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Abstract: This study proposes a method to analyze urban greenery perceived from street-level
viewpoints by combining geographic information systems (GIS) with image segmentation. GIS
was utilized for a geospatial statistical analysis to examine anisotropy in the distribution of urban
greenery and to spatialize image segmentation data. The result was the Visual Greenery Field (VGF)
model, which offers a vector-based representation of greenery visibility and directionality in urban
environments. The analysis employed street view images from selected geographic locations to
calculate a Green View Index (GVI) and derive visual vectors. Validation confirmed the reliability of
the methods, as evidenced by solid correlations between automatic and manual segmentations. The
findings indicated that greenery visibility varies across the cardinal directions, highlighting that the
GVI’s average value may obscure significant differences in greenery’s distribution. The VGF model
complements the GVI by revealing directional coherence in urban greenery experiences. This study
emphasizes that while the GVI provides an overall assessment, integrating the VGF model enriches
the understanding of perceptions of urban greenery by capturing its complexities and nuances.

Keywords: green view index; street view image; semantic segmentation; urban forestry; visual
greenery field

1. Introduction

The United Nations’ Goal 11 (Sustainable Development Goals) suggests the develop-
ment of inclusive, safe, resilient, and sustainable cities; in particular, Goal 11.7 stresses the
need for safe and accessible green and public spaces by 2030 [1]. While accessibility should
be primarily physical, this concept can be linked to visual continuity and permeability [2–5]
as components of exposure to greenery [6]. In addition, the amount and distribution of
green spaces can affect urban safety and crime prevention [7,8]. For this reason, identifying
the predominant direction from which urban greenery is perceived can be relevant to assess-
ing how accessible and usable greenery is for citizens in terms of physical interaction and
visual enjoyment [5,9–11]. In terms of the socioeconomic effects, the perception of green
places is a factor that can influence housing prices [12] and weave individual needs into a
social communion of space [13]. When developing a comprehensive urban planning policy,
it should be considered that a significant part of urban greenery can be private, such as in
Padua, where private green spaces cover up to 80% of all the urban greenery [14]; in some
cases, the trend in housing development is more focused on private or semi-private green
spaces at the expense of public once [15,16]. The distribution of greenery can be uneven
and bland, from a high level to zero in a short range from the street crossing, generating
a decay in perceptual intensity [17]. Furthermore, a public green space can be visually
available from the surrounding buildings, while the only part of private vegetation that is
generally visible from a public space is the vertical one (e.g., trees that rise in a yard, shrubs
on the perimeter), which are typically smaller than a public garden and embedded in a
built matrix [18]. Few cases consider how private vegetation can be designed to explicitly
aimed at public viewing; a very famous case is the Vertical Forest of Boeri, the façade of
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which appears to be completely covered in vegetation [19]. Public green spaces cannot
compensate for the lack of private green spaces [20], as they have complementary functions
and should be considered parts of a whole ecosystem. Landlords rarely consider their
private gardens to be part of a larger environment [21], and this type of vegetation is also
less visible in some towns [22] because walls hide it or it is surrounded by buildings [23].
The Green View Index (GVI) [24] is an important metric to assess urban greenery from a
pedestrian’s perspective, using street-level images to quantify the visibility of green spaces.
Based initially on green pixel counting, nowadays, the technique for calculating GVI has
been refined thanks to semantic segmentation methods; for example, Zhang [25] used deep
learning models such as PSPNet to segment street view images, allowing a precise calcu-
lation of GVI based on cylindrical urban panoramas. This approach improved precision
and facilitated large-scale assessments of urban greenery, as shown by studies using street
view images (SVI) to analyze the spatial distribution of urban greenery [26]. One of the key
gaps in the current literature is the Green View Index’s limitation as an omnidirectional
average value. Although several studies have investigated the correlation between the areal
GVI distribution and socioeconomic or health factors [7,8,27–29], research gaps remain in
identifying the directional variability of green visibility in these aspects. This leaves a gap
in understanding how greenery is perceived differently from multiple viewpoints within
the urban fabric, which is crucial for urban planning and development of policies aimed at
improving green exposure and its positive effects. Although GVI effectively quantifies the
overall visibility of greenery, it does not account for its spatial orientation; as a result, it
cannot differentiate whether the same amount of greenery forms a single concentrated mass
or multiple smaller patches surrounding the observer. These two scenarios, despite having
identical GVI values, lead to markedly different perceptual experiences and urban spatial
arrangements. Filling this gap becomes more pressing, considering the growing trends
in urbanization and the need to integrate greenery into urban environments to maximize
its esthetic and functional benefits. The urgency to address these gaps is underscored by
the increasing awareness of green spaces to improve mental and physical health, promote
social cohesion, and mitigating the effects of climate change.

