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Abstract

A significantbottleneckin the currentair traffic system
occurs at the runway. Expanding airports and adding
new runways will help solve this problem; however, this
comesat a significant cost, financially politically and
ervironmentally A complementarysolution is to safely
increasethe capacity of currentrunways. This can be
achieved by precisespacingat the runway thresholdwith
a resultingreductionin the spacingbuffer requiredunder
today5operationsAt theNASA Langley ResearciCenter
the AdvancedAir TransportationTechnologies(AATT)
Projectis investigating airbornetechnologiesand proce-
duresthat will assistthe pilot in achie/ing precisespac-
ing behind anotheraircraft. This nev spacingclearance
instructsthepilot to follow speedcuesfrom anew on-board
guidancesystemcalledAirborne Merging and Spacingfor
Terminal Arrivals (AMSTAR). AMSTAR receles Auto-
matic DependenBuneillance-BroadcagtADS-B) reports
from the leading aircraft and calculatesthe appropriate
speedor theownshipto fly in orderto achiase thedesired
spacingintenal, time or distance-basedat the runway
threshold. Sincethe goal is overall systemcapacity the
speedguidancealgorithm is designedto provide system
benefitover individual efficiengy. This paperdiscusseshe
conceptof operationsand designof AMSTAR to support
airborne precision spacing. Resultsfrom the previous
stageof developmentfocusedonly on in-trail spacingare
discusse@longwith theevolution of theconcepto include
meiging of converging streamsof traffic. This paperalso
examineshow this operationmight supportfuture wake
vortex-basedseparationand other advancesin terminal
areaoperations.Finally, the researctplanfor the meiging
capabilitiesto be performedduringthe summerandfall of
2004is presented.

1 Introduction

Duringthe 19905, air travel increaseat anunprecedented
rate, placing ever increasingcapacity pressureson the
NationalAirspaceSystemNAS). While theeventsof 2001
temporarilyrelievedthesepressuregsherearealreadysigns
of returningdemandandpossiblegridlock. It is important
to continueto addresghesecapacityissuesso that future

U.S air transportationgrowth is not impeded. As part
of this effort, numerousgovernmentand industry efforts

areundervay to develop new proceduregor airborneand
ground-basedconceptsto increasethe capacity of the
NAS. Onesuchventureis NASA's Distributed Air/Ground
Traffic Management{DAG-TM) conceptunder the Ad-

vancedAir TransportationTechnologiefAATT) Project.
The DAG-TM conceptinvolves various levels of collab-
oration betweenairborne and ground-basedesourcedo

enabldess-restrictedndmoreefficientaircrafttrajectories
throughoutall phase®f flight.

One aspectof DAG-TM focuseson terminal arrival
operations,providing a meansfor merging multiple in-
boundstreamsand delivering preciselyspacedaircraft to
the runway threshold. A properly equippedaircraft and
trainedflight crew are able to use speedguidancecues,
adwanceddisplays,andlateralpathchangego meetthese
goals.This conceptalsoervisionsadwancedground-based
decisionsupporttools. Thesetools and associategroce-
duresare being developedat the NASA Ames Research
Center This paperwill focusonly on the airbornetools,
technologiesandprocedures.

Previous researctinvesticgatedthe feasibility of using
traffic information displayedon the flight deckto enable
airborne-managedpacing[1-9]. Simulatorexperiments
conductedat NASA Langley involving the useof Cockpit
Display of Traffic Information(CDT]I), includingadisplay
of the leadtraffic’'s locationon the subjectaircraft's Navi-
gationDisplay(ND) foundthattime-basedpacingvasthe
mostusefultechnique A “time box” wasusedto represent
the positionwherethe subjectaircraft (“ownship”) should
be, and this symbol provided a positional target for the
flight crew to achieve in orderto be at the right spacing
interval behindthe aircraftit wasfollowing. The spacing
interval was assignedy the Air Traffic ServiceProvider
(ATSP).Thestudiesconcludedhatthis concepis feasible
from a crew workload and acceptabilitystandpoint. Ac-
curateknowledgeof the positionsand speed=f the lead
aircraft with fast updateratesare necessaryfor concept
feasibility. Recenimprovementsn displayandcomputing
capabilitiesandbroadcasbf traffic datamake the concept
morerealizable.

