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Abstract

A significant bottleneckin the current air traffic system
occurs at the runway. Expandingairports and adding
new runways will help solve this problem; however, this
comesat a significant cost, financially, politically and
environmentally. A complementarysolution is to safely
increasethe capacityof current runways. This can be
achieved by precisespacingat the runway thresholdwith
a resultingreductionin the spacingbuffer requiredunder
today’soperations.At theNASA Langley ResearchCenter,
the AdvancedAir TransportationTechnologies(AATT)
Project is investigating airbornetechnologiesand proce-
duresthat will assistthe pilot in achieving precisespac-
ing behindanotheraircraft. This new spacingclearance
instructsthepilot to follow speedcuesfrom anew on-board
guidancesystemcalledAirborneMerging andSpacingfor
Terminal Arrivals (AMSTAR). AMSTAR receives Auto-
maticDependentSurveillance-Broadcast(ADS-B) reports
from the leading aircraft and calculatesthe appropriate
speedfor theownshipto fly in orderto achieve thedesired
spacinginterval, time or distance-based,at the runway
threshold. Sincethe goal is overall systemcapacity, the
speedguidancealgorithm is designedto provide system
benefitover individual efficiency. This paperdiscussesthe
conceptof operationsanddesignof AMSTAR to support
airborne precision spacing. Results from the previous
stageof development,focusedonly on in-trail spacing,are
discussedalongwith theevolutionof theconceptto include
merging of converging streamsof traffic. This paperalso
examineshow this operationmight supportfuture wake
vortex-basedseparationand other advancesin terminal
areaoperations.Finally, theresearchplanfor themerging
capabilities,to beperformedduringthesummerandfall of
2004is presented.

1 Introduction

During the1990’s,air travel increasedatanunprecedented
rate, placing ever increasingcapacity pressureson the
NationalAirspaceSystem(NAS).While theeventsof 2001
temporarilyrelievedthesepressures,therearealreadysigns
of returningdemandandpossiblegridlock. It is important
to continueto addressthesecapacityissuesso that future

U.S air transportationgrowth is not impeded. As part
of this effort, numerousgovernmentand industry efforts
areunderway to develop new proceduresfor airborneand
ground-basedconceptsto increasethe capacity of the
NAS. Onesuchventureis NASA’sDistributedAir/Ground
Traffic Management(DAG-TM) conceptunder the Ad-
vancedAir TransportationTechnologies(AATT) Project.
The DAG-TM conceptinvolves various levels of collab-
oration betweenairborneand ground-basedresourcesto
enableless-restrictedandmoreefficientaircrafttrajectories
throughoutall phasesof flight.

One aspectof DAG-TM focuseson terminal arrival
operations,providing a meansfor merging multiple in-
boundstreamsanddelivering preciselyspacedaircraft to
the runway threshold. A properly equippedaircraft and
trainedflight crew are able to usespeedguidancecues,
advanceddisplays,andlateralpathchangesto meetthese
goals.This conceptalsoenvisionsadvancedground-based
decisionsupporttools. Thesetools andassociatedproce-
duresare being developedat the NASA Ames Research
Center. This paperwill focusonly on the airbornetools,
technologiesandprocedures.

Previous researchinvestigatedthe feasibility of using
traffic information displayedon the flight deck to enable
airborne-managedspacing[1–9]. Simulatorexperiments
conductedat NASA Langley involving theuseof Cockpit
Displayof Traffic Information(CDTI), includingadisplay
of the leadtraffic’s locationon thesubjectaircraft’s Navi-
gationDisplay(ND) foundthattime-basedspacingwasthe
mostusefultechnique.A “time box” wasusedto represent
thepositionwherethesubjectaircraft (“ownship”) should
be, and this symbol provided a positional target for the
flight crew to achieve in order to be at the right spacing
interval behindthe aircraft it wasfollowing. The spacing
interval wasassignedby the Air Traffic ServiceProvider
(ATSP).Thestudiesconcludedthatthisconceptis feasible
from a crew workload and acceptabilitystandpoint. Ac-
curateknowledgeof the positionsandspeedsof the lead
aircraft with fast updateratesare necessaryfor concept
feasibility. Recentimprovementsin displayandcomputing
capabilitiesandbroadcastof traffic datamake theconcept
morerealizable.

