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Abstract

Global environmental changes have led to frequent occurrences of extreme climatic changes. The
frequency and magnitude of natural hazards in Taiwan have increased in recent years, causing remarkable
losses in mortality, injury, and property. Disruptions to critical infrastructures, including transportation
systems, electrical power suppliers, and health care systems, impair the ability to ensure sustainable daily
operations and cause failures in other systems. Along with resource allocation and pre-evacuation, road
networks profoundly impact disaster response and recovery, particularly emergent disaster logistics and
islanding rescues. This study examines the resilience of road network failures from the perspectives of
vulnerability and interdependency. Based on 11 fragile factors developed in the literature, road network
vulnerability is determined by geographic information systems illustrating overlapped layers. Analytical
results demonstrate that the level of service on adjacent links, connectivity, and accessibility to hospital
emergency facilities significantly impact the resilience of metropolitan road networks. The method developed
in this study can assist planners in understanding the assessment tools of road network resilience and help
decision makers prioritize resource allocation to improve road network serviceability under hazardous
conditions.

Keywords: Road network vulnerability, interdependency, resilience, geographic information system (GIS)

1. Introduction

Disasters seriously damage the quality of life by threatening people’s lives and health, interfering with the
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rhythm of social life, and creating barriers to economic development. Specifically, the interaction between
climate and environmental changes has gradually increased the magnitude, duration, and threat of disasters.
The absence of disaster prevention, mitigation, preparedness, and relief heightens the adverse impacts on
social mechanisms, lives, properties, and economic development. The Yokohama Strategy, initiated at the
World Conference on Natural Disaster Reduction held in May 1994, provided guidelines for shielding humans,
infrastructures, social operations, and economic systems from natural disasters. In recent years, disaster
research has shifted from disaster science to the relationship among disaster, environmental systems, and
socioeconomic systems. In 2004, the International Strategy for Disaster Reduction (UN/ISDR) defined
disaster as the effects and consequences of hazards on vulnerable socioeconomic systems in which
vulnerability limits the capability for coping with the influence of the hazard. In addition, the Hyogo
Declaration suggested that suffering in hazards could be mitigated by reducing vulnerability. Furthermore,
people must increase their resilience to disasters through early warning systems, risk assessments, education,
and integrated approaches (UN/ISDR, 2005).

For infrastructure, transportation systems are critical because of their importance to the daily life of
commuters, logistics, and business travelers. A failed transportation system leads to significantly higher travel
time and monetary loss in reorganizing travel plans. In addition to resource deployment and pre-evacuation
during disaster prevention and preparation, transportation systems simultaneously impact relief logistics,
emergent medical treatment, as well as accessibility to, and the recovery of, disaster areas. However, damages
to transportation systems are unavoidable For example, the 2004 Indian Ocean Tsunami in Asia, the 2005
London Underground bombings, and the 2011 Great East Japan Earthquake destroyed transportation
infrastructures, further complicating rescue efforts and material distribution, as well as increasing the risks of
secondary disasters. Transportation system management prioritizes critical infrastructure maintenance and
repair, contingency planning, the assessment of regional disparities and vulnerability.

A reliable road network depends on how efficiently infrastructures and services cope with hazards, and
how successfully operations are restored after a disaster. The vulnerability and resilience of road networks
have therefore received increasing attention in recent years. Numerous studies have suggested the need for
analysis methods to identify critical road links by evaluating the consequences of severe disruptions in
transport systems based on travel time and cost (Taylor et al., 2006; Jenelius et al., 2006; Scott et al., 2006;
Jenelius, 2009). However, road network failures resulting from infrastructure system interactions have seldom
been considered. Therefore, this study proposes a prototype model for determining the critical vulnerable
factors influencing the resilience of metropolitan road networks, based on interdependency analyses to
support decision makers in disaster prevention, mitigation, and preparedness. The rest of this paper is
organized as follows. Section 2 defines vulnerability and resilience. Section 3 presents a detailed introduction
to the research methodology, and Section 4 discusses the empirical resilience of road networks in the Taipei
Metropolitan area. Lastly, Section 5 offers a conclusion, along with suggestions for future research.

