025-00214-7

Chapter 5:  Bolte, A. M., T. Kistemann, T. Kotter, and Y. Dehbi. 2025. “Validating a Window
View Simulation Engine Based on Open Data and Open Source Using Semantic
Segmentation.” Pp. 219-224 in The International Archives of the Photogrammetry,
Remote Sensing and Spatial Information Sciences. Dubai, UAE: Copernicus
Publications. doi: 10.5194/isprs-archives-XL VIII-G-2025-219-2025

Chapter 6:  Bolte, A. M., M. Moghadas, and T. Koétter. 2023. “Harnessing Crowdsourcing Data for
Comprehensive Green Window View Analysis.” Pp. 351-60 in REAL CORP 2023
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2. Development of a window view simulation engine around the
Green Window View Index (GWVI)

Ensuring access to urban green spaces is an increasing challenge for sustainable urban development in
the face of climate change, urbanization, and pandemics. The goal of this chapter is to develop the Green
Window View Index (GWVI), an automated, scalable method for quantitatively assessing the visibility
of green spaces from building windows. The analysis is methodically executed in three sequential steps.
Initially, urban green spaces are modeled using ALKIS data and LiDAR point clouds. Subsequently, a
visibility analysis is conducted based on CityGML data and OpenGL simulations. Ultimately, the results
are visually represented and interpreted using GIS, data analysis software, and a three-dimensional
rendering engine. Furthermore, the Floor Green Window View Index (FGWVI) and the Building Green
Window View Index (BGWVI) were developed to assess visibility potential at various scales, ranging
from individual buildings to the neighborhood level. The developed method provides urban planners,
policymakers, and civil society with a powerful approach to make sustainable, resilient, and socially

equitable planning decisions regarding the distribution of urban green spaces.
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Abstract

Context Providing accessible urban green spaces is
crucial for planning and ensuring healthy, resilient,
and sustainable cities. The importance of visually
accessible urban green spaces increases due to inner
urban development processes.

Objectives This article proposes a new index, the
Green Window View Index (GWVI) for analyzing
and assessing visible vegetation, that promotes an
integrated planning of urban green spaces and build-
ings at different scales and levels. It is defined as the
proportion of visible vegetation area in a field of view
when looking out of a specific window with a defined
distance to the window.
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Methods The method for estimating GWVI consists
of three steps: (a) the modeling of the three-dimensional
environment, (b) the simulation of the two-dimensional
window views using modern rendering engines for
three-dimensional graphics, (c) the computation of the
GWVL The method is proposed and tested through a
case study of the urban area of Bonn, Germany, using
a Digital Terrain Model (DTM), CityGML-based
semantic 3D City Model at level of detail (LoD) 2, air-
borne Light Detection and Ranging (LiDAR) data, and
2D land use data from the official German property
cadaster information system (ALKIS).

Results With an average processing time of 0.05 s
per window view, an average GW VI of 26.00% could
be calculated for the entire study area and visualized
in both 2D and 3D.

Conclusion The proposed engine generates multi-
scale visibility values for various vegetation shapes.
These values are intended for use in participatory citi-
zenship and decision-making processes for analysis by
architects, real-estate appraisers, investors, and urban
as well as landscape planners.

Keywords Visibility analysis - Urban green - Open
source data - CityGML - LiDAR - ALKIS
Introduction

Urbanization and the consequences of climate and
demographic change are increasing the spatial pressure
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on cities worldwide (United Nations Human Settle-
ments Programme, 2020, 2021). As defined in Sustain-
able Development Goal (SDG) 11.7, access to urban
green spaces is essential for ensuring and develop-
ing sustainable, resilient, and healthy cities (United
Nations 2017). Urban green spaces offer various eco-
system services to the urban population, depending
on their spatial characteristics, location, and ecologi-
cal features (Esperon-Rodriguez et al. 2020; Semeraro
et al. 2021; Wang et al. 2022). These services include
food provision, improvement of air quality, regulation
of the microclimate in the city, water regulation, and
prevention of erosion processes. In addition, green
spaces offer socio-cultural benefits such as enhanc-
ing the aesthetic appeal of urban areas, increasing the
potential for physical, mental, and cognitive recreation,
providing cultural and artistic inspiration for urban
populations, and enabling spiritual experiences for res-
idents through access to urban open spaces.

Inner urban development processes aim to densify
urban space and provide functional areas, resulting
in two- and three-dimensional changes to urban mor-
phology, access to urban green spaces, and the impor-
tance of visual access to these spaces (Angel et al.
2021; Eichhorn and Siedentop 2022).

The concept of biophilia explains the positive
benefits of visible green spaces. It refers to people’s
innate affinity for nature, different life forms, habitats,
and ecosystems (Fromm 1973; Wilson 1984). In this
context, visible green spaces have multi-dimensional
effects on residents, including economic, health, audi-
tory perception, and cognition benefits (Soderlund and
Newman 2015; Crompton and Nicholls 2019; Linde-
mann-Matthies et al. 2021; Trgstrup et al. 2019; Van
Renterghem 2019; Williams et al. 2019).

Automatic-objective approaches for measuring
visible urban green spaces are available for two dif-
ferent view positions: (1) street-level views, which
describe the view of urban green spaces when the
observer is standing on the street (Biljecki and Ito
2021), and (2) building-level views, which pro-
vide views of urban vegetation when the observer
is standing inside a building and looking out of a
window. However, existing approaches for window
view assessment do not consider the window size
(Yu et al. 2016; Wang et al. 2019) or the observer’s
position in the room (Yu et al. 2016; Wang et al.
2019; Li et al. 2022). Therefore, they do not fully
address the potential for visual access that should
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be included in urban planning processes (Matsuoka
2010; Ko et al. 2021).

This article presents an automated implementation
around the new Green Window View Index (GWVI),
which considers the full potential of green visibility,
including the window size and idealized indoor posi-
tions of the observer during the measurement. Fig-
ure 1 illustrates the operating principle of the GWVL

The index and its implementation consider the
spatial characteristics of the window, such as its
size, the observer’s vertical and horizontal fields of
view (FOV), and the distance from the window, in
order to quantify and evaluate the visual amount of
urban green space in the window view. As a result,
three-dimensional urban green structures can be
observed within the window area. Possible spatial
changes during densification processes and impacts
on the visual access of urban vegetation can be iden-
tified to support and strengthen inner urban devel-
opment processes and an integrated open space
planning. The exclusive use of open data and open
source software, as is common in planning practice,
is intended to ensure reproducible results for the sci-
entific community and to contribute to a transpar-
ent and cost-efficient analysis at a multi-scale level,
providing practice-oriented findings for municipal
planning departments, including participatory citi-
zenship (Mobasheri 2021; International Smart Cit-
ies Networkt (ISCN) 2022; Yap et al. 2022; Henkel
2023). Thus, smart cities should be promoted (Bun-
desministerium des Innern, fiir Bau und Heimat
(BMI) 2021; Moreira de Oliveira and Painho 2021).

The main contributions of this article are as
follows:

1. A comprehensive literature review regarding the
effect dimensions of green window views and
previous methodological approaches to quantify
a green window view,

2. The design and implementation of a new GWVI
using exclusively open source software,

3. Feasibility demonstration using real world data
from the case study in Bonn, Germany, including
3D and 2D visual assessment.

The article is organized as follows: “Litera-
ture review” section provides a literature review on
effect dimensions and previous methods for quan-
tifying green window views. “Index and technical
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Fig. 1 Simplified visualization of the operating principle of the Green Window View Index (GWVI)

implementation” section introduces the index and its
underlying principles, followed by two-dimensional
window view simulations using bitmaps. The article
presents a case study in Bonn, Germany, followed
by the applied methodology in “Experimental setup”
section. “Experimental results” section presents the
results regarding different visualization opportuni-
ties of the index and visibility values of different veg-
etation types. The effect mechanisms of the window
simulation are discussed in “Discussion” section. The
article concludes with a summary and future perspec-
tives in “Conclusion”.

Literature review
Effect dimensions of green window views

The design of windows and their views plays a cru-
cial role in architecture, which is influenced by fac-
tors such as the age of the building, architectural
style, and function. Design standards have an impact
on the window design to create a healthy indoor
space with thermal comfort, sufficient brightness,
and visual access to the outside (Aksamija 2013, pp.
69-71; ift Rosenheim GmbH, 2015; Jamshidi et al.
2020; Deutsche Gesetzliche Unfallversicherung e.V.
(DGUV) 2022). During activities such as classes,
work, clinical stays, or even while adhering to Covid-
19 movement restrictions, window views may be
the only way to access green spaces. A green win-
dow view can provide a variety of evidence-based
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multi-dimensional effects that influence health, audi-
tory perception, cognition, and economics:

Regarding health effects, Ulrich (1984) and
Raanaas et al. (2012) found that the view of green
spaces, such as trees, positively affected patients
during hospitalization, correlating with shorter
hospital stays, less medication use, and fewer
negative patient reports. Additionally, research has
shown that viewing green spaces from a window at
work or at home can lead to a decrease in human
pulse and improvements in perceived restorativeness,
self-esteem, well-being, and life satisfaction (Kaplan
1993; Chang and Chen 2005; White et al. 2010;
McFarland 2017; Gao and Zhang 2020; Soga et al.
2021). Further, such exposure has been linked to a
reduction in perceived loneliness and stress (Kaplan
Mintz et al. 2021; Soga et al. 2021). Access to
green window views of parks, gardens, trees, plants,
bushes, or lawns has been shown to reduce the
risk of depression and burnout (Brace et al. 2020;
Mihandoust et al. 2021).

A positive influence on auditory perception based
on the amount and quality of visible green in window
views was also found in studies by Van Renterghem
and Botteldooren (2016) and Sun et al. (2018),
leading to changes in subjective noise perception.

Cognitive performance and cognitive recovery
at work, school, and home have been linked to the
existence or high amount of green structures such as
trees, grass, or shrubs in the window view (Tennessen
and Cimprich 1995; Taylor et al. 2002; Benfield et al.
2015; van Esch et al. 2019; Engell et al. 2020; or
Lindemann-Matthies et al. 2021). Additionally,
Matsuoka (2010) found a negative correlation between
the size of windows with a view of trees, shrubs, and
forest and the level of criminal activity in schools.

Moreover, several studies have examined the
economic impact of windows overlooking public
or private green spaces and have found that they
have a positive effect on real estate prices and the
willingness to pay higher prices for real estate or
rent (Bishop et al. 2004; Chen and Jim 2010; Jim and
Chen 2010; White et al. 2010; Hui and Liang 2016;
Crompton and Nicholls 2019).

In summary, the existence and high proportion
of visible three-dimensional green structures in
the window view show a high number of various
positive effects. This also illustrates the increased
need to assess visual access to heterogenous green
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spaces for ’smart allocation to intensify visibility and
visual quality” of urban green spaces for “saving and
providing green space of high quality” (Haaland and
Konijnendijk van den Bosch 2015). The significant
insights emphasize the need to incorporate the
existence and amount of visible urban green spaces as
an alternative access form into urban and landscape
planning at different scales, including individual
apartments and buildings, neighborhoods, or city
districts. This is necessary to ensure sustainable,
resilient, and healthy urban development on a holistic
basis, and to integrate green view information
into necessary inner urban development processes
(Angel et al. 2021; Eichhorn and Siedentop 2022).
Here, various forms of two- and three-dimensional
visualization are required for a clear and impartial
communication of the results with stakeholders
like planners, politicians, and citizens throughout
the entire planning process (Mobasheri, 2021;
International Smart Cities Networkt (ISCN), 2022).

Assessments of green window views

Studies on visible green spaces in window views
have been conducted using either automatic-
objective approaches or manual-subjective methods.
These methods differ in terms of vegetation types
investigated, characterization of window views,
resolution, and visualization of assessment results
(see Table 1):

Automatic-objective methods combine various
two- and three-dimensional geo-analytical methods
and data to enable assessment visualization in the
forms of numerical plots, two-dimensional maps, or
three-dimensional heat maps. They focus on quanti-
tative assessment without qualitative effect evaluation
of the green view. Among these methodologies are Yu
et al. (2016), Wang et al. (2019), and Li et al. (2022).
The Floor Green View Index (FGVI) measures the
areal size of visible urban vegetation areas seen from
buildings (Yu et al. 2016), while the Building Visual
Greenness Index (BVGI) measures the ratio of visible
green space to a defined areal view buffer around the
building (Wang et al. 2019). Both approaches focus
on two-dimensional vegetation structures and do not
consider characteristics of a window view. However,
the green view is automatically determined for differ-
ent view directions (Yu et al. 2016), building floors,
or entire buildings (Yu et al. 2016; Wang et al. 2019).
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Table 1 Automatic-objective and manual-subjective approaches for green window view analysis

Approach

Type of visible vegetation ~ Spatial dimension
of visible
vegetation

Assessment visualization

Advantages and
disadvantages

Automatic-objective methods

Window view index
(WVI)

Trees, bushes, and grasses 3D

Building visual Vegetation 2D
greenness index
(BVGI)

Floor green view Index ~ Vegetation 2D
(FGVI)

Isovist analysis/ space Vegetation 3D

syntax analysis

Windows Assessment resolution

considered

Yes Single views

No Floors, buildings

No Floors, buildings, obser-
vation direction

Yes Single views, floors,

buildings

View images, 3D heat
maps, numeric plots

2D maps, numeric plots

2D maps, 3D heat maps,
numeric plots

2D maps, 3D heat maps,
numeric plots

+ Consideration of view
height, vertical FOV,
and amount of visible
vegetation in window view

—Without consideration of
horizontal FOV, observer’s
distance to window, 2D
map visualization, or
qualitative evaluation of
visible vegetation

+ Consideration of view
height and amount of
visible vegetation

—Without consideration of
3D vegetation, window
characteristics, 3D heat
map visualization, or
qualitative evaluation of
visible vegetation

+ Consideration of view
height, observation
direction, and amount of
visible vegetation

—Without consideration of
3D vegetation, window
characteristics, or
qualitative evaluation of
visible vegetation

+ Consideration of view
height, vertical, and
horizontal FOV

—Limited access to
area-wide geo data and
without consideration of
qualitative evaluation of
visible vegetation

1L:6€ (+T0T) 1097 dspue]
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Table 1 (continued)

Approach

Type of visible vegetation

Spatial dimension
of visible
vegetation

Windows
considered

Assessment resolution

Assessment visualization

Advantages and
disadvantages

Viewshed analysis

Line of sight analysis

Manual-subjective methods

Photo evaluation

Questionnaire

Parks, gardens, agricultural 3D

crops, meadows, forests,
vineyards

Forests, urban parks

Late fall nature with
leafless trees, naturalness
such as trees, vegetation

Urban park, trees, green

e.g., trees or lawn, plants,

bushes, lawns

3D

3D

3D

Yes/No

Yes

Yes

Yes

Single views

Single views

Single views

Single views

2D maps, numeric plots

Numeric plots

Qualitative results,
numeric plots

Qualitative results,
numeric plots

+ Consideration of vertical

and horizontal FOV

—Without consideration
of observer’s distance
to window, 3D heat
map visualization, or
qualitative evaluation of
visible vegetation

+ Consideration of view
existence

—Without consideration of
window characteristics,
observer’s distance to
window, or qualitative
evaluation of visible
vegetation

+ Consideration of view
existence and amount of
visible vegetation

—Without consideration
of comparable evidence
of the amount of visible
vegetation and diverse
result visualization

+ Consideration of view
existence, amount, and
qualitative evaluation of
visible vegetation

—Without consideration
of comparable evidence
of the amount of visible
vegetation and diverse
result visualization

97J09aBed L
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Table 1 (continued)

Approach

Type of visible vegetation

Spatial dimension
of visible
vegetation

Windows
considered

Assessment resolution

Assessment visualization

Advantages and
disadvantages

Door-to-door household
survey

Face-to face interview

Green space (parks or
residential gardens)

Green spaces, greenspace,
green

3D

3D

Yes

Yes

Qualitative results,
numeric plots

Qualitative results,
numeric plots

+ Consideration of view
existence, amount, and
qualitative evaluation of
visible vegetation

—Without consideration
of comparable evidence
of the amount of visible
vegetation and diverse
result visualization

+ Consideration of view
existence, amount, and
qualitative evaluation of
visible vegetation

—Without consideration
of comparable evidence
of the amount of visible
vegetation and diverse
result visualization
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The Window View Index (WVI) quantifies the vis-
ible green of two- and three-dimensional vegetation
types for single window views, taking into account
the observer’s vertical FOV. However, WVI does not
consider the window size or the observer’s distance
to the window. As a result, it is not possible to ensure
the entire “potential access to nature” (Matsuoka
2010) or the “availability of view[s] in [different][...]
spaces” (Ko et al. 2021) during the assessment. Addi-
tionally, this approach only provides a limited visuali-
zation for assessment purposes.

Approaches such as three-dimensional isovist
(Fisher-Gewirtzman et al. 2013; Suleiman et al. 2013)
or space syntax analysis (van Nes and Yamu 2021)
enable Building Information Modeling (BIM)-based
virtual reality (VR) approaches to consider horizontal
and vertical FOV (Motamedi et al. 2017; Ostwald
and Dawes 2018) and visualize assessment results in
diverse ways. However, the studies mentioned mainly
refer to visibility analyses in indoor spaces. Therefore,
they require a 3D City Model at level of detail (LoD)
4, which is mostly not available or freely accessible in
Germany for a city-scaled analysis (Kolbe et al. 2005;
Bundesamt fiir Kartographie und Geodésie 2021).

Other automatic-objective approaches are based on
viewshed analysis (Hilal et al. 2018; Wang et al. 2019;
Kara et al. 2020) or line of sight analysis (Hellmanns
et al. 2019; Pluta and Mitka 2019; Gu et al. 2021).
These approaches exclude the observer’s distance to
the window and the window sizes, and therefore do
not consider the visible amount of three-dimensional
vegetation structures in the window view, as well as
the whole visibility potential of the view.

Studies based on manual-subjective approaches
utilized photo evaluations (Felsten 2009; van Esch
et al. 2019; Lindemann-Matthies et al. 2021), ques-
tionnaires (Kaplan Mintz et al. 2021; Kley and
Dovbishchuk 2021; Mihandoust et al. 2021), door-to-
door household surveys (Chen and Jim 2010; Brace
et al. 2020), and face-to-face interviews (Jim and
Chen 2007; Van Renterghem and Botteldooren 2016;
Torres Toda et al. 2020). Due to the subjective bias
of the evaluation process, these approaches may not
always provide comparable results for window views.
However, these methods do offer highly detailed
qualitative assessment information of green window
views and the visible three-dimensional vegetation,
including the phenological status of the vegetation
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and the description of the effect dimensions of green
window views.

To summarize, there are various automatic and
manual approaches available to measure and evaluate
visible green spaces in a window view. Automatic-
objective methods can provide quantitative information
about the existence and amount of visible vegetation in
the view at different resolution scales and in different
types of visualization. Manual-subjective methods, on
the other hand, can provide qualitative information
about the view. However, they lack a comparable
operationalization of the green view characteristics.

This article addresses these research gaps and
presents an approach for assessing green window
views, taking into account window size and
observer’s distance to the window. Consequently, it
is possible to investigate the entire potential window
view and determine the existence and amount
of visible vegetation in the window view can be
investigated. Using open data and open source
software is common practice in planning practice,
and enables the provision of reproducible results
for the scientific community and the contribution of
transparent and cost-efficient analysis at multiple
scales, providing practical insights (Mobasheri 2021;
International Smart Cities Networkt (ISCN) 2022;
Yap et al. 2022; Henkel 2023;). The visualization
of our methodological approach should facilitate
intersubjective communication of our findings for
planning processes (Mobasheri 2021; International
Smart Cities Networkt (ISCN) 2022).

Index and technical implementation
Definition of green window view index

We introduce the GW VI as follows:

Visible Vegetation Area in Window,,

GWVI., =
id Area (Window;)

* 100

ey
where the GWVI indicates the proportion of a visible
vegetation area in the total FOV when looking out of
a specific window i with a distance d to the window.
The possible value range is from 0 to 100%.
The GWVI quantifies the visibility of green
spaces through a specific window in a building.
Window sizes vary depending on the building’s
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architecture, age, function, etc. For instance,
public buildings like schools or hospitals, or office
buildings, where activities are primarily sedentary,
may have larger windows as a design feature. This
ensures sufficient brightness and thermal comfort
in the room, while also allowing a possible window
view from a seated position (Aksamija 2013, pp.
69-71; ift Rosenheim GmbH 2015; Deutsche
Gesetzliche Unfallversicherung e.V. (DGUV) 2022).
The same also applies to medical or care buildings,
where a window view should also be possible from
a lying position in the room (Jamshidi et al. 2020).
Residential buildings frequently feature varying
window sizes based on the architectural style and
construction period (Siegele 2011). This makes
windows a common stylistic element for horizontal
facade design, resulting in different window sizes on
different floors (Freie und Hansestadt Hamburg et al.,
n.d., pp. 5-6).

To enable the comparability of the GWVI even
with different window sizes in buildings with the
same main function, we present the following
modifications:

e The Floor Green Window View Index (FGWVI):

m(h)

1
FGWVI, = Y GWVI,, % —— )
2O

where the FGWVI indicates the average value
of the GWVI for a specific floor 4. The number
of windows m depends on A. The possible value
range is also from 0 to 100%.

e The Building Green Window View Index
(BGWVI):

m(b)

BGWVI, = )" GWVI,, * 3)
i=1

L
m(b)
where the BGWVI indicates the average value of
the GWVI for a specific building b. m depends on
b and the value range is again from 0 to 100%.

An automated three-step application including
window view simulation using bitmaps

In order to automatically implement the presented
indices, we use a rendering approach that utilizes
3D graphics rendering. The three-step procedure

combines (1) modeling a three-dimensional environ-
ment in front of the window with (2) simulating the
two-dimensional window view to finally quantify (3)
the proportion of visible vegetation in the window
view (Kaplan and Kaplan 1989; Bishop et al. 2000;
Bishop 2003; Shreiner et al. 2013) (refer to Fig. 2).

The implementation is written in C+ +and
includes OpenGL, a cross-language application
programming interface (API) for rendering two-
and three-dimensional vector graphics (Shreiner
et al. 2013). GLEW (OpenGL Extension Wrangler
Library), GLFW (Graphics Library Framework), and
GLM (OpenGL Mathematics) are included.

For our case study area in Germany, we used multi-
source open data sets, which are provided free of
charge to model the three-dimensional environment.
The Digital Terrain Model (DTM) represents the
topography, while buildings are modeled using
a semantic 3D City Model CityGML to serve as
viewpoints and view obstacles (Kolbe et al. 2005).
At level of detail 2 (LoD2), “all buildings are
mapped with standardized roof shapes and oriented
according to the real ridge lines” (Bundesamt fiir
Kartographie und Geodisie 2021). CityGML can
also provide qualitative information, such as building
function, which is commonly used for Smart Cities,
Urban Digital Twins, or BIM (Open Geospatial
Consortium, n.d.). Both data sets must be available as
a triangulated mesh to determine precise localizations
with x-, y-, and z-coordinates.

The 2D land use data utilized in this study was
obtained from the official German property cadaster
information system, known as the “Amtliches Lie-
genschaftskatasterinformationssystem”, ALKIS.
This data was used to identify property borders and
to derive flat vegetation areas. With this data set,
it was possible to distinguish between private and
public green space and to determine their owner-
ship. Our assumption for private properties was that
the undeveloped areas were greened. After selecting
appropriate layers in GIS, the data must be provided
in.gml format for modeling. Three-dimensional
shrubs and trees are modeled using semantically
segmented Aerial Light Detection and Ranging
(LiDAR) Point Clouds. If required, the point clouds
should be classified and clustered using 3D point
cloud processing software.

To simulate the two-dimensional window view, we
must assume the number and position of windows on
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Fig. 2 Pipeline of our automated technical approach for automated visibility analysis including window view simulation using bit-

maps

the exterior facade of the modeled buildings. This is
necessary because the 3D City Model at LoD2 does
not provide any information about the number, size,
or position of windows. After localizing the windows,
a virtual camera representing the observer is initially
placed at the window centers. It is oriented into the
three-dimensional environment in front of the build-
ing considering the pitch, roll, and yaw and moved by
length d in the opposite direction to its orientation.
Figure 3 illustrates the simulation principles.

Assuming a simulated window view, we consider
w,, and h,, to be equivalent to the simulated
window’s aspect ratio. The vertical FOV of the
observer is represented by «a,. If the observer is
located inside the building with a window-centered
view and a known d, @, can be calculated using:

0.5 % hnp
o, =2 % arctan<T> 4)

The observer’s horizontal FOV is represented by
a,. If a, is less than 180° respectively d is greater
than zero meter, @, can be derived using following
equation:

@ Springer

W,
o, = 2 * arctan <tan(0.5 * a,) > (5)
h,,

By defining the near plane np and far plane fp to
represent the minimum and maximum view distance,
the visible area in front of the corresponding window
can be rendered. This simulates the view for different
windows while maintaining a window-centered
view from inside the building. Anything outside this
simulation space is not rendered and is therefore not
part of the simulated window view. To transform
the three-dimensional environment into a two-
dimensional bitmap, we apply perspective projection
(Shreiner et al. 2013).

