Ninth USA/Europe Air Traffic Management Research and Develent Seminar (ATM2011)

Towards Defining
Required Interval Management Performance

lan Levitt Lesley A. Weitz
Air Traffic Organization Center for Advanced Aviation System Development
Research and Technology Development Office The MITRE Corporation
Federal Aviation Administration McLean, Virginia, U.S.A.
Atlantic City, New Jersey, U.S.A. Email: Iweitz@mitre.org

Email: ian.levitt@faa.gov

Abstract—Interval Management (IM) is an airborne spacing Scheduled Times of Arrival (STAS) throughout the NAS [1],
concept that provides precise inter-aircraft spacing relative to 2].

another aircraft. The IM concept is currently being developed Improving the efficiency of operations in the terminal area

by the FAA and in Europe under SESAR through standards . . . . L
and local implementation plans. The IM system is comprised has received particular attention. Reducing the varighdf

of a ground_based Component (G||\/|) and a f|ight-deck-based Intel’-alrcraft SpaCII’lg n the tel’mlnal area |eadS dll’ed:ﬂy
component (FIM). The FIM component involves the use of increases in throughput [3], and decision support toolsgid
avionics, called the FIM equipment, which provides speeds to the the controller in sequencing, merging, and spacing aireaaf!

IM aircraft that will achieve and/or maintain a desired spacing the flight-deck avionics that support the flight crew in thmea

interval relative to a target aircraft. IM operations are expected to task bei lored ¢ ide thi ducti
provide benefit in a variety of environments with a wide-range of asks—are being explored as a means to provide this reauctio

operational objectives, where the performance characterists of While also reducing controller workload. The division ofea
the FIM equipment needed for each IM operation may vary. This  bility and responsibility for sequencing, merging, andcipg
paper presents the concept of Required Interval Management tasks between ground-based and flight-deck-based systems,
Performance (RIMP) to be used in the design, management, 5 important question and is the topic of past studies [4], [5

and certification of IM operations. RIMP is a categorization S . . to | h th . ft
scheme, comprised of four required components-the longitudinal pacing accuracy IS seen 1o improve when the aircrait are

spacing precision, the accuracy of the IM and target aircraft €quipped with avionics that aid in spacing when compared to
state data, the performance of the speed control algorithm in controller tools alone.

the environment, and unique functional capabilities. The combi- Research into airborne spacing concepts, which employ the
nation of these components uniquely identifies the performance use of flight-deck avionics to manage the spacing relative to

required for a given IM operation. Initial analysis and standards . .
development has shown that a few discrete performance levels for another aircraft, has been ongoing for several decadesCEUR

each of these components is possible and may sufficiently span theCONTROL and NASA Langley Research Center, for exam-
performance needed to support both near-term and longer-tem  ple, have evaluated airborne spacing concepts for terminal
IM operations. The analytical methodology used to determine area spacing in fast-time simulation environments, human-
the RIMP category for an IM operation developed thus far is in-the-loop studies, and field testing [6]-[9]. Additiolyal

gg,séelg;ee%’ %ndd;?éﬂifra%ep\llggpgepvwseﬁ?n?glseeﬂMTZEG?;?C'};S;'S United Parcel Service has certified and field tested avionics

and direction for future work is provided. Coordination within ~ for airborne spacing in their arrival operations at Louigvi
the user community to further develop and analyze the RIMP International Airport [10].

concept, in the context of a robust set of IM operations, is the  Growing out of this and other past research, the concept

next step. of Interval Management (IM) is currently being developed
Keywords-I nterval Management, Airborne Spacing, NextGen. by the Federal Aviation Administration (FAA) for near-term
implementation supporting NextGen. Similar plans exist in

. INTRODUCTION Europe under SESAR. IM provides precise timing within the

Due to projected increases in air traffic over the nesirborne traffic flow by managing the relative spacing ing¢rv
decade, several efforts have been undertaken to improve lieéween a target (lead) and an IM (trail) aircraft, and thus
efficiency of the National Airspace System (NAS). Trafficncreases the efficiency of a variety of air traffic operagion
Flow Management (TFM) concepts that better utilize NAShe IM system is comprised of an airborne component and
resources when controllers are managing traffic flows aseground component. The airborne component of IM, Flight-
being explored. Time-Based Flow Management, for exampleck Interval Management (FIM), includes avionics onboard
broadly describes the use of trajectory prediction on teigd the IM aircraft, called the FIM equipment, which derives
to determine Estimated Times of Arrival (ETAs) and the apili longitudinal speed guidance that will achieve and/or naamt
of aircraft to more precisely fly their trajectories detemed a desired spacing interval relative to the target aircrsgigned
by the Flight Management System (FMS) in order to meély the air traffic controller. A speed control algorithm ireth



