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Integrating socio-demographic factors for
equitable resilience in networked-urban
infrastructure systems

M| Check for updates

Feiya Chen & Shauhrat S. Chopra

While resilience assessments have begun considering equity, many fail to account for the nuanced
impacts of infrastructure disruptions on sub-populations. This study hypothesizes the necessity of
considering equity factors and empowering policymakers in tailoring plans for sub-populations during
‘black swan’ events. Departing from the ‘one-size-fits-all’ risk analysis, it promotes a more inclusive
resilience perspective. Using the Travel Characteristic Survey dataset, the study examines socio-
demographic, temporal, and spatial factors affecting the Hong Kong metro system’s resilience.
Younger and older cohorts showed higher preparedness and robustness against both disruptions and
attacks, but lower recovery capabilities. By mitigating disparities in resilience impacts, this framework
shifts from utilitarian principles to integrating deontological theory in resilience analysis, recognizing
citizens’ intrinsic value, advocating for social justice, and promoting sustainability. It also guides
stakeholders in identifying stations needing improvements to address diverse social needs more
efficiently. Moreover, it integrates resilience-by-design and resilience-by-intervention approaches,
enhancing individual systems and external emergency measures.

Rapid urbanization, with over half of the global population in cities and
projected to reach two-thirds by 2050', heightens our dependence on urban
infrastructure. The expected rise in global disasters from 400 in 2015 to 560
by 2030, a projected 40% increase’, further underscores the urgent need to
address vulnerabilities in interconnected urban infrastructure systems.
Moreover, disruptions in infrastructure services disproportionately affect
certain subpopulations due to varying usage patterns, access levels, and
response capabilities’. Therefore, understanding the differential impacts of
infrastructure disruptions on subgroups is crucial for designing equitable
and effective resilience strategies, essential for sustainable urban develop-
ment. This study integrates the equity perspective into urban public
transportation network infrastructure resilience (UPTNIR) to optimize
design and management strategies. By considering diverse socio-demo-
graphic, temporal, and spatial travel demands, it incorporates equity into the
multi-stage resilience analysis cycle. This approach provides a more
nuanced framework for understanding how different social groups are
impacted by infrastructure disruptions.

Resilience is defined differently across disciplines. According to the US
National Academy of Sciences (NAS), it is ‘the ability to prepare and plan
for, absorb, recover from, and more successfully adapt to adverse events™,
differing from traditional risk analysis in two key ways: 1) it enhances risk
analysis by encompassing recovery and adaptation phases’, ensuring the
swift return to the pre-crisis state and better anticipation of future crises’. 2)

Risk analysis, focusing on specific event probability and consequences, often
leads to rigid protection frameworks’. Resilience analysis, however, targets
“black swan” events—rare but impactful occurrences—emphasizing flex-
ibility, swift recovery, and countermeasures against cascading systemic
threats.

Previous resilience assessment methods can be categorized into
Resilience-by-Design (RbD) and Resilience-by-Intervention (RbI). Intro-
duced by Linkov and Trump®’, RbD prioritizes system autonomy in
maintaining critical functions and aligns with approaches like complex
network-based modeling. It focuses on internal system features, making it
suitable for urban network infrastructure, like transportation systems.
Conversely, RbI emphasizes external resources for continuity and recovery.
For instance, Wood’s concept evaluates resilience by deploying, mobilizing,
and generating resources like pre-disruption stockpiles or emergency-use
facilities®. While studies historically focused on individual aspects, as noted
by Linkov et al’, neither approach alone suffices for current challenges.
While RbD analyses the system’s inner features affecting disruption extent,
RblI serves as a crucial emergency measure for maintaining critical functions
and aiding recovery when independence falters’. Therefore, adopting an
integrated RbD and RbI approach is imperative to enhance urban infra-
structure network resilience.

Several frameworks have emerged to evaluate resilience facets and
phases, integrating RbD and Rbl. Among these, Bruneau et al."’ present a
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well-recognized ‘4-Rs’ framework, which identifies four key properties of
resilience: robustness, redundancy, resourcefulness, and rapidity. Ouyang
et al." propose another influential framework that emphasizes a system’s
ability to resist, absorb, and recover from disruptions. Complementing these
approaches, Xu and Chopra® introduce a framework that analyzes a sys-
tem’s vulnerabilities in terms of pre-disruption preparedness and assesses its
ability to learn and reorganize for long-term adaptation post-disruption.

To apply these conceptual frameworks in practice, researchers have
developed a range of modeling and simulation techniques. Among these,
network-based approaches are particularly well-suited for their feature in
capturing critical topological features, providing high spatial resolution, and
allowing for flexible granularity'*"”. Foundational studies, such as those by
Barabasi and Albert' on scale-free networks and by Watts and Strogatz' on
small-world networks, underscore the role of network structure in deter-
mining system performance. Expanding on these concepts, Ash and
Newth'® explored the resilience of homogeneous networks, emphasizing the
importance of modularity, high clustering, long path lengths, and inter-
connected hubs in mitigating cascading failures. Similarly, Derrible and
Kennedy'” observed that many networks often exhibit both scale-free and
small-world properties, highlighting the importance of localized redun-
dancy and robust hubs to sustain functionality during disruptions. Haritha
and Anjaneyulu" introduced topological metrics, such as global efficiency,
the number of independent paths, and the size of the giant component, to
further quantify resilience and assess system performance under stress.
Moving beyond topology, researchers have incorporated flow-based metrics
to capture dynamic behavior. Li et al.”” introduced traffic percolation ana-
lysis to distinguish between static and dynamic bottlenecks, enabling a
deeper understanding of congestion patterns during disruptions. Chopra
et al.”’ analyzed passenger flows to uncover additional vulnerabilities that
static topological metrics might overlook.