2. Vulnerability and resilience
2.1 Vulnerability

UN/ISDR (2009) defined vulnerability as the elements involved in making a system susceptible to the
2



damages incurred by a hazard, and it is divided into various dimensions, including physical, social, economic,
and environmental factors. Vulnerability thus refers to a negative indicator of system performance during
disaster management. A system with a high vulnerability implies that it possesses low resistance to external
influences. Additionally, the vulnerability factors of a system vary because of spatiotemporal and hazard
characteristics. Chambers (2006) indicated that vulnerability exists in systems with an inferior resistance to,
and coping capacities for, insecure conditions. Furthermore, a system is vulnerable when exposed without
contingency capability to risks, impacts, and pressures from disasters. Vulnerability refers to the state of
susceptibility to damage without adaptation, resulting from the exposure to negative influences caused by
environmental and societal changes (Adger, 2006).

Vulnerability analysis at the national level includes infrastructure (Cutter et al., 2003; Schmidt-Thome et
al., 2006), land management and development, and disaster mitigation plans (Schmidt-Thomé et al., 2006).
Moreover, Turner Il et al. (2003) posited that global climatic and environmental changes make vulnerable
areas, along with factor-related determinations, should be a priority concern. Potential damages from a threat,
including fatalities, health, the destruction of assets, and the degradation of natural environments, are
normally indicators for assessing vulnerability, and they can lead to complex causal relationships among
vulnerable factors. Risk perceptions of people implementing vulnerability mitigation policies can be
strengthened by providing infrastructural support and identifying individual and societal characteristics (Wolf
et al., 2010). Apostolakis and Lemon (2005) identified candidate vulnerable scenarios by using interconnected
digraphs. Methodologies that identify systematic interactions in specific spatiotemporal scopes have been
suggested as an effective means for analyzing vulnerability with interdependency among vulnerability factors.
The potential damage from a threat, including fatalities, health, destruction of assets and degradation of the
natural environment, is usually used as an indicator for assessing vulnerability. This brings up the complicated
causal relationships between vulnerable factors. Methodologies identifying systematic interactions in specific
spatiotemporal scopes are suggested to successfully analyze the vulnerability with interdependency between
vulnerable factors (Deutsche Gesellschaft fir Technische Zusammenarbeit, GTZ, 2004). However, a
generalized universal methodology for measuring vulnerability is unavailable due to the complex vulnerable
factors that depend on spatiotemporal attributes of hazards composed of social, economic, political and
cultural constructs.

Although vulnerability is common in the risk assessment of transportation systems, defining a meaning for
transport vulnerability that meets the consensus is difficult. Jenelius et al. (2006) examined road network
vulnerability by using link importance and the site exposure index, which represents how failure link impacts
general travel costs. Bana e Costa et al. (2008) analyzed the vulnerability of bridges and tunnels in Lisbon,
which was caused by an earthquake, to identify critical infrastructures. By extending road network
vulnerability from link importance to regional importance and exposure, Jenelius (2009) demonstrated that a
longer substitution distance and an increase in derived temporal costs imply less accessibility and more
vulnerability. Examining bridge failure vulnerability based on 11 interacting vulnerability factors, Hsieh et al.
(2011) found that accessibility and redundancy affected vulnerability and risk significantly. Moreover, an
“impact area” vulnerability analysis approach, in which the consequences of a link closure within an impacted
area (instead of the entire network) are evaluated, significantly increased the efficiency in determining the

most critical links in large-scale and congested road networks with demand uncertainty (Chen et al., 2012).
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Miller-Hooks et al. (2012) proposed procedures that markedly increased the ability to assist in pre-disruption
network vulnerability assessment and make pre-disaster vulnerability-reduction investment decisions.

