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Abstract

Critical infrastructure failures from natural hazard events affect the economic and social
well-being of communities. This is particularly true in lower income countries, where
infrastructure may be less resistant to natural hazards and disaster recovery is often
limited by available resources. The interconnectivity of these systems can strongly
affect the services they deliver, and the failure of one infrastructure system can result

in cascade failures with wide-reaching consequences. Unfortunately, interconnectivity
has been particularly difficult to measure. We present a method for identifying service-
oriented interdependencies in interconnected networks. The approach uses well-
established methods for network analysis and is demonstrated for healthcare services
in the Commonwealth of Dominica, a small island state in the Caribbean. We show that
critical links in road networks necessary for healthcare service delivery are important
for more than just patient access to a facility, but also on the supply chains that enable
the hospitals to function (e.g., water, fuel, medicine). Once identified, the critical links
can be overlaid with known hazard vulnerabilities to identify the infrastructure seg-
ments of highest priority, based on the risk and consequences of failure. An advantage
of the approach presented is that it requires relatively little input data when compared
to many network prioritization models and can be run using open-source geospatial
data such as OpenStreetMap. The method can be expanded beyond road networks to
assess the service-oriented criticality of any infrastructure network.

Keywords: Critical infrastructure, Climate change, Natural hazards, Network analysis,
Criticality, Facilities impact, Disaster risk management, Planning

Introduction

The value of critical infrastructure systems is directly related to the services they pro-
vide and enable. A key vulnerability of these systems is the damage to, or failure of, sys-
tem components during and following natural hazard events. In 2017, global economic
losses related to natural hazard events are estimated to have been ~$337 billion, with
less than half of this insured (Swiss Re 2018). These direct impacts are expensive and
result in part from the failure of critical infrastructure systems including roads, railways,
transmission infrastructure, buildings and other assets. Indirect impacts such as loss of

income, disruption of supply chains and injuries and morbidity, among other factors,
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add to these costs. Particularly in lower income economies and vulnerable regions
including small island states, the increased societal impacts are often exacerbated (Hal-
legatte et al. 2019a, b). Between 2000 and 2015, natural hazards are estimated to globally
have caused over 700,000 deaths, the loss of homes for more than 23 million people,
and impacted more than 1.5 billion (UNISDR 2015). A recent World Bank study esti-
mated these impacts as well as those resulting from climate change at $391-647 billion
for households and firms annually in low- and middle-income countries (Hallegatte et al.
2019a, b).

In recent years, techniques from the study of complex adaptive systems have been
used to help understand networked infrastructure systems. This is particularly true for
power systems, although the principles and approach can be extrapolated to other criti-
cal infrastructure systems (van der Merwe et al. 2018). The systems perspective has been
recognized as a key element to empower communities to address unknown challenges
(Linkov and Trump 2019). A hallmark of resilient infrastructure systems is their ability
to deliver services during and after hazard events (Hallegatte et al. 2019a, b). An existing
challenge is the ability to measure and identify the most critical components within a
system, especially when multiple infrastructure systems are interdependent.

Recent reviews from multiple domains have focused on quantitative methods for
assessing infrastructure vulnerability and resilience. Mattsson and Jenelius (2015) pro-
vide a review of work in the transportation network field, specifically looking at resil-
ience analyses related to transportation systems. They identify two areas of divergent
research methods. First, topological network assessments rooted in graph theory that
can identify important properties of failure and be transferred across different systems.
Conversely, the second approach focuses on behavior, including the supply and demand
impacts resulting from models of the transport system. The latter is recognized for cap-
turing a better picture of the system but requires more data and more computational
time. The need for cross-disciplinary research is emphasized as research proliferates
(Mattsson and Jenelius 2015; Taylor and D’Este 2007). A recent analysis of transporta-
tion network perturbations from climate and hazard-induced loss and the impacts to
agriculture in Vietnam can be found in Eun Oh et al. (2019). In power systems, simi-
lar assessments have been done, heavily focused on modeling approaches applied to
synthetic and/or simplified networks. Baldick et al. 2009 (Baldick et al. 2009) reviews
methods for modeling vulnerability assessments and cascading failures in power sys-
tems. A review specific to the impacts of natural hazards on power systems can be found
in Wang et al. (2016). Panteli and Mancarella (2015) review extreme weather events on
power system transmission networks and propose methods for future research including
resilience attributes of network assessment. Salman and Li (2018) look at the resilience
of power grids, including identifying the importance of individual links relative to the
prevalence of blackout occurrences. Many of these studies build on a 2007 book (Murray
and Grubesic 2007) that gives an overview of many different methods and questions in
the context of critical infrastructure reliability and vulnerability.

