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Abstract: With growing urban congestion, urban air mobility (UAM) , which brings urban mobility into a third

dimension for more efficient urban travel, has become a global research focus today. To provide a detailed summary of

the development status and critical issues for UAM, this paper conducts bibliometric analyses on relevant publications

in the Web of Science database from 1993 to 2024 using visualization software, such as VOSviewer and CiteSpace.

This study covers publication output, country collaboration networks, core institutions, co-citation analysis, high-

frequency keywords, and thematic mapping. Together, these indicators outline the core scholarly development of the

UAM field. The findings aim to help readers gain a clearer understanding of the current research landscape and

identify promising directions for future exploration.

Key words: advanced air mobility ; urban air mobility (UAM) ; research landscape; visualization analysis

CLC number: Ul Document code: A

0 Introduction

Due to the rapid urbanization process, the glob-
al urban population has experienced significant
growth. The demand for urban transportation in-
creases accordingly, leading to more severe traffic
congestion. Cities worldwide confront persistent
traffic congestion issues, entailing substantial costs,
environmental pollution, sustainable development
challenges, and societal conflicts'"’. This has made
cities explore new transportation technologies to
overcome these challenges. Urban air mobility
(UAM) is one of such solutions. UAM takes advan-
tage of low-utilized low-altitude urban airspace and
provides efficient, point-to-point travel, which has
enormous potential to reduce congestion in cities'’.

Over the recent years, significant progress in
automation, electric propulsion, and related technol-
ogies has created strong potential for the develop-

ment of air mobility. Various sectors have put a lot
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of effort into advancing UAM. Regulatory agencies
in the United States, China, Europe, and other
countries have already developed frameworks gov-
erning UAM operations*”. Simultaneously, Major
aerospace companies such as Airbus, Boeing, Em-
braer, Bell, and EHang have been actively manufac-
turing UAM aircraft”’. In the meantime, Honda
and Uber, as well as other companies, have partici-
pated in UAM programs'*’.

Due to ongoing industrial advancements, aca-
demic interest in UAM has grown significantly.
Much work has been conducted. Particularly, sever-
al articles have offered overviews of existing stud-
ies. Straubinger et al.""" provided an in-depth analy-
sis of UAM research published up to 2020, offering
a framework that covers the key technological, regu-
latory, and societal aspects. Rajendran et al."'"’ fo-
cused on the operations of air taxis, addressing fac-
tors such as demand forecasting, network design,

pricing, fleet maintenance, and pilot scheduling.
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Garrow et al.l'?!

presented a comparison between
the studies on UAM, electric vehicles, and autono-
mous vehicles, using data from the American Institute
of Aeronautics and Astronautics database (2015 —
2020). Cohen et al.'" summarized the main bene-
fits and challenges of UAM, such as efficiency im-
provement, better accessibility, regulation, safety,
and public acceptance. Schweiger et al.'"* reviewed
49 papers on UAM ground infrastructure published
between 2016 and 2021. Mazur et al."*' assessed Eu-
ropean and international regulations, identifying
gaps in vehicle certification, airspace integration,
and vertiport operations, and proposing harmonized
guidelines for scalable and interoperable UAM sys-
tems. Wang et al.'””' discussed the mechanisms, ap-
plications, and challenges of UAM, discussing its
potential to improve mobility and resolve issues
with airspace management, communication, and
regulation. Long et al."' reviewed UAM demand
studies from 2017 to 2022, evaluating estimation ap-
proaches such as stated preference surveys, discrete
choice models, and simulations. They identified
cost, time, income, and public acceptance as major
demand drivers and emphasized the importance of
data-driven models for planning and policy develop-
ment. Pak et al."""* describes ongoing research at the
German Aerospace Center known as DLR, involv-
ing simulation, traffic management, and vertiport
planning. Nonetheless, conventional literature re-
view methods are increasingly inefficient given the
rapid expanding of the literature, which makes the
review process time-consuming and prone to subjec-
tivity.

For this reason, and in an attempt to analyze
UAM research more comprehensively, this paper
applies bibliometric methods using tools such as
VOSviewer and CiteSpace. Data are collected from
the Web of Science Core Collection, a widely recog-
nized database of scholarly publications. Based on
this dataset, we attempt to identify the intellectual
structure, stage characteristics, and thematic hot-
spots within the UAM field.

This paper is organized as follows: In Section

2, we outline the process of data extraction and de-

scribe the analytical approach. It also includes a pre-
liminary analysis of co-citation networks. Section 3
introduces the major research themes in the UAM
field. Section 4 summarizes the key findings, con-

cluding the paper.
1 Concept and History of UAM

1.1 Definitions of UAM

The National Aeronautics and Space Adminis-
tration (NASA) has introduced a new concept
known as advanced air mobility (AAM). It repre-
sents a new mode of transportation with the poten-
tial to transform passenger and cargo air travel.
AAM aims to create a safe, efficient, and highly au-
tomated air transport network serving both urban
and rural areas. The concept covers a wide array of
emerging technologies, ranging from small un-
manned aerial systems to automated airspace man-
agement, smart air traffic management (ATM) sys-
tems,
One of the key aspects of AAM is UAM, which
represents a significant leap forward in the field "'’

UAM

manned and unmanned aircraft in urban environ-

and next-generation navigation solutions.

involves the reliable operation of

ments, primarily to provide short-range, on-de-

2,20] Tt con-

mand passenger and cargo transportation*
sists of three key elements: (1) The aerial vehicle,
typically an electric vertical take-off and landing
(eVTOL) aircraft, forms the core of the system.
(2) The infrastructure, which mainly includes verti-
ports, designated areas on the ground or elevated
platforms where eVTOL aircraft can take off and
land, complete with necessary facilities. (3) The air
traffic management frameworks are designed to en-
sure robust and controlled operations in low-altitude
urban airspace. These systems are enabled by com-
munication, navigation, and surveillance(CNS)
technologies, unmanned aircraft systems (UAS) ,
automated and predictive systems, collision avoid-

ance systems, and other advanced technologies.
1.2 History of UAM/AAM

The origins of UAM can be traced back to the
early 1900s with the initial concepts of “flying cars”.
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By the mid-20th century, helicopters began to offer
air travel services™’. In 1947, Los Angeles Air-
ways launched the first regularly scheduled, com-
mercial helicopter service'™. From 1949 to 1979,
New York Airways utilized helicopters to transport
passengers between heliports in Manhattan and vari-
ous airports. Additionally, between 1965 and 1968,
Pan Am provided hourly flights between Midtown
and JFK’s WorldPort"*”. Tragically, during this pe-
riod, the technology was still developing, and sever-
al accidents occurred. Combined with issues like
noise and high operational costs, operators ceased
their services in the late 1960s and 1970s"*".

Although business activities ended, innovation
in personal air vehicles persisted . Ref.[24] men-
tioned in 2003 engineer Paul Moller introduced the
concept of the personal air vehicle, defining it as a
self-operated aircraft. Since then, innovative con-
cepts for personal air travel have re-emerged, in-
cluding on-demand air taxi operations, door-to-door
air travel, self-operated personal air vehicles, and
intra-urban short air trips'* "

Since 2010, significant advancements in com-
munications, sensors, and data analytics, particular-
ly in the areas of distributed electric propulsion and
battery storage, have created opportunities for per-
sonal air travel®. In 2016, Uber Elevate launched
a project to explore on-demand air transportation
and proposed the concept of UAM services *. Its re-
ports outlined a detailed vision of both soft and hard
requirements for air taxis, including vehicle design,
operational infrastructure, and the economic viabili-
ty of the future air-taxi market. Two years later,
NASA formally defined UAM as a safe and efficient
air transportation system in urban areas, supporting
operations from small package delivery drones to
passenger-carrying air taxis'*’.

In 2020, NASA advanced this concept further
by launching the AAM vision. The program seeks
to create a safe development of a new air transporta-
tion ecosystem'™. In Europe, the Single European
Sky ATM Research (SESAR) program was estab-
lished, followed by the release of the U-space blue-
print®’. U-space is a set of digital systems and ser-

vices designed to safely and efficiently integrate

UAS into controlled airspace. It provides the neces-
sary infrastructure for registration, flight planning,
communication, surveillance, and traffic manage-
ment. The fourth edition of the U-space Concept of
Operations, released in 2023, expanded its scope to
29)

include UAM operations'
Aviation Safety Agency (EASA) has begun creat-

. The European Union

ing a regulatory framework, including operations of
UAS, the UAS traffic management (UTM) sys-
tem, and the certification of VTOL aircraft, along
with existing advice on vertiport designs'™".

