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ABSTRACT

Mobility (of people, goods, services) is an urgent, cross-disciplinary, bipartisan concern that impacts all humans on
this planet. As our surface infrastructure continues to devolve (e.g., through overuse, congestion, and disrepair),
intermodal Transportation has become a matter of extreme National priority. Recent emphasis is so pervasive that
Federal policymakers are mandating widespread change, including the recent "Build Back Better" initiative. Near-
term technological pathways towards improving human mobility include connected and autonomous vehicles (CAV's)
and unmanned aerial vehicles (UAV’s). Longer-term, domain experts are already investigating disruptive, bleeding
edge prospects, including extreme advances with High-speed Rail, the Hyperloop, and even "flying car" technologies
— formally referred to as Advanced Air Mobility (AAM). For such technologies, Modeling & Simulation (M&S) will
be essential both to demonstrate baseline technological viability and to achieve long-term sustainability.

The 2022 I/ITSEC edict to ACTT! (Accelerate Change by Transforming Training!) is timely -- to enable humankind
to revolutionize innovations that will overcome the varied Mobility challenges we face in the near future. This paper
presents a notional examination of planned and ongoing Simulation developments towards realization of AAM on a
broader scale. The proposed strategic vision is to urgently “ACTT”: Aeronautical Conceptualization for Tomorrow's
Transportation - through the rigorous and integrated application of M&S, and the Live-Virtual-Constructive-
Autonomous (LVCA) taxonomy. Our implementation includes: a) Live prototyping, using drones and quadcopters
within a large testing enclosure; b) Virtual simulation, by way of a custom-designed, parameterizable "human-in-the-
loop" Mixed Reality Flying Car simulator; c) Constructive modeling, to enable vehicle traffic simulation into the third
dimension through emulation of organic system behavior, including particle swarm theory; and d) Autonomous system
implementations, for prioritizing network safety and efficiency. Critically, the paper concludes with an examination
of candidate AAM Use Cases that will both: a) impact near-term human-machine interactions with next-generation
mobility vehicles, and b) influence longer-term future urban development and planning.
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INTRODUCTION

Mobility (of people, goods, services) is an urgent, cross-disciplinary, bipartisan concern that impacts all humans on
this planet. Recent data (e.g., Federal Highway Administration, 2017), suggests that daily travel in the United States
averages 11 billion miles per day (i.e., almost 40 miles per person), and Americans take 411 billion trips per year, for
purposes primarily attributed to shopping (45%), recreation (27%), and daily commute (15%). Given this increasing
reliance, the “Transportation Network of Tomorrow” has long been a topic of discussion and debate, with the potential
for forward-thinking possibilities (e.g., ultra-high-speed rail; The Hyperloop) seeming limitless (Sarkar and Jain,
2017; Hansen, 2020). Near-term pathways towards improving personalized human mobility include connected and
autonomous vehicles (CAV's) - for which ongoing technical, logistical, and legal challenges (Singh and Saini, 2021)
will inform future prospects related to sustainable/automated ground transportation. Likewise, in the aeronautical
workspace, humankind has witnessed exciting recent advancements related to drone technologies, and other
applications of unmanned aerial vehicles (UAV’s) for surveillance, package deliveries, and agriculture, but whose
practical realization includes profound challenges (e.g., operation, acceptance, safety) (Jeelani and Gheisari, 2021).

Longer-term, at the intersection of these technologies, domain experts are already investigating disruptive prospects
for human mobility, including so-called "Flying Cars" — formally referred to as Advanced Air Mobility (AAM) -
defined as an air transportation system that moves people and cargo using revolutionary new forms of aircraft (e.g.,
Johnson and Silva, 2021). The surmised advantages of AAM are many. Vehicle types currently in development
effectively combine the ideal characteristics of both planes and cars; are generally more maneuverable; and would be
less susceptible to surface constraints (e.g., traffic jams, construction delays, adverse weather events) while traversing
3D airspace as compared to 2D roadways (Ahmed et al., 2020). As with any emerging technology, there will be many
technical, practical, logistical, and regulatory obstacles (e.g., Pan and Alouini, 2021) for which Modeling & Simulation
(M&S) will be essential to: a) demonstrate baseline technological viability; b) achieve long-term sustainability; and
¢) provide a framework to conceptualize future aeronautical advancements to improve human mobility.