Network analysis methods used to study infrastructure include drop-link assess-
ments, application of criticality metrics, agent-based modeling approaches and net-
work perturbation techniques with which to understand things like targeted attacks.
Agent-based methods model the interactions between autonomous agents (people,
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households, diseases) based on specified behaviors. They have been used to under-
stand the flow of people and goods following acute hazards along specific transporta-
tion networks (e.g. Mostafizi et al. 2017; Hilljegerdes and Augustijn-Beckers 2019). A
recent study of supply chain disruptions in Tanzania from flooding hazards identified
critical road links based on multiple priorities using input—output economic models
resulting from agent (firm) behaviors (Colon et al. 2021). More information on the
methodology and several examples across domains can be found in (Bonabeau 2002).
A limitation of agent-based modeling is that it requires substantial input information
to be available about the system and its components. When this detailed information
about agent behavior is available, it is a powerful tool to identify emergent behaviors
in large population assessments.

Drop-link assessments typically measure the impacts of single or multiple link loss
on overall network function between origin—destination pairs. Previous work in this
domain includes assessment of the most critical road links between cities in Australia
(Taylor and D’Este 2007), which is similar to the perturbation methods developed for
this study. Similar link importance methods have been used on a simplified Swed-
ish road network (Jenelius et al. 2006) and at specific transport corridors in the United
States looking at employer-household travel patterns (Kermanshah and Derrible 2017).
To date, a limitation of many studies is the ability to run on real, often very large, infra-
structure network data, resulting in studies of simplified and/or synthetic networks. An
exception to this is found in Ganin et al. (2017) which assessed the fragility of road net-
works in 40 urban areas in the United States to perturbations and link loss.

One output of drop-link analyses is a ‘criticality’ metric. The definition of critical-
ity varies by study, but generally criticality is the value of a network segment relative
to the overall network function. One recent study (Espinet Alegre et al. 2020) focused
on how network perturbations affect the delivery of and/or access to specific services
using a least-cost travel model. This study focused on measuring access to economic and
health facilities in Cambodia and highlights the value of specific, service-oriented analy-
sis metrics to inform decision making. When defined as a permanent network property
using centrality and betweenness methods, criticality identifies the most connected and/
or highest capacity nodes of the overall network (e.g.: Hawick and James 2007; Saleh
et al. 2018; Li and Kao 2008). In other studies (including this one), criticality is defined
as a performance metric specific to origin—destination pairings (e.g., Hilljegerdes and
Augustijn-Beckers 2019; Mostafizi et al. 2017; Taylor and D’Este 2007; Jenelius et al.
2006; Kermanshah and Derrible 2017).

Answering specific questions about infrastructure segment criticality, service delivery,
and impacts to populations in hazard situations have been assessed using multiple meth-
ods (e.g., Murray and Grubesic 2007). This is heavily emphasized in recent work in the
context of developing countries, noting that the choice of metric used to assess priorities
can drastically change the results (Hallegatte et al. 2019a, b). The interconnectivity of
infrastructure systems can strongly affect the services they deliver, and the failure of one
infrastructure can result in cascade failures with wide-reaching consequences. Although
widely recognized as a serious concern, how to mitigate the risks posed by infrastructure
interdependency and complexity remains a nascent area of research. With few excep-
tions, even quantifying the linkages between infrastructures, their interdependencies,
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or failure mechanisms, is rarely done (e.g., Helbing 2013; Little 2002; World Economic
Forum 2011).