Chinese manufacturer EHang'®' has conducted
extensive passenger flight testing with autonomous
eVTOL aircraft across multiple regions, including
China, Europe, Japan, and South Korea. Addition-
ally, EHang has collaborated with partners to con-
duct trial operations of aerial sightseeing or short-
distance air transportation in cities like Guangzhou,
Shenzhen, and Hong Kong. In 2023, the company
launched a UAM center at Lleida-Alguaire Interna-
tional Airport in Spain, the first European facility
for unmanned eVTOL aircraft.

Groupe ADP, a French company primarily
known for managing airports in Paris, is also active-
ly engaged in the field of UAM. The company is in-
volved in planning and constructing its facilities
around the managed airports and other strategic ur-
ban locations.

Volocopter GmbH, a German company, has
conducted a series of test flights in various regions,
United

States. These test flights aim to assess the perfor-

including Finland, Germany, and the
mance and safety of their eVTOL aircraft and to lay
the groundwork for future UAM operations.
Subsequently, UAM has been recognized as a
crucial strategic path for future progress, attracting
significant attention and interest from both academia

and industry.

2 Data and Knowledge Mapping

Analysis

2.1 Data and methodology
To identify emerging trends in the UAM field,

this study draws on data from the Web of Science
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Core Collection. The database spans numerous
fields and offers long-term, high-quality data. These
strengths make it a dependable source for accurate
and meaningful analysis””"’. We searched for rele-
vant publications using a predefined Keyword set:
“Urban air mobility” “advanced air mobility” “air
taxi” “flying car” “vertical take-off and landing
(VTOL) ” and “eVTOL”. Articles containing
these terms in their titles, abstracts, or keywords
were retrieved from the database. The initial search
yielded 1 682 records. After a detailed review on ti-
tles and abstracts to confirm relevance, 1 652 arti-
cles were retained for analysis.

A knowledge map visually illustrates the struc-
ture and interconnections within a body of knowl-
edge. CiteSpace and VOSviewer are widely used
bibliometric tools that employ co-citation analysis
and visual mapping to identify core themes and trace
the evolution of scholarly trends. Together, they of-
fer a clear picture of the field’ s intellectual develop-

32-33]

ment **' In this study, all obtained publications
were imported into CiteSpace and VOSviewer for
analysis. The examination contained publication vol-
ume, Country Collaboration Networks, institution-
al collaboration networks, co-citation networks,
and keyword co-occurrence analysis and evolution.
The primary objectives of this paper are as follows:

(1) Identify key contributors, including au-
thors, countries, and institutions, and assess their
influence on the field.

(2) Construct the knowledge structure of
UAM and analyze its intellectual organization.

(3) Examine the intellectual landscape to re-

veal major themes and emerging directions in UAM.
2.2 Trends in the number of published papers

The number of annual publications is shown in
Fig.1. The developmental history can be divided in-
to three distinct stages.

(1) Initial stage (1993—2002) : During this
period, only a few publications were recorded. The
early studies primarily focused on helicopters.
These efforts laid the conceptual groundwork for
what would later evolve into the “flying car” vision.

(2) Emerging stage (2003—2015) : During

this phase, academic output increased modestly as
interest in urban air transportation, particularly in
aircraft design and VTOL technology, began to
rise. A brief peak occurred in 2010, when 31 related
papers were published. Although academic activity
expanded slightly, the field remained in its forma-
tive stage. Most studies at the time focused on im-
proving propulsion efficiency, developing light-
weight materials, and constructing preliminary sim-
ulation models for short-range air transport. At this
stage, urban air transportation has always lacked a
unified theoretical framework and a comprehensive
approach.

(3) Rapid development stage (2016—2024):
Since 2016, scholarly work has entered a phase of
rapid and continuous expansion. A major reason was
Uber’ s publication of “Fast-forwarding to a future
of on-demand urban air transportation”*. Subse-
quently, more formal strategic frameworks were in-
troduced by NASA, the Federal Aviation Adminis-
tration (FAA), and EASA, as well as by national
aviation authorities such as Transport Canada and
the Civil Aviation Administration of China. This
phase represents a turning point, marking UAM’ s
evolution from conceptual exploration to systematic

study and practical development.
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The rapid growth of publications indicates that
UAM is transitioning from an initial vision to an ac-
tive field of research and development. As UAM is
recognized as a solution for urban transportation,
we predict a continued increase in scholarly publica-

tions in the future.
2.3 Distribution of countries/regions

To explore cooperation models, CiteSpace

was used to visualize the scholarly work connections
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among different countries and regions. A total of 63
countries and regions have contributed to the re-
search of UAM/AAM. As shown in Fig.2, the arc
length along the outer circle indicates each country’s
relative publication output in collaborative research,
while the connecting chords represent bilateral or
multilateral research partnerships. Thicker chords
correspond to a greater number of co-authored publi-
cations. The structure of the collaboration network
reveals a significant imbalance in global research ef-
forts. Remarkably, the United States and China
have published a significantly higher number of arti-

cles.

Fig.2 Country/region collaboration distribution in UAM
research (1993—2024)

The United States emerges as the most prolific
contributor with 318 publications and 4 237 cita-
tions. In 2017, NASA, working with the FAA and
several industry partners, developed the first opera-
tional concept framework that laid the foundation for
modern UAM initiatives'*'. Since then, NASA has
led in advancing UAM technologies, with a particu-
lar focus on aircraft design and airspace integration.
Meanwhile, the FAA establishes regulations, certi-
fies UAM aircraft, and formulates key operational
standards'® . At the urban level, cities such as Los

Angeles, Dallas, and Miami have launched pilot

programs'**'. The United States focuses on the de-
sign of eVTOL, air traffic management, and safe
operation in low-altitude airspace within the UAM
domain. By formulating relevant regulations and cer-
tification standards, America has promoted the inno-
vation and integration of UAM technology.

China, ranking second with 305 publications
and 3 180 citations. The Chinese government is ac-
celerating the legislative construction related to
UAM™Y,

space management, infrastructure planning, and

China has emphasized low-altitude air-

regulatory development. Research focuses on verti-
port layout, eVTOL design, and operational model-
ing. Demonstration projects and industry coopera-
tion are also proceeding simultaneously. Clearly,
China is making rapid progress in UAM research.
South Korea, Germany, and France have simi-
lar numbers of published articles (155, 101, and
75, respectively) , ranking the 3rd, the 4th, and the
Sth, respectively. South Korea released the Korean
Urban Air Traffic Roadmap, outlining the commer-
cialization plan for UAM. The plan aims to achieve
high-level implementation of UAM by developing
advanced infrastructure that supports innovative de-
signs and configurations, while enhancing micro-

weather and navigation capabilities'***"

. Germany
plays a pivotal role, with a strong focus on airspace
integration, vertiport design, and system safety vali-
dation. These efforts are supported by initiatives
such as the DLR’ s Horizon UAM projects' ™.
France focuses on demonstration and certification
pathways, particularly in collaboration with EASA ,
Airbus, and Volocopter'“**. Its main focus areas in-
clude air traffic management integration, noise re-
duction, and public acceptance, paving the way for
sustainable commercial adoption.

Several countries with smaller arc segments
demonstrate selective and targeted participation in
specific research domains. Italian efforts emphasize
infrastructure development, public acceptance, and
demonstration projects, particularly in connection
with the Rome and Venice test corridors for future
eVTOL operations' *”". Canada launched the Canadi-
an Advanced Air Mobility Consortium to promote
commercial AAM

sustainable  and operations
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through coordinated public-private collaboration'*.

Australia introduced the Remotely Piloted Aircraft
Systems and AAM Strategic Regulatory Roadmap,
which outlines a plan for integrating UAM into na-
tional airspace while prioritizing safety and infra-
structure readiness'*’".

