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ABSTRACT: Urban green spaces play a crucial role in improving the well-being of city dwellers, offering recreational
benefits that contribute to physical health. However, challenges remain in ensuring these spaces are distributed equitably
and are accessible to all. This research examines the distribution and accessibility of green spaces in Bayan Lepas,
Penang, Malaysia. The study focuses on evaluating three key factors: (1) the uniformity of green space distribution in
the area, (2) the proportion of residents who can access green spaces within a 300-m walk, and (3) the identification
of regions that lack sufficient green spaces, such as parks and recreational areas. To assess accessibility, the study uses
a distance-based impedance method within a Geographic Information System (GIS) network analysis framework.
Network distance rather than Euclidean distance is used to simulate actual walking paths along roads and pedestrian
routes. ArcGIS software is employed to construct service areas and compute origin-destination cost paths between
residential zones and green spaces of various sizes. The findings reveal that 82.32% of Bayan Lepas residents have access
to green spaces ranging from 0.5 to 1 hectare within a 300-m walking distance. Additionally, 72.93% are served by green
spaces of at least 5 hectares within a 10-km radius. At the regional scale, 100% of residents have access to green spaces
of 10 hectares or more. These results provide valuable insights for urban planners and policymakers, highlighting the
importance of enhancing spatial equity in green space distribution. The study offers a transferable methodology that
can be adapted to other urban contexts with available GIS data and localized accessibility standards.
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1 Introduction
Green spaces contribute significantly to residents’ quality of life by supporting local economies,

improving environmental conditions, fostering social interaction, and preserving cultural values. Green
spaces are vegetated areas that exist within cities and may be open to the public or restricted to private
use. According to the World Health Organization report, green spaces are broadly defined as public parks,
gardens, open spaces, sports facilities, and vegetable plots of land separating residential or industrial use
areas [1]. In this study, however, the term “green spaces” is specifically used to refer to publicly accessible
urban green areas, such as parks and communal gardens that are open at no cost to the public. This narrower
definition aligns with the aim of evaluating equitable access to green infrastructure that directly benefits the
broader population.

Well-designed green spaces contribute significantly to sustainable urban development and improve
the overall quality of life for residents. Such spaces are defined as “fit for purpose”, indicating that they are
accessible, safe, welcoming, and effectively serve their intended role [2]. As a result, how easily people can
access green spaces is a crucial factor in determining their overall quality.
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Green space accessibility refers to how easily green spaces can be reached or accessed [3]. Accessibility,
in this context, means the ease with which individuals can reach green spaces from their homes using
existing travel routes, not merely their physical presence. The availability and accessibility of green spaces
may influence how frequently people use them. Studies suggest that people tend to visit green spaces more
often when they are conveniently located and offer a high-quality environment. People who live closer to
well-maintained green spaces tend to use them more often, which in turn is associated with improved health
outcomes, such as enhanced mental well-being and lower stress levels [4]. Additionally, the accessibility and
quality of green spaces, rather than merely their presence, play a crucial role in encouraging frequent use
and are key factors that influence levels of physical activity [5]. By 2030, a key focus of the United Nations’
Sustainable Development Goal (SDG) 11, especially target 11.7, is to ensure that all individuals have access to
safe, inclusive, and well-designed green and public spaces.

Several studies have addressed the uneven distribution of green spaces in urban areas [6,7]. The use of
Geographic Information Systems (GIS) techniques has grown in assessing accessibility to green spaces. As
discussed in prior research, one standard method is buffer analysis [8,9]. While this approach is intuitive and
straightforward [10], it has limitations due to its reliance on Euclidean distances, which do not accurately
reflect the actual travel distances encountered in real-life situations. In contrast, other studies have preferred
GIS network analysis [11–13], which provides greater accuracy by considering existing road networks and
realistic walking routes, leading to more precise accessibility assessments.

