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ABSTRACT In Latin America, cities are characterized by uncontrolled urban growth and locations in
critical geographic areas. This factor affects an individual’s ability to react efficiently to an action known
as resilience to disasters caused by natural phenomena or catastrophes that involve human participation.
This study proposes a method for detecting vulnerabilities in urban road systems in large, intermediate,
and small cities in Latin America, so that resilience can be better supported. Depending on the structural
characteristics of a city, measurement techniques can be used to combine the topological, geographic, and
spatiotemporal indicators. Several measurements, such as mesh and connectivity, betweenness centrality,
closeness centrality, robustness of networks with interruption attacks, location of dead ends, measurement
of travel times between origin and destination, elevations and fusion of indicators with clusters on the same
map, were applied using network graphs from OpenStreetMap (OSM) to estimate the resilience of road
networks. The results are exposed to clusters of fused geospatial maps, which show that intersections and
streets tend to be classified as vulnerable, with morphological structures of growth, resistance to degradation
of the urban network, marginal urban sectors with high conglomeration, and mobility. The results highlight
the importance of applying resilient practices in the region and generating urban management options to
strengthen the response capacity of cities in Latin America.

INDEX TERMS Resilience, road networks, indicator fusion.

I. INTRODUCTION the proposed objectives are not always achieved, there is an

With the Brundtland Report of 1987, the celebration of the
Earth Summit and Agenda 21 in 1992, urban planning and
sustainable development have acquired greater interest in
the concept of systemic or sustainable urban planning [1].
Urban planning has a long-term, systemic, and comprehen-
sive vision [2]. However, at the beginning of the 21st century,
the perspective of systemic planning lost strength due to
the political and economic instability experienced by many
developing countries, including some from Latin America,
in the late 1990s. This has affected the entire generation
of urban projects that aim to improve the physical condi-
tion of cities. Today, the importance of sustainable urban
strategic planning is highlighted once again, and even though
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agreement to obtain improvements [3].

The planet Earth deteriorates more rapidly [4], and the
capacity to react to natural and other disasters is less effi-
cient [S]. The Covid-19 crisis shows that no country or city
has sufficient resilience to adverse events [6], especially in
densely populated urban areas marked by a lack of social,
governmental, communicational, and leadership capacity to
respond to the crisis [7]. Therefore, it is critical to investigate
the resilience and sustainability of urban networks [8], owing
to their exposure to different types of risks, either individ-
ually or collectively [9], to estimate the response capacity
of cities [10]. If the damage caused to the infrastructure of
cities by climatic disasters, earthquakes, social phenomena,
pandemics, strikes, and political disturbances [11] is added
to the above, the environment exists in a context to generate
various research schemes on resilience in urban centers.
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It is reasonable for humans and the environment to adapt
to and recover from disasters. However, it is more likely that
urban structures weaken after catastrophic events. The factors
that affect cities worldwide to a greater degree are constant
population growth, lack of emergency planning, increase in
vehicular traffic, deficiency in basic services, conglomera-
tion, and urban mobility [12].

According to the United Nations [13], it is estimated that
by 2050, approximately 70 percent of the world’s popula-
tion will live in urban areas. With this concentration index,
cities in poor or developing countries are subject to higher
growth [14]. Consequently, it is necessary to analyze the
resilience of both small and intermediate cities in advance
to partially mitigate the problems that may arise in future
instances if the current chaos in large cities is taken as a
reference owing to disorganized urban growth and increased
vehicle traffic, among others [15].

This study begins with an in-depth review of the literature
on sustainability concepts that locate the mobility and trans-
port dimensions in an urban model to sustain the relationship
with resilience. To do this, the classification of cities accord-
ing to the Inter-American Development Bank IDB [16], based
on the number of inhabitants, is as follows: small, less than
one hundred thousand; intermediate, less than 2 million; and
large, more than 2 million. This is helpful in determining
similarities and differences between cities, which is key to
identifying the incidence of adverse factors during resilience.

This work elaborates on a proposal to determine the
resilience to adverse phenomena in cities by characterizing
their road networks. Emphasis is placed on the analysis
through the theory of variable graphs framed in the following
phases: mesh and connectivity, centrality measures, analysis
of the robustness of networks, location of end nodes, travel
times between origin and destination, elevation in urban
networks, and fusion of indicators. These variables impact
the resilience and sustainability of cities in such a way that
their treatment can lead to balanced distributions of basic
services and adequate management of urban mobility, among
others [17].

These results add valid knowledge to the existing literature
on resilience so that public policies and decisions can be
stimulated [18], contributing to the integral and egalitarian
development of urban areas in different regions [19]. The
Latin American cities object of the study have vulnerabili-
ties in their infrastructure, which are factors that aggravate
resistance to adverse phenomena of natural or other origin.
The problem becomes even more critical because of the
accelerated growth of cities without adequate long-term plan-
ning. Therefore, the actors responsible for urban planning are
urged to integrate aspects of resilience and sustainability into
policies and instruments for managing the territory.

The remainder of this paper is organized as follows:
Section 2 explains the literature, Section 3 distinguishes
methodology, Section 4 presents results, followed by a dis-
cussion in Section 5, Section 6 presents the conclusions.
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Il. BACKGROUND

This study provides a method for detecting vulnerabilities in
the urban road systems of Latin American cities that allows
determining road resilience against natural or provoked catas-
trophic events, understanding resilience as the ability of a sys-
tem to maintain functioning and overcome disturbances that
affect it, or the capacity of societies, communities, or cities
to resist, adapt, absorb, or recover efficiently from disasters
within a reasonable period [20]. For this, a structural analysis
of the cities is elaborated, which allows the determination of
the state of the current road system that determines resilience
capacity. Recently, there has been an accentuated increase
in scientific disclosures of the resilience capacity of small,
medium, and large cities that are exposed to different types of
climatic [21], social [22], and health [23] risks, among others.
Moreover, emphasis has been placed on sustainability, under-
stood as the conservation of components that ensure the needs
of the present without compromising future resources [24].
A thorough understanding of resilience and sustainability
identifies the synergies between these concepts. Despite this,
the opportunity for analysis is recruiting an increasing num-
ber of researchers enthralled by the possibility of valuing
them.

