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METHOD AND SYSTEM FOR DYNAMIC
AUTOMATED CORRECTIONS TO WEATHER
AVOIDANCE ROUTES FOR AIRCRAFT IN EN

ROUTE AIRSPACE

CROSS-REFERENCE TO RELAT
APPLICATIONS

gs
w

This application claims the benefit of U.S. Provisional
Application Nos. 61/567,604 and 61/664,489, filed Dec. 6,

2011 and Jun. 26, 2012, respectively, which are hereby incor-
porated by reference herein 1n their entirety.

ORIGIN OF INVENTION

The invention described herein was made by employees of
the United States Government and may be manufactured and
used by or for the Government of the United States of
America for governmental purposes without the payment of
any rovalties thereon or therefor.

BACKGROUND OF INVENTION

1. Technical Field of the Invention

This invention relates generally to the field of en-route
trajectory re-routing of in-flight aircraft for weather avoid-
ance, and more particularly, to computer automated trajectory
re-routing ol 1n-flight aircraft around convective weather for
more efficient time-saving and fuel-saving weather-avoid-
ance route corrections.

2. Description of Related Art

Weather 1s the leading cause of delay 1n the U.S. National
Airspace System, and convective weather accounts for 60%
of weather-related delays. Convective weather 1s common 1n
the spring and summer months and can extend for hundreds of
miles and reach altitudes well 1n excess o1 40,000 feet. When
weather 1s present or forecast along preferred tlight routes,
weather avoidance routes are planned and implemented, usu-
ally prior to take off. While aircratt are 1n flight, airline flight
dispatchers, FAA traific managers, and air traific controllers
review weather updates and traffic flows to determine if and
how tlights may be rerouted to improve flow and reduce delay.
However, real-time automation that continuously searches
for and proposes time- and fuel-saving corrections to existing
weather avoidance routes for in-tlight aircraft does not exist.
And operators are busy, especially during weather events, and
may miss workable opportunities for more eflicient tlight
routes around weather. It would therefore be an improvement
over the prior art to provide a system that automatically ana-
lyzes in-flight aircraft in en-route airspace and finds simple
reroutes that result in more efficient flight around convective
weather and potentially save substantial flying time and fuel.

The features and advantages of the present disclosure will
be set forth 1 the description that follows, and 1n part will be
apparent from the description, or may be learned by the
practice of the present disclosure, without undue experimen-
tation. The features and advantages of the present disclosure
may be realized and obtained by means of the instruments and
combinations particularly pointed out in the appended
claims.

SUMMARY OF THE INVENTION

The present mvention provides an automated system for
en-route trajectory rerouting ol aircrait for convective
weather avoidance. Convective weather 1s generally weather
that in-flight aircraft should avoid for safety reasons. The
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2

system uses computer automation to continuously and auto-
matically compute and propose time-saving and fuel-saving
corrections to current convective weather-avoidance routes
for in-flight aircraft in en route airspace. Given the relatively
large potential for flying time-savings, for example, on the
order of 5 to 25 minutes per eligible tlight, the automation
may be used by airline flight dispatchers and may be config-
ured for use by U.S. Federal Aviation Administration (FAA)
traffic managers and air traffic controllers.

In accordance with one illustrative aspect of the present
invention, there i1s provided a method for analyzing in-tlight
aircraft in en-route airspace to automatically find time-saving
corrections to existing weather-avoidance routes. The method
includes automatic methods for finding candidate flights,
detecting weather and traific contlicts, computing candidate
alternate routes that resolve weather and optionally traffic
conilicts, converting candidate alternate routes to simpler
reroutes based on nearby named fixes, testing wind-corrected
flying-time savings, testing downstream sector congestion,
checking for active special-use airspace, and posting tlights
where a successiul dynamic weather route 1s found onto a
dynamic weather routes listing on a display. The method also
includes providing automated interactive point, click, and
drag graphical user interface functions that enable users to
visualize proposed dynamic weather routes, modily them 1t
necessary, and re-evaluate key parameters such as flying time
savings or delay, proximity to current and forecast weather,
traffic conflicts, sector congestion, and active special use
airspace.

In accordance with another 1llustrative aspect of the present
invention, finding candidate flights may include finding
tlights with large dog-legs 1n their current routes of flight. The
step may also include identifying reference routes between
current positions and downstream return capture fixes, where
the reference routes eliminate large dog-legs and are gener-
ally more desirable routes as determined by their potential for
wind-corrected flying time savings, but may not be flyable
due to the presence of convective weather or traffic contlicts.
The large dog-legs may be ones where the flying time savings
ol the reference routes are greater than a critical trigger value.
The critical trigger value may be, for example, 5 minutes. In
practice, during convective weather periods reference routes,
if flyable, could potentially save 10, 20, or even 30 minutes.
This large potential for savings 1s the principal reason that
airline tlight dispatchers may benefit greatly from the present
invention. The reference routes may be direct routes, wind-
optimal routes, routes to a more efficient standard arrival
route 1nto a destination airport, or other airspace user-pre-
terred routes. The default downstream return capture fixes are
limited so as not to propose routes that take aircraft substan-
tially off the portion of their current route not impacted by
weather. Limiting functions could include ensuring the
default capture fix 1s inside a limit rectangle or other suitable
limit region, and 1s no further downstream than the last fix
before the standard arrival routes, and 1s, for example, at least
100 nautical miles or more from the destination airport.

In accordance with still another illustrative aspect of the
present invention, detecting weather and tratfic contlicts may
include testing reference routes for conflict with modeled
weather and/or traffic. The step of resolving weather and
traffic conflicts includes automatically forming candidate
alternate routes that may include one or more inserted auxil-
lary waypoints to avoid current and forecast convective
weather. The candidate alternate routes are between current
positions and a downstream return capture fix optionally via
one or more auxiliary waypoints. The step may also include
selecting the candidate alternate route that have the minimum
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flying time delay relative to the pretferred reference route and
then testing the candidate alternate route to determine 1if it
meets the flying time savings relative to the flight plan route to
become the dynamic weather route. It 1s noted that, because
an in-tlight aircraft 1s traveling at a high rate of speed, the
aircraft’s “current position”, as the term 1s used 1n the present
invention, icludes positions just ahead of the aircrait, to
allow for delays in computer processing time and human
actions.