Here we present a method for using drop-link analysis to show the interconnectiv-
ity of service delivery and road networks. We consider three essential services that are
inputs (water, power and people) necessary for hospital operation (e.g., FEMA 2007) and
determine the set of critical road network segments relative to them. The intersections
of these sets identify road links that, when removed, cause a cascade effect on the sup-
ply of important services. The supply services examined include potable water supply
(backup water in times of damage to water transmission system and/or drought con-
ditions), reliance on imported materials at seaports (medicine, diesel fuel) and patient
access to hospitals. Results are presented for the Commonwealth of Dominica, a small
island in the Caribbean vulnerable to multiple natural hazard events. The water deliv-
ery assessment is important because Dominica has a significant dry season and potable
water transmission and distribution systems can be damaged by hurricanes, a significant
risk in the region. Dominica also has multiple water areas that are served by tank trucks
during these events (Dominica Water and Sewerage Company Limited (DOWASCO)
20204, b). The delivery of fuel from ports to power plants is assessed because the major-
ity of electricity generated on the island is from imported liquid fuels, including diesel
(National Renewable Energy Lab (NREL) 2015). The delivery of imported materials
to the hospitals is assessed because of the geography of the island, relying heavily on
imported goods including diesel fuel (for backup generators onsite) and medical materi-
als such as medicine. A virtue of this method, especially in the developing regions, is that
it can be implemented with relatively sparse data (i.e., OpenStreetMap) and open source
tools (i.e. Python, PostgreSQL). The results are important for understanding how to best
allocate limited resources for resiliency planning.

Methods

A network of nodes and edges is used to connect user-defined origin and destination
pairs in a road system. A drop-link analysis of the impact to service delivery for four
different road priorities (household travel to hospitals, imported fuel delivery to power
plants, imported fuel and supply delivery to on-site hospital generators, water supply
from treatment centers to hospitals) was done. The travel costs associated with dropped
links are determined using a single-source, shortest-path Dijkstra algorithm, which
finds shortest paths between nodes in a graph (Dijkstra 1959; Fredman and Tarjan 1987;
pgRouting 2021), Additional file 1: Note 1. The set of critical road network links are
determined relative to healthcare service delivery. The intersection of these sets gives the
links (“segments”) whose removal causes failures to cascade across multiple services and
health care delivery in particular. The most critical road segment map is overlaid with a
real hazard map to illustrate how the information can inform policy specific to the risk
of road failure resulting from exposure and consequence.

Network approach

A network of nodes and edges is used to connect user-defined origin and destination
pairs in a networked infrastructure system. The relative value of each network seg-
ment measured as the impacts that perturbations have on overall performance and
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connectivity, is determined using drop-link analysis. The impacts of perturbations are
defined as the increase in travel costs (time), determined using the Dijkstra algorithm
(Dijkstra 1959). A reference run computes the aggregate costs between every origin and
destination pairs within the entire unperturbed network. The impact of the removal of
any segment(s) is then computed by recalculating the origins-destinations aggregate
costs in the updated network. Segment criticality is determined in terms of travel cost
between origin and destination pairs. ‘Criticality’ is defined as the cost of dropping a
network segment on travel times between all origin and destination pairs (every segment
is dropped once, and travel cost is calculated over entire network routing). The impact
is defined by the difference between ‘normal’ and ‘perturbed’ network matrices of travel
cost between all origin and destination pairs, calculated over the entire drop-link seg-
ment analysis.

In this analysis, the road network is split into segments of 100 m, along with remainder
and/or shorter length segments where appropriate. This results in the 860 km of roads in
Dominica (223 km Primary, 58 km Secondary, 236 km Tertiary and 341 km Local Roads)
split into over 10,000 individual segments for analysis. Ancillary infrastructure such as
bridges are treated as individual segments in the network.