FIM equipment determines the speeds of the IM aircraft aspaesented in Sections V and VI, respectively.
function of IM and target aircraft states (e.g., horizorat
sition, vertical position, and horizontal velocity) andsgibly
other information about the environment. The IM aircraft is An IM operation requires a longitudinal spacing precision,
defined as being equipped with FIM equipment and, thus, Galled the IM_ tolergnce, that satisfies operationa_l goate T
capable of participating in IM operations. The ground compéM tolerance is derived from the ground perspective, and is a
nent of IM, Ground-based Interval Management (GIM), makégeasure of the allowable deviation from the desired spacing
use of prediction tools on the ground, as well as the increadgterval. The magnitude of this deviation is based on what is
precision provided by FIM, to efficiently manage the spacin%eeded to meet operational objectives, but is also limited s
interval between aircraft within multiple environmentsdanthat the controller, with limited information available dhe
operations. In addition, GIM assists controllers in settip Progress of the IM operation as compared to the flight deck,
the FIM operation by providing speed updates to meter dtrcr&Usts that the IM system is operating within nominal bounds
to a point where the FIM operation begins. A primary enablde IM tolerance represents the 95% bounds on the fault-
of the IM concept is the expected widespread deployment fsge spacing precision that is achieved and/or maintained b
ADS-B Out and ADS-B In. the IM aircraft through implementing the speeds determined
The precise spacing made possible by FIM, and manadé)d the FIM equipment. The fault—frge s_pac_ing. precis[on .is
by GIM, is expected to enable IM operations with Varym@ssumed to be modgled by a Gaussm_n distribution, w.h|.ch is a
operational goals, such as managing a schedule across g%spnable assumption for the analysis, _bUt further viadida
tors, enabling Optimized Profile Descents (OPDs), increpsiOf this assumption should be performed in future work.
throughput to a runway, and metering to a departure fix. IM The GIM component relies upon the precision described _by
operations are unified in concept and procedural design, i M tolerance to meet operational goals, and the FIM equip
the scope of environments and operational contexts in whiggnt onboard the IM aircraft makes use of the IM tolerance to
benefits are expected may result in functional performanginage the spacing interval during the IM operation. As with
characteristics meaning that the needed performance and @Rer performance-based metrics, the analysis and frarkewo
pabilities of the FIM equipment will vary across the rangéhat would be provided by RIMP would ensure that the IM
of IM operations. Initial analysis of a set of near-term Ipolerance is met in the IM operation. .
operations demonstrates that these performance difiesenc 1he IM tolerance and associated allocations of the IM
exist [11], and the authors believe that further analysis &ilerance to state data errors and the performance of theeispe
the FIM equipment performance needed to support a broa&@ptrol algorithm in thg assumed operatlng enwronmephdefl
set of IM operations will reinforce this variation. As such, the performance metrics for an IM operation and are included

framework is envisioned to consistently define and charaete N the RIMP category. In addition, itis possible that theeleof
the performance needed across all IM operations. FIM equipage will be mixed, and that the controller may need
A categorization scheme is proposed, termed Required [g-differentiate IM aircraft according to additional furmial
terval Management Performance (RIMP), which charactsrizé2Pabilities (e.g., an ability to handle complex IM and &rg
a given operation, enabling the development and managem@fgraft route geometries). The RIMP category is comprised
of IM operations in an airspace with varying operationallgoaOf a coml_alnatlon of discrete performance levels for each of
related to changing operational environments. The RIMP cde following four components:
egory includes the IM tolerance, defined to be the longitaidin « the IM tolerance to be met,
spacing accuracy needed to satisfy operational goals,tend t « the required performance of the state data,
performance and functional capabilities of the FIM equipme ¢ the required performance of the speed control algorithm
that ensure that the IM tolerance is met in the operating in the assumed operating environment, and
environment. « additional functional capabilities of the FIM equipment.
The analysis which determines the RIMP category is seen ago meet the IM tolerance, a sufficiently high performance
an important ingredient to the establishment of IM operstio level of the state data is required by the speed control
in general. It drives FIM equipment requirements, certif@a algorithm for calculating the speed commands. State data
standards, and provides guidance in operational design gmeaformance describes the accuracy of the IM and target
approval. The analysis is currently under developmenth witircraft state data (e.g., accuracy of the horizontal mosit
initial results beginning to be established. vertical position, and horizontal velocity measuremerits o
In this paper, the methodology and proposals for fututained through surveillance reports from the target aftcra
direction and development are presented. The main topicasfd sensors onboard the IM aircraft), including latencies
the paper, the RIMP concept and associated methodologyinisthe use of the state data and update intervals between
defined in Section Il. The components of the RIMP categosurveillance reports from the target aircraft. Furthermdhe
are detailed in Section I, including analyses that havenbespeed control algorithm must provide speed commands that
developed to date and the proposed methodology for futurerrect deviations in the spacing interval well enough that
analyses. In Section 1V, the RIMP concept is applied tidl tolerance is achieved and/or maintained in the assumed
two example IM operations. Open issues and conclusions agerating environment. Initial analysis indicates thatew f
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discrete performance levels defined for the state data and #pproval of FIM equipment standards may leverage the RIMP
speed control algorithm will cover the needed performancategories and analysis to ensure that previously certigt
of the spectrum of IM operations. Discretization of the IMequipment can be used to support new IM operations.
tolerance value included in the RIMP category is also likely The framework for the RIMP concept and the direction for
to be desirable. The range and number of IM tolerance valu&s development are detailed below. In the next section, the
will be informed by the analysis of more IM operations.  four components of RIMP are discussed in greater detail. The
Furthermore, certain IM operations may require the FINnethodology for determining the IM tolerance for a given IM
equipment to have functional capabiliies which may n@peration is provided in Section lll.A. In Section 11I.B,eh
be implemented in all instantiations of FIM equipment. Fotllocation of the IM tolerance and determination of stateda
example, an IM operation may require the knowledge and uged speed control algorithm performance levels are destrib
of final approach speeds, or to acquire and use complex rokigally, the determination of the RIMP category resultingnfi
geometries for the IM and target aircraft. The RIMP categorgnalysis of an IM operation is described in Section III.C. It
and an IM aircraft's certification to support different RIMPIS important to note that, while the methodology descrited i
categories, provides a way that the controller may managased on past research and current standards development, i
functional differences in FIM equipage when conducting INB intended to be used as a starting point for the development
operations. Here again, a few discrete levels of functional a certified concept for the NAS. In particular, operationa
capabilities are envisioned. The determination of thegeldags input from controllers, pilots, Air Navigation Service Riders
expected as an outcome of pending benefit and cost decisithdSPs), and other stakeholders is one of the next stepin th

