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1. The democratic deficit in urban airspace

Urban air mobility (UAM) represents one of the most consequential transformations of metropolitan space since the
proliferation of automobiles. Electric vertical takeoff and landing (eVTOL) aircraft, autonomous delivery drones, and on-demand
air taxi services are progressing toward commercial deployment across major global cities, subject to regulatory approval and
infrastructure development [1,2]. The implications of this deployment extend far beyond transportation efficiency, touching upon
urban resilience, environmental sustainability, public safety, and the fundamental character of urban life, dimensions that align
directly with the United Nations Sustainable Development Goal 11 for inclusive, safe, resilient, and sustainable cities [3].

This paper primarily focused on piloted and remotely piloted eVTOL aircraft operating in air taxi services, a use case with
advanced commercial development trajectories (e.g., Joby Aviation, Archer, and successor programs) and immediate governance
requirements. These operations involve fixed or semi-fixed vertiport infrastructure and regular corridor usage, generating
persistent acoustic, visual, and distributional impacts that are amenable to pre-deployment simulation. Autonomous commercial
drone-delivery systems have distinct simulation requirements and regulatory architectures. It is important to note that our
framework applies to this mode only under certain conditions and requires adaptation for swarm-scale modeling. Recreational
and emergency drone operations are beyond the scope of the current framework.

The pace of technological development has substantially outstripped the evolution of democratic governance mechanisms for
urban airspace. While cities possess well-established processes for deliberating over ground-level infrastructure, such as zoning
hearings, environmental impact assessments (EIAs), and community planning boards, aviation authorities, such as the Federal
Aviation Administration (FAA) and European Union Aviation Safety Agency (EASA), have developed frameworks for UAM
airspace management [4,5] that are structured around safety certification and regulatory coordination among authorities, research
bodies, and commercial operators. No equivalent democratic deliberation mechanisms governing ground-level infrastructure exist
for decisions concerning aerial corridors, vertiport locations, or acceptable drone traffic densities over residential neighborhoods
[2,6]. European U-space regulation frames airspace designation primarily as a Member State responsibility supported by airspace
risk assessment, rather than as a participatory or community-deliberative process [7]. The consequence is a democratic deficit
wherein choices of profound significance for urban futures are made with minimal opportunity for meaningful public
participation.

This governance gap is particularly troubling because UAM deployment is not merely a technical matter amenable to expert
determination, but also a fundamentally political question regarding what kind of city inhabitants wish to inhabit. Decisions
regarding aerial infrastructure determine which communities bear the burden of noise pollution, which populations gain access to
time-saving transportation options, and whether the sky above cities becomes another domain of socioeconomic inequality or a
genuinely shared urban commons [8]. These issues demand deliberative processes commensurate with their significance to build
resilient and equitable urban environments.

2. Al-powered urban digital twin (AI-UDT) as deliberative infrastructure

Urban digital twins (UDTs) offer a promising avenue for addressing this challenge while advancing the broader agenda of Al-
driven urban resilience and sustainability. These dynamic virtual replicas integrate three-dimensional (3D) models of built
environments with real-time data streams encompassing traffic flows, air quality measurements, and demographic distributions,
enabling planners to simulate interventions and assess their consequences before physical implementation. UDTs were originally
developed for industrial applications where virtual replicas enable testing without disrupting actual operations, but digital twin
technology has increasingly been adapted to urban contexts [9].

The integration of Al with UDTs substantially amplifies their potential. Five capabilities define AI-UDTs for the deliberative
context proposed here.
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(1) Learning-based model discovery. Unlike conventional UDTs calibrated with fixed physics-based models, AI-UDTs
employ machine learning to infer behavioral and physical relationships directly from observed urban data streams, enabling
continuous model updating as UAM operations evolve. This is a necessary capacity given the absence of historical operational
data for novel aircraft types [10,11].

(2) Uncertainty quantification. AI-UDTs propagate parametric uncertainties through simulation pipelines and communicate
the range of outcomes to citizen deliberators rather than providing misleading precise point estimates [12]. This is particularly
important when acoustic models, flight path predictions, and exposure assessments have substantial uncertainties.

(3) Causal inference for counterfactual simulation. Moving beyond correlational prediction, AI-UDTs can employ structural
causal models [13] to estimate interventional effects; for example, what noise exposure levels would result if vertiport density
were reduced by half, enabling genuine counterfactual urbanism rather than extrapolative forecasting.

