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Abstract

Urban accessibility and network connectivity are critical determinants of mobulity,
service delivery, and sustainable urban development. This study evaluates the accessibility
and connectrivity of 14 municipal councils in the Kolhapur district, Maharashtra, using
network analysis metrics, including the Beta Index, node and arc counts, and accessibility
scores. Spatial and statistical analyses reveal significant variations, with areas like
Ichalkaranji, Kolhapur (Karvir), and Gadhinglaj exhibiting high connectivity and
accessibility, while regions such as Hatkangale, Ajara, and Peth Vadgaon demonstrate low
or tree-like network structures. Correlation between accessibility and connectivity indices
highlights the importance of well-connected urban grids in enhancing movement efficiency
and equitable access for resources. Graphical representations, including bar charts,
histograms, and ranking analyses, support the interpretation of results. The findings provide
actionable insights for wrban planners to optimise transport networks, prioritise
infrastructure interventions, and improve overall urban functionality, contributing to more
restlient and accessible urban systems.
Keywords: Accessibility, Connectivity, Beta Index, Urban Network, GIS, Transport
Planning etc.

Introduction

Accessibility and network connectivity largely determine regional
development, impacting social inclusion, economic productivity, and overall quality
of life. While network connection refers to the effectiveness and structure of the
transportation and communication networks that facilitate such mobility,
accessibility relates to how simple it is for people to access to desired services,
activities, and destinations. These ideas work together to shape geographical
inequality, particularly in developing countries with unequal infrastructure
distribution.

Rapid urbanisation and population growth have increased the need for
effective transportation and service delivery infrastructure in nations like India.
Nonetheless, there are still significant differences between urban and rural
communities, with rural areas frequently having less access to markets, healthcare,
and education. The necessity for methodical evaluation techniques that can analyse
and enhance spatial accessibility and connectivity is highlighted by this uneven
distribution.

Geographic Information Systems (GIS) and remote sensing, in
particular, have become a potent tool for studying infrastructure networks and
spatial trends. Researchers may model real-world situations and evaluate
accessibility using methods like network analysis, buffer analysis, and cost-distance
modelling because of GIS's ability to integrate, visualise, and analyse spatial data.
These resources enhance evidence-based planning and decision-making and make it
easier to identify underserved areas (Longley et al., 2015).

In district-level research, where localised planning changes can have
substantial effects, the use of geospatial tools is especially pertinent. The state of
Mabharashtra's Kolhapur District has a varied topography that includes hilly
regions connected to the Western Ghats, rural communities, and metropolitan
areas. This variety is a perfect example for geospatial analysis since it frequently
leads to spatial differences in connection and accessibility.

This study uses geospatial technologies to measure network connection
and accessibility in order to determine infrastructure gaps, assess service
distribution, and offer suggestions for better regional planning. In addition to
advancing scholarly study, these assessments aid decision-makers in attaining
inclusive and balanced growth by providing data-driven insights that can inform
policies and initiatives aimed at improving infrastructure and services in
underserved areas.
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Study Area

The study area is the Kolhapur district, located in the southwestern part of Maharashtra, India. The district is
geographically situated between the Western Ghats and the Deccan Plateau and includes a mix of urban, semi-
urban, and rural settlements. Major municipal councils such as Kolhapur, Ichalkaranji, Gadhinglaj, and Jaysingpur
serve as important administrative, industrial, and commercial centres with well-developed road networks, while
towns such as Ajara and Chandgad represent relatively less connected peripheral areas. The district has an extensive
road network connecting urban and rural areas, making it suitable for analysing spatial variations in accessibility
and connectivity using graph theory and transport network indices.