to be made by the aviation community. maturation of the RIMP concept, and may lead to realignment
The RIMP category and associated analysis have the potéhthe analytical methodology.
tial to be used in a number of ways. IIl. COMPONENTS OFRIMP

o The ground domain may use RIMP as a means for the Operationa”y-Required Tolerances
categorization and management of IM operations. RIMP
provides a way to assign IM operations appropriately, ar}g
to easily adapt to changing environmental conditions
operational goals.

o Pilots may use the RIMP category when initiating an
conducting the IM operation and as part of their situatio#‘
awareness.

« Operational designers establishing the airspace and p,
cedures for an IM operation may work within the define

and available bounds provided by RIMP categories. Ful erformance is the actual longitudinal spacing intervat ik

c_ievelo_ped, the RIMP analysis wil prowd_e a dlrgct relaélchieved and/or maintained in the presence of nominal state
tionship between bound_s on th? operatmg environmeilli» errors and environmental effects. The mean and sthndar
anq fl_mdamental operational objectives. . deviation of the performance curve are chosen such thatthe d

° AV'On'CS. manufacturer; may use the RIMP.cat_egones {lation from the desired spacing interval meets the opemati
the design of FIM equmgnt. Final gategorlzatlon of th oals under fault-free conditions. Generally, faulteddibons
RIM.P compon_ents _establlshes requirements on the_ Fl rrespond to the tails of the error probability distribut;
equipment which directly re_:late to the benefit provide erefore, the standard deviation is specified by an obskrva
by thg su_pported Il\l/l.operatlons. . lfound, typically between 90% and 99.9%.

+ Certification authorities may use RIMP.f.or _operat|ona The controller intervention threshold is a theoreticaét-
approyal of an IM .operauon and certification of theold, which if crossed, will cause the controller to intergen
associated FIM equipment to be used. in the IM operation. For spacing operations, where corgrsl|

In collaboration with the user community, the determinatioare monitoring for separation, it is proposed that in attleas

of discrete performance levels associated with each ofahe f 99.9% of non-faulted IM operations, the deviations from the
components of RIMP—IM tolerance, state data quality, speddsired spacing interval do not exceed the bounds defined
control algorithm performance, and functional capaleiitis by the controller intervention threshold. For IM operagon
underway and is expected to continue as the initial set where an increased complexity demands greater controller
IM operations and FIM equipment are developed, analyzddyst in the IM aircraft’s ability to negotiate the enviroent,

and ultimately fielded. It is proposed that once this set af more stringent constraint on the likelihood of breachimg t
performance levels is established, FIM equipment is buitt a controller intervention threshold may be necessary.

certified to perform to them, and there is some experiende wit Extrapolating the nominal spacing performance to its 99.9%
their combination in fielded IM operations, they should bbound may demonstrate that the controller interventioestm
systematically applied to the design and certification ¢difer  old is respected under fault-free conditions. Alterndyivehe

IM operations. In particular, IM operations designed after controller intervention threshold may over-constrain nwah

The operationally-required tolerances (ORTSs) are used to
odel the operational objectives for a given IM operationo T
?qruantities comprise the ORTSs: the nominal spacing bounds an
the controller intervention threshold. Both of these qitest

late to bounds on the deviation from the desired spacing
terval.

