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Abstract: A GIS-based method is proposed to identify critical links in urban road networks. This study
utilizes a geographic information system (GIS) to evaluate the distribution of road infrastructure, road
density, and network accessibility at the micro, meso, and macro levels. At the micro level, GIS is used
to assess the distribution of public facilities along the roads. At the meso level, a city’s road density
distribution is evaluated. At the macro level, a spatial barrier model and a transportation network
model are constructed to assess the network accessibility. An inverse distance weighting method is
employed to interpolate the accessibility. Furthermore, a network topology is established, and the
entropy method is utilized to evaluate the sections comprehensively. The sections are ranked based
on the evaluation results to identify the critical links in the urban road network. The road-network
data and points of interest (POI) data from the Anning District in Lanzhou are selected for a case
study, and the results indicate that the top five critical links have scores of 0.641, 0.571, 0.570, 0.519,
and 0.508, respectively. Considering the three indicators enhances the accuracy of critical section
identification, demonstrating the effectiveness of the proposed method. Visualizing each indicator
using GIS 10.7 provides a new approach to identifying critical links in urban road networks and
offers essential theoretical support for urban planning.

Keywords: urban traffic; identification method; geographical information system; critical links;
accessibility

1. Introduction

Urban road networks play a crucial role in cities” economic and social functioning.
The stability of these networks is determined by critical geographic locations such as
transportation hubs, commercial centers, residential areas, and essential functional areas
for transportation. Critical links, often important nodes within the road network, connect
multiple major traffic routes in a geographical region. These sections typically experience a
high traffic flow and complex traffic organization and are prone to congestion and accidents.
Accurately identifying critical links is of great significance for urban planning and travel
choices due to their decisive impact on the operational efficiency of the road network.

Transportation GIS refers to the concept of applying GIS technology in transportation
research within a geographic information system [1]. An overview of GIS-based trans-
portation applications has been provided, along with an analysis of the outcomes of spatial
data operations [2]. GIS tools are commonly used to visualize classification outcomes by
applying clearly defined rules and criteria for a functional and hierarchical classification
of the road network [3]. The resilience of transportation infrastructure plays a vital role
in ensuring the continuous operation of transportation services and impacts the location
and capacity of critical transportation components. Points of interest (POI) are closely
associated with urban development, and using GIS tools allows for the improved analysis
of point-of-interest data from a spatial perspective [4].
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Currently, numerous studies have been conducted using GIS in transportation. These
studies include analyses of park accessibility, transportation network accessibility, and
urban road analysis using POI data. These research endeavors have provided valuable
analytical tools and reference points for our assessments and decision making [5]. Shabir
employed GIS 10.7 to perform buffer analyses and analyze the accessibility of urban parks,
ultimately determining their spatial distribution [6]. Christian utilized publicly available
map data and digital elevation models to analyze existing transportation supply and
identify areas with poor accessibility or blind spots within the transportation network [7].
Ahmadzai et al., on the other hand, employed geographic information systems to analyze
the accessibility of road networks by evaluating the interactions between land use and
transportation networks [8]. By establishing transportation network models within GIS and
assigning cost values to features, the results of accessibility assessments can be visualized,
enhancing the comprehensibility of the analysis. POIs refers to locations regularly visited,
seasonally visited, or based on specific events, which can serve as significant reference
points for our assessments, planning, and decision making.

Due to the large scale, broad scope, and diverse nature of road networks, numerous
indicators have been proposed to identify the key components that significantly impact
urban networks’ efficiency and identify the critical links of urban road networks [9]. Iraklis
reviewed measures of centrality in transportation networks and assessed their suitability
for transportation-network studies. He pointed out that if critical nodes can be identified,
the allocation of transportation resources in urban road networks can be more rational [10].
Li et al. proposed a method for identifying critical links considering the index of a traffic
flow gap in a user equilibrium assignment model, aiming to improve the computational
efficiency of the complete scanning method [11]. Taylor et al. introduced an indicator
considering generalized travel costs, which was used to evaluate the risk and vulnerability
of transportation networks [12]. Hansen's integral accessibility indicator and the Accessibil-
ity /Remoteness Index of Australia (ARA) have also been used to identify critical links [13].
Oliveira et al. ranked critical links through congestion and vulnerability indicators and
studied the similarities and differences between ranks and ratings [14]. Victor et al. re-
viewed the existing literature and evaluated the quality of the proposed indicators [15].
Identifying critical links facilitates the assessment of the weak links of urban-road-network
schemes. Therefore, carefully selecting evaluation indicators is crucial, as different indica-
tors may yield different results in different models [16,17]. The identification accuracy of
critical links can be improved by considering multiple levels and aspects comprehensively.
Various indicators have been proposed to identify critical links of urban road networks, and
the results obtained from different models also vary. Therefore, when identifying critical
links, it is necessary to carefully select appropriate evaluation indicators and consider
multiple factors comprehensively to enhance accuracy [18]. In this paper, the POI data
of public facilities, road density, and accessibility are regarded as essential indicators for
identifying critical links in urban road networks.