Transportation infrastructure is a cornerstone of urban resilience,
ensuring mobility, accessibility, and the restoration of critical services during
disruptions™. As cities grow and urbanization intensifies, these networks
become indispensable for sustaining economic growth and addressing
environmental challenges, aligning with sustainable development goals
(SDGs)™”. Beyond disaster scenarios, resilient transportation systems
safeguard city functionality, enhance community well-being, and bolster
investor confidence®*”.

To address the multifaceted challenges of transportation resilience,
researchers have developed a range of analytical methods. Big data appli-
cations utilize sources such as GPS tracking, social media, and service
records to monitor transportation networks and assess disaster impacts in
real-time’". For instance, Donovan and Work™ leveraged GPS data to detect
disaster events, while Diab and Shalaby’” examined “Lost Days of Service”
using metro records. Although these approaches excel in real-time mon-
itoring and efficient data processing, they often struggle to filter noisy data
and account for physical network damage or demand fluctuations™.
Simulation-based methods complement these efforts by modeling hypo-
thetical or unprecedented scenarios, enabling vulnerability analysis and
interdependency assessments. Studies like Ganin et al.”* and Yang et al.”’
demonstrated the value of simulations in addressing cyberattacks and
flooding, respectively. However, these methods are computationally
intensive and require precise calibration, limiting their scalability for city-
wide assessments. Similarly, model optimization techniques offer practical
solutions for designing resilient networks or optimizing post-disaster
recovery strategies, as exemplified by Ye and Ukkusuri’s” work on recovery
sequence prioritization. While effective in constrained planning, these
techniques depend heavily on accurate mathematical formulations and
policy alignment, which can hinder real-world applicability.

Compared to resource-intensive methods, network-based approaches
offer simplicity, flexibility, and accessibility, enabling them to effectively
capture the structural essence of transportation systems”'. By representing
these systems as networks of nodes and links, graph theory provides a clear
framework for analyzing connectivity, identifying critical nodes, and
developing resilience strategies. For example, Zhang et al.”' modeled metro

resilience using network-based methods, while Li et al.” employed traffic
percolation analysis to identify bottlenecks. Unlike big data or simulation-
based methods, network-based approaches rely on readily available topo-
logical data, making them accessible for both theoretical research and
practical applications™'. Additionally, by modeling the dynamic patterns of
passenger flow, these approaches provide valuable insights into traffic
behaviors over time'**. This combination of features allows network-based
methods to offer insights into structural vulnerabilities and resilience
planning in transportation.

Despite their value and the growing attention to the flow-weighted
models, these studies often regard the flow as monolithic entities'**** and
overlook equity considerations among subpopulations, neglecting disparate
disruption impacts. However, prior literature has noted that certain socio-
demographic factors exacerbate disruptions impacts™”, leading to vulner-
ability inequalities in natural disasters”. Recent reports also highlight gaps in
understanding the diverse societal impacts of infrastructure disruptions®.
For instance, persons with disabilities and chronic illnesses are more vul-
nerable to earthquake and tsunami-induced, alongside hourly workers
facing income loss*. These examples illustrate the unequal disruption
impacts, emphasizing the need for equity considerations in developing
comprehensive approaches to resilient infrastructure.

In previous work, equity in resilience is defined through two main
approaches. The first categorizes equity into procedural, systemic, dis-
tributive, and recognitional categories™. Conversely, the second approach
divides equity into four dimensions”: distributional-demographic (D),
distributional-spatial (S), procedural (P), and capacity (C) equity. Adopting
this practical second approach aligns closely with our goal of actionable
solutions for infrastructure resilience, emphasizing actionable outcomes
over abstract concepts. Distributional-demographic equity ensures infra-
structure meets vulnerable groups’ needs”, like wheelchair-accessible buses
for disabilities. Distributional-spatial equity promotes service equity across
regions”, like promoting equitable access for urban and suburban popu-
lations. Procedural equity ensures fair participation in decision-making”’,
like equal opportunities for marginalized groups to influence outcomes.
Capacity equity assesses individuals™ ability to cope with infrastructure
loss”, such as helping low-income households acquire bicycles as an alter-
native during disruptions. As this emerging concept gains traction, previous
literature may have employed various terms to express similar principles or
goals (Table 1). However, these concepts align with specific equity sub-
dimensions and underscore the significance of these concepts within the
broader discourse on equitable resilience.

Among the limited work on transportation resilience analyses, sub-
jective experiences are often considered through qualitative approaches
such as surveys’ and interviews™. However, an objective comparison of the
impacts on physical functionality is also essential. This broader perspective
enables a more comprehensive evaluation of the adverse effects of service
disruptions, particularly on vulnerable groups during outages. While
quantitative studies have predominantly focused on equity at a single stage,
such as the preparedness™ or robustness"’ stages, it is equally important to
examine how physical functionality varies across the entire resilience cycle.
Such an understanding is crucial for developing strategies that address the
diverse needs of subpopulations during infrastructure planning and prior-
itization. Moreover, although previous studies acknowledge the importance
of equity, few provide practical, equity-focused decision-making tools,
highlighting the need for such tools to guide policy effectively*'.