Understanding the orientation of green spaces from different perspectives is useful
for promoting equitable availability and supporting the creation of inclusive, resilient
communities as cities expand. This work aimed to promote a focus on urban greenery as
a visual congruency that involves private and public greenery from a street perspective,
considering the spread and directionality of vegetation as essential factors for developing a
healthy environment. The final goal was to represent the congruency and directionality of
green spaces to complement the Green View Index (GVI); whereas the GVI provides a quan-
titative index of greenness, the proposed system provides a qualitative representation of
congruency throughout the analyzed area and the visual directionality of specific locations.
For this reason, this article is intended to answer the following research questions.

• Q1: How can a vector-based method quantify and represent the intensity and spatial
distribution, accounting for directional visibility from street-level perspectives?

• Q2: How can urban greenery’s directionality and spatial distribution be represented to
visualize the coherence and intensity of green visibility across an urban environment?

2. Review of the Literature
2.1. Methodology

A scoping review was conducted, based on the Preferred Reporting Items for System-
atic Reviews and Meta-Analyses (PRISMA) guidelines [30], focusing on the state of the art
regarding the Green View Index over the past 10 years (2013–2023). The search queries
were structured for the Scopus, Dimensions, and Web of Science databases; an extended
explanation of the process can be found in Appendix A.
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2.2. Use of Street View Images in Urban Greenery Assessment

Recent studies have increasingly used street view images to assess and analyze urban
greenery. Biljecki and Ito [31] comprehensively reviewed how street-level images have
become integral to urban analytics and GIS. This is widespread in diverse research domains,
such as well-being, transportation, walkability, and socioeconomics. The origin of this
concept stems from the pioneering work of Yang et al. [24], who introduced a semi-manual
method to compute the amount of visible greenery by isolating green pixels from four
photos shot by the researcher at each sample point, one in each cardinal direction. However,
the green value was obtained by summing the green values from all four directions, giving
a single overall value for each point instead of separate directional measures. Based on this,
Li et al. [26] explored the automation of the Green View Index (GVI) through Google Street
View™ (GSV) using spherical tiling for a complete evaluation of the surroundings. They
observed that computing green elements at the street level can capture vertical vegetation
and horizontal green surfaces that are not fully available to overhead remote sensing
techniques. Labib et al. [32] introduced a novel approach to map eye-level greenness
visibility at high spatial resolutions using multisource data, a visual decay function, and
viewshed analysis. Their work emphasized that backyards and community parks usually
do not contribute to the visual experience of neighborhood greenery. Ye et al. [5] integrated
high-resolution GSV images with a space syntax analysis of the street network to measure
the accessibility of greenery. This approach can help urban planners prioritize interventions
by identifying areas with high or low access to greenery, thus informing better urban
planning practices.

2.3. Advances in Green View Index Methodologies

Larkin and Hystad [27] analyzed the correlation between the normalized difference
vegetation index (NDVI) and GVI, finding that they describe different aspects of the urban
environment that cannot be directly derived from one another. Hua et al. [22] developed
similar research and assessed that the correlation between green view factors and the
NDVI is influenced by the morphology of a district, revealing that while the GVI correlates
strongly with the canopy coverage near sample sites, it does not necessarily provide the
same information as satellite images and vice versa.

Further refining the concept, Yu et al. [33] introduced the Floor Green View Index
(FGVI), which assesses the visibility of urban vegetation from specific floors of city build-
ings, noting significant variability in green visibility depending on the orientation of the
building. Long and Liu [34] developed an automatic method using Tencent™ Street View
to assess street greenery in Chinese cities, finding that greener streets are often longer and
are located in cities with higher economic production values.