2.2 Resilience

Resilience represents the ability of exposure individuals to resist and recover from damages caused by
external threats (Clark et al., 2000). UN/ISDR (2009) defined resilience as the ability to resist, absorb,
accommodate, and recover from the effects of a hazard in a timely and efficient manner, such as preserving
and restoring basic functions. The sensitivity and resilience of a system should be considered a part of
vulnerability, in addition to the exposure of vulnerable individuals and its various effects resulting from
hazards (Ford & Smit, 2004; O’Brien et al., 2004). Resilience allows scholars to understand natural hazards
based on social perspectives (Berkes, 2007; Zhuo et al., 2010). Because of the complexities of, and the
mismatched scales in, societal and natural systems, as well as the dependences among scales, resilience
examines multiple configurations of dynamic human-environment interactions (McGill, 2010).

Turner 11 (2010) discussed the similarities and differences between vulnerability and resilience with
respect to sustainability, environmental services, along with the tradeoffs in the performance of services
calculated by human outcomes. Resilience represents an identifiable property whenever systems cope with
demands (Nemeth, 2008), and it emphasizes the individual’s ability to determine crucial system functions and
establish robust and flexible processes (Dekker et al., 2008). Flexible strategies make systems more resilient
to disturbances (Carvalho et al., 2012). Moreover, resilience assessment is based on dimensionless analytical
functions in relation to variations in functionality (e.g., disaster losses and recovery paths), depending on
available resources, societal preparedness, and public policies (Cimellaro et al., 2010). Wang et al. (2012)
constructed a framework to evaluate resilience by analyzing the resistance of social-ecological systems in
Taiwan to changes caused by frequent, intense typhoons and found that land use changes from forests to
agricultural or urban uses led to a degradation of ecosystem resilience.

Cox et al. (2011) constructed operational metrics, ranging from specific travels to more holistic measures
such as the contribution of travel to economic activities, according to vulnerability, flexibility, and resource
availability. The metrics were based on both supply and demand perspectives to determine the resilience of a
passenger transportation system in relation to terrorism. Resilience represents the ability to react from stresses
that impact performance, for example, the ability to absorb effects from disturbances and ensure operational
continuity based on transportation perspective (Tamvakis & Xenidis, 2012). Furthermore, individual risk
perceptions affect the implementation of vulnerability mitigation policies (Wolf et al., 2010) and influence
transportation system resilience (Cox et al., 2011) because changing risk perceptions following a hazard leads
to behavioral responses such as modal choice alteration (Prager et al., 2011). Moreover, decision makers
affected by disasters may be unable to devise defensible mitigation strategies or allocate risk-management
resources because of an inaccurate perception of risk (Posner, 2004). Heuristics are useful to making daily
decisions, but they are hardly used in disaster-risk assessment (Slovic, 2007). Decision makers should be able
to formulate strategies to reduce vulnerability to uncertainty based on risk scenarios and develop institutive
capability to rapidly adapt to emerging hazards (Department of Homeland Security, 2006).

Rose (2007) identified two types of system resilience wherein static resilience refers to the individual’s
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capability to maintain function, and dynamic resilience refers to the individual’s capability to transition
rapidly from disturbance to stability. Numerous strategies for enhancing transportation resilience have been
developed, including infrastructure/service conservation, redundancy, relocation, technological improvements,
and logistics refinement for static resilience, operational impediment elimination, effective management, and
accelerating the restoration of dynamic resilience, along with input substitution, import substitution, and
inventories for both static and dynamic resilience (Ekern & Crossett, 2010; Meyer, 2010). Accordingly, static
and dynamic resilience refer to vulnerability and resilience, respectively, in this study.

Sustainability integrating vulnerability and resilience increasingly share appreciation for the complexity of
dynamic human-environment interactions, requires vulnerability research to focus on environmental services,
while resilience research focuses on human outcomes beyond the proximate kind (Turner 11, 2010). Therefore,
assessments in vulnerability and resilience are inseparable in developing robust and reliable methods for
measuring vulnerability, along with facilitating the adaptation and resilience of mechanisms of governance.