In this paper, we present an overview of recent and ongoing M&S developments towards the advancement of human
mobility challenges over the next quarter century. The proposed strategic vision is to urgently “ACTT”: Aeronautical
Conceptualization for Tomorrow's Transportation - through the integrated application of M&S, and the Live-Virtual-
Constructive-Autonomous (LVCA) taxonomy. Refer to Figure 1 for a notional depiction of our strategic vision, which
includes key aspects of relationships (i.e., real/simulated) between operators and systems that comprise our AAM
framework. The next section presents additional theoretical background and a compelling justification for these timely
advancements. Subsequently, we will discuss requirements and challenges towards demonstrating the viability of
AAM more broadly. Thereafter, we will suggest a series of downstream Use Cases to demonstrate how models (and
accompanying simulations) are essential towards quantifying the evolving AAM value proposition. Finally, we will
outline current and next steps, and forecast how the novelties of this work serve as a preamble towards downstream
challenges related to other key I/ITSEC subcommittees, including human performance and human-machine
interaction, education and STEM, and training (e.g., engineering vehicle design, pilot certification, and maintenance).
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Figure 1 — Aeronautical Conceptualization for Tomorrow's Transportation (ACTT):
A conceptual blueprint for Human Mobility 2049

BACKGROUND AND MOTIVATION

A sound transportation network is the foundation of any society, and promotes successful commerce by enabling safe
and efficient human mobility. The political, social, and economic well-being of a nation is reliant on a well-organized
transport system and supporting inter-modal (e.g., personal: bicycles, trucks, cars; public: buses, planes, trains, trams)
infrastructure (Impoff.com, 2020). However, increasingly within the modern era, our surface transportation
infrastructure is suffering from overuse, extreme traffic congestion, and roadway disrepair (Hulme et al, 2019).
Likewise, over the past two years, the COVID-19 pandemic has permanently altered the global supply chain, as well
as the national landscape for future urban and regional planning and development (Hulme et al., 2021). For these
reasons, transforming human mobility is an ongoing matter of extreme National priority, and remains essential for the
drastic improvement of sustainable inter-modal transportation and future supply chain logistics.

Federal policymakers are mandating widespread change towards expanding our infrastructure and improving our
environment. The Build Back Better Act (BBBA) (WH.gov, 2022) is a bi-partisan $1.75T legislative framework that
includes funding for transportation infrastructure (e.g., highways and roads, railways, public transportation, airports,
and electric vehicles and charging stations). The National Association of Counties performed a legislative analysis of
the BBBA (NACo, 2022), and identified highlights and key provisions for low-emission aviation technologies.
Annually-published technology “hype cycles” for connected and smart mobility provide a snapshot of expected future
trends related to transportation, and recent trends (e.g., Visnic, 2020) notably include long-term projections for “flying
autonomous vehicles” still proximal to its innovation trigger, alongside the observed shortcomings of autonomous
(Level 4 and Level 5) ground vehicles. To forecast and overcome complex design challenges associated with the next
generation of AAM development, and to effectively convert science fiction to science fact, we must innovate now to
mitigate or circumvent similar mistakes from the recent past (Jongen, 2018).

The prevailing and unifying theme at I/ITSEC 2022 is to Accelerate Change by Transforming Training! (ACTT!);
a challenge to enhance, adapt, and accelerate product and process solutions through advanced technology and
approaches. In conforming to this theme to address emerging human mobility challenges, this paper posits an
Aeronautical Conceptualization for Tomorrow’s Transportation (ACTT) to provide an AAM Testing & Evaluation
(T&E) blueprint for the next quarter century. In the next section, we provide additional details on our implementation-
in-progress, which features advanced M&S, and highlights critical application of the Live-Virtual-Constructive-
Autonomous (LVCA) taxonomy (e.g., Department of Defense, 2011) for simulation, training and education. These
aspects will be essential both to demonstrate baseline technological viability and to achieve long-term sustainability.
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ACTT REQUIREMENTS: M&S AND LVCA

Modern technological developments — including key associations with NASA - suggest that AAM (e.g., oversized
electric drones; air taxis) may be available for commercial use by 2025 (e.g., Strauss, 2021; Gillespie, 2021). All of
the primary challenges associated with technological sustenance for AAM will necessitate Live-Virtual-
Constructive-Autonomous (LVCA) models and simulations (M&S) for testing and validation. The terminology
implies the binary state (i.e., real vs. simulated) of two essential components to a simulation: i) the degree of human
participation, as well as ii) the degree of equipment realism. In more recent times, the original LVC (matrix) definition
has been expanded to include the fourth scenario, that being the situation where a simulated human operates a real
system, which constitutes an Autonomous system (e.g., Johnson et al., 1998; Mclean et al., 2013). Refer to Figure 2.
For the purposes of our work, we will continue to adopt the more recent LVCA convention.

Operators Live: Simulation involving real people operating real systems. Virtual:
fenl I Simulation involving real people operating simulated systems.
Constructive:  Simulation involving simulated people operating
simulated systems. Autonomous: Simulation involving simulated people
operating real systems.

Live
Real Autonomous

Through direct application of the LVCA taxonomy — and successful
Vehides application and integration of its four components - an improved
understanding of the varied, interdisciplinary complex factors associated
with AAM can be attained. An implementation of this nature is required
Simudated N ¥ o to govern future modes of sustainable operation. For example, the
evolution of AAM will demand advanced M&S to determine:

1) Handoff periods between manual and autonomous vehicle control;
Figure 2 — LVCA taxonomy 2) Operational vehicle dynamics transitions (for takeoffs/landings);

3) Human responses to autonomous transport features.