Figure 4 demonstrates the impact of varying
observer distances to the window on the spatial char-
acteristics used in the window view simulation, based
on Ko et al. (2023).

By utilizing the presented approach to quantify the
GWVI we can consider:
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Fig. 3 Visualization of
window view simulation
principles

X  window centers
np near plane

fo farplane pitch
;V”" ::?;: t aspectratio -EI ol
np

a, vertical FOV

e the three-dimensional characteristics of vegetation,
such as its depth d,, width w, and height /4,

e the three-dimensional position of the vegetation
including the distance of the window to the
vegetation di, and the height of the window £,

e the three-dimensional characteristics of objects
obscuring the vegetation, such as their depth d,,
width w,, and height £,

e the three-dimensional position of objects
obscuring the vegetation, including the distance of
the window from the obscuring object di, and the
height of the window A,

o the observer’s distance to the window d assuming
a window-centered view including the vertical
and horizontal FOV «, and «a;,, and the two-
dimensional aspect ratio of the window.

In the final analysis step of the technical
implementation, GWVI and FGWVI values are
computed in.txt format using the information of the
window locations on the building exterior facade
and the corresponding visibility values. Similarly,
BGWVI values are computed in.kml format using the
window locations on the building exterior facade, the
corresponding visibility values, and the information
of the building layout polygon derived from the 3D
City Model CityGML. The data sets can be analyzed
statistically and geographically using data analysis

window-centered digital camera

yaw

software and GIS. During the simulation step,
visual analysis is possible as the window views are
rendered in bitmaps. A large-scale visual analysis can
be conducted by visualizing the three-dimensional
model that is generated in the modeling step.

Experimental setup

The feasibility of our approach is demonstrated
by the following experiment. It is designed to
test the effectiveness of the presented indices and
methodology on a real case study. Therefore, visibility
values of various vegetation structures are calculated
at different scale levels throughout an urban area.

Analysis of green window view index in Bonn,
Germany

Bonn is an administrative district-free major city
in the south of the federal state of North Rhine-
Westphalia and has a population of approximately
336,000 of early 2022 (Bundesstadt Bonn, n.d.-
a). It serves as the second seat of government for
the Federal Republic of Germany and is located
in the Rhineland, Rhine-Ruhr, and Cologne/Bonn
metropolitan regions (Bundesstadt Bonn, n.d.-c;
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Fig. 4 Factors considered during window view simulation with different indoor positions of the observer resulting in a wide, middle,

and narrow field of view (FOW)

Metropolregion Rhein Ruhr, n.d.; Metropolregion
Rheinland e.V., n.d.; Region Kéln/Bonn e..V., n.d.).

Approximately one third of the city’s 141.1
square kilometers is built-up and is divided into four
boroughs and 51 districts. The undeveloped areas
in Bonn are characterized by private gardens, green
spaces, the banks of the Rhine, and 39.8 square
kilometers of forest areas, mainly located in the
southern part of the urban area. Additionally, there
are 16 public parks, 20 meadow orchards with 750
fruit trees, and over 100,000 trees in the urban area
of Bonn, of which 36,000 are integrated into roadside
greenery and public squares (Bundesstadt Bonn,
n.d.-b).
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Open data and open source software

Four open data sets were utilized to model the urban
environment. For the sake of replicability, Table 2
lists all technical specifications of the used data
sources.

The data sets were projected into the Universal
Transverse Mercator (UTM) coordinate system. The
LiDAR data set was from 2019, while all other data
sets were from 2020.

We used Q-GIS 3.16 and CloudCompare 2.11.1. for
preprocessing, Q-GIS 3.16 was used for geographical
analysis, and GNU Octave 6.4.0 was used for statistical
analysis. The workstation ran on a 64-bit operating sys-
tem, specifically Ubuntu 18.04.6 LTS. It was equipped
with an Intel® Core™ i7-3770K CPU @ 3.50 GHz x4
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Table 2 Multi-source open data sets to model the three-dimensional environment

Modelling target ~ Topography Buildings Property borders Flat vegetation Tall vegetation
Data Digital terrain 3D Semantic city ALKIS 2D land use  ALKIS 2D land use  Aerial LiDAR point
model model LoD2 data data clouds
Source www.open.nrw.de www.open.nrw.de www.geoportal. www.geoportal. www.bezreg-koeln.
nrw.de nrw.de nrw.de
Coordinate system ETRS89/UTM ETRS89/UTM ETRS89 geographic ETRSS89 geographic ETRS/UTM
Height DHHN2016 DHHN2016 - - DHHN2016
Spatial resolution  1m 2m - - 4-10 points/sqm
Accuracy 20cm (height) Im (height); Cadaster (cm) (area) Cadaster (cm) (area) 15cm (height); 30cm
Cadaster (cm) (area)
(area)
Format .gz format .gml format .gml format .gml format Jlaz format

processor, a NVIDIA GeForce RTX 3080/PCle/SSE2
graphics card, and a 220.8 GB hard drive.

Multi-step implementation procedure of the green
window view index

Figure 5 illustrated the multi-step procedure for esti-
mating the Green Window View estimation in the
case study. The three main steps of the approach are
explained in detail below.

During the first implementation step, the data sets
were preprocessed to model the three-dimensional
urban environment: To improve data distribution, the
DTM data set was reduced and triangulated, and the
semantic 3D City Model was also triangulated. The
vegetation was divided into flat and tall vegetation
structures based on their height. ALKIS 2D land use
data was utilized to model the flat vegetation areas.
The first step was to select land use layer that con-
tained vegetation, such as residential area, mixed use
area, sports, leisure, and recreation area, cemetery
area, agriculture area, forest area, and grove area. It
was assumed that these areas have either a fully pri-
vate or a fully public ownership. The layers’ coordi-
nate system was transformed into UTM and divided
into private and public flat vegetation layers based
on their ownership. To identify and model tall veg-
etation, LiDAR point clouds were additionally pro-
cessed. Linear support vector machine (SVM) was
used as a classifier leading to a point-wise classifica-
tion of the following classes: Tall vegetation (trees
and shrubs) and all non-vegetated objects (buildings,
cars, etc.). Herewith an average accuracy of 97.8%
was achieved. Based on the point-wise classification,

a clustering step was perfomed in order to yield
aggregated components representing single vegeta-
tion objects, e.g. tree, or groups of neighboured veg-
etations. For this unsupervied learning task, K-Means
was applied on our 3D pre-classified vegetation
points. Afterwards, the centroids of the clusters were
projected into the two-dimensional horizontal plane
to derive the object geometries from the point cloud
of the trees and shrubs. Here, the object height was
determined by the average height of the outermost 10
points and the object width was determined by the
average distance between the center of the mass to
the 10 farthest points. The object width was projected
into the xy-plane. Using the determined object height,
the objects were subsequently divided into trees and
shrubs. All objects with a height of more than two
meters above DTM were assigned to trees, remaining
objects with a height of up to two meters above DTM
to shrubs. The last step was the determination of the
ownership status of the tree and shrub objects using
the overlapping of the objects with an ALKIS land
use layer (residential area).

The second step of the implementation involved
simulating the window view: Firstly, all components
of the urban environment were loaded. Then, the
window centers were then positioned on the exterior
facade of the buildings taking into account the DTM
and the semantic 3D building model (refer to Fig. 6).
An initial simplified assumption was made for all
buildings, regardless of age, architectural style, func-
tion, and floor height, to determine the actual num-
ber of windows. Therefore, an on-site inspection was
conducted in the urban area of Bonn.
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Fig. 5 The structure of the implemented engine and framework for the Green Window View Index (GWVI) estimation

The window centers were spaced three meters apart
horizontally and vertically. The first window center was
1.5m away from the edge of the exterior building facade
in both horizontal and vertical directions. If the exte-
rior building facade was between one and three meters
in length, a window center was placed in the middle
of the building facade. The simulation of the window
view was performed by taking into account the DTM,
the 3D building model, and the requested flat and tall
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vegetation, based on the user input parameters provided
in Table 3.

Finally, in the third step, visibility values were
estimated for the different defined scales.

Experimental results

Our method was applied to process the open source
data sets for estimating the GWVI, the FGW VI, and
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Fig. 6 Positioning of window centers on the exterior building

facade

Table 3 Exemplary user input parameter for window view

simulation

Input parameter

Experimental value

Assumed window size
Distance to window
Vertical FOV

Aspect ratio of window
Minimum view distance
Maximum view distance
Bitmap resolution
Rendering colors

1.0m

0.80m

64°

1/1

0.81m

8,000m

512x 512 pixel
Individual RGB-values

the BGWVI over the entire urban area of Bonn. A
total of 2,531,369 window views in a total of 87,592
buildings were automatically simulated, and their
indices were calculated for private and public trees,
shrubs, and flat vegetation, respectively. Addition-
ally, we determined visibility values for the sky
and sealed surfaces or the built-up structures. The
calculation, 2D, and 3D visualization took a total
of 135,169 s to complete the entire urban area of
Bonn. This resulted in an average calculation time
of 0.05 s per window view.

The approach provides four types of result vis-
ualizations for a visual, descriptive statistical, and
geographical analysis of the calculated results on
different scales (see Fig. 7).

This includes (a) the rendering of individual
simulated window views via a two-dimensional
bitmap using green and turquoise for vegetation,
grayscale for sealed surfaces or the built-up

structures, and blue for sky, (b) the three-dimensional
visualization of GWVI values via heat maps in
the three-dimensional model, (c) the.txt files of
GWVI and FGWVI values that can be transformed
into numerical plots or tables, and (d) the.kml files
that can be cartographically visualize into two-
dimensional maps thematizing BGW VI values.

During the simulation of window views, bitmaps
were rendered for each individual view. These can
be visually checked and analyzed during the second
processing step. It is also possible to save these
bitmaps as image files in order to subsequently
perform a visual comparison or to carry out an
accuracy assessment of the simulation approach using
an intersection over union metric. Due to the very
large data volume of over two million generated image
files, an export and subsequent accuracy assessment
were not carried out in this case study. However,
in the current follow-up case study in Cologne,
Germany this target is being attempted. Results for
individual floors can be visualized based on three-
dimensional modeling and window localization using
heat maps. This tool is ideal for visualizing changes
in visual access to urban green spaces during inner
urban development processes or landscape planning.
It can be used to demonstrate these changes to various
stakeholders, including those in politics, planning,
municipal authorities, and the local population.
Results can be presented in numerical plots, tables,
and geodata. The GWVI, FGWVI, and BGWVI
values were exported to files in.txt and.kml format,
allowing for tabular and cartographic representations
using common data analysis software and GIS. This
facilitates a targeted visualization with additional
semantic data and subsequent analysis.

Regarding the visualization results, it should
be highlighted that our approach provides multi-
dimensional representation of the visibility values at
different scales. Exporting to common data formats
enables further processing and utilization of the
results by various stakeholders.

Figure 8 illustrates the amount of visible vegeta-
tion classes (in total six different classes, named pri-
vate and public trees, shrubs, and flat vegetation,
respectively) and the distribution of GWVI for all
vegetation over the urban area of Bonn. The majority
of windows have a diverse vegetation view, with one
to four different vegetation classes. The arithmetic
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Fig.7 Examples of result visualization for Green Win-
dow View Index (GWVI), Floor Green Window View Index
(FGWYVI), and Building Green Window View Index (BGWVI)
estimation: a 2D bitmaps of simulated window views, b heat

mean of GWVI for all vegetation in the urban area of
Bonn equals 26.00%.

The results show that the city of Bonn generally
has a heterogeneous green window view.

Figure 9 distinguishes the locality, spread, and
skewness of the average GW VI for districts based on
visible vegetation type.

In detail, the average GWVI of flat vegetation has
a minimum of 8.72%, a lower quartile of 15.51%, a
median of 19.63%, an upper quartile of 21.43%, and
a maximum of 24.54%. With the exception of the
maximum of 1.42% and an upper quantile of 0.63%,
the other values of the average GWVI for shrubs are
below 0.5%. For visible trees, a minimum of 0.85%,
a lover quantile of 5.23%, a median of 7.45%, an
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Background map, edit. Source: Google; GeoBasis-DE/BKG (©2009)
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map in 3D model, including reference screenshot from 3D
mesh, ¢ numeric export files in.txt format, d geographic
export files of single buildings and city districts in.kml format
uploaded in Google Earth

upper quantile of 9.38%, and a maximum of 13.12%
are given. For the visibility of all vegetation in
the window view, the highest values result with a
minimum of 15.52%, a lower quartile of 22.58%, a
median of 27.81%, an upper quartile of 30.18%, and a
maximum of 35.13%.

At first glance, these results appear positive, as
observers prefer complexity in the visual perception
of nature (Kaplan and Kaplan 1989). However, the
fact that the average proportion of visible greenery is
less than 30% suggests that there may not be a general
satisfaction with the green window view. Studies on
the preferences of natural views and their effects on
restorativeness have shown a significant positive
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Fig. 8 Characteristics of GWVI in urban area of Bonn: a amount of visible vegetation classes, b distribution of GWVI for all veg-
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Fig. 9 Locality, spread, and 40.00
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influence on the observer if at least 30% of the overall
view is green (Aoki 1991; White et al. 2010).

Figure 10 shows the geographic distribution
of the average GWVI for individual districts for
trees, flat vegetation, and all vegetation. The legend
scaling is based on the results of a picture image

B GWVI all vegetation [%)

appraisal method (Aoki 1991). The average GW VI
for shrubs is not included due to the very low value
of 0.43% throughout the urban area.

The analysis of vegetation visibility in Bonn, as
determined by the GWVI, confirms the diversity
in both the type and quantity of visible vegetation.
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Fig. 10 Average GW VI for districts in Bonn for a flat vegetation, b trees, c all vegetation

However, it also reveals a spatial differentiation in
the distribution of visible greenery. The average
GWVI decreases towards the city center, suggesting
a correlation with urban density values. Notably, the
district of Hardthoehe stands out with an average
GWVI of 7.42% for all visible vegetation. The area
is exclusively occupied by the barracks area of the
first headquarters of the Federal Ministry of Defense.
Furthermore, it is evident that certain districts of
Bonn have an above average GW VI exceeding 30%.
The district of "Tannenbusch" has the highest average
GWVI at 35.13%. This district is mainly characterized
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by residential areas with varying building densities
including semi-detached houses, terraced houses,
and high-rise apartment buildings. The open spaces
consist mostly of private gardens or distant areas and
a special landmark is the inland dune in the nature
reserve, covering an area of approximately seven
hectares.

To clarify these suggestions statistically, further
analysis is required for buildings with a similar
functions and comparable architectural conditions. A
follow-up study will investigate the BGWI for health/
care and educational buildings in Bonn.
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Fig. 11 Distribution of FGWVI for all vegetation according to height for buildings with a total of a three floors, b five floors, ¢

seven floors
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Fig. 12 Percent gain of FGW VI according to height for a all vegetation, b flat vegetation, ¢ shrubs, d trees

By analyzing the results geographically, we
were able to identify district-wide variations in the
distribution of GWVI in Bonn, Germany.

To detect smaller-scale distribution patterns, we
assessed the FGWVI of all vegetation based on the
corresponding floor height. We only considered floors
with at least 5% FGWVI. The first floor of all build-
ings, with an average window height of 1.5m above
ground, had the highest FGWVI. A slight increase
was also observed on the fourth and fifth floors (aver-
age window height of 10.5m and 13.5m above ground

level, respectively) for buildings with a total of seven
floors (see Fig. 11).

This phenomenon is also reinforced by the results
in Fig. 12. This figure shows the percentage gain
in FGWVI per floor for different vegetation types.
Buildings with at least three floors and a FGWVI of
5% or more were examined.

The FGWVI decreases on average by 3.13%
(median -3.37%) for all vegetation. A stronger
decrease is visible with flat vegetation, where the
FGWYVI decreases by an average of 5.02% (median
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-5.01%). An increase in the FGWVI occurs with
visible shrubs (average 1.98%, median 1.91%) and
trees (average 1.41%, med. 0.64%).

The results suggest that, on the one hand, the FGWI
on the ground floor can be attributed to the diversity of
the visible vegetation, as flat vegetation, shrubs, and
trees can be seen. On the other hand, the measurable
amplitude on the 4th floor allows possible conclusions
regarding existing tree crowns in front of the windows,
which can dominate the green window view.

Discussion
Green window view potential in Bonn, Germany

The descriptive results of the case study show that
Bonn has a diverse visual access to urban open spaces.
It is recommended to conduct follow-up studies
on buildings with specific main functions or urban
structure types and examine the correlation between
green visibility and planning parameters. This will
enable a targeted and evidence-based investigation
of visibility potential (Arlt et al. 2005; Meinel et al.
2022).

To ensure a clear geographical demarcation, we
limited the environmental modeling and visibility
range to the administrative boundaries of the Bonn
urban area. Therefore, we did not included areas from
neighboring municipalities in our analysis. This may
have affected the visibility values in the outer districts
of the case study, resulting in values that are too low.
In order to eliminate measurement bias and verify
the methodological procedure and results of this case
study, it may be beneficial to include surrounding
municipalities.  Additionally, a spatio-temporal
analysis of land use or land cover changes caused by
urbanization or redensification processes could also be
considered to identify inter-regional relationships and
different forms of urban green access (Ren et al. 2017;
Dong et al. 2020; Yu et al. 2023; Zhang et al. 2023).

Multi-dimensional visibility analysis of green
window views
The three-dimensionality of the viewed environment

and the two-dimensionality of the window view
must be considered when investigating visual access

@ Springer

from a window view, according to Bishop (2003),
Bishop et al. (2000), and Kaplan and Kaplan (1989).
By modeling a three-dimensional environment to
simulate a two-dimensional window view while
considering the window size, the observer’s distance
to the window, and their horizontal and vertical FOV
(Matsuoka 2010; Abd-Alhamid et al. 2023; Ko et al.
2023), we were able to consider all necessary spatial
dimensions. In addition, a sideways examination
of the urban green spaces allowed quantification of
various three-dimensional vegetative structures in
the window views. By implementing this "human-
oriented analysis" (Yu et al. 2016), the GWVI
supports a spatially-centered analysis of green spaces
that focuses on human experience (Xiao et al. 2021).
In doing so, our approach differs from -classical
landscape metrics and satellite-based vegetation
indices, which use an area-centered and vegetation-
oriented approach to quantify surface characteristics
and assess land cover quality (Larkin and Hystad
2018; Dong et al. 2020; Gaw et al. 2022; Zhang et al.
2023).

Thus, our approach fills the research gaps
identified by Yu et al. (2016) and Wang et al.
(2019), who both focus on visible two-dimensional
vegetation structures. Li et al. (2022) also quantify
the visible green of two- and three-dimensional
vegetation shapes, but their approach excludes
the window size, the horizontal FOV, and makes
no reference to the distance of the observer to the
window. While the GWVI is closely related to their
method, our method includes the previously missing
parameters in the visibility analysis and is therefore
able to simulate the full visual potential of the
window view for idealized positions in the building.

However, our approach is also limited by our
assumptions about the idealized position in the room.
It does not take into account the average height of
the observer or the actual position and direction of
the observer in the room (van Nes and Yamu 2021;
Abd-Alhamid et al. 2023; Ko et al. 2023). Therefore,
we could not simulate all spatial usage scenarios
inside the building, including the observer’s visual
perception during different activities while sitting and
lying down. To test the simulation of a window view
under different activity circumstances, individual
buildings or apartments should be investigated with
3D city models at LoD4. This data resolution enables
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a modeling of interior spaces including precise
information on window position and size.

Additionally, assumptions were made about the
number, position, and size of windows on exterior
building facades due to the limited LoD2 of the 3D
City Model. Therefore, the simulation and the final
statement regarding the amount of visible vegetation
in the window view may not be entirely accurate.
The results approximate reality. A future accuracy
assessment of our approach using intersection over
union metric will clarify the window view simulation
and the spatial interaction of 3D environment
modeling and window positioning. Once city-scale
3D City Models at LoD3 are available, our approach
can be easily extended with real-world window
positions and sizes. These limitations should to
be addressed in follow-up studies to improve our
approach.

Approach applicability for the practice

Multiple studies have demonstrated that the presence
and quantity of visible greenery in window views
significantly impact the quality of stay in buildings
such as schools, hospitals, and workplaces, as well
as the economic value of real estate (Felsten 2009;
Van Renterghem and Botteldooren 2016; van Esch
et al. 2019; Mihandoust et al. 2021). The GWVI
values can be generated in various forms, such as
bitmaps for individual window views, 3D heat maps
for building floor and total building levels, 2D maps
for aggregated results at the neighborhood, district,
or municipal level, and numerical plots and tables
for raw data analysis. These results can be used by
architects, real estate appraisers, investors, and urban
and landscape planners to evaluate building status-
quo situations as well as different planning scenarios
(Crompton and Nicholls 2019; Williams et al. 2019;
La Rosa and Izakovicova 2022; Umweltbundesamt
2022).

By implementing our approach in OpenGL, we
were able to calculate and visualize the vegetation
visibility of an entire urban area with a population of
approximately 336,000. The average calculation time
per window view was 0.05 s. Our method is faster
than those of Yu et al. (2016), Wang et al. (2019), and
Li et al. (2022), who only tested their methodologies
on individual buildings or blocks of buildings. This
article discusses the usefulness of this feature for data

analysis and visualization in participatory citizenship
and decision-making processes for urban, landscape,
or transportation planning. It follows current
trends in integrating VR and gaming engines into
planning processes, as well as integrating planning
visualization into urban digital twins (Herwig and
Paar 2002; Cristie and Berger 2017; Kalberer 2021).
However, it is important to note that this result was
achieved on a high-performance workstation. Using
smaller workstations may result in a slower overall
process.

In addition, the exclusive use of open data and open
source software enables transparent advancement
and adaptation of our approach, allowing for multi-
functional and multi-disciplinary use in both
private and public institutions (Bundesministerium
des Innern, fiir Bau und Heimat (BMI), 2021;
International Smart Cities Networkt (ISCN), 2022;
Mobasheri, 2021; Moreira de Oliveira and Painho
2021; Yap et al. 2022). It enables public participation
and communication with planning authorities, and
facilitates cooperation between authorities and
planners in different fields. It involves the use of
freely accessible data and adaptable software systems
that ensure data quality assurance throughout the
decision-making process (Henkel 2023).

Methodological openings for qualitative window
view analysis

Our method automatically quantifies both the
proportion and the existence of visible vegetation
in the window view. This information is crucial for
multi-dimensional and multi-disciplinary research,
enabling consistent and comparable investigations
and evaluations of urban green space access
(Soderlund and Newman 2015; Crompton and
Nicholls 2019; Trgstrup et al. 2019; Van Renterghem
2019; Williams et al. 2019). This also creates the
possibility of developing an evaluation index that
includes all visible structures in the window, such as
vegetation, water, sky, built-up areas. These structures
can be individually evaluated through questionnaires
or interviews, as suggested by Hellinga and Hordijk
(2014) and Kent and Schiavon (2022), to analyze the
quality and effect dimensions of the window view.
This includes the integration of further semantic
information of the visible structures, such as
phenology status (Yu et al. 2016; Wang et al. 2019; Li
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et al. 2020; Ko et al. 2021; Kent and Schiavon 2022;
Abd-Alhamid et al. 2023).

Conclusion

The Green Window View Index (GWVI) and its
methodological approach, written in C+ +, utilizing
OpenGL and multi-source open data input, are
presented based on a literature review of existing
methodologies’ strengths and weaknesses. Floor
Green View Index (FGWI) and Building Green
View Index (BGWI) modifications are used to
consider various window sizes on a building facade.
The GWVI implementation procedure consists of
three main components: (1) modeling of the three-
dimensional environment, (2) simulating the two-
dimensional window views, and (3) computing the
visibility value in commonly used data formats. This
allows a further processing and analysis of the results
with universally available software.

The feasibility of the new indices and methodology
is demonstrated using real-world data from a case
study in Bonn, Germany. The visibility values for
flat vegetation, shrubs and trees are calculated for
approximately 2.6 million window views in over
87,500 buildings, with an average calculation time of
0.05 s per window view.

Our engine addresses previous research gaps by
utilizing an innovative methodological approach
and an open data basis. It enables the consideration
of three-dimensional vegetation structures, two-
dimensional window characteristics, and idealized
indoor positions of the observer in the visibility
analysis at the building level. Additionally, this
approach provides the opportunity to develop
additional quantitative and qualitative window
view analysis methods and allows for versatile use
across multiple functions and disciplines in practical
applications.