3. Research Approach
3.1 Factor determination

The impacts of road network failure refer to insufficient daily resources, traffic interruption, and various
other issues. Previous studies considered vulnerability a spatial condition, and infrastructure and exposure
from a physical perspective (UN/ISDR, 2009). Bercht and Wehrhahn (2010) proposed a vulnerability
assessment approach that incorporated geography and cognitive psychology, schematizing personal and
environmental factors, and evaluating the capacity to cope with changes in socioeconomics, as well as spatial
structures and processes. Because of the mesoscopic assessment, structural vulnerability based on the
perspective of engineering is excluded from physical vulnerability. Therefore, this study determines the fragile
factors of hazards at metropolitan road networks based on the failure elements proposed by Hsieh and Feng
(2014), which include delay time in substitution, the average degenerated level of service (LOS), the number
of substitutive links, connectivity, residents, the dependency ratio, the ratio of disabled residents, distance to
hospital emergency rooms, the amount of wholesaling and retailing, and employment and household income.

The delay time between the substitutive and original shortest paths and the generated degree in LOS of
each link satisfy the user’s need for mobility, that is, the individual’s ease of movement (Levinson 2003),
which is equivalent to overcoming spatial resistance. Jenelius (2009) evaluated the effect of link closure by
using delay and the difference between the new and original shortest route. Moreover, a failed metropolitan
road link without substitutions limits area accessibility and causes islanding areas within interrupted surface
transportation. Accessibility is used to evaluate network developments in transportation planning and to
measure the potential of regional economic performance in urban planning. The amount of substitutions and
connectivity calculated by the gamma index, which considers the ratio between observed links and all
possible links, contributes to the definition of accessibility as the ease of interaction between network nodes
(Levine & Garb, 2002).

The number of residents is used as the exposure of road network failure. The resident population perceives
in daily life the direct negative impact caused by road network failure, including increased travel time, a lack

of access to a health care system, and a reduced quality of life. A larger number of residents implies a greater
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number of potentially affected individuals, and thus, more vulnerability. The ratio of disadvantaged groups
with limited self-protection capacity is proportional to vulnerability, in which the criteria consist of older and
disabled people (Messner & Meyer, 2005). An aging population and low fertility rates have significantly
influenced demographics globally, and increased the dependency ratio. A higher dependency ratio
representing a higher loading of each working age population implies greater vulnerability. Disabled residents
are a socially vulnerable group because of deficient self-protection and response capacities (Rygel et al.,
2006).

The resilience function, exemplified by hospital networks, captures the effects of hazards as well as the
strategies for preparedness, response, and recovery (Cimellaro et al., 2010). The Transportation Demand
Management Encyclopedia (2010) suggested that transportation resilience was influenced by emergency
response actions, public services, and food supplies. Regional response and health care during hazards were
evaluated using the distance to an authorized hospital emergency center, to analyze how road network failure
affected access to adequate health care (Hsieh et al., 2011). Although inaccessibility heavily affected older and
chronically ill patients, the losses incurred from adjusted hospitalized practices could not be estimated because
of a lack of data. The redundant use of daily resources such as electricity generators, water storage facilities,
and life necessities deteriorates the quality of life. Because of unserviceable electrical and water facilities,
redundant resources in wholesaling and retailing become the most important indicator in island areas waiting
for rescue. Despite much time wasted commuting to work, a higher number of the employed population
implies a more resilient industry. Furthermore, higher household disposable income can mitigate
hazard-related impacts.

Wang et al. (2008) suggested that classifying factor values requires specific decision rules of thresholds.
Rather than precise quantitative information, the rating scale assists stakeholders without professional
knowledge in perceiving risk and communicating with authorities. This study adopts the thresholds and
standardized classifications according to open participatory meetings that emphasize communication,
cooperation, and compromise among various participants. The objective is to build a consensus for system
behavior, along with weight of each factor determined by the analytic network process proposed by Hsieh and
Feng (2014), in which rating 0 indicates that a road network can operate normally, and ratings of 1 to 4
indicate slightly affected roads, medially affected roads, strongly affected roads, and road network failure,
respectively.