Similarly, Dong and Zhang [35] calculated the GVI using the segmentation of the
images of Tencent™ Street pictures on Beijing roads to analyze the relationship between
the parameters of the streets’ dimensions and GVI, uncovering the spatial distribution
and differences in the greenery on various types of roads, confirming that the length of
the road influences the GVI. Gong et al. [36] developed a method to estimate and map
the sky view factor (SVF), the tree view factor (TVF), and the building view factor (BVF)
in high-density Hong Kong urban environments using GSV panoramas; this approach
underscored the importance of considering multiple environmental factors in complex
urban landscapes. Hu et al. [37] collected LIDAR data and panoramic images throughout
downtown Jinzhou City (China) and developed a method to extract the canopy line from
mobile LIDAR data, identifying two basic elements, peaks and gaps, from street canopy
lines and extracting six indexes (richness of peaks, evenness of peaks, frequency of peaks,
total length of gaps, evenness of gaps, and frequency of gaps) to describe the fluctuations
and continuities of tree canopy lines; they analyzed the abundance and spatial distribution
of these indexes together with survey responses on the esthetical effects and found that
most of them were significantly correlated with perceptions of vegetation on the streets.
Seiferling et al. [38] used computer vision to quantify and map the distribution of urban
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trees, using 90◦ field of view (FOV) images collected in a linear sequence in the direction
of the street, providing a method for evaluating the profile of street greenery to develop a
robust predictor of spatial variation in tree cover in a district using street-level pictures only.
Richards and Edwards [39] used Google™ Street View (GSV) with a 90◦ upward pitch to
measure Singapore’s green canopy coverage. They identified key elements of canopy lines
and highlighted that these shape indexes significantly influence the amount of visible urban
greenery and sky, providing valuable information for urban planning and management.

2.4. Socioeconomic Impacts of Urban Greenery

Complementing these findings, Zhang and Dong [40] examined how visible greenery
affects housing prices in Beijing, finding an increase of 10% in house prices associated
with higher values of the Green View Index. Expanding the geographic scope, Li [41]
studied 10 years of street view pictures to evaluate the variation in the green canopy of New
York City over a long time, discovering that while the GVI values have increased slightly
over time, the distribution remains uneven between neighborhoods, particularly affecting
Hispanic communities, which tend to live in neighborhoods with lower GVI values.

The evolving methodologies also extend to advanced technologies. Wang et al. [42]
used deep learning to assess quality in Guangzhou, linking the disparities in exposure
to the socioeconomic conditions of the neighborhood and demonstrating the utility of
advanced machine learning methods for measuring the economic effects of urban greenery.
Street-level images have also been applied to social issues. Zhou et al. [7] used GSV images
to investigate the relationship between the micro-built environment and drug-related activi-
ties, suggesting that the study of green spaces’ distribution can help in reducing criminality.
Their findings also indicated that less managed and more accessible areas are more prone
to drug activities, suggesting the utility of street view variables in crime forecasting.

2.5. Transportation Studies and Urban Greenery

The growing role of street-level images in urban environmental research also extends
to transportation studies. Ito and Biljecki [29] evaluated bikeability using street view images
and computer vision. They developed a bikeability index based on automatic machine
learning and computer vision methodologies that outperformed traditional methods and
are scalable across different urban contexts.

Lu et al. [43] explored the relationship between urban greenness and cycling behavior
in Hong Kong. The study compared two metrics of street view and eye-level greenness,
finding that street greenness positively influences the likelihood of cycling. This insight
suggests that improving daily exposure to greenery could promote cycling in urban en-
vironments and healthier behaviors. Similarly, Lu, Sarkar, and Xiao [44] examined the
impact of street-level greenery on walking behavior in Hong Kong. They found that street
greenery significantly predicts walkability and can be even more influential than parks.
Their findings emphasize the importance of integrating greenery into urban design to
improve walkability.

Lu [45] used GSV to investigate the association between street greenery and recre-
ational physical activity in Hong Kong. The study revealed that the quality and quan-
tity of vegetation are positively linked to physical activity, highlighting the role of well-
designed urban greenery in promoting public health. This result was confirmed by Xiao’s
research [46] on elderly behavior. Ki and Lee [47] also analyzed the effects of greenery on
walking time, using GSV and deep learning to calculate the GVI. Their study highlighted
that GVI is more closely associated with walking behavior than traditional overhead green-
ness measures. This information suggests that different greenness metrics can provide
varying insights into how greenery influences urban activities.