This paperdiscussesghe currentstateof the DAG-TM
terminalarrival conceptandthe airbornetools and proce-



duresbeing developedto supportthis concept. Current
developmentis in the secondof threeplannedphasedor
this terminalareaconcept. The first wasin-trail andfinal
approactspacing.Thecurrentphaseaddsmemging capabil-
ities. Thefinal phasewill implementlimited maneuering
to aid in resolvinglarge errorsthatmay occurat the entry
into theterminalarea.

2 Time-based Spacing

Terminalareaprecisionspacinchasthe potentialto provide

anincreasen runway capacity This increasds possible
through improved precision of overthe-thresholdtimes,

which canleadto adecreasef thevariability of therunway

thresholdcrossingtimes [10]. While a small percentage
increasen throughputmay seeminsignificant,this small

increasein runway capacitycanleadto a significantde-

creasen landing delaysfor airportsduring high-demand
conditions. For example, if the throughputfor a runway

with a demandrate (ratio of arrivals to throughput)of

85% could be increasedby 5%, the meandelay times

for arriving aircraft could be reducedby as much as

29% [1]. To obtain this operationalbenefit, concepts
for self-spacingof aircraft operatingin airport terminal

areashave beenunder developmentby NASA sincethe

19705 [1, 2,4]. Interestin theseconceptshasrecently
been renaved due to a combination of the continued
growth in air traffic with the ever increasingdemand
on airport (and runway) throughput, the emegence of

enablingtechnology(Automatic DependentSureillance
Broadcastdatalink, ADS-B), and the encouragemeriy

the FAA’s Safe Flight 21 Programto examine airborne
approactspacingconcepts.

Oneof the easiesspacingconceptso understanédnd
implementis the fixed-distanceconcept. In this concept,
eachaircraft maintainsa fixed-distancdoehindthe aircraft
it is following. The problemwith this conceptis thatter-
minal areaoperationdnvolve successie speedreductions
by the landing aircraft. With a fixed-distanceconcept,
whenthein-trail spacings obtainedthefollowing aircraft
then continually matcheshe currentspeedof the aircraft
it is following. With multiple aircraft in-trail, the last
aircraftwill be speedmatchingwith the very first aircraft,
resultingin following aircraftperformingspeedeductions
at distancesontinually further from the airport[9]. This
may result in increasedaircraft fuel consumptionand
highergeneratedhoise. It shouldbe noted,however, that
traditional Air Traffic Control operationssuccessfullyuse
fixed-distancespacingby changing(reducing)the spacing
interval asthey reducethein-trail speed.

3 In-trail and Final Approach Spacing

In 1999, renaved work at NASA Langley wasinitiated to

supportan operationallyiable approactspacingconcept.
Theeventualproductof this effort wascalledthe Advanced
Terminal Area ApproachSpacing(ATAAS) conceptand
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was basedon a following aircraft maintaining a time-
based,rather than distance-basedspacingintenal from
the precedingaircraft [11]. It should be notedthat the
ultimate goal behind this conceptwas not to accurately
and preciselyspaceindividual pairs of aircraft, but rather
to achiere a system-wideimprovementin performance.
This improvementwill be realized by obtaining better
consisteng in spacingfrom a system-widestandpoint,
sometimesat the expenseof having excessve spacing
betweenindividual aircraft pairs. As such, no single
aircraftwould be givenguidanceto aggressiely achieve a
spacinginterval beyond whatwould normally be expected
in current-dayoperationslt shouldbereadilyapparenthat
increasinghe speedof oneaircraftexcessvely in orderto
“close up the gap” with a precedingaircraft could quickly
de-stabilizethe systemby multiplying the effect on the
speedrequiredof every aircraft that is in-trail, creating
increasinghlargergapsandspeedsvell beyondacceptable
operationaktandards.