The lack of methodological on this subject generates
uncertainty among scientists and technicians regarding their
practical applications in urban environments. Despite this,
the CATMED sustainability indicators model is taken as
a starting point, generated in the research program of the
European framework called ““Climate Change and associated
natural risks,” which among its edges includes the relation-
ship between climate change and sustainable development
cities [25]. In this study, the urban model was structured based
on three variables: complexity, compactness, and proxim-
ity to basic services, from which the development of cities
is directed towards sustainability. Compactness is directly
related to construction density [26], complexity attends to
urban organization, and reflects the maturity of the urban
fabric and the wealth of economic, social, and biological
capital [27]. Proximity is an expression of mobility [28].
The mobility and transport axes were considered using
the proximity variable, which encompasses an urban road
system [29].

According to Walker et al. [30], mobility is a fundamen-
tal axis of urban sustainability. In the case of disaster risk,
the transportation system directly and indirectly influences
resilience. The direct one is related to the mobility capacity
of citizens after the event and has to do with the prob-
lems generated by the collapse of the infrastructure; on the
other hand, the indirect one is related to the displacement
habits of the population [31]. Furthermore, connectivity is
vital for recovery; that is, within a city and between it and
its rural surroundings [32]. Basic supplies are necessary to
maintain redundancy in the infrastructure and connectivity
between citizens [33]. According to Greiving et al. [34],
the association between resilience and urban networks is
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determined by quantitative and qualitative indicators of the
road system.

It is crucial for urban centers to be exposed to risks
to ensure the correct and rapid evacuation of inhabitants
into safe areas. Studies carried out on evacuations during
the tsunami in Japan in 2011 showed that private vehi-
cle congestion in the road system caused unnecessary loss
of human life [35]. The lack of resilience conditioned by
the capacity for adaptability, rather than its robustness,
has severe consequences in crowded cities [36]. The lead-
ing cause of this problem is the misguided management
of human beings in the informal expansion of urban and
industrial areas [37]. According to Rodysill er al. [39] and
Mue et al. [38], this factor affects a high percentage of cities
in developing countries where the Latin American region is
located.

In this study, the urban morphology of the cities in the sam-
ple was analyzed using network graphs, which were proposed
to translate reality into geometric components to explore
the topological properties, neighborhood, and connectivity,
in reference to Insaurralde and Cardozo [40], in their analysis
through the graph theory of the road network of the province
of Corrientes in Argentina. It is also important to mention that
the push for mathematical models to solve spatial problems
has led to the application of graph theory in communica-
tions and transportation network studies in the United States.
Kansky [41] conducted the first study, and a consider-
able number of theoretical-methodological references, espe-
cially on transport networks, have strengthened them. The
contributions of Chorley and Haggett [42], Tinkler [43],
and Potrikovsky and Taylor [44] have been strength-
ened by Segui and Petrus [45], Bosque Sendra [46], and
Garrido Palacios [47].

Traffic congestion is one of the most persistent problems
in a city. As a solution, Zhang et al. [48] proposed resilience
metrics based on large-scale GPS datasets to characterize and
improve the adaptation and recovery of traffic in cities when
problems arise. These might present disturbances, which are
classified as either major or minor, and cause a considerable
impact on the performance of road networks. In this research,
geospatial data focused on the graph theory proposed in the
literature were used [49]. Similar treatments were applied
to urban road networks and transport systems to regain nor-
mality in the event of an accident [50]. In addition, studies
that apply techniques to assess the impact of adverse events,
such as floods or landslides, on transportation systems are
considered as [51], where the urban network is modeled
through a graph of N vertices (links), denoted by G = {V, E'},
where V is the set of N vertices and E is the set of edges
(sections of streets) that connect the vertices. Network con-
nectivity links the E/N relationship, where E consists of
ordered pairs of vertices (directed graph) and unordered pairs
of vertices (undirected graph), which are represented by adja-
cency matrix {x, y} € E. Here, x is the start node, and y is the
end node of a side or arc (these nodes are also known as the
sender and receiver.
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A series of geospatial factors was analyzed to evaluate
the resilience behavior in floods, such as elevation, slope,
water depth, and drainage capacity of urban networks [52].
Andrade and Lucioni [53] pointed out that the presence of
floods in urban spaces is determined by both anthropogenic
and natural factors. The former is determined by the low
capacity to capture rainwater due to physical deterioration; on
the other hand, the latter is constituted by topographic aspects
and hydromorphic soils with low permeability [54].

In the design of a road network without consideration of
surface runoff, the construction of channels without careful
consideration of the hydrological functioning of the environ-
ment is derived in urban areas that lack the need to evacuate
the accumulated water product of soil waterproofing [55].
To date, in Latin America, there have been few approaches
to studying this issue, based on the ravages caused by the
El Nifio phenomenon [56] and other geological disasters
occurring in coastal cities [57].

To study elevations, publicly available digital eleva-
tion models (DEMs) have been developed, such as the
Advanced Space Thermal Reflection and Emission Radiome-
ter (ASTER) v2 and shuttle radar topography mission
(SRTM) suggested by Boeing [58]. This model has been
previously applied to analyze floods and sea-level loads [59].
The data provided by the ASTER DEM satellite had a spatial
resolution to cover the world of 1 s from 83 °N to 83 °S,
and the SRTM DEM had a resolution of 3 s from 60 °N
to 56 °S. The recovery of each elevation node was performed
using Google Maps API and OSMnx [60].

The main components of the study are road networks,
which are considered public works because the govern-
ment sponsors them to serve the entire community and
belong to the economic development group according to
Ortega et al. [61]. This infrastructure is composed of urban
road networks and nearby railways [62]. The focus of the
present research project is on urban transport road networks.
Therefore, the measurement of resilience and sustainability
of road networks is a function of congestion or interruption
of vehicular traffic on roads with greater intermediation [63].
Vehicle density is directly related to population growth and is
classified as a pollutant with a high degree of criticality for
the environment owing to the emission of gases [64].

