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Urban Air Mobility Ñ defined as safe and efficient air traffic operations in a metropolitan 
area for manned aircraft and unmanned aircraft systemsÑ is being researched and developed 
by industry, academia, and government. Significant resources have been invested toward 
cultivating an ecosystem for Urban Air Mobility that includes manufacturers of electric 
vertical takeoff and landing aircr aft, builders of takeoff and landing areas, and researchers of 
the airspace integration concepts, technologies, and procedures needed to conduct Urban Air 
Mobili ty operations safely and efficiently alongside other airspace users. This paper provides 
high-level descriptions of both emergent and early expanded operational concepts for Urban 
Air Mobility that NASA is developing. The scope of this work is defined in terms of missions, 
aircraft, airspace, and hazards. Past and current Urban Air Mobility operations are also 
reviewed, and the considerations for the data exchange architecture and communication, 
navigation, and surveillance requirements are also discussed. This paper will serve as a 
starting point to develop a framework for NASAÕs Urban Air Mobility airspace integration 
research and development efforts with partners and stakeholders that could include fast-time 
simulations, human-in-the-loop simulations, and flight demonstrations. 

I.! Introduction  
VIATION technologies and concepts (e.g., for distributed electric propulsion [1] and service-oriented paradigm 
and architecture [2]) have reached a level of maturity to enable Urban Air Mobility (UAM) using quiet and 

efficient manned and unmanned vehicles to conduct on-demand and scheduled operations. Types of operations could 
include emergency medical evacuations, rescue operations, humanitarian missions, news gathering, ground traffic 
flow assessment, weather monitoring, package delivery, and passenger transport. With regard to the latter, a recent 
study evaluated potential takeoff and landing areas in the San Francisco Bay Area and concluded that the door-to-door 
trip time savings resulting from UAM could be significant for trips greater than 15 miles [3]. A number of technical 
challenges must be overcome to achieve mature UAM operations at higher tempo and higher density than can be 
accommodated by the current air traffic control (ATC) system. 

Significant progress has already been made toward defining what future UAM operations could look like. For 
instance, Uber Elevate published a white paper describing their vision for an air taxi service [4]. It includes an analysis 
of the feasibility of using electric vertical takeoff and landing (eVTOL) vehicles for air taxi services, the economics 
of the air taxi market, and the ground infrastructure (e.g., vertiports, charging systems) required for air taxi operations. 
It also discusses several crucial airspace integration challenges for UAM, such as efficient sequencing and scheduling 
of aircraft into and out of vertiports and interoperability between vehicles. However, the Uber Elevate white paper 
focuses on air taxi operations and does not describe the broader range of missions, aircraft types, airspace, and hazards 
in metropolitan areas that this paper on UAM airspace integration does. Besides Uber Elevate, several other companies 
are also pursuing concepts for air taxi services, including Airbus in S‹o Paulo, Brazil [5], Kitty Hawk in New Zealand 
[6], and Volocopter in Dubai, United Arab Emirates [7]. 

In recent years, a number of studies have been conducted on the subject of On-Demand Mobility (ODM)Ñ air 
traffic operations between any origin and any destination [8] without the delays associated with scheduled service as 
in traditional commercial aviation. These include research efforts on the ODM vision [8], concepts [9], barriers [10], 
vehicles [11], demand forecasting [12], and impact on the National Airspace System (NAS) [13]. UAM is the subset 
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and vertiport network scheduling (Section VI.A.2) are integrated with tactical management components like en-route 
separation and departure and arrival management at vertiports (Section VI.A.3). These components will need to be 
interoperable (Section VI.A.4) and resilient to disruptions (Section VI.A.5) and contingencies (Section VI.A.6). This 
section describes these components and considerations for UAM airspace integration. It is expected that other 
frameworks for managing UAM operations will be investigated as NASA learns with and collaborates with the UAM 
community and the broader aviation community. 