2.6. Health Implications of Urban Greenery

In the context of health research, Larkin and Hystad [27] evaluated the use of GSV to
measure exposure to green spaces in health research, concluding that GSV-based metrics,
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such as GVI, are valid tools for assessing exposure to green spaces. Their comparison with
traditional metrics such as NDVI and tree cover showed that GSV provides complementary
information, which is particularly relevant in understanding the impact of green spaces on
physical and mental health. Wang et al. [8] explored perceptions of the built environment
and their association with urban perception among older adults in Beijing. Using street
view images and deep learning, they found that perceptions of safety, beauty, and liveliness,
among other factors, are related to physical and mental health, highlighting the importance
of integrating subjective perceptions into urban health research. Huang et al. [48] used
panoramic image segmentation associated with automatic facial expression to verify that
the higher the visible greenery, the higher the positive emotional effect, and this result
occurred even in places with a low NDVI. Kang et al. [49] comprehensively reviewed
how street view images are used in public health studies to sense urban environments.
They discussed the strengths and challenges of using street view images to quantify urban
environments, highlighting the potential of eye-level image analysis to correlate with social
and sports behaviors.

Zhang, Tan, and Richards [50] investigated the relative importance of the quantitative
and qualitative aspects of urban green spaces (UGS) in the promotion of health. They found
that on a smaller buffer scale (100 m), visible greenness measured by GVI is more strongly
associated with mental health, suggesting that fine-scale, human-centered greenness metrics
may be critical to understanding the health benefits of UGS.

On a different note, Helbich et al. [28] explored the relationship between green and
blue spaces and geriatric depression in Beijing, finding an inverse association between
greenery and depressive symptoms. In a subsequent study, Helbich et al. [51] aimed to
explore potential differences various greenness metrics and the potential influence on
mental health. However, their findings did not confirm a clear relationship between the
metrics and mental health outcomes. They suggested that more research is needed before
favoring one greenness metric over another.

2.7. Current Trends

He and Li [52] reviewed research trends to evaluate the urban neighborhood environ-
ment using street view image processing. They categorized the research into five broad
areas (thermal environment, neighborhood morphology, neighborhood environmental
perception analysis, socioeconomic environment, landscape design, and environmental
assessment), highlighting the growing use of street view images in urban studies, and
identified key parameters and research fields derived from these images. These studies
illustrate the diverse applications of street-level images in urban research, evaluating both
the physical environment and the psycho-social effects to inform urban planning and
design. In conclusion, while previous research has explored multidisciplinary aspects
employing the Green View Index through panoramic image segmentation for measuring
urban green features, these approaches often focus on areal descriptions or have limited
their analysis to specific directional views such as a street axis. Currently, the use of image
segmentation in urban studies is evolving to incorporate dynamic aspects such as temporal
variations [41] and the integration of 3D and semantic models [32,53], capturing changes
over time and adding spatial metric analyses.

This work addresses the gap by introducing a vector-based method that combines
GVI with directional data, generating a Visual Greenery Field (VGF) to quantify visible
greenery’s intensity and orientation. This method offers a more detailed representation
of urban greenery and its spatial orientation, providing a framework for analyzing green
visibility within urban street networks.

3. Materials and Method
3.1. Workflow

The procedure adopted involves the following steps (Figure 1): (1) data collection, i.e.,
the selection of the street network’s official shapefiles, street view image databases, and
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semantic pre-trained CNN models; (2) data processing, i.e., generation of sample points
on the street network, segmentation of the image, registration of the features’ quantitative
data, and validation of the semantic segmentation data; (3) data analysis, i.e., computation
of the directional and average GVI values, geospatial analysis (Moran’s I, variograms),
and verification of the directional similarity; and (4) data representation, i.e., plots of the
urban green vectors, streamplots of the visual greenery field, and comparisons with the
GVI heatmap. A list of all instruments and materials adopted can be read in Appendix B.
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Figure 1. Research workflow. (1) Data collection: street network shapefiles, street view database,
and the semantic CNN model; (2) data processing: generation of sample points, image segmen-
tation, and validation of automated segmentation; (3) data analysis: GVI computation, Moran’s I
analysis, variogram analysis, analysis of significant differences in the directional values; and (4) data
representation: GVI heatmap, greenery vector arrows, and streamplots of the visual greenery field.

3.2. Data Collection and Processing

The points for conducting the analyses were identified using Milan’s street network
provided by Milan Municipality [54]. Sample points were generated on the road grid
using the “vector—random points on lines” function in QGIS, with settings of a minimum
distance of one point every 50 m and a global minimum distance of 30 m. These distances
allowed the placement of points even on dual carriageways while maintaining broad and
adequate area coverage. The random point system was adopted to ensure a fair distribution
of viewpoints in the study area, avoiding overcrowding of points near intersections where
multiple roads converge. Additionally, this system avoided any pre-selected points of
interest by sampling the entire area solely on a geometric basis.