According to the CiteSpace analysis, the net-
work density, calculated as 0.088 9, represents the
ratio between the actual number of established col-
laboration links and the total possible number of col-
laboration links. The relatively low network density
indicates that the cooperation among countries is rel-
atively less tight. A small group of highly productive
countries, such as the United States and China,
holds a dominant position, while many others tend
to engage in collaboration primarily within specific
regions. At the current stage, most cooperation still
takes place in the form of small-scale alliances, with
a noticeable lack of large-scale multilateral plat-
forms or globally integrated research initiatives.
This structural characteristic contributes to the rela-
tively loose and uneven nature of global academic
collaboration in the domain. Overall, countries
around the world have actively promoted the deploy-
ment of UAM through various innovation pro-
grams, demonstration projects, and regulatory mea-
sures. Their priorities and implementation strategies

differ according to national contexts.
2.4 Document co-citation analysis

Co-citation refers to the simultaneous citation

of two or more documents by other studies. It helps
uncover relationships among publications and trace
the evolution. By analyzing co-citation patterns,
scholars can identify connections across disciplines
and better understand the development of emerging
fields. Fig.3 presents the co-citation network gener-
ated in CiteSpace with a minimum citation threshold
of three, resulting in 1 037 reference nodes. The
size of a node indicates the frequency of citations for
the corresponding document. The links between
nodes reveal the co-citation relationships among cit-
ed documents. The horizontal axis of the figure rep-
resents the time span from 1993 to 2024, with alter-
nating red and white vertical bands marking yearly
time slices. As shown in Fig.3, the field of UAM
entered a rapid development stage after 2020. A sig-
nificant  concentration of co-cited references
emerged during this period, indicating the rise of
multiple research hotspots supported by highly cited
publications. Over time, the number of links in the
co-citation network has continued to increase, and
the connections between nodes have become denser.
This trend suggests a growing integration of re-
search themes and a notable rise in interdisciplinary
collaboration.

Table 1 presents the top 10 research articles
ranked by internal citation counts. The review arti-
cles on UAM by Straubinger et al."” are currently
among the most widely self-cited documents. Simi-
larly, the review articles by Cohen et al."”" and Gar-

12]

row et al.'"”' are also highly cited.

Bauranov et al.”™”

Cohen et al.”"

IR
b \\

\
Al Haddad et al.™”

() .
Bacchini et al.*?

Garrow et al.””

[10]

Straubinger et al

1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

Fig.3 Timeline visualization of co-citation relationships in UAM studies (1993—2024)
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Table 1 Top ten most frequently co-cited documents in the UAM field (1993—2024)

Author Title

Citations Source

1y An overview of current research and developments in ur-

Journal of Air Transport Manage-

Straubi tall . o . . . 104
raubmger et a ban air mobility-setting the scene for UAM introduction ment
5 . . . - Transportation Research Part A:
Al Haddad et al.""  Factors affecting the adoption and use of urban air mobility 90 ransportation Research far
Policy and practice
Cohen ot al 2" Urban air mobility: History, ecosystem, market poten- 38 IEEE Transactions on Intelligent

tial, and challenges

Bacchini et al.”™

Urban air mobility: A comprehensive review and compara-
tive analysis with autonomous and electric ground trans- 74

Garrow et al."”
portation for informing future research

Bauranov et al.””’
cepts and approaches

Kasliwal et al.””

Fu et al.™

Thipph t . .
{pphavong et a siderations

Silva et al.””
development

Electric VTOL configurations comparison

Designing airspace for urban air mobility: a review of con-

Role of flying cars in sustainable mobility

Exploring preferences for transportation modes in an urban
air mobility environment: A munich case study

20 Urban Air mobility airspace integration concepts and con-

VTOL urban air mobility concept vehicles for technology

Transportation Systems

87 Aerospace

Transportation Research Part C:
Emerging Technologies

70 Progress in Aerospace Sciences
65 Nature Communications
62 Transportation Research Record

2018 Aviation Technology, Inte-
60 gration, and Operations Confer-
ence

2018 Aviation Technology, Inte-
54 gration, and Operations Confer-
ence

Bacchini et al.”” addresed the issue of selecting
the optimal configuration for VTOL designs. They
compared three representative eVTOLs based on
five key parameters and three reference missions.
By analyzing and evaluating these configurations,
the authors aimed to identify the most suitable de-
sign that aligns with the specific requirements and
objectives of UAM operations.

Silva et al."”" outlined three principal configura-
tions of VT OL aircraft and described the associated
technologies and design strategies for both turbo-
shaft-and battery-powered models.

' has re-

The study by Thipphavong et al.'
ceived 60 citations. This paper describes NASA’ s
early framework for UAM operations. It was the
first work to formally define UAM and to describe
its potential missions, vehicle types, and airspace
concepts. This publication laid the groundwork for
recognizing UAM as a distinct academic domain and
continues to serve as a core reference for subsequent
studies in the field.

Al Haddad et al.”" conducted a questionnaire-

based study to evaluate the factors influencing pub-

lic acceptance and use of UAM. The study focused

on user perception and behavioral intention. Results
showed that safety, trust, and comfort with automa-
tion strongly affect acceptance. Data privacy con-
cerns, social attitudes, and demographic factors al-
so play important roles.

Similarly, Fu et al.'™*

used questionnaire sur-
veys to gain insights into the travel behavior impacts
of UAM by deriving measures for transportation ser-
vice attributes and identifying characteristics of po-
tential users.

Kasliwal et al.l®

explored the potential role of
flying cars in UAM, emphasizing their environmen-
tal benefits, such as reduced emissions and energy
consumption. This paper also discusses the techno-
logical advancements required to make flying cars a
viable and sustainable component of future transpor-
tation systems.

To further analyze the references, we used the
R programming language to create a historical map-
ping. This visualization traces the scholarly evolu-
tion and highlights the key works that shaped the
field, as shown in Fig.4. The network clearly re-
veals several highly cited core publications. Each

node in the figure represents a cited document, and
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A different look at output tracking: Control
of a VTOL aircraft™
DOL: 10.1016/0005-1098(95)00099-2

N

Attitude stabilization of a VTOL quadrotor
aircraft™”
DOI: 10.1109/TCST.2006.872519

N A control approach for thrust-bropelled
underactuated vehlcles and its application to

Role of flying cars in sustainable mobility"*”
DOI: 10.1038/s41467-019-09426-0

x
An overview of current research and

developments in urban air mobility-settin;
VTOL drones™ Framework pi t;’ g
DOI: 10.1109/TAC.2009.2024569 the scene for UM inroduction’
- 6/ jairtraman. 2020.101852
Flight control Global trajectory tracking control of VTOL- \
Global configuration stabilization for the ‘UAVs without linear velocity measurements”
VTOL aircraft with strong input coupling®™  DOI: 10.1016/j.automatica.2010.03.010 Urban air mobility: History, ecosystem:masket
DOL: 10.1109/TAC.2002.804457 - potential, and challenges™
-l 2 Adaptive position tracking of VTOL UAVS® DOI: 10.1109/TITS.2021.3082767
DOI: 10.1 109/TRO 20102092870
Introduction to feedback control of
VTOL vehicles: A review of basic control des1gn Factors affectmg the adoption and use of urban
ideas and principles air mobility™
DOI: 10.1109/MCS.2012.2225931 DOI: 10.1016/j.tra.2019.12.020

Design and construction of a novel quad tilt-wing UAV*" '

DOI: 10.1016/j.mechatronics.2012.03.003 Urban air mobility: A comprehensive revi
and comparative analysis with autonomox
and electric ground transportation for infc

Aircraft design Design of a commercial hybrid VTOL UAV system'®! future resea%::(})l[m
DOI: 10.1007/510846-013-9900-0 DOI: 10.1177/0361198119843858
A survey of hybrid unmanned aerial vehicles*”
DOI: 10.1007/510846-013-9900-0
1995 2000 2005 2010 2015 2020

Fig.4 Research trajectory and core literature in UAM (1993—2024)

each connecting line denotes a direct citation rela-
tionship. Along the horizontal axis, the publication
year reflects the chronological progression of the
field.

In the early phase, flight control has emerged

as a major theme. Martin et al.”™

proposed a new
control method for VTOL aircraft based on output
tracking. The approach improved flight stability and
precision. It effectively compensated for dynamic
disturbances and ensures reliable output control. In
related work, Olfati-Saber et al."™" studied the glob-
al stabilization of VTOL configurations, focusing on
systems with strong input coupling. Tayebi et al.”””
addressed the attitude stabilization of a VTOL
quadrotor, proposing a robust control method to en-
sure precise orientation and stability, with a focus
on practical implementation for real-world applica-

tions. Hua et al.™

introduced a control strategy for
thrust-propelled underactuated vehicles, specifically
applied to VTOL drones.

presented a robust control strategy for trajectory

Abdessameud et al."”

tracking of VTOL UAVs without linear velocity
measurements, improving performance in dynamic
environments. Roberts et al.'""’ proposed an adap-
tive position-tracking strategy for VITOL UAVs.
The method maintains accurate flight performance
under uncertain conditions, a key requirement for

autonomous operations.

Another major research focus lies in aircraft de-

sign, especially in aerodynamic optimization and
flight dynamics modeling.