STUDY AREA : KOLHAPUR DISTRICT
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Fig. 1. Location Map

Objective

1. Assess road network connectivity using graph-theoretic indices in Kolhapur’s municipal grids.

2. Analyse accessibility patterns to identify high, medium, and low accessibility zones.

3. Examine the relationship between network connectivity and accessibility for planning improvements.

Database and Methodology

The study utilises spatial road network data of Kolhapur district’s municipal councils, divided into grids.
Each grid’s connectivity was quantified using graph-theoretic indices such as the beta index, no. of arcs, and no. of
nodes. Accessibility was evaluated by integrating connectivity metrics with population centres and critical service
points. Data were collected from municipal GIS maps, OpenStreetMap (OSM), and field surveys for validation. This
systematic approach ensures that connectivity and accessibility patterns are clearly quantified and visualised,
providing actionable insights for urban planning.
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Results and Discussion

A complicated and spatially varied pattern caused by differences in urbanisation, infrastructure
development, and physical limits is shown by evaluating accessibility and network connectivity among municipal
councils in Kolhapur District. The study offers a thorough understanding of how transport networks affect
accessibility across various locations by utilising graph-theoretic metrics like the Beta Index in conjunction with
node and arc analysis.

1. Network Connectivity's Spatial Pattern

Significant differences exist between the 14 municipal councils, according to the connectivity research. A
spectrum from incredibly poor to highly established network architecture is represented by the beta index values,
which range from 0 to 4.0.

With Beta Index values surpassing 2.5 and occasionally reaching 3.0-4.0, urban hubs like Kolhapur
(Karvir), Ichalkaranji, and Panhala demonstrate extremely advantageous connectivity. These regions are
distinguished by numerous travel options (arcs), high intersection density (nodes), and dense road networks. For
example, grids in Kolhapur City display arc counts above 180-200 and node counts over 100, indicating a well-
integrated urban transportation system. High connection facilitates effective car mobility, shortens travel times, and
improves accessibility in general.

On the other hand, peripheral municipalities with Beta Index scores near zero, such as Ajara, Hatkangale,
and Peth Vadgaon, show extremely poor connection. These regions are characterised by network topologies that
resemble trees, with highways branching off of a single main route without creating loops or alternate routes. Sparse
infrastructure is indicated by node counts in these grids, which are frequently less than 80-40, and arc counts, which
are usually less than 50-60. Movement possibilities are severely limited by such layouts, which also make them more
susceptible to disruptions or traffic jams.

With Beta Index values between 1.2 and 1.8, intermediate municipalities like Gadhinglaj, Jaysingpur, and
Shirol exhibit moderate connectivity. These regions exhibit partial network development, with gaps in connectivity
and some grid-like characteristics. Moderate node and arc counts indicate developing infrastructure that facilitates
regional movement but is not as effective as highly connected urban centres.

2. Accessibility Trends in the District

There is a high spatial correlation between network structure and service reach when accessibility analysis
is combined with connectivity measures. When compared to low-connectivity zones, high-connectivity zones show
noticeably superior accessibility results. High accessibility scores (>75-80%) are found in urban areas like
Ichalkaranji and Kolhapur City, suggesting that most people can get necessary services within 5-10 km or 10-15
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minutes of travel time. Dense road networks, accessible public transportation, and close proximity to service hubs
like hospitals, schools, and marketplaces are all advantages for these communities.

However, accessibility levels are low (<40-50%) in rural and peripheral areas like Chandgad, Ajara, and
Hatkangale. To get essential amenities, individuals in these locations frequently have to travel more than 10-15
kilometres or spend 30-60 minutes. Poor road connectivity, a lack of alternative routes, and reduced transportation
availability exacerbate these accessibility limitations.

The steady decrease in accessibility from urban centres to rural outskirts is a noteworthy trend that illustrates
the impact of infrastructure concentration in economically developed areas. This pattern demonstrates the district's
clear urban-rural division.

3. Disparities Within and Between Regions

The analysis shows intra-urban differences within certain municipal councils in addition to inter-municipal
heterogeneity. For instance, the city of Kolhapur itself has grids with different degrees of connection, from less
developed periphery districts to well-connected commercial zones. Even in metropolitan areas, accessibility is
inconsistent due to this internal diversity. Similar mixed connectivity patterns can be seen in towns like Gadhinglaj
and Jaysingpur, where certain grids have high beta index values while others are still underdeveloped. Instead of
using uniform policy methods, this uneven distribution suggests the need for regional planning initiatives.