However, like many new approaches, our method
also has limitations. The limited data available from
3D city models forces us to simulate window sizes
and positions. Additionally, the simulated window
view further does not consider air pollution, weather,
or time of day on resulting visibility values. These
limitations will be the subject of future research.

@ Springer

In an ongoing case study, we are specifically
investigating the GWVI for residential buildings and
addressing the aforementioned challenges.

Our new approach around the GW VI complements
previous research on building level vegetation
visibility analysis and allows to fill previous research
gaps. The use of open data and open source software
for visualization and analysis has the potential to
support multi-functional and multi-disciplinary
research, planning, and participatory citizenship, and
to provide new insights in the field of access analysis.
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3. Derivation of building-typical facades for assessing green
window views on residential buildings

The spatial simulation of green space visibility from windows necessitates precise knowledge of the
configuration and dimensions of window apertures, a knowledge that is frequently absent in extant three-
dimensional building models. The objective of this chapter is to derive building-specific facades to
facilitate more precise modeling of the window view. In order to accomplish this objective, a typology
employed in municipal practice was utilized to derive eleven urban structure types. Subsequently, a field
inspection was conducted to document the actual dimensions and locations of windows on 110 building
facades. These measurements were then contrasted with the provisions outlined in German industry
norm 18050. The development of building-typical facades for each urban structure type was derived
through the application of weighted arithmetic averages. Subsequently, the determined facade
parameters were incorporated into the visibility analysis using the BGW V1. This particular set of facade
data has been shown to enhance the accuracy of the modeling process and to provide critical insights
for urban planning applications, particularly in the context of building density and residential unit

dimensions.
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Wie viel Grun sieht die Stadt?
Automatisierte mehrskalige Sichtbarkeits-
analyse von stadtischen Griunflachen einer
nordrhein-westfalischen GrofRstadt

Anna-Maria Bolte, Maren Olefs, Theo Kotter

Zusammenfassung

Die Erhaltung, Aufwertung und Bereitstellung von zuganglichen stadtischen
Griunflachen sind essenziell fir eine nachhaltige, resiliente und gerechte Stadt, wie
von SDG 11 und dem Sendai Framework fur Katastrophenvorsorge gefordert. Sie
adressieren den steigenden Druck auf stadtische Flachen durch den Klimawandel,
sozio-demographische Veranderungen und das Wachstum der Stadtbevélkerung.
Bauliche Malknahmen der dreifachen Innenentwicklung fiihren zu zwei- und drei-
dimensionalen Veranderungen der stadtischen Morphologie und heben die
Bedeutung der Sichtbarkeit von stadtischen Griinflachen hervor. Mithilfe des Building
Green Window View Index (BGWVI) wird eine dreistufige Sichtbarkeitsanalyse von
privaten und offentlichen Griinstrukturen auf Gebdude und Stadtteilebene fir
verschiedene Stadtstrukturtypen durchgefiihrt und hinsichtlich Aspekten der Umwelt-
gerechtigkeit untersucht. Dies erlaubt einzelne detaillierte Aussagen zur grinen
Fenstersicht der ca. 63.000 Wohngebaude, wie auch stadtteilweite Interpretationen
des heterogenen Sichtbarkeitspotenzials von stadtischen Grinflachen in Bonn. Die
methodische Entwicklung des BGWVI mit OpenGL und die Nutzung von frei verfiig-
baren ALKIS-, CityGML-, LiDAR- und Sentinel-2-Geodaten ermdglichen vielfaltige
Ergebnisvisualisierungen und Integrationen in Stadtbildanalysen, Freiflachen- und
Raumplanung fiir verschiedene Stakeholder aus Politik, Planung und Zivil-
gesellschaft.

Schlagworte: Sichtbarkeitsanalyse, stadtische Grunflachen, Gebaude- und Sied-
lungstypologien, Open Source, Open Data

1 Einfiihrung

Die Erhaltung, Aufwertung und Bereitstellung von zuganglichen Grinflachen stellen
Voraussetzungen fiir eine nachhaltige und resiliente Stadtentwicklung dar wie die
Nachhaltigkeitsziele 11.3 und 11.7 sowie das Sendai Framework fir Katastrophen-
vorsorge fordern (UNISDR 2017, United Nations 2015). In Anbetracht raumlicher und
zugangsbezogener Folgen zunehmender Naturkatastrophen wie Hitzewellen,
Pandemien wie Covid-19 oder Urbanisierungstendenzen und Innenentwicklungs-
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mafRnahmen steigt die Bedeutung von Sichtbarkeit als alternative Zugangsform um
qualitativ _hochwertige und zugangliche Griunflachen zu sichern und gerecht
bereitzustellen (Amerio et al. 2020, Basu et al. 2024, Haarland u. Konijnendijk van
den Bosch 2015). Sind sichtbare Grinflachen im Wohnumfeld vorhanden, kénnen
positive Effekte auf die wahrgenommene Larmbelastigung, die kognitive Leistungs-
fahigkeit sowie den Immobilienwert und die Zahlungsbereitschaft beim Erwerb von
Immobilien oder bei der Mietung von Wohnungen festgestellt werden. Ferner
beeinflussen sichtbare Griinflachen die Gesundheit der Bevoélkerung positiv, fordern
ihre korperliche Aktivitat und kdnnen einen Wohnortwechsel beeinflussen (Bolte et al.
2023). Trotz genannter Vorteile beschrankt sich die Forschung um gerechte
Grunflachenverteilung vor allem auf deren Zuganglichkeit und Verflgbarkeit oder
schlief3t die Fenstersicht aus (Kley and Dovbishchuk 2024).

Ziel dieses Beitrags ist, die Verflgbarkeit von sichtbaren Grunflachen im Wohnumfeld
mithilfe des Building Green Window View Index (BGWVI) (Bolte et al. 2024) zu
quantifizieren. Der BGWVI beschreibt den durchschnittlichen sichtbaren Griin-
flachenanteil in der Fenstersicht fir ein gesamtes Gebaude. Die Berechnung basiert
auf einer dreistufigen skalierbaren Sichtbarkeitsanalyse (siehe Abb. 1).

Mehrskalige Analyse der
| griinen Fenstersicht

“1 + Building Green Window View
Index (BGWVI)

Simulation der 2D-

Fenstersicht

« Fensterposition auf der
Fassade

« FenstergroRe

« Bitmap Auflosung

« Vertikaler & horizontaler
Blickwinkel (FOV)

» Distanz zum Fenster

* Maximale Sichtweite

Modellierung der 3D-
Umgebung

« Topographie

_{ * Grundstiicksgrenzen
* Gebaude
* Vegetation

BGWVI, = Y70 WV, « +J

b = Gebaude
m = Anzahl der Fenster im Gebaude
GWVI = Green Window View Index
i= Fenster

d = Distanz zum Fenster

Abb. 1 Dreistufige Sichtbarkeitsanalyse flir mehrskalige Analysen der griinen Fenstersicht
(Quelle: eigene Bearbeitung).

Im Rahmen der Untersuchung wird das Sichtbarkeitspotenzial von Wohngebauden
hinsichtlich der stadtebaulichen Dichte sowie der verfligbaren WohngréRRe analysiert,
um Erkenntnisse zum baulichen Einfluss auf die Sichtbarkeit von Grinflachen im
Wohnumfeld fiir Bewohner*innen mit unterschiedlichen WohnraumgréBen zu
gewinnen. Im Kapitel 2 werden das Untersuchungsgebiet vorgestellt und aufbauend
die Integration von Open Source und Open Data zur Berechnung des BGWVI sowie
die Untersuchungsparameter naher erldutert. Ferner werden methodische An-
passungen an die zur Verfigung stehenden Datensatze dargestellt. Kapitel 3
beschreibt die Verteilung der griinen Fenstersicht im Untersuchungsgebiet und geht
auf den Zusammenhang zwischen baulichen Parametern und BGWVI ein. Kapitel 4
diskutiert die Ergebnisse und Kapitel 5 zieht ein kurzes Fazit.
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2  Sichtbarkeitsanalyse in einer nordrhein-westfalischen
GrofRstadt

Die Bundesstadt Bonn ist eine kreisfreie GroRstadt im Stiden Nordrhein-Westfalens
mit einer Bevdlkerungsanzahl von 338.396 zu Beginn 2023 (Bundesstadt Bonn
2023). Die 141,1 km? groRe Stadtflache ist in 65 statistische Bezirke unterteilt und
besteht zu 55,9 Prozent aus Griin- und Freirdumen (Bundesstadt Bonn 2024a).

2.1 Integration von Open Source Software und Open Data

Zur Reproduzierbarkeit der Untersuchung wurde auf die Nutzung auf Open Source
Software und Open Data fokussiert. Die Software- und Datennutzung basieren auf
Bolte et al. (2024): Fir das Preprocessing wurde QGIS 3.34.3, Cloud Compare 2.13.1
und C++ verwendet. Die Modellierung der stadtischen Morphologie und Vegetation
sowie die Simulation der Fenstersicht wurde in C++ und OpenGL implementiert. Die
Analyse der Ergebnisse erfolgte unter Nutzung von QGIS 3.34.3. Aktuelle Datensatze
aus dem Jahr 2024 (DGM), 2023 (ALKIS, LiDAR) und 2022 (CityGML) wurden
herangezogen. Dariiber hinaus wurden Sentinel-2 L2A" Bilder vom 10.08.2023 mit
10 m raumlicher Auflésung genutzt. Daten zur Wohngrof3e wurden dem Struktur-
datenatlas der Bundesstadt Bonn entnommen. Diese Daten liegen fiir statistische
Bezirke zum Stichtag 31.12.2023 vor. Stadtebauliche Dichten wurden mithilfe von
ALKIS-Landnutzungsklassen? und dem 3D-Gebaudemodell eigensténdig erhoben.
Referenzflachen waren jeweils die statistischen Bezirke (siehe Tab. 1).

Tab. 1 Untersuchungsparameter (Quelle: vgl. Kbin 2022, Henning et al. 2023, Bundesstadt
Bonn 2024b).

Schwerpunkt Untersuchungsparameter Definition

QD = Geschossflache von

Quartiersdichte (Wohnen) Wohngebauden / Quartiersflache

Stadtebauliche
Dichte BD = Geschossflache von

. Wohngebauden / (Brutto-
Bestandsdichte (Wohnen) | \yopnbaufiche + Brutto-Fliche

gemischter Nutzung)

Anteil der Wohnungen nach
WohnungsgréRe, Wohnungen in
Wohngebauden nach Zahl der
Raume; Kliichen und
Abstellkammern > 6m? gelten als
Raum

1-Raum, 2-Raum, 3-Raum,
WohngréRe 4-Raum, 5-Raum, 6-Raum,
7-Raum oder mehr Raume

" https://docs.sentinel-hub.com/api/latest/data/sentinel-2-12a/ (Zugriff 28.10.2024)
2 https.//www.adv-online.de/GeolnfoDok/Aktuelle-Anwendungsschemata/Landnutzung-1.0.2/ (Zugriff
28.10.2024)
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2.2 Analyse der griinen Fenstersicht

Zwecks Ubersichtlichkeit beschrénkt sich die Erlauterung der methodischen
Herangehensweise auf Erganzungen der urspringlichen Sichtbarkeitsanalyse um
den BGWVI. Details zu den einzelnen Schritten kénnen Bolte et al. (2024) ent-
nommen werden.

2.2.1 Modellierung stadtischer Griinflaichen auf Grundlage von
Sentinel-2

Vor der Modellierung der stadtischen Grinflachen selektierten wir Landnutzungs-
typen aus dem Amtlichen Liegenschaftskatasterinformationssystem, ALKIS?, bei
denen wir von einer vollstdndigen oder teilweise begriinten Oberflache ausgingen.
Abb. 2 zeigt die vorgenommene Auswahl.

_ ALKIS Landnutzung

[ ] statistische Bezirke
! teilweise begriint
[ wohnbauflache
Flache gemischter Nutzung
Flache besond. funktional. Pragung
vollstandig begriint
. I Sport-, Freizeit- und Erholungsflache
[ Friedhof
Landwirtschaft
= Il Wad
~ I Geholz

Boschungsflache

Damm, Wall, Deich

0. &0 "lz'ub:mi

! Kartenquelle: OpenStreetMap (ODbL)
Projektion: ETRS89 / UTM Zone 32N (EPSG: 25832)

Abb. 2: Auswahl der ALKIS Landnutzungsklassen (Quelle: eigene Bearbeitung).

Zur Ermittlung der flachen Vegetation in den Landnutzungsklassen Wohnbauflache,
Flache gemischter Nutzung und Flache besonderer funktionaler Pragung wurde die
Zerschneidung der genannten Landnutzungstypen mit den Gebaudegrundrissen des
3D-Gebaudemodells durchgefihrt um die Nettosiedlungsflache zu erhalten.

3 https://www.adv-online.de/AdV-Produkte/Liegenschaftskataster/ (Zugriff 28.10.2024)
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AnschlieRend kalkulierten wir den Normalized Difference Vegetation Index (NDVI)*
mithilfe der transformierten Sentinel-2 L2A Bilder und Gbertrugen die Werte aus dem
Raster auf die Nettosiedlungsflache lber die QGIS-Funktion Raster Statistics For
Polygons. AbschlieBend wurden Nettosiedlungsflachen gefiltert (durchschnittlicher
NDVI = 0,2%) um begriinte Freiflachen in diesen Landnutzungsklassen zu identi-
fizieren.

Baume wurden durch Lineare Support Vektor Machine (SVM) Klassifikation und K-
Means Clusteranalyse abgeleitet.

2.2.2 Bestimmung von Stadtstrukturtypen zur Ableitung
gebaudetypischer Fassaden

Die Simulation der Fenstersicht setzt das Wissen Uber die Lage und Grofe der
Fenster auf den Gebaudefassaden voraus. Aufgrund fehlender Informationen im 3D-
Gebaudemodell mit Level of Detail (LoD) 2 in NRW war eine Annaherung dieser
Informationen fir die betrachtenden Wohngebaude erforderlich (Bundesamt fir
Kartographie und Geodasie 2021). Hierfir erfolgte eine handisch und
gebaudeblockweise durchgefiihrte Klassifizierung der Gebaudegrundrisse des 3D-
Gebaudemodells in elf Stadtstrukturtypen, die ,den Typologien fir kompakte,
nachhaltige und lebenswerte Quartiere” aus dem Kdéln-Katalog abgeleitet sind (Stadt
Kéln 2022): (1) Dorfstruktur, (2) freistehende Einfamilienhduser und Doppelhaus-
halften, (3) Reihenhaduser, (4) Zeilenstruktur, (5) Wohnsiedlungen, (6) GroR-
wohnsiedlungen und Hochhauser, (7) freistehende Mehrfamilienhduser, (8) Mehr-
familienhauser in Blockstruktur, (9) grinderzeitliche Stadthauser, (10) grinderzeit-
liche Kernstadt und (11) mittelalterliche Kernstadt. AnschlieBend wurden wahrend
einer Feldbegehung insgesamt 110 Fassaden im Stadtgebiet Bonn gesichtet um
FenstergroRe und Lage auf Gebaudefassaden zu identifizieren. Die Fenstergrofie
wurde mit der DIN 18050 (Deutsche Industrienorm 1955) abgeglichen und nach
Bestimmung des gewichteten arithmetischen Mittels gebaudetypische Fassaden fir
einzelne Stadtstrukturtypen abgeleitet.

Die Simulation der Fenstersicht beriicksichtigte einen Standpunkt direkt hinter dem
Fenster (Distanz 0,1m), einem Gesichtsfeld mit 120° horizontaler field of view (FOV)
sowie 100° vertikaler FOV (vgl. Grehn 2019) und einer maximalen Sichtweite von
5.000 m.

Zur Analyse des Zusammenhangs zwischen stadtebaulicher Dichte, verfligbarer
WohngréBe und sichtbarer Grinflache im Wohnumfeld wurde Spearman-
Rangkorrelationskoeffizient verwendet. Dieser ist robust gegenlber Ausreiern und
setzt keine Normalverteilung der Daten voraus (Sheshkin 2020).

4 NDVI bei Sentinel L2A Bildern = (BAND 08 - BAND 04) / (BAND 08 + BAND 04), vgl. https:/custom-
scripts.sentinel-hub.com/sentinel-2/ndvi/ (Zugriff 11.06.2024)

5 Vgl. https.//custom-scripts.sentinel-hub.com/sentinel-2/ndvi/ (Zugriff 11.06.2024)
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3  Griines Sichtbarkeitspotenzial in Bonn, NRW

3.1 Raumliche Verteilung des BGWVI

Der BGWVI wurde fiir 62.438 Wohngebaude berechnet und anschlieffend auf die
statistischen Bezirke der Bundesstadt Bonn aggregiert. Abb. 3 zeigt neben der
Grundstatistik fir Gebaude und statistische Bezirke die raumliche Verteilung des
sichtbaren Gesamtgriins, der sichtbaren Baume und der sichtbaren flachen
Vegetation im Stadtgebiet Bonns.

Der héchste BGWVI flr die Sichtbarkeit des Gesamtgriins wurde im statistischen
Bezirk Venusberg (33,87 %) gemessen. Der niedrigste Wert liegt im statistischen
Bezirk Zentrum-Miinsterviertel (7,36 %).
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Kartenquefle:

@ BGWVI in statistischen Bezirken 0 25 Skm A QpensSteetian (00
2 Projektion:
B < 5% [ < 10% ] < 15% [ < 20% [ < 25% [ < 30% Bl < 100% keine Werte [ S—] ETRS89/UTM Zone 32N
(EPSG: 25632)
(a) Gesamtgriin Grundstatistik (b) Baume Grundstatistik (c) flache Vegetation Grundstatistik
Gebaude [Stat. Bezirk Gebaude [ Stat. Bezirk Gebéude [ Stat. Bezirk
97,58% |[33,87% 97,58% [13,34% 62,47% |22,79%
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Durchschnitt| 25,06% | 25,19% Durchschnitt |8,13%  [8.45% Durchschnitt| 17,.05% | 16.88%
Median 24,34% |25,86% Median 6.16% |8.47% Median 1647 |17.86%
SD 11.96% [5.01% SD 7.30%  [217% SD 9.11% |3.94%

Abb. 3: Rdumliche Verteilung des BGWVI: (a) sichtbares Gesamtgriin, (b) sichtbare Bdume und
(c) sichtbare flache Vegetation (Quelle: eigene Bearbeitung).

3.2 Zusammenhang zwischen Dichte, WohngroRe und griiner
Fenstersicht

Abb. 4 zeigt die Korrelationsmatrix und visualisiert den statistischen Zusammenhang
zwischen der Quartiersdichte bzw. Bestandsdichte, der Wohngrofte und dem BGWVI
fur das Gesamtgriin, Baume und fiir flache Vegetation.
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Korrelationsmatrix (Spearman Rangkorrelation mit Signifikanzleveln)
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Abb. 4: Korrelationsmatrix, Sig. (2-seitig): °p < 0,1; *p < 0,05; **p < 0,01, N= 62 (Quelle: eigene
Bearbeitung).

Es besteht jeweils ein geringer negativer Zusammenhang zwischen der Quartiers-
dichte bzw. Bestandsdichte und dem BGWVI fir Gesamtgriin (jeweils rs = -0,26, p <
0,05). Bei der Differenzierung der sichtbaren Vegetationsstrukturen liegt ein mittlerer
negativer Zusammenhang von rs=-0,39, p < 0,01 zwischen Quartiersdichte bzw. rs=
-0,38, p < 0,01 zwischen Bestandsdichte und BGWVI fir flache Vegetation vor. Dies
lasst schlieBen, dass mit steigender stadtebaulicher Dichte die Sichtbarkeit von
Grunflachen (vor allem flacher Vegetationsstrukturen) sinkt. Der Zusammenhang
zwischen WohngréfRe und BGWVI ist fiir Wohnungen bis einschlief3lich drei Raumen
negativ und fir Wohnungen ab finf bis Uber 7 Raumen positiv. Die Effektstarke
variiert zwischen gering und mittelstark fiir den BGWVI beim Gesamtgriin. Ein starker
monotoner Zusammenhang ist zwischen der WohngréfRe (5-Raum) und BGWVI von
flacher Vegetation mit rs = 0,51, p < 0,01 zu erkennen (Sheshkin 2020). Dies lasst
darauf schliefen, dass Personen, die mehr Wohnraum zur Verfiigung haben,
tendenziell eine griinere Fenstersicht besitzen und mehr flache Vegetationsstrukturen
sehen kénnen.
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4 Diskussion

Nach Aoki (1991) ist eine zufriedenstellende griine Fenstersicht ab 30 % sichtbaren
Grunflachenanteil gegeben. Folglich besitzen Bewohner*innen in neun statistischen
Bezirken der Bundesstadt Bonn (iber eine gute Ausstattung sichtbarer Grinflachen
im Wohnumfeld (vgl. Abb. 3). In einer Follow-Up-Studie muss naher betrachtet
werden, inwiefern die griine Fenstersicht auf bauliche Charakteristika der unter-
suchten Stadtstrukturtypen zurtickzufihren ist. In Anbetracht der Tatsache, dass mit
einer Zunahme der stadtebaulichen Dichte die Sichtbarkeit von vorrangig flacher
Vegetation abnimmt, wird empfohlen, den Fokus auf eine vertikale Begriinung im
Wohnumfeld mit hohen Baudichten und Versiegelungsgraden zu legen. Weitere
Untersuchungen sind jedoch erforderlich um Auswirkungen von vorhandenen
vertikalen Vegetationsstrukturen wie Stralenbegleitgriin auf das griine Sichtbar-
keitspotenzial einzelner Gebaude oder Straflenziige zu identifizieren und somit
kleinskalige Unterschiede naher darstellen zu kdnnen (vgl. Abb. 5).

Abb. 5: Beeinflussung von Bdumen auf griine Fenstersicht (Quelle: eigene Bearbeitung).

Der Zusammenhang zwischen verfuigbarer WohngréR3e und griiner Fenstersicht [asst
vermuten, dass Bewohner*innen, die (ber einen groflen Wohnraum verfiigen,
tendenziell eine bessere Ausstattung mit sichtbaren Griinflachen besitzen. Die Frage,
ob sich dieser Zusammenhang 6konomisch erklaren lasst (vgl. Hui u. Liang 2016)
oder ob die raumliche Clusterung von tendenziell kleinen Wohnungen in verdichteten
Bezirken dessen Ursache ist (vgl. Abb. 4), kann mit den verfligbaren Datensatzen
nicht abschliefend validiert werden. Eine Follow-Up-Studie soll daher den
Zusammenhang von Grinflachensichtbarkeit auf den Immobilienpreis von Eigen-
tumswohnungen untersuchen.

5 Fazit

Die Zunahme von Urbanisierungstendenzen, Naturkatastrophen sowie Pandemien
flhrt zu einer starkeren Priorisierung des Zugangs zu stadtischen Griinflachen. Dies
hat eine steigende Relevanz von sichtbaren Grinflachen zur Folge um eine
Sicherung von qualitativ hochwertigen und zuganglichen Freiflichen zu gewahr-
leisten sowie eine gerechte Bereitstellung fir die Bevolkerung sicherzustellen. Auf
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Basis einer Sichtbarkeitsanalyse, die die griine Fenstersicht von rund 63.000
Wohngebauden in der Bundesstadt Bonn untersucht hat, konnte das stadtweite
Sichtbarkeitspotenzial von Griinflachen ermittelt werden. In neun statistischen
Bezirken ist die Sichtbarkeit auf Griinflachen im Wohnumfeld zufriedenstellend. Dabei
zeigt sich, dass mit zunehmender stadtebaulicher Dichte der Griinflachenanteil in der
Fenstersicht sinkt. Zudem weisen die Ergebnisse darauf hin, dass Bewohner*innen
mit groflerem Wohnraum eine griinere Fenstersicht besitzen. Inwiefern 6konomische
Ursachen hierfir mageblich sind, wird in einer Follow-Up-Studie untersucht.
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4. Assessment of green window views in residential areas
regarding age and socio-economic status

In light of rising environmental and social challenges, the availability of visual access to green spaces
from residential buildings has gained significant importance, particularly for vulnerable population
groups such as children and senior citizens. In this chapter, the visibility of green spaces from residential
buildings in terms of socio-economic equity at the neighborhood level is been analyzed for the first time.
The study is founded on a synthesis of the BGWVI and a geostatistical framework, which is augmented
by indices such as the Gini coefficient, the Share Index, and the Location Entropy. The potential
visibility of green spaces was quantified using data from approximately 160,000 residential buildings in
Cologne, Germany. The analysis was then performed in a socio-economically differentiated manner.
This finding indicates that children and older adults in Cologne have slightly above-average values for
the visibility of green spaces, suggesting that household income exerts a comparatively limited
influence. These results underscore the significance of visibility as a pivotal planning criterion,

particularly in addressing the needs of vulnerable groups in the context of urban development.
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Abstract

As urbanization processes, climate disasters such as heat waves, or pandemics such as COVID-19, increase, prioritizing
visible green space is crucial to provide equitable access to green spaces for vulnerable groups with limited mobility. In the
long term, this will enable sustainable and resilient urban development. In this study, we examined green window views
in residential buildings to identify patterns of distributive equity for seniors and children, considering their socioeconomic
status for the first time. We combined the methodology around the BGWVI and the methodological framework by Huang
et al. (Urban Forestry & Urban Greening 95: 128,313:1-128,313:12, 2024) to measure the visibility potential of green
spaces for approximately 160,000 residential buildings in order to geostatistically analyze the equity of the spatial distribu-
tion of visible urban green spaces. Using the Gini coefficient, the share index, and the location entropy, an evaluation of the
access to visible green spaces according to socio-economic status and age group was carried out at the district level for the
City of Cologne, Germany. The results show that children and the elderly have slightly higher percentages of visible green
space than the social mean percentage. In addition, the influence of the mean net household income on visual green spaces
is low. These findings underscore the importance of visibility as an access alternative in urban green space planning for an
equitable and resilient urban environment.

