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Closing the Loop on the Flight Deck

This document was produced by participants in-BEjyjuip 2020, Working Group K.is the product of
the members of the group and does not constitute the opiniop®licy of the FAA.

Execuive Summary

ADSB In applications have beetevelopedfor several decadebut have gained little traction imir
transport operations around the worldAir transport operators have invested in equipping thdlieets
with ADSB Outequipment to meet the AD8 Mandatein 202Q Operators are now lookinfiprward to
the benefitsfrom ADSB In applications to build on their AEBSOut investments

ADSB In applicationprovide opportunitiesfor significant gains in efficiency, gacity, aml safetyin the

U.S. Natinal Airspace System (NAS), especially when integrated with Traj@ased Operations (TBO),
which promise benefits in highdensity operations While the fundamental capability for improved
cockpit situational awareness of sumeding traffichas univesal appeato flight crews applications such

as Cockpit Display of Traffic InformatiorCDT}Assisted Visual Separation (CAVS) and Interval
Management (IMvill yield significant efficiency and throughpnefitsfor the operators The CAVS and

IM applcations build on the basic airborne and surface traffic display capabilities, which current pilots
using ADSB In testify provide significant safety benefits.

Swcecessful deployment of AEESInapplicationsdependson coordination and alignment betweeseveral
stakeholders With the need for coordination and alignment in minttjs documenthas incorporated
inputs from theFederal Aviation AdministratiofrAA, asregulator and air navigation services provider
the operators and, the avionicsand aircraftmanufactures. In the past,this group of stakeholders
encountered roadblock successesulting fromlimited budgets and lack of a clear understanding of
the benefits provided by ADB Inapplications and theseroadblocks anduncertaintieshave limited
development and deploymerib date. With the advent of ubiquitous AEESOutequipage the stage is
set to accesthe operational benefits of ADB In.

This docment providesa description ofselectedADSB Inapplications, benefitsand an evolutionary
deploymentstrategy for keyADSB Inapplications in the U.S. NASnh update to the benefits and cost
analyses, originally developed in 2012 for the ADI& Aviation Rulemaking Committee, shawerall
benefitsto-cost ratios between 1.4 and 4.5 depending equipage timelines, retrofit versus new
production aircraft, ad industry feedback on equipage cosstimates. An evolutionaryoperational
deployment pathhas been definedfirst leveragingl SGdefined applications such as CAV®at require
no changeso Air Traffic Control (ATC) automation systems theATCand pilot communiiesand airline
operators gain confidence and see benefits in /DB applications, more complex, higHsnefit
applications requiring FAA investmentAil C automation systembkeadditional operational uses of the
CAVS applicaticandIM, will be pursued. ADB In applications, andi1 in particular, are key components
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Objectives of this Document

Theprimary objective of this documenis to piopose an operational deployment strategy, develofisd
key stakehdders that motivates 1) avionics and aircraft manufacturers to develop equipageairiihe
operators to equipand, 3)the FAA to make the necessary ATC automation chasmsinguse ofADS
B In equipagéo achieve the benefits

To accomplish this géctive, the document

91 providesan overviewof selected AD8 In applicationanda briefhistory of ADSB In applicatios
developmentto date;

9 describesthe key ADSB In operationdrivingbenefits forairline operators and the work needed
to deploy those operations in the UISAS and,

1 outlinesa stakeholdedefined roadmap to achieve AEBSIn operational deployment

The document is organized as follows.
Section 1: Overviews of AIBSOutanda selectedset of ADSB In applications.

Section 2History of the ADB Out mandateADSB In applications developmerdand FAANndustry
coordinationto date.

Section3: Airline interest in ADSB In applicationsincluding current roadblocks preveny airlines
from investingfully in ADSB In applications

Section 4: AD8 Inbenefits, including a description of benefiteechanismsthe operational benefits
pool, and NASvide benefits.

Section 5:A \sion of ADSB In applications within the futur@rajectoryBased Opeations (TBO)
environment.

Section6: A proposedstakeholderdevelopedroadmapfor ADSB In applications development and
deployment.

Section7: Description obystems and operations that must be in place betbefull benefits of ADS
B In applicationsan be achieved
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1 Introduction

1.1 Overview of ADB Out and In

Automatic Dependent SurveillanceBroadcast (AD8B) is recognizedy the FAA andindustry as an
important enabler for future trajectorybased air traffic managemenfADSB data from ADSB Out
equipped aircraff is already usedbr separation in FAAIr Traffic Control ATQ systems ands being
receivedby ADSB In systemsonboardequippedaircrafttoday.

ADSB is a surveillance technique that relies on an aircraft broadcastingasition (latitude and
longitude), altitude, velocity, aircraft identificatipmnd other information. AD8 is dependenbn a
position source (e.gglobal navigation satellitaystem [GNS¥bf required quality and requires additional
information fromother onboard systems. Every AIBSmessage includes an indication of the quality of
the position and velocity data. This alloABSBrecipients to determine whether the dataaslequate to
support the intendedise

ADSB supports bothATCand airborne arveillance. Because ABOut information is broadcast, any
suitable receiver can process the received messagjesraft surveillance applications (ASA)/airborne
surveillance capabilities require aircraft to be equipped WMDSB In receivers to procesdata from
surroundingaircrat equipped with AD® Out. For mostADSB-In capabilitiesand applications, a traffic
display is used to present traffic information graphically.

Several initiatives are egoingworldwide to mandate equipage of ABBOut using 1090 MHz as the
global linktechnology. However, the minimum acceptable link version is different between redgions.
date, severalADSB In applications have been designed to usBSB Out data fromall ADSB versions
allowing those applications to bhesed across regionsore detal on ADSB Out link versions is provided
in Appendix A.

1.2 Overview of ADBIn Applications

The FAAwith European and industry partnetsasdeveloped concepts and avionics standards for several
ADSB In applicationsAvionics suppliersand aircraft manuacturers (OEMs) have developed sonoé
those applications which are in varying states of deploymenAppendix B lists ABE In standards
documents, and Appendix C descrilsesnecurrent ADSB In industry offerings.

1.2.1 BasicAirborne Situation Awarene$aIRB)

AIRBwas primarily developed tenhance traffic suational awareness for pilof$mproving flight safety

and flight operationshrough the provision of surrounding AEBB®uttraffic on an orboard traffic display.
AIRBsupgdements the other available sources afarmation on traffic (e.g.visual scans and/or radio
communications) and supports pilots having better awareness of the traffic in the vidMitije pilots

have used the Traffic Collision Avoidance SysterA%JiCdisplay to improve their understanding of the
surrounding traffic, its primary objective is to support visual acquisition when a Traffic Advisory is
generated and therefore, its use for understanding the surrounding traffic is limited

AIRB promesthe following information to the pilot:

1 Relative horizontal positioand ground traclof surrounding trafficand
9 Altitude and vertical direction.

The following information can berpvided to tre pilot on demand:
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1 Aircraft identification; and
1 Speed iformation (ground speed).

AIRB is defined for use by aircraft operating in any airspace, both controlled and uncontralazlasses
A to G), in which the traffic density can range from low to very high. AIRB is releveaifitooperating
under hstrument Hight Rules (IFRdr Visual Flight Rules (VERhe application may be usethy time
during airborne operationgrom the runway departure on takeff until touchdown on landing.
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Figurel. Example AIRB Cockpit Display of Traffic Information (CDT]I) display [Richards 2017].

There are no specific requirements on groundCAslystems from communicetn, navigation and
surveillane perspectivesvhen AIRB is used. AIRB cariftegrated intocurrent operationswithout any
changes to operations quilot or ATGprocedures

For more information, refer to RTCA BT / EUROCAE H#b4, the Safety, Performmae and Interoperability
Requirements document for AIRBhe latest version dfFAAAdvisory Circula0-172 specifies how impmenters

must integrate AIRB and TCAS informatiorat least one displaiy there aretwo separatecockpitsystemsi(e., an

AIRBdisplay anda TCAS display).

Benefits of AIRB

With an increase in traffic situational awareness, AIRB can improve the saigtgfficiency of flight
operations. Improved identification of surrounding traffic enables pilots to nmadiee informed clearance
requessto ATC (e.g.requesting dlight level change)Several operational trial€onducted since 2010
have showrthe followingoperational benefits of AIRB
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1 Additional information available onboard the aircrdé.g, call sign of nearby traffjamproves
pilotsunderstanding of ATC @eances and turbulence reports.

1 Information on taffic conditions helps pilotsmake more informedlight level changeequests
and tactical routing requests. In oceanic cruise environments, improved fuel efficiendyecan
attainedby making more informed flight level change requests

1.2.2 CDTHAssisted Visui&eparation (CAVS)

tKS 202S0OGAGS 2F /! +{ Aa G2 lLaarad LAf2dGathehy YIAY
International Civil Aviation OrganizatiofCAQ) from an aircraft equipped with ABES Out during

successive visual approach pedares CAVS can only be used under Visual Meteorological Conditions

(VMC).