To analyze the quantity of observable urban greenery while walking, driving a car,
or riding a moped or bicycle, images captured by Google Street ViewTM were used, as
they currently constitute the dataset with the broadest coverage of georeferenced spherical
panoramic street images available, and are also the most up to date. For each geographic
point, four images were collected from Google Street ViewTM with the camera oriented in
the four cardinal directions (north, east, south, west) using the parameters of heading 0◦,
90◦, 180◦, and 270◦; a pitch of 0◦; a field of view of 90◦; and a size of 640 × 640 pixels, with
a resolution of 72 DPI, which is the maximum possible size with the adopted technology.
Therefore, these images coincided pairwise on the vertical sides and completed a 360◦ view
(Figure 2). It should be noted that the GoogleTM API does not necessarily provide images
precisely located at the coordinates sent because there is no continuous road tracking,
but instead a series of georeferenced shots taken along the route [55]. Therefore, the API
searches for the closest location to the requested one from those in the GoogleTM archive.
For traceability purposes, for each Street ViewTM image, the corresponding file containing
all metadata with the precise location of the actual point and the URL of the corresponding
360◦ view was also saved. From the metadata, it was verified that the images were captured
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in April 2023. For each urban picture, image segmentation was performed using the
GluonCV library, recording the percentage of area occupied by each detected feature.
The percentages of vegetative elements present in the image were summed to obtain a
synthetic value of greenery, unifying the following categories from the ADE20K model [56]:
tree, plant, palm, grass, flower, and field. For each geographic point, four directional
values were obtained; these values were adopted as the intensities of vectors oriented in
the corresponding visual direction (north, east, south, west). The average of these four
values corresponded to the Green View Index relative to a specific point in the space [26].
Therefore, the principle of vector summation was adopted to establish the synthetic green
vector for a specific location. The direction of the resulting vector represents an average
or weighted direction that maximizes the visibility of urban greenery, considering all four
original directions. This result means that the direction of the resulting vector is the one
toward which the urban greenery is most visible.
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Figure 2. An example of a segmented image sequence; the camera was progressively rotated by 90◦.
In this overview, the colored hatches highlight different features in the scene. Source: Original image
from Google Street View™, with elaboration by the author.

Since semantic segmentation is one of the most critical phases in the sequence due
to its computational weight, the risk of potentially harmful interruptions in the process
with consequent data loss, and the possible ambiguity in the automatic interpretation of
features, it was necessary to adopt procedures to validate the outcome of segmentation.
Following the segmentation process, it was verified that the number of records in the
dataset corresponded to the number of images initially downloaded from Street View.
It was also ensured that the number of records corresponding to each Street View point
matched four images. A random sample of 100 images was randomly selected from the
original dataset for data validation, and manual segmentation was performed using Adobe
Photoshop™ on that subset. The vegetation areas were manually colored red, while the rest
of the image was darkened with black fill. Using the OpenCV library, the percentage of red
pixels was determined in the validation sample’s images, and the result was compared with
the automatic segmentation values. Validation was considered successful for correlation
values of r-squared > 0.80 and r > 0.90, with a p-value < 0.01.

3.3. Data Analysis

Since each geographical point corresponds to four images in the respective cardinal
directions, it was possible to represent the perceivable greenery of these views as the four
normal vectors to the image plane with the origin at the view’s vantage point location and
having an intensity corresponding to the ratio of vegetation in the image. Consequently,
the synthetic vector relative to the single geographical point could be obtained using a
vector sum of the four previously obtained vectors. For the alignment of the geographical
system with the X and Y directions of the 2D coordinate system used for the vector field
computation, vectors pointing south and west are conventionally considered negative,
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while vectors pointing north and east are conventionally considered positive. The direction
of the resulting synthetic vector represents the direction of maximum visual exposure to
the surrounding vegetation at the point of analysis:

Visual Greenery Vector
(→

v
)
=

→
N −

→
S +

→
E −

→
W.

To evaluate whether the differences in greenery values between pairs of cardinal
directions were significantly distinct, the differences between all possible pairs of directions
(e.g., north–south, east–west, north–East, and south–west) were calculated. By evaluating
these differences, it was possible to determine whether the distribution of visible greenery
was uniform or varied significantly depending on the viewing direction. If the phenomenon
remained consistent, the differences between pairs should be statistically similar, indicating
that the green visibility was evenly distributed in all directions. A Friedman test was
then performed on these differences to assess whether the variance between the pairs of
directions was statistically significant. Following the Friedman test’s results, Dunn’s test
was conducted to further investigate the specific pairs of cardinal directions that exhibited
significant differences in the distribution of greenery. This approach allowed for a detailed
examination of the directional disparities in the visibility of urban vegetation.