In accordance with yet another 1illustrative aspect of the
present mnvention, selecting nearby named fixes may include
replacing auxiliary waypoints of the candidate alternate route
with nearby named fixes for ease ol implementation and
flying of such routes. The named fixes may be within, for
example, 25 nautical miles of auxiliary waypoints originally
computed using the more general fix-radial-distance (FRD)
or latitude/longitude (LAT/LON) format. The selected
nearby named {ixes may be that combination of fixes that
mimmizes flying time delay relative to the 1mitial candidate
alternate route trajectory that was computed using the general
FRD or LAT/LON format, while not resulting 1n a named-1ix
trajectory that contlicts with modeled weather.

In accordance with yet another 1illustrative aspect of the
present invention, the step of testing flying time savings may
include selecting as the dynamic weather routes those candi-
date alternate routes that save more than parameter minutes
relative to actual current flight plan trajectories. The param-
cter minutes may be, for example, 5 minutes.

In accordance with another 1llustrative aspect of the present
invention, testing downstream sector congestion may include
checking an aircrait’s current flight plan trajectory and can-
didate alternate route trajectory for travel through congested
airspace sectors. The step may also include displaying sector
congestion, along current flight plan routes, and along
dynamic weather routes on the sector congestion display.
This step enables users to compare congestion along the
current tlight plan route to congestion along the dynamic
weather route. This step could include limiting selection of
dynamic weather routes based on anticipated downstream
sector congestion.

In accordance with another 1llustrative aspect of the present
invention, the step of posting flights to a dynamic weather
routes listing on a display may include showing aircratt call
signs and aircraft types, departure and destination airports,
reference route and dynamic weather route savings 1n min-
utes, return capture fixes and the number of and/or names of
auxiliary waypoints in the dynamic weather routes, traflic
conflict status indicators, sector load status indicators,
weather conflict status indicators, and other indicators such as
those relating to active traffic flow management restrictions.

In accordance with another 1llustrative aspect ol the present
invention, there 1s provided a method for automatically com-
puting candidate alternate routes relative to the reference
route such that the trajectories for the candidate alternate
routes do not conflict with modeled weather, or optionally
modeled weather and traflic, and have a minimum flying time
delay relative to reference route trajectories. The method may
include an iterative process whereby multiple candidate alter-
nate routes, all that avoid one or more modeled weather
polygons are computed and tested. Candidate alternate routes
are computed by mserting one or more auxiliary flight plan
waypoints near the boundaries of modeled weather polygons,
and options may for example compare alternate routes that
deviate to the left or to the right of modeled weather, and
consider multiple alternate routes around primary (first poly-
gons along path) and secondary (additional downstream
polygons) weather polygons to find to the best route around
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modeled weather. Trajectories for all candidate alternate
route options consider the forecast movement and growth or
decay of polygons with time. Successiul solutions are then
optionally further modified to resolve traffic contlicts. The
successiul solution with the minimum flying time delay rela-
tive to the reference route 1s then returned to determine 11 1t
meets the criteria to be the dynamic weather route. Candidate
alternate routes are optionally converted to routes based on
nearby named fixes. Candidate alternate routes are finally
tested to determine potential flying time savings relative to
the current tlight plan route 1s large enough for the candidate
alternate route to be posted as the dynamic weather route.

In accordance with still another illustrative aspect of the
present invention, candidate alternate routes that avoid
weather polygons are computed geometrically with limits on
complexity built into the route generation process. This 1s an
improvement over common grid-based methods that have
been developed to create paths through fields of polygons,
¢.g., the Dijkstra method. These common methods are sus-
ceptible to generating jagged or dog-legged trajectories not
suitable for commercial airline transport operations.

In accordance with another 1llustrative aspect of the present
invention, calculating new route deviations may include

using at least one auxiliary waypoint and/or at least one
named {ix.

In accordance with another 1llustrative aspect of the present
invention, candidate alternate routes are limited (i.e.,
restricted 1n configuration, for example, but not limited to, no
large heading changes) for commercial jet transport opera-
tions so as not to produce either large heading changes, or
auxiliary waypoints that are too close to one another. In
addition, solutions incorporate suitable builers between pro-
posed routes and modeled weather polygons, and solutions
are tested and adjusted to ensure suitably sized gaps 1n cases
where a candidate alternate route passes between two mod-
cled polygons.

These and other advantages are achieved in accordance
with various illustrative embodiments of the present inven-
tion as described 1n detail below.

BRIEF DESCRIPTION OF THE DRAWINGS

The features and advantages of the disclosure will become
apparent from a consideration of the subsequent detailed
description presented 1n connection with the accompanying
drawings 1n which:

FIG. 1 1s a block diagram of an exemplary dynamic
weather route system according to an 1llustrative embodiment
of the present disclosure;

FIG. 2 1s a block diagram of an exemplary dynamic
weather route program according to an illustrative embodi-
ment of the present disclosure;

FIG. 3 1s an exemplary flow diagram of a method for
generating dynamic weather routes according to an illustra-
tive embodiment of the present disclosure;

FIG. 4 1s a diagram of a current active flight plan route of a
tflight, a reference route (or reference flight plan route), and a
dynamic weather route generated according to an illustrative
embodiment of the present disclosure;

FIG. 5 depicts a diagram of an exemplary limit rectangle
for a return capture {ix according to an illustrative embodi-
ment of the present disclosure;

FIG. 6 depicts a diagram showing a reference route and
four possible candidate alternate routes around multiple
weather cells according to an illustrative embodiment of the
present disclosure;
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FIG. 7 1s an exemplary screen shot of a dynamic weather
route tlight list generated pursuant to an illustrative embodi-
ment of the present disclosure; and

FIG. 8 1s an exemplary screen shot of a graphical user
interface generated according to an 1illustrative embodiment
of the present disclosure.

DETAILED DESCRIPTION

For the purposes of promoting an understanding of the
principles 1n accordance with the disclosure, reference will
now be made to the illustrative embodiments 1llustrated 1n the
drawings, and specific language will be used to describe
them. It will nevertheless be understood that no limitation of
the scope of the disclosure 1s thereby intended. Any alter-
ations and further modifications of the inventive features
illustrated herein, and any additional applications of the prin-
ciples of the disclosure as illustrated herein, which would
normally occur to one skilled in the relevant art and having
possession of this disclosure, are to be considered within the
scope of the disclosure claimed.