Another analysis corresponds to the mobility of the pop-
ulation as a function of travel time from the origin to the
destination (OD). For optimization, the road network must be
efficient, accessible, and reliable to connect specific routes
in a city [65]. Studies support this by Yadav et al. [66],
who analyzed the capacity of cities to meet the transport
demand of people who need to travel to different places due
to labor, commercial, educational, and entertainment needs,
or tourism. For this purpose, the requirement is that the urban
transport flow is robust, either at standard times or during
catastrophic natural events [67].

According to Hillier [68], human settlements and road net-
works go hand-in-hand when establishing a cause-effect rela-
tionship. However, according to Varoudis et al. [69], space
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TABLE 1. Comparison between the proposal and the theoretical references.

Theoretical references

Proposal Studies Methodology Author

Classification of the study cities  Classification of cities Classification of cities as small less than [16]
into large, medium, and small. according to number of one hundred thousand, intermediate (less

inhabitants. than two million) and large (more than two

million).

Relationship between resilience ~ Determining the impact on Analysis using graph theory of location, [17]
and sustainability in cities the resilience and geographical elevation, connectivity,
according to geographical sustainability of cities. access, or lack of access to the sea of
conditions through graph cities.
theory.
Road network analysis of cities ~ Determine mobility and Road network analysis using graph [28], [29]
with graphs. transportation, theory.

encompassing an urban

road system.
Relationship between resilience  Determination the Use of quantitative indicators, including [34]
and characteristics of road association between those of road systems.
networks in cities. resilience and urban

networks.
Mesh and connectivity analysis.  Road network analysis. Use of graph theory in road networks. [40]

[41] - [47]

Use of proximity indicators Graph theory in road Use of proximity indicators:
betweenness centrality (BC), network studies. betweenness centrality and closeness [68] - [71]
closeness centrality (CC). centrality.
Robustness of networks to Robustness of densely Interaction between primary and dual [72]
interruption attacks. populated urban networks transport layers through intentional

in relation to traffic spread.  attacks.
Location of end nodes. Road network density. Location of road network nodes. [67]
Measurement of travel times Optimization of road Study of the mobility of the population [65]

networks to connect
specific routes in the city.
Resilience in urban
planning.

Centrality analysis.

between origin and destination
ODs.

Measurement of elevation in
urban networks

Fusion of indicators with
clusters.

based on travel time origin to destination.

Use of geospatial indicator
elevation.
Measures of centrality and eccentricity

[52], [58], [59]

[73]

syntax theories refer to the so-called settlement-alteration
effects of mobility patterns, which merge with network sci-
ence, and studies related elements through graph theory, mak-
ing room for a new pattern of analysis. Centrality, which is
already applied in structural sociology, finds a new field of
application through nodes (people) and arcs (relationships).
Freeman’s investigations [70], which were taken as reference
works from the 1950s, determined the first level of indica-
tors such as betweenness centrality, closeness centrality, and
degree centrality for their application in the environment of
cities. Studies such as those by Mercadé et al. [71] use and
explore the potential of centrality measures as an instrument
for describing intermediate urban areas in the metropolitan
region of Barcelona; references are also considered by the
authors.

Thus, a robustness analysis was conducted for traffic
networks based on the interaction between the primary
and dual transport layers for metropolises, in which inten-
tional attacks were conducted on self-organized and planned
cities [72]. Based on a unique closeness centrality (CC) anal-
ysis in Euclidean space and the relationship between primary
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and dual space, it is determined that although flat graphs dis-
play very different properties, the information space induces
them to converge towards systems that are similar in terms of
transport properties [73].

To validate the theoretical support of the proposal,
Table 1 presents, a comparison between the considerations
and steps of the methodology proposed by the authors and
the theoretical references.

lll. METHODOLOGY
A. STUDY AREA
The cities under study are detailed in Table 2, which includes
the country to which they belong, number of inhabitants,
area in square kilometers, elevation above sea level, number
of streets, and number of intersections. Of these with more
than two million inhabitants classified as large are: Quito,
Guayaquil, Bogota, Medellin, Cali, La Paz and as medium:
Trujillo, Manta, Santo Domingo Tsachilas.

In BC, a vertex is more central as many low-cost routes
pass through it. This was obtained by adding the shortest
routes between all pairs of network nodes [75]. BC is denoted
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TABLE 2. Characteristics of the cities studied.

City Country Population Surface Elevation Lanes Intersections

Km? m
Quito Ecuador 2,200,000 400.0 2,850 96,949 38,213
Guayaquil Ecuador 2,366,902 344.5 4 111,715 40,310
Bogota Colombia 7,000,000 354.0 2,640 160,193 63,504
Medellin Colombia 2,569,424 382.0 1,495 56,916 24,056
Cali Colombia 2,545,682 619.0 1,018 59,481 21,810
Trujillo Peru 1,088,300 1084.0 34 40,662 13,648
La Paz Bolivia 3,023,800 472.0 3,625 36,800 14,351
Manta Ecuador 264,261 60.0 6 26,553 9,232
Santo Domingo Ecuador 270,875 79.0 550 21,383 7,816
Tsachilas

as a graph G (V, E), where V is a set of nodes or vertices
(intersections of streets) and E is a set of edges or links
(streets).

To analyze and evaluate resilience as the ability to resist,
adapt, and recover from a disturbing event in a sample of
Latin American cities, the urban networks were downloaded.
The indicators were analyzed to measure and segment the
vulnerable areas of each city with respect to: (1) Mesh
and connectivity. (2) Betweenness centrality (BC), closeness
centrality (CC). (3) Robustness of networks to interruption
attacks. (4) Location of end nodes. (5) Measurement of travel
times between origin and destination ODs. (6) Measurement
of elevation in urban networks (7). Fusion of indicators with
clusters on the same map.

B. INDICATORS FOR MEASUREMENT AND ANALYSIS
The seven indicators analyzed were as follows:

1) MESH AND CONNECTIVITY

The morphological structure of each city was analyzed to
determine its structural formation, as it expanded over time
through the calculation of mesh (MH) and connectivity (CN).
The mesh parameter determines whether a city has grown
in a self-organized or planned manner; if the value of the
mesh is high, it implies a tendency to be planned; on the con-
trary, a low value represents self-organization. Connectivity
considers the relationship between the number of streets vs.
intersections or nodes vs. edges; if the ratio is greater than 2.5,
connectivity is high.

