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Presenter
Presentation Notes
Hello, my name is Alicia Fernandes of Mosaic ATM. Today I am presenting a paper covering a project we worked on with NASA to use an enhanced autonomy approach to automated trajectory negotiation.

I want to start by acknowledging and thanking my coauthors, including Brian Capozzi and George Hunter, also from Mosaic, and Terique Barney from the NASA Langley Research Center.



 Overview
 Motivation and problem statement
 Automated trajectory negotiation concept introduction
 Conclusions and next steps
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An Enhanced Autonomy Approach to Automated Trajectory Negotiation

Presenter
Presentation Notes
In this talk, I will discuss the motivation for our work, provide an overview of our concept for automated trajectory negotiation, and point to some next steps in our work.



Problem Statement – Trajectory Negotiation

 Trajectory Based Operations (TBO) will require frequent, fast 
trajectory negotiations to account for operational uncertainty

 Due to current time-consuming and workload-intensive process:
 Airspace users (AUs) self-filter requests to avoid rejection and overloading 

FAA personnel
 FAA personnel implement conservative reroutes to avoid modifying the plan 

later
 AUs may not receive detailed reasons for rejected requests
 Widespread use of flight deck optimization capabilities likely to 

overwhelm FAA infrastructure with amendment requests
 Emerging users will increase volume of requests

Current manual process is not scalable to TBO, or to a NAS that accommodates emerging airspace users

Presenter
Presentation Notes
Completing the transition to Trajectory Based Operations will require frequent, fast negotiations to account for the many uncertainties in NAS operations. The current manual process for coordinating reroutes, especially post-departure, will not scale to support Trajectory Based Operations and is especially problematic during dynamic NAS conditions - when flexibility would be the most beneficial. Because the current process can be so difficult and time consuming, airspace users sometimes self-filter requests because they assume their FAA counterparts are too busy to properly evaluate them. When they do make a request and it's rejected, they may not get much information about why it was rejected. 
New capabilities like flight deck trajectory optimization and air/ground data exchange improvements will make it easier for airspace users to identify and request desirable reroutes, and emerging users will also increase the volume of route and reroute requests. But the FAA's infrastructure for processing reroute requests is not designed to handle this volume of reroute requests – even with improvements planned to support FF-ICE.




Automated Trajectory Negotiation Service

 Eliminates trial and error
 (Propose trajectory, wait to learn whether it is rejected, propose another trajectory)

 Considers constraints and preferences of negotiation participants
 Airspace users and traffic managers

 Could be deployed in many ways:
 Within Traffic Flow Management Service (TFMS)
 Separate System Wide Information Management (SWIM) service
 External to FAA as third party service or part of airspace user flight planning systems

 Scales to accommodate increases in trajectory amendment requests 
 As airspace users adopt continuous flight deck optimization and air/ground connectivity

 Applicable to emerging users as well as legacy aviation

Presenter
Presentation Notes
Our Automated Trajectory Negotiation Service eliminates the trial and error associated with the flight plan amendment process, where the airspace user requests a route, waits to learn whether it's rejected, and when it's rejected, requests another route. It considers the constraints and preferences of the negotiation participants. 
Importantly, our Automated Trajectory Negotiation Service could be deployed in several different ways: within TFMS, as a stand-alone SWIM service, or even external to the FAA. The Service will scale to accommodate the increased volume of route amendment requests without overwhelming FAA systems and can be used by traditional airspace users as well as emerging users.



Use Case 1: Evaluate AU-Proposed Reroute (1/4)
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Presentation Notes
Here's a use case to illustrate the Automated Trajectory Negotiation Service concept. An aircraft flying from airport DEF to airport UVW is flying along this black line representing the flight plan route. 
The airspace user requests a more efficient route, <click> shown in blue. 
But the Automated Trajectory Negotiation Service has received <click> turbulence reports along that route.



Use Case 1: Evaluate AU-Proposed Reroute (2/4)
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The Automated Trajectory Negotiation Service identifies several common routes that are in the vicinity of the route the airspace user requested.



Use Case 1: Evaluate AU-Proposed Reroute (3/4)
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It determines that one of those common routes avoids the reported turbulence, avoids other known constraints, and also is more efficient than the current flight plan route. So the Automated Trajectory Negotiation Service advises the airspace user of this better, green route.



Use Case 1: Evaluate AU-Proposed Reroute (4/4)
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So the airspace user requests that recommended route from the FAA. The FAA accepts the request and that route becomes the flight plan amendment.



Automated Trajectory Negotiation Data Flows
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So how does this use case translate to data flows through an Automated Trajectory Negotiation Service? 

We envision two types of plugins within the Automated Trajectory Negotiation Service. One negotiates on behalf of airspace users. Each participating airspace user would have its own plugin that may apply different parameters according to that airspace user's preferences. The other type of plugin negotiates on behalf of the ANSP.