It must be noted that, as used 1n this specification and the
appended claims, the singular forms “a,” “an,” and “the”
include plural referents unless the context clearly dictates
otherwise. As used herein, the terms “comprising,” “includ-
ing,” “having,” “containing,” “characterized by,” and gram-
matical equivalents thereof are inclusive or open-ended terms
that do not exclude additional, unrecited elements or method
steps.

Referring now to FIG. 1, there 1s shown a block diagram of
a framework 100 for dynamically routing in-tlight aircraft
pursuant to an illustrative embodiment of the present inven-
tion. The framework 100 comprises a dynamic weather route
system 102 for generating dynamic weather routes for in-
tlight aircraft.

In an 1llustrative embodiment, the dynamic weather route
system 102 comprises a processor 104 coupled to a memory
106. It will be appreciated that the processor 104 executes
computer-readable instructions, known as programs or appli-
cations, to perform the functions and features described
herein. It will be further appreciated that while only a single
processor 104 1s depicted in FIG. 1, that the processor 104
may comprise a plurality of processors spread out over sev-
eral machines.

In an 1llustrative embodiment, the dynamic weather route
system 102 may comprise a collection of computer servers,
cach having its own processor, that are connected to an inter-
nal, or external, network with each server performing unique
tasks or a group of servers sharing the load of multiple tasks.
Each server includes a processor coupled to a memory. The
system 1s scalable as 1s known to those skilled 1n the art to
accommodate large demand on the dynamic weather route
system 102. For example, the dynamic weather route system
102 may comprise a plurality of servers. In an illustrative
embodiment, a plurality of users may access the dynamic
weather route system 102 from remote computing devices to
access the features and tunctionalities of the system 102.

Loaded into the memory 106 1s a program commonly
known as an operating system 108. It will be appreciated that
the operating system 108 may be selected from a wide range
of commercially available operating systems, including,
without limitation, the different versions of Microsoft® Win-
dows®, Linux, and Mac OS®. In an embodiment, the system
102 uses the Linux operating system runmng on one single
rack-mounted processor (ASL Lancelot 1876-T, 3.07 Gz).

Also, stored in the memory 106 1s a dynamic weather route

program 110. The dynamic weather route program 110, con-
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tains instructions, that when executed by the processor 104,
cause the processor 104 to generate dynamic weather routes
for in-tlight aircraft as will be described more fully herein. In
an 1llustrative embodiment, the dynamic weather route pro-
gram 110 includes several different subsets of executable
code that are selectively loaded into the memory 106. In an
illustrative embodiment, the executable code of the dynamic
weather route program 110 may be located in several inde-
pendent executable files. In an illustrative embodiment, the
dynamic weather route program 110 includes one or more
modules. As used herein, the term “module” refers to a sec-
tion of the code of the dynamic weather route program 110,
that may or may not be located in separate executable files.

The dynamic weather route system 102 further comprises
a computer display 112 and input devices 114. In regard to the
input devices 114, they may comprise a keyboard and com-
puter mouse.

The dynamic weather route system 102 further comprises
a communication interface 116 that allows the system 102 to
communicate with other computing devices over a network to
receive and transmit data, including local area networks and
wide area networks. The dynamic weather route system 102
turther comprises a data storage device 118, such as a hard
drive or an array of hard drives that contains a database 120
and operational data.

As will be described below, the dynamic weather route
system 102 receives data mputs from a wide variety of
sources to compute dynamic weather routes for in-tlight air-
craft. The data inputs are nominally one of live data feeds, or
recorded data feeds for running the dynamic weather route
system 1n playback mode.

The dynamic weather route system 102 receives current
and forecast weather model data from a weather data source
122. In an 1llustrative embodiment, the weather data comprise
current and forecast model data from the Corridor Integrated
Weather System (CIWS), which was developed at MIT Lin-
coln Laboratory. CIWS 1s based on analysis of vertically
integrated data and echo top data from NexRad weather
radars. (NexRad 1s a network of high-resolution S-band Dop-
pler weather radars operated by the National Weather Service,
an agency of the National Oceanic and Atmospheric Admin-
istration of the United States Department of Commerce.) In
an 1llustrative embodiment, the weather data are updated
every S minutes and each update includes forecast weather
out to two hours 1n 5 minute forecast time step intervals.

The dynamic weather route system 102 receives host radar
tracking data and flight plan data from a radar data source 124.
In an illustrative embodiment, the radar data source 124 is the
Center Host or En Route Automation Modernization
(ERAM) computer system operated by the FAA. In an
embodiment, the radar track data and tlight plan data are
updated every 12 seconds with fresh surveillance tracking
data and flight plan amendments. It will be appreciated that
frequent updates are needed so that flight plan mtent 1s up to
date and tratfic conflict detections are reliable.

The dynamic weather route system 102 receives atmo-
spheric data, including wind, temperature, and pressure data,
from an atmospheric monitoring and forecast modeling
source 126. In an illustrative embodiment, the atmospheric
monitoring and modeling source 126 1s the National Oceanic
and Atmospheric Association (NOAA) Rapid Refresh atmo-
spheric data, including wind forecasts. In an illustrative
embodiment, the atmospheric data are updated every hour
from the atmospheric monitoring source 126.

The dynamic weather route system 102 recerves national
survelllance radar track and flight plan data from an air traffic
data source 128 (for example, but not limited to, an aircraft
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7
transponder). In an illustrative embodiment, the air traffic
data source 128 comprises the Enhanced Traflic Management
System (ETMS) or the undelayed Aircraft Situation Display
to Industry (ASDI) system. In an illustrative embodiment, the
air tratfic data are updated every minute from the air traflic
source 128.

Prior to proceeding, 1t 1s important to note that the present
invention leverages several existing technologies to 1mple-
ment its features and functionalities described herein. In an
illustrative embodiment, these existing technologies are inte-
grated directly into the dynamic route system 102 such that
processor 104 performs them. For example, code from these
existing technologies may be included in the dynamic
weather route program 110. In an illustrative embodiment,
these existing technologies may be run on a separate com-
puter server that provides its resources to the dynamic
weather route system 102 over a network. In an illustrative
embodiment, these existing technologies are operated by
third parties.