Ultimately — observed behavioral patterns ascertained in conjunction with LVCA testing will clarify many
technological, logistical, regulatory, environmental, and infrastructural challenges associated with real-world
deployment. To our knowledge, no such testing and validation capacity currently exists within academia. Therefore,
the proposed ACTT will serve as a vital point-of-entry for technical and human factors evaluations to guarantee the
preliminary establishment and long-term sustainability of AAM.

In the following subsections, we present a detailed examination of current and planned Simulation developments
towards the realization of AAM on a broader scale. Refer to Figure 3, which illustrates our notional strategic vision
for achieving ACTT through the integrated application of M&S. Accordingly, we decompose this presentation into
four primary ACTT’s, each one dedicated to essential components of the LVCA taxonomy.

Policies and
Standards

Human Behavior
and Performance

M&S

_—>/"__--‘

Autonomous

Training and
Education

| Operational Safety
and Loglstics

Figure 3 — Implementation of LVCA towards realization of ACTT
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In this subsection, we outline system developments pertinent to the Autonomous component of the LVCA taxonomy,
towards prioritizing safety and maximizing efficiency. An autonomous system implies real systems being operated
by simulated people, a transformative concept that implies aspects of Artificial Intelligence (AI). This notion of
sensors and complex algorithms employed to detect and respond to their surroundings (e.g., Computer Vision,
LIDAR) with human-like intelligence (e.g., Ippolito, 2020; Joshi, 2019) is essential towards the sustainable realization
of AAM on a broad scale. Technologists forecast that the rapidly emerging A in transportation marketplace — valued
at $1.4 billion in 2017 - will achieve $3.5 billion dollars by 2023 (Prescient & Strategic Intelligence, 2018), with use
cases ranging from self-driving vehicles, traffic management, delay predictions, and personalized mobility and
mobility-as-a-service. Standardized levels of system autonomy for ground vehicles range from Level 0 (no autonomy)
to Level 5 (fully autonomous system) (SAE, 2021). Transportation technologists have long-struggled to reliably
achieve high autonomy (i.e., Level 4 and Level 5) thresholds, and might still be decades away from being realized
(Ramey, 2020). These lessons learned (e.g., related to software, sensor, and infrastructural limitations) are invaluable
as we continue to innovate and forecast the future of AAM. We now briefly outline recent progress in three key areas
related to Autonomous AAM systems.

Vehicle-to-Everything (V2X) AAM systems

V2X is defined as communication (either WLAN or cellular) between a vehicle and adjacent entities (e.g.,
infrastructure, network, other vehicles, pedestrians, and devices) that might involve cooperation or interaction (e.g.,
Saeed et al., 2021). As we translate current V2X technologies (see Figure 4) towards the AAM conceptualization for
tomorrow, a large autonomous network of connected sensors will construct a data map of the urban environment and
collect data (i.e., about other vehicles, cyclists, pedestrians, road conditions) to estimate journey times, minimize
bottlenecks, and assess charging station availability. Such “Smart Cities” can make real-time adjustments to ease
congestion and optimize throughput (Thales, 2022).

System autonomy and scalability

For sustenance of AAM technologies, it remains critical to achieve safe, efficient, and integrated (intermodal) airspace
operations high fleet volume over small areas. To enable viable scalability of AAM fleets, it is essential to determine
how to safely transition from on-board pilots (i.e., human-in-the-loop HITL autonomy) towards a situation
characterized by off-board, multi-aircraft teleoperation, supervision and emergency takeover, functioning under the
influence of contemporary wireless communication capabilities (e.g., 5G), referred to as human-over-the-loop HOVTL
autonomy (e.g., Memar and Esfahani, 2018). In studying HOvVTL (see Figure 5), eye-tracking and brain activity can
be synchronized to estimate performance indicators (e.g., situational awareness, mental workload, distraction, reaction
time) and their impact on operational safety.

\

Figure 4 - V2X systems Figure S — HOvVTL autonomy Figure 6 — AAM cybersecurity
AAM autonomy and cybersecurity

As with any autonomous transportation system that involves wireless networks, there is a growing concern over
cybersecurity threats. Within modern-day ground autonomous vehicle systems, there are many potential system
vulnerabilities and attack surfaces (see Figure 6), including the On-board diagnostics (OBD) port, the electronic
control unit (ECU), dedicated short-range communications (DSRC), over-the-air connectivity (e.g., 5G), and WiFi
systems. The ISO/SAE 21434 standard (Macher et al., 2020) specifies requirements for cyber risk management
regarding engineering for concept, development, production, operation, maintenance, and decommissioning for road
vehicle electronic systems (Teschler, 2020). This standard serves as a likely precursor for similar policies and
standards that will be required to preserve safe and secure autonomous AAM systems.
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Constructive Modeling for traffic coordination and cooperation

In this subsection, we outline modeling developments pertinent to the Constructive component of the LVCA
taxonomy, towards cooperative AAM traffic models utilizing a 3D workspace. An autonomous system implies
simulated systems being operated by simulated people, which will be mandatory for crafting meaningful simulations
of vehicle egress with communication and coordination between participating agents. Such capacity will enable an
improved understanding of segregated versus integrated airspace implementations (Stewart, 2018) for flying
autonomous vehicles. We now briefly outline recent progress in three key areas related to Constructive AAM systems.