2) BETWEENNESS CENTRALITY (BC), CLOSENESS
CENTRALITY (CC)
BC and CC are evaluated to determine the segmentation or
clustering of areas prone to traffic congestion and the princi-
pal agglomerations of health services, education, commerce,
finance, public, and private, which affect the mobility and
accessibility of urban populations [74], [80].

Betweenness centrality measures the importance of a ver-
tex vin V to connect two edges, p and g in E, considering the
shortest paths. The BC was calculated using (1) [76].

Bjg(®)

B = B
j#geG 8

ey
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where Bi is the betweenness centrality of a vertex or edge in
accessibility, Bjg(i) is the number of shortest paths between
vertices or edges j and g passing through vertex or edge i
and Bjg is the total number of shortest paths between
them.

Closeness centrality, indicates the average distance of all
shortest routes from vertex v to any other vertex n-I acces-
sible within the network [76]. CC indicates how high a
node is connected in the graph, which is normalized by
adding all possible minimum distances and is calculated
using (2).

v—1
Zi;éveG diy

where Ci is the closest centrality with respect to vertex i,
d;, is the shortest distance according to the Dijkstra method
in graph G between vertices i and v, and vertices with a small
average length towards the rest of the vertices have a high near
centrality [76]. It is crucial to measure the variations in the
elevation of urban networks [49], especially in coastal cities,
to improve the urban analysis of the road networks of a city.
This technique was used to identify lower-elevation streets
prone to flooding during the winter.

The extended statistics of the study of urban networks also
includes the eccentricity of the network. The eccentricity of
a node is the shortest path distance from the furthest node.
Where, for a node veV in a connected graph G, the eccen-
tricity returns the maximum distance nodes v to any other
node ueV of the graph G. Empirically, the eccentricity mea-
sures how far a node v is from the edge furthest from the
network (the perimeter of the network) [58].

Ci = @)

3) ROBUSTNESS OF NETWORKS TO INTERRUPTION
ATTACKS (RN)

Two interruption attacks are carried out on each network as
follows: a random attack, where the nodes are eliminated one
by one at random, and a targeted attack, where nodes are
eliminated, starting with those with the greatest intermedi-
ation to those with the least intermediation. The drop in con-
nectivity revealed by the curves of the two attacks was then
analyzed to assess the resilience of the network at each growth
stage [77], [78].
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4) LOCATION OF END NODES

The dead-end nodes (DN) of each urban network are quan-
tified, complementing them with nodes with three and four
links (DN4), to form clusters on the map of each city and
observe the distribution of the most vulnerable urban areas in
the face of possible road closures.

5) MEASUREMENT OF TRAVEL TIMES BETWEEN ORIGIN
AND DESTINATION (OD)

Travel times are calculated on roads with the greatest interme-
diation susceptibility to high demand from both vehicles and
passengers at different times and on different days with the
intention of detecting variations in speed and possible traffic
jam routes. The geographic elevation information provided
by Google Maps was used to determine the lowest sectors of
cities prone to the highest risk of flooding.

6) MEASUREMENT OF ELEVATION IN URBAN

NETWORKS (EM)

In this section, an analysis of geospatial data is conducted to
identify the elevations or degree of slope of urban networks.
That is, places with minimum slopes are prone to flooding and
those highest with the risk of landslides. These data were used
only for validation of some cities under study as reference
points [58].

7) FUSION OF INDICATORS WITH CLUSTERS ON THE SAME
MAP (IF)

Finally, BC, CC and eccentricity were used to observe group-
ings or clusters on a single map. This activity facilitates the
global analysis of the city, both in its location, distribution,
and position of each critical node. Eccentricity indicates the
furthest nodes of the network from its center. It is calculated
by measuring the distances from source node v to all other
nodes u and taking the maximum. Instead, the smaller the
eccentricity of a particular node, the closer it is to all other
nodes, that is, the node is more central. Therefore, eccentric-
ity can also be used to calculate the most central nodes when
considering minima.

IV. RESULTS

A. MESH AND CONNECTIVITY

To analyze the measurements of the morphology, topology,
and geography of the cities, OSM is used, and the bounding
box method (bounding box) and polygon of Networkx are
applied. Table 3 displays the mesh and connectivity charac-
teristics of each city, including the number of nodes, edges,
mesh index, connectivity index, and organization index.
Figure 1 illustrates the urban networks of the sample cities.

B. BETWEENNESS CENTRALITY (BC) AND CLOSENESS
CENTRALITY (CC)

The BC calculation is carried out for both the nodes and the
links of the road network globally; this experiment is carried
out to locate the streets and intersections that are candidates
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TABLE 3. Mesh and connectivity.

City Nodes  Edges Mesh  Connectivity  Organized
Quito 38,213 96,949 0.77 2.54 0.80
Guayaquil 40,310 111,715 0.89 2.77 0.69
Bogota 63,504 160,193 0.76 2.52 0.77
Medellin 24,056 56,916 0.68 2.37 0.79
Cali 21,810 59,481 0.76 2.53 0.73
Trujillo 13,648 40,662 0.99 2.98 0.62
La Paz 14,351 36,800 0.78 2.56 0.84
Manta 9,232 26,553 0.94 2.88 0.68
Santo 7,816 21,383 0.87 2.74 0.72
Domingo

Tsachilas

to receive the highest vehicular traffic circulation [79]. On the
other hand, the streets and intersections with the lowest aver-
age proximity to the rest of the network are highlighted with
the CC analysis [80]. These sectors are generally prone to
crowding, as they are shopping centers, businesses, financial
entities, and health clinics.

Table 4 lists the BC and CC values for the cities studied.
In this regard, BC measures the average interconnectivity
of the streets, allowing the determination of those with the
highest rate of vehicular traffic, the same ones that are key to
connecting different points in the urban network. When the
BC is higher, cities will have traffic difficulties during peak
hours, as in the case of Bogota, Quito, Cali, and Guayaquil.
At this point, it is convenient to ask the question: What
happens to motorized traffic if the routes are blocked or
interrupted by an adverse event? The most likely response is
that actions, including maintenance and contingency plans,
are taken to improve road resilience [81].