To develop this conceptof in-trail, airborne-managed
spacing systemandoperationalcrenv andcontroller)pro-
cedureswere defined. The conceptincluded the use
of a charted StandardTerminal Arrival Route (STAR),
similar to thosecurrentlyin usetoday This arrival route
was extendedto include a completelateral path to the
runway, plus a vertical profile (speedand altitude), all of
which becomepart of the nominalarrival clearance.The
basicsystemprocedurewasthe issuanceof an additional
clearancefrom the controller to the flight crew of the
ATAAS-equippedaircraft, which identified the traffic to
follow andtheassignedpacingnterval. Theoreticallythis
clearancecould be issuedat ary time during the arrival.
Once the flight crew acceptsthe spacingclearance,no
furtherspeecclearancesreneededrom the ATSP

A fundamentalssuethatis unchangedn ATAAS op-
erationsfrom current-dayproceduress the responsibility
for maintainingseparatiometweeraircraft. Underthenew
scenario this responsibilityremainswith the ATSR With
thisin mind, theclearanceo conductheapproach-spacing
operationis thenaclearanceo follow the ATAAS provided
speedsgsincethe aircraft is alreadyin the arrival phase.
The clearancephraseologyused reflects this procedure.
Additionally, in keepingwith a designgoal of operational
viability, part of the conceptvision is the ability for
unequippedircraft(i.e.,thosewithoutan ATAAS system)
to alsoparticipaten this operatiorby meanf thecharted
arrival. Including the nominal routing and speedprofile
aspartof the chartedarrival would allow anaircraftto be
clearedor thisarrival. By broadcastings positionandthe
appropriatedata,it canalsosene asaleadaircraftfor the
ATAAS-equippedaircraftsequencetiehindit.

The ATAAS tool usesADS-B aircraft statedataplus
final approachspeedsand wind datato computea speed
commandfor the ATAAS equippedaircraft to follow.
Althoughthetool hasmary potentialapplicationsn differ-
enttypesof operationalscenariosjncluding en-routeand
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Director Indicatorwith the greenPDA annunciatiorandcommandedpeed.Theright side shawvs the navigationaldisplay
with traffic displayedalongwith the history dots,greenspacingndicatorandgreentext block.

oceanicoperations the conceptof in-trail spacingin the
terminalarea(i.e., aircraftarespacindongitudinallywhile
following directly behindeachother)wasthe logical first
stepin the evolution of the end-statayoal of moreefficient
andflexible maneueringthroughtheterminalarea.

The flight cren of a properly equippedaircraft man-
agegheirspeedn real-time thusallowing for finercontrol
over the interarrival spacing betweenaircraft. Early
researctshaved that flight crews are able to achieve the
assignedspacinginterval with a standarddeviation of ap-
proximatelytwo second$12]. Thisincreasegbrecisioncan
eliminate excessspacingbetweenaircraft, thus allowing
for increasedunway throughput.

From this new procedureand traditional operational
considerationge.g., the requirementfor a stable speed
segmentprior to touchdavn), the supportingATAAS flight
decktool was developedusing the nominal speedprofile
associatedvith the chartedprocedureas a basisaround
which the ATAAS algorithmwould build the speedcom-
mands Key featureof the ATAAS tool are: (1) to provide
speedcommandsto obtain a desiredrunway threshold
crossingtime or minimum distance,one aircraft relative
to another;(2) to compensatéor dissimilarfinal approach
speedsdetweenaircraft pairs; (3) to include wake vortex
minima requirementsand (4) to provide guidancefor a
stablefinal approactspeed.

Appropriateflight crew proceduresveredevelopedfor
crew interactionswith the ATAAS tool. Theseprocedures

were designedtio minimize the impactto crev workload
levels. Supportingdisplay elements(seefigure 1) were
designedo provide informationto the crew on the mode
of operationandthe currentstateof the ATAAS-equipped
ownshiprelative to the lead aircraft it is spacingbehind.
A trail of “history dots” behindthe lead aircraft shaw its

groundtrackonthe ownshipsND, andcanbeusedinstead
of anareanavigation (RNAV) routefor lateralnavigation.
To allow the crew to selectthe leadaircraftandenterother
appropriatedata,a simplepilot interfacewith the ATAAS

tool was provided via two customControl Display Unit

(CDU) pages.