Technology Translation — from Semi-automated Forces (SAF) to AAM Traffic networks

Constructive simulations are essential to improve readiness and situational awareness, and are often conducted at
lower cost to enable analysis of diverse scenarios efficiently. Within the military domain, computer-generated, semi-
automated forces (e.g., OneSAF, ModSAF, JSAF; Padilla, 2012) provide entity-level models (e.g., including aviation
assets) and associated behaviors (e.g., friendly/adversarial). In an analogous manner, an immediate requirement for
AAM is hybrid 3D traffic simulation for network communication and interoperation (see Figure 7). With this capacity,
forecasted transport behaviors (i.e., including stochastic models for human error) can be simulated using digital assets
(e.g., humans, vehicles, infrastructure) to analyze traffic scenarios in both the vertical and horizontal dimensions.

Traffic Flow Modeling (Micro, Meso, and Macroscopic)

Translation of ground traffic flow models (see Figure 8) into the flight domain (and into the third spatial dimension)
constitutes a major challenge, as flying autonomous vehicles must navigate at different elevations, which adds
considerable complexity (e.g., Khurana and Khurana, 2018). In the UAV regime, 3D flow models have been
developed (Gharibi et al., 2019) to analyze the formation of flight traffic that eliminates the notion of traffic lanes,
instead using flow density to model individual vehicle motions and interactive behaviors (e.g., passing; blocking). A
standardized AAM traffic modeling capacity will expand upon existing flow models (e.g., Li et al., 2014, Zhang et
al., 2014) and aviation software tools (e.g., ARC, 2022; Biesecker, 2021) that enable scenario-based micro- meso- and
macroscopic simulations. Such a capability will enable simulation of: a) individual flying autonomous vehicles - and
their interactions; b) realistic traffic patterns in terms of density, headway, and take-off and landing distance; and c)
varying penetration rates and traffic conditions to maximize both network efficiency and human safety.

Figure 8 — Flow modeling Figure 9 — Particle swarm
Nature-inspired computing

Development of a high-fidelity mechanism to model realistic traffic patterns while considering dynamic interactions
between heterogeneous participants (i.e., ground, air, and hybrid-capable vehicles) is an extreme interdisciplinary
challenge. Nature-inspired computing is an emerging discipline that emulates group behaviors of naturally occurring
phenomena (e.g., bees, birds, insects) to solve complex engineering problems. Particle swarm (or swarm intelligence)
is a branch of Al that is based on the behavioral analysis of cooperative systems (Teodorovié, 2008) and is
characterized by aspects of autonomy, distributed functioning, and self-organization. Recent transportation
implementations have included modeling urban traffic (e.g., Krol and Mrozek, 2011); air traffic flow management
(e.g., Torres, 2012) and flow prediction (e.g., Poole and Kotsialos, 2016; Shang et al., 2016); traffic flow guidance
and optimization (e.g., Li et al., 2019); cooperation of autonomous ground vehicles (AV’s) (e.g., Anand and
Ajithkumar, 2019) and most recently, electric vertical takeoff and landing (eVTOL) drones (Clarke, 2020). Using
UAV’s, cooperative agents with decentralized decision-making serves as a viable solution for overcoming challenges
related to scalability, fault tolerance, and communication (Odonkor et al., 2019). To successfully translate drone/robot
technologies to full-scale, automated approaches are required for tactical level decision-making, including task
allocation, path planning, formation control, target search, and group coverage (Behjat et al., 2021).
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In this subsection, we outline Simulation-based assessments pertinent to the Virtual component of the LVCA
taxonomy, to better understand human factors, and the complex human-machine AAM interface as it continues to
evolve. A virtual system implies simulated systems being operated by real people, which is essential for authentic
and safe examination of next-generation egress scenarios. Such a capacity will accommodate diverse AAM travel
modes, including ground (“car”) dynamics, flight (“plane”) dynamics, as well as the takeoff/landing transitions
between these regimes. A primary goal is to develop a Virtual AAM testing capacity that embodies an appropriate
balance of operational simplicity (i.e., training new users to operate flying autonomous vehicles) vs. system fidelity
(i.e., ensuring that the simulation encapsulates a sufficient degree of realism). We describe the ongoing development
of a parameterizable Flying Car Simulator (FCS) that is — by design - not dedicated to a specific vehicle concept.