In an 1illustrative embodiment, the existing technologies
include the Corridor Integrated Weather System (CIWS), the
Convective Weather Avoidance Model (CWAM), both of
which were developed by the MIT/Lincoln Laboratory. In an
illustrative embodiment, the existing technologies further
include the Center/ TRACON Automation System (CTAS),
the Future Air Tratlic Management Concepts Evaluation Tool
(FACET) and the automatic weather and tratfic conflict reso-
lution elements in the Advanced Airspace Concept (AAC)
automation soitware suite, all of which were developed by the
National Aeronautics and Space Administration (NASA).
(Erzberger, H. and Lauderdale, Todd and Chu, Yung-Cheng,
“Automated Conflict Resolution, Arrival Management and
Weather Avoidance for ATM” (2010), 27th International
Congress of the Aeronautical Sciences (ICAS), Nice, France,
19-24 Sep. 2010, 1s hereby incorporated by reference in 1ts
entirety by way of background disclosure.) It will be appre-
ciated that the present invention augments and improves the
capabilities of these existing technologies as described
herein.

Referring now to FIG. 2, the dynamic weather route pro-
gram 110 includes a primary trajectory automation module
150, a secondary ftrajectory automation module 152, a
weather-modeling module 154, a weather and tratfic avoid-
ance module 156, and a trial planning module 158. The opera-
tion of each of these 1s described generally below.

The primary trajectory automation module 150 computes
4D trajectories for all in-tlight aircraft 1n a designated air-
space. In an 1llustrative embodiment, the primary trajectory
automation module 150 computes 4D trajectory predictions
(X, v, h, time) for all tlights using live or recorded data feeds.
The primary inputs into the primary trajectory automation
module 150 are Center Host or ERAM surveillance radar
track messages, Center Host or ERAM route and altitude
tlight plan intent messages as entered and updated by control-
lers, NOAA Rapid Refresh atmospheric data, including wind
forecasts, updated every 1 hour, and a database of aircraft
performance models. All flight trajectories are updated upon
receipt of fresh radar track and flight plan messages entered
into the FAA’s en route Center Host or En Route Automation
Modernization (ERAM) computer system. It will be appre-
ciated that the Host track and flight plan updates are needed so
that flight plan itent 1s up to date and traific contlict detec-
tions are reliable. In an illustrative embodiment, trajectories
include modeled top-of-climb and top-of-descent points and
incorporate hourly Rapid Retfresh wind updates that include
wind variation with altitude. Updating may occur periodi-
cally, such as every 12 seconds. In an illustrative embodi-
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ment, the primary trajectory automation module 150 incor-
porates the existing technology of CTAS.

In an i1llustrative embodiment, the primary trajectory auto-
mation module 150 compares all fresh flight trajectories to
modeled weather polygons computed by the weather model-
ing module to determine or detect when flight trajectories
conilict with modeled weather polygons.

In an i1llustrative embodiment, the primary trajectory auto-
mation module 150 converts candidate alternate routes gen-
crated by the weather avoidance module 156 and the trial
planning module 158 into trial flight trajectories. The primary
trajectory automation module 150 then tests these trial tlight
trajectories for conflict with modeled weather polygons and
returns conflict status information to the weather avoidance
module 156 and/or the trial planning module 158.

The secondary trajectory automation module 152 com-
putes 4D trajectories and predicted sector loadings for all
flights 1n a designated airspace. Trajectories and sector load
predictions are updated every 1 minute, for example, using
data from the ETMS and ASDI. In an illustrative embodi-
ment, the secondary trajectory automation module 152 esti-
mates the potential impact of a reroute on downstream sector
congestion; many of the relevant sectors are outside of the
Center where the flight 1s currently flying. Inclusion of down-
stream sector analysis capability 1s important because some
of the proposed reroutes substantially change the route of
tlight. One particular factor that 1s analyzed 1s whether or not
the reroute takes an aircrait through a nearby downstream
sector that 1s already over capacity, or the potentially more
desirable case where the reroute takes an aircraft out of sec-
tors that are over capacity and potentially into sectors that are
under capacity. In an 1llustrative embodiment, the secondary
trajectory automation module 152 1ncorporates the existing
technology of FACET.

The weather-modeling module 154 predicts regions of
convective weather 1n terms of polygons, which are charac-
terized 1 terms of storm intensity and storm tops. The
weather-modeling module 154 predicts storm 1intensity,
movement and growth over time up to a two-hour look-ahead
time. Model input data are updated periodically, e.g., every 5
minutes. A suitable look-ahead time step, e.g., every 5 min-
utes, 1s selected to update predicted future storm polygons. In
an 1illustrative embodiment, the weather-modeling module
154 incorporates the existing technology of CWAM.

The weather avoidance module 156 attempts to find can-
didate alternate routes when modeled weather cells are
detected along a flight plan route, or along a reference route,
or along a Direct-To route. In an 1llustrative embodiment, the
weather avoidance module 156 incorporates the technology
of ACC.

In accordance with another 1llustrative aspect of the present
invention, there 1s provided a method for automatically com-
puting candidate alternate routes relative to the reference
route such that the trajectories for the alternate routes do not
conflict with modeled weather, or optionally modeled
weather and traffic. The alternate routes selected for further
analysis are ones that avoid weather, and optionally tratfic,
and have trajectories with minimum flying time delay relative
to reference route trajectories. The method includes an 1tera-
tive process whereby multiple alternate route options all that
avold one or more modeled weather polygons between
present position and a downstream tlight plan fix are com-
puted and tested. Alternate routes are computed by inserting
one or more auxiliary flight plan waypoints near the bound-
aries of modeled weather polygons. Alternate route options
may for example initially turn the aircraft to the left or to the
right of the reference route to avoid the first weather polygon
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and then {ind a route to the downstream flight plan fix that
does not contlict with any secondary weather polygons down-
stream of the first one. Trajectories for all alternate route
options are computed and probed against modeled weather
polygons, which are generally moving, growing, or decaying,
with time according to the forecast weather model. Success-

tul solutions are then optionally further modified to resolve
traffic conflicts. The successiul solution with the minimum
flying time delay relative to the reference route 1s then
returned as a candidate alternate route, which 1s further tested
to determine potential flying time savings relative to the cur-
rent thght plan route.