 
1.! Congestion Management 

Dense areas of traffic constrain the operational flexibility to respond to uncertainties and disruptions, which can 
lead to flight delays, extended flight times, and diversions of flights to alternate destinations. Congestion management 
can enable increased predictability and increased operational flexibility to respond to uncertainties. It could include 
methods to manage the scheduling and routing of traffic flows through an airspace region and/or to limit the number 
of vehicles. It is expected that the management of aircraft taking off from and landing at vertiports and vertipads 
located in close proximity to each other will  be a central part of UAM congestion management. Research could include 
defining the routes and developing the schedules for departure and arrival at vertiports and vertipads. 

 
2.! Scheduling 

Due to limited energy reserves, UAM aircraft must have assurances prior to takeoff that their destination landing 
site will be available when they arrive. The tight coupling between arrivals and departures across the vertiports in a 
UAM network points to the possible need for continuous network-wide scheduling as a first-order control method for 
real-time, on-demand resource management. The capability to schedule across a UAM network may also be needed 
for congestion management. Network-wide scheduling will also need to consider how individual vertiports conduct 
sequencing, scheduling, and spacing of UAM arrivals and departures. This could include the development of route 
structures between UAM vertiports (e.g., multiple paths for departures and/or arrivals) for safety, efficiency, capacity, 
and community acceptance (e.g., noise). 

 
3.! Separation 

Although strategic congestion management and vertiport network scheduling are envisioned to be an important 
component for enabling safe, efficient, and equitable UAM operations, they may not be sufficient due to uncertainty 
in UAM flight trajectories, environmental conditions (e.g., wind), and other factors. Tactical departure management, 
en-route separation management, and arrival management technologies may also be needed to mitigate the effects of 
uncertainty. These technologies will need to take into account the unique considerations of UAM, such as ground 
infrastructure capabilities (e.g., to refuel UAM aircraft) and vehicle constraints (e.g., remaining battery charge), that 
are more significant for UAM than for traditional aviation. 

The separation standard that these separation technologies will work to maintain is an area of research, and it wil l 
be driven by a target level of safety that needs to be determined. One approach for preserving safe separation and 
achieving the target level of safety that could be investigated is having multiple systems operating on different time 
frames working together on encounter situations. The extent to which these systems are centralized, the level of 
autonomy, and the role of humans are all aspects of separation for UAM that need to be explored. 

 
4.! Interoperability 

The safe airspace integration of UAM vehicles and systems will require that they be interoperable with each other, 
as well as the vehicles and systems of existing airspace users. More generally, interoperability is essential for a service-
oriented data exchange architecture and the harmonization of different technologies. At a minimum, standards must 
be developed for the data exchange architecture and CNS services. In addition, it may be necessary to develop 
protocols to ensure the integrity, timeliness, and consistent understanding of the information being exchanged by 
different vehicles and systems. 

Prior research on the interoperability of the strategic conflict detection and resolution algorithm and the tactical 
conflict detection and resolution algorithm of a separation management system highlighted the criticality of data 
integrity, communication timeliness, and consistent understanding of information by different systems [39]. In 
addition to ensuring effective communication, it is essential to develop methods and procedures for the vehicles and 
systems of UAM and other airspace users to operate in a compatible way with each other. For example, in the case of 
large UAS, the interoperability of DAA systems on board UAS and TCAS systems on board manned aircraft was 
identified as a research gap [40] and was addressed in a systematic way using mathematical expressions derived from 
analysis of aircraft encounters [41]. Similar types of research may need to be performed to ensure the safe integration 
of UAM operations into the airspace system. 



5.! Disruption Management 
In addition to congestion management, vertiport network scheduling, and separation, it is also envisioned that 

disruption management will  be an important part of managing UAM operations. For example, weather is one type of 
disruption that is expected to be a major factor in UAM operations, just as it is for traditional manned aviation and 
UAS. Disruption management includes identifying and avoiding potentially hazardous areas of the airspace before 
takeoff and while in the air. It also includes managing UAM aircraft in contingency situations like emergency landings. 
In the presence of disruptive events and after determining the cause of the disruption, a disruption management service 
could provide disruption information, modified flight plans, expected times at critical reference locations along the 
flight route, and/or mitigation strategies as requested by UAM operators. 