4. Geographical and structural factors' influence

Geographical considerations also have an impact on the spatial variance in accessibility and connectivity.
Topographical limitations in regions close to the Western Ghats, such as Chandgad and Ajara, restrict the growth
of road networks and lower connectivity levels. On the other hand, plains areas and industrial zones like Ichalkaranji
have simpler topography and more economic activity, which makes infrastructure construction easier.

Past trends in urban expansion and industrial concentration also influence the network structure. While rural areas
continue to rely on inadequate road infrastructure, industrial centers often create more intricate and dense networks
to support economic activity.

Network Connectivity Analysis

Table 1. Connectivity Classes of Municipal Council Zone

C e . Beta Connectivity
Municipality Grid Index Class
Kolhapur K27 3 Very High
Panhala Ph2 4 Very High
Very Low
Hatkangale H1 0 (Tree-like)
Peth P1 o Very Low
Vadgaon (Tree-like)
. Very Low
Ajara A1/A2 0 (Tree-like)
Total Number of the Arcs in Each Grid of the gatgudy Area (2023-24)
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Fig. 3. Total Number of the Arcs in Each Grid of the Study Area. (Source:Based on field survey, 2023-24)

This bar graph illustrates the distribution of arcs, or road segments, among the various municipal grids in
the Kolhapur district. Grids in urban areas like Ichalkaranji and Kolhapur (Karvir) show significantly greater arc
counts (sometimes exceeding 150-200), indicating dense and well-connected road networks. On the other hand,
grids in outlying areas such as Hatkangale and Ajara show low arc values (less than 50), indicating a lack of
infrastructure. Spatial differences in network density throughout the district are depicted in the figure.
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The Beta Index, calculated for all municipal grids, shows significant variation across Kolhapur’s municipalities.
Grids such as Kolhapur (Karvir) K27 and Panhala Ph2 exhibit very high connectivity (Beta Index > 2.5), indicating
a highly meshed network conducive to efficient movement and accessibility. Conversely, grids like Hatkangale H1,
Peth Vadgaon P1, and Ajara A1/A2 have a beta index of 0, indicating tree-like, poorly connected networks with
limited route redundancy. This heterogeneity highlights the disparity in connectivity within the district.

Connectivity Scores of Kolhapur District Municipal Councils

Connectivity Score

Municipal Councils

Fig.4.Connectivity Score of Kolhapur District Municipal Councils.
(Source: Based on Field Survey, 2023-24)

Based on the Beta Index and associated graph metrics, this figure displays the overall connectivity scores
of various municipal councils. High connectivity ratings are indicative of well-developed and effective transportation
networks in urban municipalities like Ichalkaranji and Kolhapur. While low scores in Ajara and Hatkangale indicate
poor connection, moderate scores are seen in places like Gadhinglaj and Jaysingpur. The graphic does a good job at
comparing differences between municipalities.
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Fig. 5: Average Connectivity of Municipal Council, (2023-24).
(Source: Based on Field Survey, 2023-24)

This graph displays the average connectivity levels among municipal councils. The variation in mean
values indicates differences in the overall network structure. Ichalkaranji and Kolhapur exhibit higher average
connectivity, indicating a consistent network density throughout their grids. Municipalities like Ajara and
Chandgad, on the other hand, show lower averages, suggesting inconsistent or inadequate connectivity. The figure
aids in identifying areas in need of infrastructure upgrades.
> Accessibility Assessment
Accessibility scores, when linked with connectivity metrics, reveal that urbanised areas (e.g., Ichalkaranji I1-14,
Kolhapur K16-K20) have high to very high accessibility, reflecting dense road networks supporting efficient travel.
Rural grids (e.g., Chandgad C1-C2, Hatkangale H1/H6) show low to very low accessibility, indicating limited
infrastructure. This pattern aligns with the expected urban-rural divide, emphasising the importance of targeted
infrastructure development in low-accessibility areas.

» Statistical Interpretation
% Mean beta index across the district is approximately 1.62, suggesting a moderate overall connectivity.
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% Standard Deviation (SD) = 0.56, indicating variability in network connectivity among grids.