There have been numerous studies on the methods to identify critical links. Munikoti
et al. proposed an expandable neural-network framework to identify critical links by
predicting scores of road sections in network graphs using a model [19]. This approach can
avoid excessive computational iterations. Scott et al. proposed an integrated method to
identify critical links using traffic flow, link capacity, and network topology [20]. Chalki-
adakis et al. conducted simulation experiments on central urban road networks, quantifying
efficiency, vulnerability, and criticality indicators and studying the impact of these indica-
tors on traffic-network efficiency [21]. Wang et al. proposed a global optimization-solving
method to identify critical links by computing cost values in transportation networks [22].
Feng et al. comprehensively considered static network topology and dynamic traffic flow
characteristics, along with the visualization of spatial-temporal variations of traffic flow
using GPS data, enabling the more accurate identification of critical links in urban road
networks [23]. Rupi et al. proposed a hybrid indicator to identify critical links by analyzing
the connectivity of road sections and the impact of their discontinuation on the entire
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network. Amirmasoud developed a new measurement method that simultaneously con-
sidered traffic characteristics and network topology to identify critical links [24]. Eduardo
utilized TransCAD (version 7.0) with GIS features to identify critical links by analyzing
congestion indicators with equal weights assigned to two attributes. However, assigning
equal weights to attributes may lead to varying results. Thus, assigning weights after
indicator analysis is a more rigorous analysis approach. Sohn used the distance and traffic
flow volume as parameter indicators for calculating accessibility to identify critical links
in Maryland’s highway network [16]. However, in the calculation, he replaced county
areas with city center points and only considered the highway road network, resulting
in significant discrepancies between the computed accessibility values and actual values.
In summary, a comprehensive consideration and analysis from multiple perspectives can
facilitate the faster and more accurate identification of critical links [25-27].

The commonly used evaluation indicators for critical links often reflect specific char-
acteristics of urban road networks from a single perspective, resulting in potential dis-
crepancies between the evaluation results and actual outcomes. Moreover, most methods
for identifying critical links rely on iterative approaches, where each node in the graph is
repeatedly explored, leading to high computational complexity. To address these issues,
this study analyzes and evaluates the distribution of transportation infrastructure, road
density, and network accessibility in the Anning District of Lanzhou City from micro, meso,
and macro levels, based on GIS. Subsequently, by establishing a network topology, the
comprehensive scores of each road section are calculated to identify the critical links of the
urban road network. This method considers indicators from multiple levels, enabling a
more accurate assessment and identification of critical links. Furthermore, this approach
avoids the iterative process, reducing computational complexity. This research proposes
a new method for identifying critical links of urban road networks using GIS tools and
spatial analysis methods, taking Lanzhou City as an example. By conducting analysis and
evaluation from micro, meso, and macro perspectives, this study provides a theoretical
basis for decision making and measures related to transportation optimization, resource
allocation, infrastructure planning, land use planning, and traffic safety, thus achieving
sustainable and efficient urban development.

This method provides necessary theoretical support for urban planning and develop-
ment by optimizing urban road planning, enhancing traffic flow, improving transportation
network accessibility, and supporting decision making. By evaluating the distribution of
road facilities, the road density, and network accessibility, and conducting a comprehen-
sive assessment and ranking of critical links, this method assists planners in adapting to
urban growth, reducing congestion bottlenecks, improving transportation efficiency, and
providing scientific foundations for decision making. Ultimately, it contributes to cities’
sustainable development and enhances residents’ transportation quality.

Section 1 of this paper introduces the research background and comprehensively
reviews domestic and international studies. Section 2 primarily focuses on the research
area and data processing, and evaluation methods for distributing public facilities, the road
density, accessibility, and a total evaluation. In Section 3, critical links are identified, and
the comprehensive scores of each section are evaluated from the micro, meso, and macro
levels. Sections 4 and 5 are dedicated to the discussion and conclusions, respectively.

2. Materials and Methods

This study aims to identify critical links by comprehensively analyzing urban road
networks at the micro, meso, and macro levels. The analysis process is illustrated in
Figure 1 below.
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Figure 1. Analysis process.

2.1. Research Area and Data Preprocessing

Lanzhou, located in the northwest region of China, is the capital city of Gansu Province.
This study focuses on the road segments in the Anning District of Lanzhou City, Gansu
Province, to identify critical links within the urban road network.

