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Keeping the Wild Blue Yonder Under Control

By Barry A. Cipra

Mathematical Modeling—The use of mathematical relationships (usually a series of equations) to represent selected aspects of an airspace
analysis. These modelsare useful in showing how a particular aspect of the air space system can be optimized, but they often involve a great deal
of simplification.

—The Airspace Management Handbook (FAA, ATA-200)

Airlinesand the Internet have alot in common. Both aim to move things from one place to another. For the Internet, it’ s strings
of O'sand 1's, presumably representing information. For airlines, it's clumps of carbon and other chemicals, carefully arranged
inthe form of passengers and cargo. In both cases, the goal isto get things moved as quickly as possible, keeping them in roughly
the same shape on arrival as at departure.

And both are strained to the limit.

High-tech traffic jams on the information superhighway have been the focus of much research in recent years (see SSAM News,
March 2000). At the same time, aviation experts have sought to alleviate similar snarlsin the sky, as more and more peopletravel
to more and more placesmoreand more often. Numerousgroupsat corporationslike Honeywell, government agencieslike NASA,
and academic institutionsfrom MIT to Berkel ey are devel oping algorithmsthat take advantage of new technol ogiesfor navigation
and communication to facilitate a more efficient use of airspace.

Much aswith the study of Internet traffic, mathematical analysisisplaying anincreasing rolein effortstoredesigntheair traffic
control system. Researchers are using everything from Lie groups to game theory to study how planes can be packed into the sky
and get where they’ re going without too many of them (meaning any of them) crashing into one ancther.

(Air)Borne Free

Many intheairlineindustry believethat new, computer-driven technologies, such asthe Global Positioning System (GPS), have
opened the door to aradically different approach to traditional air traffic control known as Free Flight. Roughly speaking, current
air traffic control isbased on “ highwaysinthe sky” : fixed routesthat aircraft areassigned tofly, with any changesto predetermined
flight plans being cleared by controllers on the ground. Free Flight, on the other hand, would allow pilots to fly whatever routes
they find most convenient—turning aircraft, if youwill, into the equivalent of all-terrain vehicles. The only restrictions observed
would be those imposed by safety considerations and airport capacities.

Making Free Flight fly will require massive amounts of information processing: At peak air-travel hours, thousands of
commercial aircraft are aloft over the continental United States, with dozens converging at each of dozens of major airports. The
demand for air transportation is expected to grow by nearly 50% over the next decade. K eeping all that potential scrap metal safely
separate while trying to use the airspace efficiently is a huge problem.

That's where the math comesin.

“You might be able to cartoon out some solution to the problem without really using much math,” says Jm Kuchar, an
aeronautical engineer at MIT. But if you want to know how the system will actually perform, “you have to come up with arigorous
mathematical model,” he says. “ Otherwise, you just don't know what you're
designing.”

Oneof thekey problemsisknownasCD& R: conflict detectionand resol ution. . . . .
Aircraft aresupposedtostay at | east 5 nautical milesapart horizontally and either Mak/r!g Free Flight ﬂ){ will reqy/re
1000 or 2000 feet vertically, depending on whether they’re flying below or maSSIve_ amounts oflﬁformatlon
above 29,000 feet. (Actually, that “and” isan“ or.” Theappropriateimageisone Processing: At peak air-travel hours,
of flying hockey pucks.) thousands of commercial aircraft

Airtrafficcontrollersareexpert at visualizingtheairspacethey’ reresponsible  are aloft over the continental United
for and choreographing traffic acrossit. But giventhecomplexity of theproblem  States, with dozens converging at
and the limitations of existing technology, they keep their workloads manage-  a5ch of dozens of major airports.
able only by exercising extra caution. Relying mainly on radar tracking and
voicecommunications, controllersrarely let planesget closer than 7 milesapart,
and they ensure vertical separation by, for example, putting north—south and
east—west traffic at different altitudes, like highway overpasses. |n radar-sparse areaslike flight pathsthat crossthe Pacific Ocean,
they customarily pad the spacing to a hundred miles or more.

GPSand acraft-to-craft datalink system called ADS-B (Automatic Dependent Surveillance-Broadcast) create opportunitiesfor
much better performance. If planes can communicate their exact positions and headings among each other, they should be ableto
anticipate potential conflictsand negotiate maneuversto avoid them. It would be nice to know, say 20 minutes ahead of time, that




two aircraft are on course to occupy the same airspace at the sametime—or, conversely, that one plane will have safely passed the
crossing point before the other arrives in the area.

Thefirst mathematical challengeisdealing with the uncertaintiesinherent in aircraft trajectories. The future position of aplane
canbecomputed by solving adifferential equationthat takesinto account characteristicsof theaircraft. (If it' sjustflyinginastraight
line at constant speed, of course, the differential equation is pretty simple.) The solutions are uncertain, if only because the plane
may not be traveling at the stated speed. The calculation of conflicts takes on probabilistic overtones.