FCS: Software (environment) Modeling

Leveraging funding support from the EPIC MegaGrants program, we have begun the development of a simulation-
based test facility, which we refer to as a “Virtual Campus” (see Figure 10) that will enable high-fidelity scenario
testing for current and future flying autonomous vehicles. The campus, modeled using the Unreal Game Engine
(alongside asset modeling assistance from Cesium, terrain.party, and PLW Modelworks) consists of an environment
that includes ground assets (e.g., streets, signage, traffic control devices) for “car” mode, and communications control
tower and a vertiport (see Figure 11) for “flight” mode (i.e., for hybrid vehicle takeoffs and landings). The longer-
term goal is to develop a Buffalo-Niagara regional environment to support human factors examinations for new vehicle
types (see Figure 12). Primary design features of this environment include both campuses of the University at Buffalo,
as well as the Buffalo-Niagara International Airport, which will be essential for preliminary route examination.

i+ - University at Buffalo
= [(North Campus)

i

South Campus)

L

-~ Buffalo-Niagara ¥/
e International xgrpart/‘_"{;?',;;;

Figure 12 — Virtual Bufalo-Niagara egion

FCS: Hybrid vehicle dynamics

Within the FCS framework, physics-based models (i.e., non-linear coupled differential equations of motion) are being
developed to encapsulate the dynamics for next-generation personalized mobility vehicles. Ground mode dynamics
utilize simplified models (e.g., Milliken and Milliken, 1995) whose inputs are steering wheel angle and tire
longitudinal force (i.e., throttle and brake), and whose outputs include vehicle velocities and accelerations. Flight
mode dynamics of traditional aircraft (e.g., L’ Afflitto, 2017) and quadcopters (e.g., Ruihang et al., 2019) likewise
employ simplified models that serve as a critical balance of (static/dynamic) stability and control properties (i.e.,
aerodynamics), and serve as a response to atmospheric disturbances for prevailing flight conditions. In both
operational modes - reduced-order linear models can be derived to analyze nominal drive/flight motions. Once the
model outputs (vehicle states) are calculated, meta-analyses (e.g., scaling, limiting, and tilt coordination; Berger et al.,
2007) can be performed to achieve effective motion cueing (e.g., longitudinal/lateral accelerations). The FCS is
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designed to be modular across AAM vehicle types, including: a) electric vertical take-off and landing (eVTOL)
rotorcraft, b) eVTOL fixed-wing aircraft, and c) short take-off and landing (STOL) gyrocopter vehicle types. Refer
to Figure 13 (a-c). The dynamics models for each vehicle type are designed in-house from first principals, based upon
known, published, and assumed geometric parameters and technical specifications related to each vehicle.

(a) eVTOL (rotorcraft) (b) eVTOL (fixed wing) (¢) STOL gyrocopter
Figure 13 — FCS modeled vehicle type classes

L =

FCS: 3D Modeling and Mixed Reality interfaces

A critical aspect of our implementation is the capability to re-configure across AAM vehicle types. Components
impacted by this requirement include: a) the vehicle itself (i.e., both the exterior chassis, and the interior cabin); b) an
embedded, heads-up display (HUD) capability for spatial projection of navigation data, both during driving and flight
(e.g., attitude, altitude, airspeed) modes; and c) 3D traffic markings (e.g., sky lanes; entry and exit points at different
flight tiers) to assist with flight navigation; and ground/flight transitions. To enable a sense of presence and immersion
(Wienrich et al., 2021), we have adopted Mixed Reality technologies. The “cabin” for each vehicle type is displayed
in virtual space using Augmented Reality (AR) by leveraging detail-designed and optimized low-polygon 3D
interior/exterior models of each of the three AAM vehicle types. Note that vehicle properties depicted within the
pilot’s AR space (i.e., using a HoloLens, or similar headset device) are simultaneously represented within the physics-
based model parameters of the body geometry (e.g., aerodynamics properties, drag coefficients). Refer to Figure 14,
which illustrates a progression of our Mixed-reality presentation: a) the physical space (e.g., display screen and
controls); b) the embedded virtual space (e.g., the projected world scene graphics), and c) the overlaid augmented
reality space (e.g., depicting the frame of the AAM vehicle, as well as control panels for navigation).