 
6.! Contingency Response Management 

Autonomous systems have historically had trouble with unexpected contingency situations. Carlos Ghosn, 
chairman and then-CEO of Nissan said, ÒNo matter how powerful [the artificial intelligence] is, we always find a case 
where the car will be stuckÓ [42]. One approach being pursued by Nissan is to use contingency response centers where 
human contingency response managers will be on call to take care of situations that technology cannot handle. 

The role of contingency response managers in UAM could naturally evolve from the role of dispatchers in the 
current ATM system. In present-day commercial operations for traditional aviation, the dispatcher is responsible for 
safety of flight in conjunction with the captain of the aircraft. Initially, a contingency response manager in UAM could 
be expected to step in to help pilots, similar to how dispatchers provide assistance to pilots when needed in current 
operations. As autonomous systems become more responsible for piloting, the contingency response manager could 
become more responsible for handling situations that are beyond the capability of the autonomous system. The extent 
to which this human-centric paradigm for contingency response management is applicable to the different stages of 
UAM operational maturity is a research area to be explored. 

 
7.! Concept for Mature UAM Operations 

NASA will engage with partners and stakeholders to develop a concept for high-tempo, high-density mature UAM 
operations with potentially orders-of-magnitude more vehicles and operations in an area than are currently supported 
in the NAS. Achieving this could provide a viable alternative to ground transportation in metropolitan areas. It is 
anticipated that the progression toward mature UAM operations will begin with low-risk, low-tempo, low-density 
UAM operations. More complex operations will be added incrementally while ensuring overall system safety. At each 
stage of UAM operational maturity, new lessons will  be learned and applied. 

B.! UAM Hazard and Risk Research 
UAM-related hazards and risks will be addressed across several NASA projects. For example, under NASAÕs 

System Wide Safety (SWS) project, hazards and risks associated with UAM validation and verification tools and 
methods will be addressed through the development of assurance tools and methods to provide guaranteed behavior 
in unpredictable aviation contexts. This work will demonstrate the effectiveness of assurance tools and methods for 
candidate autonomous and complex non-deterministic UAM systems. With regard to the system-wide safety of 
emergent systems, initial safety-critical risks to be addressed include: 

 
¥! Flight outside of approved airspace 
¥! Unsafe proximity to people/property 
¥! Critical system failure (e.g., loss of C2 link, loss or degraded GPS, loss of power, and engine failure) 
¥! Loss of control (i.e., outside the envelope or flight control system failure) 
¥! Cybersecurity-related risks 

 
Furthermore, a comprehensive list of hazards across the UAM domain areas will be identified, and the associated 

risk level of each hazard will be evaluated. Mitigations for those hazards will be developed in collaboration with 
industry partners. 

VII. ! Concluding Remarks 
This paper described at a high level NASAÕs initial airspace integration concepts for both emergent and early 

expanded UAM operations. The scope of the work was defined in terms of missions, aircraft, airspace, and hazards. 
In addition, the considerations for the data exchange architecture and communication, navigation, and surveillance 



requirements were also discussed. This paper also detailed the goals, principles, barriers, and benefits of UAM, as 
well as the competing considerations that need to be taken into account and balanced. 

NASA has embraced an agile ÒBuild, Explore, and LearnÓ collaborative approach for UAM airspace integration 
and will engage with partners and stakeholders to work together to: 1) develop and refine the initial concepts for both 
emergent and early expanded UAM operations, 2) develop a concept for high-tempo, high-density mature UAM 
operations with more vehicles in an area than are currently supported in the NAS, and 3) research and develop the 
technologies and procedures that will inform and enable these concepts. These efforts could include fast-time 
simulations, human-in-the-loop evaluations, and live flight demonstrations. 
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and vertiport network scheduling (Section VI.A.2) are integrated with tactical management components like en-route 
separation and departure and arrival management at vertiports (Section VI.A.3). These components will need to be 
interoperable (Section VI.A.4) and resilient to disruptions (Section VI.A.5) and contingencies (Section VI.A.6). This 
section describes these components and considerations for UAM airspace integration. It is expected that other 
frameworks for managing UAM operations will be investigated as NASA learns with and collaborates with the UAM 
community and the broader aviation community. 