TheATAAS tool hasundegoneextensive MonteCarlo
analysigo characterizandrefineits performanceStudies
of this andanotheffinal approactspacingtool shavedthe
possibility for runway throughputimprovementsof 15—
20%][13].

In orderto evaluatepilot workload,pilot acceptability
and to explore the feasibility of the operationalconcept
(i.e., can the assignedspacinginterval be consistently
achieved with the algorithm implementedon real-world
equipment)jn-trail arrival scenariosveretestedn a high-
fidelity, B757 full mission simulator with eight airline
subjectpilots [12]. Aircraft and ATAAS stateand mode
datawere collected,andpilots provided subjectve ratings
of perceved workload levels and various other aspects
of the conceptthrough questionnaires. The results of
this simulation study shaved that the ATAAS guidance



provided a meansfor achieving a target thresholdarrival
interval within +5 secondgthis equatego approximately
11001t at the approachspeedof 130 kt) acrossall test
conditions. When autothrottleswere usedto track the
ATAAS guidancea meanerrorwithin £1 sec,equialent
to 220 ft., was achied. The standarddeviation was
2 seconds. For comparisonpurposes.a simulator study
conductedatLangley in 1990usingcorventionalair traffic
control methodsand ground-basedautomationresulted
in a delivery precisionof approximatelyl2 secondd7].
With the pilot controlling the speedby either the Mode
Control Panelor manualthrottle inputs,the meanspacing
interval was slightly greaterthanthe +1 sec(5 sec); but
the consisteng (standarddeviation) was approximately
the sameas with the autothrottlestracking the ATAAS
guidance.This meandifferencewasmostlikely a display
or trainingissue which resultedin the pilots not following
the ATAAS speedguidanceduring the final deceleration.
With respecto workload,the subjectpilots generallyrated
thelevel of workloadwith the ATAAS proceduressimilar
to that with standardair traffic control procedures.They
alsoratedmostaspectof the procedurehigh in termsof
acceptability Oculometerdataobtainedfrom the subject
pilots indicatedslight changesn instrumentscanpatterns,
but no reductionin the amountof time spentlooking out
thewindow (aconcerrwith terminalareaoperationsj14].

A follow-on flight evaluationof the ATAAS concept
wasconductedtthe ChicagoO’HarelInternationalAirport
andin its surroundingterminal area[15]. Threeaircraft
participatedn theseflights: a PiperChieftain,a Sabreliner
and a Boeing 757. The Chieftainfunctionedasthe lead
aircrafton which the Sabrelineispacedandthe Sabreliner
sened asleadfor the B757. The implementationof the
ATAAS spacingtool on-boardthe B757 included speed
managementhrough the autothrottles,and both manual
and autothrottlespeedmanagementvere includedin the
scenarios. Two basic types of scenarios,differentiated
by the type of lateral navigation used, were flown: an
RNAV basedpath which transitionedonto the final ap-
proach course, and vector scenariosin which headings
were assignedo the first aircraftin the sequence.n the
vectorscenariosthe Chieftainwasvectoredoff pathby the
controller and the other two aircraf were ableto stayin-
trail by following the history dotsdisplayedon their CDTI
by the ATAAS tool. Datacollectedconsistedorimarily of
aircraft statedata, algorithm outputs,and pilot subjective
data. All flight crews were researchpilots. During the
courseof theflights, the aircraft were exposedto varying
wind conditions,occasionafirmware problems,andother
challengesThedelivery precisionof the algorithm,based
on a target spacingof 90 seconds,were similar to the
simulationresultsandresultedin a meanerror of 0.8 sec
with a standarddeviation of 7.7 sec.

Althoughthe evaluationsof the ATAAS concepthave
beenrelatively limited, someimportant conclusionscan
be dravn from this study Consistentairborne-managed
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approachspacingis easily achiezable with the ATAAS

tool usedon real-world equipment. Use of simple pilot

andcontrollerprocedureso accompan thetool canresult
in a highly acceptablesystemfrom the pilot’s standpoint.
Proper training, including fixed-basesimulator time is

necessaryo provide pilots with the knovledgeand capa-
bilities neededo performthis type of procedure.Use of

this tool canresultin slight changesto the pilots’ scan
patterns however a well-designednterfacecanminimize
the amountof head-davn time neededo interactwith the
tool.