(4) Closed-loop deliberative adaptation. AI-UDTs synthesize large-scale citizen inputs, structured preferences, threshold
votes, and narrative feedback, and dynamically adjust scenario parameters in response, enabling iterative deliberation rather than
one-time consultation [14].

(5) Multi-scale cross-domain integration. AI-UDTs couple heterogeneous subsystem models (acoustics, air quality, ground
traffic, and equity metrics) using learned surrogate interfaces, capturing systemic interactions that cannot be represented by
separate sectoral models [15].

Traditional UDTs, which rely on fixed simulation architectures, lack capabilities (2), (3), and (4). These specific capabilities
enable the deliberative applications proposed in this paper.

Al-powered urban digital twin framework for democratic UAM governance
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Fig. 1. Conceptual framework of the AI-UDT for democratic UAM governance. The framework illustrates four stages: (i) urban data inputs feeding
into (ii) five distinguishing AI-UDT core capabilities, which generate (iii) deliberative outputs for citizen engagement, translating into (iv) enforceable
governance rules. The adaptive feedback loop (bottom) indicates that community deliberation outputs recalibrate AI-UDT simulation parameters in
subsequent rounds. VR: virtual reality; AR: augmented reality.

Machine-learning algorithms can identify patterns in complex urban data that escape human analysis, whereas predictive
models can anticipate how interventions cascade through interconnected urban systems [15]. This Al-enhanced capacity is
particularly valuable for UAM planning, in which decisions regarding aerial infrastructure interact with ground transportation
networks, energy systems, and environmental quality in ways that require sophisticated cross-domain analyses. However, current
UDT applications in the UAM domain remain overwhelmingly focused on operational optimization, namely maximizing system
throughput, minimizing flight times, and ensuring regulatory compliance [16]. These are important engineering challenges, but
they presuppose answers to fundamental questions not subject to democratic resolution: Should cities adopt UAM at all? Under
what conditions? At what scale? To whose benefit? This operational framing reflects broader technocratic tendencies, wherein
digital tools serve efficiency rather than democratic engagement. Fig. 1 shows a synthesis of the full four-stage framework
connecting urban data inputs through AI-UDT capabilities to deliberative outputs and binding governance rules.

3. Experiential previews: Rendering the intangible tangible

The distinctive contribution of AI-UDT is its generation of experiential previews. These are immersive simulations that allow
citizens to perceive what life would feel like under various aerial scenarios. Traditional environmental assessments rely on
quantitative metrics that fail to convey lived experience. A report stating a noise level of sixty-five decibels communicates little
to residents unfamiliar with aviation acoustics; the auditory character of an electric rotorcraft cannot be captured through
numerical abstraction. When combined with virtual reality interfaces, AI-UDT can transform abstract parameters into embodied



experiences. Citizens could virtually position themselves within their neighborhoods by witnessing simulated eVTOL traffic,
hearing realistically rendered acoustic signatures, and observing visual intrusions at different times and in different weather
conditions. Such previews make the intangible tangible, enabling informed judgment that quantitative assessment alone cannot
support.

City-scale digital twin platforms are currently operational. Singapore’s “Virtual Singapore” [17] and Helsinki’s 3D model [18]
both render their respective cities with a level of geometric and photographic detail sufficient to support immersive walkthroughs.
Auralization fills in the missing sensory channel by combining physical models of building reflection and atmospheric absorption
to reconstruct how a given soundscape would actually be heard from a chosen location. Although neither platform was built with
eVTOL deliberations in mind, related work on unmanned aerial vehicle (UAV) and rotorcraft acoustics [19,20] suggests that the
underlying methods transfer reasonably well to aerial sources. The underdeveloped aspect is the application of these capabilities
to democratic deliberation rather than engineering validation.

Al could specifically lower participation barriers through four mechanisms. The first of these is automated counterfactual
generation: Large language model and generative Al architectures can interpret natural-language community inputs (“What if
flights were restricted after 9 pm?”) and automatically parameterize the corresponding simulation scenarios, eliminating the
technical expertise required to specify simulation configurations [21]. The second mechanism is multimodal accessibility: Al-
driven natural language interfaces enable citizens to interact with complex simulation outputs through conversation rather than
technical dashboards, while multilingual natural language processing (NLP) models extend access across language communities.
The third mechanism is large-scale feedback synthesis: Al text analysis and preference aggregation algorithms synthesize
heterogeneous qualitative and quantitative inputs from thousands of participants into structured policy insights, identifying
consensus positions, minority concerns, and spatial variations in preferences, making mass participation analytically viable
[14,22]. The fourth mechanism is adaptive scenario refinement: As deliberation proceeds and community priorities become
clearer, AI-UDTs can iteratively adjust scenario parameters in near real-time, enabling interactive deliberative dialogue rather
than one-shot consultation.