Recognizing the significant role of high-quality green spaces in enhancing human health, well-being,
and quality of life, it is equally important to assess their accessibility. Understanding how easily urban
residents can reach these spaces provides valuable insights for urban planners and policymakers, enabling
them to address challenges and create opportunities for improved access. This study addresses this gap by
employing GIS-based network analysis to evaluate access to public green spaces in Bayan Lepas, Penang.
The approach used in this study, though localized, is transferable and can serve as a replicable framework for
other urban areas with access to spatial datasets and road networks.

2 Measuring Accessibility to Green Spaces
A wide variety of methods was developed to measure urban green space accessibility (UGSA), each with

its own advantages and limitations. These approaches have evolved over time, reflecting both advancements
in spatial analysis techniques and the growing complexity of urban environments. A comparison of these
methods is presented in Table 1. The approaches are:

Table 1: Comparison of green space accessibility measurement methods

Measure Procedure Advantages Disadvantages

Gravity-based

Incorporates attractiveness of
green spaces and population

density, with spatial interaction
determined by a distance decay

function.

Considers both attractiveness
of green spaces and population
density, accounting for spatial

interaction over distance.

Challenging to determine the
optimal distance between green

spaces and residents.

Opportunity-based
Focuses on the quantity of

available green spaces within a
geographic area, ignoring

distance or travel time.

Efficient and simple to
implement with limited

variables, providing a clear
view of green space.

Overlooks accessibility for
residents outside the defined
boundary, misrepresenting

actual accessibility.

(Continued)
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Table 1 (continued)

Measure Procedure Advantages Disadvantages

Ratio-based

Balances supply of green spaces
with demand created by the

surrounding population,
providing green space per

person in an area.

Gives a detailed understanding
of the supply-demand balance

in green space distribution.

Unsuitable for small areas and
ignores cross-boundary

behaviours, as well as time and
distance factors.

Utility-based
Based on random utility theory,
evaluates user perceptions and

behavioural preferences to
develop accessibility measures.

Considers user preferences and
perceived benefits, offering a

more personalized measure of
accessibility.

Complex to apply due to
reliance on intricate theories
and mathematical models.

Impedance-based

Incorporates travel distance,
time, and cost to measure
accessibility, considering
various travel modes and
personal characteristics.

Incorporates practical factors
like distance, time, and cost,

providing a realistic assessment
of accessibility.

Can be complicated due to the
inclusion of various travel

modes and personal
characteristics.

2.1 Gravity-Based Measure
This method emphasizes two core elements: (1) the attractiveness of green spaces and the concentration

of nearby residents, which assist in distinguishing different green areas based on their features, and (2) spatial
interaction patterns, typically examined using a distance decay function to demonstrate how the strength
of interactions decreases as distance increases. The connection between residential zones and green spaces
is largely shaped by the green space’s appeal and the size of the surrounding population [14,15]. Moreover,
this relationship tends to weaken as the distance between green spaces and residential areas increases [16].
While this method has been widely applied in urban research to evaluate green space accessibility for several
decades [17], studies suggest that identifying an ideal distance between urban residents and green spaces
continues to be a complex task [18].

2.2 Opportunity-Based Measure
The counter approach, also referred to as the opportunity-based measure, is a method for evaluating

access to green spaces. Instead of prioritizing distance or travel time, this approach assesses accessibility
based on the overall availability of green spaces within a specific geographic region. By emphasizing the
concentration of opportunities for residents, it offers a broader perspective on accessibility.

The counter approach measurement for assessing access to green spaces is favoured by planners and
services due to its simplicity and efficiency in utilizing a limited number of variables [19]. The counter
approach faces a limitation which it assumes that green spaces within a defined boundary are only accessible
to residents within that area and are not accessible to those outside it [20]. This assumption is unrealistic, as
people living nearby or outside the designated area may still access these green spaces. Such oversights can
lead to misrepresentations of actual accessibility and usage patterns in urban environments. The modified
approach to green space accessibility acknowledges that people who live farther from green spaces are less
likely to visit them frequently, leading to lower levels of satisfaction [21].