Kuchar and colleagues have taken aMonte Carl o approach to estimating the oddsthat aircraft are on coursefor aclose encounter.
Their agorithm computes thousands of randomly perturbed trajectories, to get a sense of how likely a future conflict is. If the
probability is above a certain threshold—which depends on how soon the conflict is predicted to occur—the computer aerts the
pilots and recommends away to avoid amid-air meeting. (Pilots are already accustomed to collision alerts. The Traffic Collision
Alert System (TCAS), standard on passenger aircraft since 1993, comes on when there’simminent danger of a collision or near
miss, telling each pilot what maneuver to make.)

Faster, Cheaper, Safer

A group headed by Shankar Sastry at the University of Californiaat Berkeley hasdevel oped adifferent approach, based on hybrid
control. Hybrid control deals with systems that mix continuous and discrete processes. In the case of air traffic, the continuous
processesarethe (preferably) smooth trajectoriesof theaircraft, whilethe discrete elementscan beviewed astheinstructionspilots
punchinto their flight management systems (a.k.a. the autopilot) when, for example, climbing to anew altitude, changing speed,
or setting a new heading.

Therestriction to discrete elementsisasimplification, points out group member Claire Tomlin, now at Stanford University, but
it's one that accords with the way pilots already fly. “It’sintuitively simple for the pilot to understand what the aircraft is doing,
and it controls the complexity of the problem,” she says.

The hybrid control approach focuses first of all on safety. Sastry, Tomlin, and George Pappas, how at the University of
Pennsylvania, have devel oped amethod for generating “ provably safe” maneuversfor conflict resolution. They usetheavailability
of the various pilot actions and the equations of motion to define safe regions, within which a pilot can optimize with respect to
secondary considerations, such as fuel consumption or early arrival.

“Wewant to make surethat our control algorithmswork under worst- 15 \ ,

case uncertainty of what the other aircraft are going to do,” Tomlin ; | Arcraftl —
explains—or, as Pappas puts it, “we’re not fans of the average-safe 10 e Alroraft §—
approach.” o

Loosely speaking, an aircraft considersitself safe aslong asit can
avoid conflictsevenif theuncertaintiesconspireto createaworst-case
scenario. On the boundary of the safe region, a safety-critical control
law takesover. Thiscontrol isbased on gametheory—pitting not pilot
against pilot, but pilot against uncertainty.

In general, the game-theoretic control is rarely invoked, mainly
because worst-case scenariosrarely materialize. The saferegion “can
be quite largeif you have a good model of what the other aircraft are
going to do,” Tomlin says. Recently Jianghai Hu, a grad student in s s o 15 20 22
Sadtry’ sgroup, hasworked out aBrownian-motion method for computing X (nmi)
the probability that planes might blunder into unsafe situations. In his 35
master’s thesis, Hu used braid groups to classify maneuvers for .
multiple aircraft, and computed demonstrations with eight and 16 30 P
aircraft. ER
A research group at the Honeywell Technology Center in Minne- 25 Lo
apolishasconsidered the problem of computing “ optimal” maneuvers h
when two or more direct routes conflict. Vipin Gopal and colleagues
Bob Schultz and Don Shaner have appliedinterior point methodstothe
problem of minimizing acost function, such astotal fuel consumption
for the aircraft involved, subject to the constraint of safe separation.
The optimization problem is complex, because there’ s a safe-separa-
tion inequality for each pair of aircraft at each point in time. “ One of 10 S N
thethingsthat interior point methods bring to thetableisthe ability to
handleinequality constraintsin amoreefficient manner,” Gopal says. 5 =

Currently, their algorithmlooksonly at the horizontal component of time
flight, bl_jt F?Iltltl_Jde, at least conceptualy, will be easy to incorporate. Researchers at Honeywell have developed an algorithm that
“An optimization framework offers us the flexibility to add con- finds optimal solutions to a problem in air traffic control.
straints, including those for specific maneuvers, and even addition of Shown here are computational contrails (top) of four jets that,
thethird vertical dimension,” Gopal says. In computer-animated, two- 71ad each continued flying its original, direct route, would

. . . . . . . . have experienced close encounters of the mid-air kind. For
dimensional simulations, flying circlestrace out sinuous center-point any pair of planes, the separation distance (bottom) is at least
paths as they maneuver to avoid overlapping. The optimization often 5 nautical miles.
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causes circles to touch momentarily and even roll around one another as they seek to pass by—a scary-looking prospect if you
mistake the circles for the aircraft themselves, instead of the miles-wide buffers of airspace around them.

TheHoneywell teamisalsolooking at hybrid control techniques. “1t’ svery possible to combinethe hybrid control approach and
the optimi zation-theoretic approach,” saysDattaGodbol e, amember of the Berkeley groupwhoisnow at Honeywell. Interior point
methods, for example, could generate nominally optimal trajectories, with hybrid control vouching for their safety and modifying
them when necessary.

The Future Is Now

While many of the proposal s are futuristic, envisioning acomplete revamping of air traffic control, some algorithms are already
taking off. One of the mgjor effortsisknown as CTAS (not to be confused with TCAS). Devel oped at the NASA Ames Research
Center, CTAS standsfor Center TRACON Automation System (TRACON being an older acronym, for Terminal Radar Approach
Control). CTASisaset of software tools for managing air traffic at major airports.