3.2 Interdependency analysis

Because of the interconnected nature of infrastructures, once a natural hazard damages a system, other
systems can also malfunction. The interactions among vulnerable factors for natural disasters can create
feedback loops, rather than a unidirectional chain. Neglecting feedback loop effects can underestimate system
vulnerability. McDaniels et al. (2007) developed an analytical framework with empirical applications in
electrical power outages to understand how extreme hazards can lead to infrastructure failure
interdependencies, based on media reports and official ex-post assessment data. According to their results,
failed electrical power supplies significantly impact heating, ventilation, and air conditioning in buildings,
water systems, hospitals, public health facilities, and transportation systems. Adachi and Ellingwood (2008)

demonstrated the importance of considering interactions when evaluating seismic vulnerability and the risks
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to a networked system, as well as the utility of back-up power systems in electrical power facilities.

The interaction among system elements is crucial to understanding and managing system behaviors. Lee et
al. (2007) asserted that exploring and controlling system behaviors are difficult and prohibitively expensive.
To overcome the limitations of conventional methods, including the inability to explain compounding effects
and to handle uncertainty, feedback loops, and iterative processes (Nguyen & Ogunlana, 2005), system
approaches have been introduced to simulate the complex and uncertain behavior of systems by determining
the causal relationships among items (Alberts et al., 2004). However, the precise relationship among factors
may be unclear because of the complexity of the systems (Stylios & Groumpos, 2000). Cognitive maps were
introduced to solve the problems of qualitative factors and linkages, implying that decision makers make
sense of reality and decide what they should do to forecast future trends more accurately, resolve conflicts,
establish brainstorming sessions, and assist in negotiations (Eden & Ackermann, 2004). Moreover, fuzzy
cognitive maps (FCMs), which fuse the advances of fuzzy logic and cognitive map theories, are an alternative
qualitative approach to dynamic systems, where the approximate behavior of a system can be observed
efficiently and without the presence of an operations research expert. Kwahk and Kim (1999) identified the
characteristics of FCMs as understanding causal relationships, promoting the identification of opportunities
and threats, and facilitating system thinking.

FCMs often comprise variables, and their causal relations are represented as fuzzy implications. A link Lij
from variable Ci to variable Cj determines to what extent Ci impacts Cj. The link Lij can assume values in the
fuzzy causal interval [-1, 1], allowing degrees of causality, in which Lij>0 denotes a positive causality
between Ci and Cj, whereas Lij<O indicates that an increased Ci leads to a diminished Cj. Equation 1
represents the causal impact matrix in an FCM system.

M= i (1)

Moreover, input vector A' in Eq. 2 is composed of value of variable C; at the iteration t, a'. The

activation level A" is calculated by Eqg. 3, in which the unipolar sigmoid threshold function
f(x) =1/(1+e™>). This process continues until a convergence or circulation system. This is the resulting
equilibrium vector providing the answer to the what-if question.

At:[ai a; a_it ]an 2

A = f(A'xM) @3)

A major difficulty of FCMs lies in determining relationship intensity with a qualitative feature reflecting
the cognitive condition of individuals, something which cannot be directly measured. Some researchers
indicated relationships using weighted connections, i.e. simple additive weighting and AHP (Georgopoulos et

al., 2003). A collective map representing the consensus of all the stakeholders should be created by analyzing
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the maps of participants in a decision-making group (Carbonara and Scozzi, 2006). Besides, the relationships
could be derived via a statistical approach. Aguilar (2005) reviewed lots of application of FCMs in different
domains and concluded that notion of time is crucial for dynamic system. Blyikdzkan et al. (2009) proposed
a systematic way of analyzing collaborative planning, forecasting and replenishment supporting factors using
FCMs and proved that FCMs is particularly useful for solving problems in which a number of decision
variables and uncontrollable variables are causally interrelated. Feng and Hsieh (2009) analyzed transport
diversity via a hybrid model integrating system dynamics, FCMs, and sensitivity model to tackle the
uncertainty, feedback interaction, and complexity of system relationships.