Expanding on the existing literature, this study applies an equity lens to
UPTNIR to enhance both design and management strategies. By incor-
porating diverse socio-demographic, temporal, and spatial travel demands,
it integrates equity into the four-stage resilience analysis cycle'”: prepared-
ness, robustness, recovery, and adaptation (Fig. 1). Using advanced complex
network theory and incorporating usage demand, it assesses resilience
performance and specific requirements for various intersecting social
groups, offering actionable insights pre- and post-disruption. Integrating
RbD with RbI, this framework addresses the internal system features and
external support needs, enhancing resilience and emphasizing equitable
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Fig. 1 | Correspondence and Justification of resilience framework to equity sub-dimensions'*”’.

treatment. Generally, this research aims to answer: 1) How do resilience
stages vary across different social groups at the intersection of age, income
level, and gender? 2) What strategies can be derived from the equitable
resilience analysis?

Hong Kong, one of the world’s most densely populated areas,
relies heavily on its advanced metro system, with the mass transit
railway (MTR) accounting for 43.4% of daily public transport journeys
on average*’. However, as a coastal city with a subtropical climate,
Hong Kong faces diverse disruptions that can severely affect the rail
network functionality. For example, Typhoon Koinu in October 2023
halted MTR services, stranding thousands of passengers®. This high-
lights the Hong Kong MTR’s critical role in research on infrastructure
resilience.

Results
Pre-disruption preparedness differs by demographics and time
dynamics
By calculating (1-Gini) indices Gy for the Flow-weighted Betweenness
Centrality (FBC)" of the 84 stations of the MTR network, we assess the
system preparedness for intersections of different socio-demographic
groups based on gender, age, and income attributes. A high Gini coefficient
indicates uneven station importance, highlighting critical nodes such as
central hubs or interchanges with high passenger volumes. These nodes,
connecting multiple lines and accommodating more passengers, could
increase system vulnerabilities and reduce preparedness performance due to
their centrality if they fail'>*.

Age-related factors significantly impact preparedness performance (In
Fig. 2, where we plot the 1-Gini, higher values indicate better preparedness).

Notably, youth (aged 3-14) exhibit higher preparedness during the daytime,
likely due to dispersed school locations across Hong Kong, resulting in
varied usage locations. In contrast, working-age groups, particularly those
aged 24-44, exhibit lower preparedness performance during commuting
peak hours, possibly reflecting the importance of stations near employment
hubs influenced by Hong Kong’s concentrated employment centers. Older
adults (aged 64 and above) demonstrate a higher preparedness performance
compared to young working-aged adults during this period, consistent with
previous research indicating a more even trip distribution among those aged
64-69*.

Elderly passengers show lower indices in the evening compared
to the daytime, indicating a focused travel pattern. This aligns with
literature suggesting a preference for shorter trips within residential
areas during this time®. The lower indices likely result from their
avoiding nighttime travel, concentrating activities near home or
familiar locations, influenced by Hong Kong’s urban living patterns,
particularly in Kwun Tong and Eastern zones”. To ensure equal
preparedness, infrastructure enhancements at stations frequented by
seniors (aged 64+) during evening hours are crucial for their needs.
This includes installing additional lifts or ramps to minimize
platform-train gaps. Enhancing safety measures by increasing the
availability of first aid kits and automated external defibrillators is
essential. Improving accessibility with well-lit and adjustable ticket
vending machines for wheelchair users would also benefit elderly
passengers. Designating priority boarding areas and improving
lighting and font size further support elderly passengers. Targeted
personnel training could provide specialized assistance, addressing
mobility challenges effectively. Without such enhancements, elderly
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Fig. 2 | Preparedness of age groups across four 0.65
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and the Kruskal-Wallis (KW) test by Income (We calculate the (1- GINI) index per
hour for the three income groups. The boxplot in the lower right corner illustrates
the statistical distribution of the hourly preparedness level for each group, with the
results of the KW test indicating a statistically significant difference.)

accessibility could suffer disproportionately during incidents like the
2023 incident at Wong Tai Sin Station, where the escalator mal-
functioned during an amber, which poses greater challenges for
elderly passengers.

Data limitations exist for children under 3 who travel free on the MTR,
not captured in card data, creating a gap in understanding their resilience.
Often considered “travel companions”, their needs may be overshadowed
by those of accompanying adults®. This “invisible” population, similar to

travelers with disabilities”, may have unique needs that remain largely
unexplored. Future studies could explore resilience considerations for this
demographic.

Distinct disparities in preparedness emerge across the intersection of
age and gender over different timeframes (Fig. 3a). Male youth show lower
performance during the evening off-peak time, likely due to their involve-
ment in expansive activities* concentrated in specific areas, such as the
northern shore of Hong Kong Island. Malfunctions at these stations during
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the evening could disproportionately affect this group’s destination reach-
ability, underscoring the importance of targeted station management. For
instance, implementing queue management systems with clear wait time
displays, brightly colored queue lines, and enhancing real-time information
dissemination through interactive signage, mobile apps, or gamified ele-
ments can target crowd control challenges faced by young passengers.