(a) Physical space (b) Virtual space (c) Augmented space
Figure 14 — FCS Cabin view: prototype of spatial interfaces (Mixed Reality)

FCS: Hardware manifestation and deployment
To adequately support simulator-based testing of novel and experimental vehicle types, a specialized hardware

arrangement is necessary to enable high-fidelity virtual testing and evaluation. We are currently developing a custom
simulation capability to human-machine interaction with diverse FCS vehicle types. Our display system comprises a
large (120”), physical 4K-resolution front screen; expandable to three screens that will provide a full 150-degree
forward (virtual) field-of-view. The flight chair is a truss framework upon which input controls (e.g., yoke, rudder,
throttle) and flight gauges are physically mounted. The user controls initially consist of simplified capabilities to
provide basic inputs for BOTH a ground vehicle and a flight vehicle (i.e., either eVTOL or STOL), depending on its
real-time operational state. These control devices are situated on top of a motion control system that enables all 6
degrees-of-freedom (i.e., roll, pitch, yaw, heave, surge, sway) that are characteristic of common 3D ground/flight
motions. The entire simulation is PC-based, and driven by state-of-the-art graphics capabilities.
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Finally, in this subsection, we outline ongoing Test & Evaluation pertinent to the Live component of the LVCA
taxonomy, to prototype AAM vehicles within a physical workspace. A live system implies real systems being
operated by real people, an essential component towards realization of partial-scale (e.g., UAV/drone) and full-scale
(e.g., both piloted and unmanned) examination of next-generation mobility vehicles within organic real-world settings.
For realization of a surmised future with AAM as a viable transport medium, the transition to Live prototyping is
mandatory to demonstrate technological sustainability. We now briefly summarize ongoing developments.

Physical testing enclosure

One primary challenge associated with flight testing for unproven (experimental) vehicle types is the requirement for
special approvals from the Federal Aviation Administration (FAA), so as not to disrupt, endanger, or hinder
commercial aviation traffic. Recent advances in AAM have seen the emergence of large-scale testing enclosures that
safely encapsulate the physical testing domain. Technologists recently demonstrated a crewed (non-autonomous)
“flying car” test flight (e.g., Fingas, 2020), which was an essential first step towards an envisioned Flying Taxi service.
Likewise, the Structure for Outdoor Autonomy Research (SOAR) (e.g., Nealon, 2020; see Figure 15) at the University
at Buffalo is a netted, 24,000 ft?, 86-foot high outdoor facility for UAV applications ranging from agriculture, disaster
management (e.g., Worden et al., 2020), and small parcel delivery and logistics (e.g., Raj and Murray, 2020). The
specialized features of SOAR also enable test, experimentation, and validation of drone fleets and partial-fidelity
machine learning models (e.g., Igbal et al., 2022) towards tomorrow’s experimental AAM vehicles.

Partial-scale rural, urban, suburban landscapes

In the Live domain, physically-constrained testing, at partial-scale, must include the development of miniature
“cityscapes” in rural, suburban, and urban settings to support AAM egress scenarios of varying fidelity. One recent
example (Stager et al., 2018; Beaver et al., 2020) demonstrates a scaled “Smart City” that includes miniature roads,
buildings, traffic infrastructure, and vegetation. Such implementations can be leveraged to examine V2X
communications (i.e., between vehicles, infrastructure, and network), model and optimize traffic flow, and confront
traffic challenges for ground/flight CAV’s. Other implementations (e.g., MiniLand USA | Cong et al., 2021) have
included alternative materials for re-creating ultra-miniature and highly-detailed dioramas (see Figure 16). Along
parallel channels, additive manufacturing (e.g., 3D printing | Cameli, 2019) can be implemented for designing, pre-
visualizing, and prototyping cost-effective, next-generation urban planning models and associated conceptualizations.

.
APV
A

p Ve f— —
Figure 15 - SOAR Figure 16 — AAM urban planning Figure 17 — AAM infrastructure

Incorporation of AAM infrastructure

Lastly, within the Live testing domain, it is imperative to consider the incorporation of mechanisms that will enable a
rigorous assessment and validation of forecasted impacts of AAM on our infrastructure. For example, this might
include the model development and integration of vehicle storage facilities, centralized airports, and takeoff/landing
zones (e.g., heliports, vertiports) at partial-scale, as they might appear in rural (e.g., surface terrain), suburban (e.g.,
re-purposed parking lots and ramps), and urban (e.g., elevated building-top) settings. Refer to Figure 17. Such
capacities will enable examination of navigation concerns related to object layout, geometry, features, and placement
that will influence near-term infrastructure design, but also, navigation capabilities for emerging AAM vehicles
themselves. Critically, such capabilities will also permit the forecasting of associated related to the environment.
These might include noise, network efficiency related to traffic volumes, modeling & simulation related to
transportation system inter-modality, and green concerns (e.g., energy consumption, emissions).
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ACTT - ONGOING STATUS AND TECHNOLOGY READINESS LEVELS (TRL)

Our Aeronautical Conceptualization for Tomorrow’s Transportation (ACTT) proposes a substantial paradigm shift
towards the future of human mobility (i.e., persons, goods, services). As a mechanism to evaluate ongoing status of
our LVCA conceptualization, we rely upon the NASA-defined Technology Readiness Levels (TRL) - a standardized
scale for estimating the maturity of technologies during planning, development, and acquisition (ISO 16290:2013;
NASA 2012, 2022). The present metric uses a 9-point scale to determine technology readiness, ranging from 1 (basic
principles observed); to 3 (experimental proof of concept); to 5 (technology validated in relevant environment); to 7
(system prototype demonstration in operational environment) to 9 (proven and deployed technology). Refer to Table
1, which provides a self-assessment of the integrated LVCA subcomponents described in this paper, color-coded, and
listed in ascending order based on current (estimated) TRL.