Service delivery

Three inputs necessary for hospital operation were assessed individually: water, people
and electricity (proxy analysis of diesel fuel availability at the power plants). Four road
criticality sets are generated: household travel to hospitals, water delivery from water
treatment centers to hospitals, fuel delivery from ports to power plants, and backup fuel
and medical supply delivery from ports to hospitals. The location of all facilities includ-
ing water and wastewater treatment facilities, health centers, and households comes
from a combination of local data sources, country reports, OpenStreetMap, Google que-
ries, and the World Bank CHARIM datasets (ACP-EU Natural Disaster Risk Reduction
Program, n.d.; Schweikert et al. forthcoming). Ports data is from the National Geospatial
Intelligence Agency (National Geospatial Intelligence Agency 2019). Power plant data
was collected from the Global Power Plant Database (World Resources Institute 2019)
and augmented with specific research by the authors (Schweikert et al. forthcoming).

The set of critical road segments for travel between each origin and destination pair
is assessed. For patients, travel between all households (approximately 20,000) on the
island (origins) and the three health center facilities (destinations) is assessed. The set
of critical road segments for water delivery was determined for travel between all water
treatment centers (origins) and the three hospitals (destinations). The set of critical road
segments for fuel supply was assessed for travel between two ports (origins) to the major
power plants (destinations). Finally, travel between the ports (origins) and health centers
(destinations) was assessed to identify the supply chain for imported materials including
medical supplies and diesel fuel for the backup generators.

The overall criticality map for each of the four origin—destination pairs described
above is created by assessing the number of times a road segment appears in the highest
quintile (“Q5”) of importance (these are the segments that, if dropped, have the highest
impact on overall travel cost in the network). Then, these four maps are combined to
determine the intersections of segments that are considered most critical (Q5). In the
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combined criticality analysis, an equal weighting is used. This is a user-defined choice
and could be easily changed based upon local knowledge and preferences. These loca-
tions of high criticality identify locations where the delivery of multiple services would
be highly impacted if this road segment is disrupted. The intersection of the individual
criticality assessments of road segments determines the interdependencies between ser-
vices, as these intersecting locations would disrupt multiple services if perturbed.

Assessment of hazard exposure

The criticality sets, and their intersections, can be overlaid with specific hazard maps,
such as flooding. This combination of exposure identifies the highest priority areas for
interventions such as hardening. Here, the 0.02-annual probability event (“50-year flood
event”) was used to examine the potential impact for combined hazards of fluvial, plu-
vial and coastal surge flooding. Three geospatial flooding data sets (fluvial, pluvial and
coastal surge) (Deltares 2020) and engineering-based flooding fragility curves (Espinet
Alegre et al. 2020; Koks et al. 2019) were used to determine road segments where flood-

ing would exceed operational thresholds.

Results

The interconnectivity of multiple services required for healthcare operations at hos-
pitals in the Commonwealth of Dominica includes delivery of water, fuel for electric-
ity, imported supplies and patients. An assessment of road segment criticality for
the delivery of each input service required for hospital operations is assessed using
drop-link analysis. Results for each service, measured independently, are shown in
Table 1 and Figs. 1 and 2. Table 1 gives the total length of roads of each type (primary,
secondary, tertiary, and local) calculated as most critical (5th quintile or “Q5”). Fig-
ure 1 shows results for the entire island for delivery of water, imported supplies, fuel
for electricity, and patients, while Fig. 2 is focused on the Roseau area. The results
show marked differences in road segment criticality depending upon the perspective

Table 1 Length of road segments classified in the most critical quartile ("Q5") for each supply chain,
and percent for each road type relative to total road length

Perspective Primary roads Secondary roads Tertiary roads Local roads
Lengthin Percent Lengthin Percentof Lengthin Percent Lengthin Percent
Q5 (m) of Q5 (m) Secondary Q5 (m) of Q5 (m) of Local
Primary Roads Tertiary Roads
Roads Roads
[1] House- 22,554 10.1 18,020 30.7 45,288 19.1 70,090 206
holds to
Hospitals
[2] Water 28,455 12.7 13,476 229 24,232 10.2 5,652 1.7
Treatment
to Hospitals
[3] Seaports 3,031 14 0 0 0 0 194 0.1
to Hospitals
[4] Seaports 25,403 114 0 0 300 0.1 0 0
to Power
Plants