Statistically significant variations in preparedness levels among income
groups are evident (Fig. 3b, p value < 0.05). High-income individuals con-
sistently exhibit lower preparedness indices throughout most of the day,
indicating a more imbalanced distribution of station importance. Stations
like Quarry Bay, located in economically developed districts and serving as
interchanges, are disproportionately critical. Disruptions at these key sta-
tions can significantly impact network functionality for high-income
commuters due to their fixed work locations and travel times in areas like the
financial district. Conversely, low-income jobs may be more dispersed,
allowing for greater travel pattern flexibility among low-income individuals,
resulting in more varied use of the MTR system.

Diverse during-disruption robustness based on demographics
and temporal factors

Evaluating robustness involves calculating the indicator r; by integrating
degradation curves from simulations of three scenarios: Random disrup-
tion, FBC, and ND attack.

Gender and temporal factors influence the robustness performance of
the MTR system against three disruption scenarios. Intriguingly, women
consistently exhibit higher robustness across all three scenarios (Fig. 4a),
indicating potentially greater remained system functionality for women
during consecutive disruptions. Unsurprisingly, both men and women
show better robustness during random disruptions, compared to human-
induced continuous attacks, such as the MTR disruptions during the Anti-
Extradition Law Amendment Bill Movement in October 2019.

Regarding temporal aspects (Fig. 5a, b), a statistically significant dis-
tinction emerges during early afternoon off-peak intervals (from 10 am to
4pm) in both FBC and ND attacks across gender demographics (p
value < 0.05). This distinction may stem from gender-based divisions of
family roles, particularly during off-peak trips. Previous studies” indicate
that women, often managing caregiving and household responsibilities,
engage in ‘trip-chaining’, consolidating multiple trips into one outing. This
leads to visiting a wider range of stations, possibly reducing reliance on
specific destinations and vulnerability to targeted attacks. Considering that
research suggests men may favor technological solutions for enhancing
safety”’, the MTR could explore, in specific scenarios, implementing tech-
nological security measures for real-time information and incident
reporting to improve crowd management during disruptions and poten-
tially enhance security perceptions among male passengers.

Notably, different age groups exhibit distinct patterns of robustness
across scenarios and temporal factors (Supplementary Fig. 3). Surprisingly,
youth and elderly cohorts consistently exhibit higher robustness, while
individuals aged 24-34 consistently show the lowest robustness across all
scenarios. Our study also analyzes how average travel distance (ATD),
indicating station coverage during trips, influences age groups’ robustness
(Fig. 4b). The ATD is calculated as the total distance traveled by an age group
divided by the total number of passengers in that group, reflecting station
utilization patterns. Consistent with prior research?, a significant negative
correlation (R* = 0.99, p,;..<0.01) between ATD and r,(Random) is
observed, confirming previous findings. Similar trends are evident in
r,(ND), revealing a negative correlation (R* = 0.96, p..<0.01). These
results indicate that age groups traveling longer distances on the MTR may
be more vulnerable to both random failures and human-induced attacks
based on ND importance.

Analyzing robustness variations by gender and age groups across dif-
ferent scenarios reveals intriguing insights. In the Random scenario (Fig.
6a), boys aged 3 to 14 exhibit the highest robustness, while working-age men
show lower robustness during peak hours. Enhancing infrastructure is
crucial to mitigate disruptions from random events, which paralyzed several

stations during morning peak hours. This is especially critical for working-
age commuters, who may face heightened vulnerability during these peri-
ods, leading to economic losses from missed work opportunities due to
disrupted trips

In both the FBC and ND scenarios (Fig. 6b, ¢), men aged 24-34 exhibit
the lowest robustness among all age and gender groups during morning and
evening rush hours. Interestingly, women generally outperform men within
the working-age category. Targeted reinforcement measures are crucial to
maintain consistent system functionality, especially during FBC order
attacks.

Notably, higher-income individuals consistently exhibit lower
robustness, while lower-income groups demonstrate higher robustness.
This observation suggests that higher-income commuters, possibly bene-
fiting from greater access to resources and well-connected locations, might,
in certain contexts, travel across larger spatial areas and cover greater dis-
tances in their daily activity spaces™. This broader spatial activity could
potentially increase their vulnerabilities to disruptions.

Age and temporal factors influence MTR after-disruption
recovery capability

To evaluate equality in the recovery stage, we quantified the passenger
relocation rate at each station by considering spatial distances from
neighboring nodes and connectivity between neighboring nodes and the
destination.

Age significantly influences recovery rates, with only 7% of stations
retaining over 30% of passengers below 14 and over 65, compared to nearly
double for working-age groups (Table 2 and Fig. 7). In other words, different
age groups exhibit varying relocation rates at the same station. This disparity
may be due to age-related differences in acceptable walking distances"
(Supplementary Table 2) and greater engagement in income-generating
activities among working-age groups. For example, stations like Prince
Edward and Mong Kok, serving over 200,000 daily passengers in densely
populated areas, exhibit relocation rates above 30% exclusively among
working-age commuters. This suggests that during station closure, due to
disruptions, younger and elderly demographics may be less inclined to
continue their metro journeys, highlighting the need for targeted con-
sideration. To enhance short-term recovery following events like the
December 2019 closure of Mong Kok station, stakeholders could implement
temporary shuttle services tailored for youth and elderly commuters.
Ignoring equity in planning could disadvantage these groups, potentially
leading to longer wait times if shuttle services were universally available
across age groups, reducing youth and elderly commuters’ willingness to
continue their MTR journeys.