 
1.! Congestion Management 

Dense areas of traffic constrain the operational flexibility to respond to uncertainties and disruptions, which can 
lead to flight delays, extended flight times, and diversions of flights to alternate destinations. Congestion management 
can enable increased predictability and increased operational flexibility to respond to uncertainties. It could include 
methods to manage the scheduling and routing of traffic flows through an airspace region and/or to limit the number 
of vehicles. It is expected that the management of aircraft taking off from and landing at vertiports and vertipads 
located in close proximity to each other will be a central part of UAM congestion management. Research could include 
defining the routes and developing the schedules for departure and arrival at vertiports and vertipads. 

 
2.! Scheduling 

Due to limited energy reserves, UAM aircraft must have assurances prior to takeoff that their destination landing 
site will be available when they arrive. The tight coupling between arrivals and departures across the vertiports in a 
UAM network points to the possible need for continuous network-wide scheduling as a first-order control method for 
real-time, on-demand resource management. The capability to schedule across a UAM network may also be needed 
for congestion management. Network-wide scheduling will also need to consider how individual vertiports conduct 
sequencing, scheduling, and spacing of UAM arrivals and departures. This could include the development of route 
structures between UAM vertiports (e.g., multiple paths for departures and/or arrivals) for safety, efficiency, capacity, 
and community acceptance (e.g., noise). 

 
3.! Separation 

Although strategic congestion management and vertiport network scheduling are envisioned to be an important 
component for enabling safe, efficient, and equitable UAM operations, they may not be sufficient due to uncertainty 
in UAM flight trajectories, environmental conditions (e.g., wind), and other factors. Tactical departure management, 
en-route separation management, and arrival management technologies may also be needed to mitigate the effects of 
uncertainty. These technologies will need to take into account the unique considerations of UAM, such as ground 
infrastructure capabilities (e.g., to refuel UAM aircraft) and vehicle constraints (e.g., remaining battery charge), that 
are more significant for UAM than for traditional aviation. 

The separation standard that these separation technologies will work to maintain is an area of research, and it will 
be driven by a target level of safety that needs to be determined. One approach for preserving safe separation and 
achieving the target level of safety that could be investigated is having multiple systems operating on different time 
frames working together on encounter situations. The extent to which these systems are centralized, the level of 
autonomy, and the role of humans are all aspects of separation for UAM that need to be explored. 

 
4.! Interoperability 

The safe airspace integration of UAM vehicles and systems will require that they be interoperable with each other, 
as well as the vehicles and systems of existing airspace users. More generally, interoperability is essential for a service-
oriented data exchange architecture and the harmonization of different technologies. At a minimum, standards must 
be developed for the data exchange architecture and CNS services. In addition, it may be necessary to develop 
protocols to ensure the integrity, timeliness, and consistent understanding of the information being exchanged by 
different vehicles and systems. 

Prior research on the interoperability of the strategic conflict detection and resolution algorithm and the tactical 
conflict detection and resolution algorithm of a separation management system highlighted the criticality of data 
integrity, communication timeliness, and consistent understanding of information by different systems [39]. In 
addition to ensuring effective communication, it is essential to develop methods and procedures for the vehicles and 
systems of UAM and other airspace users to operate in a compatible way with each other. For example, in the case of 
large UAS, the interoperability of DAA systems on board UAS and TCAS systems on board manned aircraft was 
identified as a research gap [40] and was addressed in a systematic way using mathematical expressions derived from 
analysis of aircraft encounters [41]. Similar types of research may need to be performed to ensure the safe integration 
of UAM operations into the airspace system. 