In accordance with still another illustrative aspect of the
present invention, candidate alternate routes that avoid
weather polygons are computed geometrically with limits on
complexity built into the route generation process. This 1s an
improvement to common methods that have been developed
to create paths through fields of polygons, e.g., the Dijkstra
method. These common methods are susceptible to generat-
ing jagged or dog-legged trajectories not suitable for com-
mercial airline transport operations. The core geometric solu-
tion relies on two core elements, the first determines tangent
lines from a point to the boundary of a polygon while the
second determines tangent lines between non-intersecting
polygons, e.g., between the first detected polygon and any
secondary polygons.

For example, as shown 1n FIG. 6, there 1s depicted a tlight
300 having a reference route 302 to a waypoint 304. As can be
observed, the route 302, if taken, would cross two weather
polygons 306. Four possible flight paths 308 to waypoint 304
are generated by the present invention around the two weather
polygons 306 that include 1nterior tangent routes.

In accordance with another 1llustrative aspect ol the present
invention, calculating candidate alternate route deviations
may include using at least one auxiliary waypoint and/or at
least one named fix.

In accordance with another 1llustrative aspect of the present
invention, candidate alternate routes are limited so that head-
ing changes between present position and subsequent auxil-
lary waypoints, and between multiple auxiliary waypoints,
and between the last auxiliary waypoint and the return capture
fix may be limited so as not to propose very large heading
changes which are generally not appropriate for commercial
airline tlight trajectories. The relative position of auxiliary
waypoints may be limited so as not be to so close to one
another that they are generally not appropriate for commer-
cial airline flight trajectories.

In accordance with another 1llustrative aspect ol the present
invention, auxiliary waypoints may be adjusted to include
suitable buffers between modeled weather and the resulting
tflight trajectories.

In accordance with another 1llustrative aspect of the present
invention, candidate alternate routes, including the number
and location of auxiliary waypoints, may be limited so that
flight trajectories do not pass through narrow gaps between
weather polygons that are generally not suitable for commer-
cial airline flight trajectories.

In accordance with another 1llustrative aspect ol the present
invention, the trial planning module 158 1s an automated and
interactive “what-11"" trial planning function that allows users
to quickly and easily visualize a proposed dynamic weather
routes using a graphical user interface, easily modity the
route 1f necessary using point, click, and drag actions, and
evaluate 1n real-time the impact of any modifications to the
proposed route on critical parameters including proximity to
weather, wind-corrected flying time savings or delay, sector
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congestion on the current tlight plan route and the proposed
trial flight plan route, traffic contlicts, and conflict with active
special use airspace.

In accordance with another 1llustrative aspect ol the present
invention, the trial planning module 158 includes new func-
tions that are particularly relevant to the needs of the dynamic
weather routes system 102 as described 1n more detail herein.

Core functions of the trial planning module 158, and other
similar trial planning functions that currently exist, include
automated graphic display of “what 11 trial routes 1n
response to user mputs, the impact of such trial routes on
downstream traific contlicts, and the wind-corrected flying
time savings or delay of such trial routes relative to the current
flight plan route.

In accordance with another 1llustrative aspect ol the present
invention, the trial planning module 158 also enables users to
evaluate the proximity of the trial route trajectory on current
and forecast weather, to assess the impact of the trial route on
downstream sector congestion including comparing conges-
tion on the trial route and the current tlight plan route, and to
determine i1 the trial route passes through active special use
airspace.

In accordance with another 1llustrative aspect of the present
invention, the trial planning module 158 also facilitates auto-
mated switching between auxiliary waypoints, which are
defined generally 1in terms of fix-radial-distance or latitude/
longitude coordinates to nearby named auxiliary waypoints,
which are easier to implement 1n today’s operations. The trial
planning function also facilitates timely implementation of
the reroute either by voice or by integration with other tlight
planning systems including air/ground data link communica-
tion. The trial planning module incorporates existing technol-
ogy 1 CTAS and Direct-To and their associated displays.

Referring now to FIG. 3, the operation of the dynamic
weather route system 102 to find dynamic weather routes for
in-thght aircraft will now be described 1n more detail. At step
200, the dynamic weather route system 102 updates the tlight
plan trajectories for all in-tlight aircraft 1n en route Center
airspace. At step 204, the dynamic weather route system 102
automatically analyzes the most recent trajectory updates to
find flights that could potentially benefit from a more efficient
routing around weather or other contlicts.

The objective of analyzing the most recent trajectory
updates 1s two-fold. First, the dynamic weather route system
102 finds flights with large course changes or “dog-legs™ 1n
their current flight plan routes. Second, for each of the tlights,
the dynamic weather route system 102 1dentifies a reference
route that, 11 1t were feasible and could be flown, eliminates
the dog-leg and returns the aircraft to its current route of tlight
at some downstream return capture 1ix, and by doing so save
an adjustable mimimum amount of wind-corrected flying
time, e.g., 5 minutes. This adjustable minimum amount of
flying time savings 1s intentionally set to some large value,
¢.g., 5 minutes or more, because dog-legs that could result 1n
large savings 1f eliminated are usually 1n place for weather
avoidance. The large trigger value also usually prevents the
dynamic weather routes system from generating alerts for
simple direct routes to downstream fixes that would occur
without convective weather present.

For example, FIG. 4 depicts a current active flight plan
route of an aircraft 250. Also shown 1s the reference route (or
reference flight plan route) for the aircraft 250 generated by
the dynamic weather route system 102. It will be noted that
the reference route eliminates the dog-leg in the current active
flight route plan. In addition, the reference plan returns the
aircraft 250 to its current active tlight plan route at a down-
stream capture fix. For the flight to be considered for further
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analysis, this reference route must be able to save an adjust-
able minimum amount of wind-corrected flying time, e.g., 5
minutes.

At this point, 1t will be appreciated that the reference route
1s not necessarily free of weather and traflic contlicts. It 1s,
however, a theoretically more desirable route and later steps
will determine necessary adjustments to enable a contlict-free
route that 1s as close as possible to the reference route.

Further, 1t will be appreciated that the presence of a large
course change or dog-leg 1n a downstream route of flight 1s a
strong indication that the tlight 1s on a route previously imple-
mented for weather avoidance, otherwise the large dog-leg
would 1n most cases not be in the route. A large course change
or dog-leg 1n a current flight plan 1s generally defined to exist
when a reference route can be found that saves more than an
adjustable amount of wind-corrected tlying time, €.g., S min-
utes. In an illustrative embodiment, the return capture fix 1s an
existing f1x on the current active flight plan route. The refer-
ence route generated by the dynamic weather route system
102, and not the current active tlight plan route, 1s the basis for
resolving weather and traific conflicts as will be described in
more detail hereinaiter.