The nominal spacing bounds relate the operational goals to
Fominal spacing performance curve, assumed to be dedcribe
a Gaussian distribution for simplicity. The nominal spac



spacing performance and hence drive the IM tolerance. énd horizontal velocity accuracy, additional performalesvels
high-complexity IM operations, monitoring or alerting fzn may arise from future analysis and may further constraieroth
tions in the FIM equipment may be designed to meet moparameters, such as latencies or vertical position acgurac
stringent constraints or to mitigate off-nominal condiso

Fig. 1 illustrates the ORTSs in the context of an IM operation.
Whereas performance curves defined by the nominal spac
bounds and the controller intervention threshold may babest
lished independently, a single Gaussian distributionasgnt-
ing the nominal spacing performance in the assumed opgrat

2) IM Tolerance Allocation to Speed Performance in the As-
ed Operating Environmen®perational uncertainties such
as winds, turns, descents, and varying aircraft performanc

characteristics lead to deviations in the longitudinalcapg
mterval from the desired spacing interval. The fundanmlenta

environment is determined to respect both constraints. %qcept behind FIM is the provision of speed commands
IM tolerance is defined to be the 95% bound on the nomin ?nved by the speed control algorithm to counteract these
spacing performance environmental effects. As the environment increases iarigv

or complexity, it is expected that the performance of theedpe
B. Allocations of the IM Tolerance control algorithm in the environment will be reduced reisigit
o ~in a less precise spacing interval. In the same environnaent,
Uncertainty in the actual states of the IM and target aitcradigher performing speed control algorithm will provide anmo

directly leads to reduced spacing precision. Similarly, i’brecise spacing interval. In this way, the assumed opeyatin
creased uncertainty in the operating environment corr&O enyironment for an IM operation is related to the perforneanc
to increased deviation from the desired spacing intervaé Tof the speed control algorithm, and an allocation of the IM
IM tolerance is. thus allocated to: 1.) the performance of thgierance is ascribed to this factor.
IM and target awcraﬁ state data and 2.) the performan.cbe)ft As has been partly established for the state data perfor-
speed control algorithm in the assumed operating envirolmeance it is expected that a set of discrete performanciésleve
These allocations provide top-down performance budgets {8 he speed control algorithm will emerge in the initial
setting FIM equipment requirements, allowing the two e8eCgg; of |\ operations. Higher performance levels will pravid
to be managed independently. _ ~_greater precision in the spacing in the presence of opeatio
The allocation process is iterative meaning that an initighcertainties. It is proposed that the performance levels b
conservative allocation is made to the most stressing a§erentiated by bounds on the closed-loop performandhef
uncertain component: the speed control algorithm in the Oy ajrcraft when following speeds determined by the speed
erating enwronmen'g. The resulting allocation left for 8tate 5ol algorithm.
data performance. is used as a top-down budget fo_r thoS§y hereas the allocation to the speed control algorithm per-
performance requlreme_nts. Any budget left after settirg tl?ormance in the assumed operating environment specifies the
§tate data.performance is re-allocated to the speed pexhmen accuracy within which the spacing interval must be achieved
in the environment. and/or maintained, there are other considerations wheetx spe
1) IM Tolerance Allocation to State Data Performance: ifying the speed performance levels. In some IM operations,
Uncertainties in the IM and target aircraft positions and vétrings of aircraft will be formed, where each IM aircraft is
locities arising from latencies and measurement errorstage spacing relative to its preceding aircraft in the string levhi
to errors in the calculated spacing interval that the IMraiitc also acting as a target aircraft for its trailing aircraftthe
is acting upon and errors in the speeds calculated by thelspéling. When strings of IM aircraft are formed, a disturbance
control algorithm in the FIM equipment. A conservative moderising from an operational uncertainty, to one IM aircraft
of the uncertainty in the spacing interval, relative to tesiced May propagate along the string such that the deviationsein th
spacing interval, as a result of errors in the state data ées bspacing intervals and the magnitudes of speed commands to
established [11]. The model is independent of the particulgorrect these deviations increase along the string. Toegefo
implementation of speed control algorithm. From the topado provide efficient performance in these types of IM operatjon
budget of the IM tolerance allocation to state data errordle string performance of the speed control law must also be
requirements may be set on the individual parameters (egpnsidered when establishing the speed performance levels
horizontal position accuracy and horizontal velocity aecy) In references [11] and [12], the closed-loop response of
that satisfy the allocation. the IM aircraft to speed commands is related to a second-
The application of this model to provide a measure of trerder system, which is parameterized by damping ratio a@d th
spacing uncertainty attributable to state data errors e aircraft's response to a new speed. Upper and lower bounds on
only on the expected ground speeds of the IM aircraft. liese parameters are a promising metric for the performance
reference [11], this model for state data errors has beediedpplevels associated with the speed control algorithm, as they
to an initial set of IM operations, and two discrete stateada@re easily testable and constrain the system both in terms
performance levels were found to be sufficient for the ihiti@@f meeting the allocation of the IM tolerance and ensuring
set of operations. These two performance levels are exgpecgdficient string behavior.
to support most near-term IM operations. Whereas the first twoAnalysis has shown that acceptable string behavior can be
performance levels differ only in horizontal position a@y achieved by increasing the damping ratio such that the syste
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Fig. 1. Depiction of the Nominal Spacing Bounds and Contrdigervention Threshold in an IM Operation.
is over-damped, which limits the propagation of disturteenc

along the string. A lower bound ensures good string behavi
where IM aircraft cannot correct deviations in the spacir