Surprisingly, the metro system showed higher recovery capabilities for
most age groups during peak periods compared to overall daily performance
(Supplementary Table 3, 4). This suggests greater potential for passenger
relocation during peak hours due to specific OD flow dynamics and
increased connectivity between neighboring origin and destination stations,
highlighting the unique dynamics of peak-hour travel.

Discussion

This study systematically evaluates social inequities in infrastructure resi-
lience through quantitative analysis and offers actionable suggestions for
their improvement. Applied to the Hong Kong metro system, it demon-
strates unequal resilience levels at the intersections of different age, gender,
and income social groups, underscoring the need to integrate equity into the
conventional understanding of UPTNIR.

The observed disparities in resilience highlight the importance of
incorporating resilience ethics into urban infrastructure planning. Devel-
oping equitable resilience strategies is imperative, especially given the dis-
proportionate impact of climate change on marginalized and vulnerable
groups, such as persons with disabilities in Hong Kong™. The key question
for policymakers is what criteria to prioritize when planning the city’s
transportation network infrastructure. Should they focus on maximizing
overall functionality during disruptions by allocating more resources to high
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Fig. 4 | Degradation curve of robustness performance. a Degradation Curve for

gender groups(The curve illustrates the network’s ability to maintain functionality
given sequential disruptions. A shallower gradient on the degradation curve and a
larger area under the curve indicate better robustness performance for this group.

The curve was generated by progressively removing nodes from the network based
on three predetermined lists, while functionality was continuously computed after
each step by examining paths for OD flows of each social group. The integral method
is then applied to calculate the area under the curve, indicating the system’s

robustness for each social group. The simulation for random disruption is repeated
five hundred times to generate an averaged degradation curve, ensuring the repro-
ducibility of results. As a result, the degradation curve for this scenario displays a
smoother trend compared to the other scenarios.) b Degradation Curve for age
groups (In the lower right corner, we demonstrate the significant negative correla-
tion between the ATD and robustness in both the Random disruption and ND attack
scenarios). ¢ Degradation Curve for income groups.

FBC stations like Admiralty, or should they give more emphasis to desti-
nation reachability for all citizens, like those stations frequented by the
elderly?

This fundamental question highlights the tension between individual
intrinsic value and public interests, similar to the conflict between the
deontological basis of bioethics and the utilitarian ethos of triage in public
health emergencies™. Utilitarianism favors actions that maximize overall
interest satisfaction, focusing on outcomes and benefits™, and emphasizing
the “public good”. For example, planners might prioritize restoring func-
tionality to the busiest stations and lines after a shock, potentially reducing

accessibility for passengers in less-frequented suburban or lower-income
areas—a practice that perpetuates historical or ecological inequities. This
perspective parallels the ethos of triage in disaster medicine. In contrast,
deontological ethics prioritize moral rules or duties over consequences™,
empbhasizing the respect for the intrinsic value of individuals and their moral
rights, akin to the principles of clinical bioethics rooted in a deontological
heritage™.

Utilitarian principles commonly guide urban infrastructure design,
aiming for efficiency and overall benefit™. For example, expanding subway
lines to connect major urban centers might not fully address the interests of
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individuals in suburban areas™. However, as Rawls™ criticizes, utilitarianism
overlooks individual distinctions, highlighting a key limitation: it cannot
function as a system without acknowledging individual differences™. Like
disaster triage, where healthcare providers must balance the utilitarian
objective of saving the most lives against the deontological mandate to
uphold individual intrinsic worth, infrastructure system planning also
requires consideration of all individuals’ intrinsic value and moral dignity.

This ethical consideration is crucial to ensure inclusive and equitable urban
infrastructure, respecting citizens’ autonomy and avoiding their treatment
as mere means™’. Therefore, urban planning needs to shift beyond prior-
itizing overall benefits for cities as entities and instead strive for the well-
being and resilience of every individual citizen.

Procedural equity is a cornerstone of equitable resilience planning,
particularly during the resilience adaptation stage, as it determines who has a
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individuals between 24 and 64, the blue for youth (3-14 years old), and the yellow for
the elderly (over 64). As depicted in the figure, the same station exhibits varying
relocation rates for different age groups, suggesting varying recovery capabilities
within the system for these groups.

voice in decision-making and how those voices influence policies” and,
thus, infrastructure priorities. Historically, inequities in reconstruction have
often stemmed from procedural vulnerabilities, deeply rooted in systemic
power imbalances”. These imbalances have led to the exclusion of mar-
ginalized groups from risk planning and mitigation processes™, which in
turn results in decisions that fail to address their needs. While tools such as
media campaigns, opinion polls, and surveys, as discussed by Fitzgibbons
and Mitchell”, are used to gather public input, they often fail to provide
meaningful opportunities for ‘deep engagement,” such as collaboration or
co-creation. These tools typically offer limited engagement, reducing resi-
dents to passive informants rather than active decision-makers.