Furthermore, the sensitivity model developed by Vester and von Hesler (1982) was used to identify the
systematic role of each fragile factor. Based on the 11 factors selected in the previous phase, magnitudes of
causality among the variables were examined to identify their functional roles in metropolitan road network
operations. The impact matrix representing the magnitudes of causal effects of each variable pair was
evaluated by joint discussion at open participatory meetings to obtain a consensus, with reference to data
compiled in advance. The various functional roles of the vulnerable factors were recognized by distinct values
of causality, summed by rows and columns in the impact matrix with their influence on the system. This
characterizes the system behavior accordingly (Chan & Huang, 2004). Additionally, each variable can be
categorized as active, passive, critical or buffering, according to the value derived from the impact matrix. The
results can assist planners in identifying the patterns of system behavior and the critical vulnerable factors in
metropolitan road networks, and they are useful for developing strategies. This study constructs the impact
matrix through FCMs.

4. Empirical Results

This study uses the Taipei Metropolitan road network as an empirical case study to analyze road network
vulnerability and to verify the feasibility of systematic interdependency assessments. Because of a mesoscopic
viewpoint, this study simplified the metropolitan road network into 60 links with four levels: freeway,
expressway, highway, and urban road. Moreover, the advantages of a geographic information system (GIS) of
spatial information helped decision makers determine visually and systematically the location of different
objects. A GIS integrates, analyzes, and displays spatial information for disaster prevention and mitigation
planning. Furthermore, analytical instruments based on G1S-aided satellite/aerial images assist stakeholders in
risk perception and communication because results from instruments with a high degree of accuracy are
relatively easy to interpret and useful for analyzing causal-impact relationships (GTZ, 2004).

The GIS provides new information by combining multiple layers in a compatible spatial reference area to
resolve difficulties associated with integrating numerous spatial variables in vulnerability assessments (\Wang
et al., 2008). The complex nature of vulnerability leads to the development of a theoretical framework for
quantitative vulnerability assessment, using a composite index in a GIS environment (de Andrade et al., 2010).
This study therefore analyzes the spatial-functional vulnerability maps generated by the GIS and considers the
interdependencies among fragile variables in road networks. Figure 1 shows the digitized spatial location of
vulnerable links in the Taipei Metropolitan area.

The preliminary data for vulnerable factors include published statistics, literature, and digitized data in the
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form of GIS maps. The residents, dependency ratio, and ratio of disabled residents in each link were sourced
from the city’s annual statistical overview. Employment and the amount of wholesaling and retailing were
referenced from the national industry, commerce, and service census. The average annual household
consolidated income tax representing household disposable income was referenced from Lu et al. (2010), and
the delay time in substitutions, number of substitutive links, and distances to hospital emergency facilities
were measured from GIS maps. Moreover, the average degenerated LOS was calculated by redistributing trips
on serviceable links.

Freeway

Expressway
-------- Highway
Urban Road

L
Note: Number on each link refers to link code from 1 to 60.
Figure 1 Empirical road network

Table 1 indicates a 11x11 causal impact matrix M as Eq. 1, in which the systematic relationship of each
variable is identified. Each cell in the impact matrix reveals the direct influence of the vertical variable on the
horizontal variable, e.g. the cell corresponding to the second column and first row shows the influence of the
delay time in substitutions on average degenerated LOS. The process of creating the impact matrix involves
group discussion. Three different groups, consisting of government officials, experts, and planning faculty, are
asked each to discuss and complete the matrix. After having completed their separate matrices, the three
groups work together to create a consensual matrix. At the same time, the description of the variables is partly
revised and redefined in such a manner that each group can agree on the assessment.

Table 1 Causal impact matrix
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Table A-1 reveals shows the raw network vulnerability of each link and the weight of each fragile factor.
The raw vulnerability of each link was used as an input vector in Equation 2, and the causalities in Table 1 are
substituted as A' and M, respectively, in Equation 3 to assess vulnerability considering interdependency
through FCMs. The systematic role of each variable was identified based on the information presented in
Table 1. The active sum, AS;, calculated by the sum of row i, shows how strongly the variable affects other
variables of the system. Conversely, the passive sum, PS;, calculated by the sum of column j, illustrates the
extent to which the variable was influenced by other variables. Variations in variables with a high AS would
impact the system significantly even with a small change, whereas a high PS variable would be impacted
dramatically as soon as some activity is within the system. Additionally, a variable occupying a high AS and
PS simultaneously expresses a dominant role in the system.