To verify the visual vector representation model, 50 new random points were generated
in QGIS on the Città Studi district road network. For each new point, the four images were
extracted in the cardinal directions, and then image segmentation and GVI calculations
were performed. Subsequently, the visual vector was calculated for the new set of images.
For the validation of the vectors’ values and their representativeness, the intensity of each
vector in the original dataset was compared with the nearest vector from the validation
set. For each pair of vectors, the following information was collected in a dataframe: the
alphanumeric identifiers of the vectors’ anchor point, the geodesic distance between the
pairs of points, and the vectors’ magnitude

∥v∥ =
√

v2
x + v2

y; ∥u∥ =
√

u2
x + u2

y

where u and v are the normalized vectors of the original and the validation datasets, and
||v|| and ||u|| are the magnitudes of the vectors. The new dataframe was filtered to
exclude all point pairs with distances less than 1m and greater than 11 m, as excessive prox-
imity would not provide helpful validation information, and excessive distance increases
the probability of photographing a completely different context. The visual vector calcula-
tion system was considered to be validated if the comparison between the magnitudes of
the vector pairs met the following criteria: (i) r-squared > 0.80; (ii) r > 0.90; (iii) p < 0.01; and
(iv) mean distance from the equality line < 0.05.

3.4. Representation of the Urban Green Vector Field

To test the hypothesis of a non-homogeneous distribution of greenery across different
spatial directions, Moran’s I and variogram analyses were applied, as explained in the
following sections. The visual greenery vectors can be oriented differently in space, forming
a vector field. To represent geographical points as points of a force field and, subsequently,
correctly display the image of the vector field on a map, it was necessary to convert latitude
and longitude coordinates into the Universal Transverse Mercator (UTM) projection system
and normalize them in the range of values [0:1]. Once the urban green visual vectors were
obtained for each observation point, the Python library Magpylib was used to generate
the corresponding vector field, considering the application points as spherical magnets
with a radius of 10−46 and a magnetization vector equal to the applied vector at the point.
Matplotlib was used to represent the vectors’ flow lines with a grid of 100 × 100 points and
a density parameter of 50.
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4. Case Study

This research focused on Milan Local Identity Nuclei 22 (NIL Città Studi) as a case
study within the National Recovery and Resilience Plan (NRRP) framework. NILs, intro-
duced in the Territorial Government Plan (PGT) in force since May 2020, can be defined
as territorial units of Milan that include neighborhoods with specific and distinguishable
characteristics, identified in terms of the concentrations of local commercial activities, green
spaces, gathering places, and services, as well as elements of local identity [54]. The case
study presented here is strongly characterized by the buildings of the Politecnico di Milano
and the University of Milan, featuring green spaces such as Leonardo da Vinci Square,
Piola Square, the Botanical Garden, Aspromonte Park Square, and Hawaii Gardens, and
tree-lined avenues such as Bonardi Street, Bassini Street, Gaio Street, Pacini Street, and Ro-
magna Street. This area is interesting because of the mixture of users, including university
students, office workers, residents, and healthcare institutions, and the coexistence of roads
for motorized transportation, trams, and bicycles.

5. Results

The number of points generated on the case study area street network was 938; 6 points
were unavailable when querying the Street View API. The remaining 932 derived a set
of 3728 pictures related to the four cardinal directions (Figure 3), subsequently processed
using the ADE20K pre-trained model for image segmentation.
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Figure 3. Orange shading is the area of NIL 22—Città Studi district. The white dots represent the
location sent to Google StreetTM to collect urban directional pictures. Source: Base map from Open
Street Map™; elaboration by the author.

