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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.

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 
GWVI. 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 GWVI 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 (Söderlund and 
Newman 2015; Crompton and Nicholls 2019; Linde-
mann-Matthies et  al. 2021; Trøstrup 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 

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 GWVI.

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, für 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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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 

Fig. 1  Simplified visualization of the operating principle of the Green Window View Index (GWVI)
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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 

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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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 für Kartographie und Geodäsie 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 

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 GWVI as follows:

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 

(1)

GWVIid =
Visible Vegetation Area inWindowid

Area (Windowi)
∗ 100
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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:

• The Floor Green Window View Index (FGWVI):

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

• The Building Green Window View Index 
(BGWVI):

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 

(2)FGWVIh =

m(h)
∑

i=1

GWVIid ∗
1

m(h)

(3)BGWVIb =

m(b)
∑

i=1

GWVIid ∗
1

m(b)

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 für 
Kartographie und Geodäsie 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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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 
wnp and hnp to be equivalent to the simulated 
window’s aspect ratio. The vertical FOV of the 
observer is represented by αv. If the observer is 
located inside the building with a window-centered 
view and a known d, αv can be calculated using:

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

(4)αv = 2 ∗ arctan

(

0.5 ∗ hnp

d

)

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:

(5)αh = 2 ∗ arctan

(

tan
(

0.5 ∗ αv
)

∗
wnp

hnp

)

Fig. 2  Pipeline of our automated technical approach for automated visibility analysis including window view simulation using bit-
maps
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• the three-dimensional characteristics of vegetation, 
such as its depth dv, width wv and height hv,

• the three-dimensional position of the vegetation 
including the distance of the window to the 
vegetation div and the height of the window h,

• the three-dimensional characteristics of objects 
obscuring the vegetation, such as their depth do, 
width wo, and height ho,

• the three-dimensional position of objects 
obscuring the vegetation, including the distance of 
the window from the obscuring object dio and the 
height of the window h,

• the observer’s distance to the window d assuming 
a window-centered view including the vertical 
and horizontal FOV αv and αh, 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 

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; 

Fig. 3  Visualization of 
window view simulation 
principles
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Metropolregion Rhein Ruhr, n.d.; Metropolregion 
Rheinland e.V., n.d.; Region Köln/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).

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 × 4 

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)
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processor, a NVIDIA GeForce RTX 3080/PCIe/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.

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 
model

3D Semantic city 
model LoD2

ALKIS 2D land use 
data

ALKIS 2D land use 
data

Aerial LiDAR point 
clouds

Source www. open. nrw. de www. open. nrw. de www. geopo rtal. 
nrw. de

www. geopo rtal. 
nrw. de

www. bezreg- koeln. 
nrw. de

Coordinate system ETRS89/UTM ETRS89/UTM ETRS89 geographic ETRS89 geographic ETRS/UTM
Height DHHN2016 DHHN2016 – – DHHN2016
Spatial resolution 1m 2m – – 4–10 points/sqm
Accuracy 20cm (height) 1m (height); 

Cadaster (cm) 
(area)

Cadaster (cm) (area) Cadaster (cm) (area) 15cm (height); 30cm 
(area)

Format .gz format .gml format .gml format .gml format .laz format

http://www.open.nrw.de
http://www.open.nrw.de
http://www.geoportal.nrw.de
http://www.geoportal.nrw.de
http://www.geoportal.nrw.de
http://www.geoportal.nrw.de
http://www.bezreg-koeln.nrw.de
http://www.bezreg-koeln.nrw.de
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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 

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 FGWVI, and 

Fig. 5  The structure of the implemented engine and framework for the Green Window View Index (GWVI) estimation
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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 BGWVI 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 

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 1.0m
Distance to window 0.80m
Vertical FOV 64°
Aspect ratio of window 1/1
Minimum view distance 0.81m
Maximum view distance 8,000m
Bitmap resolution 512 × 512 pixel
Rendering colors Individual RGB-values
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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 GWVI 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 

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 

Fig. 7  Examples of result visualization for Green Win-
dow View Index (GWVI), Floor Green Window View Index 
(FGWVI), and Building Green Window View Index (BGWVI) 
estimation: a 2D bitmaps of simulated window views, b heat 

map in 3D model, including reference screenshot from 3D 
mesh, c numeric export files in.txt format, d geographic 
export files of single buildings and city districts in.kml format 
uploaded in Google Earth
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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 

appraisal method (Aoki 1991). The average GWVI 
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. 

Fig. 8  Characteristics of GWVI in urban area of Bonn: a amount of visible vegetation classes, b distribution of GWVI for all veg-
etation

Fig. 9  Locality, spread, and 
skewness of average GWVI 
for districts, based on vis-
ible vegetation type
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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 GWVI exceeding 30%. 
The district of "Tannenbusch" has the highest average 
GWVI at 35.13%. This district is mainly characterized 

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.

Fig. 10  Average GWVI for districts in Bonn for a flat vegetation, b trees, c all vegetation

Fig. 11  Distribution of FGWVI for all vegetation according to height for buildings with a total of a three floors, b five floors, c 
seven floors
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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 
FGWVI decreases by an average of 5.02% (median 

Fig. 12  Percent gain of FGWVI according to height for a all vegetation, b flat vegetation, c shrubs, d trees
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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 

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 Izakovicová 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, für 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 
(Söderlund and Newman 2015; Crompton and 
Nicholls 2019; Trøstrup 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.

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

Our new approach around the GWVI 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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