This limited engagement aligns with the lower rungs of Arnstein’s
Ladder of Participation®, where planning practices remain at tokenism or,
worse, nonparticipation. To move beyond these pitfalls, cities must adopt
mechanisms that elevate participation to higher levels. For instance, struc-
tures such as joint planning committees or community boards can empower
residents by granting them the authority to influence decisions directly”. In
the context of infrastructure construction, community advisory boards with
the ability to review plans and negotiate solutions play a critical role in
ensuring that citizen voices are genuinely integrated into pivotal decisions.
However, for these mechanisms to be more effective, they also need to be
adequately supported. Having essential resources, such as funding to
compensate leaders for their time-intensive efforts or to hire independent
experts, is crucial”. Such support ensures that participation evolves beyond
an ‘empty ritual’ and allows citizens to have genuine bargaining power over

the final outcomes™. By embracing these strategies, resilience planning can
achieve more equitable and inclusive results, particularly during the adap-
tation phase.

Building equitable and inclusive resilience requires not only fostering
meaningful citizen participation but also integrating strategic frameworks
that strengthen infrastructure systems. Our resilience assessment highlights
varying performance among socio-demographic groups. For example,
working-age men exhibit heightened vulnerability during peak hours across
both random crises and human-induced disruptions, such as FBC and ND
scenarios. Meanwhile, elderly commuters show limited recovery capacity.
These findings highlight the necessity for targeted strategies to ensure
consistent system functionality and minimize disruptions.

The proposed RbD strategies focus on structural improvements to
enhance redundancy, directly addressing the vulnerabilities identified in the
assessment. For example, constructing redundant links, such as bypass
routes through interconnecting tunnels or elevated tracts, can provide
alternative paths during disruptions In business districts, such as Quarry
Bay, where working-age commuters rely on uninterrupted transit, these
routes can be critical. Expanding platform capacities and extending station
infrastructure in those areas alleviate congestion and enhance operational
efficiency, particularly during peak hours, which reduces the impact of
disruptions. Additionally, future metro network designs should adopt grid-
like topologies with interconnected routes and transfer stations to maximize
flexibility. In districts near Admiralty, where the network’s remaining
functionality directly affects working-age commuters, such designs could
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play a pivotal role. Additionally, integrating critical infrastructure compo-
nents—such as backup power generators, modular fare gates, and emer-
gency ventilation systems—ensures operational continuity and adaptability
to evolving demands.

Complementing these structural strategies, RbI measures emphasize
operational responding during disruptions, implemented through three
phases: deploy, mobilize, and generate’. In the deploy phase, immediate
actions include dispatching emergency bus fleets to high-demand routes,
such as those linking to Kowloon Tong, to provide critical alternatives for
working-age commuters during peak hours. The mobilization phase focuses
on mobilizing available resources dynamically in response to real-time
conditions. Leveraging reinforcement learning algorithms, transit agencies
can prioritize support for routes serving vulnerable groups, such as working-
age men in CBDs or elderly passengers in residential areas, like those close to
Kwun Tong. In the generate phase, partnerships with ride-sharing com-
panies and micromobility providers can create integrated multimodal
solutions, addressing first- and last-mile connectivity needs. These measures
not only enhance the system’s adaptability for working-age men but also
increase recovery capacity for elderly commuters and others with limited

Table 2 | Portion of station relocation rates exceeding 30%
across different age groups throughout the day

Age Share of stations with >30% recovery rate
3-14 7%

14-24 15%

24-34 14%

34-44 17%

44-54 17%

54-64 14%

Above 64 7%

mobility. By integrating RbD and RbI strategies, this framework directly
addresses the vulnerabilities identified in the resilience assessment. These
strategies ensure a resilient metro system that can withstand diverse chal-
lenges while providing equitable transportation for all user groups.

Integrating human diversity factors into infrastructure planning, this
framework guides urban public transportation agencies, policymakers, civil
engineers, and stakeholders in designing, constructing, and adapting infra-
structure to promote inclusivity, equity, and community-specific needs,
fostering sustainable and resilient urban development. Moreover, by high-
lighting unique travel patterns of intersections and identifying temporal-
specific needs, this framework enhances the practicality of resilience analysis.
It offers tailored guidance to stakeholders and lays the groundwork for
integrating RbD and RbI strategies. These strategies strengthen internal
systems topologically and rely on external resources during emergencies. The
limitations in available data resources constrain the inclusion of more com-
prehensive features in the analysis. In future analyses, augmenting the dataset
with additional reliable information while ensuring user privacy protection—
such as occupation, disability status, and education levels—would enable
policymakers to strategically prioritize infrastructure design and resource
allocation. Moreover, to promote the widespread adoption of an equitable
and inclusive approach in evaluating UPTNIR worldwide, future work must
introduce a universally accepted standardization framework (Table 3). This
ensures consistency and efficiency in the assessment, enabling global cities to
effectively measure and enhance the equitable resilience of their urban public
transportation networks.