5.1. Validation of Image Segmentation and Segmentation Data Statistics for the
Entire Neighborhood

Figure 4 illustrates the comparison between automatic and manual segmentation for
data validation, highlighting the distinctions between the two methods. The figure includes
a Street View image on the left, with the manually segmented areas overlaid in red (middle
picture), and automatic segmentation on the right. This visual comparison provides a
qualitative understanding of the differences in the segmentation results. Quantitatively,
the analysis revealed a strong correlation between automatic and manual segmentation,
with a correlation coefficient of 0.97 (p < 0.001), indicating a near-perfect linear relationship
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between the two approaches. The R2 value of 0.93 further supports the consistency between
these methods, suggesting that the automatic process can explain 93% of the variability in
manual segmentation. Furthermore, the mean deviation from the y = x line, representing
perfect agreement, was calculated to be 0.019, indicating a minimal average error in the
outputs of segmentation (Figure 5).
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Figure 4. From left to right: original street view image, manual segmentation by the author to identify
the areas of greenery (in red), and automatic image segmentation (greenery in green, street in grey,
buildings in brown, sky in cyan, terrain in orange, sidewalk in dark gray, cars in blue). Source:
Original image from Google Street View™; elaboration by the author.
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Figure 5. Distribution of percentages of greenery evaluated by automatic image segmentation and
manual segmentation. The red dashed line shows the ideal data distribution in the case of a perfect
match between the two methods.

5.2. Analysis of the Distribution of Greenery

The following equation shows that the decrease in visibility was slightly slower than
the increase in greenery (Figure 6). This regression line was obtained by removing outliers
from the dataset using the interquartile method and applying the Huber regressor [57] with
limits of 10–90%:

Buildings = −0.92 ∗ Greenery + 0.43.
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Figure 6. Average distribution of buildings versus the average distribution of greenery at each
location. Red crosses are the points considered to be outliers after applying the interquartile method,
blue dots are the points considered for linear regression, and the black line represents the regression
trend line.

The percentage of vegetation, expressed as 360◦ GVI, goes from a minimum of 0.0% to
a maximum of 47.3%, with a mean of 14.0% and a standard deviation of 10.8%.

When analyzing the GVI directional values of the area, some differences in the greenery
ratio can be highlighted (Figure 7):

• GVI max: 0.473, mean: 0.140, std: 0.108;
• North max: 0.704, mean: 0.135, std: 0.147;
• East max: 0.634, mean: 0.142, std: 0.139;
• South max: 0.667, mean: 0.149, std: 0.149;
• West max: 0.588, mean: 0.134, std: 0.13.
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Figure 7. GVI index of the four cardinal directions. Most of the values range from 0 to 0.25 ap-
proximately; however, the values at the east are slightly more compressed compared with the other
directions. The north’s values reach the highest extension at 0.7.



Sustainability 2024, 16, 9512 12 of 29

This divergence of maximum values is also evident when comparing the distribution
of GVI with the cardinal directions (Figure 8); the frequency of the 0.20 ratio is higher
in GVI than in a single direction, and values greater than 0.40 are less represented. The
overlap of the GVI and directional GVI data series makes it clear that in several locations,
the highest greenery values are strongly oriented in a specific direction rather than equally
distributed (Figure 9).

Sustainability 2024, 16, x FOR PEER REVIEW 12 of 33 
 

 
Figure 7. GVI index of the four cardinal directions. Most of the values range from 0 to 0.25 approx-
imately; however, the values at the east are slightly more compressed compared with the other di-
rections. The north’s values reach the highest extension at 0.7. 

This divergence of maximum values is also evident when comparing the distribution 
of GVI with the cardinal directions (Figure 8); the frequency of the 0.20 ratio is higher in 
GVI than in a single direction, and values greater than 0.40 are less represented. The over-
lap of the GVI and directional GVI data series makes it clear that in several locations, the 
highest greenery values are strongly oriented in a specific direction rather than equally 
distributed (Figure 9). 

 
Figure 8. Overlapping of the directional distribution of greenery. The density chart represents how 
many points relate to a specific range of greenery ratios for each cardinal direction. Most cases pre-
sent a low greenery ratio, followed by a long tail, showing a decrease in probability, while the 
amount of greenery increases. The black line represents the overall GVI value. 

Figure 8. Overlapping of the directional distribution of greenery. The density chart represents how
many points relate to a specific range of greenery ratios for each cardinal direction. Most cases present
a low greenery ratio, followed by a long tail, showing a decrease in probability, while the amount of
greenery increases. The black line represents the overall GVI value.
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Figure 9. Line chart comparing the Green View Index (GVI) and the greenery ratio in four cardinal
directions (north, east, south, and west), ordered by descending GVI. The chart shows that the
directional values do not overlap at several points.