All Roads [m] 223,746 58,782 236,835 341,063
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Fig. 1 Road segment criticality shown in quintiles. Criticality is calculated using drop-link analysis. More
critical segments indicate that the loss of this segment increases overall travel cost for the origin-destination
pair in each perspective

ROAD SEGMENT
Ql p . .
CRITICALITY [QUINTILES] Households to Hospitals Water Treatment to Hospitals Seaports to Hospitals Seaports to Power Plants

Not used
= 1% (Lowest)
— gnd

3
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O ports
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<> Power Plants
@ Water Treatment
3 Hospital

Roads
Fig. 2 Road segment criticality shown in quintiles. Criticality is calculated using drop-link analysis. More
critical segments indicate that the loss of this segment increases overall travel cost for the origin-destination
pair in each perspective. Results shown for Roseau region

chosen, highlighting the importance of considering these locations of interconnectiv-
ity across multiple services. The computational time for the different scenarios and
combinations of nodes (origins and destinations) and links (network segments) is
provided in Additional file 1: Note 1.

For patient access to hospitals, the greatest number of nodes is used, with over
20,000 households and three health center destinations. Approximately 22.5 km of
primary road (>10% of all primary roads) fall into the highest category of critical-
ity (Q5), while over 30% of secondary roads, almost 20% of tertiary roads and 20%
of local roads are in Q5 for service delivery (hospital access). Many roads in the 5%
quintile are residential routes for which there are no redundant options. The failure of
these segments means that the overall travel times increase substantially compared to
the loss of other segments.

For water delivery to hospitals, 28 km of primary road are considered critical, rep-
resenting almost 13% of all primary roads. 23% of secondary roads are highly critical
for service delivery, while 10% of tertiary roads are, and less than 2% of local roads.
This is because the travel from inland water treatment plants relies on non-redundant
roads and their loss eliminates the travel potential. The major highway transecting
the island has many segments classified in the 3™ or 4™ quintile for multiple services,
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including water and patient travel. While these are not the focus of this analysis (look-
ing at Q5 only), this indicates that loss of one or more segments on this main thor-
oughfare would require costly, though possible, re-routing around the island.

Fuel delivery from ports to power plants has the smallest number of critical road
segments. This is because both of the power plants and ports sit on the western side
of the island, near the coast, with reduced travel distances compared to delivery of
people, imported supplies and water to hospitals. The delivery of fuel from seaports
to power plants is most critical along primary roads, affecting just under 2% of the
network, Table 1.

Once the criticality of each road segment is established for each individual service
delivery, a combined criticality metric is calculated to identify the road segments
indicating interconnectivity and dependency for service delivery, Fig. 3. These results
are also shown in Table 2. Overall, there is 0.71 km of primary road that is identified
as the most critical for all four services. While this represents only 0.3% of the total
primary road network, the loss of these segments would have very substantial impacts
on overall healthcare delivery, as access to hospitals for patients, fuel delivery for elec-
tricity production, imported supply delivery and water delivery in times of drought
would all be disrupted. Nearly 20% of the secondary road network is considered
highly critical for two supply chains. The results presented in Table 2 show that there
are very few road segments that have overlapping service delivery interconnectivity,

INFRASTRUCTURE
D Ports

E Houses
<> Power Plants
@ Water Treatment
3 Hospital
Roads

ROAD SEGMENT CRITICALITY:
Number of Overlapping Q5
= 1
2

3
- 4

Fig. 3 Assessment of service delivery interdependencies, calculated as the number of road segment service
delivery perspectives considered highly critical (Q5) that intersect within the network. Based on the four
individual supply routes analyzed (seaports to power plants, seaports to hospitals, water treatment facilities
to hospitals and homes to hospitals), this figure shows locations where a road segment is identified as most
critical (Q5) for at least one service. Locations where critical segments intersect identify the most critical
segments as multiple services rely on their operation. Roads in green indicate that the segment is Q5 for two
services, while orange segments are Q5 for three services. A very small number of road segments are Q5 for
all four services, but these roads indicate that failure affects the delivery of all four services if perturbed and
could most impact the delivery of healthcare on the island
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Table 2 Length of road segments classified in the most critical quintile ("Q5"), based on the number
of scenarios