TABLE 4. BC and CC values.

City BC CC

Quito 88.32 501.30
Guayaquil 70.39 583.35
Bogota 90.55 729.71
Medellin 67.49 436.15
Cali 74.57 351.37
Trujillo 59.7 240.60
La Paz 67.57 195.10
Manta 42.13 217.78
Santo Domingo Tsachilas 42.80 182.80

Therefore, in an adverse event, resilience decreases owing
to street blockages and congestion. In the case of Trujillo and
Manta City, which are coastal cities with a flat shape, a greater
number of routes with a low BC index were distributed
throughout the city; a similar situation occurs with Santo
Domingo Tsachilas. For Medellin and La Paz, BC values had
medium ranges.

The geospatial segmentation of these nodes for the cities
is shown in Figure 2 which represents the BC with red
points and refers to increased vehicular traffic. For each
city, 200 points of higher intermediation values of the urban
network were taken as a reference. This measurement makes
it possible to locate the main avenues that serve as the favorite

VOLUME 10, 2022



D. Cordero, G. Rodriguez: Merger of Network Graph Indicators to Estimate Resilience in Latin American Cities IEEEACC@SS

(g) LaPaz (h) Manta (1) Santo Domingo Tsachilas

FIGURE 1. Basic urban networks of Latin American cities.
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(e) Cali

(g) LaPaz (i) Santo Domingo Tsachilas

FIGURE 2. Betweenness centrality for Latin American cities.
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routes for moving passengers within the city. Because the
evaluation factor has the closest relationship to the calculated
BC between the nodes and the edges of a route; it can be
determined that in flat and open cities (without mountains),
as in the case of Guayaquil, Trujillo, Cali, and Manta, it is
possible to build a greater number of avenues that offer
high intermediation to meet the high traffic demand of urban
travelers.

CC helps determine the streets and intersections that,
on average, have the shortest distance to the rest of the nodes
of the urban network. If the average is low, it implies that
the nodes are vulnerable or critical; generally, these areas
are made up of financial and commercial entities, among
others, with high vehicular traffic and agglomeration of peo-
ple. An adverse event in these areas will lead to accessibility
problems, making low resilience; CC values can be analyzed
for each city in Table 4. The closeness centrality (CC), anal-
ysis applied to the network graphs of the cities is shown
in Figure 3.

C. ROBUSTNESS OF NETWORKS WITH INTERRUPTION
ATTACKS (RN)

The results of random and targeted attacks on cities
showed that resilience progressively grows as the city grows
(Figure 4), where the y-axis represents the number of nodes in
the network, and the x-axis represents the progressive fraction
of nodes in the network and nodes eliminated during the
attack in each city. This indicator is understood by observ-
ing the area between the blue and orange lines that grow,
because the network falls faster by interrupting nodes with a
higher BC.

Robustness attacks on urban networks complement the
degree of resilience of each network by progressively destroy-
ing individual nodes. The attacks were performed in a random
and targeted manner based on BC analysis. In the random
method, arandom node is eliminated and the network connec-
tivity is recalculated until the entire network is disconnected.
For the directed method, the process is the same, except
that the nodes with the highest BC which are ordered in
descending order are eliminated first. The directed method
causes the network to decrease faster because the main nodes
that connect the entire network are removed. In the graph,
the random attack is represented by the orange line, and the
attack directed according to BC is represented by the blue
line.

To analyze the results, the first 25% of the nodes elimi-
nated from each city were considered, the two attacks were
evaluated simultaneously, and the lost area of each network
was compared. That is, the proportion of connectivity lost was
calculated using the urban network by eliminating 25% of the
initial nodes. As access roads are progressively interrupted,
the largest cities (Bogot4, Quito, Guayaquil, Cali, and Medel-
lin) resisted better connectivity than smaller ones (Trujillo,
La Paz, Manta, and Santo Domingo de las Tsachilas) because
larger urban networks have a greater number of edges and
nodes that can replace those that have been removed.
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D. LOCATION OF END NODES

The indicators for dead ends (DN) and four-link nodes (N4)
were calculated to assess the degree of planning or disor-
ganization of the different road networks in each city. Dead
ends correspond to terminal or return streets that are vulner-
able to adverse events, because they have a minimum level
of connection. If this link is interrupted, communication is
impossible.

Table 5 shows the categorization according to the size of
the urban network of each city, where measurements were
made of dead ends and nodes with four links. The percentage
of nodes without exit for the analysis indicates a weakness
for the accessibility towards them in case of a disturbing event
they are blocked they would be trapped without access. On the
other hand, the nodes with four links are an advantage for
a city; these nodes would have a better chance of access in
the case of a blockage of some access, while the other three
remain.

TABLE 5. Indexes of dead ends v(1) and four link intersections v(4).

City Nodes Dead Nodes % dead % nodes
Nodes four nodes four
links links
Quito 38,213 7,057 7,327 19.1% 19.8%
Guayaquil 40,310 4,287 12,609 10.5% 30.9%
Bogota 63,504 13,271 8,393 22.3% 14.1%
Medellin 24,056 3,644 4,867 15.6% 20.8%
Cali 21,810 1,651 5,849 7.6% 26.9%
Trujillo 13,648 820 5,125 6.1% 38.0%
La Paz 14,351 2,296 2,230 16.1% 15.6%
Manta 9,232 1,234 2,901 13.4% 31.5%
Santo 7,816 1,334 2,203 16.7% 27.5%
Domingo
Tsachilas

Based on the percentage of dead nodes, the cities that
lead to the connectivity problem are Bogota (22.3%), Quito
(19.1%), Santo Domingo Tsachilas (16.7%) and La Paz
(16. 1%). On the other hand, the best-planned cities are Tru-
jillo (6.1%), Cali (7.6%), Guayaquil (10.5%) and Medellin
and Manta (intermediate states). With respect to the percent-
age of nodes with four links, greater advantage of deconges-
tion in the face of an adverse event and consequently greater
resilience are found in Trujillo, Manta, and Guayaquil; with
greater problems are Bogota, La Paz, and Quito.