L Upper Bound: more damped than
4.5 .
lower bound, slower aircraft response

interval more quickly than the lower bound. at 1
An upper bound prevents the IM aircraft from correctiny a5l i

deviations from the desired spacing interval too slowlyergh

are two considerations in specifying an upper bound: theupy 3 1

bound ensures that the desired spacing interval is achie 2.5¢ h

and/or maintained within the IM tolerance in the assume
operating environment, and the closeness between the ug
and lower bounds promotes interoperability between difier
speed control law implementations.

Fig. 2 illustrates the upper and lower bounds on the cc
rection of the deviation from the desired spacing interva
the evolution of the deviation is shown when correcting
5-second initial spacing-interval deviation relative tdaaget
aircraft flying at a constant speed. In the figure, each bosindelg 2. upper and lower bounds on the correction of a deviatio the
characterized by a damping ratio and an aircraft responsespacing interval from the desired spacing interval. The ifdraft is correcting
a new speed. The lower bound is less damped than the up?é}nitial five-second deviation relative to a target aifcfying a constant
bound and assumes a faster aircraft response. peed.

Characterizing the assumed operating environment by the
operational uncertainties that are expected in the IM oepera
tion is one approach towards establishing the differenedpe The variation found in the environment and IM tolerance
performance levels. For a fixed performance level (i.e..eapprequirements of the IM operations studied to date is notewor
and lower bounds on damping ratio and aircraft respons#)y. This variation indicates that requiring all FIM equipnt
the response curves can be generated for each operatit@aberform at the most stringent speed performance levels
uncertainty expected in an IM operation and used to predmtly would lead to inefficient performance as the IM aircraft
the ability to achieve the IM tolerance at that performancgould in some cases be unnecessarily working towards a
level. tighter IM tolerance than that specified by the ORTs. The

The specific means for relating the assumed operating enviost flexible FIM equipment would be certified for all defined
ronment and the speed performance level in the establigshmgpeed performance levels, which would provide the most
of the RIMP category requires further research and vabdati efficient performance in all IM operations. Further resbarn
Validation of the speed performance levels in assumed bperthe interoperability of FIM equipment using dissimilar spe
ing environments, for example, by fast-time simulationais performance levels is needed and is discussed in Section V.
important step in establishing the relationships betwden t As in the case of state data performance, a closed-form
performance levels and the operating environments. analysis of the spacing uncertainty that results from the

Lower Bound: damping ratio chosen
1.5- to provide good string behavior,
' faster aircraft response

0.5r b

! ! ! !
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combination of operating environment and speed control lawlV. RIMP METHODOLOGY APPLIED TOEXAMPLE IM
with a given performance level is seen as a useful ingredient OPERATIONS

the RIMP methodology. This would provide an analysis that The RIMP methodology is applied to two example opera-
is independent of a specific speed control law implementatigjons to illustrate the derivation of the IM tolerance ané th
Furthermore, an analytical process for relating the speed pyjiocation process to the state data errors and the perfmena
formance level to the assumed operating environment pesvigf the speed control algorithm in the assumed operating
a flexible framework for determining the performance levelnyironment. These are notional examples intended to show
needed for a new IM operation without extensive validationghe application of the ORT metrics in the derivation of the IM
Further development is necessary to establish certifialidferance, as well as the allocation process.
performance metrics that provide a guarantee of achievieg t The required FIM equipment performance would be deter-
IM tolerance. Depending upon how the assumed operatiffined from the established performance levels, described i
environment is defined in conjunction with the performancsections 111.B.1 and 1I1.B.2 such that the performance lgve
levels, a set of bench tests can be expected to be tagpect the IM tolerance allocations.
mechanism for certifying FIM equipment to a given speeg
performance level. It is likely that these bench tests wdl b
exhaustive, ranging from verification of simple input resges The first example is an IM operation used to achieve the

Example 1

to required performance in simulated environments. desired inter-aircraft spacing at a waypoint in the termina
area. Given a sequence and scheduled times of arrival at
C. Establishing the RIMP Category the waypoint, the controller determines the desired spacin

intervals needed between each aircraft at the waypoint. The
erational goal is to limit drift in the schedule 462 minutes,