4 Merging and Spacing Operations

Following the successfuflight evaluationof the ATAAS

tool, the DAG-TM researctteamat NASA Langley com-

mencedwvork on extendingthe ATAAS conceptto accom-
modatethe secondphaseof research- airbornespacingn

meiging arrival streams.WhereATAAS wasintendedfor

useonly whentheleadandfollowing aircraftwerein-trail,

this extensionof ATAAS would permittime-basedpacing
betweerary two aircraftheadedor the samerunway, even

if they werenotyetphysicallyin-trail. Thissituationwould

occurif arrivalsenteredheterminalareathroughdifferent
entry points or were separaten to different approach
routesto therunway for performanceeasongfor example,
jetsandturboproparrival routes).

This new conceptcalledAirborne Merging andSpac-
ing for Terminal Arrivals (AMSTAR), is a direct descen-
dant of the ATAAS conceptand implementation. AM-
STAR extendsthe capabilitiesof ATAAS to provide spac-
ing guidance prior to memging behind a lead aircraft.
Arriving traffic, as with ATAAS, will follow a charted
STAR, similarto thosein usetoday but extendedo include
acompletdateralpathto therunway, averticalpath,anda
speedorofile.

The new capability offers two benefits: (1) it would
increasethe time available for aircraft to achieve the
desired spacing, notionally to the entire time they are
within theterminalarea,and(2) it couldbe usedto ensure
propermeiging of arrival streamspotentiallyreducingthe
controllers task from active vectoringfor the meige, to
monitoringthe progresof anairborne-manageahemge.

As with the in-trail concept,a namedarrival route
is part of the nominal arrival clearance(seefigure 2 for
exampleausedn simulation);thearrival clearanceouldbe
supplementethy a spacingclearancahatwould designate
a lead aircraft and an assignedspacinginternal to be
achieved at the runway threshold.This clearancecould be
issuedatary time afterentryinto theterminalarea.

Knowing thearrival routeassignedo theownship,and
thatassignedo the designatedead(via ADS-B), the AM-
STAR tool computesthe estimatedime of arrival (ETA)
for eachaircraft at the runway threshold(incorporating
the effects of predictedwind fields). By comparingthe
differencebetweenETAs with the assignedspacingat the
runway, thealgorithmcomputesary requiredspeecchange
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relative to the profile speeddeingflown. In keepingwith

the ATAAS philosoply of not aggressiely commanding
spacingcorrectionsfor ary one pair of aircraft, the speed
changesare limited at 10% of the profile speeddor that
seggmentof the approachpath. Other considerationghat
limit the speedchangeinclude the 250 KIAS / 10000
feetrestriction,anda checkon violating wake turbulence
separatiorcriteria. Thesecriteria could reflecttraditional
regulatory spacingrequirements,or could reflect wake-

vortex separatiorrequirementgor the givenaircrafttypes.
The new speed-to-flyis annunciatedon the flight deck
and (optionally) input to the autoflight systemfor speed
guidancetherebygraduallyandprogressiely reducingthe
errorin theassignedarrival spacingwhile ensuringhatthe
ownshipmeigesin astableandsafefashionbehindthelead
aircraft.

Responsibilityfor maintainingseparatiorbetweerair-
craftremainswith the ATSP(asin presentiayoperations).
Operationsaresimilarto the ATAAS operationsn thatthe
approactspacingclearances now to follow the AMSTAR
provided speeds. As such, the basic procedureis the
issuanceof a new clearancefrom the controller to the
flight crew of AMSTAR-equippedaircraft,identifying the
traffic to follow, the namedrouteto fly, andthe assigned
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spacinginterval. Oncetheflight crenw acceptghe spacing
clearance,no further speedclearancesare neededfrom
the ATSR For operationalviability, unequippedaircraft
(i.e., thosewithout an AMSTAR tool) canalsoparticipate
in this operationby flying the chartedarrival. As long
assuchaircraft (or a ground-basedystem)broadcasthe
appropriatedata, they can sene as the lead aircraft for
AMSTAR-equippedaircraft.