ATQrovidestraffic information to the pilot of therailingaircraft as in currentisual appoachoperations.
On reception of this traffic information, the pilot of a CA&filippedaircraft can use the traffic display to
support visual acquisition of theadingaircraft during thevisualapproach procedure. Once theading
aircraft is initiallyacquired out the window aniientified on the CDTI, the pilot is allowed to use titadfic
display to continuevisual separation operationsven if visual contact with thdéeading aircraft is
temporarily lost (e.g.lost in city lights at night).

TheCA\Bavionics requirdwo alerting features: an advisory level, pie¢lectable rangendicationand a
caution level surveillance alerThe pilotselectable rangéndicationis set in accordance with individual
companypolicyand is intended to assist thélgt in achievingan operationally desirabl@istance from
the leadingaircraft. The caution levsurveillancelert cannot be modified by the pilot and activates when
the range to the preceding aircraft is less than 1.4 nautical niN&4) and surveillane quality does not
support closer range¥Vhen thesurveillancealert occurs, the pilot is no longer authorized to use GBTI
as a substitute for outhe-window visual obsent@on of the preceding aircraft.

Relative to AIRB, the following additionmaflormation is provided to the pilot:

1 Relative groundspeeaformation (between the leading aircraft and ownshighablingthe pilot
to readily assess the closure rate with the preceding aircaaid
1 Alerting information as describad the previous paragnah.

There are no new requirements on ground systems flmmmunication, navigatigrand surveillance
perspectives when CAVS is used\VS operations are transparent to ATC and tdehdingaircraftand
can be used in the same environments as curkesial approaches

FAA requires operational approval for usiethe CAVS capabilifgee the latest version oFAA Advisory
Circular 96114, Appendix B As of mid2019 American Airlines has received this approval.

Benefits of CAVS

CAVS improvearrivalthroughput by allowing visual approach operations to contimveen they would
otherwise have been cancelled due to pilots losing thetbetwindow visual At least one airline believes
that use of CAVS will reduce-gmounds due to traffic getting todase o final.

For moreoperationalinformation on CAVSsee RTCA B&54 / EUROCAE £B3, the Safety, Performance and
Interoperability Requirements document for CAVS.
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1.2.3 Addtional Operational Uses of tHeAVS Application

American Airlines has expressed &t in extending the use of the CAVS avionics functions to other
operations Other operational uses of th€AVS applicatioare currently beingexploredby the FAA in
collaboration with American Airlinemnd would extend the use of the CAVS avionics#ding/visibility
conditions that do not allow visual separation

Unlike CAVS operations, ATC waquiavide theleadingt A NONJ FiGQa GNX FFAO L5 FYyR
clearance The flight crew would identify thieadingaircraft on the CDTI. The ueéthe CDTI allows the

flight crew to manag@éown separatios from the leadingaircraft when outthe-window visual contact is

not possible or is lost.

Progression

_____________________________________ -—
1.A hel ith
Precezipr:gaAcirc‘r:a?tai::laennct;i\g;tion 2. CDTI use fo;ﬂsual separation 3. Layer / visual transition 4. Landing
~ ~ —
Trailing T .
Aircraft Trﬁ]jr?\

Aircraft

Trailing =7~ »
Aircraft & o~ -
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Not to scale
Controller sets up aircraft pair closer Controller monitors the spacing for any significant Tower controller ensures the runway is clear and
than aircraft not able to conduct CAVS  issues but allows the flight crew of the Trailing Aircraft  clears the Trailing Aircraft to land.
in less-than-visual conditions and to apply own separation from the Leading Aircraft
clears them for the instrument using the CAVS application.
approach and visual separation using Flight crew ensures the runway is clear and
the CAVS applications. Flight crew monitors the distance and closure rate continues to normal landing.

information and allows the natural compressionto
Flight crew identifies Leading Aircraft occur while closing to a comfortable spacing.
on CDTI and engages CAVS
application.

Figure2. Use of the CAVi&plicationin Lesghan-Visual Conditions, illustrating additional operational uses ofGA¥'S
Application

As described in Section 1.2.2, the CApjSicationwould provide cautiodevel and advisordevel alerting
based onan operator-specified range and a minimusurveillancerange respectively, to thdeading
aircraft

Benefits ofExtendng the Use of the CAVioplication

The NAS operates at its peadrformance(i.e., throughput and efficiencyyhen air traffic controllers can

apply visual separation standards and visual approach clearances to maintain maximum runway capacity
at major arports. As weather conditions approach the minimum requiremefts conducting visual
operations at a given facility, or when pilots are unable to accept visual separation clearances, airport
capacity is reducedThis occurs in conditions well abotree 1000feet/3-NM minimums required for
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VMC. The notionaldiagrant below shows how visual approaches may be suspended as weather
conditions and visibility degrad@he degradation of visual operatiomsids arrival delay andirectly
impacts airline schedulesliability and efficiency.
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Figure3. Marginal Meteorological Conditions provide opportunity for additional operations using the CAVS application.

Reduced arrival rates canean moreflight miles and less predictability arrival times New operational
uses of the CAVS&pplicationwill enable the controller to condition traffic for visual approdite
operations and coduct reduced separation operations fmon-visualweather conditions to the runway
threshold. The potential to increase runway capacity in more varied weather conditiaigrigicantfor
airline operatorsTablel compaes thearrival throughput for differentneteorological conditions for the
top 35 airports in the NASAs expected, capabilities that achieve vislike throughput in norvisual
conditions can significantly increase the arrival throughput at an airport

Tablel. Arrival Throughput in Different Meteorological Conditifhsp 35 Airports)

VMC MMC IMC

Airport Throughput Throughput Throughput V('\)Avcér”;;'rv? gse Vl\(/l)\(llelplc I\;I?se
(ac/hr) (ac/hr) (ac/hr)
ATL \ 117.9 117.5 104.4 0% 13%
BOS 70.6 41.7 35.1 69% 101%
BWI \ 52.7 42.1 33.2 25% 59%
CLT 106.3 105.1 93 1% 14%
DCA 47.1 43.9 37.4 7% 26%
DEN 140.7 138.8 114.5 1% 23%
DFW \ 177.3 151.3 110.2 17% 61%
DTW 132.3 97.4 90.9 36% 46%
EWR \ 49.5 43.6 37.5 14% 32%
FLL 54.7 54.3 54.3 1% 1%
HNL 61.3 34.5 30.2 78% 103%
HOU 414 38.9 315 6% 31%
IAD \ 93 78.7 67.7 18% 37%

1 This diagram will differ by facility.
2The top 35 airports in the U.S. NAS are based on the nuof@mual operations.
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IAH 1134 84 79 35% 44%
JFK 84.8 63.9 62.6 33% 35%
LAS 89.9 77.5 37.3 16% 141%
LAX 81.4 76.1 64.2 7% 27%
LGA 47 45.4 40.3 4% 17%
MCO 85.6 86.1 69.4 -1% 23%
MDW 43.8 43.5 34.2 1% 28%
MIA 79.7 78.4 65.4 2% 22%
MSP 119.5 90.1 60.7 33% 97%
ORD 127.5 127.9 110.5 0% 15%
PHL 58.4 68.8 37.1 -15% 57%
PHX 88.6 46.7 44.7 90% 98%
SAN 44.4 40.2 32.8 10% 35%
SEA 59.1 51.7 48.3 14% 22%
SFO 73.6 50.5 36.8 46% 100%
SLC 94.2 75.8 656 24% 44%
STL 88.5 40.9 331 116% 167%

1.2.4 In-Trail Procedures (ITP)

OceanidTP enables a leading or following satreek aircraft to perform a climb or descent to a requested
flight level through intermediate flighevek. ADSB messages provide th&eraft identification, altitude,
position, and ground speed of reference aircrafind this information isssessed by the [TdRjuipped

I A NJO Nibdaid @guipngent to determine whether an ITP climb or descent is plesdased on the
processed ADB data fom oneor two reference aircraft, a pilot can make an ITP climb or descent request
to ATCATC performs other checks, and wtateptable appliesITPseparation minimdo approve the
climb/descent ofthe ITP aircraftelative to suitable reference aircitaITP requests and clearancae
communicated via &ontrollefPilot Datalink CommunicatiorfCPDLInessage exchangde.

Other Aircraft \
Y=l
(— Reference Aircraft

e 00

Other Aircraft i
f_ er Aircra Reference Aircraft

% ITP Aircraft ‘ FL350

N\ F e

Other Aircraft
f“
S

D FL340
| Current | | Current |
Longitudinal Longitudinal
Separation Minimum Separation Minimum

Figure4. Notional example of an ITPqaedure relative to two reference aircraft in Oceanic Airspace [ITP SBRPO

3 While Spacdased ADSB (SBA) will enable smaller oceanic separation, it requires all aircraft separated at the
reduced separation standard to have CPDLC and4RNPcontrast, ITP only requires the reference traffic to have
ADSB.
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Pilots are responsibléor using the ITP equipment to evaluate the situation and provide the required
information to the controller. The controller always maintains separation responsibility between aircraft
as dictated byhe airspace class in which the operations occur.