4. Counterfactual urbanism and spatial justice

Beyond experiential previews, AI-UDT enables counterfactual urbanism: systematic simulation of alternative transportation
futures, allowing comparison before commitment to any trajectory. Current discourse presents UAM as a solution to congestion
without adequately considering alternatives, such as expanded transit, congestion pricing, or cycling infrastructure [23]. Each has
different implications for urban sustainability and quality of life. Digital twins could support systematic comparisons by
simulating multiple scenarios. Citizens could experience each scenario by comparing not only efficiency metrics but components
of quality of life, such as acoustic environments, visual landscapes, and spatial experiences that define urban life. Such comparison
enables democratic choices among futures that project-by-project evaluations cannot support.

Counterfactual urbanism is as honest as the scenario set in which it operates, and building that set is the more difficult part of
this work. There exist three critical aspects. Scenario authorship should be the responsibility of technical staff alone. A workable
arrangement is a mixed panel composed of community representatives (drawn especially from neighborhoods likely to bear the
worst impacts), transport planners, environmental specialists, and equity advocates. Engineers can then parameterize what
residents and advocates decide is worth comparing. Otherwise, the risk is familiar: An expert-defined menu that omits options a
community would have chosen to present.

The minimum comparison set matters because UAM tends to be presented in isolation against an implicit “do nothing” baseline
that flatters it. We suggest at least four scenarios: the status quo without UAM, the proposed deployment, comparable investment
in public transit, and a demand-management package combining congestion pricing with micromobility. The point is not that each
must be costed identically, rather that UAM should be set alongside alternatives that someone could plausibly prefer.

The baseline definition has the greatest potential in terms of policy. The fair comparator is the existing transportation system
plus improvements that are already funded and scheduled, not a hypothetical future in which either UAM or its alternatives are
assumed away. This matches conventional EIA practice for transportation infrastructure and avoids two invalid comparators,
namely degraded or excessively positive baselines, that distort almost every published comparison. Participatory scenario design
in land-use and transit planning offers useful precedent [14,22].

Spatial justice is another aspect of the problem. Empirical work on vertiport siting suggests a recurring pattern: Demand-driven
optimization concentrates landing infrastructure in affluent districts, while sending flight paths over lower-income neighborhoods
[24]. AI-UDT can make this visible at the design stage, overlaying proposed networks on income data and existing pollution and
noise burdens, turning a distributional question that usually surfaces post hoc into one decision-makers must confront in advance.
However, a cumulative case remains difficult. Project-by-project reviews tend to clear each vertiport on its own merits, while
missing the aggregate burden to which it contributes. A neighborhood already absorbing freeway noise, freight routes, and an
aging rail corridor may pass a single-vertiport EIA and still find that its overall acoustic and environmental load pushed past what
residents elsewhere were asked to tolerate. Modeling UAM within this wider infrastructure context is where digital twins provide
the greatest value [25].



5. Governance imperatives for democratic AI-UDT

The democratic potential of AI-UDTs depends on governance arrangements that determine platform control, scenario selection,
and policy translation. Technical capabilities alone do not ensure democratic application. Four principles appear to be essential.
First, affected communities must possess the authority to define simulated scenarios and should not merely be reacting to scenarios
defined by professionals. In practice, this is a route for bottom-up scenario generation, including the option of exploring futures
without UAM. Second, simulation parameters must be transparent and contestable. Assumptions regarding technology
performance and behavioral responses shape futures in ways that demand documentation and independent review. Third, virtual
deliberation must be connected to binding policy. Experiential previews that function as public relations without substantive
influence have limited democratic value. Insights must inform regulatory decisions, investment priorities, and operational
constraints. Fourth, technical capacity must be equally distributed. Communities with more resources may utilize platforms more
effectively unless measures ensure that disadvantaged populations have equivalent access and support.

5.1 Institutional pathways from deliberation to policy

Two realistic institutional pathways can connect AI-UDT deliberation to enforceable decisions.

EIA-integrated threshold pathway: In jurisdictions that employ environmental impact assessment for infrastructure approval,
AI-UDT deliberations can be formally incorporated into the EIA process. Experiential previews generate community-established
noise exposure thresholds and equity impact criteria that become binding conditions for vertiport operating permits. Municipal
planning departments and environmental protection agencies exert authority over this pathway. This model is analogous to the
community noise thresholds established in airport expansion EIAs under the EU Environmental Noise Directive (2002/49/EC),
demonstrating that community-deliberated acoustic standards can acquire regulatory force within established approval
frameworks.