. . %, per hour of operation, and the controller intervention
speed control algorithm that guarantee the IM tolerancialesnthreshold is modeled to be one-third of the desired spacing
assumed operating environment, and any special funcliganafnterval

required by the FIM equipment. Fig. 3 depicts the process

involved in establishing the RIMP category. A feedback loop 1) IM Tolerance: Assume thatV aircraft are scheduled to

is included, as indicated by the dashed lines, to allow the IMTive over the next hour. The time fo¥ aircraft to cross the
tolerance or the IM tolerance allocations to be adjustedilsho terminal-area waypoint in an hour is described by the random
it be found that the IM operation is not viable during th&ariableY in eq. 1, whereA; is the desired spacing interval
validation step. of the ith aircraft relative to its target aircraft, an¥l; is a
Gaussian-distributed random variable with standard dewvia

o representing the deviation in the actual spacing interval

The RIMP category for an IM operation is comprised of th
IM tolerance, the performance levels of the state data aad

Descipton from the desired spacing interval at the waypoint. TXigs
Assumed Operation _ are assumed to be independent, identically-distributedawn
Operating Operational )
Envirow variables.
_ Y = (A1 +X1) + (Ag + Xo) + ... + (An + Xn)
o tional Operationally-
peration Required N N
Uncertainties
Tolerances _ Z A, + ZX (1)
= i 7
/ i=1 i=1
Validation of Speeds N
in the Assumed D IM Tolerance |—— = 3600 Secondﬂ— Z Xl
Operating Environment N / —
i=
4] Allocation of The random variable” is also Gaussian distributed with a

IM Tolerance

mean of 3600 seconds and a standard deviatioy/ M.
/\ The standard deviation corresponding to the nominal spac-
Speed Performance ing bounds on the individual aircraft spacing precisiont tha
in the Assumed State Data Errors satisfies the operational goal of limiting the variationofto
Operating Environment 120 seconds, 95%, is determined by the following expression
PerformNﬁormance 120 seconds
Level Level o= ————— (2)
- 1.96vV' N
To reconcile the 99.9% bound on performance defined by
Functionality the nominal spacing bound with the controller intervention
Fig. 3. Determination of the RIMP category from the descoiptof the IM thres.hOIC.j' the following inequality is verified for each tied
operation. spacing interval\,.

RIMP
Category

A

A
3.290 < 5 3



Assume that the desired spacing interval between air@aftaind no additional airborne functionality above the baselin
120 seconds, resulting in an average of 30 aircraft croghimg functionality.
waypoint per hour. The resulting value @ffrom eq. 2 is 11.2
seconds, which respects the controller intervention tulels B. Example 2

as per the ir!equality in eq. 3. . The second example is an IM operation for arrival spacing
However, in the case of 40 aircraft scheduled to cross tﬂ? achieve a desired throughput of 30 aircraft per hour at the

waypoint in an hour .and a desired spacing |n.terval of S%%nway threshold. This is a more complex IM operation to
seconds along the string, the controller interventionsthotd ;476 than the IM operation in example 1, and this example
drives the performance needed. The standard deviation ta,ienged to show the applicability of the ORT metrics and
satisfies the operational goal is 9.7 seconds from €q. 2, busap analysis to IM operations with different operational

value of o equal to 9.1 seconds is required to satisfy ed. 3piectives. This type of operation is planned for near-term
The resulting IM tolerance of 17.9 seconds is used for thie r?ﬁ‘uplementation.

of example 1.

L L 1) IM Tolerance: The IM tolerance for an arrival operation

¢ Zt)h M ToIe(;ancefAIIocanon_sA?h|n|t|al aIIoc;\tlon 'S Tade is.determined in order to achieve the desired throughputeat t
o the tspge per (zrr]man::et_ n h_e ;st\sl\;;me thop|6l\;|a N9 etrMﬁway threshold. The IM operation is terminated at the final
ronment. because ine refationship between the operatig r?roach fix (FAF) when the aircraft begins its deceleration

and the assumeq .c.)peratlng .enV|ronment has not yet b? its final approach speed; therefore, the IM tolerance is
established, the initial allocation to the speed perfomandetermined at the FAF such that the operational goal is
is determined based on previous IM-related studies in tg%hieved at the runway threshold

literature. Speed _control_algor_|thms_for IM?reIated capise Throughput at the runway threshold is a function of the
have been tested in fast-time simulation environments amim . . . : .
mean inter-aircraft spacing, or the average desired spacin

in-the-loop experiments, and field testing with differenvie . . . .
ronments of varying complexity. References [7] and [8] fdunmterval, set during a sequence of consecutive IM operation
ying plexity. In this operation, the desired spacing intervals are set suc

that the Spacing precision rgnged from 6.0 to 10.0 secon Tat wake vortex minimum separation is respected in 99.9%
95%, using fast-time simulations. of operations, under fault-free conditions. The nominalcipg
An initial conservative allocation of 13.0 seconds is maule ' y

the speed performance in the assumed operating environmggﬁéundS for each individual IM operation in the sequence
. . . re model a ussian distribution with mean | t
from which the state data error budget is then determined. odeled by a Gaussian distributio ean equal 1o

the desired spacing interval and standard deviation equal t

State Data Error Budget+ (IM Tolerancg? —(Speed Performance Budgy@t Othreshold-
The controller intervention threshold is modeled to be at
State Data Error Budgety/(17.9 seg”— (13.0 seg>=12.3 sec the wake vortex minimum separation. The modeling of the

rquinal spacing bounds already ensures that this threshold
Vi ' i .