<click> Some function on the airspace user side identifies an opportunity to improve a flight's trajectory. This Trajectory Proposer function may or may not actually be part of the Automated Trajectory Negotiation Service. It could be a standalone flight deck trajectory optimization capability like NASA's TAP/TASAR.

<click> That trajectory is provided to the ANSP plugin, along with information about aspects of the trajectory that the airspace user is more or less willing to sacrifice if needed for the request to be acceptable. The Trajectory Evaluator function of the ANSP plugin evaluates the trajectory against known constraints. It uses data from the ANSP, such as from SWIM, in this evaluation. If the trajectory violates one or more constraints, <click> the ANSP plugin identifies an alternate trajectory that does satisfy the constraints and also comes as close as it can to meeting the airspace user's stated goals. 

<click> The ANSP plugin notifies the airspace user plugin that the requested trajectory was rejected, along with the reason for the rejection and the suggested alternate trajectory.

<click> The Trajectory Modifier and Trajectory Evaluator functions in the airspace user plugin evaluate the suggested alternate trajectory and modify it if necessary to meet the airspace user's needs, <click> and if there are any modifications the airspace user plugin then submits those to the ANSP plugin.

<click> This process continues until the airspace user and ANSP plugins agree on a trajectory. In the near term, the airspace user will then need to use current methods to request the amendment from the FAA, using current FAA infrastructure. But in the long term, we expect that an Automated Trajectory Negotiation Service could complete the transaction, all the way through to the flight plan being amended.



 Automated Trajectory Negotiation best suited to amendments 
starting at least 15 minutes into the future
 Avoid trajectory modifications that will impact a controller's plan
 Accurate trajectory conflict detection uncertain at long lookaheads

 Use sector congestion forecast as key trajectory acceptability 
metric

Calculating Sector Congestion Cost
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Automated trajectory negotiation is best suited to trajectory amendments that have a maneuver start point at least 15 minutes into the future. This avoids trajectory amendments that will impact a controller's current plan for managing sector traffic. It's also consistent with the FAA's current thinking on FF-ICE. This approach also allows the Automated Trajectory Negotiation Service to avoid the difficult and highly uncertain task of predicting conflicts between pairs of trajectories at long lookahead times. At long lookahead times, there is so much uncertainty in individual trajectory predictions that it is very difficult to accurately predict conflicts. So in the Automated Trajectory Negotiation Service, we use a forecast of sector congestion as the key metric for determining whether a proposed trajectory is acceptable. 

We compute this Sector Congestion Cost by first estimating the entry and exit times for every sector for every flight's predicted trajectory. From these sector entry and exit times, we compute the probability that each flight will occupy a given sector at a given time. Then for each time period of interest, we apply Waring's Theorem to compute the probability of each potential sector count. This is the probability distribution of forecast sector demand. We use a separate model to estimate the maximum capacity of each sector over time that incorporates information about weather constraints. Or, we can apply MAP values as static maximum sector capacity. The convolution of the demand and capacity probability distributions for each time period provides the sector congestion cost. If a proposed trajectory amendment creates a sector congestion cost that's too high, that trajectory is likely to introduce demand that exceeds capacity in one or more sectors and it should be rejected.

<Waring’s theorem gives the probability that exactly r out of n possible events should occur.>



Trajectory Proposal: Clearable Routes Network

 Trajectory Proposer function 
finds alternatives to trajectories 
with unacceptable sector 
congestion cost
 Searches Clearable Routes 

Network to identify paths around 
constraining sectors

 Empirically derived database of 
commonly used routes provides 
a large set of feasible route 
options
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The Trajectory Proposer function of the Automated Trajectory Negotiation Service computes alternatives to proposed trajectories that have an unacceptable sector congestion cost. It searches the Clearable Routes Network to identify routes around constraining sectors. The Clearable Routes Network is a database of routes and route segments that have been recently filed and flown by other flights in the NAS. It tracks frequency of use by day of the week and time of day, and also records the types of aircraft that used the route and their altitudes along the route. It separates routes that were actually flown from routes that were filed but never flown. 

For example, suppose a flight from airport DEF to airport UVW needs a reroute because some new constraint will affect its current route. The Clearable Routes Network would show that the route segment from waypoint GHIJK to waypoint LMNOP has recently been used frequently by aircraft of the same type. So it includes that route segment in its proposed reroute. 



Automated Trajectory Negotiation Service Prototype
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We implemented a prototype Automated Trajectory Negotiation Service as a web service that receives and processes trajectory requests using the sector congestion cost and clearable routes network, along with SWIM flight and constraint data. For demonstration purposes, that web service can receive data from <click> a reroute candidate finder application that identifies potential route improvements using SWIM flight plan data and the Clearable Routes Network (so the requested reroutes are at least operationally reasonable). We demonstrated that the automated trajectory negotiation service concept is feasible.