ITP $ described in detail in thECAOProcedures for Air Navigation Serviagdir Traffic Management
(PANSATM), Doc 4444includingthe relatedCPDL@Gessags.

Additional information related to ITRay be found iIHCAO Circular 32%-Trail Procedure (ITR)sing Automatic
Dependent Surveillanae Broadcast (ADSB).

ITP is designed to be applied in thereuite remote airspace, where separation is provided according to
ICACPANSATMChapter 5 provisins.FAA requires operational approval for use of fBcapability (see
FAA Advisory Circular 904A). United, American, Delta, and Hawaiian Airliresve received this
approval

The FAA and United Airlines conducted an operational evaluation eBADBusingwelve United B747

400 aircraft. In June 2011, applementalType Certificate was granted by the FAA for the ITP system
installation on the B74400 model operated by United Airlines. On the same day, the FAA Air Traffic
Organization received approval from its safety regulator to offer-BIDEP services properly equipped

aircrat in the Oakland Oceanic Flight Information Region (FIR). FAA En Route and Oceanic Safety and
Operations Support authorized Oakland Center to initiate the operational evaluation in August 2011; the
FAA has put in place an Airaffic Order under which O#nd Center continues to support AIBSITP
operations. United Airlines received Operational Approval from FAA Flight Standards to commence ITP
operations in August 2011. FAA modified the Advanced Technologies & Oceanic Pe¢ad@e) ATC
automation systm to provide direct controller support for ABESITP, including conflict probe changes,
making this capability operational at all US Oceanic Centers (Anchorage, New York, and Oakland).

Benefits of ITP

The use of ITP facilitadelimb and descent of aircitaduring the enroute phase to enable better use of

optimal flight levels in environments where procedural airspace requires large separation stafiderds.

benefits of ITP include thieiel savings and corresponding environmarenefitsfrom operating nore

Of 2asSfe (G2 GKS I ANDONI Fimarg ITRinchedsey daliin c@niidnizand Safetyaé G A G dzR S
ITP allows the pilot to more readily achieve @perationally desirabldlight levelto avoid extended
turbulenceduring cruise

TheFAA and Unéd Airlines collaborated to analyze and publish a summary of the operational economic
benefits United Airlines experienced as a result of BOSP equipage [FAA ITP Benefitghile there

were few ITP request® the Oakland Geanic FIRn 2017 (30 requésd, 4 accepted) and 2018 (108
requests, 36 accepted), there is evidence of increasing ughi®fapplication as more aircraft are
equipped*

4There are several taors contributing to low numbers of ITP requests and a low rate of accepted reqdsts.

do not know the separation standard that is currently being appliebich means ATC may not be able to accept
the request in some caseldowever, vihnen a pilotmakesthe ITP request, it draws attention to the pilot's desire to
climb. Therefore, success can be categorized as the pilot receiving a climb cleavandéit is not an ITP climb
Additionally, here have been issues with the foatting of the requestindicating issues withr Pequipment. Lastly,
controllers may not be comfortableccepting the ITP requegiven the frequencyf use
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As part of the AD8 ITP Operational Benefits Evaluation conducted by the FAAtiveship with United

Airlines, flight crews were interviewed about their use of the ITP system during oceanic operations. During
postflight interviews, flight crews stated they were able to use the display to continuously optimize their
altitude with the knowledge of proximate trdit. A study was conducted to assess and quantify the
economic benefits from the situational awareness (SA) aspect of the ITP display. The ITP display provides
flight crews with the position, flight ID, distance, altityded cbsure rates of proximate &ffic up to 250

NM away from the ITP aircraft position.

Analysis of the data demonstrated there was an SA benefit based on flight crew surveys and supported
with situational awareness fuel benefit values when the data were apdlat the aggregate levir all

valid flights inbound and outbound in both the Trafwantic and Tran®acific regions. The additional SA
provided by the ITP display allowed pilots to make standard climb requests with a higher probability of
success. Also, knowledge of the tri€ competing for optimum altitudes at oceanic entry points,
particularly on the North Atlantic, allows for an earlier request for the optimum altitude. The SA fuel
savings benefivas573 Ibs for all valid flights in both theahsAtlantic and Tran®acfic regions (670 Ibs.

per flight in the Trang\tlantic region and 521 Ibs per flight for the TraPecific region) [FAA ITP Benefits].

1.2.5 Interval Management (IM)
IM combines grounéasedand flightdeck systens to provide preciseinter-aircraft spacingbetween
aircraft, providing air traffic controllers with another tool to manage traffic flows

9 Ground capabilities assist the air traffic controller in issuMglearances to merge and space
aircraft safely and efficientlgnd inmonitoring theprogress of those IM operationand

1 Airborne capabilities allow the pilot to conform to the IM clearabggrovidingspeed guidance
to achieve and maintain a precise spacing goal relative to another ajldtathe adaptivecruise
control feature in rrwer cars These airborne capabilities are referred to as the flggntk interval
management (FIM) avionics.

The objective of the IM application is to achieve and/or maintain an asdigpacing gogASGpetween

the IM aircraft and theATCGdesignated aircraft (referretb hereas theTargetAircraft), by having the pilot

follow speed commands generated by the FIM avianite ASGs providedby the controller ananaybe

given in timeor distance. The \alueof the ASGshould align wittK S O2 y i N2 f f SNRa 3I21 &t 2
efficientand saferaffic flow.®> Ina TBO environment, thASQGwill be based on théime-basedschedule

at a point in the airspace

ATCand pilotswill be provided with new procedures and phraseology for IM operaiduring IM
operations,ATQetains responsibility for separatiom a TBO environment, the IM clearance information
for aircraft equipped with FIM avionics would be displayed to ATC. @&oammunicates the IM clearance
to the flight crew of the IM Aircifavia voice or using Dataomnunications (Data Comnwvhen available
The flight crew on the IM Aircraft enters the IM Clearance information into the FIM avmmécgoloads

it from the Data Comm receiving systerti the FIM avionics determines the INearance is valid (for
example, thedata in the¢  NBS G ! A-BlOUNIneBsadge anust W sufficient quality, IM speed
guidance is displayed to the flight creifhe flight crew begia implementing the IM speedsanually ¢r

5 The ASG should not be set equal to the separation standard (or abtised approximation of # separation
standard).An additional buffer should be added to account for expected spacing variations during the operation.
CKA&G A& AAYAELFNI G2 !¢/ Qa &aSLINIGA2Y YIyl3SySyid G2RI&o®

Version 1.1, 4 December 201%ection 508 Compliant on 23 March 2020



the autoflight system codl automatically implement the IM Speed§he IM operation continues until
reaching the Planned Termination Point (PTP) or until terminated by ATC.

Achieve 90 sec behind SWA2943, Terminate at YOKX0  rerminate
TRK [107] MAG Suspend

65239 1As240 : 3 RHYAN
168/0 \ ! 0129.4z

© MITRE

Msg | Current
MIM‘ m‘mm% c«m‘nurum‘mm Reset

Figure5. CDTI for IM application (prototype used in MITRE HITL experiments).

Arrival and approach applications arepexted to provide throughput and efficiency benefits, supporting
spacing from a Target Aircraft going to the same runway, a parallel runway, and crossing or converging
runways? Detailed benefits for the IM applications are described in Section 4.

Samerunway operations, illustrated in the figure below, can begin whecrait are on different arrival
routes and as soon as the Target Aircraft is within-BD&nge of the IM Aircraft. The IM speed guidance
is designed so that the IM Aircraft will cross tAehieveby Point (ABR)specified as a part of the IM
clearanceat a time interval equal to the ASG after the Target Aircraft crossed the/ BB&ause the IM
and Target Aircraft may be on different routes prior to the ABP, the IM speed guidance dsdratee
predictedspacing at the ABP. Between the ABP and RA® the IM speed guidance is designed to
precisely maintain the ASG.

8 Currently, the FIM avionics standards do not include requirements to stiplboperations when acraft are
climbing (i.e., no IM operations have been defined for departures).

" The FIM avionics also support distadmsed ASGs. In the case of a distabased ASG, the IM speed guidance is
designed so that the IM Aircraft imalongpath distance eqal to the ASG from the ABP when the Target Aircraft
crosses the ABP (or the TRP, if the IM and Target Aircraft are on different routes).
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Same Runway Dependent Staggered Approach (DSA)
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Figure6. lllustration of the range of IM operations supported by the avionics standards.