This paperdiscussesthecurrentstateof theDAG-TM
terminalarrival conceptandthe airbornetools andproce-
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duresbeing developedto supportthis concept. Current
developmentis in the secondof threeplannedphasesfor
this terminalareaconcept.The first wasin-trail andfinal
approachspacing.Thecurrentphaseaddsmergingcapabil-
ities. Thefinal phasewill implementlimited maneuvering
to aid in resolvinglargeerrorsthatmayoccurat theentry
into theterminalarea.

2 Time-based Spacing

Terminalareaprecisionspacinghasthepotentialto provide
an increasein runway capacity. This increaseis possible
through improved precisionof over-the-thresholdtimes,
whichcanleadtoadecreaseof thevariabilityof therunway
thresholdcrossingtimes [10]. While a small percentage
increasein throughputmay seeminsignificant,this small
increasein runway capacitycan lead to a significantde-
creasein landingdelaysfor 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 mean delay 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 beenunderdevelopmentby NASA since the
1970’s [1, 2, 4]. Interest in theseconceptshas recently
been renewed due to a combination of the continued
growth in air traffic with the ever increasingdemand
on airport (and runway) throughput, the emergenceof
enablingtechnology(Automatic DependentSurveillance
Broadcastdatalink, ADS-B), and the encouragementby
the FAA’s Safe Flight 21 Programto examine airborne
approachspacingconcepts.

Oneof theeasiestspacingconceptsto understandand
implementis the fixed-distanceconcept. In this concept,
eachaircraftmaintainsa fixed-distancebehindtheaircraft
it is following. The problemwith this conceptis that ter-
minal areaoperationsinvolve successive speedreductions
by the landing aircraft. With a fixed-distanceconcept,
whenthein-trail spacingis obtained,thefollowing aircraft
thencontinuallymatchesthe currentspeedof the aircraft
it is following. With multiple aircraft in-trail, the last
aircraftwill bespeedmatchingwith thevery first aircraft,
resultingin following aircraftperformingspeedreductions
at distancescontinually further from the airport [9]. This
may result in increasedaircraft fuel consumptionand
highergeneratednoise. It shouldbe noted,however, that
traditionalAir Traffic Control operationssuccessfullyuse
fixed-distancespacingby changing(reducing)thespacing
interval asthey reducethein-trail speed.

3 In-trail and Final Approach Spacing

In 1999,renewedwork at NASA Langley wasinitiated to
supportanoperationallyviableapproachspacingconcept.
Theeventualproductof thiseffort wascalledtheAdvanced
Terminal Area ApproachSpacing(ATAAS) conceptand

was basedon a following aircraft maintaining a time-
based,rather than distance-based,spacinginterval from
the precedingaircraft [11]. It should be noted that the
ultimate goal behind this conceptwas not to accurately
andpreciselyspaceindividual pairsof aircraft, but rather
to achieve a system-wideimprovement in performance.
This improvement will be realized by obtaining better
consistency in spacing from a system-widestandpoint,
sometimesat the expenseof having excessive spacing
betweenindividual aircraft pairs. As such, no single
aircraftwould begivenguidanceto aggressively achieve a
spacinginterval beyondwhatwould normallybeexpected
in current-dayoperations.It shouldbereadilyapparentthat
increasingthespeedof oneaircraftexcessively in orderto
“closeup thegap” with a precedingaircraftcouldquickly
de-stabilizethe systemby multiplying the effect on the
speedrequiredof every aircraft that is in-trail, creating
increasinglylargergapsandspeedswell beyondacceptable
operationalstandards.

To develop this conceptof in-trail, airborne-managed
spacing,systemandoperational(crew andcontroller)pro-
cedureswere defined. The concept included the use
of a chartedStandardTerminal Arrival Route (STAR),
similar to thosecurrently in usetoday. This arrival route
was extendedto include a completelateral path to the
runway, plus a vertical profile (speedandaltitude),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 andtheassignedspacinginterval. Theoretically, this
clearancecould be issuedat any time during the arrival.
Once the flight crew acceptsthe spacingclearance,no
furtherspeedclearancesareneededfrom theATSP.