Keywords Urban green spaces - Visibility analysis - BGWVI - Urban structure types - Open source and open data - Socio-
ecological justice

Introduction

Urban green spaces provide a range of ecosystem services
to urban residents. As demonstrated by Esperon-Rodriguez
et al. (2020), Semeraro et al. (2021), and Wang et al. (2022),
the provision of food, improvement of air quality, regulation
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of urban water and microclimate, as well as prevention of
erosion are some of the key ecosystem services provided
by green spaces. Moreover, accessible green spaces offer
city dwellers a range of socio-cultural benefits, including
enhanced urban esthetics, opportunities for relaxation and
recreation, incentives for creative and artistic pursuits, and
the promotion of spiritual experiences. The variety of these
effects is contingent upon the spatial characteristics, loca-
tion, and ecological features of green spaces. One of the
principal objectives of green space planning is to facilitate
sustainable and resilient urban development, as outlined
in Sustainable Development Goals (SDGs) 11.3 and 11.7,
as well as the Sendai Framework (UNISDR 2017; United
Nations 2017). The provision, maintenance, and creation
of fairly available and accessible green spaces play a piv-
otal role in the implementation of these goals. A plethora
of guidelines for planning practice define and anchor these
types of access in green space planning, thus serving as
a foundational point of reference for research endeavors

@ Springer
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(Blum et al. 2023; Gilzer 2001, pp. 61-68; Richter 1981,
pp. 73-76).

In addition to existing physical limitations, climate disas-
ters, such as heatwaves or pandemics such as the 2019 novel
coronavirus disease (COVID-19), place a particular burden
on vulnerable groups, restricting their necessary access to
urban green spaces. The resulting changes in access poten-
tial highlight the need to integrate and promote visibility as
an access alternative in green space planning in residential
environments (Amerio et al. 2020; Basu et al. 2024; Pijpers
and van Melik 2020). Prior research has demonstrated a mul-
titude of significant effects of visible green space. In particu-
lar, the presence of visible green spaces in residential envi-
ronments causes changes in auditory perception, cognition,
economic use of real estate, health, and mobility behavior,
as shown in Fig. 1 (Amerio et al. 2020; Bishop et al. 2004;
Hartig et al. 2003; Hui and Liang 2016; Hull et al. 1996;
Kley and Dovbishchuk 2021; Olszewska-Guizzo et al. 2018;
Sun et al. 2018; Ugolini et al. 2021). The beneficial impact
observed in the population can be attributed to the concept
of biophilia, which argues that humans possess an intrinsic
affinity for nature, other life forms, habitats, and ecosystems
(Fromm 1973; Wilson 1984; Kalla et al. 2024).

It is thus necessary to ensure that all members of society
have equal access to green spaces, including visibility, in
order to foster the development of sustainable and resilient
urban areas. This is particularly important for vulnerable
populations, who may be more affected by environmental
factors. The field of environmental justice encompasses
four core components (Martin et al. 2016; Schlosberg 2007;
Schroder-Bick 2012): spatial distributional equity, recog-
nition, participation, and capabilities. Distributional equity
pertains to the necessity of ensuring that all individuals
have equal access to environmental resources and amenities
(G. Bolte et al. 2012, pp. 15-37; Schlosberg 2007). This
principle constitutes a pivotal tenet within the domain of

Fig. 1 Effect of visible urban
green spaces in residential
environments

Mobility behavior
* Relocation
* Physical activity

socio-political movements advocating for environmental jus-
tice. In accordance to United Nations (2015), Robinson et al.
(2022) as well as Huang et al. (2024), this study employs
the term “socio-ecological equity,” which posits that the
distribution and access to green spaces should be equitable
and fair for all urban residents, irrespective of their financial
status, gender, or age.

Research on the distributive equity of green spaces has
previously focused on aspects of availability and accessi-
bility, both globally and locally (Anguelovski et al. 2022;
Triguero-Mas et al. 2022; Weigand et al. 2023). Visibility
analyses, with a particular focus on equity, have primarily
examined visible green spaces from the perspective of the
street (Dong et al. 2018; Huang et al. 2024; Lu 2019). Kley
and Dovbishchuk (2024) conducted the first comprehensive
examination of window views using a population survey
and explored the impact of visual green space access on
subjective well-being, accounting the influence of observ-
ers’ socio-economic status. Our study builds on the afore-
mentioned research on green window views in residential
areas. The objective of this study is the assessment of green
window views to identify patterns of distributive justice for
seniors and children at a broad level for the first time, with
detailed differentiation by city district and urban structure
type. Therefore, our contributions in the following article are:

Firstly, we measure the spatial distribution of green win-
dow views for buildings with residential purpose of vari-
ous urban structure types in the City of Cologne, Germany,
using the Building Green Window View Index (BGWVI) to
secondly enable an investigation of the equitable distribu-
tion of visible green spaces at city district level using the
geostatistical framework by Huang et al. (2024). Thirdly, we
analyze the availability of green window views in relation to
the age and socio-economic status of Cologne’s population.

The BGWVI enables scalable visibility analysis at the
building level, which generates information on visibility
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potential for a whole building at different scale levels based
on 3D modeling of the urban environment and simulation of
window views (Fig. 2 (Bolte et al. 2024a)). The framework
by Huang et al. (2024) allows a multi-level geostatistical
analysis for the evaluation of socio-ecological justice of
visual green spaces. This article presents the combination of
the BGW VI and the geostatistical framework by Huang et al.
(2024) as a first structured contribution to the integration of
green space visibility in residential environments within the
context of environmental justice research.

In this article, we initially delineate the methodological
approach of the visibility analysis and the statistical evalu-
ation of the spatial fairness of visible urban green spaces
in the section “Materials and Methods”. Subsequently, the
section “Results” presents the distribution of green spaces
in relation to different distances from the window. Further-
more, the article provides an in-depth analysis of the equity
of visible green spaces and their correlation with the analysis
indicators. The section “Discussion” includes a critical anal-
ysis of the socio-economic equity of green window views,
implications for urban green space planning, and limitations
of the analysis.

Materials and Methods
Study Area

The City of Cologne, Germany, is a district-free major city
in the south of the federal state of North Rhine-Westphalia
and had approximately 1.1 million inhabitants at the end
of 2023 (City of Cologne 2024a). It serves as the seat of
the Regional Government of Cologne and is situated in the
Rhineland and Rhine-Ruhr metropolitan regions as well
as the Cologne/Bonn region. The city is administratively

divided into 86 city districts (see Fig. 3a and b; the names
of the city districts can be found in Table 4 in the Appendix)
(Metropolregion Rheinland e.V. n.d.; Region K&In/Bonn
e.V. n.d.; Regional Government of Cologne 2024).

Approximately half of the 405 km? city area is built-
up or has been designed as traffic areas. The undeveloped
areas in Cologne are characterized by public parks, sports
facilities, green spaces, and cemeteries, which collectively
span approximately 11% of the total area. These green areas
extend into an inner and outer green belt, the banks of the
Rhine, and open spaces used for agriculture and horticulture
purposes, accounting approximately 16% of the total area.
Existing forest areas, constituting 18% of the total area, are
predominantly located within the city districts of Roden-
kirchen (208), Lindenthal (303), and Junkersdorf (306),
in addition to the easternmost of the city (City of Cologne
2024c).

Data Sources
Visible Green Spaces

To model the urban environment of Cologne and conduct
a green window view analysis using the BGWYV, seven
geodata sets were utilized. Table 1 lists the technical
specifications for the data sources used for this purpose.
The buildings and settlement typologies were obtained
from the “Koeln Katalog,” which includes typologies for
“compact, sustainable, and liveable neighborhoods” (City
of Cologne 2022). The data were provided by the Office
for Urban Development and Statistics of the City of
Cologne, with Duplex Architekten and De Zwarte Hond
serving the copyright holders. As part of the analysis of
the “Koeln Katalog,” all residential buildings in Cologne
were roughly classified in order to derive overarching,
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‘ dimensional environment { dimensional window «| green window views
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Fig.2 Working principle of the BGWVI
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Table 1 Included geodata sets

Modeling target Topography Building objects Building struc-  Property bor- Vegetation type Flat vegetation Tall vegetation

ture types ders

Data Digital Terrain 3D Semantic Building and ALKIS 2D ALKIS 2D Sentinel-2 Aerial LIDAR
Model City Model settlement Land Use Land Use L2A 2D Point Clouds

LoD2 typologies Data Data Land Cover
(B04/ B0O8)

Source www.bezreg- www.bezreg- City of Cologne www.bezreg- www.bezreg- https://brows  www.bezreg-
koeln.nrw.de/ koeln.nrw.de/ koeln.nrw.de/ koeln.nrw.de/ er.dataspace.  koeln.nrw.de/
geobasis-nrw geobasis-nrw geobasis-nrw geobasis-nrw copernicus. geobasis-nrw

eu

Date 2023/01/02 2022/07/31 Summer 2021 2023/01/01 2023/01/01 2023/08/10 2023/01/02

Coordinate EPSG:25832 EPSG:25832 EPSG:25832 EPSG:25832 EPSG:25832 EPSG:3857 EPSG:25832

system

Height DHHN2016 DHHN2016 / / / / DHHN2016

Spatial resolu- 1 m I m / / / 10 m/px 4-10 points/sqm

tion

Accuracy 10 cm (height) 1 m (height); Cadaster (cm) Cadaster (cm) Cadaster (cm) B04, BO8 15 cm (height);

Cadaster (cm) (area) (area) (area) 30 cm (area)
(area)
Format XYZ format .gml format .shp format .NAS format .NAS format .TIFF format  .laz format

city-wide statements. The data set may contain scattered
misclassifications as it was originally developed for a
different purpose. Figure 11 in the Appendix shows two
examples of misclassification. Figure 12 in the Appendix
illustrates the distribution of the data set.
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Socio-Economic Data

The data concerning the age structure of the population were
derived from the municipal statistics of the City of Cologne.
These annually published small-scale statistics contain

demographic information on the population, disaggregated
by the city’s 86 city districts (City of Cologne 2024d). The
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mean age of the population is 42.2 years. The population is
composed of approximately 5% of children under the age of
six and approximately 18% of seniors aged 65 and over (City
of Cologne 2024a).

The data regarding income distribution at the city district
level are derived from the 2023 structural data survey of
the City of Cologne (City of Cologne 2024b). The mean
net household income is € 3208, while the mean income
of households with children under the age of 18 is € 5379.
However, this demographic has a higher risk of poverty, with
a prevalence rate of 13%, compared to households without
children, which have a risk of 8%. Individuals are considered
to be at risk of poverty when their household income falls
below the risk-of-poverty threshold, i.e., 60% of the average
equivalized income (City of Cologne 2024b). Among the
elderly populations, persons aged 65-80 living alone experi-
ence the most pronounced economic disadvantaged, with a
mean disposable income of € 1975, significantly lower than

the mean household income of € 3465 for couples in this age
group (City of Cologne 2024b). The cited statistics reflect
data as of December 31, 2023.

Analyzing Green Window View

In order to calculate the BGW VI, we first carried out a mod-
eling and simulation step, as illustrated in Fig. 4. For further
details regarding the individual steps, refer to Bolte et al.
(2024a). The following subsections will focus on the specific
alterations of the procedure that were implemented in the
context of this case study.

The preprocessing was conducted using Q-GIS 3.34.3
and CloudCompare v2.13.beta. Subsequently, Q-GIS
3.34.3 was used for geostatistical analysis. The workstation
ran on a 64-bit operating system, specifically WLS Ubuntu
20.04.6 LTS WLS on Windows 11 Pro. The workstation was
equipped with a 12th generation Intel® Core™ i9-12900 K
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Fig.4 Advanced workflow of the BGWVI (bluish segments represent adjustments) (Bolte et al. 2024a)
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CPU with a base frequency of 3.20 GHz, a NVIDIA RTX
A4500 graphics card, and a 128 GB SSD.

Modeling Urban Green Spaces

The modeling of the flat vegetation was performed in a
multi-step process. The initial step involved the selection of
2D land use data from the official German property cadastre
information system (ALKIS) (see Fig. 5).

In this study, we examined land use classes “residential
area,” “mixed-use area,” and “special-purpose area,” assum-
ing the presence of partially vegetated land cover. In con-
trast, we further assumed complete vegetation was assumed
for the remaining land use classes. To differentiate between
sealed and vegetated open spaces, the land use classes, “resi-
dential area,” “mixed-use area,” and “special-purpose area,”
were clipped with the building footprints of the CityGML-
based semantic 3D city model. This process was undertaken
to obtain the net settlement area.

Two-dimensional land cover data, such as that provided
by the Sentinel-2 satellite, was integrated into the work-
flow in order to model flat vegetation (Bolte et al. 2024b;
Masoudi et al. 2024). The Normalized Difference Vegetation

Index (NDVI) was calculated for the Sentinel-2 2D land
cover data set, which was transformed to the EPSG:25832
coordinate system. In the case of Sentinel-2 data, the NDVI
can be calculated in the following manner (custom-scripts.
sentinel-hub 2024):

Band08 — Band04

NDVI =
v Band08 + Band04 @

where Band 08 corresponds to the near infrared while Band
04 is reduced to the spectral range of visible red light. The
NDVI normalizes the scattering of green leaves in the near
infrared in relation to chlorophyll absorption in the vis-
ible red wavelength and assumes a value range from — 1
to 1. NDVI approaching — 1 indicate water, while values
between — 0.1 and 0.1 are typically associated with barren
areas consisting of rock, sand, or snow. NDVI ranging from
0.2 to 0.4 are characteristic of shrubs and grasslands, while
values approaching 1 are an indication of temperate and
tropical rainforests.

The NDVI values were transferred from the raster to the
polygons of the net settlement area. Afterwards these poly-
gons were filtered according to the mean NDVI being equal
to or greater than 0.2 to identify green open spaces (Aryal,

Modeling flat vegetation

1~ 2

AT Included ALKIS land use classes

SZ Residential Area
Bl Mixed-use area
Special-purpose area
Sports, leisure, and recreation area
Il Cemetery
& Agriculture
Bl Forest
I Grove
I Heathland
Embankment area
Dam, dike
City district borders

0 25 5 km
L S—

Map Source: OpenStreetMap (ODbL)
Projection: ETRS89 / UTM zone 32N (EPSG: 25832)

Fig.5 Flat vegetation is modeled by integrating land use classes of the official German property cadastre information system (ALKIS)
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Sitaula, and Aryal 2022; Bolte et al. 2024b; custom-scripts.
sentinel-hub 2024). To model tall vegetation, linear support
vector machine (SVM) was employed for the classification
of LiDAR point clouds on a point-by-point basis, resulting
in a mean accuracy of 98.1%.

Simulating Green Window Views for Residential Buildings
on City District Level

In order to accurately simulate the window view, it is essen-
tial to have a clear understanding of the window location
on a given building facade and the dimensions of the win-
dows themselves. However, as the available semantic 3D
city model CityGML with level detail (LoD) 2 lacks infor-
mation regarding the position of windows, it is necessary
to determine these first (Bundesamt fiir Kartographie und
Geodisie 2021).

To achieve this objective, Bolte et al. (2024b) identified
ten different urban structure types. These categories included
(1) village structure, (2) semi-detached and detached
houses, (3) terraced houses, (4) linear structure, (5) housing
estates, (6) large housing estates and high-rise buildings,
(7) apartment buildings, (8) detached apartment buildings,
(9) Wilhelminian style city centers, and (10) medieval city
centers. The classification of these types was conducted in
accordance with the methodology established by the City of
Cologne (2022). The aforementioned study was conducted
in the urban area of Bonn, Germany, and was inspired by
the research by Dehbi et al. (2017). A total of 100 facades
were identified, and the dimensions of their windows were
recorded. These dimensions were then compared with the
German industry standard DIN 18050 (DIN 18050 Fen-
ster6ffnungen fiir den Wohnungsbau (Window openings for
residential construction) 1955). Finally, a building-specific
facade was constructed for each urban structure type using
the weighted arithmetic mean of the measured values (Bolte
et al. 2024b). Figure 13 in the Appendix shows the build-
ing-specific facades and the corresponding figure-ground
diagrams.

The generated information was utilized to identify green
window views, employing the BGWVI formula (Bolte et al.
2024a):

m(b)

BGWVI, = Y GWVI,, % —
=1

) 2)

where the BGWVI is defined as the mean value of the
GWVI for a given building b. The number of windows m
depends on the investigated building. The GW VI is defined
as the proportion of a visible vegetation area within the total
field of view (FOV) when observing ith window at a given
distance d to the window.

In this study, distances to the windows are defined as
10 cm, which represents standing directly behind the win-
dow, and 200 cm, which represents standing in the room
with a maximum view range of 5000 m, respectively. For the
subsequent geostatistical analysis, we used the centroids of
the residential buildings. Table 5 in the Appendix provides
detailed information regarding the derived window dimen-
sions for the various urban structure types as well as the
derived simulation parameters.

Evaluating Spatial Fairness of Visible Urban Green
Spaces

Spatial Distribution

In order to examine the spatial distribution of BGW VI at
the city district level, two geostatistical methodologies were
employed. Firstly, the Global Moran’s / index was employed
as a test of the presence of spatial autocorrelation (Tiefel-
sdorf 2002). Furthermore, the Getis-Ord Gi* statistic was
implemented to identify statistically significant hot spots and
cold spots (Getis and Ord 1992). The interpretation of these
statistics was contingent upon the z-value and p-value as
outlined by Huang et al. (2024).

In order to conduct both the Global Moran’s I and the hot
spot analysis, a fixed distance band was implemented as a
conceptual framework for analyzing spatial relationships.
This approach utilizes the Euclidean distance to quantify the
proximity of individual elements (Huang et al. 2024; Tong
et al. 2020). The distance was set to 5000 m. Furthermore, a
false discovery rate (FDR) correction was applied during the
hot spot analysis to account for the multiple tests and spatial
dependencies (Huang et al. 2024). Areas with high positive
z-values and exceedingly low p-values are described as hot
spots. The presence of spatial clustering of the BGW VT at
the city district level is indicated if Global Moran’s [ values
exceed zero. An elevated value signifies a more pronounced
clustering tendency (Huang et al. 2024).

Gini Coefficient and Lorenz Curve

As defined by Yu et al. (2023) and Huang et al. (2024),
the Gini coefficient is the ratio of the area between the line
of equality and the Lorenz curve. The Gini coefficient was
employed to evaluate the equity of the spatial distribution
of green window views in each city district. The Lorenz
curve is a graphical representation of the ordered cumulative
distribution of green window views at the building scale.
The x-axis represents the cumulative proportion of sample
points, while the y-axis depicts the cumulative proportion of
BGW VI at the building scale.

The Gini coefficient is a measure of statistical disper-
sion, taking values between O and 1. In general, a Gini
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coefficient of 0 represents perfect equity, indicating that
the quantity of green window views is distributed equally
across an area. Conversely, a Gini coefficient of 1 repre-
sents a state of perfect inequity, whereby all green win-
dow views are concentrated in a single area. Consequently,
a Gini coefficient closer to 0 indicates a more equitable
distribution of visual green space, whereas a coefficient
closer to 1 represents a more inequitable distribution. The
equation is provided below (Huang et al. 2024; Yang et al.
2020):

Gini=1+(1)—[_2
n M *x n?

1Y [n—-i+D M), @3
i=1

where Gini characterizes the degree of fairness in the spa-
tial distribution of BGWVI across different city districts.
The variable n denotes the amount of sample sites within
each city district. M signifies the mean BGW VI in each city
district. Finally, M, represents the BGW VI of the ith sample
site within a specific city district.

Share Index

The share index serves as an indicator for the compre-
hensive assessment of visible urban green space (i.e., the
BGWVI at the city district scale) accessible to vulnerable
populations. Initially, the proportion of visible urban green
spaces accessible to a specified demographic was deter-
mined in relation to the total availability within the study
area. This was calculated using the following equation, as
outlined by Tang and Gu (2015):

R= ) P;*X; =100, 4)

n
j=1

where R represents the proportion of the visible urban green
space available to a vulnerable group, j denotes the num-
ber of city districts within the study area, P; signifies the
percentage of the population of a vulnerable group in city
district j, and X; is the ratio of the BGW VI of city district j
to the sum of the BGW VI of each city district (Huang et al.
2024).

Next, the share index was calculated using the following
equation, as described by Tang and Gu (2015):

F= P’ ®)
where P represents the percentage of the vulnerable group
in the study area, while F denotes the share index. If F is
greater than 1, it signifies that the share of visible urban
green spaces for the vulnerable group exceeds the social
mean share (Huang et al. 2024).

@ Springer

Location Entropy

The location entropy is defined as the ratio of the visible
urban green space (BGWVI at city district scale) available
to a vulnerable population within a city district to the total
amount of green space within the entire study area. It is
calculated as follows (Lou et al. 2022):

_(@/P)

LO, = ,
%="1/p

(6)

where T; is the BGWVI of city district i, P; represents the
vulnerable population in city district i, T is the sum of the
BGWVI of each city district, and P denotes the vulnerable
group within the study area (Huang et al. 2024).

The location entropy was classified into seven categories
based on Lou et al. (2022) and Huang et al. (2024): <0.2,
0.2-0.5, 0.5-1.0, 1.0-1.5, 1.5-2.0, 2.0-5.0, and > 5.0. In
general, higher location entropy values are an indicative of
greater access to visible urban green spaces for the vulner-
able group within a city district. If the location entropy value
exceeds 1, it can be inferred that the vulnerable demographic
in the specified region has access to a greater quantity of
visible urban green space than the average for the study area
(Huang et al. 2024; Lou et al. 2022).

Results
Spatial Distribution of Visible Urban Green Spaces

As illustrated in Fig. 6, the spatial distribution and hot spot
analysis of the BGW VI is depicted at the city district level.
The classification of BGWVI is based on the work of Li
et al. (2021), Tang et al. (2023), and Huang et al. (2024).
The visual access to urban green spaces was quantified for a
total of 160,532 buildings with residential purposes and the
aggregated data were analyzed at the city district level (see
Table 6 in the Appendix for the descriptive statistics of the
individual urban structure types).

The mean BGW VI for a viewpoint located directly behind
the window (10 cm) is, for the most part, relatively high in
Cologne’s urban area (Fig. 6a). Eleven city districts exhibit
a mean BGWVI exceeding 35%, while the BGW VI is low-
est in the central districts, reaching a maximum of 15% or
25%. The district-level values range from 9.75% (Altstadt/
Nord, 103) to 48.02% (Hahnwald, 207), with a mean value
of 30.89% and a median of 31.29%. The standard deviation
is 5.18%.

These findings suggest that the city’s residents have suf-
ficient and satisfactory visual access to green spaces across
the urban area. This finding aligns with prior studies’
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BGWVI distribution and hot spot analysis at city district level

(a) BGWVI distribution for
10 cm window distance

BGWVI
C1<5%

[ 5%-15%
15% - 25%
Bl 25% - 35%
Bl >35%

istri Map Source: City of Cologne (2024) di-de/zero-2.0
District No.

ETRS89 / UTM zone 32N (EPSG: 25832)

(b) Hot spot analysis for
10 cm window distance

Il Cold Spot, 99% Confidence
B Cold Spot, 95% Confidence
] Cold Spot, 90% Confidence
[ Not significant

[ Hot Spot, 90% Confidence
Bl Hot Spot, 95% Confidence
Il Hot Spot, 99% Confidence
District No.

(c) BGWVI distribution for
200 cm window distance

BGWVI
CJ<5%
5% -15%
15% - 25%
B 25% - 35%
M >35%

District No.