Cetinsoy et al.'™ developed a quad tilt-wing
UAYV that merged the advantages of fixed-wing and
rotary-wing configurations. de-

signed a hybrid VTOL UAYV for commercial opera-

Ozdemir et al.!™
tions, emphasizing performance, stability, and ener-
gy efficiency. Their work demonstrated strong po-
tential for logistics and short-range transport mis-
sions. Saeed et al."* investigated hybrid UAV archi-
tectures, showing that combining multiple propul-
sion systems enhances flexibility for commercial and
industrial use.

Since 2017, framework-oriented studies have
gradually become dominant. The core literature
within this category closely aligns with the top-cited
articles listed in Table 1. Primarily comprising re-
view articles, these works focus on technological
features, traffic management, system architecture,
and developmental pathways.

Analysis of the core cited literature shows that
advances in flight control technology have greatly ac-
celerated the development of specialized UAM air-
craft, providing strong momentum for the overall

growth of the field. Aircraft design tailored for

UAM operations has remained a central research fo-
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cus, with ongoing technological innovation accom-
panied by regulatory progress, bringing the concept
closer to real-world deployment. With the progres-
sion of research, increasing attention has been di-
rected toward the coordinated development of key
subdomains within UAM systems, including air-
craft design, airspace management, and ground in-

frastructure planning.

S, vosviewer

2.5 Distribution of research institutions

Based on the analysis conducted using VOS-
viewer, research institutions with fewer than 20
publications or fewer than 20 citations were exclud-
ed. As a result, 38 institutions met the inclusion cri-
teria and are visualized in Fig.5. The brightness and
size of each label correspond to the intensity of re-

search activity and citation impact.

Fig.5 Visualization of institutional cooperation (1993—2024)

NASA stands out as the most influential insti-
tution, with 257 publications and 1 156 citations,
underscoring its central role in advancing UAM de-
velopment. NASA’s main areas of focus include air-
craft design, flight control, risk assessment, com-
munication systems, air traffic management, and
UAM operational frameworks %" NASA inte-
grates vehicle design, airspace management, and
ground infrastructure into a unified operational
framework. Its studies emphasize eVTOL perfor-
mance, low-altitude traffic management, and auto-
mation for safe and scalable operations. Work in this
area also extends to vertiport planning, digital com-
munication systems, and public acceptance.
Through this system-level approach, NASA pro-
vides the technological and regulatory foundation for
future UAM deployment.

Beihang University (BUAA) is a leading insti-
tution in China’ s UAM research, emphasizing air-

craft design, airspace management, and operational

optimization. Its studies focus on eVTOL configura-
tion design, vertiport network planning, and low-al-
titude traffic management supported by digital-twin
and artificial intelligence (AI) technologies. BUAA
also explores fleet scheduling and energy manage-
ment to enhance operational efficiency. Through
this integrated approach, the university contributes
significantly to the theoretical and practical advance-
ment of UAM in China *"™".

The research team at the Technical University
of Munich (TUM) has been highly active in the
field of UAM, with a strong emphasis on system-
level modeling and simulation. Their work explores
potential development trajectories through scenario-
based modeling while advancing the conceptual de-
sign and validation of the UAM system architec-

ture,l(),Sl,ﬂ]
The DLR work encompasses low-altitude air-
space integration and operational concepts, verti-

port design and infrastructure optimization, system
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safety analysis and certification frameworks, as well
as transport system simulation and service benefit
assessment. By leading and participating in interna-
tional collaborative initiatives such as the Horizon
UAM projects, DLR contributes both foundational
knowledge and practical methodologies that support
the safe, efficient, and sustainable deployment of
UAM systems'*™,

Over the past year, Cranfield University has
addressed topics such as infrastructure planning,

propulsion systems, air traffic and conflict manage-

ment, network modeling, flight control, and digital

Path planning

twin applications ™7™,

These institutions also reflect the inherently
multidisciplinary nature of UAM research, which in-

tegrates both engineering and societal dimensions.
2.6 Keyword analysis

In academic publications, keywords not only
define the core themes of a study but also offer a
brief overview of its content'™. Excluding the terms
previously defined in the keyword set, Fig.6 pres-
ents a comprehensive list of the top 30 high-frequen-
cy keywords. Each rectangle represents a distinct
keyword, with its size proportional to the frequency

of occurrence.

Fig.6 Treemap visualization of high-frequency keywords in UAM literature (1993—2024)

These high-frequency keywords indicate that
aircraft design is a core component. This domain en-
compasses various propulsion architectures (elec-
tric, hybrid, turboshaft, diesel) , air vehicle config-
urations (fixed-wing, rotary-wing, tiltrotors, multi-
rotors) , and aircraft aerodynamic performance. De-
signing suitable aircraft constitutes a critical factor in
the effective establishment of a successful UAM
transportation system'””.

Aircraft flight control is fundamental to flight
performance and operational reliability. It maintains
stability and enables safe landings under varying con-
ditions, while also improving efficiency, comfort,
and emergency response. Flight control systems are
generally divided into manual and automatic modes.
In current UAM research, the focus has shifted
strongly toward automation. Within this domain,

the main areas of interest include trajectory track-

ing, attitude control, and stability or stabilization.

Keyword analysis also reveals that nonlinear
control, robust control, adaptive control, and slid-
ing-mode control are among the most frequently ap-
plied methods.

Modeling and simulation also emerge as essen-
tial scholarly themes, occurring 75 and 41 times, re-
spectively.

Safety remains a timeless and enduring theme
within the realm of aviation flight. This is reflected
in keywords related to aviation safety, such as colli-
sion-avoidance and conflict-resolution.

From a sustainability perspective, current
UAM aircraft work prioritizes electric propulsion,
aligning with the global shift toward environmental-
ly responsible aviation. Attention has also expanded
to energy management, underscoring the need for
efficient power distribution in advanced flight sys-

tems.
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Another recurring topic is noise, which re-
mains a major obstacle to large-scale UAM deploy-
ment in urban environments.

By analyzing the evolution of keywords related
to UAM, it is clear that the field has been continu-
ously deepening from macro to micro levels and
from concept to practice. Initially, the focus was on
aircraft design, power systems, and technical feasi-
bility. Gradually, studies have increasingly explored
the optimization of aircraft performance, airworthi-
ness standards, and safety. Further work has shifted
towards achieving efficient and safe operations in a
complex urban environment. At the same time, its
commercial potential and economic viability have
emerged, involving analyses of market demand,
noise, network, and other aspects. Methodological
approaches have gradually evolved from the initial

theoretical models and experimental verifications to
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more complex approaches such as system analysis,

simulation, and big data analysis.

3 Research Development

Through an analysis of relevant literature, it is
evident that current UAM research spans a broad
range of topics, with increasing diversity in both
subject matter and research focus.

To better identify key areas, this study utilizes
VOSviewer to create a keyword co-occurrence
knowledge map, as shown in Fig.7. The analysis
was conducted based on a minimum occurrence
threshold of five. Each node in the network repre-
sents a keyword, with node size proportional to its
frequency of occurrence. The links between nodes
indicate co-occurrence relationships, revealing how
frequently pairs of keywords appear together in the

same publication.
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Fig.7 Keyword co-occurrence network (1993—2024)

Through the builtin VOS clustering algo-
rithm, keywords were automatically grouped into
distinct clusters based on their semantic proximity
and co-occurrence relationships. Each cluster is as-
signed a unique color to visually distinguish different
thematic areas within the field. The clustering re-
sults reveal several major research directions, in-
cluding aircraft design, air traffic management, in-

frastructure, and operations.

3.1 Theme 1: Aircraft design

Appropriate UAM aircraft play a crucial role in
the development of UAM transportation systems'’.
Numerous UAM aircraft design projects have been
launched. As shown in Fig.8(a) , these are classi-
fied into two categories based on cruising and verti-
cal take-off and landing methods: Conventional

take-off and landing (CTOL)/short take-off and
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landing (STOL) , and VTOL. The left branch of
the morphology tree includes conventional fixed-
wing configurations, which require runways and are
thus unsuitable for inner-city operations. However,
they remain viable for intercity and airport connec-
tions, as seen in NASA’s LEAPTech!™ and the E-
Fan (Airbus) ™. Autogyros, typically associated
with STOL operations, use rotor lift and propeller
thrust for short takeoffs, exemplified by the PAL-V*".
Their dependence on dedicated runways limits their
integration into UAM networks. In contrast, the

right branch includes VTOL aircraft, which can op-

erate with minimal ground space and are central to
current UAM initiatives®™’. VTOL designs are clas-
sified by lift generation during cruise into rotary-
wing, lift-fan, lift+cruise, and tilt-wing types. Ro-
tary-wing models, such as the Volocopter 2X'®' and
EHang""', provide excellent hover performance but
limited range and efficiency. Lift-fan concepts, like
the AirQuadOne'®', allow compact, safer designs
but produce higher noise. Lift+cruise and tilt-wing
configurations, as exemplified by the Lilium Jet™®"
and Boeing PAV"" | achieve greater efficiency and

range at the cost of increased complexity.