A fundamentalissuethat is unchangedin ATAAS op-
erationsfrom current-dayproceduresis the responsibility
for maintainingseparationbetweenaircraft.Underthenew
scenario,this responsibilityremainswith the ATSP. With
this in mind,theclearanceto conducttheapproach-spacing
operationis thenaclearanceto follow theATAAS provided
speeds,since the aircraft is alreadyin the arrival phase.
The clearancephraseologyused reflects this procedure.
Additionally, in keepingwith a designgoalof operational
viability, part of the concept vision is the ability for
unequippedaircraft(i.e., thosewithout anATAAS system)
to alsoparticipatein thisoperationby meansof thecharted
arrival. Including the nominal routing and speedprofile
aspartof thechartedarrival would allow anaircraft to be
clearedfor thisarrival. By broadcastingits positionandthe
appropriatedata,it canalsoserve asa leadaircraft for the
ATAAS-equippedaircraftsequencedbehindit.

The ATAAS tool usesADS-B aircraft statedataplus
final approachspeedsand wind datato computea speed
commandfor the ATAAS equippedaircraft to follow.
Althoughthetool hasmany potentialapplicationsin differ-
ent typesof operationalscenarios,including en-routeand
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Fig. 1 Samplecockpitdisplaysfrom theBoeing757showing ATAAS symbology. Theleft sideshowstheElectronicAttitude
Director Indicatorwith the greenPDA annunciationandcommandedspeed.The right sideshows the navigationaldisplay
with traffic displayedalongwith thehistorydots,greenspacingindicatorandgreentext block.

oceanicoperations,the conceptof in-trail spacingin the
terminalarea(i.e.,aircraftarespacinglongitudinallywhile
following directly behindeachother)wasthe logical first
stepin theevolution of theend-stategoalof moreefficient
andflexible maneuveringthroughtheterminalarea.

The flight crew of a properlyequippedaircraft man-
agestheirspeedin real-time,thusallowing for finercontrol
over the inter-arrival spacing betweenaircraft. Early
researchshowed that flight crews are able to achieve the
assignedspacinginterval with a standarddeviation of ap-
proximatelytwoseconds[12]. Thisincreasedprecisioncan
eliminateexcessspacingbetweenaircraft, thus allowing
for increasedrunway throughput.

From this new procedureand traditional operational
considerations(e.g., the requirementfor a stable speed
segmentprior to touchdown), thesupportingATAAS flight
deck tool wasdevelopedusing the nominal speedprofile
associatedwith the chartedprocedureas a basisaround
which the ATAAS algorithmwould build the speedcom-
mands.Key featuresof theATAAS tool are:(1) to provide
speedcommandsto obtain a desiredrunway threshold
crossingtime or minimum distance,one aircraft relative
to another;(2) to compensatefor dissimilarfinal approach
speedsbetweenaircraft pairs; (3) to includewake vortex
minima requirements;and (4) to provide guidancefor a
stablefinal approachspeed.

Appropriateflight crew proceduresweredevelopedfor
crew interactionswith theATAAS tool. Theseprocedures

were designedto minimize the impact to crew workload
levels. Supportingdisplay elements(seefigure 1) were
designedto provide informationto the crew on the mode
of operationandthecurrentstateof theATAAS-equipped
ownship relative to the lead aircraft it is spacingbehind.
A trail of “history dots” behindthe leadaircraft show its
groundtrackontheownship’sND, andcanbeusedinstead
of anareanavigation (RNAV) routefor lateralnavigation.
To allow thecrew to selecttheleadaircraftandenterother
appropriatedata,a simplepilot interfacewith theATAAS
tool was provided via two customControl Display Unit
(CDU) pages.