The notion of a reference route 1s based on the important
assumption that in cases where large dog-legs are present 1n
the current route of flight, the tlight might be eligible for a
time and fuel saving reroute. If anticipated weather conflicts
do not materialize, or 1f the weather has changed since the
current active flight plan was implemented, then the aircraft
should be able to fly something closer to the reference route
instead of the current flight plan.

In an illustrative embodiment, the reference route gener-
ated by the dynamic weather route system 102 1s one of a
direct route to a suitable downstream 1ix, a wind-optimal
route to a downstream fix, or a route to a more efficient
standard arrival route (STAR) 1nto the destination airport, or
some other user-preferred route. In an illustrative embodi-
ment, the distinguishing characteristic of the reference route
1s that 1t proposes a thight plan route that 1s substantially more
tavorable than the current flight plan route and would likely
be acceptable 1t there were no weather.

In an embodiment, the reference route will most always
reflect a relatively large wind-corrected flying time savings
relative to the current flight plan route. Thus, 1n an 1llustrative
embodiment, the direct-to route often becomes the reference
route. The dynamic weather route system 102 automatically
finds direct-to routes to eligible downstream fixes that can
save one or more minutes of flying time, wind-corrected. For
the dynamic weather routes tool, the system 1s configured to
ignore flights with direct-to routes that save less than the
trigger value for the dynamic weather routes tool, e.g., 5
minutes.

For the dynamic weather route system 102, a flight with a
large dog-leg 1s one where the flying time savings to a down-
stream fix 1s greater than a predetermined critical trigger
value, 5 minutes for example. In an embodiment, the critical
trigger value 1s adjustable by the user based on workload,
airspace, and other factors. For example, a user may specily a
time savings less than 5 minutes or more than 5 minutes
depending on user workload. In an embodiment, eligible
downstream return capture fixes are limited so as not to pro-
pose a new route that takes an aircraft substantially off the
segment of the current route near the destination airport, or
substantially off the portion of current flight plan route not
impacted by weather.

In an 1llustrative embodiment, and as shown 1n FIG. 5, the
return capture {ix 1s the furthest downstream flight plan fix
that satisfies one, two, or all of the following criteria: (1) the
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return capture fix 1s inside a limit rectangle 260, (11) the return
capture fix 1s the last fix before the Standard Arrival Route,
and (111) the return capture fix 1s 100 nautical miles or more
from the destination airport.

In an illustrative embodiment, the limit rectangle 260 1s
user adaptable and may be adjusted as appropnate for the
particular airspace. For example, the limit rectangle 260 for a
U.S. East Coast Center will likely be smaller or have one or all
of 1ts boundaries (North, South, East, West) closer to the
home Center boundary. Alternatively, the return capture fix
may be selected as a function of routing between city pairs. In
an illustrative embodiment, capture fix selection limits are
determined by local Center experts. As shown 1n FIG. §, a
700x1,000 nautical mile limit rectangle 260 may be used.
Again, the size of this limit rectangle 260 may be user adjust-
able.

Referring back to FIG. 3, at step 206, 11 a reference route
meets the limit rectangle and time savings criteria described
in the previous step, the dynamic weather route system 102
tests the reference route for contlict with modeled weather
and traffic. If no weather or traific conflicts exist, the process
skips to step 214. Otherwise, the process proceeds to step 208.

At step 208, 11 weather or traffic conflicts are detected on
the reference route 1n the previous step, the dynamic weather
route system 102 automatically attempts to find minimum
delay reroute, referred to herein as the candidate alternate
route relative to the reference route. Candidate alternate
routes are further tested as described herein to determine 1t
they meet the criteria to be the proposed as the dynamic
weather route. Exemplary dynamic weather routes are shown
in FIGS. 4 and 5 and are labeled as “dynamic weather route”
in each of FIGS. 4 and 5.

In an illustrative embodiment, the dynamic weather route

system 102 resolves weather contlicts on a 60 minute time
horizon. In an illustrative embodiment, traffic conflicts are
resolved on a 12 minute time horizon. Since weather avoid-
ance accounts for most of the delay 1n air traific operations,
two solutions are computed by the dynamic weather route
system 102, and users can configure the system 102 to post
weather solutions only or integrated weather and tratfic solu-
tions.

To find the dynamic weather route, the dynamic weather
route system 102 generates candidate alternate routes by
iserting up to two auxiliary waypoints between a flight’s
current track position and the capture fix of the reference
route. Exemplary auxiliary waypoints are depicted in FIGS. 4
and 5. It should be noted that more than two waypoints could
be inserted; in practice however, two waypoints 1s appropriate
for the vast majority of weather avoidance scenarios.

In an 1llustrative embodiment, auxiliary waypoints are first
computed in the x-y coordinate frame for the home Center,
then converted to fix-radial-distance (FRD) format relative to
nearby named fixes. (Named fixes are based on the FAA
S6-day adaptation, supplemented with fixes from the national
En-Route Automation Modernization (ERAM) adaptation
data base and the Navigation Reference System (NRS).)
Nearby named fixes are selected according to the following
search ordering:

Capture fix if distance<100 nmui, or

Nearest flight plan fix if distance<100 nmi, or

Nearest non-NRS nearby {ix 11 distance<100 nmu, or else

Closest tlight plan fix (even 1f distance>100 nmi).

The dynamic weather route system 102 then tests candi-
date alternate routes for flying time delay relative to the ret-
erence route. The candidate alternate route that results 1n the
minimum flying time delay relative to the reference route and
meets the weather, or weather and traffic constraints 1s
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selected as the candidate alternate route for turther analysis
by the dynamic weather route system 102.

Referring again to FI1G. 3, at step 210, the dynamic weather
route system 102 optionally snaps the auxiliary waypoints in
the candidate alternate route determined 1n step 208 to nearby
named fixes. That 1s, since solutions that include auxiliary
waypoints defined in terms of FRDs are suitable only for data
link applications, neighboring solutions where FRD way-
points are replaced with nearby named fixes are automatically
computed.

Using the FRD auxiliary waypoint solution as a starting
point, the dynamic weather route system 102 attempts to find
that combination of nearby named fixes that when used in
place of their respective FRD waypoints still do not cause the
flight trajectory to contlict with modeled weather, or weather
and traffic.