2.3 Ratio-Based Measure
The ratio-based approach in urban green space accessibility has been explored extensively in recent

research. It focuses on balancing the supply of green spaces with the demand created by the surrounding
population, giving insight into how much green space is available per person in a specific area [22,23].
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While this approach offers users a comprehensive understanding by accounting for both supply and demand
factors, it is unsuitable for small administrative regions like postal code zones [23], as it fails to account for
cross-boundary behaviours. Moreover, it lacks consideration of key variables such as time and distance in
assessing accessibility.

2.4 Utility-Based Measure
The utility-based approach offers an alternative method for developing accessibility measures by

incorporating users’ perceptions or behavioural preferences [24,25]. This methodology is grounded in the
random utility theory [26], which evaluates decision-making within a given set of choices.

The utility-based approach assumes that people make decisions based on a set of alternatives, each
of which has a measurable “utility” or benefit to the individual. Utility, in this context, refers to the
perceived value or satisfaction someone gets from choosing a particular option. However, one limitation
of this approach is that it often relies on complex theories and mathematical models to calculate and
compare utilities for different alternatives. This complexity can make it hard for planners, policymakers, and
decision-makers to understand or apply the model in real-world situations [24].

2.5 Impedance-Based Measure
To enhance accuracy in measuring accessibility to green spaces, this approach incorporates factors like

travel distance, cost, and time, areas where prior methods have faced limitations.
The travel distance method, as outlined by [27], focuses on calculating the minimum distance from each

residential site to the nearest green space access point. This model’s strength lies in its use of the distance
variable, a widely employed factor in contemporary accessibility studies. Urban planners often leverage this
variable to delineate service areas for various purposes [22]. Travel distance can be calculated using different
methods, including Euclidean distance, Manhattan distance, and network distance.

The second method of measuring impedance is travelling time, which is more intricate than travel
distance. This is because it incorporates various demographic, social, and economic aspects when assessing
accessibility. Travel time between locations can differ greatly based on the mode of transportation, such as
walking, cycling, or driving. Moreover, individual factors like age and physical fitness can also affect how
long a journey takes.

The third impedance-based approach is the travel cost model, which calculates the costs associated with
traveling from a residential area (often represented by its central point) to a green space access point, either
on average or in total.

The study focuses on using impedance-based methods, particularly the calculation of travel distance,
to measure how easily green spaces can be accessed. These methods are applied within a GIS platform and
analyzed with different tools available in the GIS system.

3 Methodology

3.1 Study Area
This study aims to evaluate the distribution and accessibility of green spaces on Penang Island, Malaysia,

with a specific focus on the Bayan Lepas sub-district. Bayan Lepas, located in the southwest region of Penang
Island (see Fig. 1), is a rapidly urbanizing area with a population of 130,455 as of the 2020 Malaysia e-Census,
spanning approximately 3190 hectares. Known as the second-largest urban settlement on the island, it serves
as a major industrial, residential, and commercial hub, housing the Bayan Lepas Free Industrial Zone, one
of Malaysia’s oldest and most important electronics manufacturing clusters.
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Figure 1: The study area, Bayan Lepas, Malaysia

The selection of Bayan Lepas as the study site is driven by several interrelated urban planning and
environmental considerations. As a high-density, mixed-use area, it exemplifies the pressures of rapid urban
development commonly seen in many Malaysian cities, where competition for land often results in reduced
green coverage. Only about 194 hectares or 6% of the total land area in Bayan Lepas is designated as
public green space. This is significantly below the National Urbanisation Policy (NUP) standard, which
recommends at least two hectares of green space per 1000 residents [28].

Bayan Lepas presents a socioeconomically diverse landscape, encompassing low, middle, and high-
income neighbourhoods, including high-rise apartments, landed properties, and traditional villages
(kampungs). These variations influence not only green space provision but also residents’ access to and use
of such spaces. In addition, the uneven spatial distribution of green areas across different zones including
industrial zones, commercial centers, and dense residential pockets makes it a compelling case study for
examining spatial equity in green infrastructure.