Table 1 — Current Technology Readiness Levels (TRLs) for the proposed ACTT (2022)
LVCA asset development Current status Estimated TRL
Live: supporting AAM infrastructure Ideas brainstormed to extend other aspects of
Live testing framework

Virtual: mixed-reality interfaces CAD models obtained, with model optimization 3
underway; proof-of-concept demonstrated

Virtual: vehicle dynamics Diverse hybrid vehicle dynamics models tested 4
(standalone); awaiting framework integration

Constructive: traffic flow modeling 2D framework has been previously conceived 4
and lab-tested; transformation to 3D imminent

Autonomous: V2X Automated ground vehicle applications currently

. . : 5

tested/validated in closed environments

Autonomous: system scalability Human-Over-the-Loop autonomy being tested 5
and demonstrated for system supervision

Virtual: software infrastructure Virtual testing campus conceived, constructed, 6
and laboratory-tested

Virtual: hardware infrastructure Multi-component hardware prototype 7

demonstration in operational environment
Constructive: nature-inspired computing  Successful implementation of algorithms within 3

diverse drone/oitimization ailications

ACTT - SCENARIOS AND USE CASES

The proposed ACTT and accompanying LVCA framework outlined in this paper respond directly to a critical and
emerging need for research regarding advanced prospects for human mobility. These ongoing efforts are timely, as
cities and metropolitan regions recover from the COVID-19 pandemic (Acuto et al., 2020; Sharifi and Khavarian-
Garmsir, 2020) and societies reconsider urban density with relation to public health (Carozzi et al., 2020), access and
mobility considerations (Fatmi, 2020) growing traffic congestion (Roy et al., 2020), and the pursuit of sustainability
goals. To mitigate these and other issues, alternative solutions and bold concepts are required to enhance access and
mobility in our increasingly complex urban environments. Consequently, the proposed LVCA conceptualization
rightfully serves to enable development and deployment of human-in-the-loop M&S scenarios and use cases which
will aide societies to systematically address these compelling matters.

A primary challenge relates to Commute Scenarios. In terms of mode usage, examples of commute scenarios include:
1) point-to-point AAM service between pre-defined origin-destination pairs; and ii) door-to-door service by integrating
ground transportation and AAM service (e.g., trip origin > ridesharing service /public transit > AAM vertiport X >
AAM vertiport Y > ridesharing service /public transit > trip destination — and any other possible combinations). In
terms of trip distance, examples of commute scenarios (e.g., Postorino and Sarné, 2020; Ahmed et al., 2020) include
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intra-city trips (short distance: 20 miles or less), and inter-city trips (i.e., considering the forecasted range of AAM
aircraft, can be classified as medium distance: 20-50 miles, and long distance: 50-150 miles). It remains essential to
implement integrated LVCA (ACTT 1-4) to identify the service scenario combinations for which AAM would be a
superior alternative - considering travel time and cost - to current ground-based options. The second challenge is
Transport Inclusivity. The existing transportation network is heavily reliant on expensive personal automobile-based
trips (Canby, 2003; Zhao and Gustafson, 2013), often leaving low-income working families at a disadvantage, in terms
of spending the majority of household income solely on transportation. In extreme cases, such families remain without
access to any form of transportation due to no car ownership, or complete lack of access to public transportation. This
problem is further exacerbated for the elderly, and for the disabled population (Rosenbloom, 2007). Moreover, a
substantial portion of the population residing in remote rural locations rely solely on automobiles for essential travel
over deficient roads and bridges (Bonifas, 2020). In this context, evaluating the potential of AAM in providing greater
access to mobility for the disadvantaged and the remotely located population is essential. A critical aspect of this
evaluation is to estimate the achievable societal and economic benefits, which can be achieved by the proposed ACTT
2 and 3. The third challenge is related to Supporting Infrastructure. STOL and eVTOL are the two major AAM
vessel types, where the former would require short length runways to take-off and land, and the latter would require
Vertiports. This is important, because the type of facility is going to have significant impact on land requirement,
initial investment, and passenger handling capacity. ACTT 1 and 4 can be leveraged to assess the pros and cons of
STOL (i.e., in combination with short runways) and eVTOL (i.e., in combination with Vertiports) vessel types to
forecast AAM network scalability. Table 2 provides a general overview of these three M&S use case scenarios for
AAM, including a basic description of the forecasted use case, and an associated problem formulation.