(d) Hot spot analysis for
200 cm window distance

Il Cold Spot, 99% Confidence
[ Cold Spot, 95% Confidence
[ Cold Spot, 90% Confidence
[_] Not significant

[C] Hot Spot, 90% Confidence
I Hot Spot, 95% Confidence
Il Hot Spot, 99% Confidence
District No.

Fig.6 a Eleven districts have a very satisfactory access to visible
green spaces with a BGWVI exceeding 35%; b window views with a
low proportion of visible green space are 90 to 95% likely to be found
in central city districts; ¢ the proportion of green space visible from

conclusions that windows with a minimum of 30% green
space have been associated with observer preferences and
restorative effects (Aoki 1991; White et al. 2010).

From a viewpoint situated 200 cm from the window, the
BGWVI range is 4.41% (Neustadt, Sued, 102) to 48.30%
(Hahnwald, 207). The city-wide mean is 27.28%, with
a median of 28.15%, and a standard deviation of 7.14%
(Fig. 6¢).

a window in a central city district may not exceed 25%; d the prob-
ability of identifying a high proportion of visible green space within
the window view in eastern city districts is estimated to be between
90 and 95%

With regard to the spatial distribution of the data, it is
evident that districts exhibiting relatively high BGWVI val-
ues (25 to 35%) continue to comprise the majority, with a
mere six districts demonstrating a mean BGWVI above 35%.
Additionally, districts in the north, south, west, and center
exhibit a moderate proportion of 15-25% green window
visibility, while the values in the center districts decline to
below 5% green visibility.
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Table 2 presents the results of the Moran’s I indices, the
z-values, and the p-values of the BGW VI at the district level
for distances of 10 cm and 200 cm.

The findings in this study indicate a significant spatial
clustering of the BGW VI in the urban area of Cologne, with
a discernible pattern evident at both distances to the window.
In both instances, the BGWVI values exhibiting the lowest
levels are spatially clustered in the city center of Cologne.
The observed clustering is statistically significant at the 90%
level for the 10-cm distance (Fig. 6b) and at the 99% level
for the 200-cm distance (Fig. 6d). These areas are primar-
ily defined by the urban structure type characteristic of the
historically developed medieval and Wilhelminian-style city
center, block structured apartment buildings, and, on occa-
sion, detached apartment buildings. The districts are distin-
guished by a higher building density and increased surface
sealing, with a prevalence of mixed-use developments. The
typical height of buildings is between three and four floors
for apartment buildings and up to six floors for buildings
in the city center. The availability of private green spaces
is limited, with the majority of green space concentrated
in the form of green inner courtyards. Urban green spaces
are dominated by roadside greenery, in addition to smaller
public open spaces and playgrounds (City of Cologne 2022).

The eastern districts of Cologne demonstrate a high
degree of clustering of elevated BGW VI values, with a 90%
confidence interval at a 10-cm distance (Fig. 6b) and a 90
to 95% confidence interval at a 200-cm distance (Fig. 6d).
These areas are distinguished by a variety of urban structure
types, including detached and semi-detached houses, village
structure, row structure, and large housing estates includ-
ing high-rise buildings. These areas are characterized by a
relatively low building density and a minimal level of sur-
face sealing. In terms of building height, the typical number
of floors is one to two for village structures as well as for
detached and semi-detached houses. In contrast, row struc-
tures typically reach four floors, while large housing estates
and high-rise buildings generally have at least seven floors.
Urban green spaces are distributed across various settings,
including public parks and playgrounds, as well as privately
owned plots where green distance areas between buildings,
private gardens, and even agricultural land are commonplace
(City of Cologne 2022).

Table 2 Results for presence of spatial autocorrelation in case study
area for different distances

Index City district level,

10 cm distance

City district level,
200 cm distance

Moran’s [ index 0.145 0.161
z-value 4.180 4.453
p-value 0.001 0.001

@ Springer

Equity of Visible Urban Green Spaces

As illustrated in Figs. 7a and 8a, the Lorenz curve and the
Gini coefficient, respectively, demonstrate the distribution
of visual access to urban green spaces in the urban region
of Cologne.

The Gini coefficient values were 0.24 and 0.34, respec-
tively, for the 10-cm and 200-cm distances. These values
indicate that, from both perspectives, there is a relatively
equitable distribution of visual access to urban green spaces
in the urban region of Cologne. However, disparities in the
equitable distribution become apparent at the district level,
as demonstrated in Figs. 7b and 8b.

In the central districts, a Gini coefficient ranging from 0.4
to over 0.5 is observed. This range extends to the city center
for a distance of 10 cm and expands to the surrounding dis-
tricts of Bayenthal (201), Suelz (302), Ehrenfeld (401), Neu-
ehrenfeld (402), and Nippes (501) for a distance of 200 cm
to the window. These districts are primarily characterized by
the urban structure types Wilhelminian-style city center and
block-structured apartment buildings.

For both distances, the districts of Marienburg (202),
Hahnwald (207), Seeberg (603), Gremberghoven (704),
Finkenberg (716), and Neubrueck (809) demonstrate a spa-
tially equal distribution of visible green spaces, as evidenced
by a Gini coefficient of less than 0.2. With regard to urban
morphology structures, these districts exhibit significant
diversity. The districts of Marienburg and Hahnwald are
distinguished by a preponderance of detached and semi-
detached housing, as well as villa districts, complemented
by extensive private gardens. Conversely, the districts of
Seeberg and Finkenberg are notable for their large housing
estates and high-rise buildings. The district Gremberghoven
features a former railroad housing estate with self-catering
gardens, reminiscent of the “garden city”” concept. The urban
structure of the district Neubrueck is characterized by a
diverse range of housing types, including detached and semi-
detached houses, terraced houses, large housing estates, and
high-rise buildings (City of Cologne 2022; City of Cologne
and NetCologne 2024).

Table 3 illustrates the equity of visual green spaces for
vulnerable groups in the case study area at distances of
10 cm and 200 cm to the window.

The share index, which exceeds one, indicates that both
children under the age of six and seniors at the age of 65 and
above have a minimal higher access to visible green spaces
than the overall social mean share.

In consideration of location entropy, spatially analogous
patterns can also be discerned, as illustrated in Fig. 7c and
Fig. 8c for children and Fig. 7d and Fig. 8d for senior citi-
zens. Particular attention is directed towards values below
0.5 and above 2.0, as these indicate instances where chil-
dren or senior citizens in the districts have only half or
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Equity evaluation for 10 cm window distance

(a) Lorenze curve (Gini: 0.24)
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Projection: ETRS89 / UTM zone 32N (EPSG: 25832)

(c) Location entropy of children
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(d) Location entropy of seniors
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Fig.7 a The city-wide distribution of green window views is rela-
tively equitable; b a relatively equitable distribution of visible green
spaces is present in areas located outside the central city districts

twice as much visual access to green spaces as the average
(Huang et al. 2024).

For both vulnerable populations, central districts in
Cologne exhibit a location entropy score of less than 0.5.
In contrast, the southern, northern, and one western dis-
trict, namely Muengersdorf (305), has a location entropy
value greater than 2.0. The district of Hahwald (207) dem-
onstrates the highest location entropy for children, with

(Gini<0.4); the visual access to green spaces for ¢ children and d
seniors in northern and southern city districts is twice as high as the
average (LQ>2.0)

values of 11,693 and 13,323, respectively, at distances of
10 cm and 200 cm.

For senior citizens, the district of Libur (713) shows
the highest location entropy, with values of 11,448 (at a
distance of 10 cm) and 11,013 (at a distance of 200 cm).
Libur is the district with the lowest population density
in Cologne. It is distinguished by a village structure and
extensive agricultural land use. The central district of

@ Springer



17 Pagel12o0f24

Journal of Geovisualization and Spatial Analysis (2025) 9:17

Equity evaluation for 200 cm window distance

(a) Lorenze curve (Gini: 0.34)
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(b) Gini coefficient of the BGWVI
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(c) Location entropy of children
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Fig.8 a The city-wide distribution of visual access to urban green
spaces is relatively equitable; b the distribution of visible green
spaces in the central city districts is relatively inequitable (Gini>0.4)

Table 3 Equity of visual green spaces for vulnerable groups in case
study area for different window distances

Share index City district level, City district level,
10 cm distance 200 cm distance

Children <6 yrs 1.06 1.07

Seniors > 65 yrs 1.08 1.09

@ Springer

¢ children and d seniors in the central city districts have half as much
visual access to green spaces as the average (LQ <0.5)

Neustadt/Sued (102) has the lowest location entropy for
both children and senior citizens, with values of 0.219
(children, 10-cm distance), 0.073 (children, 200-cm dis-
tance), 0.250 (senior citizens, 10-cm distance), and 0.083
(senior citizens, 200-cm distance). The urban structure
of this district is predominantly characterized by a Wil-
helminian-style city center.
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Correlation Among Evaluation Indicators

At the district level, the correlation between the BGW VI,
the Gini coefficient, and the mean net household income
was carried out. The resulting correlation matrices with
significance levels for distances of 10 cm and 200 cm are
illustrated in Fig. 9a and b, respectively.

In this case study, the mean net household income was
employed as a representative indicator of the socio-eco-
nomic status of the population. The spatial distribution of
this variable is illustrated in Fig. 10. Districts with fewer
than 30 cases were excluded from the analysis, as the data
set is insufficient to yield meaningful results.

A low correlation was observed between the BGWVI
and the mean net household income when the viewpoint
was situated directly behind the window (r=0.22, p <0.05).
This finding suggests that individuals with a higher socio-
economic status tend to reside in areas with a greater avail-
ability of visible green spaces. This correlation demonstrates
a decline in significance, reaching lower positive value that
is not statistically significant for a position within the room
(r=0.09, p>0.1).

A significant negative correlation is also evident between
the Gini coefficient and the BGW VI for both distances to the
window (r=-0.88, p<0.01), suggesting that individuals
residing in districts with restricted green space within their
window view are more likely to encounter an unequal dis-
tribution of visual green space within their residential envi-
ronment. However, this result is a consequence of the fact
that the Gini coefficient is calculated based on the BGWVI.

Furthermore, a significant moderate positive correlation
is identified between the proportion of children and seniors
in the district and the BGWVI. At a distance of 10 cm, the

(a) Correlation matrix (Pearson's correlation) with significance levels
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- 0.00
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- -0.50
I- -0.75
- -1.00

Gini  Mean net household income

BGWVI

Mean net household income  Gini

correlation was r=0.43, p<0.01 for children and r=0.40,
p<0.01 for seniors. Additionally, at a distance of 200 cm,
the correlation was r=0.45, p<0.01 for children and
r=0.40, p <0.01 for seniors. However, a significant negative
correlation was identified between the number of inhabit-
ants and the location entropy for children (both distances:
r=-—0.54, p<0.01) and seniors (both distances: r=—0.57,
p<0.01) (Kuckartz et al. 2013, p. 213).

Discussion
Socio-Economic Equity of Green Window Views

The findings indicate that the city-wide mean BGW VI is
31%, suggesting that access to visual green space is sat-
isfactory across the city (Aoki 1991; White et al. 2010).
Notwithstanding an indoor viewpoint and a reduced mean
value of over 27%, visual access to green spaces in Cologne
is more satisfactory in comparison to national and interna-
tional studies. For instance, a case study in Bonn, Germany,
analyzed the BGWVI in approximately 63,000 residential
buildings, determining a city-wide average BGWVI of
25.19% at a distance of 10 cm from the window (Bolte
et al. 2024b).

Related to international studies, the mean value in
Fuzhou, China (Huang et al. 2024) was 24%, in Beijing,
China (Dong et al. 2018), it was 17.1%, and in Hong Kong,
it was 16% (Lu 2019). However, it is important to note that
the comparative international studies only examine visible
street-level green spaces in a limited number of urban case
studies. This study represents one of the first comprehen-
sive investigations at the city-wide level, with a detailed

(b) Correlation matrix (Pearson's correlation) with significance levels
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l 0.75

- 0.50
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- 0.25
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Fig.9 Correlation matrix between BGWVI, Gini coefficient, and mean net household income based on Pearson’s correlation with significance

levels *p <0.05, **p<0.01: a 10-cm distance; b 200-cm distance
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Fig. 10 Socio-economic status
of the population in the City
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of Cologne represented by the
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city district level

[ ]0€-2,679€

[ 2,679€ - 3,107€
[ 3,107€ - 3,379€
B 3,379€ - 3,997€
Bl 3,097€ - 8,281€
No value available

Mean net household income

5km

Map Source: City of Cologne (2024) di-de/zero-2.0
Projection: ETRS89 / UTM zone 32N (EPSG: 25832)
Classification method: Quantil

differentiation by district and urban structure type, to assess
the visibility potential of green spaces in residential environ-
ments for window views. A comparison is therefore only
possible to a limited extent.

The Gini coefficient of 0.24 (10-cm distance) and 0.34
(200-cm distance) are lower than that observed in the green
street view investigation by Huang et al. (2024), which
yielded a Gini coefficient of 0.36. Furthermore, these Gini
coefficients are lower than those calculated for the City of
Cologne in previous studies. When analyzing the availabil-
ity of green spaces for the population, the Gini coefficient
reached approximately 0.4 (Weigand et al. 2023), while
when assessing the provision of green spaces per capita,
the Gini coefficient exceeded 0.5 (Wiistemann, Kalisch,
and Kolbe 2017). These findings suggest that visibility as
a supplementary access type plays a key role in ensuring an
equitable distribution of accessible green spaces.

The study by Wiistemann, Kalisch, and Kolbe (2017)
lends support to the assertion that the share index for chil-
dren and senior citizens, which is minimally above one,
results in minimally greater access to visible green spaces
for these vulnerable population groups in comparison to

@ Springer

the overall social mean share. This is evidenced by a sig-
nificantly positive correlation between age of individuals
(at 65 years and above) and the presence of children in the
household and the amount of available green space.

The low positive correlation between the BGWVI
and the mean net household income of r=0.22 suggests
a small advantage in visual access to green spaces in
residential areas for the population with a higher socio-
economic status (Huang et al. 2024). This phenomenon
is further substantiated by studies on real estate valua-
tion, which demonstrate that the price of real estate sales
increases due to green window views (Chen and Jim 2010;
Gu, Wang, and Liu 2021; Hui and Liang 2016; Jim and
Chen 2006) and the willingness to pay a higher price for
the purchase (Hui, Zhong, and Yu 2012). This trend can
also be quantified using metrics such as square meters ratio
of green space per household in Germany (Wiistemann,
Kalisch, and Kolbe 2017). However, a significant corre-
lation between the mean net household income and the
Gini coefficient, as demonstrated by Huang et al. (2024),
is absent in the City of Cologne. This finding indicates that
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income does not exert a significant influence on the equal
distribution of visible green space within the city.

Implications for Urban Green Space Planning

The significant presence of high BGWVI values across
diverse urban structure types (refer to Table 6 in the Appen-
dix) indicates that the implementation of existing guidelines
for the provision of accessible green spaces in residential
areas has a positive impact on visual access (Blum et al.
2023; Gilzer 2001, pp. 61-68; Richter 1981, pp. 73-76).
However, given that these results represent the inaugural
structured visibility values for various categories of resi-
dential buildings, further studies are required to ascertain
whether the values represent morphologically determined
patterns or whether they are the consequence of intensive
local green space planning.

As the number of floors in residential buildings increases,
the amount of visible green space decreases, a phenomenon
observed across all urban structure types (refer to Table 6
in the Appendix).

In a manner analogous to that observed in Cologne, the
BGWVI for visible green spaces in Bonn is lowest in the
city center. Furthermore, a low negative correlation between
various urban density values and the BGW VI was also evi-
dent in Bonn. The correlation between the ratio of the floor
area of residential buildings and the neighborhood area
(neighborhood density), or between the ratio of the floor
area of residential buildings and the sum of the gross res-
idential area and the gross area of mixed use (residential
density) to the BGWVI of urban green spaces was nega-
tive in each case (r,=—0.26, p <0.05). When the presence
of exclusively flat vegetation was considered, the negative
correlation between the BGW VI and neighborhood density
increased to r;=—0.39 at p <0.01 and residential density
to r,=—0.38 at p<0.01. A differentiation of BGW VI for
individual urban structure types was not available for Bonn
(Bolte et al. 2024b).

Furthermore, the BGW VI is characterized by a significant
decline in central city districts that are affected by elevated
Gini coefficients.

Giving these findings, it is recommended to prioritize ver-
tical greening in urban green space planning and inner urban
development processes, such as additional roadside green-
ery, facade greening, and roof greening (Bolte et al. 2024b;
Chettry 2023). This approach is necessary to ensure a com-
prehensive and equitable access to green spaces for diverse
population groups and to facilitate sustainable and resilient
urban development. However, it is crucial to consider the
potential consequences of green gentrification, which is
defined as the process of spatial and structural upgrading
in neighborhoods, accompanied by increases in real estate
prices. These increases are derived by the intensification

and improvement of green spaces. The process of green
gentrification has the potential to result in unintended con-
sequences, including the limitation of available visual access
for individuals with low socio-economic status (Ali et al.
2020; Anguelovski et al. 2018; Friesenecker et al. 2024;
Rigolon and Németh 2019).

Limitations

The present study addresses the issue of age as a form of
vulnerability among a particular population and highlights
the need for comprehensive analysis that includes gender
and health status to assess the distributional equity of vis-
ible green spaces for vulnerable social groups. It is therefore
essential that further research is conducted on the visual
green experiences of women and physically disabled indi-
viduals to attain a comprehensive understanding of the qual-
ity of resilient green space planning (Pijpers and van Melik
2020; Stadtebau fiir Frauen und Ménner (Urban planning
for women and men) 2006; United Nations 2015). Studies
examining the green window view of hospitals and rehabili-
tation centers have demonstrate that green window views
also have a beneficial effect on the well-being of patients
(Gao and Zhang 2020; Raanaas et al. 2012; Ulrich 1984).

In order to conduct a comprehensive examination of vis-
ibility potential at street or building level, it is essential to
implement a classification of residential buildings, as the
data utilized to ascertain urban structure types lacks suf-
ficient specificity for small-scale analysis (see subsection
“Data Sources”). The classification approaches that are
suitable for practical use are based on Random Forest clas-
sification, Fully Convolutional Neural Networks semantic
segmentation, or Support Vector Machines (Droin, Wurm,
and Sulzer 2020; Hecht 2013; Henn et al. 2012). Unmanned
aerial systems (UAS) can also be used to support detailed
urban mapping (Nagy et al. 2024).

The visibility analysis surrounding the BGWVI is
grounded in the theoretical framework of space syntax,
which has been extensively used in the domains of land-
scape and cityscape analysis, particularly within the fields
of landscape and spatial planning (van Nes and Yamu 2021).
However, a definitive validation of the window simulation
is not feasible, as the requisite CityGML data for our case
study is only available at Level of Detail (LoD) 2 (Bun-
desamt fiir Kartographie und Geodisie 2021; Dehbi et al.
2017; Wysocki, Hoegner, and Stilla 2024).

The lack of available data regarding the location and
dimensions of windows necessitates the empirical determi-
nation of typical building facades for each urban structure
type and their assumption in advance. It can thus be inferred
that the utilization of photographs of individual window
views as a ground truth for the intersection over union
method is an unsuitable approach. Given that the modeling
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of the vegetation achieved an average accuracy of 98.1%, it
can be assumed that the simulation results are fit for purpose.
A comparison of the simulation outcomes with ratings of
window views for entire buildings, collected using citizen
science, is recommended for a comprehensive final evalu-
ation. This approach enables the collection of sufficient
ground truth data from residential buildings that are not
openly available for research purposes (A.-M. Bolte, Mogha-
das, and Kotter 2023). However, the mentioned evaluation
procedure is beyond the scope of the present article and must
be carried out in a subsequent study. One potential platform
for this is the existing crowdsourcing initiative, “Colouring
Dresden,” in the federal state of Saxony Germany, which
collects building data with the help of citizen science (Leib-
niz-Institut fiir 6kologische Raumentwicklung e. V. 2024).

Conclusion

In this study, we examined green window views in resi-
dential buildings to identify patterns of distributive equity
for seniors and children, considering their socio-economic
status for the first time. We combined the methodology
around the BGWVI and the methodological framework of

Appendix

Fig. 11 Two examples of
misclassification: The urban @
structure type “terraced houses”
(yellow) is incorrectly classi-
fied as a “semi-detached and
detached houses” (purple) or as
b “detached apartment build-
ings” (green)

! albmbulal
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Huang et al. (2024) to measure the visibility potential of
green spaces for buildings in order to geostatistically ana-
lyze the equity of the spatial distribution of visual urban
green spaces. Using the Gini coefficient, the share index,
and the location entropy, an evaluation of the access to vis-
ible green spaces according to socio-economic status and
age group was carried out at the city district level for the
City of Cologne, Germany. Low values of the BGWVI occur
mainly in the city center. The mean BGW VI is 30.89% when
the observer is located directly behind the window while it
reaches 27.28% when the observer is standing in the room.
The spatial distribution of BGW V1 is relatively equal in the
study area. Considering the proportion of vulnerable groups
in the district, an unequal distribution of visible green spaces
can be measured, especially in the central districts. However,
compared to the social mean share, children and seniors have
slightly better access to visible green spaces. The influence
of the mean net household income on green window views
is also low. The results allow a comprehensive evaluation
of existing green space planning in a major German city,
including the influence on equitable social and ecological
access to visible green spaces for vulnerable groups in the
residential environment, which overall strengthens promot-
ing sustainable and resilient urban development.