Industrial development often leads to the transformation of green open spaces into urbanized areas.
According to [29], the reduced vegetation cover increases the land surface temperature and creates unsafe
environments for exercise, active transport, and simply being outdoors [30]. Study indicates that green spaces
have been increasingly evidenced to not only improve human health (both body and mind) and wellbeing
but also promote a sustainable way of living for citizens as well as cities [31]. In this study, the Geographic
Information System (GIS) approach was utilized to collect and analyses the data.

3.1.1 Network Dataset
A network dataset (ND) is a framework that represents interconnected elements, such as transportation

systems, enabling the analysis of movement and connectivity. It primarily consists of lines that depict the
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flow paths within the network. A network dataset typically consists of edges (e.g., streets) and junctions (e.g.,
intersections) that enable the modelling of paths and costs (such as distance, time, or impedance) associated
with traveling through the network.

A network dataset is constructed using secondary data, including land-use maps from the Geospatial
Information Management Unit (PeGIS) in Penang and open street map data, which already outlines the
existing road network in the Bayan Lepas area. This dataset includes various types of roads such as primary,
secondary, minor roads, urban collectors, and local streets. Subsequently, GIS tools are used to generate
service areas and origin-destination paths to evaluate green space accessibility. Service areas are defined
as follows:

3.1.2 Service Area
A service area is defined as a zone surrounding a particular location, within which all areas are reachable

by a set distance or travel time. For instance, a 400-m service area includes all streets that are accessible
within a 400-m walking radius from a designated point on a road or pedestrian path. Service area is used
in network analysis to model accessibility, typically for services or facilities such as parks, schools, clinics,
recreational areas, and shops.

3.1.3 Origin-Destination Distance Path
An origin-destination (OD) distance path refers to the measurement of the distance or route between

two specific locations: the origin (starting point) and the destination (endpoint). In this study, network
distance ways are used. For example, the distance between the residential area and the park might be 1 km.
However, due to the layout of roads, intersections, and pedestrian walkways, the actual network distance to
the nearest green space is approximately 1.5 km. Network distance is used in network analysis to provide a
deeper and more accurate understanding of how people access green spaces.

3.1.4 Green Space Accessibility Guidelines
In this study, green space accessibility standards are established based on both global and local

guidelines, including those from the World Health Organization, the Green Neighbourhood Guidelines
(Malaysia), and the Open Area Planning Guidelines (Malaysia). These standards define the minimum
distance people must travel to access the nearest green space and are summarized in Table 2.

Table 2: Guidelines for green space accessibility in residential area

Guidelines References Requirement
Residents should have access to public green
spaces that are between 0.5 and 1 hectare in

size, located within a 300-m walking distance
from their residential areas.

World Health Organization Green
Neighbourhood Guidelines (Federal
Department of Town and Regional

Planning Malaysia)

First

Minimum 5-hectare green space within >10
km from residential area.

Open Area Planning Guidelines
(Federal Department of Town and

Regional Planning)

Second

Minimum 10-hectare green space within the
region or state.

Third



Revue Internationale de Géomatique. 2025;34 559

3.2 Data Collection
Evaluating green space accessibility involves integrating various factors related to the study area, such

as the locations of existing green spaces, access points to green spaces, existing road network, the boundaries
of Bayan Lepas, as well as the data zone boundaries representing local residentials within Bayan Lepas.
Additionally, demographic information 2020 of Bayan Lepas census is considered. The necessary data for
this analysis are publicly available and sourced from four primary sources:

• Geospatial Information Management Unit, Penang;
• OpenStreetMap (https://www.openstreetmap.org);
• BBBike extract OpenStreetMap (https://extract.bbbike.org);
• Malaysia’s census (https://hub.worldpop.org).

At this stage, the collected data were processed and organized for subsequent GIS network analysis.
The datasets were structured into feature datasets within a file geodatabase to ensure seamless integration,
consistency, and reproducibility. Features specific to Bayan Lepas were extracted from broader datasets such
as green space and data zone boundaries originally covering the entirety of Penang Island. This extraction
was carried out using ArcGIS tools, to generate new layers representing a geographically focused subset of
the original sources. Each dataset played a distinct role in the analysis and was prepared as follows:

1. Green space polygons were obtained from PeGIS and represent public parks and vegetated public areas.
These features were clipped to the boundary of Bayan Leaps using the ArcGIS “Clip” tool and stored in
a dedicated feature dataset labelled “Green_Space”.