AS

3.5

Critical

25 F

1.5 ¢

0.5 ¢

Reactive
0 1 1 1 1 1 1 @

PS

o] 0.5 1 1.5 2 25 3 35

Note: The circled numbers refer to the corresponding vulnerable factor mentioned in Table 1
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Figure 2 Systematic roles of variables

All variables are plotted in Fig. 2, based on the AS and PS, creating a field of tension between active,
critical, reactive, and buffering. Figure 2 shows the first strategic indications by expressing the roles in a
conceptual manner, where the vulnerable factors of average degenerated LOS, connectivity, and distance to
hospital emergency facilities are critical variables in metropolitan road network operations, meriting further
investigation. The average degenerated LOS and connectivity representing mobility and accessibility,
respectively, from the aggregate viewpoint are more critical than delay time and the number of substitutions
from an individual perspective. The distance to hospital emergency facilities, which is critical to the rescue of
injured people, particularly disadvantaged groups, has a major resilience function in urban road networks.
Moreover, the three vulnerable factors can be affected significantly by many other variables, implying that
development policies should focus more on preventing negative impacts on average degenerated LOS,
connectivity, and distance to hospital emergency facilities.

The crucial factors determined by ANP (shown in the second row in Table A-1), including the number of
substitutive links and the number of wholesaling and retailing, are located in the active and reactive regions,
respectively, rather than in the critical quadrant. Figure 3 shows the vulnerability of the Taipei Metropolitan
road network involving spatial-functional interdependency among vulnerable factors. Based on Fig. 3, all
links converge to three vulnerability categories (i.e., A, B, and C) after 15 iterations using FCMs. According
to Hsieh and Feng (2014), vulnerabilities of the road network in Category A converge to a vulnerable level of
approximately 3.4, whereas links in Category C converge to approximately 2.05. Moreover, links belonging to
Category B vibrate between 2.05 and 3.43 cyclically (shown in Fig. 4-A). Metropolitan road network
vulnerability would be underestimated if causal loops were absent from the analyses. In the interdependency
assessment, fragile factors such as the number of substitutive links, the amount of wholesaling and retailing,
employment, and household income, performance the most vulnerable in all categories, whereas vulnerable
residents slightly affects road network operations in Categories B and C.
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.............. Category A

Category B

— Category C

Figure 3 Taipei Met'ropolitan road network vulnerability considering interdependency
Based on Fig. 2, a priority concern should be the improvement of connectivity by constructing backup

physical infrastructures for mitigating the impact on LOS of adjacent links, as well as inaccessibility to
hospital emergency facilities. Authorities should develop the resistance of the metropolitan road network to
reduce the probability of failure based on a cost—benefit analysis, including making redundant substitutive
links for increasing network resilience and investing in hospital emergency facilities to maintain functioning
emergency health care systems. A scenario is created wherein the coping capacity of each link is strengthened
to resist the negative impacts of hazards, and hospital emergency facilities are spread densely throughout,
protecting critical vulnerable factors from disturbances. Impact causality is thus re-determined by participants,
following the scenario. Figure 4-B shows the simulation results considering the policies adopted to protect the
critical vulnerable factors.

Category C, which is the least vulnerable, is almost the same in Figs. 4-A and 4-B; however, the coping
capacities in Categories A and B improve because of protection or redundant construction in critical
infrastructures. Vulnerabilities in the road network in Category A decrease from approximately 3.4 to 2.8,
whereas the links in Category B converge to a vibration between 2.1 and 2.6 cyclically, showing a more
resilient metropolitan road network. Moreover, this study alters causality between other vulnerable factors,
including the number of wholesaling and retailing, employment, and residents to validate the robust
simulation of adopted strategies. The three alterations lead to insignificant differences from the simulation
results without policy adoption, as shown in Fig. 4-A, verifying the critical roles of average degenerated LOS,
connectivity, and the distance to hospital emergency facilities.
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(A)Without resilience policies (B) Resilience policy interventions