Road type 1_Q5[m] 1.Q5[%] 2_Q5[m] 2_Q5[%] 3_Q5[m] 3_Q5[%] 4_Q5[m] 4_Q5[%]

Primary 27,282 12 21,179 9.5 2,321 1.0 710 03
Secondary 9,338 16 11,079 188 - -
Tertiary 47,069 20 11,375 4.8 - -
Local 71,798 21 1,778 0.5 194 0.1 -
Total (all roads) 155487  18.1 45411 53 2,515 03 710 0.1

"1_Q5" indicates the length of road segments classified as most critical for only a single assessment; "2_Q5" indicates the
length of road segments classified as most critical from two assessments; "3_Q5" indicates the length of road segments
classified as most critical from three assessments; "4_Q5" indicates the length of road segments classified as most critical
from all four assessments performed. Values are given in both meters and percent of total road network for each type

INFRASTRUCTURE
O Ports

B Houses
<> Power Plants
@ Water Treatment
3 Hospital
Roads

FLOODING DEPTH
FOR Q5 SEGMENTS [m]

<0.25
= Q5
-1
_ 51

Fig.4 Assessment of the risk of flooding to healthcare, shown for depth of flooding on road segments
considered highly critical (Q5) for the delivery of services including electricity, patients and water. The risk to
healthcare service delivery is defined as the locations where road segments, if perturbed, will highly affect
the services needed to operate. The depth of water may impact the access, for example, locations in red will
likely be impassable (1 m or greater) while depths of lower inundation (yellow) may require slower travel but
still passable, depending on the mode of transport used. These depths may also inform expected damages
following the flooding event

providing a focused analysis of the most important road segments for healthcare ser-
vice delivery (as defined by the four individual criticality assessments).

The final analysis is to use the shock-agnostic map of the most critical network loca-
tions from healthcare services delivery to see where the impacts are most likely to be
exposed to a hazard event. In this analysis, the 0.02-annual probability flooding event
(“50-year”) was chosen. Figure 4 shows where Q5 road segments, for at least one ser-
vice delivery, are exposed to flooding of different depths. Where hazard-specific data
on damages, costs and times to repair, and other data is available, this can help inform
planning. For example, floods depths exceeding 1 m may lead to much longer recov-
ery times and higher costs than locations with low levels of flooding. The map shown
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in Fig. 4 identifies the greatest vulnerabilities along mountain roads from the inland
allowing access towards healthcare facilities. The total Q5 road segments exposed to
flooding of various depths is listed in Table 3. For the 0.02-annual probability flood-
ing event, none of the most critical locations in the road network — those with 3 or 4
overlapping perspective criticality values of Q5 — are exposed. Eleven percent of the
locations where 2 services are dependent upon the segment are exposed to flooding
of some depth, the majority (~ 4,000 m) at a depth of 0.5 m or less. Seventeen percent
of the segments where one input service contributing to healthcare service delivery is
rated as Q5 are exposed to flooding of some depth. While the majority are at a depth
of 0.25 m or less (over 10 km), over 5 km is exposed to depths exceeding one meter,
which is likely to cause damages and thus disruptions persisting beyond the actual
flooding event.

Discussion

Networked infrastructure plays a critical role in underpinning the function of modern
societies. However, an analysis of these networks with a single supply chain or perspec-
tive will often mask network segments that are important to the delivery of key services
that rely upon multiple services delivered through multiple networks. Evaluating the
interconnectivity between critical infrastructures (such as the power grid and transpor-
tation networks), or the services they deliver (power, water, etc.), is still a nascent area
of quantitative research. An important initial step in identifying the likelihood that key
services (e.g., healthcare) are disrupted during a shock event is identifying how these
services rely on other networks (e.g., roads). Drop-link analysis is ideal for this purpose.
By expanding this approach to identify the critical segments of a single network from
multiple perspectives (in this case, the inputs of water, electricity, imported medical sup-
plies and patients), the interdependencies of these services on a single network can be
determined. This information is shock-agnostic, providing a map of network segments
that are relatively more important for the delivery of essential services. This information
can be used in a variety of ways for decision making, including overlaying with exposure
maps for identified hazards in a region to identify the highest priority segments for hard-
ening or other mitigation options.