TheATAAS toolhasundergoneextensiveMonteCarlo
analysisto characterizeandrefineits performance.Studies
of this andanotherfinal approachspacingtool showedthe
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 assignedspacing interval be consistently
achieved with the algorithm implementedon real-world
equipment),in-trail arrival scenariosweretestedin a high-
fidelity, B757 full mission simulator with eight airline
subjectpilots [12]. Aircraft and ATAAS stateand mode
datawerecollected,andpilots providedsubjective ratings
of perceived workload levels and various other aspects
of the concept through questionnaires. The results of
this simulation study showed that the ATAAS guidance
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provided a meansfor achieving a target thresholdarrival
interval within � 5 seconds(this equatesto approximately
1100 ft at the approachspeedof 130 kt) acrossall test
conditions. When autothrottleswere used to track the
ATAAS guidance,a meanerrorwithin � 1 sec,equivalent
to 220 ft., was achieved. The standarddeviation was
2 seconds. For comparisonpurposes,a simulatorstudy
conductedatLangley in 1990usingconventionalair traffic
control methodsand ground-basedautomationresulted
in a delivery precisionof approximately12 seconds[7].
With the pilot controlling the speedby either the Mode
ControlPanelor manualthrottle inputs,themeanspacing
interval wasslightly greaterthan the � 1 sec(5 sec);but
the consistency (standarddeviation) was approximately
the sameas with the autothrottlestracking the ATAAS
guidance.This meandifferencewasmostlikely a display
or trainingissue,which resultedin thepilots not following
the ATAAS speedguidanceduring the final deceleration.
With respectto workload,thesubjectpilotsgenerallyrated
thelevel of workloadwith theATAAS procedureassimilar
to that with standardair traffic control procedures.They
alsoratedmostaspectsof the procedurehigh in termsof
acceptability. Oculometerdataobtainedfrom the subject
pilots indicatedslight changesin instrumentscanpatterns,
but no reductionin the amountof time spentlooking out
thewindow (aconcernwith terminalareaoperations)[14].

A follow-on flight evaluationof the ATAAS concept
wasconductedattheChicagoO’HareInternationalAirport
and in its surroundingterminal area[15]. Threeaircraft
participatedin theseflights: aPiperChieftain,aSabreliner,
and a Boeing 757. The Chieftain functionedas the lead
aircrafton which theSabrelinerspaced,andtheSabreliner
served as lead for the B757. The implementationof the
ATAAS spacingtool on-boardthe B757 included speed
managementthrough the autothrottles,and both manual
and autothrottlespeedmanagementwere 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
wereassignedto the first aircraft in the sequence.In the
vectorscenarios,theChieftainwasvectoredoff pathby the
controller and the other two aircraf were able to stay in-
trail by following thehistorydotsdisplayedon their CDTI
by theATAAS tool. Datacollectedconsistedprimarily of
aircraft statedata,algorithmoutputs,andpilot subjective
data. All flight crews were researchpilots. During the
courseof the flights, the aircraft wereexposedto varying
wind conditions,occasionalfirmwareproblems,andother
challenges.Thedelivery precisionof thealgorithm,based
on a target spacingof 90 seconds,were similar to the
simulationresultsandresultedin a meanerror of 0.8 sec
with astandarddeviation of 7.7sec.

Althoughtheevaluationsof theATAAS concepthave
beenrelatively limited, someimportant conclusionscan
be drawn from this study. Consistentairborne-managed

approachspacingis easily achievable with the ATAAS
tool usedon real-world equipment. Use of simple pilot
andcontrollerproceduresto accompany thetool canresult
in a highly acceptablesystemfrom the pilot’s standpoint.
Proper training, including fixed-basesimulator time is
necessaryto provide pilots with the knowledgeandcapa-
bilities neededto performthis type of procedure.Useof
this tool can result in slight changesto the pilots’ scan
patterns,however a well-designedinterfacecanminimize
theamountof head-down time neededto interactwith the
tool.

4 Merging and Spacing Operations

Following the successfulflight evaluationof the ATAAS
tool, the DAG-TM researchteamat NASA Langley com-
mencedwork on extendingtheATAAS conceptto accom-
modatethesecondphaseof research– airbornespacingin
merging arrival streams.WhereATAAS wasintendedfor
useonly whentheleadandfollowing aircraftwerein-trail,
thisextensionof ATAAS wouldpermittime-basedspacing
betweenany two aircraftheadedfor thesamerunway, even
if they werenotyetphysically in-trail. Thissituationwould
occurif arrivalsenteredtheterminalareathroughdifferent
entry points or were separatedon to different approach
routesto therunwayfor performancereasons(for example,
jetsandturboproparrival routes).