UAM aircraft
CTOL/STOL VTOL
|
Rotor-wing Fixed-wing
cruise cruise
| Fixed-wing | | Autogyro | |Rotary—wing| | Lift-fan | |Lift+cruise| | Tilt-wing |
(a) UAM aircraft classification
Fixed-wing Autogyro Rotary-wing Lift-fan Lif+cruise Tilt-wing
N A
S
LEAPTech PAL-V Volocopter  Neva AirQuadOne Lilium Jet Greased Lightning
(NASA) (NASA)
2 R
E-Fan X EHan Boeing PAV
(Airbus) g (Aurora flight sciences)

(b) Representative examples from UAM aircraft classes

Fig.8 UAM aircraft classification and representative examples

By 2024, over 800 eVTOL concepts had been
documented' ™. VTOL vehicles are the most perti-
nent when discussing the realization of UAM servic-
es'™. The vertical flight society (VFS) website pro-
vides detailed information on various types of eV -
TOL aircraft and maintains a comprehensive data-
base of eVTOL designs, making it an invaluable re-
source in this field. According to VFS, there are a
total of 782 aircraft, including 283 vectored thrust,
146 lift+cruise, 243 wingless (multicopter) , 110
hover bikes/flying devices, and 53 electric rotor-
craft. In particular, quad-rotor VTOL has received

significant attention from scholars, particularly in

the logistics field"®’.

The requirements and constraints related to
UAM aircraft design are complex and vary. Cruise
speed influences both aerodynamic design and pro-
pulsion system choices, while range determines en-
ergy storage and efficiency requirements. Payload
capacity dictates the structural design and weight
management, and maximum flight altitude impacts
the aircraft’ s pressurization and propulsion needs.
Additionally, low noise emissions will exert a sub-
stantial influence on the viability of a UAM vehicle
concept, given that public reception is a major fac-

tor'™. To ensure the sustainable operation of UAM
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systems, it is imperative to take into account energy
efficiency, hover efficiency, range considerations,
as well as various costs associated with the opera-
tional lifecycle during the aircraft design process' .
Current UAM aircraft projects exhibit significant dif-
ferences. Uber outlines a design mission range of ap-
proximately 95 km, with a reserve range of nearly
10 km, at a minimum cruise speed of 240 km/h and
a cruise altitude of 300 m. Additionally, a payload
of 500 kg is indicated for accommodating four pas-
sengers'*’. NASA recommends a cruise altitude of
1 200 m above ground level, with cruise speeds
ranging from 150 to 200 km/h, each designed to ac-
commodate either 545 kg of payload or up to six pas-
sengers .

As UAM design continues to mature, the
study on UAM aircraft, particularly eVTOL vehi-
cles, has evolved from concept to prototype demon-
stration and initial commercialization. The current
frontier topics can be summarized into the following
aspects.

(1) Innovative configurations and aerodynamic
optimization: Recent studies have explored diverse
eVTOL configurations to balance vertical take-off
capability with cruise efficiency. These works em-
phasize aerodynamic modeling, distributed propul-
sion integration, and trade-off optimization between
energy use, payload, and noise "

(2) Autonomy and intelligent flight control:
Autonomous flight control is a core enabler for high-
density UAM operations. Current investigation ex-
tends beyond basic automation toward the develop-
ment of intelligent, adaptive, and cooperative con-
trol systems that can function reliably in complex
and dynamic urban environments. Intelligent flight
management focuses on real-time trajectory optimi-
zation, distributed decision-making, and conflict
resolution among multiple eVTOL aircraft sharing
constrained airspace ™",

(3) Energy and propulsion systems: The pro-
pulsion and energy systems define the operational
feasibility of eVTOLs. Current research emphasizes

battery and hybrid powertrain optimization, distrib-

uted electric propulsion, and energy-efficient flight
mission design'® """,

(4) Acoustics and aerodynamics of rotor inter-
action: Noise reduction and aerodynamic safety
around vertiports remain key barriers to societal ac-
ceptance. Studies focus on rotor-wake interactions,
downwash/outwash modeling, and acoustic signa-
ture prediction' ",

(5) Safety and certification frameworks: En-
suring system reliability and compliance is a major
frontier as eVTOLs approach commercial deploy-
ment. Current work addresses certification method-
ology, redundancy, and integrated safety manage-
ment %,

Across these domains, scholars employ a wide
range of quantitative and computational methods,
including: Computational fluid dynamics (CFD)
and aeroacoustic coupling for aerodynamic and noise
modeling'®’; multi-disciplinary design optimization
for configuration and propulsion analysis''*"’ ; system
safety analysis and fault-tree modeling for certifica-

[77,101]

tion frameworks ; digital twin technologies that

are increasingly applied across the entire UAM sys-
tem lifecycle' "

Aircraft design remains the foundation of
UAM advancement, with many companies actively
Although

eVTOL technologies have achieved significant mile-

developing and testing prototypes.
stones, challenges remain in airworthiness certifica-
tion, flight modes, safety, and reliability. As the
complexity of UAM systems grows, aircraft design
is becoming increasingly integrated and modular. In
addition to prioritizing safety and efficiency, there is
a strong focus on achieving a high level of autono-
mous flight. Current research emphasizes multi-re-
dundant architectures, aerodynamic optimization,

energy efficiency, and intelligent flight control.
3.2 Theme 2: Air traffic management

The current ATM system’ s inadequacy in
managing urban airspace is the main barrier to
UAM development'™. As illustrated in Fig.9, in
accordance with ICAO guidelines' "', the FAA
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commonly uses six of these categories: Class A
(5 489—18 288 m) , Class B (around the busiest
airports) , Class C (around medium-sized airports) ,

Class D (around smaller airports with control tow-

Class G
Uncontrolled
upper-limit varies,

¥

Mediumsized @

il airports surface :
Sm’zurfa;‘:ms 1219 m AGL

762 m AGL

ers), and Class E (around smaller airports without
control towers). Uncontrolled airspace, Class G, is

below 366 m and lacks air traffic management, rely-
yLos1,

ing on visual flight rules (VFR

Class E
All airapace between
class A and other

Busiest airports surface
3048 m AGL

Fig.9 Classification of airspace adapted from Ref.[104]

Vascik et al.""® suggest that the low altitudes
of Classes E and G airspace enables eV TOL opera-
tions without requiring air traffic control (ATC)
separation and routing services, making it suitable
for highly autonomous eVTOL vehicles. However,
further analyses suggest that as UAM transport
scales increase, expanded airspace will be necessary
for UAM operations™™"')  NASA has proposed
extending the use of airspace above 120 m for both
general aviation and UAM activities™. The FAA’s
UAM Concept of Operations specifies that UAM
operations are typically conducted below 1 524 m,
ensuring safe integration with existing airspace struc-
tures and minimizing potential conflicts with conven-
tional commercial aviation'*. In general, UAM air-
space is categorized within Classes B, C, or D.

Once the airspace boundaries are established,
it is essential to further discuss a feasible and stan-
dardized airspace architecture for UAM operations.
The Metropolis Project has proposed four decentral-
ized airspace concepts, full mix, layers, zones, and
tubes, each based on the increasing number of con-
straints applied in the respective designs """
Fig.10 illustrates a comparison of four airspace con-

figurations: (1) The full mix concept refers to an

unstructured airspace in which aircraft can freely
move in all directions. (2) The layers concept, char-
acterized by three degrees of freedom, divides the
airspace into vertical altitude layers. Each layer al-
lows for specific heading velocity and horizontal
routes, except for aircraft ascending or descending.
(3) The zones concept divides airspace into radial
or circular zones, similar to the ring roads used in
ground transportation. Aircraft can move clockwise
or counterclockwise to enter and exit these zones,
with inbound and outbound radial routes facilitating
their movement. This concept operates with two de-
grees of freedom: Altitude and speed. (4) In the
tubes concept, all flights within tube travel at uni-
form altitude, direction, and speed, adhering to pre-
defined space-time routes. Aircraft operate with zero
degrees of freedom, ensuring movement along pre-
planned, collision-free routes. This structure signifi-
cantly enhances the predictability of traffic move-
ment.