2. Road network data were sourced from both OpenStreetMap and BBBike extracts to enhance spatial
coverage and cross-validate network accuracy. The linear features were merged and cleaned to remove
duplicates, then organized into a “Road_Network” feature dataset, which was later used to construct the
network dataset for impedance-based analysis.

3. Administrative boundaries and residential data zones were acquired from PeGIS. These layers were used
to delineate analysis zones. A separate feature dataset named “Data_Zones” was created to store these
polygons, which served as the base for spatial aggregation and accessibility calculations.

4. Population data for the year 2020 were sourced from WorldPop, which provides high resolution raster
estimates of population distribution. Using ArcGIS “Zonal Statistics” and “Spatial Join” tools, raster cell
values were aggregated and linked to their corresponding data zone polygons to calculate total population
per zone. The resulting attribute was then used in subsequent accessibility analysis.

3.3 GIS Network Analysis
Once the collected data were structured into a file geodatabase, a network dataset was utilized for

conducting network analysis and evaluating the connectivity of various pedestrian pathways, such as
primary, secondary, and minor roads, urban collectors, and local streets. The network dataset is built with
specific settings, such as configuring the connectivity model to ensure that all streets are connected at
their endpoints and opting to exclude elevation fields. A point feature class is included in the network
dataset to represent junctions where pedestrian roads intersect, along with other feature classes that store
the network’s attributes.

Fig. 2 presents a flowchart summarizing the analytical workflow, from data pre-processing to final
population-based accessibility computation. This visual representation complements the steps described
below and enhance methodological transparency.

https://www.openstreetmap.org
https://extract.bbbike.org
https://hub.worldpop.org
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Figure 2: Analytical workflow, from data preprocessing to final population-based accessibility computation

To assess green space accessibility in accordance with the Green Space Accessibility Standards, this study
adapted the analytical approaches proposed by Vilcea and Sosea [9], Cetin [32], and Kmail and Onyango
[33] to suit its specific context. The following analytical steps were carried out:

1. Define Origins and Destination: Origins were assigned to centroids of residential data zones, while
destinations were based on access points of mapped green spaces categorized by size (0.5–1 ha, 5 ha,
≥10 ha).

2. Generate Origin-Destination (OD) Cost Matrix: The least-cost walking distance between multiple
origins and destinations was calculated using the OD Cost Matrix tool in ArcGIS. This produced a table
identifying the closest destination for each origin based on the shortest network travel distance.

3. Apply Accessibility Thresholds: Based on the Green Space Accessibility Standards, the results were
filtered to determine which origins met specific accessibility criteria, e.g., within 300 m for small green
spaces, 10,000 m for district-level parks, and broader thresholds for regional-scale green areas.

4. Join Population Data: The filtered OD results were joined to the data zone population layer using a
relational database structure. This step enabled the association of each origin’s accessibility outcome with
its corresponding population count.

5. Calculate Accessibility Statistics: The final table was processed using ArcGIS Summary Statistics tools
to compute the total number of individuals with access to each tier of green space. The accessibility rate
was determined by dividing the number of people with access by the total population of Bayan Lepas.

This approach allowed for a detailed spatial analysis of green space accessibility based on actual travel
distance through pedestrian networks. The methods employed here are transferable and can be applied to
other urban contexts where similar geospatial dataset are available.
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4 Results and Discussion
This section presents the findings from the analysis of green space accessibility in Bayan Lepas, Penang.