Table 2 — ACTT Use Cases

ACTT Use Cases Formulation Description & Forecasted Qutcomes

Commute Scenarios Simulate all possible AAM commute scenarios, evaluate the time and cost requirements
What AAM commute scenarios are optimal?

Transport Inclusivity Simulate AAM deployment scenarios to offer mobility access to the disadvantaged

What are the social and economic benefits for rural/urban AAM access?

Supporting Infrastructure | Assess infrastructure requirements considering different AAM vessel types
How will AAM vehicle types influence infrastructure requirements and landscapes?

Certainly, diverse opportunities exist to deploy the proposed ACTT towards other use cases and scenarios, including
matters related to extreme events (e.g., emergency vehicles/rescue scenarios), greem concerns (e.g., fuel
consumption/emissions), and life cycle (e.g., electric vs. fuel power sources).

SUMMARY AND PRIMARY CONCLUSIONS

Human Mobility is an urgent, cross-disciplinary, bipartisan concern. The “Transportation Network of Tomorrow” has
long been a topic of discussion and debate, with the potential for forward-thinking possibilities, including connected
and autonomous vehicles (CAV's), and unmanned aerial vehicles (UAV’s). Longer-term, at the intersection of these
technologies, domain experts are already investigating disruptive, bleeding edge prospects for human mobility,
including so-called “Flying Cars” — formally referred to as Advanced Air Mobility (AAM) - defined as the safe
development of an air transportation system that moves people and cargo between locations often underserved by
aviation — using revolutionary new forms of aircraft.

With relation to these technological needs, the 2022 I/ITSEC edict to ACTT! (Accelerate Change by Transforming
Training!) is timely -- to enable humankind to revolutionize innovations that will overcome the varied Mobility
challenges we face in the near future. This paper has presented an overview of ongoing Simulation developments
towards realization of AAM on a broader scale. Our ongoing strategic vision to address this matter is to, ourselves,
ACTT - Aeronautical Conceptualization for Tomorrow's Transportation - through the rigorous application of
advanced M&S. In particular, we have emphasized current innovations related to the Live-Virtual-Constructive-
Autonomous (LVCA) taxonomy, including: Live Prototyping for partial and full-scale T&E in a physical
environment; Virtual Simulation for assessment of human factors and human-machine interaction; Constructive
Modeling for traffic coordination and cooperation; and Autonomous system implementations for prioritizing safety
and maximizing efficiency. Recent, ongoing, and future developments were discussed within each of the four sectors
of the taxonomy, with Technology Readiness Levels (TRL’s) summarized and estimated. Appropriately, our
conceptualization concluded with an overview of Use Cases, which included details on how ACTT can be
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implemented for AAM human-in-the-loop evaluation and assessment. For each surmised travel scenario, notional
problem formulations were presented to inform downstream simulation analyses.

FUTURE WORK

As we plan ahead, the authoring team continues to develop an integrated high-fidelity M&S framework — including
coordination from all components of the LVCA taxonomy - to conceptualize the emerging operational feasibility of
AAM. These capabilities will allow subject matter experts to prototype, model, analyze, and validate egress scenarios
for tomorrow’s transportation within diverse operational settings. The outcomes of such M&S frameworks will have
a profound influence on activities related to all six subcommittees at I/ITSEC. Refer to Figure 18.

2019 - 2022 - 2023 (and beyond)

- LS
PSMA Simulation % Training
AECEQE(HANGE BY
TRAMSFORMING TRAINING

Y

ECIT HPAE Education
Figure 18 — Inter-relation between ACTT and the I/ITSEC subcommittees

Previously, the proposing Team conducted an extensive literature review (Hulme et al., 2019) to explore AAM
policies, regulations, and legal governance, which are preliminary requirements for technological sustainability.
More recently, we performed an expanded emerging concepts overview of the current state-of-the-art (Hulme et al.,
2021) which explored the technologically disruptive evolution of AAM and the key challenges associated with wide-
scale adoption. These efforts culminated with this work, whereby we have proposed to ACTT through the rigorous
and integrated application of advanced modeling & simulation, with critical emphasis upon the LVCA taxonomy.

Looking ahead, we are leveraging the integrated capabilities discussed in this work towards the analysis of mobility-
based travel scenarios and use cases of tomorrow. This will enable the critical evaluation of human performance
within this brand new travel medium. This year’s Conference theme emphasizes the need to Accelerate Change by
Transforming Training (ACTT)! The ongoing development of AAM will enable next-generation training methods
within related technological domains, including: a) pilot training and certification, b) vehicle repair and maintenance,
and c¢) connected/autonomous vehicles, including advanced robotics, sensor fusion, machine learning and artificial
intelligence (Al). Lastly, the rapid emergence of tomorrow’s transportation will have profound downstream impacts
on education, including National Aeronautics and Space Administration (NASA, 2020) advised common core state
standards for science technology, engineering, and mathematics (STEM).
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