The data for this study were sourced from OpenStreetMap, an open-source mapping
platform, which includes vector electronic maps of the road network and point-of-interest
(POI) data. The vector data were in a UTM WGS1984 coordinate system with 48S projection,
and the units were in meters. Preprocessing of POI data mainly involves data cleaning and
standardization. Firstly, duplicated, missing, or erroneous POI data entries are removed.
Then, the categories of POI data are standardized, and facilities are classified and labeled
accordingly. Data scaling and unit conversion are also performed to ensure consistent units
and meters for subsequent spatial analysis and visualization [28].

The road network data covered 2086 ground road segments within the Anning District
of Lanzhou City, including arterial roads, collector roads, and local roads, distributed
primarily within a concentrated length range. The dataset also included 591 traffic-
infrastructure data points consisting of intersections and transportation stations, and
121 data points representing locations with a high population concentration, such as restau-
rants and supermarkets. The data included information such as names, categories, and
coordinates.

2.2. Distribution Evaluation of Public Facilities

Urban transportation infrastructure consists of facilities and equipment that support
the regular operation of a city’s transportation system. Around critical links, there are
typically numerous transportation infrastructures such as roads, bus stops, subway stations,
and parking lots. The presence of these facilities increases the traffic volume in those
sections, thus affecting traffic flow and congestion. Commercial facilities refer to buildings
or locations used for conducting business activities. The distribution of commercial facilities
also influences the demand for the road network, with more commercial facilities leading
to increased traffic flow. Failure to effectively manage traffic can result in congestion in
those critical links.

At the micro-level, this study utilized a GIS network and buffer-analysis tools to
accurately calculate the distribution and quantity of the transportation infrastructure and
commercial facilities on each road. Currently, many scholars employ buffering techniques
for micro-level accessibility assessment. This paper uses buffer analysis techniques to
identify critical links at the micro-level. Creating usable areas around roads based on linear
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distances makes the impact of public facilities within a 100 m range on both sides of the
road significant [29].

Firstly, buffer analysis tools were used to generate a 100 m buffer range as the standard
for the extent of influence. Subsequently, spatial joins were employed to aggregate the
number of transportation infrastructures and commercial facilities within the buffer zones
formed by each road. Then, the attribute table of the road data was processed through a
merge operation to obtain the total value of facilities within the impact range of each road.
Finally, the statistical results were classified using the natural-breaks method to obtain a
specific evaluation of each road. The specific process is illustrated in the following figure,
Figure 2.

Generate a 100-meter buffer zone and count the number
of traffic mnfrastructure in the buffer zone

\ 4

Count the number of public tacilities in the road network
buffer zone in batches

\ 4

Join the utility quantity field into the road data attribute
table

Clean road data attribute table

v

Visualize the results and get the distribution map of
public facilities on each road

Figure 2. Evaluation Process of Public Facilities Distribution.

The research method combines network-analysis tools and buffer-analysis tools in
GIS to achieve accurate calculations of the distribution of transportation infrastructure and
commercial facilities around roads. Using these tools makes it possible to accurately calcu-
late the quantity of facilities and determine the impact range of the roads. While traditional
micro-level evaluations primarily utilize buffering techniques, this study proposes a novel
approach to employing buffer analysis for identifying critical links. Critical links can be
identified by quantifying the transportation infrastructure and commercial facilities within
the buffer zones formed by each road. Moreover, this research method comprehensively
considers the influence of the transportation infrastructure and commercial facilities. By
integrating spatial data and statistical results, an overall assessment of the situation of each
road can be conducted, enabling the evaluation of the importance of road sections.

The micro-level analytical approach allows for the precise calculations of the dis-
tribution of transportation-related elements on each road, providing a reliable basis for
further analysis and the identification of critical links. Through integrating spatial data
and statistical results, a comprehensive evaluation of the transportation infrastructure and
commercial facilities for each road can be conducted, enabling an understanding of the
importance of road sections.
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2.3. Road Density Evaluation

The road density refers to the ratio of the total length of roads in a particular area
to the area of the area. It is one indicator for evaluating the area’s traffic conditions. Its
formula is as follows:

Di:Li/Ai,i€(1,2,3,~~~,n) 1)

where D; is the road density in area i (m/ m?), L; is the road length (m) in area i and A, is
the land area in area I confirm i (m?).