The FIM avionics functions also support IM operations to dependent parallel and crossing and converging
runway configurations, called Dependent Staggered Approaches (DSA) and Dependent Crossing and
Converging Runways (DCCR), respectively. For dependemaywperations, the IM speed guidance
drives the IM Aircraft to cross the ABP at an interval equal to the #8QGtse Target Aircraft crosses the
Traffic Reference PoiTRP)

IM operations forClosely Spacedarallel Runways (CSPRs) are also supptittedgh an IM application
called Paired Approach (PA). In the PA application, a safe window is identified Hehiharget Aircraft
that protects the IM Aircraft from a collision with the Target Aircrathé Target Aircraftieviates from
its approach path and from th€arget Aircraf & & tRNSA TG & | ONRP&aa GKS La ! ANDN

While many IM apptations will be possible using clearances delivered using gomelunicationslone,
IM-related Data Commmessagesincluding IM clearance and flightew response messages, have been
defined inthe RTCA/EUROCAE avionics standardgefonauticalTelecanmunicationdNetwork Baseline

2 (ATN B2)In additionto allowing communication of more complex clearan@&BNB2 messages enable
IM to be used in environments with dynamic routinghe timeline forimplementation of ATN B2
messages is uncertaat this ime.

Additional descriptive information related to IM may be found in the Safety, Performance and Interoperability
Reguirements Document for Airborne Spaciglightdeck Interval Management (ASIEAV), DG328A/ED195A.
Note that modifications to D@28AED195A are under development and are expected to be published by the end
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of 2020.DataComm messages for IM are defd inthe Standard for Baseline 2 ATS Data Communications standards,
DO350A and DEB51A.

The FIM Minimum Operational Performance StandamdG361()/ED236(), describe the minimum equipment
requirements for the FIM application. The required functiongithaO 2 YLINA &S (1 KS edi®linsevéralA 2 y A O &
flight-deck systems (e.g., surveillance computer, flight guidance systerdjght Management System WS, and

the CDT)

Benefits of IM
Expectedoenefits of IM operations include:

91 Increased capacity ihigh-densityarrival and approach environmentlsrough reduced spacing
buffers between aircraft paifdeading to additional landing seturing busy periods;

9 Reduced vectoring in environmentasng defined Performancebased Navigation (PBN)
proceduresas a result of the improved precision made possible with the use of FIM ayiamit;s

1 More efficient aircraft operations for Fiquippedaircraft, when aircraft are presequenced
usng a groundbased arrival managerlnd IM operations are initiated to help manage spacing
during arrival and approach

The IM benefits are described in more detail in Section 4.

1.2.6 Other ADSB-In applications

OtherADSBIn applications are defined the latest version dbDO-317/ED194. These applications include
Visual Separation on Approach (VSARSB Traffic AwarenessSystem (ATA$ and Basic Surface
Situational AwareneqSURF). Since VSA functionaldgs rot offer the benefits ofCAVS andTASs only
applicable to aircraft without TCAStHere has been lesd.S. airline interest in these applications.

SUREF is similar in functionality to AIRB, providing pilots with improved situatenea@ss on theigport
surface.There has been some U.S. airline interest in SURF, but none of ther ananaft OEMs such as
Airbus, Boeing, Bombardieand Embraer currently offer the SURF applicatid®ne expected benefit to
the airlines is moreefficient enginestart times during taxi out. #ecdotal evidence froman early
installation of similaSurface Area Movement Management (SAMdfctionality on several UPS aircraft
appears to indicate that a safety benefitisolikely, providing improed situation awagnessduring poor
visibility conditions.

While some operational performance, and safety requirements were developed for a concept called
Surface Situational Awareness with Indications and Alerts (FA)R$éee RTCA D&23) no RTCA or
EURDCAE avionics stdards existfrom which the SURHA applicationmay be developedFAA/RTCA
development work on SURR around 2010 indicated several technical challenges that would need to be
overcome before standards could be developedhe arting feaures of SURFA could provide a

8 The additional arrival capacity is specific to the airport and operation but could ramgelf2 aircraft per houto
upwards of 5 or more aircraft per hour.

9 Airbus provides an Onboard Airport Navigation System (OANS@&idg provides Airport Moving Map (AMM)
which displays a moving map of the airport surface relative to ownship; howtwese displays are ndBURF
compliant as they do not display ABS®quipped traffic.
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significant surface safety improvemeny reducing runway incursiotiithese technical challenges can be
addressed

Figure7. SURHA display showing a runway incursion [BZB].

2 ABrief History of ADB In Research and Development

2.1 ADSBIn Applicationgkesearch anBevelopment

The FAAand RTCAbeggS @St 2 LIAYy 3 GKS FANRG ! ANONF T { dzNBSATE I
Safe Flight 21 Program in the late 1990s and early 2000s. While some of the ASAs were basic situation
awareness applications, soraes constlered predecessors time IM appliations being developed today.

The Requirements Focus Group (RFRGpartnership between the FAA and RTCA in the U.S. and
EURCONTROL and EUROCAE in Edevpibpedmost of theavionicsstandards documents for the ADS

B h applications described in Sectitn

A series of four mediurfidelity flight deck simulations were conducted in 2002 and 2003 to examine

several aspects of the CAVS application and its associated procedures. There were two primary goals of

the research.The first was to objectively meadl5 G KS LAt 20Qa | oAfAkee G2 A&
separation from another aircraft using the CDTI in varying visibility conditions. The second goal was to
YSIFadz2NB GKS LIAf20Qa &dzo 2S Qiper@ddn viualiKersepadationt a3 S f YR
varying visibility conditions. The simulations were based on an FAA and industry developed concept and
through input from the FAA and industry on the simulation design and goals. After the initial research,
additiond HITL simulations were conductadthe early 2010s to determine how the concept of using a

CDTI for visudike separation could be expanded to achieve additional benefits. A review of the work is
provided in [Bone, 2015].

NASA Langley Research Centémheich of the early research intd&B In avionics to enable flight crews

to manage irtrail spacing in the terminal environment. Other organizations, such as EUROCONTROL and
MITREalsostudied ADSB In avionics and ASAHIT Lexperiments to help refiathe concepts. A detailed
historyof ASA and IM developmentpsovidedin [Barmore 2016].

Several flight tests have been conducted over the last two decades, demonstrating the feasibility of using
ADSB In and flightdeck avionics to support the fligbtew in condeating a precision smang task. A flight
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G6Sad Ay [ KAOI 32 A garlyHintrail spacth@todfodzhaintdiitng b tin{edas@dispacing
interval behind a lead aircraft.

In the mid2000s,ADSB In Merging and SpacingM&S) a predeessor to IMwas evaluated by UFHSr
arrivals intoLouisville KY.TheM&S operatiors into Louisvilleinvolveda limited number of UPBoeing
767 aircraft equipped both with AEEBOut and certified ADSB In avionics.The UPS Airline Operations
Center (AOC) provided thd&S information (eg., lead aircrafidentification) to flight crewsvia voice.
Flight crews entered the information into tid&S application, which was hosted on an Electronic Flight
Bagwith an ADSB GQuidance Display (AGD) showing the speed guidance in the forward figlelpand
manually implemented the speed guidantet was displayedThe results obtained in those conditions
were compelling athe UPS aircraft were able to achiemed maintain aspacing interval withi® seconds

of the spacing goabP5% of the timeFlight test details and results are covered in [Penhallegoh6].

NASA partnered with Boeingloneywel] and United Airline®n the Air Traffic Management Technology
Demonstrationl (ATD1) flight testin 2017 which evaluated IM performance on mergirautes, where
the lead and trail aircrafivere subject to different wind conditions. The flight test used prototype avionics
based on a subset of requiremenin the Flightdeck IM (FINI Minimum Operational Performance
Standard (MOPS). Resglshowed thatiM operations are feasible and precise spaeiitfpin 10 seconds

of the spacing goalan be achievedith realworld operational uncertaintie§Swieringa2017].

Figure8. The NASA ATDFlight test team with the Honeywell and United test flight aircraft

AnIMPaNB R ! LILINB I OK ot! 0 5S8SY2 gta alLkRyaz2zNBR o0& GKS
feasibility and performance of IM operations tosely spacedarallel runways at San a&fcisco
International Airport(SFO)n 2019 The PA Demo included prototypei@nics, developed by Honeywell,

and aircraft were provided by Alaska Airlines and United Airlinssreeas lead aircraftResultsshowed

precise spacingvithin 5 seconds of th spacing godk achievable when setting up operations on final
approach at busy airport.

More details on flight test and demo activities idf and predecessors to the IM concegatn be found in
Appendix D.
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Future operations, like PA, can help maintarrival throughput imon-visual conditionsWith high FIM
avionics equipge rates, arrival rates nearing those seen in VMC are possibkarports likeNewark
International Airport EWR and SFCthis couldresult in noGround Delay Program (GOBY) muchof the
day and dramaticallgecreases the frequency and duration@DR during peak periods.