Comparedto ATAAS operations,AMSTAR opera-
tions requiresomeextra informationto be available from
theleadaircraft,namelytheidentifier for the standardized
arrival route being flown by that aircraft. A newv on-
condition ADS-B report, to be transmittedby all partic-
ipating aircraft in the terminal area, is proposedas the
broadcastechanisnior this new information.In addition
tothenamedarrival route,eachaircraftwould broadcasits
final approacrspeedandweight/ wake-vortex class.Also,
if the transmittingaircraft is itself performing AMSTAR
operationsjt transmitsthe ID of its lead aircraft andthe
assignedpacingaswell asinformationon the AMSTAR
operationamode. Theselatter datacould provide ground-
basedsystemswith informationfor conformancemonitor
ing anderrorchecking.

The commencemenbf active spacingin AMSTAR
operationss dependentuponownshipacquiringthe ADS-
B messagesf theleadaircraft,which maynotbeinitially
within receptionrange (given the combinationof high
traffic and large distancesetweenentry points at typical
terminalareas).Thereforethe AMSTAR tool is designed
to acceptapilot-enteredeadaircraftaswell astheassigned
spacingntenal, andto fly the chartedspeedorofile, while
waiting to acquirethelead’s ADS-B transmissionsThis is
calleda“Profile” mode.Theaircraftcanalsobeassignedo
fly in profile modeby the ATSPin instancesvherethereis
no leadaircraftto follow. If theleadis notacquiredwithin
a pre-specifiedime interval, the tool will advisethe pilot
of this fact. Oncetheleadis acquiredthe tool transitions
into a “Paired” mode, when it actively spacesrelative
to the lead. Sincetraditional operationalconsiderations
dictate a stabilizedspeedprior to touchdavn, AMSTAR
also transitionsinto a “Final” mode once ownship has
crossedheFinal ApproachFix.

In summarythe AMSTAR tool is initialized by cren
input of ATSP-praided spacinginformation, and then
(1) provides speedcommanddo obtaina desiredrunway
thresholdcrossingtime or minimum distance relative to
thelead;(2) compensatefor actualfinal approactspeeds
of own andleadaircraft; (3) respectsvake vortex minima
requirementsand (4) providesguidancefor a stablefinal
approactspeed.

The tool has beenimplementedin a batch-capable
airspaceandair traffic simulationsystemdevelopedby the
NLR with supportfrom NASA [16], whereits robustnesso
avariety of operationalariables(suchaswind prediction
errors,ADS-B rangelimits, meterfix arrival time errors,
andvariationsin aircrafttype)arebeingevaluated.
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Fig. 3 Sampleresultsof AMSTAR fast-timesimulations
with nowinds. Thetop block shavs theleadaircraft's cur

rentindicatedairspeedwhile in profile mode. The middle
block shaws the trailing aircraft’s indicatedairspeed.The
trailing aircraftstartsin profile modeuntil the leadaircraft
is acquiredjt thentransitionsto pairedmode. The bottom
block shavs the currentspacingerrorsascalculatedoy the
trailing aircraft.

Figures3 and4 represensampledatacollectedfrom
thefast-timesimulationsandshow theactualairspeedor a
leadandtrailing aircraftalongwith the calculatedspacing
error from the trailing aircraft. This is a sampleof the
behaior expectedfrom the fast-timeand human-in-the-
loop experiments. In both casesthe upperfigure shavs
the indicatedairspeedof the lead aircraft flying in profile
mode. The lead aircraft was flying the DFW BAMBE
arrival route shavn in figure 2. The trailing aircraft
arrived via the FEVER arrival route. When the trailing
aircraftenteredheterminalarea,it wentinto profile mode
sinceits leadwas not yet in the terminalarea. Oncethe
lead aircraft enterecthe terminalarea,the trailing aircraft
wentinto pairedmode. This is seenby the vertical line
near400 seconds. The third graphshows the calculated
spacingerror for the trailing aircraft. Notice the slow,
monotonicdecreasén the error. The goal of the concept
is to nullify the spacingerror at the runway thresholdand
not to aggressiely achiere the assignedspacingandthen
maintainit. This is more acceptableo the operatorsand
passengerandenhancesystem-widestability.