Inspired by terrestrial road traffic, Jang et al."'!"
from NASA proposed three multilayered airspace
structure design concepts for use between high-rise
buildings: Sky-lanes, sky-tubes, and sky-corridors.
According to NASA, air corridors will become the

primary mode of operation in the near-future phase
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Airspace design concepts in order of increasing structure
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Fig.10 Four concepts of airspace design, adapted
from Refs.[109-110]

of UAM development ™. The FAA proposes that
UAM operations occur in structured airspace, gen-
erally described as UAM corridors'*.

The establishment of urban low-altitude air-
space also needs to consider the minimum horizon-
tal separation from tall buildings on the ground, as
well as restrictions imposed by certain no-fly zones.
Mohamed Salleh et al.'""*" have proposed three types
of urban low-altitude airway network design con-
cepts: The airmatrix network, the over-buildings
network, and the overroads network. These de-
signs suggest utilizing existing urban infrastructure,
such as ground road networks and airspace above
rooftops, or natural areas, like rivers and wood-
lands, for the planning of aerial routes.

With the rapid development of UAM, the tra-
ditional ATM system can no longer be directly ex-
tended to accommodate the low-altitude, high-den-
sity, and multi-vertiport operational environment en-
visioned for UAM. Based on this, Mathur et al."""*
mentioned two potential models for the future devel-
opment of urban air traffic: (1) A manned develop-
ment approach, which extends the traditional air
traffic control functions of the existing ATM system
to urban air traffic management; (2) an unmanned
development approach, which relies on advance-
ments in autonomous driving, automatic control,
and intelligent technologies within the UAS frame-
work.

As the domain advances, a new UAM-ATM
architecture is beginning to develop. Automation,
digitization, and human-machine teaming become
foundational. Yan et al.""*' discussed the necessity
of digital scheduling, collaborative traffic manage-
ment, and data-driven coordination mechanisms to

enable large-scale UAM operations. Fas-Millan et

al.""" demonstrated a digital controller concept with-
in the U-space architecture, where automated strate-
gic and tactical conflict-resolution services replace
routine controller tasks, while human supervisors re-
tain oversight and exception handling responsibili-

ties. Similarly, Schuchardt et al.''*

emphasized
that digital tower concepts and automated controller
services will constitute the operational backbone of
high-density UAM networks, transforming human
operators from manual controllers into supervisory
collaborators within a human-machine teaming para-
digm.

Ground infrastructure, communication, net-
work support systems, and information exchange ar-
chitectures constitute the critical components.
NASA™ proposed that the UAM communication
architecture which is composed of three core layers,
the air-ground command and control link, the infor-
mation exchange service layer, and the UAM-
ATM service layer. It forms the most authoritative
framework for UAM network communication. With-

) system, the concept of a digital

in the U-space
service network was introduced, defining the struc-
ture of air-ground communication links, data ex-
change nodes, and the coordination mechanisms
among digital service providers.

Advanced communication, navigation, surveil-
lance (CNS) capabilities remain a cornerstone of
UAM system development. The emergence of next-
generation 5G/6G-B5G communication networks is
a key development. Hybrid navigation architectures
are also advancing, combining Global navigation
satellite systems, inertial navigation systems, and
vision-based positioning. Additionally, multi-source
surveillance integration is being leveraged, incorpo-
rating automatic dependent surveillance-broadcast,
UAS Remote 1D, and satellite-based tracking" "'’

UAM-ATM in low-altitude urban environ-
ments exhibits high traffic density, spatial con-
straints, strong dynamics, high digitalization, and
pronounced uncertainty. Within such a complex op-
erational context, UAM-ATM faces several techni-
cal bottlenecks.

First, communication latency and network reli-

ability constitute prepresent major barriers to high-



No. 2 LU Yannan, et al. Review on Development of UAM Research Through Bibliometric Knowledge Mapping 173

density UAM operations. The UAM-ATM frame-
work relies heavily on continuous low-latency bidi-
rectional data exchange for state broadcasting, tra-
jectory negotiation, separation management, and
contingency handling. Under dense traffic condi-
tions, communication load increases nonlinearly,
potentially degrading synchronization and system
stability. Current research explores the adoption of
5G/6G URLLC network slicingand dedicated spec-
trum allocation for enabling low-latency communica-

tion architectures™’

, as well as employing multi-
channel redundancy via cellular, satellite, and dedi-
cated command-and-control (C2) links ™. The
NASA UTM concept'™ and the SESAR joint un-

dertaking U-space architecture *'

emphasize digital
data exchange and service-oriented communication
layers.

Second, uncertainty in the urban low-altitude
meteorological environment has emerged as a criti-
cal constraint on system capacity. Complex urban
wind fields, building-induced turbulence, and local-
ized thermal circulation phenomena introduce highly
nonlinear and time-varying disturbances that directly
affect trajectory tracking accuracy and separation re-
quirements. Existing studies primarily rely on high-
resolution numerical weather prediction models to
simulate localized wind conditions ™!, and utilize
CFD simulations based on three-dimensional urban
models, deploy low-altitude sensing networks '**/,
LIDAR systems, and UAV-based measurements to
improve situational awareness ",

Third, airspace structure and capacity manage-
ment present scalability challenges as traffic density
increases. To enhance flexibility, dynamic reconfig-
urable airspace structures and UAM-specific grid-
based management concepts have been proposed,
emphasizing real-time adjustment of airspace bound-
aries and capacity allocation in response to traffic de-
mand fluctuations'™".

Finally, conflict resolution and algorithmic
provability are significant challenges. In high-densi-
ty multi-agent environments, decentralized decision-
making may produce oscillatory behaviors or conver-
gence failures, particularly under communication de-

lay and environmental disturbances. The current re-

search primarily focuses on distributed conflict reso-
lution, with multi-agent systems and deep reinforce-
ment learning becoming key areas of emphasis'**'.

The frontier technologies driving the evolution
of UAM-ATM include the following aspets.

(1) Digital air traffic control: Al-assisted air
traffic management systems perform automated tra-
jectory allocation, conflict detection, and traffic-se-
quence optimization, replacing conventional manual
control tasks with digital services''*".

(2) Human-machine teaming decision-support
systems: By combining cognitive computing, visu-
alization interfaces, and adaptive workload manage-
ment, these systems enhance controller situational
awareness and collaborative decision-making be-
tween humans and autonomous agents"*".

(3) Multi-agent reinforcement learning: It en-
ables self-organizing traffic management and dynam-
ic priority scheduling within complex urban air-
space, facilitating adaptive trajectory planning and
autonomous conflict resolution to enhance operation-
al scalability and efficiency'™*".

(4) Digital twin technology: Digital-twin plat-
forms integrate multi-source data, Al, and real-
time sensing to dynamically replicate UAM opera-
tions, enabling virtual testing and operational opti-
mization' ",

(5) Traffic management: Dynamic airspace al-
location allows corridors and capacities to adapt in
real time to demand and traffic density"""”". Trajecto-
ry-based operations place the trajectory at the center
of flow management, enabling predictive conflict
prevention and demand-capacity balancing. Togeth-
er, they enhance operational flexibility and scalabili-
ty in high-density environments''*’".

(6) System-wide information management en-
ables standardized data exchange and seamless in-
teroperability among operators, service providers,
and regulatory entities, establishing a unified infor-
mation-sharing framework essential for coordinated
UAM-ATM operations .