i appropriately respected under the assumption that radmin
pacing performance is Gaussian. Additional measures such

The state data error budget is met for Performance Le
1, as defined in reference [11], where state data for the |
and target aircraft have a horizontal position accuracy.8f o . ) .
NM and a horizontal velocity accuracy of 10 m/s; updatﬁ\j alertlng may be requwe_d for robustn_ess,_for example,elft
rates and latencies in the target aircraft state data avenass operatlon involves partlculquy voIat|Ie_ wm_d condmg.
for the expected surveillance source (e.g., ADS-B, ADS-R, I S ass_umed that th(_a arrival operation Is compnsed of
or TIS-B). For a target aircraft equipped with ADS-R, th@ Mix of aircraft categories, and the minimum (time-based)

bound on the spacing interval uncertainty is 7.1 seconds. Tﬁpacing intgrva!s between a‘rcr?‘“ pairs are shown in Table
value is found using the conservative model of the spacin _The spacing intervals are derived based upon wake-vortex

interval uncertainty resulting from state-data errorscdesd eptar\]ratqu; startlda_lrds fs;md trepre_sentatwe final approaelspe
in reference [11]. The remainder of the state data errord!.udgfgor € difierent aircraft categories.

is re-allocated to the speed performance resulting in a-16.4 TABLE |

second budget for the speeds in the environment. TIME-BASED WAKE VORTEX MINIMUM SEPARATION (SECONDS
The speed performance in the assumed operating envi-

ronment must be validated to show that the 16.4-second Target Aircraft

budget is met. Initially, fast-time simulations of a baseli - H‘ii‘(’)y Bng L‘gge

implementation will be performed to demonstrate viabitify M Aircraft | Boel 126 -8 28

the IM operation. Large 136 113 86

3) RIMP Category: This example is used to illustrate the
process of determining the performance needed for the IMThe desired spacing interval is set so that one side of the
operation described. The RIMP category for this IM operatiawo-sided 99.9% bound, or 3.29 timeg,,-csnoid, IS the wake
will be comprised of an IM tolerance of 18 seconds, state datartex minimum separation. The matrix is a representation
performance level 1, the appropriate speed performaned, lewf the spacing intervals in Table I, where the column index



represents the target aircraft category in the pair, anddiwe speeds, and wind speeds between the FAF and the threshold.
index represents the IM aircraft category in the pair. Therefore, the IM tolerance needed at the FAF is a function of
the 95% bound on the spacing at the runway threshold and the

Spacing Intervalihreshoia = W + 3.290threshotd, WNEIE  goo "p i on the uncertainties in the times for the IM and

110 110 84 target aircraft to fly from the FAF to the threshold, modeled
w= 126 78 78 by a Gaussian distribution with standard deviation
136 113 86

) ) ) IM Tolerance=+/(1.960 e shota)> —(1.9607)>
For an assumed aircraft-type mix, the average spacing

interval £;1,-.sno1q at the runway threshold can be determined. These uncertainties are a result of errors in the plannet fina
3 3 approach speeds, decelerations to the final approach speeds

fthreshozdzzzspacmg Intervalinreshora(i, j)p(i)p(j) @nd winds used to determine the desired spacing interval

at the FAF. To determinerp, the flight times for the IM

and target aircraft from the FAF to the threshold,; and

target, r€Spectively, are modeled as independent, identically-

istributed random variables. Monte-Carlo analysis isduse

o determine the standard deviations Bfy; and Tigrget,

where the final approach speeds are assumed known within 5

i=1j=1
Here,p(7) for i = 1,2,3, is the probability of a heavy, a B757, o
a large aircraft, respectively, in the sequence. The thrpug d
at the runway threshold is determined from the average sgacy
interval.
3600

throughputnreshora (aircraft/hour)= ———— knots, 95%, the decelerations are assumed known within 0.15
tthreshold knots/second, 95%, and the wind is assumed known within 10
To determine the throughput at the runway threshold, theots, 95%. The standard deviationsGfy; and T;4,gc: are
following aircraft-type mix is assumedi(1) = 0.10,p(2) = 5.2 seconds from which is determined [11].
0.70,p(3) = 0.20; e.g., there is a 70% probability that a B757
is next in the sequence. Fig. 4 shows the throughput at the or = \/U%IM + U%,,we,, =T7.4 sec

runway threshold for different values of the standard davia Therefore, an IM tolerance of 10.2 seconds is needed at the
Othreshold- The intersection of the curve and the 30 aircraft pi'—rAF ’ )

hour throughput shows that a standard deviation of 9.0 skco

meets the operational goal. 2) IM Tolerance Allocations: As described in the first
example, an initial allocation is made to the speed perfogea
in the assumed operating environment. References [8] and