Inaccuracy of urban structure type classification

Classification: City of Cologne 2022
Background: Open StreetMap (ODbL)
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Distribution of residential buildings in the City of Cologne
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Fig. 12 A total of 160,532 buildings with residential purposes in the City of Cologne are included in the visibility analysis
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Fig. 13 Building-specific facades and figure-ground diagrams of urban structure types
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Table 4 Investigated city districts of Cologne

Table 4 (continued)

City district no

City district name

City district no

City district name

101
102
103
104
105
201
202
203
204
205
206
207
208
209
210
211
212
213
301
302
303
304
305
306
307
308
309
401
402
403
404
405
406
501
502
503
504
505
506
507
601
602
603
604
605
606
607
608
609
610

Altstadt-Suid
Neustadt-Siid
Altstadt-Nord
Neustadt-Nord
Deutz
Bayenthal
Marienburg
Raderberg
Raderthal
Zollstock
Rondorf
Hahnwald
Rodenkirchen
Weil

Siirth

Godorf
Immendorf
Meschenich
Klettenberg
Siilz
Lindenthal
Braunsfeld
Miingersdorf
Junkersdorf
Weiden
Lovenich
Widdersdorf
Ehrenfeld
Neuehrenfeld
Bickendorf
Vogelsang
Bocklemiind/Mengenich
Ossendorf
Nippes
Mauenheim
Riehl

Niehl
Weidenpesch
Longerich
Bilderstockchen
Merkenich
Fiihlingen
Seeberg
Heimersdorf
Lindweiler
Pesch
Esch/Auweiler
Volkhoven/Weiler
Chorweiler
Blumenberg

611
612
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
801
802
803
804
805
806
807
808
809
901
902
903
904
905
906
907
908
909

Roggendorf/Thenhoven
Worringen
Poll
Westhoven
Ensen
Gremberghoven
Eil

Porz

Urbach
Elsdorf
Grengel
Wahnheide
Wahn

Lind

Libur
Ziindorf
Langel
Finkenberg
Humboldt/Gremberg
Kalk

Wingst
Hohenberg
Ostheim
Merheim
Briick
Rath/Heumar
Neubriick
Miilheim
Buchforst
Buchheim
Holweide
Dellbriick
Hohenhaus
Diinnwald
Stammheim
Flittard
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Table 5 BGWVI analysis parameters for empirically determined building-specific facades

Urban struc- Spacing betw. Lateral spac-  Lateral spac-  Floor height Window width Window Window ratio  Vertical fov*
ture type window cent-  ing betw. ing betw. win- height
ers and ground window cent-  dow centers
ers and facade
edge
Village struc- 168 cm 144 cm 187 cm 256 cm 78 cm 104 cm 0.75 29.1°
ture
Detached 158 cm 198 cm 281 cm 300 cm 152 cm 143 cm 1.06 39.5°
and semi-
detached
houses
Terraced 183 cm 171 cm 302 cm 300 cm 161 cm 127 cm 1.27 35.2°
houses
Row structure 220 cm 212 cm 249 cm 300 cm 141 cm 125 cm 1.13 34.7°
Housing 205 cm 172 cm 283 cm 300 cm 161 cm 128 cm 1.25 35.6°
estates
Large housing 288 cm 191 cm 326 cm 300 cm 236 cm 138 cm 1.72 37.9°
estates and
high-rise
buildings
Apartment 232 cm 184 cm 244 cm 350 cm 101 cm 144 cm 0.71 39.5°
buildings,
block-struc-
ture
Detached 105 cm 172 cm 302 cm 300 cm 148 cm 193 cm 0.77 51.4°
apartment
buildings
Wilhelminian 305 cm 206 cm 287 cm 430 cm 144 cm 244 cm 0.59 62.8°
style city
center
Medieval city 412 cm 98 cm 134 cm 268 cm 86 cm 126 cm 0.68 35.0°
center

“Considering observer’s distance to window of 200 cm. At 10 cm distance applies: visual field with view width of 35 cm, view height of 24 cm,

view ratio of 1.45, and vertical fov of 100° (Grehn 2019)

@ Springer



128undg @

Table 6 Descriptive statistics of visible green spaces for urban structure types

Urban struc- N Min BGWVI Max BGWVI Average BGWVI Median BGWVI Standard deviation Mean FGW VI changes per
ture type BGWVI higher floor*
10 cm 200 cm 10 cm 200 cm 10 cm 200 cm 10 cm 200 cm 10 cm 200 cm 10 cm 200 cm
distance distance distance distance distance distance distance distance distance distance distance distance
Village 13,836 0.00% 0.00% 82.85% 88.29% 28.92% 24.25% 29.04% 22.97% 11.80% 13.09% —-6.52% —4.94%
structure
Detached 43,766 0.00% 0.00% 92.30% 99.48% 32.94% 29.74% 32.20% 28.29% 11.03% 12.66% -5.50% -5.07%
and semi-
detached
houses
Terraced 27,843 0.00% 0.00% 93.06% 98.59% 33.41% 30.53% 33.20% 29.03% 11.40% 13.31% —6.66% -5.69%
houses
Row struc- 5133 0.42% 0.00% 80.91% 84.39% 38.12% 35.63% 37.63% 35.38% 12.43% 14.54% —5.64% —4.53%
ture
Housing 6588 0.10% 0.00% 85.78% 87.48% 33.32% 27.30% 32.76% 24.93% 11.53% 15.01% —6.00% —-4.38%
estates
Large hous- 1632 0.07% 0.00% 70.15% 84.56% 34.65% 33.33% 34.88% 33.19% 11.76% 12.89% —4.84% —-1.74%
ing estates
and
high-rise
buildings
Apartment 26,642 0.00% 0.00% 100.00% 85.54% 27.95% 27.01% 27.95% 25.79% 12.47% 14.04% —5.06% —4.04%
buildings,
block-
structure
Detached 14,313 0.00% 0.00% 86.23% 99.93% 33.28% 31.05% 32.88% 29.88% 11.68% 12.71% -527% —4.83%
apartment
buildings
Wilhelmin- 17,841 0.00% 0.00% 100.00% 9.38% 18.70% 1.88% 16.74% 1.68% 13.79% 1.41% —4.01% —-0.07%
ian style
city center
Medieval 2938  0.00% 0.00% 63.60% 65.45% 12.50% 10.61% 7.44% 6.66% 13.82% 11.79% -3.12% -1.15%

city center

*For buildings with at least 2 floors and a FGW VI (Bolte et al. 2024a) of at least 5%
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5. Validation of a window view simulation engine around the
GWYVI using semantic segmentation

The methodological accuracy of automated simulations of window views of urban green spaces is
imperative to enable reliable statements for planning processes. The objective of this study is to validate
a window view simulation engine based on open data and open source around the GW VI using semantic
segmentation. For the purpose of validation, simulated window views were compared with semantically
segmented, photorealistic representations. A total of 40 window views at varying distances (0.1 m and
2.0 m) were evaluated using a pre-trained DeepLab V3+ model, employing accuracy metrics such as
Intersection over Union (IoU), Overall Accuracy (oAcc), and Mean Accuracy (mAcc). The findings
indicate an average intersection over union (IoU) of 0.53, an overall accuracy of 0.68, and a marginal
underestimation of vegetation and a slight overestimation of sky and buildings. The simulation
demonstrates a promising degree of accuracy, indicating considerable potential for area-wide analysis

of urban window views. This underscores its value for practical planning applications.

107



The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLVIII-G-2025
ISPRS Geospatial Week 2025 “Photogrammetry & Remote Sensing for a Better Tomorrow...”, 6-11 April 2025, Dubai, UAE

Validating a window view simulation engine based on open data and open source using
semantic segmentation

Anna-Maria Bolte ! *, Thomas Kistemann >3, Theo Kétter !, Youness Dehbi *

!Institute of Geodesy and Geoinformation, University of Bonn, Germany — (ambolte, tkoetter)@uni-bonn.de
2 Institute for Hygiene & Public Health, GeoHealth, University Hospital Bonn, Germany — Thomas.Kistemann@ukbonn.de
3 Department of Geography, University of Bonn, Germany
4 Computational Methods Lab, HafenCity University Hamburg, Germany — youness.dehbi@hcu-hamburg.de
* Correspondence: ambolte@uni-bonn.de

Keywords: GWVI, window views, urban green spaces, urban morphology, semantic segmentation, Cityscapes.

Abstract:

The visual access to urban green spaces through window views plays a key role in increasing well-being, particularly for those with
limited mobility. This study verifies a window view simulation engine around the Green Window View Index (GWVI) that combines
open source approaches with open geospatial data. Using a pretrained DeepLab V3+ model on Cityscapes data set for semantic
segmentation, the study compares the accuracy of simulated window views to photorealistic semantic segmentations. A total of 40
window views were examined, with 0.1 m and 2.0 m distance to the window. The validation metrics consist of overall accuracy
(OAcc), mean accuracy (mAcc), mean intersection over union (mloU), and individual IoU values for vegetation, sky, and buildings.
The statistics show an mloU of 0.53, with class-specific IoU values of 0.52 for vegetation, 0.64 for the sky, and 0.43 for buildings,
an OAcc of 0.68, and an mAcc of 0.74. The approach has a low variance in visibility values, with a minor underestimating of
vegetation (-6%), and an overestimation of sky (+5%) and buildings (+3%). These findings indicate that the simulation engine
performs well, outlining its potential for analyzing window views in a variety of urban scenarios. Future large-scale crowdsourcing

experiments are recommended to statistically support these findings.

1. Introduction

Window views are often the only way to access urban green
spaces for vulnerable populations with a limited radius of
movement (Pijpers and van Melik, 2020). In light of the spatial
consequences of increasing climate disasters, such as heat
waves, or pandemics, including Covid-19, this access
alternative is becoming increasingly important for sustainable
and resilient open space planning (Amerio et al., 2020; Basu et
al., 2024; Haaland and Konijnendijk van den Bosch, 2015). The
positive effects of green window views on urban dwellers
regarding health, cognitive abilities, and social well-being have
been demonstrated in numerous studies. In addition, empirical
evidence has shown that these views can enhance life
satisfaction and increase property values (Bolte et al., 2025;
Meng and Wang, 2024). Existing methodologies for automated
quantification and analysis of window views employ machine
learning image segmentation techniques grounded in advanced
photorealistic city information models (CIM) or big data
(Swietek and Zumwald, 2023; Li et al., 2022; 2024; Peng et al.,
2025). These data bases facilitate a robust approach for
evaluating window views; however, they are primarily available
for urban areas characterized by high density and high-rise
buildings (Li et al., 2022; 2024; Peng et al., 2025).

In order to capture a range of urban morphologies with diverse
densities and degrees of sealing, the approach of the Green
Window View Index (Bolte et al., 2024a) uses official digital
geospatial data, such as the official German cadastral
information system (ALKIS), semantically segmented 3D city
models CityGML, LiDAR point clouds, and Sentinel-2
landcover data, which are continuously transmitted and
harmonized by the public sector for national, regional, and

municipal planning processes (BKG, 2024). The three-steps
visibility analysis has been applied in several municipal case
studies. The analysis of numerous million window views from
various urban structure types provided conclusions for urban
green space planning in residential environments (Bolte et al.,
2024b; 2025).

The aim of this paper is to verify the reliability of the window
view simulation engine to ensure the validity of the previous
analyses. For this purpose, a comparison of simulated window
views with semantically segmented photorealistic window
views as ground truth is performed to address the following
questions:

1. How high is the overall accuracy of the simulated
window views?

2. How high is the mean accuracy of visible classes in
the simulated window views?

3.  How high is the intersection over union of individual
visible classes in the simulated window views?

4. How high is the mean intersection over union of all
visible classes in the simulated window views?

5. How high is the visibility of individual visible classes
in the simulated window views?

First, the present article defines the validation workflow,
including the window view simulation, the creation of the
photorealistic ground truth data, and the definitions of the
validation metrics. The results are subsequently presented
regarding the quality of the intersection and visibility values.
The validation results are then interpreted with existing CIM
and machine learning methodologies and are critically
discussed. Finally, a conclusion of the results is presented.
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2. Methodology

The validation workflow is divided into three steps (refer to
Figure 1). The first step involves simulating individual window
views using the simulation engine. The second step involves
creating semantically segmented photorealistic ground truth
data and subsequently evaluating the window views using
validation metrics.

Validation workflow

e ﬁﬁm
Modeling urban
morphology
using SVM, K-Means,
NDVI, C++, OpenGL (Bolte
et al., 2024b; 2025)

Photographing window
views
using Nikon D40, Nikon
DX AF-S Nikkor 18-
55mm 1:3.5-5.6Gll ED
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Semantic segmentation

Simulating window
views

using C++, OpenGL

(Bolte et al., 2024a)

DeeplLab V3+ on
Cityscapes dataset
(Cordts et al., 2016;

Chen et al., 2018; Fang,
2020)
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CloudCompare v2.13.beta were used for this process. (Bolte et
al., 2024b; 2025)

The present case study was limited to the street front of an
institute building in the University of Bonn, Germany. The
building was constructed between 1906 and 1907 and is
characterized by features typical of the Neo-Renaissance style.
However, the CityGML dataset with LoD 2 lacks sufficient
information regarding window positioning and dimension. To
address this limitation, we used an existing exterior surveying of
the building, which was initially conducted for the purpose of
window modernization. This approach allowed us to consider
the position and dimensions of five single-sash box-type
windows on the basement floor, six three-sash box-type
windows on the first floor, and six double single-sash box-type
windows on the second floor (refer to Figure 2).

. Street front of 1nvest1gated building 1nclud1ng 17
considered box-type windows in the basement, first, and second
floor.

The window view simulation is based on OpenGL, is developed
in C++ and included the following parameters for a distance of
0.1 m to the window: a vertical field of view of 100°, an aspect
ratio of 1.45, and a maximum view distance of 5,000 m (Bolte
et al., 2024b; 2025). At a distance of 2.0 m to the window,
parameters in Table 1 were implemented based on the exterior
surveying of the building.

using OAcc, mAcc, loU, mloU, and visibility index for
individual labels Parameters Basement floor | 1st floor 2nd floor
. . 1.88 mx 1.84 mx
Figure 1. Validation workflow of window view simulation Window size | 1.4 mx1.58 m 244 m 244 m
engine, the example window view shown on the right sight was Vertical field .
taken at a distance of 0.1 m to the window. of view 43.1° 62.8° 62.8
2.1 Simulating window views Aspect ratio 0.89 0.77 0.75
In orde.r to generate mmulgte('i window views 1nclud1ng visible MaX. view 5.000 m 5.000 m 5.000 m
vegetation, sky, and buildings, the initial step involves distance

modeling the built-up and greened urban morphology, including
the following elements: topography, property boundaries,
buildings, as well as flat and tall vegetation. The official
German cadastral information system (ALKIS), segmented 3D
city models (CityGML) with level of detail (LoD) 2, LiDAR
point clouds, and Sentinel-2 landcover data were applied in this
process. Tall vegetation was derived by a classification and
clustering process using Support-Vector-Machine (SVM) and
K-Means, flat vegetation was modelled by using Normalized
Difference Vegetation Index (NDVI). Q-GIS 3.34.3 and

Table 1. Simulation parameters at a window distance of 2.0 m.

A total of 40 window views (17 views at 2.0 m distance to the
window and 23 views at 0.1 m distance to the window were
simulated. The labels in the window simulations were colored
as follows: vegetation (green), sky (blue), buildings (dark grey),
and streets (light grey). The simulation was carried out on a 64-
bit operating system, WLS Ubuntu 20.04.6 LTS WLS on
Windows 11 Pro including a 12th generation Intel® Core™ i9-
12900K CPU/3.20 GHz, a NVIDIA RTX A4500 graphics card,
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and a 128 GB SSD. The average running time was 0.05 s per
window. (Bolte et al., 2024a)

2.2 Segmenting photorealistic window views as ground
truth

Ground truth data was taken by using a camera equipped with
an SLR lens, which was mounted on a tripod (refer to Figure 1
for technical details). The camera was directed at the center of
the windows, at a distance of 0.1 m and 2.0 m from the window
surface.

The images were semantically segmented using a pretrained
DeepLab V3+ model on the Cityscapes dataset including the
following technical details: backbone = resnet 101, batch size =
16, FLOPs = N/A, train/val OS = 16/16. The mloU was 0.762.
Python ver. 3.11 including pytorch 0.3.4 was utilized for this
process. Defined labels were based on Cityscapes and were
summarized as described in Table 2 (Cordts et al., 2016; Chen
et al., 2018; Fang, 2020).

Considered labels | Cityscapes labels Colors
Streets Road, sideroad Light grey
Buildings Building, wall, fence | Dark grey
. Pole, traffic light,
Objects raffic sign Grey blue
Vegetation Vegetation, terrain Green
Sky Sky Blue
Humans Person, rider Red
Vehicles Car, truck, bu.s, train, Yellow
motorcycle, bicycle

Table 2. Defined labels for semantic segmentation process.

As shown by Li et al. (2024) and Peng et al. (2025), the use of
DeepLab V3+ based on outdoor Cityscapes datasets can result
in segmentation inaccuracies of indoor window views. In
particular, we observed incorrect segmentation of window
frames, which would have resulted in the falsification of the
validation of the entire window views. To address this issue, a
mask was manually created for each window type to represent
the corresponding window frame. These masks were then
overlaid on the simulation and segmentation results, focusing
the validation on the labeled window view content for views at
a window distance of 2.0 m. GIMP 2.10.32 (Revision 1) was
used in this process (refer to Figure 4, masked simulation and
segmentation).

2.3 Validation metrics

The validation was finally conducted by assessing the overall
accuracy (OAcc), mean accuracy (mAcc), mean intersection
over union (mloU), and individual intersection over union
(IoU) values to visible vegetation, sky, and building.
Furthermore, the proportion of visible vegetation, sky, and
building within the window view for 0.1 m and 2.0 m distance
to the window was quantified and compared based on the
conducted simulation and the photorealistic image segmentation
results (refer to Table 3, Bolte et al., 2024a; Li et al., 2022;
2024).

Equations Parameters
Overall Accuracy:
¥; TP, TP;=true positive for class i

OAcc = FP;=false positive for class

X, (TP;+ FP,+ FN,)
FN,=false negative for class i

Mean Accuracy:
n=number of considered
classes

s _1i TP,
T JTP, + FP,+FN,
P

Intersection over Union:

TF; TP;=true positive for class i
= TP, + FP, + FN; FP,=false positive for class i
FN =false negative for class i

loU;

Mean Intersection over Union:

n
1
mioU; = EZ Lol ToU,=1oU for class 1
i=1

‘Window View Index:
i = ith window
d=distance to window

Visible Target Area in Window;q

100
Area(Window;)

WV, =

Table 3. Metrics considered for validation process.

3. Results

3.1 Visual comparison of window view simulation and
photorealistic semantic window view segmentation

While a preliminary visual assessment indicates a promising
simulation outcome, a more detailed examination uncovers
discrepancies that explain the results of the metric validation
(refer to subsections 3.2 and 3.3).

Primarily, the segmentation results show a more detailed
representation and differentiation of the labels. For instance, the
segmented window views differentiate vehicles, objects, and
humans, in addition to vegetation, buildings, streets, and the
sky. However, these labels are segmented incorrectly in certain
areas (refer to Figure 3, basement floor, segmentation and
Figure 4, basement floor, masked segmentation). Furthermore,
additional segmentation errors are visible in the label “sky”
(refer to Figure 3, second floor, segmentation and Figure 4, first
and second floor, masked segmentation, respectively).

Basement Floor First Floor Second Floor
R— . FENARE r
w B
<
[=%
©
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=3
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[ Fine Simulation/Segmentation {_—~71 Poor Simulation/Segmentation

Figure 3. Exemplary comparison of window view simulation to
photorealistic semantic segmentation of Deeplab V3+
pretrained on Cityscapes at a window distance of 0.1 m.

In comparison, the simulation results demonstrate a reduction in
the visual complexity of building structures, such as walls or
fences, due to the generalizations inherent in the modeling of
urban morphology (refer to subsection 2.1). Additionally, an
incomplete rendering of vegetation structures, such as shrubs
and vegetated tree grates or phenological characteristics, such as
foliage on the street can be identified (refer to Figure 3,
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basement, first, and second floor, simulation, respectively as
well as Figure 4, first and second floor, masked simulation,
respectively). The simulation of tree crowns demonstrates a
high degree of accuracy; however, disparities can be identified
due to the exclusion of vegetation growth periods from the
simulation process (refer to subsection 2.1 and Figure 3,
basement floor, simulation, tree in the middle and first floor,
simulation, right tree).

First Floor Second Floor

Basement Floor

Unmasked Unmasked Photoaraphs
Segmentation Simulation grap

Masked
Simulation

Masked
Segmentation

Floors OAcc |mAcc|mloU | IoUveg | IoUsky | IoUbuil
Basement | ¢4 1069 045 | 047 | 052 | 0.36
floor
First 067 1074|047 | 047 | 052 | 042
floor
Second 0.77 082062 | 058 | 0.70 | 0.59
floor

Table 4. Overall validation metrics and per-class IoU for
window views at a window distance of 0.1 m.

Floors OAcc [mAcc|mloU | ToUveg | [oUsky |loUbuil
Basement | 53 1067 028 | 032 | 0.18 | 0.32
floor
First 0.57 10.63] 053 050 | 0.87 | 023
floor
. 0.78 1078|064 | 063 | 0.83 | 0.46
floor

Table 5. Overall validation metrics and per-class IoU for
window views at a window distance of 2.0 m.

The IoU for vegetation is 0.52. Sky reaches an IoU of 0.64 and
the IoU of buildings is 0.43. The mloU value is 0.53 and the
mAcc reaches 0.74, indicating good class accuracy. The OAcc
reaches a value of 0.68

3.3 Visibility values of window view simulation

The deviations of the visible labels based on the window view
simulation and the semantic segmentation are low on average.
However, they vary depending on the height and position of the
windows (refer to Table 6 and 7).

Floors WVI-Diffyeg WVI-Diffsy WVI-Diffpuit
Basement -0.05 0.05 0.08
floor

First -0.07 0.09 0.05
floor

Second -0.18 0.07 0.08
floor

Table 6. Per-class visibility validation for window views at a
window distance of 0.1 m.

Floors WVI-Diffieg | WVI-Diffwky WVI-Diffouil
Basement | o6 0.08 -0.01
floor
[___] Fine Simulation/Segmentation First
L~ "7 Poor Simulation/Segmentation floor 0.01 0.01 -0.08
. . . . Second
Figure 4. Exemplary comparison of masked window view floor 0.02 -0.01 -0.01

simulation to masked photorealistic semantic segmentation of
Deeplab V3+ pretrained on Cityscapes at a window distance of
2.0 m.

3.2 Intersection quality of window view simulation

As the visual comparison suggests, the metric values show a
wide variety of overlap results depending on the height and
position of the windows. (refer to Table 4 and 5).

Table 7. Per-class visibility validation for window views at a
window distance of 2.0 m.

On average, there is an underestimation of vegetation (-6%),
while the sky (+5%) and the building (+3%) are overestimated.

4. Discussion
4.1 Interpretation of validation outcomes

In their study, Li et al. (2024) compared the performance of a
CIM window view (CIM-WYV) with Cityscapes dataset based on
a 7-class semantic segmentation using DeepLab V3+ (backbone
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= Xception, OS = 16, trained on ImageNet) (Li et al., 2024). In
this study, the model trained on CIM-WV achieved an OAcc of
97.60%, an mAcc of 91.48%, and an mloU of 76.78%. The per-
class IoU values were also high, with an IoU of 85.23% for
vegetation, 98.67% for sky, and 97.49% for buildings. In
contrast, the model trained on Cityscapes achieved
comparatively low overall metrics with OAcc of 59.18%, mAcc
of 50.98%, and mloU of 34.14%. The IoU of vegetation
reached 40.90% (compared to 52% in our validation) and the
IoU of sky was 94.25% (64%). Buildings reached an IoU of
53.43% (43%). Factors that contributed to the observed
discrepancies included the use of different viewpoints of the
datasets, namely the window and street perspectives, which led
to inaccuracies in the segmentation process. (Li et al., 2024)

A recent study by Peng et al. (2025) examined 11 classes in
approximately 10,000 window views of an online platform that
offers virtual 3D indoor apartment tours. SegNeXt was used,
which achieves better results than DeepLab V3+ when trained
on Cityscapes datasets. By including data augmentation, the
model achieved an mAcc of 86.33% and an mloU of 78.71%.
Results based on raw data achieved an mAcc of 68.72% and an
mloU of 59.17%. (Peng et al., 2025)

Due to the limited number of studies that have analyzed and
evaluated automatic window view techniques using semantic
segmentation a comprehensive comparison with our results is
not possible. It should also be noted that our results are based
on a pretrained segmentation model. Therefore, a clear
comparison with existing methods is limited. However, the
validation process yielded encouraging results, indicating the
potential of the simulation engine to generate window views for
various window sizes and distances to the window.

4.2 Limitations

The present validation serves to verify and demonstrate the
feasibility of a window view simulation engine combining open
source approaches with open geospatial data. Despite promising
results, it is evident that the spatial and temporal resolution of
the open datasets leads to a limited level of detail in the
simulated window views. This results in a lack of detail in the
built and unbuilt urban morphology (walls, street signs,
vehicles) and limited representation of phenological features,
small 3D green structures, and vegetation growth rates (Bolte et
al., 2019). To address these limitations, it is recommended to
use vegetation models that are robust for modeling urban
vegetation structures (Miinzinger et al., 2022). In addition, more
detailed 3D modeling of built-up urban morphology and street
canyons based on airborne, terrestrial or mobile laser scanning
surveys should be considered. However, these are
comparatively time-consuming, labor-intensive, and expensive
for large-scale, city-wide analyses. (Yu et al., 2024)

Due to the limited accessibility of indoor areas for documenting
window views, this validation was conducted on a limited
number of 40 windows. Consequently, the findings are not
universally applicable to buildings with a different purposes or
urban density values. It is recommended that a large-scale study
be performed using crowdsourcing methods, including the use
of mobile phone applications or questionnaires, to obtain a
significant number of classified window views for ground truth
(Bolte et al., 2023; 2025).

5. Conclusion

A window view simulation engine around the GWVI that
incorporates open source techniques and open geospatial data
was validated, resulting in an mloU of 0.53 and an OAcc of
0.68, indicating a promising degree of accuracy. The simulation
effectively captures the urban morphology, yet it overestimates
the sky and buildings while underestimating vegetation. The
simulation engine demonstrates considerable potential for
extensive urban green space evaluations. Future investigations
should employ crowdsourcing techniques and higher-resolution
datasets to enhance validation.
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6. Volunteered Window View Imagery (VWYVI) as crowdsourcing
data alternative in window view analysis

The increasing urban densification that characterizes many metropolitan areas has the effect of making
access to urban green spaces more difficult. In this context, visual access from buildings represents a
significant alternative. In order to assess the potential of crowdsourced data, the proposed Volunteered
Window View Imagery (VWVI) is utilized in this chapter for conducting comprehensive visibility
analysis. The VWVI employs image data supplied by volunteers to meticulously capture and assess the
visual accessibility of urban green spaces. The framework around the VWVI integrates passive and
active public participation, can integrate open source standards, and incorporates spatio-temporal
information from the volunteer crowdsourcing process to generate a differentiated, up-to-date picture of
the visibility situation. The utilization of the VW VI facilitates the realization of resilient, inclusive, and
accessible urban design by urban planners, as the data set offers crucial insights that extend beyond the
limitations of conventional data collection methodologies. Consequently, this crowdsourcing-based
framework makes a substantial contribution to the sustainable investigation and development of urban

spaces.
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1 ABSTRACT

The paradigm of sustainable resilient cities und@es the importance of how to withstand and rapidl
recover from natural disasters, pandemics, or dbrstresses associated with increasing urbanization
environmental degradation, and climate change tiirabe use of advanced technologies and data arsalyt
Access to urban green spaces is a key requireraeitel/eloping and maintaining a sustainable, eaili
and healthy city, as described in Sustainable Dgveént Goal 11.7 and the Sendai Framework. Due to
necessary triple inner urban development procabsdscreates multifunctional spaces in urban aréws,
resulting vertical and horizontal densificationeoftleads to an impairment of visual access to ugrean
spaces. Green window views, which reveal visualesgcto green spaces from buildings, provide a
significant impact on multidimensional aspects dfamn dwellers. Still, few studies present how thisn of
access, in its gquantitative and qualitative comipjexshould be operationalized into a tool for urba
planning. Given socio-technical advances, crowdsngr as an increasingly popular participatory rodth
for collecting and managing data, has the potettialontribute to the realization of inclusive ptarg by
incorporating passive and active participatory peses and open-source standards. Therefore, tig st
aims to integrate key aspects of crowdsourced-bapptbach and window view accessibility analysig. B
leveraging the power of crowdsourcing, we invesédghe potential of Volunteered Window View Imagery
(VWVI) for green window view analysis. IncorporaginVWVI enables informed decisions by urban
planners, ensuring resilient, inclusive, and agb&ssurban green spaces. This integration of VG4 an
window view analysis advances sustainable andeesilirban development.