The road density is an essential concept in urban planning and transportation planning.
It provides information about the level of development and congestion of a transportation
network, assisting in assessing the load and capacity of the road system. By analyzing the
road density, the degree of road congestion, the locations of traffic bottlenecks, and recom-
mendations for new road additions or improvements to existing ones can be determined.
The concept of road density plays a crucial role in improving road conditions. By increasing
road density, congestion can be alleviated, and traffic efficiency can be improved.

Furthermore, the rational planning and design of road density can also reduce traffic
accidents and enhance road safety. In summary, road density is critical for evaluating
the transportation network and road conditions. It can help address traffic congestion,
optimize traffic flow, and improve road safety.

At the mesoscopic level, the calculation and analysis of road density distribution are
carried out in GIS using fishnet tools [30]. Specific steps are shown in Figure 3.

Create a fishnet with a grid size of 100100 to get the
tishnet data

\ 4
Intersect the road network data with the fishnet data. and

break the road network data according to the size of the
tfishnet grid data

v

Summarize road lengths in grid units

v

Connect attribute tables, calculate road density, and
visualize

Figure 3. Evaluation Process of Road Density Distribution.

Step 1: The road network length is measured in meters, and the urban planning layer
of the city is used as the source layer. The fishnet data and parameters are set, and the total
area of the administrative district is divided into 100 x 100 grid cells as the unit for data
processing and analysis. Vector fishnet data are created, and the “network” and “network
center points” are generated. The road-network vector data are divided by grid cells, using
road intersections as boundaries.

Step 2: After road fusion, the attribute table of the road density map is obtained
through attribute table joining. The road density is calculated in the attribute table. The
natural-breaks method is used to classify and display road density values, resulting in a
road-network density distribution map for the Anning district.
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The above research method utilizes the fishnet tool for calculating and analyzing
the distribution of road density. It employs attribute table joining and the natural breaks
method for classification and display. Compared to traditional point density methods, using
the fishnet tool allows for a more detailed spatial-scale analysis of road density. Integrating
attribute tables and classification displays provides a more precise understanding and
visualization of the variation and distribution of road density. Additionally, this research
method can reflect the aggregation of the road network. By examining the road density
map, areas with a higher road density can be identified, enabling an assessment of the
degree of road-network aggregation.

2.4. Road-Network Accessibility Evaluation

Road-network accessibility refers to the ease of reaching other destinations through
the road network from a specific location [31,32]. Critical links often have high accessibility
and significant impacts on the entire road network. By identifying critical links with
poor road-network accessibility [33], traffic bottlenecks can be identified, leading to the
recognition of road sections that require better connectivity or improved transportation
infrastructure. This aids in developing more rational road planning and transportation
layouts to optimize the overall efficiency and accessibility of the transportation system.

The specific process of calculating accessibility at the macro level is depicted in Figure 4.

Figure 4. Evaluation Process of Road Network Accessibility.

Step 1: A network dataset is created, and road network features are imported into the
dataset. The connectivity and directionality between road network features are established.
GIS-network analysis tools are used to set time and distance costs, assigning cost values
to each road segment. Considering different design speeds on arterial roads, sub-arterial
roads, and local roads, this study set the design speed for arterial roads as 60 km/h, sub-
arterial roads as 30 km/h, and local roads as 20 km/h. Finally, a network topology is
established to construct the urban road network traffic model.

Step 2: Since this study focuses on road segments, the centroid of each road segment
represented the segment. Then, using network analysis tools, an OD cost matrix was
created, loading the locations of the origin and destination points.

Step 3: Using the time cost as the indicator value, the statistical results of accessibility
for OD points are obtained. The time-cost values of accessibility are input, and interpolation
analysis is conducted using the inverse distance weighting method, with the influence
range of other points on the elevation values of the interpolation points decaying as the
distance from the interpolation points increases.

Computing the accessibility of a traffic-network node can be used to evaluate its
connectivity and importance, and the traffic accessibility of the entire road network is the
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average of the traffic accessibility of each node [34]. In this paper, the spatial barrier model
was used to solve the traffic accessibility of each node, and the formula is as follows:

1 n
Y. (dy) )
s

H; =

where H; represents the accessibility of network node i; d;; represents the minimum
impedance between nodes i and j.

This study quantified minimum impedance by using the time cost of the shortest path
from each node to other nodes. The accessibility indicator value of each node was quantified
by calculating the average time cost of the shortest paths from that node to all other nodes.
The calculated accessibility indicator values were discrete and multiple. Therefore, spatial-
data processing techniques in the GIS were employed to infer the accessibility values of
unknown locations, thereby estimating the accessibility values of the entire road network.
Interpolation analysis, which can transform discrete data points into a smooth surface,
was used to visualize the accessibility of the entire road network by applying the inverse
distance weighting method.