% Correlation analysis between the beta index and accessibility shows r = 0.82, indicating a strong positive

relationship; higher connectivity correlates with higher accessibility.

Accessibility Categories Across Municipal Councils in the Study Area (2023-24)
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Fig.6. Accessibility Categories Across Municipal Councils in the Study Area (2023-24).

This figure divides municipal grids into high, medium, and low-accessible zones based on service reach and
connectivity. High-accessibility areas concentrate in metropolitan regions like Ichalkaranji and Kolhapur, where
dense networks facilitate effective mobility. Low-accessibility areas are mostly found in outlying areas like
Chandgad and Ajara, whilst medium-accessibility areas are found in towns like Gadhinglaj and Jaysingpur. The
figure illustrates the district's accessibility gap between urban and rural areas.

The study demonstrates a strong link between network connectivity and accessibility, corroborating prior
studies in urban transport networks (e.g., Rodrigue et al., 2020; Porta et al., 2006). High connectivity in urban
centers enhances mobility, reduces travel times, and supports service delivery. Low connectivity in rural grids
indicates vulnerability to isolation and inefficient transportation, which can lead to decreased economic
opportunities and limited access to essential services for residents.

These findings emphasise the necessity of targeted infrastructural development, particularly in tree-like,
low-connectivity grids. Introducing additional road links or upgrading existing routes can improve both
accessibility and network robustness, ensuring equitable service access across Kolhapur district.

Conclusion

The current study offers a thorough geographic evaluation of network connection and accessibility
throughout Kolhapur District municipal councils. The study reveals notable differences in the district's transport
network topology and service reach by combining graph-theoretic indices like the Beta Index with spatial
accessibility metrics. With Beta Index values ranging from 0 to 4.0, which show a broad spectrum from minimally
connected tree-like systems to extremely complex grid-based metropolitan networks, the results unequivocally
show that network connectivity is unevenly distributed. Overall, the mean beta index of 1.62 indicates a
considerable degree of connection.

Urban areas with dense road networks, high node and arc densities, and numerous alternate routes, like
Ichalkaranji and Kolhapur (Karvir), become high-connectivity hubs. High accessibility levels (>75-80%) in these
places provide easy access to markets, healthcare, and education, as well as efficient mobility over short travel
distances (usually less than 10 km). Towns with moderate to high connectivity, such as Gadhinglaj and Jaysingpur,
facilitate regional movement and serve as secondary growth centres.

On the other side, peripheral and semi-rural municipalities with Beta Index scores near zero, such as Ajara,
Chandgad, Hatkangale, and Peth Vadgaon, show extremely poor connectivity. These regions have low accessibility
(<40-50%) due to the prevalence of tree-like network architectures, low node density, and fewer arcs. To obtain
essential amenities, residents in these areas frequently have to drive significant distances (10-20 km) and endure
lengthy travel times (30-60 minutes). These circumstances clearly point to a transportation disadvantage and
accessibility limitation.

The statistical analysis further supports these conclusions. Improvements in network topology directly
increase service accessibility, as evidenced by the significant positive correlation (r = 0.82) between connectivity and
accessibility. This connection emphasises how crucial it is to create interconnected transportation networks in order
to guarantee effective mobility and fair resource allocation.

The study also shows intra-urban differences, with certain grids showing poorer connection than centre
zones even in highly developed municipalities like Kolhapur. This unequal internal distribution implies that localised
accessibility gaps have resulted from spatially focused infrastructure development.

Geographic conditions, particularly the presence of the Western Ghats, greatly influence network growth.
While plains regions like Ichalkaranji benefit from relatively favourable conditions for infrastructure growth, areas
like Chandgad and Ajara have topographical obstacles that restrict road building. Economic activity and industrial
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development significantly influence network density, resulting in more intricate and linked road networks in
industrial towns.