An area to which the methods presented here could be extended is to apply the
results to inform cost—benefit analysis between different hazard planning options. This
study illustrates how to identify key network segments for hardening or other mitiga-
tion options. When hazards are identified, specific shocks to the network using failure

Table 3 Length of road segments classified in the most critical quartile ("Q5") and exposed to
flooding during the 0.02-annual probability event ("50-year flood")

Flood Depth[m] 1_Q5[m] 1_Q5I[%] 2_Q5[m] 2_Q5[%] 3_Q5[m] 3_Q5[%] 4_Q5I[m] 4_Q5[%]

<0.25 10,338 12 2,409 03 - - - -
0.25—0.5 5,731 0.7 1,451 0.2 - - - -
0.5—1 4,896 0.6 533 0.1 - - - -
>1 5222 0.6 400 0.0 - - - -
Any flood depth 26,187 30 4,792 0.6 - - - -

Values are aggregated for all road types
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probabilities could quantify specific case studies of the impacts of perturbations. Monte
Carlo simulation could then identify the expected change, for example, in patient influx
at different healthcare centers due to rerouting. It could also identify the expected delay
in fuel delivery to power plants and/or hospital facilities. These inputs could provide val-
uable information about the stockpiling of supplies, fuel, and other resources at hospitals
to account for failures within the road network. The costs for hardening roads or bridges
and for stocking fuel or supplies are very different, and in some regions may be more or
less feasible compared to alternatives.

Further extensions of this work include analysis of other assets, such as the seaports,
which could be damaged in a hazard event. In Dominica, this supply chain analysis is
critical because, while ongoing investments in renewable energy sources are being made,
as of 2015 over 70% of the electricity supply is powered by Diesel fuel (National Renew-
able Energy Lab (NREL) 2015). Damages to ports and roadways resulting from hazard
events can drastically reduce the ability of imported fuel supply chains to continue func-
tioning. For hazards that cause widespread damages, such as hurricanes, assessing how
imported goods can be delivered throughout the island can inform broader recovery
plans as well. The ability to inform cost—benefit assessments with specific quantitative
results can enhance emergency planning, preparedness and investments across commu-
nities including prioritization of the most cost-effective interventions based on specific
goals. Future work could also consider congestion (traffic, in the context of road net-
works) resulting from the perturbed network scenarios. This consideration is especially
important in hazard scenarios or on infrastructure such as power systems where over-
loading can result in cascading network failures. A limitation here is the available data,
although methods for estimation may be useful.

An advantage of the approach presented here is that it is flexible for application across
different types of networks. The computational time for a single origin destination pair
scales as O(E+ VlogV), where V is the number of nodes in the network and E the num-
ber of edges (pgRouting 2021). The computational time then scales linearly with the
number of origins going to a particular destination, Additional file 1: Table S1, and lin-
early with the number of edge perturbations (see Additional file 1 for additional details).
The algorithms for assessing the impacts to the network and resulting impacts to critical
facilities or supply chain impacts are inherently agnostic to the network, origins, desti-
nations, hazards and costs defined by the user. It is based on open-source software plat-
forms including Python, QGIS and PostgreSQL.

Conclusions

This paper presents a method to provide multi-sectoral insight into the impacts of net-
work perturbations on connected systems and critical facilities and is demonstrated
using geospatial infrastructure and natural hazard data for the Commonwealth of Domi-
nica. The interdependencies of different types of services on a single infrastructure can
be determined using drop-link analysis. These overlapping interdependencies highlight
the interconnected nature of service delivery. An orientation of service delivery can help
inform different perspectives for investments, cost—benefit analysis and policy making.
The method presented is flexibly designed for user-defined input parameters including
geospatial data (origins, destinations, network), hazard exposure, infrastructure fragility,
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and repair times for damaged assets. This approach is particularly important because
of the interconnected nature of infrastructure systems and communities, especially in

times of hazard occurrence and other emergencies.
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