The formula for calculating the inverse distance weight is as follows:

1. Calculate the distance from other nodes to the interpolation point:

&= -+ -y ©
where x;, y; is the coordinate value of other points.

2. Calculate the weight of other points:

1/4;
= 4
T @
3. Calculate the elevation value of the interpolated point:
1=n
Zo =) wi-Z(x;, ;) )
i=1

where Z(x;,y;) is the time-cost value of other points.

From the perspective of transportation networks, a transportation network model is
constructed by establishing a network dataset, setting time and distance costs, and assigning
cost values to indicator costs. This allows for the creation of a transportation network. The
road network can be analyzed and simulated using traffic models and network analysis
tools to identify critical links with necessary paths, connectivity, or transfer functions.

This research method utilized network analysis tools for connectivity and importance
analysis of the road network, evaluated the accessibility of transportation network nodes
using a spatial impedance model, and visualized the accessibility of the road network
using inverse-distance-weighting interpolation analysis. Compared to traditional methods,
network analysis based on network-analysis tools is more accurate and comprehensive.
By quantifying the traffic accessibility of nodes and analyzing the time cost of the shortest
paths, the accessibility of nodes can be better evaluated. Additionally, visualization through
interpolation analysis can intuitively display the accessibility of the entire road network.

2.5. Comprehensive Evaluation of Entropy Value Method

The distribution of the number of transportation infrastructures and catering facilities,
the distribution of road density, and the accessibility of the road network were, respectively,
analyzed at the micro, meso, and macro levels, providing multiple indicators for compre-
hensive evaluation. To determine the weight of the indicators, the entropy method was
used [35]. The entropy value method is based on the concept of information entropy. By
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calculating the entropy value and weight of the index, the importance and contribution of
each index in the comprehensive evaluation are determined. This method can objectively
measure the importance of indicators and give a more accurate weight value [36,37]. By
comprehensively analyzing the weight values of these indicators, a comprehensive eval-
uation result can be obtained to evaluate the traffic situation more comprehensively and
provide decision-making reference. The steps of the entropy method are as follows:

Step 1: Normalize each factor according to the number of each option:
For positive indicators:
f X,’j —min(le, ij,. . '/an)

Xjj = : ©)
) max(le, ij, ‘e anj) - mll’l(le, ij, ey Xn])

For negative indicators:

x/ . max(le, ij, ey Xn]) — Xz] (7)
Y max(le, ij, cee ,an) - min(le, ij, ey Xn])

Step 2: Calculate the entropy value of the j indicator:

n
ej = =k} pijin(pi), j=1,...,m ®)
i=1

k=1/In(n) >0,¢; > 0;

Step 3: Calculate information entropy redundancy:

djzl—e]-,jzl,...,m (9)

Step 4: Calculate the weight of each indicator:

W=t j=1,..,m (10)

Step 5: Calculate the comprehensive score of each sample:

m
si:ijxij,izl,...,n (11)
j=1

where x;; is the normalized data. According to the score of each influencing factor, the
importance ranking of the above three factors can be obtained.

3. Results
3.1. Identification of Critical Links Based on Distribution of Public Facilities

The intersections are the crucial points where road traffic converges, often serving as
bottlenecks in urban transportation. Managing traffic volume and congestion at intersec-
tions is of paramount importance. Traffic stations, including bus stops and subway stations,
are vital origins and destinations for public-transportation users, directly impacting the
accessibility and convenience of a road network. Food and entertainment establishments
provide dining and leisure services, cultural and sports venues host cultural events and
sports competitions, and supermarkets offer daily necessities and essential household items.
To assess the distribution of public facilities along roadways, we took Anning District in
Lanzhou City as an example and classified them based on the service types and user
demands, as shown in Figure 5.
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Figure 5. The distribution of public facilities.

This study divided public facilities into transportation infrastructure and commercial
facilities. The sum of these two categories could initially reflect the region’s transportation-
infrastructure distribution. There were 591 transportation-infrastructure facilities, including
444 intersections and 147 transportation stations. The transportation stations were fur-
ther divided into 144 bus stops and 3 subway stations. There were also 121 commercial
facilities, including 75 dining and entertainment venues, 13 cultural and sports venues,
and 23 supermarkets. These facilities are related to identifying key road sections in the
urban road network because they play essential roles and serve as connections in the urban
transportation system. By analyzing and identifying these facilities, we can help determine
key road sections with a high traffic flow, dense transportation nodes, and efficient traffic
in the urban road network, and optimize urban transportation planning accordingly. The
distribution of these facilities in the Annin District Road network is shown in Figure 6.