(7) Predictive airspace management and ai-
based scheduling. Time-series models and decision-
tree algorithms support traffic forecasting, predic-

tive deconfliction, and intelligent scheduling, im-
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proving efficiency and resilience under uncertain-
ty

UAM air traffic management presents signifi-
cant challenges, requiring flexible and real-time allo-
cation and adjustment of low-altitude airspace re-
sources. To address this, current research increas-
ingly focuses on automated flight control systems
and Al technologies. Core areas include multi-
source data fusion, precise trajectory control, and
reliable communication. However, suitable theoreti-
cal and operational frameworks for dense urban envi-
ronments remain underdeveloped. Emerging direc-
tions emphasize integration between UAM and tra-
ditional aviation systems, development of automat-
ed and predictive airspace management approaches,
and the application of 5G and satellite navigation
technologies to enhance safety and situational aware-

ness.
3.3 Theme 3: Infrastructure

To enable UAM operations, specialized infra-

! Infrastructure primarily in-

structure is essential
cludes facilities for parking, charging, staging, and
other essential ground operations. Similarly,
ground-based navigation facilities are also crucial.
The essential infrastructure of a UAM airport
primarily includes both landside and airside™'. As
illustrated in Fig.11, the landside typically consists
of passenger waiting areas, ticketing zones, and oth-
er related facilities. In Fig.11, TLOF means touch-
down and lift-off area, and FATO means final ap-
proach and take-off area. The airside, designated
for aircraft operations, is subject to strict regulations
regarding touchdown and liftoff areas, final ap-
proach and takeoff areas, safety areas, and taxi-
ways. The elements, functions, sizes, and through-
put of UAM airports vary depending on the time
frame, maturity level, and traffic density. Several
institutions are focusing on the structure and design
of vertiports, with the EASA"™ and the FAA"™' be-
ing the leading authorities. Their document details
vertiport physical characteristics, including obstacle
environments, visual aids, lighting, and markings.
Vascik et al."'* discussed various layout options for
vertiports, including linear, satellite, and pier topol-

ogies.

Airside Landside
Maintenance
area Gate
Saftey area
~ Htands Waiting
FATO—— lounge
TLOF—— V

N

Taxiway

Fig.11 An example layout of a UAM vertiport adapted
from Ref.[134]

The main contents of the vertiport research are
as follows:

(1) Vertiport layout

Vertiport is usually located in the city center or
its surrounding areas. When designing it, the limit-
ed space resources must be fully utilized. The size
and position of the take-off and landing platform,
the layout of the parking area, and the balance be-
tween vertical and horizontal spaces are all key is-
sues in the design of vertiport. In response to the
limitations of urban space and the diverse demands
of aircraft, many investigators have proposed vari-
ous layout patterns, including star layout, linear lay-

U3 Environ-

out, and circular layout, among others
mental and sustainable design, especially noise con-
trol and environmental impact assessment, are also
key considerations in the design of vertiports.

The following are several commonly used tech-
niques in vertiport layout design: (D Digital twin
technology creates a virtual model of the Vertiport
to monitor and analyze its operational status in real-
time, optimizing layout design and operational effi-

19915 @ simulation technology plays a signifi-

ciency
cant role in the layout design of vertiport, capable of
optimizing multiple aspects such as aircraft takeoff
and landing, traffic flow, safety management, and
energy utilization' ™’

(2) Vertiport site selection

Location and network layout represent one of
the core directions in vertiport studies. In the early

stage of site feasibility analysis, Fadhil"*"

presented
several options for UAM ground infrastructure, in-
cluding rooftops, barges over water, inside highway
cloverleaves, and on top of existing ground-trans-

[138]

port infrastructure. Johnson considered factors
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such as population density, job density, median in-
come, existing noise, and ground-based transport
accessibility as the primary considerations to con-
duct site selection. From the perspective of UAM
fleet operators, Shon et al.'"™ aimed to minimize
operating costs. Constrained by airspace capacity,
aircraft performance, vertiport capacity, demand,
and investment, they utilized multi-objective optimi-
zation algorithms to optimize the layout and re-
source allocation of Vertiports.

To capture these multidimensional factors, re-
cent studies employ geographic information
system-based spatial analysis combined with multi-
criteria decision-making methods to comprehensive-
ly assess geographic suitability, noise sensitivity,
grid connectivity, and land-use compatibility" """

Meanwhile, clustering algorithms have been
applied to large-scale mobility datasets to identify
potential origin-destination hotspots and high-de-
mand corridors, serving as primary candidates for
vertiport deployment'**".

Optimization models such as the maximum cov-
erage location problem, p-median, and p-hub loca-
tion models are widely used to design optimal spa-
tial layouts of vertiports and routes within UAM net-
works. The hub-and-spoke structure is also used to
formulate the UAM network " 4,

(3) Capacity assessment and operational simula-
tion

Capacity research focuses on identifying the in-
ternal operational bottlenecks and evaluating sched-
uling strategies within vertiports to determine their
service capability and efficiency. Queuing models
are typically used to evaluate service capacity, wait-
ing times, and utilization rates under varying arrival
rates and service disciplines'*”’. Discrete event simu-
lation (DES) methods are widely applied to model
the stochastic behavior of aircraft and passengers in

sequential operations'**’.

System dynamics models,
on the other hand, enable high-level performance
evaluation and feedback analysis over long-term op-
erational cycles'™*"".

The design and site selection analyses of multi-

functional vertiports have always been core compo-

nents of the UAM infrastructure. Over time, devel-
opment in this area has gradually shifted from initial
single-function analysis to comprehensive, coordi-
nated approaches that integrate urban transporta-
tion, environmental, and energy considerations,
leading to deep integration with various urban sys-

tems.
3.4 Theme 4: Operations

The operational concept and business model ap-
proach have been identified as crucial factors for a
successful introduction of UAM™ ™ A illustrat-
ed in Fig.12, NASA"" presents a framework for
UAM maturity levels (UML). The future develop-
ment stages of UAM are organized into six levels,
focusing on carriers, airspace, and community ac-
ceptance, with each level designed to address specif-
ic challenges. Meanwhile, NASA has identified
UAM markets across 16 categories. UAM markets
across 16 market categories' ™.

Differences in technological maturity and mar-
ket orientation result in differentiated UAM opera-
tional models. Table 2 describes the typical opera-
tional models for air commuting. Berger et al.'"”"
identified specific technological and operational re-
quirements for three main use cases of UAM ser-
vice, air taxis, airport shuttles, and intercity flights.
Uber also pointed out that on-demand flights and
shared mobility would be key competitive factors in
UAM operational models™?’. On-demand UAM di-
rectly responds to customer needs, utilizing small
eVTOLs to provide rapid, personalized air trans-
port. This operational model enables door-to-door
services, better fulfilling passenger travel require-
ments. Shared mobility in UAM involves providing
air transport services to multiple passengers simulta-
neously, maximizing efficiency and reducing costs
by sharing flights.

Different operation models have put forward
differentiated requirements for the operation of
UAM, mainly in the following key directions.

(1) Flight scheduling and task allocation

Flight scheduling is one of the core compo-
nents of the UAM system, and its efficiency direct-

ly affects the utilization rate of aircraft, punctuality,
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Late-stage certification testing and operational demonstrations in limited environments
h‘ + Aircraft certification, technology innovations, and evaluations of conforming prototypes J
+ Includes community and market demonstrations and data collection with a focus on future airspace operations
Initial
state

+ Limited market operations with weather-tolerant conditions, small UAM networks, and initial regulatory approvals

Low density and complexity commercial operations with assistive automation
+ Includes UTM-supported, self-managed operations in controlled airspace

Low density, medium complexity operations with comprehensive safety assurance automation

* Operations expand to urban cores, with automated airspace operations validation

UML-3 - Incorporates advanced systems for safety and weather tolerance
Intermediate
state Medium density and complexity operations with collaborative and responsible automated systems
+ Expanded networks forhundreds of simultaneous operations
UML-4 | - Includes high-throughput aerodromes and simplified aircraft operations

:

Mature

High density and complexity operations with highly integrated automated networks
- Large-scale, distributed networks supporting thousands of simultaneous operations
+ Highly automated UTM systems, weather-tolerant operations, and high-volume manufacturing )

state

-

Ubiquitous UAM operations with system-wide automated optimization ‘
+ Full integration with physical infrastructure, highly automated ATM systems, and enabled private ownership of UAM vehicles
+ Advanced capabilities for both suburban and rural operations )

Fig.12 Framework for UAM maturity levels adapted from Ref.[19]

Table 2 Typical operational models for UAM in air commuting

Operational model

Definition

Airport shuttle
Air taxi
Air pooling

Private service

Fixed-route airports that serve passenger transportation to, from, or between locations
On-demand service that provides point-to-point transportation
Aggregating multiple individual users into a single vehicle for flights

Serving only one individual or party for a length of time greater

Train Providing concentrated point-to-point travel along network infrastructure

cost control, and the overall experience of passen-
gers. Aircraft usually need to take off and land
among multiple vertiports and allocate flight tasks
according to different demands and tasks. The dy-
namics and real-time nature make UAM task alloca-
tion a challenging difficulty. Tang et al.""™* proposed
a flight planning model that integrated multi-objec-
tive optimization and real-time dynamic scheduling,
aiming to minimize the operating costs of aircraft in
UAM systems. By combining particle swarm opti-
mization and genetic algorithm, this model can opti-
mize flight paths and aircraft scheduling while taking
into account energy consumption, flight time, and
task priority.