Methods

This section outlines an innovative people-centered resilience framework
along with its simulation and analysis methodologies. We assess the system’s
performance across four key stages: pre-disruption preparation, during-
disruption absorption, post-disruption recovery, and further adaptation, in
line with Linkov et al.‘s description® and echoing the resilience cycle deli-
neated by the NAS Councils’. With each cycle completed, the system

Table 3| Standardization framework for assessing urban public transportation network resilience with an equitable perspective

Resilience stage  Equity dimension = Assessment criteria Strategy
(RbD/RblI)
Preparedness D - Ensure accessibility features (e.g., elevators, ramps) RbD
- Provide emergency preparedness information and resources in multiple languages to cater to diverse  Rbl
linguistic communities
S - Ensure the equal coverage and accessibility of MTR services among topological and spatial regions RbD
- Identify areas with high transportation demand or unique mobility patterns for each social groups RbD
Robustness D - Equal impacts on the accessibility of infrastructure functionality for different demographics during RbD
continuous disruptions
S - Equal impacts on infrastructure functionality across different topological features during disruptions RbD
Recovery S - Equal impacts on remaining infrastructure functionality across differently spatially located stations RbD
- Ensure equitable access to remaining infrastructure functionality for different demographics during RbD
disruptions
- Develop contingency plans and alternative transportation options for communities with limited Rbl
capacity to mitigate the impact of service disruptions
- Provide resources and support (e.g., subsidies, information campaigns) to assist vulnerable Rbl
communities in accessing alternative transportation options during recovery periods
Adaptation D - Ensure that the needs and travel pattern of vulnerable demographic groups are considered RbD&RbI
S - Ensure that adapted infrastructure facilities are distributed topologically and spatially equally RbD
C - Develop strategies to enhance the capacity of marginalized groups to reduce losses RbD&Rbl
P - Establish inclusive stakeholder engagement processes for MTR infrastructure adaptation RbD&Rbl
- Provide opportunities for public consultations and feedback mechanisms to gather diverse RbD&RbI
perspectives
- Ensure transparency in the decision-making process and communicate outcomes to all stakeholders ~ RbD

Not an exhaustive list. Only for illustration purposes.
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evolves, enhancing its resilience to future disruptions. Unlike previous
studies'*'"?, our approach advances the existing cycle by employing indica-
tors that encompass a broad spectrum of socio-demographic factors, rather
than relying solely on concepts from graph theory and complex networks.

We illustrate the framework using the MTR system in Hong Kong,
leveraging Origin-Destination (O-D) flow data sourced from the 2011
Travel Characteristics Survey (TCS 2011) database® provided by the local
government. The TCS dataset, although based on self-reported travel
behaviors, allows for capturing the temporal aspect of trips through the
recorded mid-time of each journey. By organizing trips according to their
mid-time, the dataset facilitates the analysis of dynamic variations in OD
flows throughout the day. This approach offers valuable insights into the
temporal dynamics of the transport network.

Due to data limitations, our analysis focuses exclusively on weekday
travel data. This study does not explore the adaptation process as it’s viewed
as a long-term modification rather than a short-term, quantifiable
assessment.

Network modeling
The infrastructure network, denoted as G, encompasses V and E, con-

forming to the L-representation® :

G=(V,E) ey

where V' denotes a set of nodes corresponding to metro stations and E
denotes edge sets signifying the presence of at least one metro line between
node pairs. The network model illustrates the topological aspects of the
infrastructure network. We then integrated diverse social groups’ usage
patterns into this network by dividing and employing each group’s OD flow
matrix, which signifies their travel demand and, consequently, their distinct
usage patterns. Employing the OD matrix eliminates the necessity for all-
pair-shortest-path analysis on an unweighted network™ and allows for a
comprehensive understanding of the specific requirements of diverse social
groups.

Network preparedness

In evaluating preparedness, we assess the systematic heterogeneity of nodes’
importance distribution—an essential metric derived from integrating tra-
vel demand and infrastructure network topology. A higher degree of het-
erogeneity within a system may imply an increased vulnerability to an
abrupt collapse in functionality. This stems from certain nodes potentially
holding significant importance within the network, and their failure may
result in system disintegration'”. For instance, in a hub-and-spoke dis-
tribution, the collapse of its central hub node might isolate most of the
spokes, compromising the overall structure’s integrity. In contrast, within a
lattice structure characterized by evenly distributed node importance, the
failure of specific nodes would only lead to localized impacts, preserving the
system’s overall functionality.

In graph theory, the significance of a node can be quantified using
betweenness centrality (BC), computed by the Brandes algorithm®. A node
with high BC is a crucial link, forming an important portion of the shortest
paths between other nodes. Its failure significantly impacts the connectivity
of the entire system. The measurement of node significance concerning
transport functionality is better achieved using the FBC". Unlike previous
metrics focusing solely on infrastructure topology, FBC incorporates spe-
cific passenger flow demand information, enriching the original BC mea-
surement. This study utilizes FBC to measure station importance for
different social groups,

Us,t\vA

st
Zs,tev (o (2)

where FBC(v) represents the FBC of node v, o, is the number of shortest
paths between node s and node t and o, |, is the number of shortest paths
that pass node v; A, and A , denote each social group’s total O-D flow in

FBC(v) =

total

total

the network for and flow from node s and node ¢ respectively. To quantify
the heterogeneity of the system’s FBC distribution for each group, we use the
Gini coefficient (Gini)*, denoted as Gy, whose equation is shown as
follows,

_ @i — V| - DEBC,
VI FBC,

(€)

G WB

Where FBC denotes the set of network index values of nodes, with FBC;
representing the ith smallest centrality value. V refers to the set of nodes,
with | V| represents the total number of nodes in the network.