To appreciate the degree of organization of the cities
according to the distribution of dead ends and the four link
nodes, Figures 5, 6, and 7 are attached.

The organic mesh analysis of dead ends and four link nodes
in Figure 5, 6, and 7 and Table 5 is a technique used to assess
the planning of each city in time, that is, before the population
continues to expand in a disorganized manner.

E. MEASUREMENT OF TRAVEL TIMES BETWEEN ORIGIN
AND DESTINATION (OD)

To complement the study of the resilience of urban networks,
because the stretches of highways or avenues of Greater
BC are prone to vehicular traffic congestion, three cities of
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(a) Quito

3,

(g) LaPaz (h) Manta (i) Santo Domingo Tséchilas

FIGURE 3. Closeness centrality for Latin American cities.
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the sample were taken as references: Medellin, La Paz, and
Manta. The travel time (in minutes) required by a motorized
vehicle (automobile) to cover a certain section of avenues in
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these cities was measured; the calculation was automated at
thirty minute intervals; this was done every day of the week.
In addition, in this process, the travel times in both directions
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:&# :
(a) Quito, dead nodes

(e) Bogota, dead nodes (f) Bogota, four link nodes

FIGURE 5. Dead nodes and four link nodes for Quito, Guayaquil, and Bogota.
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(e) Trujillo, dead nodes (f) Trujillo, four link nodes

FIGURE 6. Dead nodes and four link nodes for Medellin, Cali, Trujillo.
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(e) Santo Domingo Tsachilas, dead nodes (f) Santo Domingo Tsachilas, four link nodes

FIGURE 7. Dead nodes and four link nodes for La Paz, Manta and Santo Domingo Tsachilas.
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FIGURE 8. Frequencies of travel times in minutes to move between two coordinates: origin and destination.
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(round trip) of each avenue were calculated using the Waze Figure 8, illustrates the results as follows: (a), (c), and
Route Calculator library based on Dijkstra’s short-route algo- (e) represent the days that take the longest to cross the section
rithm, which uses the origin and destination coordinates as of each avenue, and (b), ( d), and (f) indicate the days with
parameters. the least time consumption in the cities of the subsample.
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(@

FIGURE 9. Elevations of road networks: (a) Manta, (b) Santo Domingo Tsachilas, and (c) Guayaquil.

Specifically: (a) Regional Avenue of Medellin City in Colom-
bia, with a length of 23 km on a Wednesday; (b) Regional
Avenue of Medellin City in Colombia, 23 km on Sunday;
(c) United Nations Avenue in La Paz City in Bolivia, with a
length of 23 km on a Saturday; d) United Nations Avenue in
La Paz City in Bolivia, 23 km on Sunday; (e) 4 de Noviembre
Avenue in Manta City in Ecuador, 12 km long, on a Saturday;
and (f) 4 de Noviembre Avenue in Manta City in Ecuador,
12 km long, on a Sunday.

F. MEASUREMENT OF ELEVATIONS IN URBAN
NETWORKS (EM)

The elevation indicator was analyzed to help urban planning
because it identifies the lowest sectors that are prone to flood-
ing. The highest sites of coastal cities in Ecuador and Latin
America are settlements with the poorest populations which
are exposed to a more significant number of catastrophes.
This measurement allows for the evaluation of the degree of
importance of road networks in these sectors [82]. Therefore,
these areas are vulnerable to adverse events, whether natural
or social, such as heavy rains, hurricanes, or tsunamis, which
affect basic services. Regardless of the case, the determina-
tion of high or low geographic elevations helps solve specific
proactive or preventive planning problems. Figure 9 shows
the elevations of Manta, Santo Domingo Tsachilas, and
Guayaquil in Ecuador.

After evaluating the elevations of the network graphs,
it was observed that the purple nodes were the sectors most
vulnerable to flooding because they were located at sea
level or near streams or rivers. By contrast, those in yellow
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represent the highest sectors in the city. However, they are at
a risk of withstanding landslides or landslides during periods
of intense rainfall. In addition, they are marginalized sectors
with poor public work. The same type of graphical analysis is
feasible for the remaining six cities of the analyzed sample,
it has not been carried out because the process is considered
repetitive and due to limitations in the use of the software tool.

G. FUSION OF CENTRALITY INDICATORS IN URBAN
NETWORK (IF)

Itis possible to consolidate the indicators of betweenness cen-
trality, closeness centrality, and eccentricity to visualize the
location of the most critical sectors, streets, and intersections
for each indicator on a single map.

Additionally, the number of intersections can be regulated
according to the analysis criteria so that the distribution of
these points can be located and sectors with the most signifi-
cant tendency to expand and grow in cities can be identified.

The data were obtained from the Open Street Map (OSM)
repository. To load the urban network graphs, bounding box
and polygon techniques were used. Each road network was
composed of intersections (nodes) and streets (links). Ele-
vation data were downloaded from Google Maps and travel
times were loaded using the WazeRouteCalculator API with
Python from the Waze data source.

In Figure 10, the red dots represent the centrality of prox-
imity, which is related to the greater conglomeration and
centralization of the city because the main commercial and
financial centers, health centers, and public entities, among
others, are located in these areas. The blue dots indicate the
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(g) LaPaz (h) Manta (1) Santo Domingo Tsachilas

FIGURE 10. Fusion of indicators for BC, CC, and eccentricity of urban networks. Fusion of indicators for BC (nodes blue), CC (nodes red),
and eccentricity (nodes purple) of urban networks.
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TABLE 6. Proposed method vs urban resilience.