 CPU time associated with 
key functional areas
 Focus on end-to-end 

processing of a single request
 Sector Congestion Cost 

most expensive calculation
 Scales linearly with the 

number of sectors traversed
 90% require ≤ 2 seconds

Response Time Analysis
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We used the Automated Trajectory Negotiation Service prototype to gain an initial insight into its ability to scale to the necessary speed. We sent a series of reroute requests and measured the CPU time required by each of the functional areas we discussed before. We focused on end-to-end processing of a single trajectory amendment request. Each horizontal line in the graph shows an amendment request, color coded to show different processing phases. First, the processing time required for each request varies significantly for several reasons. For one, you can see that only a small fraction of requires a search for an alternate trajectory, shown in green, since that only happens when the original request is rejected by the Service. Second, the processing associated with loading the set of flights currently operating in the NAS is so miniscule that it doesn't register in the graph. If it was there, you'd see it in blue. 

The response time is largely dominated by the evaluation of sector congestion cost, shown in black. Processing time for the sector congestion cost scales linearly with the number of sectors crossed by the requested reroute. Further analysis showed that 90% of the requests required two seconds or less for the calculation, but that can add up. 





Human-driven (not Human-centric) Negotiation

 Human-autonomy teaming principles ensure negotiation is efficient, reliable, and safe
 Changeable distribution of responsibilities between humans and automated systems based 

on context that provides authority along with responsibility
 Service operation must be transparent and facilitate appropriate calibration of trust
 Allow humans to direct exploration of the solution space
 Expression of constraints and preferences that is straightforward for human users and fits 

into their workflows
 Address information requirements, especially when human evaluation is deemed not 

required
 Allow humans to maintain understanding of flights' routes, negotiation status, performance of 

existing trajectories relative to the solution space and user preferences
• Support human-automation and human-human coordination and communication of 

constraints and preferences

Presenter
Presentation Notes
Automated trajectory negotiation will only be successful – that is, efficient, reliable, and safe – if capabilities follow sound human-autonomy teaming principles. This includes (but is not limited to) allowing the distribution of responsibilities between humans and automated systems to be changeable based on context. And authority to act should always be provided along with responsibility for operations. The inner workings of the Automated Trajectory Negotiation Service must be transparent to the human users and help them appropriately calibrate their trust in the system. That is, they should have a clear understanding of when the Automated Trajectory Negotiation Service is operating within a context where it is reliable and when NAS conditions are beyond its ability to produce appropriate results. It needs to allow human users to direct its exploration of the solution space so that it provides negotiated trajectories that truly reflect their constraints and preferences. To do that, humans must be able to express their constraints and preferences in ways that are straightforward to them and that fit into their (busy) workflows, or else they won't bother to use it. 

To truly facilitate efficient negotiation, automated trajectory negotiation needs clear definition of when a human must personally review a proposed trajectory and when the automated system can apply appropriate criteria to make those decisions on its own. More work is needed to make sure that all of the human's – and automation's – information needs are met, both when the human needs to evaluate a trajectory and when the automation does all the evaluation. The humans who are responsible for maintaining the safe and expeditious flow of air traffic must always be able to maintain an understanding of flight routes, which flights are negotiating amendments, status of those negotiations, etc.



Conclusions and Next Steps

 Developed and evaluated algorithms and prototype framework to support automated 
trajectory negotiation
 Enhanced autonomy is needed to support the necessary speed and volume of negotiations 

to complete the transition to TBO
 Further evaluation needed:

 Specific parameters for determining operational acceptability 
 For example, CRN currently does not guarantee that route segments are easily recognizable 
 Sector demand relative to capacity is not the only measure of operational acceptability and should be 

fortified with other considerations
 Requirements and interaction design for human evaluation of proposed reroutes

 Expressing constraints and preferences in a manner that is straightforward for human users and that 
fits into workflows

 Directing the Automated Trajectory Negotiation Service to explore the solution space for new trajectory 
options

 Communicating negotiation status and “performance” of existing trajectories relative to the solution 
space and user preferences

15

Presenter
Presentation Notes
In summary, enhanced autonomy is needed to support the necessary speed and volume of negotiations to complete the transition to Trajectory Based Operations. we have developed an evaluated algorithms and a prototype framework to support automated trajectory negotiation. But more work is needed. For example, the Clearable Routes Network approach to proposing alternative trajectories could be improved, and metrics for operational acceptability of a proposed trajectory could be expanded beyond the sector congestion cost. 

More importantly, there is a lot of work to be done to develop requirements and effective interaction designs to support an effective human-autonomy team that both improves the efficiency of trajectory negotiation and maintains the paramount of safety.



Presenter
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Thank you. Please let me know if there are any questions.
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