N

i

et L2 " S

Anning District road network
Anning District road network
e commercial facilities

® traffic station 0 1450 2900 5800
° intersection N WM meters

Figure 6. Distribution map of road network and public facilities in Anning District.
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Through GIS analysis, the distribution number of public facilities on each road on the
road network of Anning District can be obtained. The specific distribution is shown in
Figure 7 below:

N

'~ i

- v 4 ~, N
. . . ’ I i
Anning District road network X / \\ 1 _.L.\‘\

Number of public facilities
0-1

—24

—5-10

— 11-17 0 1450 2900 5800
18-45 N W meters

Figure 7. Distribution map of road-network traffic elements in Anning District.

As seen from the above figure, there are many intersections in the west of Anning
District but few commercial facilities. The reason is a marshaling yard at Lanzhou North Sta-
tion in the west. This article did not analyze and evaluate the marshaling yard. Commercial
facilities are mainly distributed in the central part of Anning District, with a higher popula-
tion density, better transportation convenience, and commercial-development potential.

Spatial analysis based on a GIS can visually display the distribution and quantity of
public facilities. By using the buffer tool to calculate the number of public facilities on the
road, we can better analyze the distribution of public facilities to understand the distribution
of public facilities on different transportation networks. According to the attribute table in
the GIS, the indicators near Lanzhou North Railway Station were excluded. The top ten
roads and their numbers of public facilities are counted in Table 1.

Table 1. Statistical table of public facilities.

Serial Number Road Name Number of Public Facilities
1 Anning East Road 30
2 Beibinhe West Road 29
3 Jianning West Road 22
4 Anning East Road 19
5 Jianan West Road 12
6 Jianning West Road 9
7 Kyushu Tong East Road 9
8 Wanxin North Road 8
9 Zaolin Road 6
10 Fugiang Road 5
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3.2. Identification of Key Road Sections Based on Road Density

Road density directly or indirectly affects the traffic flow and operation of critical links.
The distribution of traffic roads in urban areas can be understood by analyzing the road
density. Typically, a higher road density means more roads for vehicles, which helps to
spread traffic flow and reduce congestion. In this case, the traffic flow carried by critical
links was relatively low, and the traffic operation was relatively stable. However, if the
road capacity of key road sections was limited and could not meet the high-density traffic
flow, congestion and traffic problems were still prone to occur. Conversely, with a low
road-network density, roads with relatively less traffic flow may be more likely to form
critical links.

Based on the analysis of GIS, the distribution of road density in Anning District,
Lanzhou City, is shown in Figure 8.

N

A

Anning District

Road network density distribution
0.000000-0.025144
0.025317-0.076010
0.076302-0.134653
0.134874-0.204311

[ 0.204442-0.297530

N 0.299130-0.425702

N 0.428165-0.657439

N 0.664913-0.982138

1 (0.989270-1.415990 0 1450 2900 5800 .
[ —
Il | 475340-1.962670 meters

Figure 8. Road-density distribution map of Anning District.

In this paper, the administrative area of Anning District was divided into 100 x 100 grids,
and the road density was calculated in units of grids. Therefore, the specific density of
each road needed to accumulate the grid density where the road was located. Through
calculation, we discovered the top-ten densest roads, which, with their densities, are shown
in Table 2.

Table 2. Statistical table of road density.

Serial Number Road Name Road Density (m/m?)
1 Beibinhe West Road 44.13483
2 Anning East Road 13.869955
3 Anning West Road 12.1052553
4 Jian’an West Road 10.6642629
5 Yin’an Road 6.13525
6 Jianning East Road 4.387306
7 Silver Beach Bridge 3.54354
8 Jianning West Road 3.152289
9 Xing’an Road 2.918937
10 Fugiang Road 1.881789
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3.3. Identification of Critical Links Based on Road-Network Accessibility

Network accessibility is a crucial indicator to identify the importance of road sections,
which directly affect the development of cities and regions. Through micro- and meso-
level analysis, it was calculated that, excluding the Lanzhou North Railway Station area,
the distribution of traffic elements in Anning District and places with high road network
density was concentrated in the middle of Anning District. This paper selected the road
network in this area as an example to identify and analyze critical links.

Using GIS network-analysis tools, a traffic-network model of an urban road network
in Anning District, Lanzhou City, was constructed. Then, we used network-analysis tools
to create a new OD cost matrix and load location information. There were 192 starting
points and 192 destination points after loading.

There were 36,864 paths from the starting point to the destination point. We sum-
marized the statistics, calculated the average time cost from each starting point to other
destination points, and obtained the accessibility table. We then inputted the time-cost value
of accessibility, used the existing 192 points to estimate the value of other locations, and
performed interpolation analysis. Finally, the calculated elevation values were displayed
hierarchically through the natural breakpoint method, and Figures 9 and 10 were obtained.