In this analysis “nearby” 1s defined to be within a preset
distance, such as 25 nautical miles of the FRD auxiliary
waypoint. The named {ix trajectory that 1s mimmimum delay
relative to the FRD traj ectory, and does not contlict with
weather, or weather and traflic, 1s selected as the nearby
named fix solution and the candidate alternate route 1s modi-
fied accordingly. FIG. 4 depicts a nearby named fix with
reference to a FRD auxiliary waypoint.

Referring to FIG. 3, at step 212, the dynamic weather route
system 102 tests the candidate alternate route that results 1n
the mimmimum flying time delay relative to the reference route
found 1n steps 208 and 210 for potential flying time savings
relative to the actual current flight plan trajectory. If the time
to fly along the candidate alternate route saves more time than
a preset amount, €.g., 5 minutes, the process continues to step
214. If the time saved by the proposed candidate alternate
route 1s less than the preset amount, then the process returns
to step 204. The preset amount of flying time savings may be
user adjustable dependent upon workload. The preset amount
of flying time savings may also be set to some value less than
the trigger value for the reference route, e.g., less than 3
minutes. The reason for this 1s that 1t may be more important
to display a tlight with a potential reference route savings of
5 or more minutes even though the savings for the dynamic
weather route solution 1s less than 5 min. The user might be
able modily the dynamic weather route solution to achieve
greater savings. At step 214, for all flights that meet the
mimmum flying time savings criteria in step 212, their pro-
posed candidate alternate routes and their actual current tlight
plan trajectories are analyzed for downstream sector conges-
tion by the dynamic weather route system 102. If a proposed
candidate alternate route would take an aircraft directly 1nto a
congested sector, the reroute would likely be unacceptable
from an air traific control perspective.

Alternatively, 1f the current active flight plan has the air-
craft flying into congested airspace, while the candidate alter-
nate route takes the tlight out of congested airspace, then the
proposed dynamic flight plan route might be preferable and
case congestion. The user (either a flight dispatcher or a traific
manager) at this point can look at the congestion information
and decide based on their requirement whether the proposed
dynamic weather route 1s acceptable from a congestion point
of view.

In an 1llustrative embodiment, the dynamic weather route
system 102 may utilize the FACET technology for computing
downstream sector congestion. As mentioned above, FACET
1s a National Airspace System (NAS)-based data analysm and
simulation system, which reads 1n FAA provided air tratffic
data. The aircraft paths are simulated, with NOAA Rapid
Retresh one, two, three, and s1x-hour winds, to fly along their
nominal flight plans as filed with the FAA, using the Base of
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Aircraft Data (BADA) look up tables for aircrait perior-
mance. The aircraft location at each one-minute step for a
two-hour period 1s added to corresponding sector counts. The
monitor/alert parameter (MAP) values are obtained from the
FAA as well. Each aircrait’s current flight plan route and the
proposed dynamic flight plan route determined by the
dynamic weather route system 102 are checked for travel
through congested sectors.

At step 216, the dynamic weather route system 102 posts

the proposed dynamic flight plan routes to a computer-gen-
erated list 270 on the display 112 as shown in FIG. 7. In an

illustrative embodiment, the list generated by the system 102

displays, aircrait call sign and aircraft type, the departure and
destination airports, potential flying time savings for the ret-
erence route, potential flying time savings for the dynamic
weather route, the return capture fix and the number of aux-
iliary waypoints in the dynamic tlight plan routes, traffic
conilict status, sector congestion status, weather contlict sta-

tus, and the status of any active Traflic Management Initia-
tives (I MIs) for the tlight (TMU status not shown 1n FIG. 6).

In an illustrative embodiment, the dynamic weather route
system 102 may allow a user to set alert values based on user
workload, potential flying time savings benefit, and other
factors. In an illustrative embodiment, the list 1s configurable
to display FRD solutions or nearby named fix solutions.

Reterring to FI1G. 3, at step 218, the dynamic weather route
system 102 includes a trial planner that 1s the user’s primary
tool for evaluating dynamic tlight plan routes. In particular, an
interactive rapid-feedback trial planner tool, which 1s part of
the dynamic weather route system 102, enables users to
quickly and easily visualize the proposed dynam1c thght plan
routes and modily them 11 necessary.

FIG. 8 depicts an exemplary screen shot 280 of a graphical
user interface. A user may click on the list to activate a trial
plan for a selected tlight. Through the graphical user inter-
face, a user 1s able to change the capture fix. Auxiliary way-
points may be moved through a click and drag procedure to
adjust the dynamic flight plan route or to automatically snap
to a nearby named {ix. Auxiliary waypoint may also be added
or removed the point and click actions. Traffic and weather
contlict status, flying time savings, and downstream sector
congestion information are updated and displayed 1n real-
time as a user adjusts the trial plan route.

In the foregoing Detailed Description, various features of
the present disclosure are grouped together in a single illus-
trative embodiment for the purpose of streamlining the dis-
closure. This method of disclosure 1s not to be interpreted as
reflecting an intention that the claimed disclosure requires
more features than are expressly recited 1n each claim. Rather,
as the following claims retlect, inventive aspects lie in less
than all features of a single foregoing disclosed illustrative
embodiment. Thus, the following claims are hereby incorpo-
rated into this Detailed Description of the Disclosure by this
reference, with each claim standing on 1ts own as a separate
illustrative embodiment of the present disclosure.

It 1s to be understood that the above-described arrange-
ments are only 1llustrative of the application of the principles
of the present disclosure. Numerous modifications and alter-
native arrangements may be devised by those skilled 1n the art
without departing from the spirit and scope of the present
disclosure and the appended claims are intended to cover such
modifications and arrangements. Thus, while the present dis-
closure has been shown 1n the drawings and described above
with particularity and detail, 1t will be apparent to those of
ordinary skill 1n the art that numerous modifications, includ-
ing, but not limited to, variations 1n size, materials, shape,
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form, function and manner of operation, assembly and use
may be made without departing from the principles and con-
cepts set forth herein.