Thisnew concept,calledAirborneMergingandSpac-
ing for TerminalArrivals (AMSTAR), is a direct descen-
dant of the ATAAS conceptand implementation. AM-
STAR extendsthecapabilitiesof ATAAS to provide spac-
ing guidanceprior to merging behind a lead aircraft.
Arriving traffic, as with ATAAS, will follow a charted
STAR, similarto thosein usetoday, but extendedto include
acompletelateralpathto therunway, averticalpath,anda
speedprofile.

The new capability offers two benefits: (1) it would
increasethe time available for aircraft to achieve the
desiredspacing, notionally to the entire time they are
within theterminalarea,and(2) it couldbeusedto ensure
propermerging of arrival streams,potentiallyreducingthe
controller’s task from active vectoring for the merge, to
monitoringtheprogressof anairborne-managedmerge.

As with the in-trail concept,a namedarrival route
is part of the nominal arrival clearance(seefigure 2 for
examplesusedin simulation);thearrival clearancecouldbe
supplementedby a spacingclearancethatwould designate
a lead aircraft and an assignedspacing interval to be
achievedat therunway threshold.This clearancecouldbe
issuedatany timeafterentryinto theterminalarea.

Knowing thearrival routeassignedto theownship,and
thatassignedto thedesignatedlead(via ADS-B), theAM-
STAR tool computesthe estimatedtime of arrival (ETA)
for eachaircraft at the runway threshold(incorporating
the effects of predictedwind fields). By comparingthe
differencebetweenETAs with theassignedspacingat the
runway, thealgorithmcomputesany requiredspeedchange

4



Airborne-managed Spacing in Multiple Arrival Streams

� � � � �

� � � � �

 � ! " #

$ % � & '

( ) � ! �

* + , - .
/ 0 1 2 3 4 0 5 5 0 0 6 1 7 8

9 : ;
< = >

? @ A B C D E

FGHI

J K L M
N O P

Q R R S
T T U U UV W U X Y Z [

\ ] ^ _ ` a b

c d d de f d g h i j

k l l lm n o p m q r q n
s t t tu v w x y z x y {

| } ~ � | � � � � � �� � � � � | �

� � � � �� � � � � � �

� � � �� � � � � � �

� � � � � � �   ¡ ¢ � � £ � £   ¤

¥ ¦ § ¦¨ © ª ¨ « © ¬ ­ ® « ¯ « ° ° ± ² ³ ´ ° ® ª µ ¶ ° © ¬ µ · ¶ · ¸ ¬ µ ¹ º » » º ¼ ½ ¾ ¿ À Á Â Ã ¿ Ä Å ¿ Æ Ç º ¼Ã Æ È É Â Ê º » º Ë Ë Ì Â ÊÍ Í Î À Í Ï ¾ Æ Æ ¹ Æ Ã ÐÍ Í Î À Ñ Ò Ï ¾ É Ê º » Ð
¹ ¾ Á ¿ Â Á Æ ÃÍ Í Ó À Î Ô

Õ Ö × Ø Ù Ú Û Ü Ý Þ ß à Þ Þ à á â Ü ã ä åæ ç è çé ê ë é ì ê í î ï ì ð ì ñ ñ ò ó ô õ ñ ï ë ö ÷ ñ ê í ö ø ÷ ø ù í ö ú û ü ü û ý þ ÿ � � � � � � � � � � � û ý

Fig. 2 Simulationapproachroutesfor arrivals from the
westlandingatDFW runway18R.Traffic mergeslaterally
at GIBBI andvertically at ICKEL. PastICKEL all aircraft
interceptthe18RILS.

relative to theprofile speedsbeingflown. In keepingwith
the ATAAS philosophy of not aggressively commanding
spacingcorrectionsfor any onepair of aircraft, the speed
changesare limited at 10% of the profile speedsfor that
segmentof the approachpath. Other considerationsthat
limit the speedchangeinclude the 250 KIAS / 10000
feet restriction,anda checkon violating wake turbulence
separationcriteria. Thesecriteria could reflect traditional
regulatory spacingrequirements,or could reflect wake-
vortex separationrequirementsfor thegivenaircrafttypes.
The new speed-to-flyis annunciatedon the flight deck
and (optionally) input to the autoflight systemfor speed
guidance,therebygraduallyandprogressively reducingthe
errorin theassignedarrival spacing,while ensuringthatthe
ownshipmergesin astableandsafefashionbehindthelead
aircraft.