In addition to the widely used multi-objective
optimization algorithms, simulation-based methods
are also a solution for implementing UAM resource
scheduling. Onat et al.'"*"' presented a detailed simu-

lation-based framework designed to evaluate the per-

formance of eVTOL networks and the dynamics of
fleet operations. The model integratd multiple com-
ponents, including fleet size, flight routing, de-
mand distribution, and scheduling algorithms, to
simulate real-world conditions. It used discrete-
event simulation to model time-based processes.

AT and machine learning are widely applied to

93 proposed a

optimize flight scheduling. Paul et al.
graph-based reinforcement learning framework for
UAM fleet scheduling, which efficiently allocates
resources, and handled dynamic conditions, and
manages complex scheduling tasks within UAM sys-
tems. In this model, vertiports were represented as
nodes, and edges denote the connections between
them. Reinforcement learning was employed to opti-
mize flight schedules while considering various oper-
ational constraints. This approach aimed to enhance
the efficiency and adaptability of UAM operations,

especially in dynamic environments.
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Facing the problem of dynamic scheduling and
demand response, multi-agent systems are widely
used. Park et al.""®’ proposed a multi-agent rein-
forcement learning framework for implementing col~
laborative air transport services in city-wide auto-
mated UAM. This method aimed to optimize the
collaboration and scheduling of multiple eVTOL air-
craft in complex urban air traffic systems to address
issues such as task allocation, conflict avoidance,
and flight efficiency in air transportation.

(2) Urban integration and multimodal transpor-
tation management

As a new type of urban travel mode, the effi-
cient operation of UAM depends not only on the op-
timization of the air traffic system itself, but also on
the degree of integration with the overall urban
transportation system. Achieving a seamless connec-
tion between UAM and ground transportation is the
key to building an efficient urban air travel network.

Through geographic information system (GIS)
analysis and multi-criteria decision analysis, the lo-
cation of vertiport can be reasonably determined,
which can effectively ensure the effective connection
between UAM and the existing transportation sys-

tem. Rahman et al.l™™

integrated urban data, such
as existing transportation networks and population
density, to ensure effective connectivity and accessi-
bility between vertiports and public transit systems.
Based on GIS and multi-modal transportation net-
work analysis, Zhao et al.'"™' comprehensively con-
sidered multiple targets such as total passenger ca-
pacity, total facility cost, and ground travel distance
to vertical airports. A method for strategically inte-
grating vertiport planning with multimodal transpor-
tation was proposed.

(3) Market demand forecasting

Market demand forecasting is a fundamental
link in the planning and operation management of
UAM systems, and its accuracy directly affects stra-
tegic decisions such as network layout, vertiport
site selection, route design, and capacity allocation.
The market demand for UAM has significant charac-
teristics of spatial-temporal heterogeneity and high
volatility. Therefore, constructing a scientific pre-

diction model is crucial for the economic feasibility

assessment of the system.

Since UAM has not yet been operated on a
large scale, questionnaire analysis and travel behav-
ior models have become the main methods for

1.1 used a

UAM demand forecasting. Hwang et a
questionnaire Survey to analyze key factors influenc-
ing consumers, including price, safety, comfort,
travel duration, and accessibility of urban air traffic,
to predict future demand for UAM.

The travel behavior model is used to predict
the possibility of users choosing different modes of
transportation. Coppola et al.'™” used discrete
choice models to assess consumer preferences and
adoption intentions for various UAM services, such
as air taxis and airport shuttles.

(4) Environmental impact

In the UAM system, environmental impact
and sustainability management are important prereq-
uisites for ensuring the acceptability and social rec-
ognition of urban air traffic. Especially, there are
significant challenges that need to be addressed to
ensure they are ecologically viable and socially ac-
ceptable.

Noise pollution is one of the most critical issues
in UAM operations. Bian et al."'™ established a
quantifiable UAM noise environment assessment
model through virtual flight simulation, which was
used to predict the noise distribution and environ-
mental impact under different operating conditions,
providing a scientific basis for urban airspace plan-
ning and policy-making. Gao et al.""™ took noise eq-
uity as its core objective and proposed a noise-aware
and equity-oriented urban air traffic management op-
timization framework. The framework integrated de-
mand satisfaction, community noise exposure, ener-
gy consumption, and equity constraints, formulat-
ing them into a multi-objective optimization prob-
lem.

Life cycle assessment is often used to mea-
sure UAM environmental sustainability. Liberacki

et al [160]

proposed the environmental life cycle cost
framework, quantifying the environmental cost of
UAM systems and revealing the environmental and
economic impacts of UAM throughout the entire cy-

cle of production, operation, and decommissioning.
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As the UAM system has not yet entered the
full commercialization stage, demand forecasting
and the development of operation models remain
key challenges. The current studies are mainly
based on questionnaire surveys and simulation de-
duction, lacking real operational data support. How-
ever, the accuracy and reliability of these approach-
es in evaluating UAM demand remain uncertain. In
addition, environmental and social impact assess-

ment is another research focus in operational studies.
4 Conclusions

4.1 Summary

Based on 1 652 articles retrieved from the Web
of Science Core Collection database, this study em-
ployed CiteSpace and VOSviewer to systematically
analyze existing UAM work. The main findings are
summarized as follows.

(1) Publication trends: UAM research has ex-
perienced rapid growth since 2016, with a sharp in-
crease in scholarly output after 2020, indicating ris-
ing academic interest in the field.

(2) National-level analysis: Studies in the
United States, China, and Europe have continued
to expand, yet collaboration between regions re-
mains limited. Noticeable differences exist in terms
of technological maturity, policy support, and indus-
trial cooperation models across countries.

(3) Major institutions: Leading institutions in-
clude NASA, BUAA, TUM, DLR, and Cranfield
University, which together constitute the global aca-
demic and technological backbone of the UAM field.

(4) Corcitation analysis: The highly cited liter-
ature forms the knowledge base of UAM studies,
focusing primarily on system framework construc-
tion, technical feasibility analysis, and developmen-
tal pathways.

(5) Keyword co-occurrence analysis: The
high-frequency terms such as UAV, VTOL, elec-
tric, and ATM. The keywords reflect the current fo-
cal areas.

(6) Cluster analysis: The UAM knowledge
system can be categorized into four primary themes,

aircraft design, air traffic management, infrastruc-

tureand operations, and scheduling. The results indi-
cate that aircraft technology and airspace manage-
ment remain the core areas of study, while infra-
structure design and operational frameworks are
emerging as new focal points for future study.

In summary, this study employs bibliometric
knowledge mapping to analyze the UAM domain,
revealing its developmental trajectory, structural
composition, and emerging focal areas. The results
provide a visual and analytical foundation for future

work.
4.2 Future research

It is important to acknowledge that this study is
solely based on data extracted from the Web of Sci-
ence Core Collection. Consequently, some high-
quality and relevant publications indexed in other da-
tabases may have been omitted. Furthermore, the
clustering and node algorithms in CiteSpace, while
effective, may exhibit limitations in accuracy when
handling heterogeneous research themes. Future
studies are encouraged to incorporate multi-source
databases and adopt a broader range of bibliometric
tools to cross-validate findings and ensure a more
comprehensive analysis.

Building on the current findings and addressing
the observed gaps, future research may consider the
following directions.

(1) Enhancing international and institutional
collaboration: Future work should aim to build glob-
al collaborative research platforms, promote inter-
organizational partnerships, and strengthen interna-
tional consensus on literature, data standards, and
technical protocols. These efforts can reduce re-
search duplication and accelerate technological con-
vergence.

(2) Strengthening coordination across the ma-
jor domains of UAM research: Subsequent studies
should prioritize the development of unified, system-
level planning frameworks that seamlessly connect
aircraft design, air traffic management, infrastruc-
ture development, and operational strategies. Such
integration will support more consistent and data-in-
formed decision-making, strengthen the alignment

between technological advances and regulatory poli-
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cies, and ultimately promote a more resilient and
scalable UAM ecosystem.

(3) Quantitative assessment of social dimen-
sions: Future studies could adopt methods such as
surveys, behavioral simulations, and social network
analysis to develop multidimensional models of so-
cial acceptance.

In the long term, UAM is expected to become
an integral component of future smart transportation
and sustainable urban systems, fostering the deep
integration of aviation, energy, information, and
traffic management sectors. Through the coordinat-
ed development of research, industry, and policy,
UAM is anticipated to achieve a significant transi-
tion from pilot demonstrations to large-scale com-

mercial operations within the next decade.
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