Overall, the study emphasises that high accessibility, which in turn promotes socioeconomic development,
lessens spatial inequality, and enhances quality of life, requires effective network connectivity. The results emphasise
the necessity of focused, data-driven planning techniques to alleviate current inequalities and advance equitable
regional development in the Kolhapur District.

The connectivity analysis of the 14 municipal councils in the Kolhapur area using the Beta Index reveals a
diverse road network layout. With Beta Index values above 1.7 and occasionally above 2.5, urban hubs like Kolhapur
(Karvir), Ichalkaranji, Panhala, and Jaysingpur demonstrate high to -extreme connectivity. These locations benefit
from strong intersection networks and various alternate routes, which promote effective traffic flow and lower the
likelihood of congestion. On the other hand, a number of semi-urban and rural grids show very low or tree-like
connectivity (Beta Index < 0), such as Hatkangale (H 1, H 6), Peth Vadgaon (P1, P6), Ajara (A1, A2), and Hupari
(H1). Due to the lack of viable routes, these regions are more likely to experience traffic jams, less accessibility, and
longer travel times. Certain councils, including Chandgad, Gadhinglaj, and Kolhapur, exhibit a range of very high,
high, moderate, and low beta index grids, indicating varied connection patterns. Such variation suggests regional
differences in traffic flow efficiency and accessibility. The analysis underscores the importance of maintaining and
enhancing existing high connectivity hubs, while also enhancing road network connectivity in areas with low beta
index.

Recommendations:

1. To alleviate traffic in the urban heart of Kolhapur (Karvir), ring and bypass roads must be built to improve
peripheral connections. Additionally, network mobility and efficiency will be enhanced by the deployment of
GIS-based smart traffic control systems, which can optimise traffic flow, reduce congestion, and improve
response times for emergency services.

2. To maintain high connectivity in Ichalkaranji, bottlenecks in industrial zones must be reduced and intra-urban
road hierarchy must be improved. Additionally, integrated public transportation systems must be created to
facilitate population and industrial mobility, which could include options such as bus rapid transit, light rail, and
improved scheduling to ensure timely connections.

3. In the case of Gadhinglaj, improving the current road system is essential to enhancing its function as a centre
for regional connectivity. To increase accessibility, it's also critical to develop the transportation corridors that
connect nearby rural communities.

4. Creating link roads will strengthen Jaysingpur's disjointed road networks to ensure consistent connectivity.

Improved interaction with regional transport systems is necessary to strengthen its position as a secondary

growth centre, as this will facilitate better access to resources, markets, and services for the local population.

5.To lessen reliance on constrained routes, more road connections must be developed in the case of Shirol.

Economic accessibility will increase with better connectivity to adjacent industrial and agricultural areas.

6. To preserve environmental sustainability in Panhala, infrastructure development that is sensitive to topography

should be given top priority. Increasing connection for travel would also boost the economy by facilitating

trade, improving access to jobs, and attracting investment in the region.

To turn Hatkanangale's tree-like network architecture into more cohesive systems, additional connecting

roadways must be built. Accessibility gaps will be overcome by enhancing rural transportation services.

8. Peth Vadgaon should raise its road network density by creating alternate routes and improving the current
infrastructure. Improving service access requires improved connectivity with Kolhapur city.

9. Ajara should prioritise the development of basic road infrastructure in isolated and hilly locations. To lessen
isolation and increase accessibility, dependable transportation services must be implemented.

10. In the case of Chandgad, the Western Ghats' geographical limitations necessitate the development of terrain-
adaptive roads. Regional integration will be improved by improving connectivity with large cities.

11. To increase connectivity with neighbouring economic hubs, Hupari's road infrastructure has to be upgraded.
Bolstering internal road networks will support local industrial development.

12. To encourage industrial expansion in Kagal, better road connections to highways and logistics hubs are crucial.
In order to handle future development, planned network expansion should be implemented.

138. Feeder roads should be built in Murgud to improve rural-urban connectivity. Enhancing access to
neighbouring service locations will help meet the needs of the local populace.

14. To increase connectivity with major towns, Gargoti's road infrastructure needs to be strengthened. Improved
transportation services will provide shorter travel times and increase accessibility.
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