Figure 4 Interdependent vulnerable categories

5. Conclusions

This study presents a prototype model to assist decision makers in determining the resilience of road
networks based on the perspectives of vulnerability and interdependency. Based on a literature review and the
results from workshops and interviews with experts, this study used 11 vulnerable factors in road network
failure proposed by Hsieh and Feng (2014). The Taipei Metropolitan road network was used as the empirical
case study. The inclusion of disaster mitigation, preparedness, and recovery for determining critical vulnerable
factors impacting road network resilience provides an extra level of decision support; however, it also
increases the complexity of the issue. Moreover, interdependence analysis was performed to help decision
makers understand how vulnerable factors affect system resilience and subsequently adopt appropriate
strategies for disaster prevention, preparedness, and mitigation. The causal impact matrix is helpful for
determining which infrastructures to protect superiorly.

In addition to underestimating the vulnerability of road networks caused by neglecting causality, a failure
to consider resilience misleads resource allocation for reducing road network vulnerability. An impact matrix
in the sensitivity model was used to determine the interdependence between infrastructures and identify
critical resilience factors. The analytical results show that the LOS of adjacent links and connectivity, as well
as the inaccessibility of hospital emergency facilities are critical vulnerable factors influencing road network
resilience. The proposed method can assist planners in understanding the assessment tools of road network
resilience and help decision makers prioritize resource allocation to improve road network serviceability
during hazards. However, the delay time on the shortest substitution, which is considered a significant
vulnerable factor because of the weight of participant consensus, is located in the buffering region rather than
in critical quadrant. This results in different road network vulnerability in relation to spatial-functional
interdependence.

Creating redundant substitutive links to increase network resilience and investing in hospital emergency
facilities to maintain functioning, emerging health care systems are recommended strategies for improving the
connectivity of the metropolitan road network. The impact causality alterations are re-examined based on a
developed scenario, wherein the coping capacity of each link is strengthened to resist negative impacts of
hazards and hospital emergency facilities are densely spread throughout. Because of the protection and
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redundant construction of critical infrastructures, the Taipei Metropolitan road network becomes more
resilient. Accordingly, determining the appropriate fragile factors of preparedness and recovery assists
decision makers in achieving a suitable level of resilience for metropolitan road networks for budget and
service constraints.

Future research should consider the criteria of each road network for physical vulnerability, validate the
performance with actual data, and enhance the weighting mechanism to reduce subjectivity in the assessments.
Moreover, road network resilience is crucial for economic production and personal well-being, which is
absent from this study. Future disaster management studies on metropolitan road networks should also
develop a framework for overlapping specific hazard scenarios with the developed road network vulnerability
map to construct risk maps and calculate road network serviceability. Considerations of the explicit estimation
of transportation as a direct and indirect input to the economy and an evaluation of resilience in broader
contexts enable the allocation of resources to promote transportation system resilience, compared to other
disaster mitigation strategies in a risk management framework.
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ability to ensure sustainable daily operations and incur failures in other systems. Along with resource
allocation and pre-evacuation, road networks significantly impact disaster response and recovery, particularly
emergent disaster logistics and islanding rescues. This study thus examines the resilience of road network
failures from the perspective of vulnerability considering spatial-functional interdependency among fragile
factors. Based on eleven vulnerable factors developed in the literature, road network vulnerability is
determined by systematic approaches and illustrated through geographic information systems. Analytical
results demonstrate that vulnerable factors playing a critical role in the sensitivity model, such as the level of
service on adjacent links, connectivity, and accessibility to hospital emergency facilities significantly impact
the resilience of metropolitan road networks. The strategies to protect the critical fragile factors mitigate the
road network operations from strongly vulnerable to medial level. The method developed in this study can
assist planners in understanding the assessment tools of road network resilience and help decision makers
prioritize resource allocation to improve road network serviceability under hazardous conditions.

Keywords: Road network vulnerability, interdependency, resilience, geographic information system (GIS)
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