The program usesreal-timeflight-plan and radar-track datafor aircraft and weather information for the areaof interest. A “route
analyzer” and “trajectory synthesizer” compute different waysin which each plane can completeitsflight. In essence, theanalyzer
generates all possible routes. For each of the routes, the trajectory synthesizer computes a four-dimensional tragjectory, using
information about theaircraft, weather, and intermediate al titude and speed constraints. It returnsan estimated timeof arrival (ETA)
to the route analyzer, which relays this (and other) information to the various CTAS tools.

Threeof thekey toolsare Traffic Management Adviser (TMA), Final Approach Spacing Tool (FAST), and Conflict Probe. TMA
looksat planeswhilethey’ restill several hundred milesfromtheir destinations. Asthey get closer, it schedulesarunway and atime
of arrival for each, taking into account the amount of traffic each airport isableto handle. At about 40 milesout, FAST takesover,
possibly changing the schedule recommended by TMA.. Both toolsinteract with human controllers (who have the final say when
it comesto directing traffic) through graphical interfaces designed to minimize screen clutter and keyboard entries.

Conflict Probe constantly scansthe computed airspace, looking for trajectoriesthat violatetherul es of separation. Thealgorithm
includes some fancy linear transformations for analyzing the uncertaintiesin future aircraft positions. If it findsalikely conflict,
it looksfor away to resolve the situation. Computer testsindicate that Conflict Probe can handle as many as 800 aircraft at atime.

Heinz Erzberger of NASA Ames, who devel oped the basic tragjectory and scheduling algorithmsin CTAS, is currently keen on
anew tool, called Direct-To, which emerged during thefield testing of Conflict Probe. Theresearchersfound that controllerswere
abletoresolveabout 20% of the conflictsthat aroseby issuing a“ direct-to” instruction to one of theaircraft—in other words, having
it head straight to its destination rather than follow its original, segmented flight plan. If planesin conflict could benefit thisway,
theresearchersreasoned, maybe asimilar percentage of all planes could be given direct-to clearance. The new softwaretool looks
for opportunitiestodothis. For each aircraft, it computesthetrajectory along adirect-torouteand comparesit withthecurrent flight-
planroute. If thedirect-to trajectory savesaminute or more, the software checkswith Conflict Probeto seewhether theshorter route
isacceptable and, if so, addsit to alist for approval by the air traffic controller.

The CTAS tools have been tested at several major airports. A test in 1997 at Dallas—Fort Worth Airport showed that CTAS
reduced flight timesby an average of two minutes per plane and enabled controllersto increase the number of takeoffsand landings
from 102 per hour to more than 120. The CTAStoolsarein daily operation at the DFW airport and the Fort Worth Air Route Traffic
Control Center and arenow beinginstalled by the FAA at several airportsand Air Route Traffic Control Centersaround the country.

Another possibility for easing congestion at airports goes by the acronym CASPER/AILS: Closely Spaced Parallel Approach/
Airborne Information for Lateral Spacing. A joint project of the NASA Langley Research Center and Honeywell, CASPER/AILS
would enable airports to land planes on nearby parallel runways even in poor weather. Currently, if two runways are spaced less
than 4300 feet apart, simultaneous landings are forbidden in bad weather (meaning when planes can’t see one another). For many
airports, including thosein Seattle, San Francisco, Minneapolis, and New Y ork, thiseffectively cutstherate of operationsin half—
an obvioussourceof delays. Using GPSand ADS-B, CASPER/AIL S enableseach planeto” see” theother, issu-ing alertswhen either
plane drifts off course asit heads toward its assigned runway.

CASPER/AILSwastested |last November at the Minneapolis airport, with a NASA research aircraft and aHoneywell corporate jet
making numerouscloselanding approaches, withintentional incursionsto test thewarning system. “ Pilotslovethis,” saysHoneywell
engineer Paul Samanant. The Minneapolis demonstration and other tests indicate that CASPER/AILS will alow poor-weather use
of runways as close as 2500 feet (below which wake turbulence is alimiting factor).

Many more improvementsin air traffic control are feasible, even if full-fledged Free Flight never gets off the ground. Schultz
and Shaner at Honeywell, for example, have devel oped a route-planning optimizer that uses current wind patterns and weather
forecaststo plan flightsbetween distant citiesanywhere on the globe. The program can be set to minimizefuel, say for aflight from
Los Angelesto New Y ork, while avoiding an afternoon thunderstorm anticipated in the midwest. Under Free Flight rules, a pilot
could simply follow the computed trajectory, updating it literally onthefly, but evenin the current system, an optimal route could
be used as the starting point for an approved flight plan.

Withmillionsof passengersand billionsof dollarsriding onthe outcome, effortstoimproveair traffic control and the movement
toward Free Flight will continue. Developing new algorithms, Kuchar says, “redly is the only way to increase both safety and
efficiency at the same time.” “We definitely have our work cut out for us,” Pappas adds.

Barry A. Cipraisa mathematician and writer based in Northfield, Minnesota.