The Friedman test indicated significant differences in visible greenery among different
cardinal directions (chi-square = 14.79, p-value = 0.0113), confirming that the spread of
urban greenery varies among directional views. The difference in greenery is perceivable
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between directional pairs, reaching up to 68 percentage points (Table 1). Dunn’s post hoc
test was used to identify which pairs of directions contributed most to this variability.
The results of Dunn’s test (Figure 10) show significant differences in greenery’s visibility
between specific pairs of cardinal directions, showing notable p-values below 0.05. In
particular, north–east vs. south–west (p = 0.003) and north–south vs. south–west (p < 0.001),
and north–south vs. south–east (p = 0.031). This pattern indicates that the visibility of
greenery varies more prominently in some directions, with a significant asymmetry between
northern and southern perspectives compared with other cardinal directions.

Table 1. Summary statistics of differences in greenery’s visibility between pairs of cardinal directions,
including absolute maximum differences, absolute mean values, and standard deviations.

Pair Max Abs Diff. Abs. Mean Std. Dev.

North–south 0.6848 0.0146 0.1718

East–west 0.6306 0.0081 0.1595

North–east 0.3874 0.0077 0.1310

North–west 0.5438 0.0004 0.1493

South–east 0.5445 0.0069 0.1498

South–west 0.534 0.0150 0.1330
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Figure 10. Heatmap showing p-values from Dunn’s post hoc test comparing greenery’s visibility
differences between cardinal direction pairs. Red indicates significant differences (p < 0.05), and blue
represents non-significant differences.

5.3. Anisotropy of Greenery and Representation of the Visual Greenery Field (VGF)

When conducting the Shapiro–Wilk test [58] on the greenery values, it was observed
that the urban greenery in this area is not normally distributed (p-value < 0.05). An analysis
of Moran’s I [59] was performed on the directional subsets of the GVI values, applying
the Queen method [60] for calculation of the weights. The results show a significant
positive autocorrelation of greenery (p-value < 0.05). These data suggest the presence of
concentrated peaks and long tails of uneven greenery values in the area examined (Table 2).
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Table 2. The Shapiro-Wilk and Moran I results are shown in the rows with the related p-value. The
four cardinal directions are organized by columns. The last column lists the average Shapiro-Wilk
and Moran I values.

Heading 0◦ Heading 90◦ Heading 180◦ Heading 270◦ Average

Shapiro–Wilk 0.85 0.89 0.88 0.89 0.88

p-value <0.001 <0.001 <0.001 <0.001 <0.001

Moran’s I 0.33 0.32 0.36 0.41 0.35

p-value <0.001 <0.001 <0.001 <0.001 <0.001

As the variogram analysis shows (Figure 11), the greenery in this area follows an
anisotropic organization, in which visual continuity spans from 404m at 22.5◦ north to
1076m at 67.5◦ north. This angle and length correspond to the main tree-lined avenues
under examination.
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Figure 11. Variograms of the normalized values of the greenery ratio at different azimuth angles,
specifically toward the maximum and minimum continuity distance. On the vertical axis, the
semivariance value measures the degree of dissimilarity between pairs of data points separated by
a certain distance (lag); the horizontal axis shows the lag distance, which is the separation distance
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between pairs of data points. The black horizontal line represents a sill, that is, a limit beyond which
data points are no longer spatially correlated, meaning that their dissimilarity no longer increases with
distance; the red dashed vertical line represents the “range”, the lag distance at which the variogram
reaches the sill. Beyond this range, the data points in the acid green area are effectively uncorrelated.

The visual vectors, calculated as the vectorial sum of the cardinal greenery vectors,
highlight relevant differences in the orientation and intensity, as shown in Figure 12.
The mean orientation is 186.40 ◦N (std = 105.17 N), with a mean greenery ratio of 0.18
(std = 0.15). The vector calculation was validated by comparing the new sample points
with the closest points in the original set. Following the validation procedure described
earlier, the dataset of visual vectors of greenery was considered valid, as the resulting
values fell within the established thresholds, meaning that the visual target to maximize
the view of greenery is precisely located and stable even when shifting up to 10m from the
original observation location:

• r: 0.92;
• r-squared: 0.83;
• p-value: 1.08 × 10−9;
• distance from y = x: 0.037.

Furthermore, the presence of vegetation in the four cardinal images changes in in-
tensity when moving through the streets. Figure 13 shows how the visual vectors change
direction and intensity across the district, while Figure 14 highlights where the GVI is more
intense; comparing the two pictures, it is clear that the areal GVI does not provide the same
information as the VGF.
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ratio is represented by circles labeled 0 to 1, where 1 is the maximum possible intensity.