Responsibilityfor maintainingseparationbetweenair-
craft remainswith theATSP(asin presentdayoperations).
Operationsaresimilar to theATAAS operationsin thatthe
approachspacingclearanceis now to follow theAMSTAR
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 namedroute to fly, andthe assigned

spacinginterval. Oncetheflight crew acceptsthespacing
clearance,no further speedclearancesare neededfrom
the ATSP. For operationalviability, unequippedaircraft
(i.e., thosewithout anAMSTAR tool) canalsoparticipate
in this operationby flying the chartedarrival. As long
assuchaircraft (or a ground-basedsystem)broadcastthe
appropriatedata, they can serve as the lead aircraft for
AMSTAR-equippedaircraft.

Comparedto ATAAS operations,AMSTAR opera-
tions requiresomeextra informationto be availablefrom
theleadaircraft,namelythe identifier for thestandardized
arrival route being flown by that aircraft. A new on-
condition ADS-B report, to be transmittedby all partic-
ipating aircraft in the terminal area, is proposedas the
broadcastmechanismfor thisnew information.In addition
to thenamedarrival route,eachaircraftwouldbroadcastits
final approachspeedandweight/ wake-vortex class.Also,
if the transmittingaircraft is itself performingAMSTAR
operations,it transmitsthe ID of its leadaircraft and the
assignedspacing,aswell asinformationon theAMSTAR
operationalmode.Theselatterdatacouldprovide ground-
basedsystemswith informationfor conformancemonitor-
ing anderrorchecking.

The commencementof active spacingin AMSTAR
operationsis dependentuponownshipacquiringtheADS-
B messagesof theleadaircraft,which maynot beinitially
within reception range (given the combinationof high
traffic and large distancesbetweenentry pointsat typical
terminalareas).Therefore,theAMSTAR tool is designed
to acceptapilot-enteredleadaircraftaswell astheassigned
spacinginterval, andto fly thechartedspeedprofile,while
waiting to acquirethelead’s ADS-B transmissions.This is
calleda“Profile” mode.Theaircraftcanalsobeassignedto
fly in profilemodeby theATSPin instanceswherethereis
no leadaircraftto follow. If theleadis not acquiredwithin
a pre-specifiedtime interval, the tool will advisethe pilot
of this fact. Oncethe leadis acquired,the tool transitions
into a “Paired” mode, when it actively spacesrelative
to the lead. Since traditional operationalconsiderations
dictatea stabilizedspeedprior to touchdown, AMSTAR
also transitionsinto a “Final” mode once ownship has
crossedtheFinalApproachFix.

In summary, the AMSTAR tool is initialized by crew
input of ATSP-provided spacing information, and then
(1) providesspeedcommandsto obtaina desiredrunway
thresholdcrossingtime or minimum distance,relative to
the lead;(2) compensatesfor actualfinal approachspeeds
of own andleadaircraft; (3) respectswake vortex minima
requirements;and(4) providesguidancefor a stablefinal
approachspeed.

The tool has been implementedin a batch-capable
airspaceandair traffic simulationsystemdevelopedby the
NLR with supportfrom NASA [16], whereits robustnessto
a varietyof operationalvariables(suchaswind prediction
errors,ADS-B rangelimits, meter-fix arrival time errors,
andvariationsin aircrafttype)arebeingevaluated.
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Fig. 3 Sampleresultsof AMSTAR fast-timesimulations
with nowinds.Thetopblockshows theleadaircraft’scur-
rent indicatedairspeedwhile in profile mode.Themiddle
block shows the trailing aircraft’s indicatedairspeed.The
trailing aircraftstartsin profile modeuntil theleadaircraft
is acquired,it thentransitionsto pairedmode.Thebottom
blockshows thecurrentspacingerrorsascalculatedby the
trailing aircraft.