For instance, in a centralized star network, the Gini index of BC (Gp)
would reach its maximum value of 1, reflecting a high level of inequality in
node importance from a topological standpoint. Conversely, in an egali-
tarian lattice network where nodes share equal importance, Gz would
approach its minimum value of 0. This signifies a homogeneous distribution
and suggests enhanced preparedness when solely considering the topology.
To enhance clarity, this work introduces a transformed index, 1-GINI, to
directly represent preparedness, as higher Gy, values indicate lower levels of
preparedness. In this transformed index, higher 1-GINI values correspond
to better preparedness performance.

Network robustness

We assess the system’s robustness by examining its ability to sustain func-
tionality for each group amidst successive node failures. Implementing node
percolation, involving the sequential removal of nodes, facilitates the
ongoing monitoring of functional changes and the observation of the sys-
tem’s robustness to continuous disruptions as nodes are progressively
eliminated from the network'>®. The functionality is continuously assessed
using a degradation curve to track the system’s residual functionality fol-
lowing each node removal. The predefined order is determined by either
Random choice or by descending order of metrics, specifically the FBC and
the ND. The area under this curve, r;, calculated using integral methods
after the removal of all nodes, serves as a quantified indicator of robustness.
A slower degradation rate from the figure and a larger area indicate a better
robustness performance, which signifies the system’s ability to sustain
higher functionality despite continuous disruptions. Therefore, network
robustness is quantified as:

_ [[FQ©
=], [F—J de @

where the functionality (F) accounts for the travel demand of social groups,
representing the aggregate passenger flow that can be accommodated within
the impaired system topology. During disruption simulations, functionality
F(c) is assessed based on the fraction of nodes removed c, reflecting the
impaired system’s capacity. F(c) is normalized by F, and robustness 1,
ranging from 0 to 1, is used to quantify system performance, with higher
values denoting better system robustness.

Network recovery

To evaluate the system’s recovery potential for each social group, we prio-
rities the capacity to aid passenger relocation in response to disruptions.
Stations demonstrate better short-term recovery capabilities by enabling
convenient passenger relocation to nearby stations to continue their
journey””. The relocation process involves several factors influencing indi-
viduals’ choices, yet we emphasize two primary determinants: the walking
distance to alternative neighboring stations and the connectivity with the
trip destination. With the ‘distance-decay effect’ illustrated by previous
research®, we employ a negative linear distance-decay curve to estimate
passengers’” willingness to walk to neighboring stations following a station
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disruption®*:

in

DF;, =1-

’ liﬁn € [07 dMax] (5)

in
Max

where DF; , refers to the distance factor, reflecting passengers’ willingness to
walk to a neighboring station situated at a distance of I, . The parameter
d,1. Signifies a given social group’s maximum acceptable walking distance.
Research findings indicate that most passengers are reluctant to walk dis-
tances exceeding 1.6 km to access metro systems®’, whereas He et al.” dis-
covered a U-shaped correlation between age groups and their walking
distances to metro stations. Thus, we employ this age-dependent distance
ratio to define customized maximum walking distances for different age
groups.

To assess trip destination accessibility, we analyze the system’s topo-
logical connectivity during station disruptions. Specifically, we scrutinize the
connectivity between the neighboring stations of departure node i and the
destination node j for the O-D flow between these two nodes. We prioritize
relocating the flow to the neighboring station that demonstrates the highest
DF;, among the destination connected stations. We therefore assess the
proportion of passengers capable of remaining within the metro system
following the relocation necessitated by a single station disruption. This
metric serves as an indicator of the system’s recovery capability. For the O-D
flow from the departure node i to destination node j, an equation of relo-
cation flow is given considering the walking willingness DF;, and the
accessible neighbor station. '

RI JF,,DF,, (6)

il =

where RI; ; stands for the portion of flow F;; that can be redirected to
neighboring stations, F; , signifies the flow that could potentially be directed
to a valid neighboring station », while the DF;, represents the walking

willingness corresponding to that specific neighboring station .

Demographical factor

Due to the limited data on socio-demographic features from the Travel
Characteristics Survey 2011%, our analysis focuses solely on gender, age, and
income attributes to demonstrate the framework’s applicability. The
demand flow is delineated across seven age groups: individuals aged 3-14,
those aged 14-24, 24-34, 34-44, 44-54, 54-64, and individuals over 64.
Moreover, the flow is categorized into three income groups: individuals
from households earning below HK$15,000 monthly, those earning
between HK$15,001 and HK$30,000, and households earning above HK
$30,000 monthly. Furthermore, to precisely identify vulnerable groups, we
conduct a demographic analysis by categorizing individuals according to
age and gender. Income is not included in the grouping criteria due to the
exclusion of certain individuals from the investigation.

Data availability
The relevant datasets used and/or analyzed during the current study are
available from the corresponding author on a reasonable request.

Code availability

The underlying code for this study is not publicly available but may be made
available to qualified researchers on reasonable request from the corre-
sponding author.
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