Analysis Urban Resilience Assessment
Method Steps Indicator method High . Low O
(unit)
1 Mesh and connectivity Mesh (MH) Quantitative >0.83 <0.83
(unit)
Connectivity (CN) Quantitative >2.5 <25
(unit)
2 Betweenness centrality Betweenness centrality (BC) Quantitative
closeness centrality (unit) <67.06 >67.06
Closeness centrality (CC) Quantitative
(unit) >382.02 <382.02
3 Robustness of networks Graphical analysis
to interruption attacks (25% removed nodes) Qualitative Menor area Larger area

®N)

4 Location of end nodes Dead nodes (DN) Quantitative <14.16 >14.16
(%)
Nodes four Links (N4) >25.01 <25.01
5 Measurement of travel Graphical analysis :
times between origin and ~ Parameters: 1. thirty minute intervals; 2.every Qualitative Lowest Higher
destination ODs day of the week; 3. both directions; 4.avenue number of number of
(OD) with major BC peaks spikes
6  Measurement of Graphical analysis : purple nodes (high \%
elevation in urban density) Qualitative
networks Graphical analysis : yellow nodes (high \Y%
(EM) density)
7  Fusion of indicators with ~ Graphical analysis: red nodes (high density) v
clusters on the same map  Graphical analysis: blue nodes (high density) ~ Qualitative v
(IF) Graphical analysis: purple nodes (high \Y%

density)

distribution of streets and intersections with the highest BC,
which is valid for locating sectors with the highest vehic-
ular congestion. The same indicator was used to represent
streets with orange-yellow lines. Finally, purple nodes were
identified, representing the furthest nodes and sectors of the
network. These data are of interest to the development of
public policies for equality of basic services that allow the
inclusion of places far from the urban network [83].

H. URBAN RESILIENCE ASSESSMENT

In this study, resilience is a city’s ability to prepare and plan
for, absorb, recover from, or adapt more successfully to actual
or potential disturbances [84].

Empirically, the evaluating resilience in cities remains
a complex issue [85]. The framework for the relationship
between the proposed methodology and urban resilience is
presented below.

For this, Table 6 presents the relationship between urban
resilience and the seven steps of the proposed method through
a synthesis of the results obtained. In the table, there are also
indicators (coded with acronyms); the method of analysis,
whether quantitative or qualitative (this is because in the
work, some steps generate quantities and others generate
graphic references); and the unit of measure.

For the quantitative part, the indicator, unit, and range of
resilience (high, low) are specified; the value that corresponds
to the break point is the mean between the values obtained,
depending on the indicator analyzed and the results of this
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study (Appendix A). If the values were above or below the
mean, urban resilience was assigned a high or low rating,
respectively, typified as green or red. In the case of the
CN indicator, the calculation of the average was not applied
because, according to the theoretical reference, if the value
was greater than 2.5, the connectivity was high; otherwise,
it was low.

On the other hand, for the qualitative part, a visual analysis
of the graph is recommended, where a high or low density
of nodes with a certain color is determined, based on which
a high or low urban resilience rating is determined, which
is typified in green or red. In the case of the OD indicator,
certain measurement parameters are recommended, such as
time, interval, direction and avenue with the highest BC.

To determine the level of urban resilience of the cities that
were the object of the study sample, Table 7 was generated
based on the parameters in Table 6. It was determined that a
city is more resilient if it has a greater number of green param-
eters; otherwise, it is less resilient if most of its parameters
are in red. Certain cells in the table were coded as NC (not
calculated) because the analyses were only applied to certain
cities in the study. Despite this, the template is parametric, and
any sample of cities that has all the analyses can be applied.

I. HOW TO IMPROVE RESILIENCE
From measurements in the urban networks of Latin American
cities, all studies conducted must be rigorously applied to
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TABLE 7. Resilience of sample cities.

City Indicator Urban

MH CN  BC cc RN DN N4 oD EM TF Resilience

Fig. 4 Fig. 8 Fig9  Fig. 10 Assessment
Quito 0.77 | 2.54 | 88.32 501.3 19.1% 19.8% | NC NC Low O
Guayaquil 0.89 | 2.77 | 70.39 583.35 10.50% | 30.90% | NC \Y High @
Bogota 0.76 | 2.52 | 90.55 729.71 22.30% | 14.10% | NC NC Low O
Medellin 0.68 | 2.37 | 67.49 436.15 15.60% | 20.80% | V NC Low (O
Cali 0.76 | 2.53 74.57 351.37 7.60% 26.90% | NC NC High @
Tryjillo 099 | 298 | 59.7 240.6 6.10% 38.00% | NC NC High @
La Paz 0.78 | 2.56 | 67.57 195.1 16.10% | 15.60% | V NC Low (O
Manta 094 | 2.88 | 42.13 217.78 13.40% | 31.50% | V \Y High ©
Santo Domingo 0.87 | 274 | 4238 182.8 16.70% | 27.50% | NC \% High ©

Tsachilas

urban planning [87], avoiding monocentric and polycentric
structures [86].

Cities with low resilience were Medellin, La Paz, Bogota,
and Quito. Medellin has the greatest complication due
to its connectivity (2.37) which is the least of all, less
than 2.5, which is the average accepted in the literature [88].
To improve Medellin’s resilience, there is an urgent need
to build new and sufficiently wide peripheral avenues to
interconnect the current urban network.

For large cities, such as Bogota and Quito, current con-
nectivity and its strong resistance to random attacks must
be used to distribute urban traffic through alternate routes.
As these cities have decentralized networks (not monocentric
or polycentric) that limit their connections, this has been
expanded by Cats et al. [86].

Owing of its geographical location, La Paz makes it dif-
ficult to build new avenues. However, it is advisable to opti-
mize current routes to redistribute the circulation of vehicular
traffic and strengthen its connectivity.

For Santo Domingo de los Tsdchilas, the problem is less
because they have several favorable indicators, such as con-
nectivity, BC, and nodes with four links. However, it would
be beneficial to improve these indicators by building wider
avenues. It is a small city, and can better plan its urban
network in the future when its population increases and the
network expands.

Cali remained stable in cities with good resilience. How-
ever, it is recommended that the percentage of dead ends, BC,
and CC be increased.

Guayaquil shows good resilience; however, it must
improve the BC to be more resistant to interruption attacks
and continue decentralizing its main CC nodes, because it has
a monocentric structure that is unfavorable according to the
literature [86].

The biggest problem for Trujillo and Manta is that they
have low tolerance to network attacks. These cities must
reinforce their connectivity of nodes (intersections) and main
borders (streets), and plan the construction of wide avenues.