Therearejustminor differencedetweerfigure3, with
no winds, andfigure 4 which hasa mild wind field along
with a wind predictionerror  As can be seen,the wind
predictionerror causesnore speedadjustmentshowever,
the spacingerror is satishctorily nullified. The wind
predictionerrorscausealittle moreuncertaintyin the“time
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Fig. 4 Sampleresultsof AMSTAR fast-timesimulations
with different truth and predictedwind fields. The top
block shavs the lead aircraft's currentindicatedairspeed
while in profile mode.Themiddle block shavs thetrailing
aircraft’s indicated airspeed. The trailing aircraft starts
in profile modeuntil the lead aircraftis acquired,it then
transitionsto pairedmode. The bottom block shows the
currentspacingerrorsascalculatedby thetrailing aircraft.

to go” calculationsthat appearas small changesin the
flown speedandthe spacingerror.

In aparalleleffort, flight crew proceduresandcockpit
interfaceshave beenprototypedwith the overall objectve
of supportingcrew interactionwith the AMSTAR tool
without increasingcren workload. Prototypesof the
AMSTAR tool, flight deck displaysand pilot interfaces
have beenimplementedn a medium-fidelityaircraftsimu-
lation housedat NASA Langley’s Air Traffic Operations
Laboratory (ATOL) [17], wherethey will be testedand
evaluatedin piloted simulations (see figure 5). Since
the pilot’s actionsare largely unchangedthe displaysare
very similar to thoseusedfor ATAAS. The majorchanges
are an adwancedset of advisoriesand announcementsn
the EICAS and changesto conform to the Boeing 777-
like cockpit displaysusedin the ATOL. As part of this
integration,anew speedyuidancanodewascreatectalled
Pair DependentSpeed(PDS). If the pilot choosesthis
mode thesourceof speedyuidancebecomeshe AMSTAR
tool. A full descriptionof the displaysandthe CDU pages
canbefoundin Ref.[18].

A human-in-the-looxperimentis beingplannedfor
the summerof 2004 in the ATOL. The experimentwill
focuson the flexibility of the conceptandtool by having
the pilots fly arrivalsinto threesimulatedairspacedased
on Chicago O’Hare (ORD), San Francisco(SFO) and
LaGuardia(LGA). One of the designgoalsfor airborne
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Fig. 5 PrimaryFlight Display (PFD) and Navigation Display (ND) of the Boeing 777-like simulatorwith AMSTAR/Pair
DependentSpacingsymbology The PFD shavs the PDS annunciationin the upperright cornerunderthe Flight Mode
Annunciatorandthe commandedpeedon the speedape. The ND shaws the leadaircraft highlightedin greenalongwith
historydots.Note thattheaircraftis approaching meige pointwith theleadaircratft.

precisionspacingwas to use existing flow patternsand
airbornetools and proceduredo develop a conceptthat
operatesn the samemannerat nearly all airports. This
experimentwill look to validatethatflexibility. It will also
provide insightinto crev useof theseinterfaces.In addi-
tion, we will gatherinformationon controlleracceptability
andconcernswith theseoperations.

5 Limited Maneuvering for Precision Spacing

The AMSTAR tool andits predecesspATAAS, only make
useof the speeddegreeof freedomto achieve the desired
spacinginterval. Limiting adjustment$o speechelp meet
the operationalgoals of stabilizing the entire streamof
aircraft and working within currentairspacedesignand
ATSP procedures However, therearelimits to how large
of anerrorin spacingthata speedadjustmentancorrect.
Part of thefast-timestudies currentlyunderway at NASA
Langley, is investigating the conditionswherespeeds no
longersuficientto correctfor spacingerrors.
Largeerrorsin spacingvould generallyoccurnearthe
beginning of the operation.This couldbetheresultof one
or more aircraft missingtheir scheduledime at the entry
point or an unexpectedshift in the weatheror winds. In
currentAMSTAR-enabledperationsthe controllerwould
needto vector the offending aircraft to a proper spacing
in the arrival streambeforebeingableto issuethe spacing
clearance.Sinceotheraircraft could not spaceoff of this
aircraft, suchmaneuerswould disruptthe overall spacing

operationsvith aresultingdecreasén runway throughput.
An alternatie would be to allow the flight crew to usean
additionaldegreeof freedomto compensatdor the large
spacingerror. This is wherelimited maneuering comes
into play.