Figure 9. Accessibility.

The accessibility index values are displayed hierarchically using the natural breakpoint
method, and the time-cost values increase sequentially from blue to red. The smaller the
time cost value, the less the average time spent from each road segment to the other 192 road
segments, indicating that the road segment is more accessible and it is likely to be a critical
link in this area. According to the graph of accessibility results, the areas with low time
costs were mainly distributed near Jianning West Road.

According to the analysis, the top ten roads in terms of accessibility are shown in
Table 3.
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Figure 10. Three-dimensional visualization display.

Table 3. Accessibility statistics table.

Serial Number Road Name Time Costs (m/min)
1 Yin’an Road 3.529315
2 Jianning East Road 3.539626
3 Fugiang Road 3.665739
4 Wanxin South Road 3.675806
5 Silver Beach Road 3.702214
6 Anning West Road 3.753501
7 Silver Beach Bridge 3.779115
8 Taolin Road 3.816274
9 Zaolin Road 3.859619
10 Jianning West Road 4.011422

3.4. Comprehensive Evaluation Analysis

Based on the results of accessibility analysis, this study focused on a road network in
the Annin District of Lanzhou City, consisting of 18 roads, including Jian ‘an West Road,
Jian ‘an East Road, Zhongbang Avenue, Xuehua Road, Mogao Avenue, Taolin Road, Anning
West Road, Wanxin North Road, Xuefu Road, Xing ‘an Road, Yin ‘an Road, Baoshihua
Road, Beibin Hexi Road, Yin ‘an Road, Changxin Road, Jianning West Road, Jianning East
Road, and Anning East Road. This area was selected by removing the road sections with
the worst accessibility, lowest road density, and fewest public facilities. The road network
encompassed 63 road sections and 39 intersections. Each road section was numbered for
the identification analysis of critical links. The network structure of the study area was
constructed using the original method, treating intersections as nodes and road sections as
edges. This was carried out based on the distribution of intersections and the interconnected
relationships between road sections, as shown in Figure 11 below.

We calculated the weight and comprehensive score according to the entropy method,
and finally obtained the top five road sections, roads, and their index information values in
the comprehensive score, as shown in Table 4.
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Figure 11. Road-network structure diagram.

Table 4. Critical-link identification results.

Link Number Road Numbel" (.)f. Public Time C.osts Road De;n sity Overall Ratings
Facilities (m/min) (m/m*)
44 Jianning West Road 5 3.543 3.024257 0.641
30 Anning West Road 5 4.698 3.336491 0.571
29 Anning West Road 5 4.349 3.025451 0.570
28 Anning West Road 4 4.521 3.615964 0.519
18 Xing’an Road 4 5.504 2.104771 0.508

4. Discussion

According to Table 1, the top five roads in terms of the number of public facilities
in the Annin District of Lanzhou City are Anning East Road, Beibin Hexi Road, Jianning
West Road, Anning West Road, and Jian’an West Road, with 30, 29, 22, 19, and 12 public
facilities, respectively. However, as observed in Figure 2, the areas where Zhongbang
Avenue, Renshou Mountain Street, and Lanke Road are located had a lower distribution of
public facilities. Nevertheless, Figure 8 shows that these areas have a high road density.
Therefore, urban planners may consider adjusting the route layout, increasing the number
of public transportation routes, or adding facilities such as dining venues in these areas to
improve the accessibility of public transportation.

From Table 2, the top five roads with the highest road density in the Annin District of
Lanzhou City are Beibin Hexi Road, Anning West Road, Anning East Road, Jian’an West
Road, and Yin’an Road, with road densities of 44.13483, 13.86996, 12.10526, 10.66426, and
6.13525, respectively. As shown in Figure 8, Beibin Hexi Road had the highest road density,
mainly due to its role as a major expressway. However, despite its high road density,
Beibin Hexi Road had relatively lower accessibility and fewer public facilities, so it was
not identified as a critical section. Planners could consider extending public transportation
routes near expressways to provide more convenient and efficient transportation options.
Additionally, it is essential to plan and construct public facilities in suitable locations to meet
the daily needs of residents and commuters. However, the construction of these facilities
should consider the traffic flow and speed of the expressways to ensure a reasonable layout
and convenience of transportation facilities.
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As seen in Table 3, the top five roads in the Annin District of Lanzhou City with the
lowest to highest time cost values are Yin’an Road, Jianning West Road, Fugiang Road,
Wanxin South Road, and Yintan Road, with values of 3.529315, 3.539626, 3.665739, 3.665739,
and 3.675806 m per minute, respectively. Based on Figures 10 and 11, it is evident that
the area near Yin’an Road has the highest network accessibility. However, this area has
a relatively minor number of public facilities and was not identified as a critical section.
Therefore, road planners may consider collaborating with private enterprises or other
partners to develop commercial complexes near Yin’an Road.