In general, the optimization of resilience in a con-
stantly changing ecosystem requires building master plans in
time [89]. The effective use of urban spaces is prioritized,
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including wide avenues that connect urban networks from
end to end. Otherwise, when cities grow in a disorderly or
self-organized manner, vulnerability to congestion, mobility,
and accessibility increases thereby affecting the well-being of
travelers.

V. DISCUSSION

With the study of resilience in Latin American urban net-
works, it was determined that there are vulnerabilities in
their infrastructure and factors that hinder resistance to
adverse phenomena such as floods, earthquakes, tsunamis,
pandemics, and health crises or policies. This problem has
been aggravated by the rapid growth of cities which lack
adequate long-term planning. Therefore, it is imperative
for responsible actors to integrate the aspects of resilience
and sustainability into public policies and land management
instruments, as argued by Tumini et al. [32]. In the sense that
adaptation to changes produced by adverse events changes
from sustainability to a transversal and resilient model.

After carrying out attacks to destroy small, medium, and
large network nodes in each city, the resilience is inversely
proportional to the size of the city. This evidence validates
the fact that large cities suffer from vehicle congestion and
mobility of their inhabitants, a factor of notoriety in urban
centers in the Ibero-American area [91].

The results of the travel times in Figure 8, conducted
in cities with high population density and in areas with
the highest intermediation, confirm that they support high
peaks of congestion caused by the lack of alternate avenues
that distribute traffic when the demand for vehicles is high.
Instead, Calvert and Snelder [92] proposed the use of an
indicator called the link performance index for resilience
(LPIR), which assesses the level of resilience of individual
road sections to a broader road network, and is used to
detect sections of roads with low resilience and determine the
underlying characteristics of roads and traffic that cause this
deficit.

The fusion technique of the indicators of betweenness
centrality (BC), closeness centrality (CC), and eccentricity
in Figure 10 summarizes the diagnosis of urban networks.
It allows visualization of the current state of the critical
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factors of urbanization in the different areas of each city.
This analysis provides findings similar to those resolved by
Nogal et al. [93] through its restricted dynamic equilibrium
allocation model to simulate the evolution of network per-
formance, which considers the cost increase owing to the
disturbance, system impedance, and user stress level. These
two proposals seek to answer relevant questions that arise
when a disruptive event occurs in a traffic network, such as
how stressed the traffic network is How much time can the
system recover a new equilibrium position if it responds to
this situation?

VI. CONCLUSION

Within the cities sampled, the urban networks concen-
trated high rates of street and intersection intermediation
on a small number of avenues to distribute the city’s traf-
fic, which increased the congestion of motorized vehicles.
This pattern can be assumed to be repeated in most Latin
American cities. However, it is necessary to apply resilient
practices in the region and generate urban management
options that strengthen the response capacity of cities in
Latin America in the face of events that challenge local
sustainability [90].

Assessing the resilience of unplanned road networks
through the fusion of centrality, connectivity, and morpho-
logical indicators is relevant for South American cities to
help improve vehicular congestion, accessibility, and urban
mobility. During the study, it was found that connectivity and
centrality problems as the urban network grew. Therefore,
vehicular traffic congestion and the agglomeration of people
in hot zones indicated by the red dots in each Figure are
also complicated. This directly affects the resilience of cities,
reducing their resistance and adaptability to traffic load. In the
case of catastrophic events, it further aggravates resilience,
complicating the recovery times of the road network to its
normal state.

The increase in centralities puts the accessibility and
mobility of the population within each city at risk. As a
preventive measure, it is necessary to analyze the urban mor-
phology of small-and medium-sized cities to detect centrality
problems in time. These results will help reduce congestion,
accessibility, and mobility in urban networks in the future,
a problem that is latent in large cities in Latin America.

With the studies carried out, it is recommended that inter-
ested parties jointly analyze the indicators to plan corrective
actions in the urban network. This will allow improvements
in connectivity and minimize the dependency on certain roads
or highways, a measure that will support the efficient distri-
bution of traffic on all peaks.

Socio-urban investigative work is intended to provide cog-
nitive elements for various actors and sectors, including social
and civil populations, political representatives, municipali-
ties, urbanization secretariats, city councils, and construction
professionals, to reconsider ways to execute urban planning
in cities. Intending to make them resilient to accelerated
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demographic growth in such a way that they can better cope
with future habitat conditions.

APPENDIX A
Values break point. See Tables 8—13.

TABLE 8. Mesh values (MH).

City Mesh
Trujillo 0.99
Manta 0.94
Guayaquil 0.89
Santo Domingo Tsachilas | 0.87
La Paz 0.78
Quito 0.77
Cali 0.76
Bogota 0.76
Medellin 0.68
Average 0.83

TABLE 9. Conectivity values (CN).

City Connectivity
Trujillo 2.98
Manta 2.88
Guayaquil 2.77
Santo Domingo

Tsachilas 2.74
La Paz 2.56
Quito 2.54
Cali 2.53
Bogota 2.52
Medellin 2.37

TABLE 10. Betweenness centrality values (BC).

City BC
Bogota 90.55
Quito 88.32
Cali 74.57
Guayaquil 70.39
La Paz 67.57
Medellin 67.49
Trujillo 59.7
Santo Domingo Tsachilas 42.8
Manta 42.13
Average 67.06

TABLE 11. Closeness centrality values (CC).

City CcC
Bogota 729.71
Guayaquil 583.35
Quito 501.3
Medellin 436.15
Cali 351.37
Trujillo 240.6
Manta 217.78
La Paz 195.1
Santo Domingo Tsachilas 182.8
Media 382.02
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TABLE 12. Dead nodes values (DN).

City % dead nodes
Bogota 22.30%
Quito 19.10%
Santo Domingo Tsachilas 16.70%
La Paz 16.10%
Medellin 15.60%
Manta 13.40%
Guayaquil 10.50%
Cali 7.60%
Tryjillo 6.10%
Media 14.16%

TABLE 13. Nodes four (4N).

City % nodes four
Trujillo 38.00%
Manta 31.50%
Guayaquil 30.90%
Santo Domingo Tsachilas 27.50%
Cali 26.90%
Medellin 20.80%
Quito 19.80%
La Paz 15.60%
Bogota 14.10%
Average 25.01%
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