As ervisionedaspartof DAG-TM, eacharrival route
would be surroundedy a corridor of “resened” airspace.
The flight crews could maneuer within thesecorridors
whenneededo correctlarge spacingerrors. The role of
maneueringis to make grossadjustment$n spacing.The
finer adjustmentsvould be madeby speedalone. While
limited maneueringconcephasnotbeendeveloped some
earlythoughtson its applicationarepresentedbelow.

Due to the limited amountof airspacewithin a busy
terminal areaand the large numberof operationstrying
to usethat airspaceJateral maneuering shouldbe mini-
mized. This canbe doneby allowing AMSTAR-enabled
operationgo occurwheneer the spacingerroris not “too
large” This would be the nominal case. In caseswvhere
the spacingerroris large, the flight crev would be ableto
modify their arrival routewithin the pre-definedcorridors
to minimize the spacingerror  Thereafter they would
continueto operateaservisionedfor AMSTAR, usingonly
speedvariationsto correctary additionalspacingerrorthat
might arise. This one-timepathadjustmenis designedo
minimize theimpactof changingrouteson the stability of
theoverall stream.

Thetrailing aircraftwould needto know the paththat
their lead aircraft is now following in orderto properly



determingheirspacing.Thereforejnformationonthenew
lateralpathwould needto bebroadcasvia the ADS-B data
message. The details of how this information is shared
still needto be determinecdut mustconformto thelimited
messagsizeavailablethroughADS-B andmustallow the
trailing aircraft, and ATSR to adequatelyreconstructthe
new routethe aircraftwill befollowing. Again, oncethis
new route is establishedthe aircraft would continueto
follow the speedyuidanceprovided by their on-boardool.

6 Conclusion

A new operationfor terminal areaarrivals is being pro-
posedhatwould allow for increasesn runway throughput
by increasingthe precisionwith which aircraftare spaced
at the runway threshold. This precisionspacingoperation
useson-boardspeedguidanceto obtainan assignednter-
arrival spacing. This prototype conceptand supporting
tool is called Airborne Merging and Spacingfor Terminal
Arrivals (AMSTAR), andit allows for spacingoperations
to commencebefore the aircraft are physically in-trail,
i.e. allows the memging of different streamsof traffic.
Theseoperationsare enabledby the adwent of advanced
suneillanceanddatalinkcapabilitiessuchasADS-B.

In additionto improvedprecisionattherunwaythresh-
old, theseoperationsallow for more dynamic and opti-
mized spacingfor each pair of arriving aircraft. This
optimal spacinginterval could be a combinationof wake
turbulenceavoidance,runway occupang times and final
approachandlanding speeds.For example,if onepair of
aircraft needsto spaceat 85 secondsand a secondpair
needs95 secondsthesedifferentintervals could be met
by airborneprecisionspacing. If a single human,such
as a controller was responsiblefor a string of several
aircraft, eachwith slightly differentspacingrequirements,
they would naturally adjust everyoneto a common, or
a few common, safe intervals. While this keepstheir
workloadat anacceptabléevel andmaintainssafety there
is adecreasén throughputdueto excessspacingfor those
pair that could have beensafely spacedmore precisely
In addition, precisionspacingoperationscould resultin
fewer speedclearancedeingissuedto equippedaircraft,
thus decreasingadio traffic andthe associatedvorkload
for boththe controllersandthe pilots.

Two studiesareundervay at NASA Langley Research
Centerto characterizehe performancendusability of the
AMSTAR concept. A fast-timesimulationis looking at
performanceindervaryingconditionsto identify situations
where speedintervention is not sufficient for precision
spacing.Underthesesxtremeconditionstheconcepimight
needto be augmentedo include limited maneuerability
by the aircraft to meetthe operationalgoals. A human-
in-the-loopstudywill alsobe conductedo determinethe
flight crew andATSPacceptabilityof the concept.
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