What 1s claimed 1s:

1. A computer-implemented method for a continuous and
automatic real-time search that identifies and proposes cor-
rections to original weather avoidance routes for a plurality of
in-flight en route aircrait that could save flying time while
avoiding convective weather, the method comprising:

receiving real-time updates of aircraft state data and atmo-

spheric data relevant to the plurality of in-flight en route
aircraft; the updates of aircratt state data including origi-
nal weather avoidance routes, and surveillance tracking
data; the updates of atmospheric data including wind
data, real-time convective weather data, and convective
weather forecast data; the real-time convective weather

data originating from NexRad radars;

computing 4-dimensional (4D) trajectory predictions for
the plurality of in-tlight en route aircrait based on the
real-time updates of aircrait state data and atmospheric
data;

processing the aircrait state data, the atmospheric data, and
associated trajectory predictions to define reference
routes for the plurality of mn-flight en route aircratt; each
of the reference routes having a starting point at or near
the 1n-flight en route aircrait’s current position and an
ending point at or near a downstream return capture
waypoint on the associated original weather avoidance
route, each of the reference routes eliminating one or
more waypoints on the associated original weather
avoldance route;

testing the reference routes to 1dentily preferred reference
routes that produce a mimimum flying time savings rela-
tive to the associated original weather avoidance routes;

processing the preferred reference routes to search for con-
vective weather conflicts along the preferred reference
routes;

defining route corrections to the associated original
weather avoidance routes for the plurality of in-flight en
route aircrait by either:

(1) selecting the preferred reference routes as the route
corrections to the associated original weather avoidance
routes when the preferred reference routes are free of
weather conflicts; or

(11) (a) automatically resolving weather conflicts 1mn en
route airspace along the preferred reference routes when
the preferred reference routes are not free of weather
coniflicts to thereby create current weather-corrected
routes, the weather conflicts bemng automatically
resolved on a computer processor;

(b) testing, with the processor, the current weather-cor-
rected routes to 1dentily preferred weather-corrected
routes that produce a mimnimum flying time savings
relative to the associated preferred reference routes;
and

(c) selecting, with the processor, the preferred weather-
corrected routes that have the greatest flying time
savings relative to the associated original weather
avoidance routes, the selected preferred weather-cor-
rected routes becoming the route corrections to the
associated original weather avoidance routes;

proposing the route corrections to the associated original
weather avoidance routes on a computer display; and

repeating the above, continuously and automatically, for
the plurality of in-flight en route aircraft as real-time
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updates of aircrait state data and atmospheric data rel-
evant to the plurality of in-flight en route aircraft are
recerved.

2. The method of claim 1, wherein testing the reference
routes to 1dentify preferred reference routes includes testing,
the reference routes to 1dentify preferred reference routes that
produce a mimmimum potential wind-corrected flying time sav-
ings relative to the associated original weather avoidance
routes.

3. The method of claim 1, wherein the original weather
avoidance routes of the plurality of in-flight en route aircrait
include ineflicient route segments, or dog-legs.

4. The method of claim 1, wherein the minimum {flying
time savings 1s greater than a predetermined trigger value.

5. The method of claim 4, wherein the predetermined trig-
ger value 1s approximately 5 minutes.

6. The method of claim 1, wherein the downstream return
capture waypoint 1s a fix on the original weather avoidance
route ot one of the aircrait of the plurality of in-flight en route
aircraft.

7. The method of claim 6, wherein the 1ix 1s inside a preset
limit rectangle or limit region.

8. The method of claim 6, wherein the fix 1s a last fix before
a standard arrival route for a destination airport.

9. The method of claim 6, wherein the fix 1s outside of a
predetermined distance from a destination airport.

10. The method of claim 9, wherein the predetermined
distance 1s approximately 100 nautical miles, or more, from
the destination airport.

11. The method of claim 1, wherein processing the pre-
terred reference routes to compute weather-corrected routes
that resolve the current and future convective weather con-
flicts 1ncludes creating one or more auxiliary waypoints to
form the preferred reference routes to avoid the convective
weather contlicts.

12. The method of claim 11, wherein at least one auxiliary
waypoint has a nearby named navigational fix.

13. The method of claim 12, further comprising replacing
at least one auxiliary waypoint with the nearby named navi-
gational fix.

14. The method of claim 1, wherein the minimum flying
time savings 1s user adjustable.

15. The method of claim 14, wherein the minimum flying
time savings 1s approximately 5 minutes.

16. The method of claim 1, further comprising testing
downstream sector congestion of the route corrections to the
associated original weather avoidance routes.

17. The method of claim 1, further comprising displaying
the tlight ID and flying time savings for the plurality of
in-thght en route aircraft based on the route corrections.

18. The method of claim 1, further comprising testing and
resolving the route corrections for traific contlicts and other
relevant operational constraints such as special use airspace
and congested airspace.

19. The method of claim 1, further comprising generating
an interactive flight map on the computer display and inter-
active functions that enable users to visualize the route cor-
rections to the associated original weather avoidance routes,
modily the location and/or the number of auxiliary waypoints
or change the capture fix, and then automatically see the
impact of their modifications and changes on critical param-
cters such as proximity to weather, traflic contlicts, flying
time savings, and downstream sector congestion.

20. The method of claim 1, wherein each of the reference
routes for the plurality of in-thight en route aircratt 1s one of a
direct route to a downstream capture fix, a wind-optimal route
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to a downstream capture {ix, a route to a more eilicient stan-
dard arrival route into a destination airport, and a user-pre-
terred route.

21. The method of claim 11, wherein the convective
weather contlicts are modeled using a group of polygons that
reflect modeled weather at different altitudes and at future
time horizons.

22. The method of claim 21, wherein the polygons com-
prise arbitrary shapes and sizes.

23. The method of claim 21, wherein the resolutions to the
convective weather contlicts account for predicted speeds and
directions of the plurality of in-flight en route aircraft and
predicted speeds and directions of the weather modeled by
the polygons over time and over different altitudes.

24. The method of claim 1, further comprising minimizing,
a number of waypoints 1n the route corrections to the associ-
ated original weather avoidance routes.

25. The method of claim 11, wherein creating one or more
auxiliary waypoints to form the preferred reference routes
around or over the convective weather contlicts includes
mimmizing the number of waypoints to minimize aircraft
navigation.

26. The method of claim 25, wherein the number of way-
points 1s two 1n order to minimize navigation ol commercial
air transport operations.

27. The method of claim 21, wherein an allowable gap
between convective weather polygons 1s a mimmum of 50
nautical miles.
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