2.2 ADSB Out Mandate and the AEESIn ARC

In response to a recommendation from the AB3\viation Rulemaking Committee (which advised the
FAA regarding commesibn the proposed ABDB Out mandate),ite FAA chartered th&DSB In Aviation
Rulemaking Committee (ARC) on June 30, 2010, to provide a forum for the U.S. aviation community to
define astrategy for incorporating ABB In technologies into thBIAS The AR@as tasked to provide
recommendations that clearly defidehow the caenmunity should proceed with ADB In whilealso
ensuring compatibility with ADB Out avionics standardsd the 2020 ADB Out equipage mandate.

The ADSB In ARGubmitted itsfindings andrecommendations tdhe FAA orSeptember 30, 2011The
I w/ & dzLILJxBlds Séprimary3ngchanism to provide future surveillance for AG&IS b! { £ ! 5 {
B In ARC Reppr2011]. Additionally, the ARC made four recommendations in its 2011 report. Three of
those four recommendations remain relevant today:
1. Based on the currennaturity of ADSB In applications and achievable benefits, the ARC did not
recommend an equipage amdate.
2. The ARC recommended that the FAA use operational demonstrations € AD&pplications to
mature equipment standards, certification guidance, andemgpional approval guidance to
enable NASvide ADSB In implementation.
3. The ARC also reviewed aracthked ADS Ly | LILJX AOFdA2ya fAaGSR Ay @K
Work Plan in order of maturity, operational impact, and level of interest from opesato

In response to direction from Congress in the 2012 FAA Reauthorization AEAfhextendedk S | w/ Qa
OKI NIISNJ 12 dadzoYAOG | RRAGAZ2YIf MNBrOWNgS yvhantaieskly & 2y

GKIFIG GKS 0SySTAlGa SE ®BIBARC Repdit,Ra124KST 2 NI QHin oNISEO 201 YES{y |
are quoted here:

The ARC finds a subset of airports with high air traffic density in their terminal
airspace and surface domain will generate most of the economic benefits from
ADSEB In applications.

Becausef funding uncertainty, the need for mature MOPS and TSOsyor k
applications, and the length of time needed to develop and deploy equipage for
affected aircraft, the ARC finds that any AB3n required equipage is
unachievable by 2020.

The ARC recommeds the FAA focus funding on accelerating the development of
equipment standards, certification guidance, operational approval guidance,
ground automation, and any necessary policy adjustments to enable operational
implementation (NA®nabled) of key ARB In applications and/or enabling
capabilities. If ADS In teclmology reaches an acceptable level of maturity, the
FAA conducts flight trials for a sufficient number of &D® applications to

validate the utility of operational concepts and validate bemefits case, and

the FAA contemplates proposing an equipage for ADEB In for those specific
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applications, then this ARC recommends the FAA establish a new ARC early

Sy2dzaAK Ay (GKS LINROSaa (G2 fS@OSNI3IS GKS AyRdzaGNE
rule far ADEB In. At this time, the ARC recommends no-BDiSequipge

mandate be proposed by the FAA.

The ARC urges the FAA to seek, and Congress to provide, the funds needed to
reduce these uncertainties and thus build confidence in the substantial related
investments by the operator community if a future mandate isnsidered.

Reference: ADB In ARC Report, 2012

In summary, he ADSB Out mandate wasaffirmed by the ADB h ARQunder the premises that ADE
Out, primarily benefiting the ATCinfrastructureand general aviation communityvas a prerequisite to
ADSB In applications that would bring benefitsaoline/busines®perators. Howeveras summarized in
the ARC Reports of 2011 and 202 avionicsstandards and\DSB In applicatiofbenefits needéd to be
further developedand cemonstratedto motivate airlinesto equip with ADSB In.The 2012 ARC Report
also included amADSB In business cas¢see Appendix ih the ARC repojt which did not show a
satisfactory return on investment within the peridldat operators require (i.ethe cost of equipage and
installationused in the business case analysis in 2&i#d not be amortized in a reasonable timefragme

2.3 Ongoing FAA and Indust@pordination
Since the 2012 ARC report, the FAA and its partners bantinued toresearch andlevelop ADSB In
applications

1 The FAA and industry partners have continued to evaluate benefits

1 Avionicsand aircraftmanufacturersand airline operatorfiave continued their engagement with
the FAA throughavionics standads development, flight demonstration activities and
FAA/industry forums like the NextGen Advisory Committee (NAC) and various NextGen
ImplementationWorking Groups (NIWGS)

1 Boeing, Airbus, ACSS, Honeywell and Collins Aerospace have all developed édpidie In
equipment am applications (see Appendix C).

Through continued development and evolution, origiegluipment and retrofit costs have dropped
significantlysince estimates at the time of the AIBSIn ARC in 201Rlew tenefit-to-cost (B/C)ratios,
relating the airline @ect operating cost benefits to the cost to equip aircraft with ADB avionicshave

been estimated between 1.4 to 4.5 depending on equipage timelines, retrofit versus new production
aircraft, and industry feedback on equipagestso More detail on theost/benefit analysis is iBection 4

and in [Howell, 2019].

3 Interest from Airlinesind Aircraft and Avionics Manufacturers
Airline interest in ADS8 In applications is primaridriven by an interest in achieving VMC arrival rates
conditions thatprevent visual separation todayWith improved arrival rategn non-visual conditions
airlines will be able to maintain schedule integrity and reliability a higher percentage of the time.

SeveraADSB In applications offer the prose of improved arrivahtes with varying levels @bmplexity
Because CAVS does not require changes to ATC automation, airlines may equip ansbacebeaefits
immediately Additional operational usesf the CAVS avioni@screase operational availdlty to more
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weather canditions butwill require ATC automation changesitdorm the controller whiclaircraft are
StA3IA0tS (2 NBOSAGS (IM&fersstydififantbénkflimMibhilengtydperaddnsS I NI y O ¢
and in IMCbut requiresmore sgnificantchanges toATC automation systems to achieve those benefits.
Applications such as CAVS may offer interim benefits whilél&kfgevolves to TBQOwhich isa necessary

step in achievinghe ultimate benefits available withM.

3.1 What haveairlinesandaircraft andavionics manufacturedone?

Some OEMs have already developed ABDIf applications that are offered as priced options on new
production aircraft, and avionics manufacturers have some retrofit options (see AppendirliDes
remain interested inthe potential benefits of AD8 In and are encouraging the FAA to continue its
developmentand funding towardamplementationand deployment Over the past decadairlines,
aircraft manufacturers, andavionics manufacturers have partnered withe FAA and NAS# further
understanding oADSB Inoperations through flight tests, fieldr operationaltrials, and demonstrations.

As noted in Section 1.2.4, the FAA and United Airlines conducted an operational evaluation of the ITP
application in 11.The UPS M&#eld trialin 2010, the NASA ATDflight test in 2017, and the PA Demo

in 2019 &ll described in Section 1.2.5) leveraggdvernment/industrypartnerships to move the IM
concept forward.

The FAA also partnered with US Airwagd ACS&ound 2010to denonstrate use and benefits of CAVS
operations. While the activity provided some feedback on benefits and pilot and ATC operational
acceptability, the limited number of AEBSOutequipped aircraft ultimately led to few opportunities to

use he CAVS avionicapabilities. When US Airways merged with American Airlines, there was continued
interest in the CAVS and IM applications. American Airlines renewed the collaboration with the FAA and
ACSS under the ABSIn Retrofit Spacing (AIRS) Evatwaaind isplanny’ 3 G2 SljdzA LJ ! YSNA O}
entire fleet of Airbus A321&ver 300 aircraftivith CAVS and InitidM avionics American Airlinesvill

begin equipping their aircraftin late 2019/early 2020and CAVS operatiortan begin wherever the
equippedAmerican A321s flynitial-IM operations will begin in the Albuguerque Air Route Traffic Control

Center when a critical number of aircraft are equipped to enable regular use of the capability.

3.2 What arethese stakeholderwaiting for?

Despite the sccesdil flight testand demonstratioractivities, guestionsstill lingerabout the feasibility

and achievability of IM in a realorld environment when subject to uncertainties due to weather and
ATC procedured.o achieve the full benefitsf IM in highdensity operationsthe TBO frameworR must

be in place and\TC automation must be updated to accommodate IM operations. The airlines recognize
that TBQs a very different way of operating compared to the ATC system t@dtaytherefore, poses risk

to the fourdation on which IMbenefits have been quantifiedf TBOcapabilities do not perform as
expected or are deployed to fewer sites in the U.S. NAS than plaiviezperations and/or benefits may

be limited.