Figures3 and4 representsampledatacollectedfrom
thefast-timesimulationsandshow theactualairspeedfor a
leadandtrailing aircraftalongwith thecalculatedspacing
error from the trailing aircraft. This is a sampleof the
behavior expectedfrom the fast-timeand human-in-the-
loop experiments. In both cases,the upperfigure shows
the indicatedairspeedof the leadaircraft flying in profile
mode. The lead aircraft was flying the DFW BAMBE
arrival route shown in figure 2. The trailing aircraft
arrived via the FEVER arrival route. When the trailing
aircraftenteredtheterminalarea,it wentinto profile mode
sinceits leadwasnot yet in the terminalarea. Oncethe
leadaircraft enteredthe terminalarea,the trailing aircraft
went into pairedmode. This is seenby the vertical line
near400 seconds.The third graphshows the calculated
spacingerror for the trailing aircraft. Notice the slow,
monotonicdecreasein the error. The goal of the concept
is to nullify thespacingerrorat the runway thresholdand
not to aggressively achieve the assignedspacingandthen
maintainit. This is moreacceptableto the operatorsand
passengersandenhancessystem-widestability.

Therearejustminordifferencesbetweenfigure3,with
no winds,andfigure 4 which hasa mild wind field along
with a wind predictionerror. As can be seen,the wind
predictionerror causesmorespeedadjustments;however,
the spacingerror is satisfactorily 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 shows the leadaircraft’s currentindicatedairspeed
while in profilemode.Themiddleblockshows thetrailing
aircraft’s indicatedairspeed. The trailing aircraft starts
in profile modeuntil the leadaircraft is acquired,it then
transitionsto pairedmode. The bottom block shows the
currentspacingerrorsascalculatedby thetrailing aircraft.

to go” calculationsthat appearas small changesin the
flown speedandthespacingerror.

In a paralleleffort, flight crew proceduresandcockpit
interfaceshave beenprototypedwith the overall objective
of supportingcrew interaction with the AMSTAR tool
without increasingcrew workload. Prototypesof the
AMSTAR tool, flight deck displaysand pilot interfaces
havebeenimplementedin amedium-fidelityaircraftsimu-
lation housedat NASA Langley’s Air Traffic Operations
Laboratory(ATOL) [17], where they will be testedand
evaluated in piloted simulations (see figure 5). Since
the pilot’s actionsarelargely unchanged,the displaysare
very similar to thoseusedfor ATAAS. Themajorchanges
arean advancedsetof advisoriesandannouncementson
the EICAS and changesto conform to the Boeing 777-
like cockpit displaysusedin the ATOL. As part of this
integration,anew speedguidancemodewascreatedcalled
Pair DependentSpeed(PDS). If the pilot choosesthis
mode,thesourceof speedguidancebecomestheAMSTAR
tool. A full descriptionof thedisplaysandtheCDU pages
canbefoundin Ref. [18].

A human-in-the-loopexperimentis beingplannedfor
the summerof 2004 in the ATOL. The experimentwill
focuson the flexibility of the conceptandtool by having
the pilots fly arrivals into threesimulatedairspacesbased
on Chicago O’Hare (ORD), San Francisco(SFO) and
LaGuardia(LGA). One of the designgoals for airborne
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Fig. 5 PrimaryFlight Display (PFD) andNavigation Display (ND) of the Boeing777-like simulatorwith AMSTAR/Pair
DependentSpacingsymbology. The PFD shows the PDS annunciationin the upperright cornerunderthe Flight Mode
Annunciatorandthecommandedspeedon thespeedtape.TheND shows the leadaircrafthighlightedin greenalongwith
historydots.Notethattheaircraftis approachingamergepointwith theleadaircraft.

precisionspacingwas to use existing flow patternsand
airbornetools and proceduresto develop a conceptthat
operatesin the samemannerat nearly all airports. This
experimentwill look to validatethatflexibility . It will also
provide insight into crew useof theseinterfaces.In addi-
tion, wewill gatherinformationoncontrolleracceptability
andconcernswith theseoperations.

5 Limited Maneuvering for Precision Spacing

TheAMSTAR tool andits predecessor, ATAAS, only make
useof the speeddegreeof freedomto achieve the desired
spacinginterval. Limiting adjustmentsto speedhelpmeet
the operationalgoals of stabilizing the entire streamof
aircraft and working within current airspacedesignand
ATSPprocedures.However, therearelimits to how large
of anerror in spacingthata speedadjustmentcancorrect.
Part of thefast-timestudies,currentlyunderway at NASA
Langley, is investigating the conditionswherespeedis no
longersufficient to correctfor spacingerrors.