The study area was segmented into residential data zones, which were delineated to reflect the geographic
distribution of the local population within the selected region. Each data zone functions as a spatial unit,
with an estimated population ranging between 500 and 1000 individuals, based on the 2020 Malaysia census
for Bayan Lepas. Only data zones located within the study boundaries were included, totaling 128 zones,
with population sizes varying from 540 to 1720 residents. To assess accessibility to green spaces, a GIS-
based network analysis was conducted. Several tools are available for such assessments, including ArcGIS,
the Service Area Analysis feature in Open Route Service via QGIS3, and the Java Network Analyzer, which
provides multiple algorithms rooted in graph theory and social network analysis. ArcGIS was selected for this
study due to its proven efficiency, user-friendliness, and frequent application in related research (Delgado-
Mellado et al., 2019). The analysis was carried out using ArcGIS software version 10.6.1 on a PC equipped
with a Core i5 processor (2.1 GHz), 4 GB of RAM, and operating on Windows 10. The results quantify the
number and percentage of residents who live within acceptable walking distances to green spaces of various
sizes. Figs. 3–5 present maps that illustrate accessibility outcomes, not merely locations of green spaces. Each
figure visualized which data zones meet the required accessibility standard for a specific tier of green space
(i.e., 0.5–1 hectare within 300 m; 5 hectares within 10 km; and ≥10 hectares at the regional level). These maps
are direct outputs of the GIS network analysis, and the shaded zones represent areas where residents can reach
the nearest qualifying green space within the specified distance thresholds. This visual representation helps
identify underserved residential areas and informs decisions about where new green spaces may be needed.

Figure 3: Data zones that have access to green spaces based on the first requirement
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Figure 4: Data zones that have access to green spaces based on the second requirement

4.1 Data Zones with Access to Green Spaces according to the First Green Space Accessibility Standards
Guidelines
As shown in Fig. 3, 92 data out of 128 data zones have access to green spaces ranging from 0.5 to 1 hectare

within 300-m walking distance. This indicates that approximately 71.87% of the data zones meet the first
requirement of the Green Space Accessibility Standards. Notably, most of these zones are concentrated in
the north and southwest areas of Bayan Lepas, while data zones at the centre and east of Bayan Lepas need
to enhance accessibility to 0.5–1-hectare green spaces within 300 m distance.

The total population residing in the 92 data zones with green spaces amounts to 107,398, based on data
integration between data zones and Bayan Lepas census information through a database linking process.
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Figure 5: Data zones that have access to green spaces based on the third requirement

4.2 Data Zones with Access to Green Spaces according to the Second Green Space Accessibility Standards
Guidelines
As shown in Fig. 4, 112 data zones have access to green spaces ranging from 5 to 9 hectares within a

5000-m distance. This indicates that 87.5% of all data zones meet the second requirement of the Green Space
Accessibility Standards, while majority situated in north and west areas Bayan Lepas. Most data zones in the
centre and east areas of Bayan Lepas lack such access due to the absence of green spaces of 5 to 9 hectares in
these regions.

Approximately 95,135 residents of Bayan Lepas live in the 112 data zones that have access to these
green spaces.

4.3 Data Zones with Access to Green Spaces according to the Third Green Space Accessibility Standards
Guidelines
In relation to green space accessibility as per the third requirement of the Green Space Accessibility

standard, Fig. 5 indicates that all data zones have access to green spaces ranging between 10 hectares above
within the region distance. This accounts for 100% of the total data zones, with the majority situated in the
Bayan Lepas neighbourhood. Approximately 130,455 people reside in these 128 data zones.

Based on the results presented and summarized in Table 3, approximately two-thirds of Bayan Lepas’s
population have access to urban green spaces when considering only the first requirement of the Green
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Space Accessibility Standards. However, nearly half of the population has access when applying the second
Green Space Accessibility Standards requirement. According to the third requirement, the whole Bayan
Lepas neighbourhood has access to green space of 10 hectares and above. Therefore, it is essential to improve
accessibility to green spaces in Bayan Lepas by identifying existing barriers and exploring opportunities for
enhancement through the urban planning process.