The numerous flight tests, demonstrations,daopeiational trials have demonstrated that fligiieck
capabilitiescan achieve the desired spacing precisaonl objectivesHowever, there is skepticism as to
whether the systemic changes that are necessary to implement IM indgghity operations agll

0 TBO involves sequencing aircraft starting in en route airspace so that aircraft may remain on their PBN arrival
procedures into the terminal area using speed alondne fune interaircraft spacing.
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cgpacity-constrained airports in the NAS will be achievEbis skepticism makes airlines cautious about

investing in the flightleck equipag@ A 1 K2 dzi aSSAy3 S@ARSYyOS GKId GKS C

realisticand being achieved

From the OENperspective, commitmento developng ADSB Inapplicationdike CAV$ easietto justify
than IM, sinceCAVS benefits dwot rely on the air navigation service providerupdate ATC automation
systems As soon as aircraft are equipped and flight gave trained, operations madyegin,and benefits
are accrued OEM investment in IM applications requires confidence and evidence thafTB@
foundation and updated AT&utomation will be deployed on the planned schedule.

From a technical development peesgive, ®rvicebulletin retrofits of the existing fleet of particular
aircraft model(e.g., Boeing737 MAX are straight forward after the ADB In capability has been
developed and certified in production. It is more difficult for an OEM to devetepvéice bulletin retrofit
offering for an aircraft model which neveiad acertified ADSB In capability in production, such te
Boeing737NG.

From the aircraft integration perspectivepme aircraft and avionics manufacturers have notedAREs

B Indevelopment challenge is primarily in the area of display and control interfaces. Older aircraft tend

to have displays and control systems which are more diff(eutl costly}o modify for presentingADSB
In applications in the forward field of view.dddition, the complexity and cost of aircraft integratioray

go up rapidly ifnew interfaces are required to the Flight Management System and/or Flight Control

systems.

3.3 What needs to happen?

For the airlines to overcome thegkepticismabout ADB Intey SFA G4 | yR GKS C!
making the necessary ATC automation and operational chaadggjescale demonstration of TBO and
ADSB In applicationss needed

American Airline@  NXI€2iSigh fioequip over300aircraftwith ADSB In avionic$or the AIRS Ewation
provides a fleet of ADB In equipped aircraft that may be leveraged for a lesgale demonstration A
largescale demonstration should gbeyond what is already planned for the AlRSalation by
integrating the use o€CAVS antM with ATC automation system®ther operators may also choose to
equip a portion of their fleeif the FAAcommitsto conductinga largescale demonstration. This integrated
air/ground demonstration shouldake placeover a long enouglperiod to gather daa showing system
benefitsand benefits to the operator.

For the aircraft manufacturers, a firm understanding of the real benefits ofB\DSapplications will
support a business case assessment for each aircrafehtoddetermine offerability and approjate
pricing of ADSB In features.

Provided a positive outcome of this largeale operational demonstratiothe FAA should ensure support
of ADSB h applicationsand operationdy developing a roadmap for updatiriglT C automation systems,
training the ogrational workforce, and deploying new procedures to leverage-BD&applications
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4 ADSB InBenefits

4.1 BenefitsMechanisms

ADSB Inbenefits derive from the mor@recise interaircraft spacing that is possible wighrelative, flight
deck spacing applican. Precise spacingt key points in the arrival floallows aircraft taremain on their
planned PBN procedures, reducing-péth, controllerdirected deviations, leading ttuel savingsit is
estimated thatimproved spacingat key points in the airsgz will support PBN conformance when the
airport is operating between 40 and 70%itsf maximum arrival capacityVhen demand exceeds 70%,
flight-deck spacing tool are needed to provide the necessary precision fbcefformancdFAA, 201p
Arrival trafic that enters the terminal area witimprovedspacing will allow controllers to avoid issuing
instructions to vector and/or maintain fuevasting level offs during airport approacherations[Shresta
2009.

Relative Spacin@s enabled bZAVS antM, provides befit by reducing the number of errors that must
be accounted for when spacing two aircrd®elative Spacing contrasted withAbsolute Spacinmp the
figureto the right In Absolute Spacingeachaircraft is aiming to cross a specified mtodt its Scheduled
Time of Arrival (STA). The error in each aircraft meeting its &BAown by the recerror distributions,
must be considered when determining the STAs. Whekglasn usingRelative Spacinghe trailing
FANDNI FidQa alkSOX ST RiAdtuAIINRENS AFitaATA]. Therefore, only the error in
meeting the relative spacing intervahs shown by the blueerror distribution, must be considered
allowing aircraft to be spaced clstogether.

N Absolute
N " Spacing

Min Separation

STA#2 STA#1

Relative Spacing

Interval TA #1
// \\\. i
/ Rl Re Iat. ive
. N Spacing

Min Separation

Figure9. Comparig absolute and relative spacirandthe impacterrors ave on the schedule.

Spacing managementtoolscaé8& A RS &2y GKS 3INRdzyRé Ay ! ¢/ nl dzi2 Y/
avionics capabift{ LI OAy 3 YI yI ISYSY (it R2LEYROENBYAE A (R ZaOKBSASF
a spacing objective is updated as tinformation used to compute the guidanceaves. For example,

the Estimated Time of Arrival (ETA)atdownstream pointis updated asthe flight progressesand

guidance should be updated 8K S 9 ¢! RS @A | S a FlighhdBck spacikdmarageinank i Q&
tools are expected to provide impred precision in meeting a spacing objective as guidance can be
updated more frequently when provided directly to the flight créihe Required Time of Arrival (RTA)
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function in the FlightManagement System (FMS) is an example of an absolute,-dlegibased
application, which determines speeds to cross a point at a specified time .-&égkttools areeompared
to an air traffic controller that may be managing several flights at the dameeusing grounebased tools

For a single aircraft, the air trafcontroller would need to recogniteK S ySSR G2 Ay i SNBSyS

trajectory, interpret the information provided bythe ATC automation, communicate a trajectory
intervention (sped or path change) to the flight crew, and the flight crew would ché accept the
trajectory intervention and implement it on their flight deck. When comparing the two spacing
management approaches, it is easy to see how fligtk capabilies canprovide greater precision
through more frequent updatewith fewer delay.

Type of Spacing

Absolute Relative

Radar-based
Ground Based TBFM, TSAS Separation, CRDA,

MIT

Visual Separation,
CAVS, IM

Flight-deck Based

Spacing Tool Domain

TBFM and TSAS — provide 5TAs and Decision Support Tools to manage flights to
their STAs; TSAS is Terminal Sequencing and Spacing and refers to the tools in the
terminal environment.

CRDA — Crossing Runway Display Aid provides a relative position behind another
aircraft for crossing or converging runways.

MIT — Miles in Trail is a distance-based relative spacing.

FigurelO. Spacing concepts and their mapping to the spacing towlain (ground baed or flightdeck baed)and type of
spacing(absolute or relative gacing)

4.2 Benefits Pool

With all theoperational and technologicahanges planned as a part of TBO, airlines are asking whether
any arrival and approachbenefits will remain afterTBO capabiiés, such as en route and terminal
metering, are deployedenefitsresearch by the FAA and EDERONTRCGthowsthere is a uniquéenefits

pool for ADSB In applications.

/ 2YLI NAYy 3 aARSI f @ssufning rd Melaysibdveénorigh witestinatiorpand current

flight times (including airborne and grounbdased @lays), 17.4% oturrentflight timescan be attributed

to delays[FAA, 201p According to a 2015tudy, the meanexcessdelay is 11.4 minutes per flight
[FAA/EUROCONTROL, 20tshould be noted that this delay is averaged over all aircraft arrivitigeto

top-30 airports in the U.S. NAS. While some aircraft have larger delays and some have smaller delays,
consideringonly those aircraft arriving tdop-30 airports is a way to identify those flights more likely to
receive delays in higensity operatims. Reference FAA/EUROCONTROL, 3GlSosuggests38%, or

4.3 minutes per flight, of the total delayastributed to airborne delays

Delays are expected to increase to 15.5 minutes per flight by PO2A, 2016]Assuming the proportion
of airborne déayremains constant aB8%(as estimated in [FAA, 2016%5.85 minutes o&irbornedelay
per flightis expectedin 2025(the remainder of the delay is on the ground due to inefficient taxi times
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for example) NextGen improvements, such as ATC automatiggrovements for en route and terminal
metering and wake recategorization, are expected to redaickornedelays by 1.7%ninutes per flight
[FAA, 2016]This leaves 4.10 minutes afrborne delay per flight, which may be addressed by other
applications auch as flightdeck ADSB In applicationsADSB In applications (CAV&lditional operational
uses of the CAV&pplicatin, and IM) are estimated téurther improve airborne delay by 1.15 minutes
per flight [FAA, 2016] Additional benefits resulting fromncentives for equipped aircraft, such as
exceptions fromGDPs have not ben modeled. It is expected thahese additiond incentives would
increase the ADB In applications delay savings to more than 1.15 minutes per flight.