5.! Disruption Management 
In addition to congestion management, vertiport network scheduling, and separation, it is also envisioned that 

disruption management will be an important part of managing UAM operations. For example, weather is one type of 
disruption that is expected to be a major factor in UAM operations, just as it is for traditional manned aviation and 
UAS. Disruption management includes identifying and avoiding potentially hazardous areas of the airspace before 
takeoff and while in the air. It also includes managing UAM aircraft in contingency situations like emergency landings. 
In the presence of disruptive events and after determining the cause of the disruption, a disruption management service 
could provide disruption information, modified flight plans, expected times at critical reference locations along the 
flight route, and/or mitigation strategies as requested by UAM operators. 

 
6.! Contingency Response Management 

Autonomous systems have historically had trouble with unexpected contingency situations. Carlos Ghosn, 
chairman and then-CEO of Nissan said, “No matter how powerful [the artificial intelligence] is, we always find a case 
where the car will be stuck” [42]. One approach being pursued by Nissan is to use contingency response centers where 
human contingency response managers will be on call to take care of situations that technology cannot handle. 

The role of contingency response managers in UAM could naturally evolve from the role of dispatchers in the 
current ATM system. In present-day commercial operations for traditional aviation, the dispatcher is responsible for 
safety of flight in conjunction with the captain of the aircraft. Initially, a contingency response manager in UAM could 
be expected to step in to help pilots, similar to how dispatchers provide assistance to pilots when needed in current 
operations. As autonomous systems become more responsible for piloting, the contingency response manager could 
become more responsible for handling situations that are beyond the capability of the autonomous system. The extent 
to which this human-centric paradigm for contingency response management is applicable to the different stages of 
UAM operational maturity is a research area to be explored. 

 
7.! Concept for Mature UAM Operations 

NASA will engage with partners and stakeholders to develop a concept for high-tempo, high-density mature UAM 
operations with potentially orders-of-magnitude more vehicles and operations in an area than are currently supported 
in the NAS. Achieving this could provide a viable alternative to ground transportation in metropolitan areas. It is 
anticipated that the progression toward mature UAM operations will begin with low-risk, low-tempo, low-density 
UAM operations. More complex operations will be added incrementally while ensuring overall system safety. At each 
stage of UAM operational maturity, new lessons will be learned and applied. 

B.! UAM Hazard and Risk Research 
UAM-related hazards and risks will be addressed across several NASA projects. For example, under NASA’s 

System Wide Safety (SWS) project, hazards and risks associated with UAM validation and verification tools and 
methods will be addressed through the development of assurance tools and methods to provide guaranteed behavior 
in unpredictable aviation contexts. This work will demonstrate the effectiveness of assurance tools and methods for 
candidate autonomous and complex non-deterministic UAM systems. With regard to the system-wide safety of 
emergent systems, initial safety-critical risks to be addressed include: 

 
•! Flight outside of approved airspace 
•! Unsafe proximity to people/property 
•! Critical system failure (e.g., loss of C2 link, loss or degraded GPS, loss of power, and engine failure) 
•! Loss of control (i.e., outside the envelope or flight control system failure) 
•! Cybersecurity-related risks 

 
Furthermore, a comprehensive list of hazards across the UAM domain areas will be identified, and the associated 

risk level of each hazard will be evaluated. Mitigations for those hazards will be developed in collaboration with 
industry partners. 

VII.! Concluding Remarks 
This paper described at a high level NASA’s initial airspace integration concepts for both emergent and early 

expanded UAM operations. The scope of the work was defined in terms of missions, aircraft, airspace, and hazards. 
In addition, the considerations for the data exchange architecture and communication, navigation, and surveillance 



requirements were also discussed. This paper also detailed the goals, principles, barriers, and benefits of UAM, as 
well as the competing considerations that need to be taken into account and balanced. 

NASA has embraced an agile “Build, Explore, and Learn” collaborative approach for UAM airspace integration 
and will engage with partners and stakeholders to work together to: 1) develop and refine the initial concepts for both 
emergent and early expanded UAM operations, 2) develop a concept for high-tempo, high-density mature UAM 
operations with more vehicles in an area than are currently supported in the NAS, and 3) research and develop the 
technologies and procedures that will inform and enable these concepts. These efforts could include fast-time 
simulations, human-in-the-loop evaluations, and live flight demonstrations. 
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