Table 3: Result of measuring green space accessibility

Result Requirement

First Second Third
Number of individuals who have access according to requirements 107,398 95,135 130,455
Number of data zones that have access according to requirements 92 112 128

Percentage of individuals who have access according to requirements (%) 82.32 72.93 100
Percentage of data zones who have access according to requirements (%) 71.87 87.5 100

5 Conclusions
This study aimed to explore the spatial distribution and accessibility of green spaces within Penang’s

Bayan Lepas neighbourhood. Using Geographic Information System (GIS) tools, the study examined the
distribution of these spaces, assessed how much of the population had access to them within a 300-m walking
radius, and identified areas lacking sufficient green spaces that could benefit from new parks or recreational
facilities based on GIS network analysis.

The findings suggest that certain areas of Bayan Lepas are well-connected to green spaces, meeting
the Green Space Accessibility Standards. Specifically, most areas in the northern and southwestern parts of
Bayan Lepas are within a 300-m walking distance from green spaces ranging from 0.5 to 1 hectare in size.
Additionally, most areas in the northern and western parts of Bayan Lepas also have access to 5-hectare green
spaces within a 10,000-m radius. However, when considering larger green spaces (10 hectares or more), all
areas of Bayan Lepas are well-served, while the south part lacks sufficient accessibility to these larger green
spaces. This indicates that although a significant portion of the population enjoys adequate access, there are
underserved areas, particularly in the east, that require attention in future urban planning efforts. Residential
areas near industrial hubs should be provided with more green spaces to mitigate the effects of urbanization
on residents’ well-being.

The findings are consistent with broader research on green space equity. For example, Refs. [32–
36] emphasized that access to proximate green spaces significantly contributes to mental and physical
health outcomes, particularly in urban peripheries and industrialized areas. In line with these studies,
our results confirm that green space provision in rapidly urbanizing districts like Bayan Lepas remains
spatially uneven, with certain zones, particularly in the central and eastern areas, falling below established
accessibility thresholds.

The policy implications of this analysis are substantial. By identifying priority zones with insufficient
green space access, such as the residential-industrial edges of Bayan Lepas, local governments and urban
planners are better positioned to implement equitable green infrastructure strategies. These may include
the development of pocket parks, improved pedestrian linkages to existing green spaces, or the retrofitting
of underutilized land parcels. In doing so, urban development in Penang can be better aligned with SDG
11.7 objectives and national planning guidelines promoting health, well-being, and environmental equity.
This study may be subject to methodological constraints, including potential inaccuracies in demographic
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data processing, georeferencing, and vectorization. Specifically, the road network data used for network
analysis was sourced from publicly available platforms such as OpenStreetMap, which may contain outdated
or incomplete segments. Similarly, demographic data obtained from older census boundary zones may not
reflect the current distribution of population density. In addition, while green space boundaries were derived
from existing shapefiles, they may not perfectly align with actual on-ground extents due to inconsistencies
in georeferencing. To mitigate these limitations, cross-validation techniques were applied. These included
comparing and reconciling data across multiple platforms such as OpenStreetMap, Google Earth, and PeGIS
(Penang Geographic Information System Centre). Manual verification and vectorization using orthophotos
improved the spatial precision of green space boundaries. These strategies enhance the reliability of the
findings and offer a reasonable degree of confidence in the results, though the presence of a small margin of
error cannot be entirely ruled out.

As urbanization in Penang continues to accelerate, the methods and results of this study are critical in
advocating for the recognition of green spaces as a fundamental right for all urban residents, irrespective of
location. Special consideration should be given to the peripheral areas of metropolitan regions to ensure that
their green space accessibility standards are on par with, or exceed, those of older, established urban centres.
Ensuring equitable access to green spaces is vital for promoting community well-being, and ongoing efforts
are required to address existing disparities.

Importantly, the methodology presented in this study is designed to be replicable and transferable to
other urban contexts. The GIS-based workflow comprising spatial data collection, building of a network
dataset, and the application of service area and origin-destination cost matrix tools can be applied in other
cities or regions, provided that basic geospatial data (e.g., road networks, green space boundaries, and
population information) are available. Urban planners, researchers, and policy-makers are encouraged to
adopt this framework, tailoring the distance thresholds and green space standards to local contexts in order
to assess and improve green space accessibility in their own urban environments.
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