NextGen
Improvements
(TBFM, Wake Recat)

Remaining 29.9%
Airborne
Delay
50.4%
Flight-deck
. (ADS-B In)
— Applications

19.7%

Figurell. Remaining shifall in airborne delays that may mdressed byADSB In applications.

The figurebelow[FAA, 2016Ehows the estimated deldyy year(brownline), assuming no changes to the
current systemand the delay reductiowhen NextGen capabilitiggvithout ADSB In applications(blue

line) are deployedhrough 2030 The blue line includes changesAdC automation enabling TBM and
Data CommThe green doin 2025shows the data point where thadditional delay savings for AEES In
applications wassimulated The green line assumes the incremental delay savings remains constant
relative to the NextGernabled capabilities.
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Base Case

NextGen before avionics-enabled capacity benefits

® NextGen + avionics-enabled capacity benefits (2025)
NextGen + avionics-enabled capacity benefits (continued)

20

15

Average Delay (minutes/operation)

10 | /—/

2014 2016 2018 2020 2022 2024 2026 2028 2030

Figurel2. Average delay by flighthen ADSB In applications arenplemented.

4.3 NASWide Benefits

The FAA recently updated the ABSIn benefitsand cost analsisto align assumptions with new
developments since the 2012 AIBIn ARC report was published. The benefits case translates improved
delivery at the rumay into a throughput increase and resulting delay savings a0 airports using
Timebased Maagement (TBMA full description of the benefits and cost analysis is provided in [Howell,
2019].

Therewere two key phases to the benefitanalysis. F#t, arrival/departure curvesvere developed for

IMC, VMC, andarginal Meteorological ConditiondMC) I & A dzYAy 3 &Yl £ f SNJ &L} OAy 3
runway due to the improwmentsenabledby IM and using visudike separation foCAV&nd additional

operational uses of theCAVS applicatioim lessthan-visual condition$*'? In the second phase, those
arrival/departure curvesvere input to a systerwide model of the NAScalled Systerwide Analysis
Capability(SWACQC)which modeldJ.S.en route and terminal aifgace, airports, weather conditions, air

carrier operating practice and ATC procedurekhe SWAdrulation produces the following outputs per

flight:

1 Delay at the gate

1 Delay on the ground
1 Delay in the air

1 Cancellation (Yes/No)

The celays are calculatedompared to an optimal flight flown on the flight plan as opposedusing
scheduled time$o manage progression along the flight plan

11 Because of the way the CAVS improvements were modeled, a significant portion of the resulting benefits are
attributable to using the CAVS application in {dsan-visual conditions (referred to as MMC here).

2 More information on how improved sming precision enables smaller spacing buffers and throughput
improvements can be found in Appendix E.
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Table 2 presents the estimated increase in maximum arrival throughput at the3@mirports as
compared to the baseline assumptions of a TBM environment using grbasedd metering tools in en
route and terminal airspadéiowell, 2019]Same runway benefits were estimated for all airports. Benefits
for the dependent runway application®EA, DCCRBnd PA were estimated if the airports are expected
to use thosdM applications based opossiblerunway geometries and current operations.

Table2. Estimated Increase in Arrival Throughput as Compared to Baseline

Airport SR(VMC,MMC, IMC) SR+DCCR SR+DCCR+DSA/PA
ATL 12%, 13%, 10%
BOS 5%, 6%, 1% MMC 12%, IMC 10% IMC 15%
BWI 16%, 12%, 9%
CLE 13%, 14%, 10%
CLT 13%, 11%, 10%
CVG 13%, 14%, 11%
DCA 11%, 14%, 11%  VMC 14%, MMC14%
DEN 14%, 14%, 11%
DFW 14%,14%, 11%
DTW 14%, 6%, 5%
EWR 9%, 4%, 1% | VMC 12% MMC 35%, IMC 36%
FLL 0%, 2%, 2%
HNL 19%, 19%, 15% | 20%, 23%, 18%
IAD 13%, 12%, 11%
IAH 5%, 0%, 3% |
JFK 13%, 6%, 10%
LAS 14%, 16%, 12% | MMC 17%
LAX 12%, 12%, 10%
LGA 14%, 14%, 12%
MCO 13%, 14%]1%
MDW 26%, 26%, 24%
MEM 12%, 10%, 10% VMC 12%, MMC10%
MIA 12%, 13%, 12% 12%, 13%, 12%
MSP 6%, 11%, 10% VMC 6%, MMC 11%
ORD 13%, 13%, 10%
PDX 13%, 13%, 10%
PHL 21%, 10%, 4% 21%, 10%, 4%
PHX 14%,0%,0%
PIT 28%, 299@24%
SAN 13%, 1%, 9%
SEA 10%, 8%, 7% | MMC 9%, IMC 7%
SFO 11%,0%,0% MMC 18%, IMC 31%
SLC 18%, 18%, 15% |
STL 9%, 0%, 6% MMC 13%, IMC 7%
TPA 29%, 17%, 15%

The monetized benefitsvere calculated fortwo equipage schedulegHowell, 2019] (1) a baseline
equipagye projection based on American Airlines plann&8R1lequipagefor the AIRS Euadtion and the
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IM standards document timime, and (2) an earkpdoption scheduleDelays from the SWAC model are
monetized using variable Aircraft Direct Operating Costs (AR@€CPassenger Value of Time (H¥AA
Investment PlanninglValues for ADOC (fuel, crew, maintenance) per hour differ by aircraft type and
phase of flight The benefis in 2025 by ADS8 In applicatiorare linearly related to aircraft equipage
(right).2* CAVS benefits comprise about 1/8f the CAVS plus IM Same Runway (SR) benefits. The addition
of DCCR and PA/DSA provides an incremental benefit beyond the IM SRsbéredfauld be noted these
benefits do not include benefits due &muipageincentives like excepbnsto GDR.

2025 Benefit as a function of percent equipped

$2,000

_ Linear (CAVS)
E 51,800 — -
+ Linear ([CAVS + A-IM BR)
O 51,600 —— :
3 Linear (CAVS + A-IM 5R + DCCR)
Q SLA00 | [inear [CAVS + A-IM SR + DCCR + PA/DSA)
= 51,200
R
™ 51,000
-~
T+ 5300
% $600
m 5400
L
& 5200
(']

S0
0% 20% 40% 60% 80% 100%
Percent Air Transport Equipped

Figurel3. Benefits by egpage percentageassuming different ABB In applications are implemented.

The lifecycle costs based on the projected and eagllgption equipage assumptions are shobslow.

¢CKS o0SySTAGa I (4N O dasSilke thé Baselin® ¢rikitonymdr Rith ¢aut€ angl
terminal TBM.The most significarportion of benefits comes from IM SR. While the DSA, DCCR, and PA
benefits are smaller, fewer airports operate in these runway configurations today. IM may ease the use
of these dependent runway configurations, resulting in greater utilization, which pmayide an
additional benefit not captured in this analysis.

1 The linear relationship between monetized benefits and equipage rates was found by running the SWAC
simulation wit different equipage rates and evalting the benefits.
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Figurel4. Baseline equipge assumptions (left) and Eadgloption equipage assumptions (right).

A survey ofmajor avonics vendors an@EMswas conducted in 2018 to gather inputs ADSB In unit
costs, including procurement and installatiomhe ADS In unit costs véd widely depending on
application, airframe, and whether the aircraft receives the application dysimduction or as a retrofit.
In the 2018 survey, some manufacturers reported muckeloretrofit costs as a result of continued
research and developmeniree the 2012 ARC AIBIn ARC report was published.

Table3 shows the B/C ratios for new production and retrofit installations for ADOG wiiich is the
airlineprimary benefitsmetric. Table3 also compareshe B/C ratios for average installation costs
(second columnand for the most optimistic costs estimates receigdrd column), which reveals the
variation in cost estimateshe optimistic cost assumes thddw-cost non-integrated avionics are used
across the board for retrofitTherefore benefits canbe reaped early fothe fleet in operationwhile
integrated avionics progressively become available on new delaissaft The data inTable3 is based
on lifecycle costs through 2045; new production aircraft are assumed through 2045; and, the retrofit
estimates were applied to those aircraft retrofitted from no AB$ apflications to CAVS and IM oweer
sevenyear period (2022035 for the baseline equipage assumptions and 22231 for the early
adoption equipage assumptiod$]Howell, 2019]. B/C ratios vary from 1t@d 4.5, suggesting AEES In
application benefits outwegh theequipagecosts for the aline operators.