Largeerrorsin spacingwouldgenerallyoccurnearthe
beginningof theoperation.This couldbetheresultof one
or moreaircraft missingtheir scheduledtime at the entry
point or an unexpectedshift in the weatheror winds. In
currentAMSTAR-enabledoperations,thecontrollerwould
needto vector the offending aircraft to a properspacing
in thearrival streambeforebeingableto issuethespacing
clearance.Sinceotheraircraft could not spaceoff of this
aircraft,suchmaneuverswould disrupttheoverall spacing

operationswith a resultingdecreasein runway throughput.
An alternative would be to allow theflight crew to usean
additionaldegreeof freedomto compensatefor the large
spacingerror. This is wherelimited maneuvering comes
into play.

As envisionedaspartof DAG-TM, eacharrival route
would besurroundedby a corridorof “reserved” airspace.
The flight crews could maneuver within thesecorridors
whenneededto correctlarge spacingerrors. The role of
maneuveringis to make grossadjustmentsin spacing.The
finer adjustmentswould be madeby speedalone. While
limited maneuveringconcepthasnotbeendeveloped,some
earlythoughtson its applicationarepresentedbelow.

Due to the limited amountof airspacewithin a busy
terminal areaand the large numberof operationstrying
to usethat airspace,lateralmaneuvering shouldbe mini-
mized. This canbe doneby allowing AMSTAR-enabled
operationsto occurwhenever thespacingerror is not “too
large.” This would be the nominal case. In caseswhere
thespacingerror is large, theflight crew would beableto
modify their arrival routewithin the pre-definedcorridors
to minimize the spacingerror. Thereafter, they would
continueto operateasenvisionedfor AMSTAR, usingonly
speedvariationsto correctany additionalspacingerrorthat
might arise. This one-timepathadjustmentis designedto
minimizethe impactof changingrouteson thestability of
theoverall stream.

Thetrailing aircraftwould needto know thepaththat
their lead aircraft is now following in order to properly
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determinetheirspacing.Therefore,informationonthenew
lateralpathwouldneedto bebroadcastvia theADS-B data
message.The detailsof how this information is shared
still needto bedeterminedbut mustconformto thelimited
messagesizeavailablethroughADS-B andmustallow the
trailing aircraft, and ATSP, to adequatelyreconstructthe
new routethe aircraft will be following. Again, oncethis
new route is established,the aircraft would continueto
follow thespeedguidanceprovidedby theiron-boardtool.

6 Conclusion

A new operationfor terminal areaarrivals is being pro-
posedthatwouldallow for increasesin runway throughput
by increasingtheprecisionwith which aircraft arespaced
at the runway threshold.This precisionspacingoperation
useson-boardspeedguidanceto obtainanassignedinter-
arrival spacing. This prototypeconceptand supporting
tool is calledAirborneMerging andSpacingfor Terminal
Arrivals (AMSTAR), andit allows for spacingoperations
to commencebefore the aircraft are physically in-trail,
i.e. allows the merging of different streamsof traffic.
Theseoperationsare enabledby the advent of advanced
surveillanceanddatalinkcapabilitiessuchasADS-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 occupancy times and final
approachandlandingspeeds.For example,if onepair of
aircraft needsto spaceat 85 secondsand a secondpair
needs95 seconds,thesedifferent intervals 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 everyone to a common, or
a few common, safe intervals. While this keepstheir
workloadat anacceptablelevel andmaintainssafety, there
is a decreasein throughputdueto excessspacingfor those
pair that could have beensafely spacedmore precisely.
In addition, precisionspacingoperationscould result in
fewer speedclearancesbeing issuedto equippedaircraft,
thus decreasingradio traffic and the associatedworkload
for boththecontrollersandthepilots.

Two studiesareunderwayatNASA Langley Research
Centerto characterizetheperformanceandusabilityof the
AMSTAR concept. A fast-timesimulation is looking at
performanceundervaryingconditionsto identify situations
where speedintervention is not sufficient for precision
spacing.Undertheseextremeconditionstheconceptmight
needto be augmentedto include limited maneuverability
by the aircraft to meetthe operationalgoals. A human-
in-the-loopstudywill alsobe conductedto determinethe
flight crew andATSPacceptabilityof theconcept.
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