Zoning and airspace overlay pathway: Cities can establish UAM-specific zoning overlays. Similar to flight path overlays in
conventional airport planning, they mandate community deliberation as a precondition for vertiport-siting approval. Deliberation
outputs on acceptable flight caps, curfew windows, and maximum corridor densities determine the status of the zoning conditions
enforceable by municipal authorities. Aviation regulators (FAA and EASA) retain jurisdiction over safety certifications, whereas
city planning departments have authority over land-use-linked operational constraints. This dual-authority arrangement is
anticipated in the FAA UAM Concept of Operations [4], which explicitly considers city-level operational constraints that coexist
with federal airspace governance.

Several pathways connect deliberation to policy more broadly. Experiential previews could inform positions in conventional
planning processes, with citizens bringing qualitatively different knowledge than those relying solely on documentation. More
ambitiously, communities might establish acceptable impact thresholds through deliberation with these acquiring binding
regulatory force. AI-UDT could also support adaptive governance, permitting initial operations under monitoring and review.
Table 1 summarizes the AI-UDT governance framework, mapping each deliberative principle to its simulation requirements and
governance rules.

Table 1
AI-UDT governance framework: Principles, simulation requirements, and governance rules.

Simulation requirements Governance rules
Principle

Realistically rendered acoustic, visual, and temporal exposure under proposed Community impact thresholds informing EIA determinations
Experiential UAM scenarios and permit conditions
previews

Comparative simulation of > 3 alternatives (UAM, enhanced transit, congestion Obligation to evaluate non-UAM alternatives before approval;
Counterfactual pricing, micromobility) across equity, sustainability, and livability metrics no single-scenario review
urbanism

Cumulative burden distribution correlated with income, ethnicity, and infrastructure ~ Mandatory equity impact test; vertiport siting subject to

Spatial justice deficit indicators distributional constraints
mapping

Structured documentation of community scenario selections, threshold acceptability ~ Deliberation outputs acquire regulatory weight in zoning
Binding votes, and minority positions approvals, flight cap determinations, and curfew policies
deliberation

5.2 Privacy and data governance

High-fidelity AI-UDTs require extensive data acquisition, creating tension between simulation granularity and individual
privacy protection, which is critical for institutional legitimacy. Three mechanisms that can reconcile this tension are discussed



here. The first is differential privacy: Noise-injection techniques satisfying formal differential privacy guarantees [26] can protect
individual behavioral patterns in mobility datasets while preserving the aggregate statistical properties necessary for accurate
simulation. The second mechanism is synthetic population generation. Statistical methods [27] can be used to generate
representative populations whose aggregate characteristics match census data without representing actual individuals, thus
eliminating re-identification risks while maintaining simulation fidelity. The third mechanism is participatory data governance:
Communities whose data contribute to AI-UDT construction must have meaningful input into governance arrangements,
including purpose limitation clauses (data collected for deliberation, not repurposed commercially) and sunset provisions for
sensitive datasets. Transparent governance of privacy—fidelity trade-offs is a prerequisite for public trust in deliberative platforms.

6. Conclusions

The expansion of urban mobility into the third dimension represents a transformation whose consequences will unfold across
decades and shape the lived experience of generations. Decisions of this scale require concordant deliberation. AI-UDT
technology offers an unprecedented capability to support such deliberation by enabling citizens to experience alternative futures
before they arrive as irreversible realities. The transformation of sophisticated virtual replicas from operational optimization tools
to deliberative platforms could represent genuine innovation in democratic urban governance, extending participatory capacity to
domains where meaningful engagement has historically proven impossible. Important precedents for this translation include
demonstrated applications of digital twins for civic participation in land use and transit planning [14,22].

Realizing this potential requires governance to ensure that AI-UDT serves affected communities rather than merely operators
and investors. Institutional mechanisms must connect virtual deliberations to binding policy outcomes through the aforementioned
pathways. Resources must be equitably distributed to prevent capture by narrow interests, and privacy-preserving data governance
must be established as a prerequisite for institutional legitimacy. The sky above cities belongs to their inhabitants; decisions about
urban airspace should reflect genuine community choice, informed by experiential knowledge of how it would feel to live in
different aerial futures. AI-UDT can provide essential infrastructure to enable cities to shape their futures through meaningful
collective deliberation rather than adapting to transformations imposed through technological momentum alone.
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