Table3. Benefitsto-Cost Ratios Based on Lifecycle Benefits and EstimateB ADSosts

B/C ADOC
Only Using

B/C ADOC
Only Using
Average Optimistic
Costs Costs

2.1 41
1.4 3.3
2.4 45

Existing Fleet Retrofit 1.7 3.9

Fleet Type

14 Regional airlines are also assumed to equip according to the equipage projections. Business jet operators were
not included.
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5 Vision ofADSB Inwithin a TBO Framework

TBOA A (GKS C!! Q& 7 dzi dzZNFBasétiiMaageyhent(i(BB ahdyPerfanbdcdiased ¢ A Y S
Navigation (PBN) to increase throughput, efficiency, flexibility, and incorporate user preferences in the
U.S. NAS during higlensity operationgFAA TBO Vision, OEStoryboard]

TBM provides a fundamental change from traditibaia traffic management approaches, where ATC uses
distance and Milegn-Trail (MIT) to manage integircraft separation and flow rates into higtensity
airspace. With the deployment of B groundbased automation will schedule flights to different pisin

in the airspace, deconflicting schedules at merge points to support controllers in managing separation
between flights. ATC will use information provided by Decision Support Tools (dShs)ground to
manage flights to their scheduled times.

PBN praedures define a thredimensional path (i.e., a horizontal path over the ground and a constrained
altitude profile). Aircraft that are appropriately equipped withGlobal Positioning Syste (GP$ and
surveillancemonitoring equipment can file to fly a RBprocedure. Required Navigation Performance
(RNPXequipped aircraft may be approved fty procedures and approaches which reduce track miles
flown and provide more direct paths to the ruaw PBN procedures also include airspeed constraints
that provide more consistent flight times between different aircraft types, which improves flow
management during higdensity arrival operations.

Initial TBO (iTBO) deploymeint the 20202025 timeframewill focus on ATC automation systemist
support the operatioal transition to TBM. Strategic traffic flow management will improve planning to
address demand/capability imbalances, and air traffiotmllers will leverage DSTs to manage flights to
time-based schedules, aiming to minimize airborne delays and ireffizectoring. Advanced fligitteck
capabilities, such as AEBSIn avionics functions and RTA, will be integrated into the TBO condeperi
(postiTBO) phases.

ADSB In applications, such as CAVS and IM, are in line with the objectives of TBOngreidter inter
aircraft precision needed to maximize TBO benefits during-tiagisity operationsfAA TBO Visign

CAVS supports momnsistent visuadeparation allowing visuaseparationto continue even if the flight
crew loses the outhe-window view of the preceding aircraftOther operational uses of th€AVS
applicationcould extend the use of theCAVS applicatioto lower weaher minimums, increasing the
opportunity to conduct visuadeparationand allowing aircraft to get closer than the segigon standards
employed in IMC. IM provides highly accurate and repeatable-améval times on final approach during
virtually all weather conditions Additionally, IM operations can be used to more precisely space aircraft
throughout the arrival andapproach operation, helping ATC in meeting their operational objectives in
other phases of flight. Past work to integrate IM with TBM &8BN concepts, such as the IM drdminal
Sequencing and SpacingSAB® integration HITL, has demonstrated that Isincbe used in concert with
planned iTBO capabilitieBgne 2018.

ISTSAS refers to automation enhancements enabling terminalbiased netering operations.
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To take advantage of the precision enabled by these-BDiapplicabns, TBO systems must account for
ADSB In equipage and support ATC in leveraging the advanceddbghtcapabilities

5.1 Incorporating Advanceldlightdeck Capabilities

Flightdeck capabilitiessuch as IM and RTill provide more precise spacing acceyat points in the
airspaceas the speed guidance, provided directly to the flight crew, respdonderrors resuing from

wind forecast and other modeling uncertainties as they arise during an operation. It will be difficult for
ATC to respond to thesentertainties with the same level of precision given the time needed for:

ATC to recognize the need for a correctivea@tti

ATC to determine the appropriate action,

ATC to communicate the speed or path change to the flight crew,
the flight crew to acknowledge and accept the AiBSued clearangeand
91 the flight crew toimplement that clearance in the fligltteck automaton.

= =4 =4 =4

Because INE a relative spacing applicatidM operations are responsive to how the Target Aircraft meets
its STAat a downstream pointlf the Target Aircraft is late when meeting its STA, the IM Aircraft will adjust
its spacing accordingly, whicrelps prevent the IM and Target Aircraft fromibg too closé® This
behavior may be particularly important in terminal metering operasisrhen ATC does not necessarily
drive aircraftto schedule timesut mayuse DST display elements to manage relativecsm between
aircraft[Bone 201§

IM operations may transition to CAVS on final approach in VMC, allowing the flight crew to manage
separation relative to the preceding aircraf@ther operational uses of th€AVS applicatiomay allow
visuatlike sepaation in lessthan-visual conditions,allowing throughput improvements in those
conditions. In a TBO environment, the use of the flidétk capabilities can help improve throughput and
efficiency through increased opportunities to use vidila separaibn, while also reducing the frequency

of missed approaches due to the loss of visual contact with the preceding aircraft via the use of cockpit
displays and alerting.

5.2 Phased Deployment &flDSB InOperations

CAVS operations can be conducted today withemug new ATC automation or procedur&dight crews
may use the CAVS avionics functions wawemthey receive a visuaeparation instructiorfrom ATC.
Increased use of CAVS avionias operators equip and train their flight crevetiould be evaluated to
understand the impact on TBO benefitsdcaresiliency.

TBO deploymendf ATC automation systems supporting ABD® applicationsvill take place over many
years A phased approachith each phase increasing the complexity of operations, has been proposed
by the FAA.

5.2.1 TacticaADSB InApplicatons Estimated Start of Operations2025)
In the first phase (Phase A), operations will be more tactical in nature with ATC automation providing
indications of AD8 In equipage.

18 ATC may cleaa series of IMequipped aircraft to conduct IM operations. The FIM avionics standards have taken
ALISOALFE OIFNB (2 FRRNBaa GadNARy3d O0SKIFIPA2NEE LINB@SyGAy3
up and slowing down (behavior we havkk @bserved when driving on a busy highway).
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ATC is expected to need ordy indication that an aircraft is equipped thithe CAVS avionics functions
02 LINB@GARS (KS a2 gTfergiofhdditithalcpetafichal dés $fithBlEAVS Eq@ipment
would be enabledbnce the ADS-In equipage indication is availadad ATC is tined. These operations
will extend theuse of visualike approach operations in lesisan-visual conditions, providing throughput
improvements.

Relatively éw ATC automation changes may enable rteam, tactical initiation of IM operations. An
indicationof those aircraft equipped with FIM avioniedl allow ATC to initiate en route dire¢b-merge
operations or irtrail spacing on an arrival procedurdl/ith information from the TBM schedule (i.e.,
sequence and difference in schedule times at a commantpd\TCcould issue simple IM clearances
achieve the spacing at a downstream meter polbwever, fewer automation changes may limit the
potential IM gerations. For examplénitiation of IM operationsmay be limitedto aircraft pairs in the
same setor.

An indication of IM equipage in the terminal ATC automation may enable ATC to tactically initiate
operations to closely spaced parallel runways, the arrival runways at SFO. hon-visual conditions

ATC may apply the JO7110.308C separationdstaln which defines the stagger separation rules for
dependent arrivals to runways spaced less than 2,500 féétcan help precisely manage the stagger
relative to the leading aircraft on the parallel runway, alleviating ATC workieatiicing the current
spacing bufferapplied to the staggerand improving throughpuby increasinghe use ofdependent
runway operationsn non-visual conditions

5.2.2 IM Operatimsin a TBM EnvironmelEstimated Start of Operations in 2028

In the second phase (Phase B), IM@tionswill be more fully integrated with the TBM automation. The
ATC scheduling functions cousichedule aircraft closer togethbased on aircrafequippedwith the CAVS
and/or IM avionics functionsyielding greater throughput benefithrough use ofadvanced flightdeck
capabilities

IM operations in & BMenvironment, where operations are initiated in en route airspace and merging in
the terminal, reqire ATC automation to determingiable IM clearancesand provide them to the
controller. The IM opeational state (e.g., available, active, or terminated clearance) and an indication of
those aircraft that areserving asTarget Aircrafin IM operationsmust be clearlyindicatedto ATC This
environment will enable IM operations to begin as soon asairare within ADSB range, so aircraft may

be spacing from opposite sides of the termimaka and may be in different sectors at the time of
initiation.

A third phase (Phase C), is proposed for the IM PA application. Because this application regnges ch
to underlying separation standards and additional changes to ATC automation in the teihfiaa been
included in a later phase following successful deployment of Phase B.

5.2.3 IM Operationsn aDynamicTBGand Data Comm Environmefinknown Timeline

More complex IM operations are possible wHaata Communicationgre availabléo enable cleaances
which are too complex for the voice environmefftor example, IM could be used on dynamic routes
designed to avoid weather. As TBO operations become cmrlex, IM operations can also increase in
complexity to provide precise spacing along defimedtes, whether those routes are defined by
published procedure or dynamically determined.
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