Keywords: sustainable resilient cities, urban gresaces, crowdsourcing, spatial planning, visipilit
analysis

2 INTRODUCTION

Owing to their multiple ecosystem services to urpapulations, planning and ensuring high qualitgd an
accessible urban green spaces are crucial fortairsaisle and resilient city, as SDG 11.7 requi&enferaro

et al., 2021; United Nations, 2017). In additiorthie availability (number, size, and ratio) andemssibility
(distance, travel time, and buffer zones), visipitiains a key role in ensuring accessible urbaemgispaces
due to spatial and access consequences of naisaatets like floods or pandemics on the urbanespad
the urban population (Amerio et al., 2020; Hobe&cBlobeica, 2018; Labib et al., 2021; Yin et al.23).
Additionally, increasing urbanization and the impbntation of necessary triple inner urban develaogme
processes, which focus not only on built-up redemadion but also on the planning of mobility offeand
the increase of urban green spaces quantity ardygiead to two- and three-dimensional changearbin
space and thus to a changed visual access to grban spaces (Haaland & Konijnendijk van den Bosch,
2015; Umweltbundesamt, 2022). In order to meetelobsllenges and to guarantee a sufficiently attiless
provision of urban green spaces, it is necessamye@sure, evaluate, and investiagte the statusitpaiion

as well as planned scenarios of built-up and udyvaen spaces. For this purpose, smart approaclesas
the use of digital twins or big data, are increglsirbeing used to gain the necessary insights ésaekt al.,
2023). In the digital era, leveraging alternativatad sources like social sensing, crowdsourcing, and
Volunteered Geographic Information (VGI) can enlmndata capabilities. Accessing near-real-time
geospatial information can lead to better-infornaettisions, driving innovation in geospatial teclogy,
improving the quality and applicability of spati@dta, overcoming institutional barriers, and sttkeging
community resilience through enhanced access tspgdial information services (FIG, 2019; UNISDR,
2017; World Bank, 2020).

In this paper, recognizable limitations in the o$e¢hese approaches in the quantification of vesiatcess
will be addressed by the presentation of an integrramework that leverages the power of crowdsogr
for visibility analysis of urban green spaces (ekal., 2023). The paper first presents the rebeavntext of
visible urban green spaces and crowdsourcing ingutheir methodologiocal state of the art as veall
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challenges and research gaps and links both résemeas into an integrated approach for using
crowdsourcing to collect and evaluate Volunteereidddw View Imagery (VWVI). The paper concludes
with an outlook for planning practice and research.

3 RESEARCH CONTEXT

3.1 Visibility of Urban Green Spaces

The visibility of urban green spaces can be undedsas the visible connection between the urbarlewe
and urban vegetated areas (adapted from Wang (@04l7)). Depending on the location of the obsertrar
observation level can be on the street (street)vawin the building (window view) (Bolte et al.029).
Streets are primarily publicly accessible and ¢eamdfore be used by the general public, wheretizicase
of buildings a distinction needs to be made betwaelnlicly accessible and usable (such as schoots, a
hospitals) or privately accessible and used (egjdential buildings or workplaces). In both acassses, the
visibility of urban green spaces matters. The exXargpstudies in Fig. 1 serve to illustrate the ctarp
research field of visibility analysis of urban gnespaces.

Visibility of Urban Green Spaces

Street View Window View
EE
Observation 8l
Levels
Bl
g en| -9
Decrease: Decrease:
— Mental disorders (Kang et al. 2020) — Criminal activity (Matsuoka 2010)
— Subjective noise perception (Sun et al. 2018)
Effects on
Urban Dweller Increase: Increase:
+ Real estate prices (Biljecki & Ito, 2021) + Cognitive recovery (Lindemann-Matthies et al. 2021)
+ Cycling behaviours (Kang et al. 2020) + Real estate prices (Gu et al. 2021)
+ Subjective safety perception (Tabrizian et al. 2018) + Subjective happiness perception (Kaplan Mintz et al. 2021)
+ Urge for physical activity (Ugolini et al. 2021)
Automated Automated:
— Green View Index (GVI) (Yang et al. 2009) — Floor Green View Index (FGVI) (Yu et al. 2016)
— Modefied GVI (Li et al. 2015) — Building Visual Greenness Index (BVGI) (Wang et al.
— Panoramic GVI (Chen et al. 2019) 2019)
— Standardized GVT (Kumakoshi ct al. 2020) — Window View Index (WVT) (Li ct al. 2022)
— Viewshed Greenness Visibility Index (VGVI) (Labib et al 2020) — 3D-isovist analysis (Fisher-Gewirtzman et al. 2013)
Methodology — 3D-isovist analysis (Chmielewski 2021) — 3D-space syntax analysis (van Nes & Yamu 2021)
— 3D-space syntax analysis (Kim et al. 2019) — Viewshed analysis (Kara et al. 2020)
— Viewshed analysis (Cimburova & Blumentrath 2022) — Line of sight analysis (Gu et al. 2021)
— Line of sight analysis (La Rosa 2012)
— Semantic segmentation (Emek Soylu et al. 2023)
Manual: Manual:
— Field survey (Ponthep Meunpong et al. 2019) — Photo evaluation (Lindemann-Matthies et al. 2021)
— Questionnaire (Kaplan Mintz et al. 2021)
— Door-to-door houschold surveys (Brace et al. 2020)
— Face-to-face interviews (Torres Toda et al. 2020)
Website: Smartphone App: Website:
— Maptionnaire — Greenmapper — Window Swamp
. — Hotspot Monitor — My Landscape Ratings ~ View From Your Window
Crowdsourcing -G _ Rate My View
. reenmapper ate My View
Projects — Scenic-Or-No — Greentracker
— MyPlaceToBe — Mapillary
(Bubalo ct al. 2019) — Kartaview
— OpenStreetCam
(Bubalo et al. 2019)
Fig. 1: Visibility of urban green spaces. SourcewrQllustration.
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3.1.1 Multidimensional Effects on Urban Dweller

Independent of the level of observation, the vidwirdan green spaces has significant positive tffen
urban dwellers. Effect areas concerning the psycluognitive recovery as well as the subjectivesapand
safety perception, for example are positively iefloed (Kang et al.,, 2020; Kaplan Mintz et al., 2021
Lindemann-Matthies et al., 2021; Sun et al., 20krizian et al., 2018). The view of green spaeass$ to
an increase in physical activity or in real estatkies and to a decrease in criminal activity @k & Ito,
2021; Gu et al., 2021; Kang et al., 2020; Matsu@¥d,0; Ugolini et al., 2021). The consequentlysitated
relevance for the integration of visibility anakysnto planning practice includes street planniagvall as
building planning.

3.1.2 Methodology to Measure Quantity and Quality of WisiUrban Green Spaces

A variety of automated or manual methods can bdiexpfpy now in order to measure the quantity and
quality of visible urban green spaces (Brace e2820; Chen et al., 2019; Chmielewski, 2021; Ciroka

& Blumentrath, 2022; Emek Soylu et al., 2023; FisBewirtzman et al., 2013; Gu et al., 2021; Kaplan
Mintz et al., 2021; Kara et al., 2020; KIM et &019; Kumakoshi et al., 2020; La Rosa, 2012; Ladibl.,
2020; M. Li et al., 2022; X. Li et al., 2015; Lingkann-Matthies et al., 2021; Ponthep Meunpong g2@L9;
Torres Toda et al., 2020; van Nes & Yamu, 2021; gveinal., 2019; Yang et al., 2009; Yu et al., 20T6)e
majority of automated indices to quantify urban egrespaces on the street level rely on semantic
segmentation of Street View Imagery (SVI), in wh@@hogle Street View® plays a key role as data pl@vi
(Biljecki & Ito, 2021; Chen et al., 2019; Emek Sowt al., 2023; Kumakoshi et al., 2020; X. Li e aD15;
Yang et al., 2009). For window view quantificatidhe majority of automated approaches are based on
three-dimensional environment modeling and use sied analyses or line of sight analyses(Gu e2@21;
Kara et al., 2020; Wang et al., 2019; Yu et al.180 Concerning manual quantification approaches to
investigate window views, there is a noticeableufoon surveying the inhabitants or users of buislin
Especially these manual approaches are also us¢ldef@ssessment of window views (Brace et al.0202
Kaplan Mintz et al., 2021; Lindemann-Matthies et 2021; Torres Toda et al., 2020).

3.2 Crowdsourcing and Voluneteered Geographic Informatbn (VGI)

The rapid progress in geospatial technologiesgtibly emerging data sources such as Digital TwWihfe)

2.0, mobile communications, volunteer crowdsourgcitigital volunteering, georeferencing, and geoiagg
has led to profound changes in urban studies. Thdsancements have prompted urban initiatives to
reevaluate their core principles and approachesd@gessing the power of these technological capedi
urban initiatives can proactively reshape plannamgl practices. However, this requires embracing the
potential of these technologies to adapt and effegt respond to evolving challenges, thereby of#iing

the overall resilience and sustainability of urlaaeas for a livable city (Goodchild, 2007; HawagtiBruce,
2015; Porto de Albuquergue et al., 2021).

Over a decade ago, VGI was defined by Goodchil®@72@s the utilization of tools to voluntarily ctea
compile, and distribute geographic data contribubgdindividuals. Since then, the landscape of VGI
activities has expanded, encompassing a wide rafhgentributions such as online crowdsourced magppin
and location-related posts on social media. Thisipted with the advent of digital transformatiorash
transformed the acquisition and provision of getiapdata, significantly impacting established awitative
systems and fostering new avenues of public engagethrough voluntary contributions (Fernandesl.et a
2020; Foody et al., 2017). Noteworthy attributed/&fl include its ability to capture the temporalndynics

of spatial information, enabling multidirectionabramunication, enhancing situational awareness, and
harnessing collective intelligence, potentially magsing the capabilities of traditional geospatialasets
(Haworth et al., 2018; Kankanamge et al., 2019).

Hence, incorporating VGI into sustainable greercspaitiatives offers numerous advantages. It ndy o
helps bridge the data gap in geospatial informatedated to green spaces by involving volunteerthen
collaborative creation, curation, and disseminatdrfree, up-to-date, and near-real-time geospatih
(Givoni, 2016; Solis et al., 2021), but also fosteglf-organization within the digital volunteettwerk. This
empowers remote citizens and volunteers to actigehtribute their technical expertise, local knadge,

and on-site insights to enhance sustainable gregcesnitiatives (Capineri et al., 2016; Johnsoii&ber,
2013). Furthermore, leveraging these collaboratlata ecosystems can promote the accessibility of
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geospatial information and associated techno-sdoials for all individuals, while also facilitatinthe
development of innovative customized tools thattitbute to assess visibility and accessibility oéen
spaces (Arsanjani et al., 2015).

3.2.1 Existing Cowdsourcing Projects for Quantifying akgbessing Visible Urban Green Spaces

The integration of the mentioned potentials andrgjths of crowdsoucing and VGI is mainly considared
the street view analysis (see Fig. 1, p.2). A pityraf projects focus on the collection of Volueted Street
View Imagery (VSVI), view locations, and view ragm and are operated through websites or smartphone
apps (Bubalo et al., 2019; Hou & Biljecki, 2022; hadir et al., 2020; Qiu et al., 2023). The existignber

of different projects initiates the quality check data and information in terms of subjectivity and
objectivity, as well as the comparison of applicas, complementing the investigation of individual
visibility effects at the street level with VSVI @d & Biljecki, 2022; Mahabir et al., 2020; Qiu dt,2023).
Considering crowdsourcing for window views, VWVIldsllected via websites or on request in a blogrfor

and presented with further information about theatmn and time of VWVI. The artistic focus of both
projects, with no discernible claim to researchtytiis unifying.

4 UTILIZAZING CROWDSOURCING IN WINDOW VIEW ANALYSIS

4.1 Information Bundling from Volunteered Window View | magery (VWVI)

Despite the wide range of multidimensional effetas of visible urban green spaces, the low lefel o
integration of crowdsourcing to quantify and evéduaindow views so far highlights the need to desag
appropriate crowdsourcing application to benebtrira broad and comparable VWGI basis for researdh a
planning pracise. By collecting VWVI, detailed infioation that was previously collected separately by
automated or manual methodologies in window viewlysis can be bundled together while maintaining
consistent and transparent data resolution andtglibhe information concerns the a) observerdgpation,

c¢) environment, and d) window view (see Fig. 2heY are explained in more detail below and aredase
the insights of the studies mentioned in Fig. 12:p

R e —— " ot
A m el —
D D / // Window View
LI
/|

Fig. 2: Information bundling from VWVI. Source: Ovillustration.

/

Environment

4.1.1 Observer

The observer can be characterized in terms of geeder, occupation and/or reason for staying in the
building (Brace et al., 2020; Gu et al., 2021; KepMintz et al., 2021; Lindemann-Matthies et aQ22,
Matsuoka, 2010; Sun et al., 2018; Torres Toda.e2@20; Ugolini et al., 2021).
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4.1.2 Location

The location can be described spatially and funetig: This includes the geographical localizatiemd
information concerning the building, such as tlwiflnumber where the observer is standing, asasethe
observer's position in the room and their distandabe window. The primary function of the buildisgould
not be mistaken for the occupation or the obselweeason for staying, since different functions dse
performed in the same building (e.g. hospital: wofkhe nurse and recovery of the patient) (Brécal.e
2020; Fisher-Gewirtzman et al., 2013; Gu et al212@021; Kaplan Mintz et al., 2021; Kara et ab2@; M.
Li et al., 2022; Lindemann-Matthies et al., 2021gtbioka, 2010; Sun et al., 2018; Torres Toda g2620;
Ugolini et al., 2021; van Nes & Yamu, 2021; Wan@lket2019; Yu et al., 2016).

4.1.3 Environment

The environment is described by the characterigifcthe topography as well as the type, phenoldgica
characteristics, shape, and height of the urbagngaesa and the distance of the area to the locéiace et
al., 2020; Fisher-Gewirtzman et al., 2013; Gu gt221, 2021; Kaplan Mintz et al., 2021; Karalet2020;

M. Li et al., 2022; Lindemann-Matthies et al., 20R1atsuoka, 2010; Sun et al., 2018; Torres Todal.et
2020; Ugoalini et al., 2021; van Nes & Yamu, 2021any et al., 2019; Yu et al., 2016).

4.1.4 Window View

The window view is first described technically. $hmcludes the window size, the observer's persosidl

of view (FOV), the window's direction and the tinkeformation on the quantity and quality of the darv
view describes the amount and type of visible targethe view. Reduced visibility due to smog aather
conditions may also fall under this category. ldiidn to vegetated areas, other elements suchkgsor
built-up as well as sealed structures could alsonmntioned. Furthermore, the observer's personal
assessment of the window view's content as wellhas multidimensional effects on him need to be
adressed (Brace et al., 2020; Fisher-Gewirtzmaal.e2013; Gu et al., 2021, 2021; Kaplan Mintz ket a
2021; Kara et al., 2020; M. Li et al., 2022; Lindem-Matthies et al., 2021; Matsuoka, 2010; Sunl.et a
2018; Torres Toda et al., 2020; Ugolini et al., PO0%an Nes & Yamu, 2021; Wang et al., 2019; Yulet a
2016).

4.2 Key Aspects of Utilizing Crowdsourcing and VGI

Adapted from Moghadas et al. (2022) core crowdsngrand VGI aspects related to visibility analysfs
urban green spaces were identified as below (gee8For an overview):

Knowledge-Sharing Informed-Decisions Co-Development

Data Architecture &
‘Conflation

Informed-Planning
SurziuesiQ-Jes

uoneAOuu]

=
@
e
P
a
T
73
=
=
=
=
P
=

Suiuaea | (enupuo)

Empowered People

Prosumers Access Citizen-Centric

Fig. 3: Key aspects of utilizing crowdsourcning ar@l for assessment of urban green spcae visibligurce: Own illustration.
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4.2.1 Self-Organization and Self-Assessment

The potential for self-organization and self-assesg becomes evident within VGIl-based communities
through the active engagement of citizens, commided organizations, and digital technologies that
promote e-participation (Malek et al., 2021). Seifanization, which involves internal reorganizatand
increased self-awareness, enables innovative prebtdving based on collective intelligence (Palémle
2020). Community platforms like OSM, Mapathons, adsing Maps serve as channels through which
local communities and remote volunteers collabotatecollecting, validating, analyzing, and sharing
information, thereby fostering a people-centricrapph to humanitarian efforts (Givoni, 2016).

4.2.2 Crowd Characteristics and Motivations

Within the realm of visibility of green spaces, V@htforms can engage participants with diverselkof
expertise, experience, and responsibilities (Cotened al., 2010). Motivations for contributing to
crowdsourcing and VGI initiatives also vary, rargiftom positive and altruistic motivations like sc
recognition, personal reputation, professional rege community connection, and skill development
(Elwood et al., 2012), to potential detrimental trifiutions such as the spread of misinformatiormaiss
deletions (Coleman et al., 2010). Understandingctieracteristics of the crowd and formulating effec
motivational strategies play a crucial role in shgphe outcomes of VGI initiatives focused on asse&y
the visibility of green spaces (Senaratne et @172 Since the nature of a crowd can be relaiives
essential to identify contribution patterns, typasd roles within the initiative's goals and roadnaa an
early stage (Yan et al., 2020).

4.2.3 Prosumers

Prosumers, individuals who actively engage as potkducers and consumers (Rifkin, 2015), have erderge
as key contributors in assessing the visibilitygoten spaces. Enabled by VGI platforms and assaciat
processes, citizens and remote volunteers carcipatt as prosumers, generating geospatial cottiant
specifically addresses the assessment of greer yisibility based on their own needs and community
requirements. By bringing together prosumers, bollative production and utilization of geospatiatadfor
assessing green space visibility becomes possihis. empowers real-time access to information and
minimizes duplication of effort, optimizing the uséresources (Yan et al., 2020) in the pursuésdessing
and enhancing visibility and accessibility of grespaces.

4.2.4 Data Architecture and Conflation

Data architecture plays a vital role in governihg standardized processes of data collection, sisalgnd
utilization within organizations (Steiniger et 2016). To effectively analyze the visibility ofegm spaces
using VGI, it is essential for researchers to adgopystematic approach that guides contributocseaating,
curating, and analyzing relevant data. Establisipiragrtical guidelines for data architecture, coasidy the
potential absence of standardized metadata in ¥G&rucial to ensure a comprehensive understanafing
green space visibility. VGI, as a socially constegcepistemology, encompasses distinct labor, enter,
and governance relationships that should be traatbghendently (Sieber & Haklay, 2015). It servesaa
valuable complement to authoritative datasets ialyaing the visibility of green spaces, addressing
challenges such as cost, outdated information, rastrictive licenses (Grinberger et al., 2019). By
incorporating VGI into a formalized data collectiand collaboration process, initiatives can meetsic
requirements, including real-time updates, additioattribute information, community engagement, and
cost-effectiveness (FIG, 2019). Embracing hybritgtepnologies and data conflation processes, intiegra
VGI into the analysis of green space visibilityfer§ significant opportunities for data-driven dgen-
making (Yan et al., 2020). This shift enables tffeative utilization of VGI alongside authoritativdata,
empowering stakeholders with valuable insights 4seas and enhance the visibility of green spaces in
meaningful and impactful way.

4.2.5 Tools, Platforms, and Procedures

Location-based and GPS-based services, such as soapa media apps, and tracking tools, offer ahle
support in assessing the visibility of green spdésoney & Minghini, 2017). By collecting user dedad
providing actionable information through map inéeds, these services aid in evaluating and thieiltigiof
green spaces. Volunteer-driven methods, includiStylOwWikiMapia, and Geo-Wiki, along with smartphone
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apps enable the collection and sharing of geodpdaica (Haworth & Bruce, 2015; Moreri et al., 2018)
These tools empower citizens to contribute to theessment of green space visibility, improving the
availability and accuracy of information. Urban kllasards or urban digital twin platforms can serge a
centralized platforms to aggregate various datacesiisuch as social sensing, facilitating rea&tuisibility
assessment and promoting transparency and efficiébMoghadas et al., 2023). To ensure effective
assessment of green space visibility, practicesdilganizing community mapping events (Mapathons) a
employing planning checklists, workflows, and datdalogs are crucial (Givoni, 2016). These prastice
enable the contextualization of visibility assessimaitiatives based on specific goals, local valuand
community needs.

4.2.6 Time-Cost Trade-Offs

In the realm of assessing green space visibilitg, gower of modern communication technologies alow
individuals known as prosumers to share their lopabased knowledge, goods, and services at reduced
costs (Rifkin, 2015). VGI plays a pivotal role tmg context, enabling the rapid and cost-effecsivaring of
diverse geographic information (Haworth & Brucel3prelated to green spaces. By engaging digitdl an
on-site volunteers, internet-based platforms fadtdi the real-time collection and disseminationlasfje
volumes of geospatial data, contributing to bedissessment of green space visibility (Moreri gt24118).
These advancements, including crowdsourcing, digdknteering, and mobile communications, empower
dynamic monitoring and multidirectional communiocati driving advancements in green space visibility
assessments beyond traditional and costly methiats €t al., 2016).

5 OUTLOOK AND CONCLUSION

To cope with sudden shocks and chronic stresseschi@nge the visual access to required urban green
spaces, advanced technologies and data analytiss meuused to ensure sustainable and resilienhurba
planning. The increasing popularity and importan€erowdsourcing as a participatory method for data
collection and management is indispensable forghézation of inclusive urban planning. The intnodd
approach, which integrates crowdsourcing into wimdgew analysis, effectively addresses these isands
presents the current state of the art. It not adgntifies the research gaps in visibility analysisd
crowdsourcing but also emphasizes the multifacptedntials for an integrated planning applicatibature
research will focus on exploring concrete techniicgdlementation possibilities to facilitate a comlpensive
collection of Volunteered Window View Imagery (VWM derive planning recommendations for planning
buildings of private and public purposes and tersithen both research and practical planning pespdy
utilizing crowdsourced data, consequently, planmgis insights into the visibility of green spadesm
various vantage points, enabling them to make méat decisions about land use and development.
Moreover, this approach aligns with the goal ofigieiesg accessible and livable spaces, promotinygnee
planning that considers the needs of diverse contresnThe insights derived from crowdsourced data
facilitate the creation of urban environments tpasitively impact residents' well-being. Moreovére
integration of crowdsourcing in urban planning &igées, such as the Urban Green Space Networkysllo
for smart growth and development. Planners cartegfiGlly connect green spaces, considering their
visibility and accessibility, thus optimizing langsage and fostering sustainable urban expansiothidn
way, crowdsourced window view data not only enrichieban planning processes but also contributes
substantially to the evaluation of land suitabilityd its potential for enhancing the overall urbaperience.
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7. Research implications and limitations

7.1 Research implications
As outlined in Chapter 1.4, the objective of this research is to undertake the first systematic

investigations of green window views utilizing open geodata. This work employs a newly developed

window view simulation engine that is open source-based. The findings of this study are intended to

contribute to the body of knowledge concerning equitable open space planning in urban residential areas.

To that end, four research objectives were formulated. This chapter discusses the research objectives in

terms of their implications and limitations, as illustrated in Figure 1.
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Figure 1 Content based summary and limitations of the dissertation.

Research objective 1: Developing a window view simulation engine based on open source for an

automatic assessment and visualization of visible urban green spaces.

A comprehensive review of the existing literature was conducted in order to ascertain the necessary

requirements for the development of a window view simulation engine. This review of extant

methodological approaches for the measurement of visible green areas in the window view and the



collection of observer-centered environmental data revealed deficiencies in both subjective-manual and
objective-automatic techniques. In light of these findings, a novel methodical approach was established
through iterative development, encompassing three stages: (1) the modelling of urban built-up and
vegetation morphology, (2) the simulation of window views for various types of urban structure types,
with a focus on residential buildings, and (3) the calculation of green visibility potential for individual
windows using the GW VI, for floors using the FGW VI, and for buildings using the BGWVI. The results
of the study are presented and discussed in Chapters 2 and 3. The methodological workflow was
grounded in open source, incorporating C++ and OpenGL coding, and was capable of utilizing openly

available geodata.