Based on the research results, as shown in the network topology diagram in Figure 11,
using the entropy method, five critical links were identified in the Annin District of Lanzhou
City, namely Jianning West Road, Anning West Road, and Xing’an Road, with section
numbers 44, 30, 29, 28, and 18, with comprehensive scores of 0.641, 0.571, 0.570, and 0.519,
respectively. These critical links significantly impact the stability of the city’s road network.
In particular, the main arterial road, Anning West Road, experiences a high traffic volume
in the Annin District, necessitating careful planning and management by road planners
and administrators.

In urban planning, the layout of public facilities, road density, and network accessibil-
ity are crucial factors that need to be considered comprehensively. Selecting these three
indicators is based on their importance and practical feasibility in urban transportation
planning and management. Public facilities, the road density, and network accessibility
are essential elements in urban transportation systems, as they mutually influence and
collectively determine the criticality of road sections. However, solely considering public
facilities, road density, or network accessibility has limitations. By solely focusing on public
facilities, the traffic-flow situation of road sections may be overlooked. Some roads may
have more public facilities but still experience congestion due to heavy traffic volumes. If
only road density were emphasized, the connectivity and timeliness of road sections may be
disregarded. Some roads may have a high density but do not necessarily carry significant
traffic flow, thus lacking criticality. Likewise, only focusing on network accessibility may
neglect factors like the traffic flow and road density.

A single indicator cannot accurately and comprehensively identify critical road sec-
tions. The comprehensive evaluation using the entropy method can quantify and compare
the impact of different indicators, yielding a comprehensive score to identify critical links.
This approach adequately considers the weights and relationships of different indicators,
thereby avoiding biases caused by a single indicator. Hence, comprehensive evaluation
can provide more objective and accurate results in identifying road sections and provide
valuable support for urban public transportation development and transportation planning.
Furthermore, this research presented a novel method for identifying critical road sections
in the urban road network and analyzed the road network from the micro, meso, and
macro perspectives. It also reveals the distribution of public facilities and road density and
analyzes the factors influencing the identification of road sections in urban areas. These
results offer valuable information and guidance for urban transportation planning.

However, this study still has some issues that need further exploration. This study
mainly considered indicators such as the number of public facilities, road density, and
network accessibility, but did not incorporate factors such as traffic flow. Additionally,
more limitations in data availability restrict opportunities to validate network and POI data,
making obtaining permits more challenging. Future research could expand on studying
traffic flow and distribution to identify critical road sections more accurately.

In conclusion, by considering multiple indicators comprehensively and using the en-
tropy method to analyze the urban road network, this study provided valuable information
and guidance for urban transportation planning and management. It also presented a new
approach to identifying critical road sections. However, further research is necessary to
broaden its scope and depth, enabling a comprehensive assessment of the criticality of
urban road networks.
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5. Conclusions

This study used GIS to analyze the characteristics of the urban road network from the
micro, meso, and macro perspectives. It assessed the distribution of public road facilities,
the road density, and network accessibility. A comprehensive evaluation and analysis of
the features and underlying mechanisms of critical links in the urban road network were
conducted, considering multiple factors. The main conclusions are as follows:

(1) At the micro level, the distribution of public facilities on roads was analyzed to con-
sider the coverage of services at different locations. At the meso level, the distribution
of road density was considered the distribution of road resources. At the macro level,
the analysis of network accessibility evaluated the importance of the urban road
network.

(2) The spatial relationships between road sections were analyzed by combining spatial
analysis methods with network analysis methods and considering multiple indicators
of the urban road network. The results were visualized to improve the accuracy and
intuitiveness of identifying critical links.

(38) Taking the Annin District of Lanzhou City as an example, this study identified five
critical links with section numbers 44, 30, 29, 28, and 18, with comprehensive scores
of 0.641, 0.571, 0.570, 0.519, and 0.508, respectively. The roads associated with these
critical links are Jianning West Road, Annin West Road, and Xing’an Road.

(4) Identifying critical links in the urban road network holds significant importance for
urban planning. It can provide technical support and a theoretical basis for allevi-
ating traffic congestion planning urban traffic flow, facilities, and safety, ultimately
enhancing residents’ travel experience. This will contribute to realizing the overall
optimization of the urban road network, improving the reliability of the transportation
system, the sustainable development of a city, enhancing the quality of life for its
residents, and increasing urban accessibility.
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