From a scientific perspective, the methodological development of the window view simulation engine
has created a necessary and broad database for automated objective visibility analyses, as requested in
Chapter 1.2.4. The large and reproducible amount of trustworthy, high-resolution, scalable, and
observer-centered environmental big data was generated in a manner that is both cost-effective and
technology-independent. This method was transparent and fast, allowing the first systematic
investigation related to equitable availability of green window views for vulnerable population groups
in several case studies. The capacity to additionally collect and examine other visible components of the
window view, such as the sky or built structures, in combination with two- and three-dimensional
vegetation, facilitates holistic investigations of the window view. In order to evaluate the overall quality
of the window, existing anthropological and evolutionary theories on landscape view preferences should
be considered. In this manner, it would be possible to develop and apply window view preference
indices. Moreover, the derivation of numerical, georeferenced, and multidimensionally visualizable data
formats has enabled the presentation of the broad-based and scale-independent geostatistical analysis of
populations to scientific communities in an interdisciplinary manner. In summary, the data are
characterized by their value, velocity, volume, veracity, fine-grainedness, extensionality, and
scaleability, visualization, and variety exhaustivity. Consequently, they represent added value not only

for environmental justice research but also for various related disciplines.

From a planning perspective, this innovative approach combines the diverse potential of open geodata
and open source technology, making it possible for the first time to measure and evaluate visibility
potential at the building level in municipal planning practice. This has ensured the promotion of
evidence-based, equitable planning of multi-accessible open spaces. Moreover, given the scalability of
the window view simulation engine, it would be feasible to integrate the investigation level at the street,
district, or city level for the targeted specialist planning of urban green spaces. Architects, real estate
appraisers, and investors could use the diverse data and visualization potential for status quo
representations or possible scenario assessments of development processes as a basis for decision-
making, as could citizens. Participatory citizenship would thus be equally eligible for support as

decision-making processes for urban and landscape planning. The potential for transparent,
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multifunctional use in both the private and public sectors is significant in promoting sustainable,

resilient, and smart urban development.

Research objective 2: Analyzing green window view patterns of various urban structure types and

degree of spatial equity and inequity of visible urban green spaces regarding the socio-economic status.

In order to address existing research gaps in the field of equitable visual green space provision in the
residential environment of vulnerable population groups, geostatistical analyses of the visibility
potential within residential buildings were carried out in Chapters 3 and 4. The initial systematic
investigations of a total of approximately 225,000 residential buildings in the entire urban area of Bonn
and Cologne, Germany, facilitated the identification of visual access patterns in residential areas of
varying urban densities and urban structure types, based on empirical evidence. This methodological
approach facilitated the identification of effects on visual access to green spaces on a diverse scale,
which could be recognized in the respective urban areas as well as horizontally along the building height

of individual urban structure types.

Geostatistical studies on the socio-economic influence of different age groups on visual access to open
spaces in residential areas have provided new insights for intergenerational environmental justice. The
emphasis on visual access to green spaces revealed patterns that were partially inconsistent with the
established patterns of access, with regard to the availability of green spaces. At the city level, the socio-
economic influence on the perception of green spaces was found to be minimal, and no significant
correlation was identified between average net income and the equitable distribution of green visibility.
Furthermore, it was found in Cologne that the distribution of visible green space was more equitable
than the availability of green space, which emphasizes the importance of visible access to green space.
A comparative analysis revealed that children and senior citizens exhibit moderately higher availability
of green window views when compared to the mean. However, it was also found that both population
groups have less than half the visual access to green spaces in densely populated city districts. High
building, neighborhood and residential density as well as small apartment sizes, correlated with reduced
GWVL. In contrast, less dense structures and larger residential units had a higher level of green visibility.
These results highlight the multifaceted nature of visibility as an access alternative and underscores the
need for additional multi-access research. Further investigations are therefore needed to identify the
reasons for this local imbalance and to eliminate it through equitable planning. This finding underscores
the necessity for further diversification in the investigation of forms of access, with the objective of
attaining a comprehensive evaluation of equitable and inequitable access to open spaces for
disadvantaged population groups within the broader urban context. The results provide a foundation for
further investigations, with a particular focus on multi-access analyses that take equity requirements into
account. Such analyses would contribute to address the research gaps regarding the equitable distribution

of green window views, as described in Chapter 1.2.1.
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This approach yielded transferable conclusions that can be applied to the evaluation of existing visual
access options with a structural focus and to future open space planning throughout the city. It also
revealed the need to incorporate visible green spaces more strongly into planning practice. The findings
indicate that this incorporation contributes to the strengthening of the vulnerable urban population as a
whole. In the long term, this population would benefit from the optimization of multi-accessible open
spaces due to increasing environmental pollution. This approach can be used to achieve SDG 11.7,

thereby strengthening sustainable and equitable green space planning.

Research objective 3: Deriving recommendations for open space planning regarding the visual access

of green spaces.

It is evident, as demonstrated in the analysis results presented in Chapters 3 and 4, that planning
recommendations for visible urban open spaces can be derived. This should help supplement the
fragmented legal basis for qualitative-visual protection and, above all, the implementation of visible

green spaces in spatial planning, as outlined in Chapter 1.2.3.

The findings, derived from geostatistical analyses conducted at the city-wide level, demonstrated a
proportional decline in the visibility of predominantly flat vegetation, corresponding to an increase in
urban density. In addition, an analysis of urban structure types revealed a consistent pattern: as building
height increases, the visibility of urban green spaces decreases. The findings of this study provide
substantial evidence to support the proposal of a planning recommendation that enables the creation of
visual green access by prioritizes the development of vertical green spaces. In the context of inner-urban
development efforts, the integration of vegetation elements, including roadside greenery, facade
greening, and roof greening, should be accorded high priority. This approach is imperative to addressing
the necessity for visually available urban green spaces. Moreover, it is essential that vulnerable
population groups are also guaranteed access to health-promoting green spaces in densely populated
residential areas. In addition to their positive microclimatic effects, the promotion and integration of
vertical green structures in the urban environment would have a further positive effect on the urban
population. This outcome underscores the multifaceted importance of targeted municipal planning for

roadside greenery, a consideration that warrants further deliberation in decision-making processes.

From a legal perspective, the integration of the empirically determined recommendation into land law
by incorporating it into State Building Codes is a feasible option. Local building regulations have the
potential to empower municipalities to proactively influence and reinforce the prioritization of visual
access to green spaces within residential areas. The visibility requirement for playgrounds in Rhineland-
Palatinate demonstrates the feasibility of implementing the aforementioned recommendation, as
outlined in Chapter 1.2.3. Therefore, the promotion of visible open spaces within dense residential areas
is achievable via vertical greening, with the vegetation structure being specifically designed for the
active creation of green visibility. Consequently, municipal planning departments would possess a

legally binding foundation for the active planning and implementation of this category of open space
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access, contingent on spatial and structural requirements. The long-term consequences of this
phenomenon can be categorized into two distinct aspects. First, it would ensure that the entire urban
population has just and low-threshold access to urban open spaces. Secondly, it would establish a legal

foundation for enhancing sustainable urban design. This is also in line with SDG 11.7.

Research objective 4: Demonstrating the feasibility of quantifying visible urban green spaces using

open geodata.

In order to validate the developed window view engine, Chapter 5 compared the simulated window
views of a case study in Bonn, Germany based on open geospatial data with semantically segmented
photorealistic window views. This should enable a direct comparison with methodological approaches

that capture window views based on CIM in high-density spaces.

The promising results demonstrated that the developed approach constitutes a viable alternative to
previous CIM-based methods from both scientific and practical standpoints. The resulting application
possibilities represent an opportunity for both research and municipal planning to carry out multiscale
and comparative visibility analyses and assessments. The resulting opportunity to focus on the use of
open source and open data not only creates financial benefits, but also strengthens the collection of big
geodata in the long term. The collection of geodata is possible on the basis of an officially controlled
and transparently provided geodata set, which creates credibility for the analysis and evaluation process.
From a scientific perspective, this approach enables a more precise interpretation of the results and
contributes to the advancement of knowledge essential for understanding urban society. Municipal
specialist planning could also benefit from the credibility of the database, as its results provide a decisive
and transparent basis for argumentation in urban development processes and framework planning in

urban development procedures.

The challenges identified in the acquisition of suitable photorealistic window views and the use of open
geospatial data were addressed in Chapter 6. In this chapter, a framework for the collection and use of

VWVI based on crowdsourcing and VGI was presented and discussed.

The concept presented offers a practical alternative for collecting observer-centered, real-time
environmental data due to the advantages of crowdsourcing-based collection of VWVI. The
development of a mobile smartphone-based application for data collecting and evaluation could also lay
the foundation for combining the potential of both automatic-technical and manual-subjective methods
in the long term and using them in a targeted manner (see Chapter 1.2.4) to generate data with volume,
velocity, fine-grainedness and veracity. The implementation of crowdsourcing approaches holds
considerable promise for both scientific and practical applications. These methodologies have the
capacity to empower researchers and municipal planners to engage in self-organized and self-determined
documentation and evaluation of window views. This approach facilitates the integration of local,

subject-specific, and technical expertise, thereby reducing the workload over time and promoting cost-

129



effectiveness. The integration of this approach with existing crowdsourcing-based technology and
platforms has the potential to facilitate and promote the intelligent evaluation and utilization of data by
affected population groups in a variety of ways, as outlined in Chapter 1.2.2. In the long term, this would
result in the intelligent and empowering planning of urban open spaces by local experts. The integration
of a procedure for documenting and assessing visual access could facilitate decision-making processes
for inner-urban development interventions and would also promote participatory citizenship, which, as
detailed in Chapter 1.2.1, strengthens procedural justice in the long term. Such strategic planning would

promote sustainable, equitable, and smart urban development.

7.2 Key challenges and limitations
Every research project is confronted with specific challenges and is constrained by limitations that are

challenging to address. The main limitations and challenges of this research are listed below, based on

the four research objectives and their respective contributions.

Research objective 1: Developing a window view simulation engine based on open source for an

automatic assessment and visualization of visible urban green spaces.

The technical generalizations required for window simulation are subject to methodological limitations.
The openly available, semantically segmented 3D CityGML model with LoD 2 did not contain any
information about the location of window openings on the building facade. In Chapter 2, an initial
general assumption about window positions for the simulation was made. In Chapter 3, the task was to
empirically derive a generalized assumption specifically for residential buildings based on their urban
structure types. While this approach yielded a more accurate representation of the building facades, it
still had limitations in terms of the precise design of the facade structure. To address this limitation, the
integration of 3D CityGML data with LoD 3 would be a suitable solution, as this resolution includes the

location and size of window and door openings on the building facade.

Another methodological limitation arises when determining the observer's location within the building.
Due to the 3D building model employed, a generalized location of the observer in front of the window
had to be assumed as well. The CityGML data sets, which were openly available in the case studies
examined, were in version 1.0. This version did not contain any indoor elements of buildings with LoD
2. Consequently, a generalized window view was simulated based on a view centered on the central
point of the window. This approach enabled the simulation of window views, considering the vertical
and horizontal FOV depending on distance and window dimensions. This is in line with industry and
building standards for determining window openings (see Chapter 1.2.3). However, the simulation is
limited to buildings in the healthcare, educational or workspace context. In order to conduct a more
nuanced investigation into the availability of green window views for seated or lying observers, such as

students, office workers, or patients, it is recommended that CityGML data sets from version 3.0 be
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integrated with available indoor elements in the targeted visibility analysis for schools, colleges,
hospitals or nursing homes as well as office buildings. Additionally, the development of a realistic
observer-centered simulation with an inclined view of the window is advised. The technical basis for
this approach is supported by methods based on isovist and space syntax analysis that have been tested

in BIM and VR environments (see Chapter 1.2.4).

Research objective 2: Analyzing green window view patterns of various urban structure types and

degree of spatial equity and inequity of visible urban green spaces regarding the socio-economic status.

The analyses in Chapters 3 and 4 were comprehensive in terms of the residential building stock in the
respective urban areas and enabled detailed and systematic investigations. Nevertheless, the exclusion
of general transferability to urban structural types is a limiting factor, as only two regional case studies
were conducted. To address this limitation, it is recommended that a nationwide investigation in several
municipalities should be conducted to test the plausibility of the evidence obtained. On the one hand,
this would facilitate a thematic investigation of structural causes for visibility potential in areas of
varying density. This would allow the differentiation between the relationships of urban density and
architecture and the visibility of windows in urban open spaces. As previously discussed in Chapter
1.2.4, the developed approach facilitates the transfer of a comprehensive range of findings into the realm

of urban design and architectural practice, manifesting in the form of implementation recommendations.

The investigation of the equitable and inequitable distribution of green window views for seniors and
children in Chapter 4 provides a significant and previously neglected contribution to environmental
justice research and establishes a foundation for future research projects. Due to the limited availability
of statistical data at the city district level, the study was constrained to these vulnerable population
groups and excluded women and persons with physical disabilities. As shown in Chapters 1.2.1 to 1.2.3,
these population groups also benefit from green window views. However, they are frequently
disadvantaged structurally in urban areas and constrained in their mobility. Consequently, it is
imperative to incorporate these groups in the study of equitable visible green spaces. This is essential to
meet the requirement for equitable and sustainable access to green spaces outlined in SDG 11.7.

Furthermore, it enables these demographic groups to participate fully in public urban spaces.

Research objective 3: Deriving recommendations for open space planning regarding the visual access

of green spaces.

Due to the technical limitations imposed by the windows view simulation engine and the circumscribed
scope of the visibility analysis undertaken, the planning recommendations derived in Chapters 3 and 4
were constrained to residential areas. These recommendations serve to address the fragmentation of land
law, as outlined in Chapter 1.2.3. However, in order to provide and strengthen inclusive green space
visibility that includes different population groups, it is essential to consider other types of urban land

use. The development of evidence-based recommendations for public buildings, for instance, has the
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potential to facilitate the implementation of urban land-use planning that ensures city-wide access to
visible green spaces. By deriving evidence-based recommendations for educational institutions,
medical, and care facilities, the needs of vulnerable population groups can be specifically addressed,

enabling their participation in the multifunctional effects of visible green spaces.

Research objective 4: Demonstrating the feasibility of quantifying visible urban green spaces using

open geodata.

The detailed validation of the window view simulation engine in Chapter 5 revealed limitations
attributable to the data set. A comparison of the simulation results with photorealistic semantic
segmentation revealed spatio-temporal inaccuracies in the three-dimensional modeling of urban
vegetation and built structures. The temporal precision of the LiDAR point clouds precluded the
incorporation of vegetation growth patterns into the modeling and subsequent simulation processes. The
spatial resolution of the LiIDAR point clouds, Sentinel-2 images, and ALKIS land use data also resulted
in the incomplete modeling of low vegetation structures, such as shrubs, and the exclusion of the
phenological characteristics of vegetation, such as falling foliage. Consequently, this approach yielded
a simplified model of urban vegetation, which led to reduced validation results. The spatial resolution
of the 3D CityGML model also led to a reduction in the spatial complexity of the modeled building
walls and fences as well as the exclusion of other street furniture and movable forms of transportation.
To ensure the creation of a comprehensive vegetation model and detailed urban morphology, it is
recommended that the street canyon be surveyed using laser scanning methods, such as airborne,
terrestrial, or mobile scanning, in combination with robust vegetation modeling techniques. Another
option to consider is the integration of 3D mesh models based on aerial photographs, which are openly
available in many municipalities and federal states in Germany. This alternative could offer a resource-

saving data alternative.

While the validation process has yielded encouraging results, it is important to note that the universality
of the transferability of the accuracy to other building types or urban density values is not guaranteed,
given the limitations imposed by the case study. To address these limitations, a framework for
integrating VWVI was presented in Chapter 6. This crowdsourcing-based concept proposed an
alternative approach for collecting sufficient, high-quality ground truth data for recording, analyzing,
and validating window views. Due to the absence of a systematic collection of VW VI, its use could only
be evaluated conceptually. In order to validate a reliable methodological robustness, it is recommended

that VWVI be collected and evaluated in an exhaustive manner.

132



8. Conclusion and outlook

8.1 Conclusion
This research innovatively contributes to the methodological recording and spatial planning of green

window views by developing, validating, and applying a reproducible and scalable simulation engine
based entirely on open source technology and open geodata. Anchored in the framework of
environmental justice and the United Nations Sustainable Development Goal 11.7, the overarching
objective was to ensure access to health-promoting urban green spaces for vulnerable population groups
visually. Four research objectives were pursued: methodological development, spatial structural
analysis, derivation of practical planning recommendations, and methodological validation. This chapter
concludes the study by summarizing the key findings in light of the research objectives and offering

recommendations for future research.

The implementation of the Green Window View Index (GWVI), with its sub-indices Floor Green
Window View Index (FGWVI) and Building Green Window View Index (BGWVI), enabled the initial
large-scale automated assessment of urban vegetation visibility from building perspectives. This
iterative process considered vertical and horizontal field of view, window positions, floor references,
and building typologies. Adding Sentinel-2 data and deriving building-specific facades increased the
depth of the analysis and allowed differentiation based on real settlement morphologies. The approach
fulfills essential big data quality criteria like volume, veracity, scalability, and fine-grainedness,
ensuring reliable environmental information for evidence-based planning. Methodological validation
using semantic segmentation confirmed the simulation engine's promising accuracy and simultaneously
identified areas for optimization, such as seasonal vegetation changes and the integration of other

window view characteristics.

From an analytical perspective, studies conducted in Bonn and Cologne, Germany reveal that visibility
varies significantly depending on urban density, apartment size, and the population's socio-demographic
composition. High building, neighborhood and residential density as well as small apartment sizes,
correlate with reduced GWVL. In contrast, less dense structures and larger residential units have a higher
level of green visibility. These findings confirm that the spatial distribution of visible greenery follows
patterns of distributive injustice known from environmental equity research. In highly densified urban
districts, seniors and children have less than half the visual access to green spaces than the population
average, statistically speaking. Low-income neighborhoods also have slightly lower visibility values,
representing a structural disadvantage in terms of environmental justice. Conversely, the findings also
reveal that the investigated populations tend to have a higher availability to green window views at city
level, with this access form being more equitably distributed compared to availability to green spaces.
This highlights the multifaceted nature of this access alternative and underscores the need for additional

multi-access research.
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From an environmental and planning perspective, the results underscore that visual access to green
spaces represent a distinct dimension of open space equity that has not yet been sufficiently anchored in
German planning practice or land law. The instruments developed enable municipalities to identify
deficits on a small scale, prioritize them in their planning, and take targeted measures to improve
visibility conditions. This adds a new visual component to the existing pillars of environmental justice,
in form of distributive, procedural, and intergenerational justice and strengthens the evidence base for

socially inclusive green space planning.

From a legal and normative perspective, a comparison with international guidelines shows that Germany
primarily pursues a protective approach of preventing visual impairment, while proactive design
obligations to create new visual access are largely absent. Exceptions, such as the visibility requirement
for playgrounds in the German state of Rhineland-Palatinate, illustrate the fundamental feasibility of
implementing such regulations. Integrating empirically derived visibility indicators like the GWVI into
urban land-use planning and derived recommendations into State Building Codes would close this
normative gap and operationalize the goal of equitable visual access. This study offers an empirically
and methodologically sound foundation for addressing this gap through the implementation of evidence-
based recommendations that prioritizes the development of vertical green spaces. In addition to their
positive microclimatic effects, the promotion and integration of vertical green structures in the urban
environment would support the creation of visual green access and therefore have a further positive

effect on vulnerable urban populations.

From a methodological perspective, the study demonstrates that openly available geodata, when
combined with open source technology, enables valid, cost-efficient, and repeatable analyses of visual
environmental qualities. In comparison to proprietary 3D data models, they demonstrate enhanced
transferability across various municipalities and scale levels. In addition, the concept of Volunteered
Window View Imagery (VWVI) expands the methodological framework through the inclusion of
participatory and crowd-sourced data collection, offering opportunities for real-time monitoring and
integration into smart-city strategies. For example, the use of VW VI in participatory planning processes

allows citizens to contribute directly to the documentation of local visibility conditions.
In summary, the following conclusions can be drawn:

— It has been previously underestimated that visibility equity is a crucial factor for urban quality of
life, health, and resilience.

— The window view simulation engine based on the GWVI has been demonstrated to serve as a
pragmatic instrument for quantifying, standardizing, and operationalizing this dimension in the
context of planning initiatives.

— The combination of open data, open source technology, and participatory input such as VW VI

has the potential to substantially lower barriers for municipalities and research institutions.
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— A thorough examination of the socio-spatial analysis reveals evident disparities in equity, a matter

that demands urgent attention and redress within the framework of planning processes.

The approaches developed here lay the foundation for expansion in several directions: integrating
temporal and phenological changes, linking visibility with health and mobility data, combining
automated analyses with participatory VW VI contributions, transferring the methodology to other cities
and countries, and integrating further land use classes as well as women and individuals with physical
disabilities into justice investigations. In the long term, the consistent integration of visual environmental
qualities into planning guidelines and legal norms has the potential to contribute to more just, healthier,

and more resilient urban development.

The evidence suggests that visual access to green spaces is not merely an issue of aesthetic enhancement.
It is rather a measurable social resource and an essential component of environmental justice, directly

influencing the quality of life in urban societies.

8.2 Future research
The present study has demonstrated that the visibility of green spaces exerts a significant influence on

urban society as a whole. In light of the investigations undertaken, it is recommended that future research
initiatives be directed towards the affected stakeholders in order to promote city-wide interaction and

integration of visibility as an access alternative (see Figure 1).
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Figure 1 Potential focus areas for future research regarding affected stakeholders.

Research

Employing robust vegetation and built-up models is a potential solution to enhance the spatio-temporal
accuracy of three-dimensional modeling in the field of geoinformation science. This approach could
also serve to validate the window view simulation engine. The integration of a 3D CityGML model with
LoD 3 along with indoor elements provides the inclusion of specified building facades with realistic

135



window openings, as well as the observer's indoor position. Additionally, the integration of
crowdsourcing techniques could be employed to collect VWVI as ground truth data for more
differentiated methodological validation. The development of a mobile application for VWVI
integration has the potential to provide a comprehensive collection and evaluation of the entire window
view and its effects in a manner that is both low-threshold and observer-friendly. Investigations in the
domain of urban analytics have the capacity to systematically assess the potential for green visibility in
relation to urban density values and urban structure types on a nationwide scale. This assessment can
yield evidence-based recommendations for promoting visual green access within urban development
and urban planning practices for diverse land use classes. The implementation of multi-access analysis
is a crucial step in identifying equitable and inequitable distributions of green access for vulnerable

population groups, including seniors, children, women, and individuals with physical disabilities.
Municipalities

Sustainable and integrated urban development has the capacity to promote the expansion and
enhancement of potential access to green spaces in urban areas. A comprehensive evaluation of urban
green spaces, encompassing the entire city, can provide insights into the identification of suitable open
space strategies that align with established national and international standards. These strategies can
contribute to the development of sustainable, resilient, and equitable urban environments. The
integration of applicable planning recommendations and legally binding building regulations could
support urban planning processes aimed at preserving and creating visual urban open spaces for diverse
land use. Furthermore, the integration of urban data hubs within smart city development initiatives holds
the potential to facilitate citizen participation processes by ensuring the publication of building-level

green visibility information within digital twin models.
Industries

In addition to the public sector, the private sector and industry could also benefit from the integration of
visual access to green spaces. Real estate appraisers and investors could also use systematic evaluation
and consideration of green window views to derive specific real estate values, just as the hotel and

hospitality industry could optimize their price development.
Urban population

Green window views offer various population groups personal advantages in educational, healthcare,
work, and residential environments due to their multidimensional benefits. By integrating
crowdsourcing technologies, these populations can provide important data for research projects by
evaluating their window views individually. They can also benefit from the results of other stakeholders
by selectively choosing window views and supporting, promoting, and shaping visual access through

citizen participation.
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Appendix

Acronyms
Legislative terms

Environmental impact assessment
Environmental Impact Assessment Act
Federal Building Code

Federal Compensation Ordinance
Federal Nature Conservation Act
Federal Spatial Planning Act

German Constitution

State Building Code

Strategic environmental assessments

Zoning Ordinance

Technical terms

Building Green Window View Index
Building Information Modeling
Building Visual Greenness Index
City Information Model

Field of view

Floor Green View Index

Floor Green Window View Index
Green Window View Index

Level of Detail

Percentage of window view area in visual field

Ratio of window to wall area
Sustainable Development Goal
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