% [13] found that the spacing precision at the runway threghol
e 1 ranged from 7.5 to 10.0 seconds, 95%, determined from fast-
s4r ] time simulations and human-in-the-loop experiments. An in
’g‘ 33f 7 tial allocation of 8.0 seconds is made to the speed perfacman
s 32 ' il in the assumed operating environment, from which the state
5 31 1 data error budget is determined to be 6.3 seconds.
R e e i i The state data error budget is met for Performance Level
2 29t : 2, as defined in reference [11], where state data for the IM
2 28} : 1 and target aircraft have a horizontal position accuracy.of O
£ o7l ] NM and a horizontal velocity accuracy of 3 m/s; update rates
261 | and latencies in the target aircraft state data are assuoned f
25l i the expected surveillance source. For a target aircrafppgd
S A S T S S S S ST S N R with ADS-B, the bound on the spacing interval uncertainty is
4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 5.8 seconds [11]. The remainder of the state data error budge

(¢

threshold (seconds)

is re-allocated to the speed performance budget resutiiag i

Fig. 4. Throughput at the runway threshold given differealues of the 8.4—sepond bUdget for the speeds I_n the environment. .
standard deviation;,,.c.no1d- Again, the speed performance in the assumed operating
environment must be validated to show that the allocated 8.4

Because the IM operation is terminated at the FAF, tﬁ;eecOnd budget is respected.

controller provides the IM aircraft with the desired spacin 3) RIMP Category: The RIMP category for this IM oper-
interval to be achieved at the FAF such that the spacinguvaleration will be comprised of an IM tolerance of 10 seconds,
needed at the threshold is achieved. The desired spacstate data performance level 2, the appropriate speedotontr
interval at the FAF is a function of the times that it takeperformance level, and no additional airborne functidgali
for the IM and target aircraft to fly from the FAF to theabove the baseline functionality.

threshold, where the times are computed assuming plannedf the IM operation had higher throughput goals at the
final approach speeds, decelerations to the final approaahway threshold, the FIM equipment may require knowledge



of the IM and target aircraft final approach speeds in orderin addition to determining the categories from analysis
to better predict trajectories from the FAF to the runwagf a set of IM operations, the question of efficient string
threshold. In this case, the added functionality to knowasel behavior in the context of performance levels of the speed
final approach speeds would be included in the RIMP categargntrol algorithm should be answered. In particular, itas t

along with the appropriate IM tolerance and performande determined whether different speed performance levels a

levels to support the tighter IM tolerance. inter-operable along the string in the same IM operationotf
then it may be a further restriction for the FIM equipment to
V. OPENISSUES ANDFUTURE WORK be operating strictly at the specified performance levehera

Through a motivation of the RIMP concept, and an accouman at or above.

of its definition at present, this paper provides a framework VI. CONCLUSIONS
for determining the performance needed for an IM operation. .
A methodology was proposed for determining the Re-

This framework has been built upon technical developments;’ q I ; ded
however, further development and backing within the comm@4'"® Interval Management Performance (RIMP) needed to

nity is needed. A program for completing the developmeﬁf"t'Sfy operatlonal_ goals, and from Wh'ch FIM equment
begins with the analysis of an initial set of IM operationd€formance requirements are derived, given a specific IM
A broad set of IM operations should be chosen to popula@€ration and an assumed operating environment. From the
RIMP categories from which the discrete breakdown of tH¥oPosed methodology, RIMP categories are derived which
four components may be identified. are comprised of the following four components:

Specifically, the determination of speed performance tevel ¢ the spacing precision needed in the IM operation to meet
and their interaction with the operational environmentdsee ~ OPerational goals,
the most development and validation. The authors belieat th  the required performance of the state data provided by the

the following program of study will be fruitful: IM and target aircraft and used by the FIM equipment to
calculate speeds,

Complete the analysis of operational uncertainties,-initi . .
* P Y P « the required performance of the speed control algorithm

ated in reference [11]. The list is not currently exhaustive =~ . . .
e.g., the inter-aircraft precision provided by GIM in the n th? assumed_ operating e_r_w\_/lronment, and .
set-up of the FIM operation has not been studied. » additional functlgnal capa.bmtles of the FIM equipment.

. Analyze IM aircraft response to operational uncertainties 1€ RIMP categories describe the performance needed for
as a function of algorithmic performance parameters (i.é\l IM operation, and this categorization framework may_be
the performance bounds defined by damping ratio alfyeraged by, for example, air traffic controllers managing

aircraft responsiveness). IM operations with changing operational goals and opegatin
« Characterize the assumed operating environment of thavironments and by FIM equipment designers to provide
IM operation by its operational uncertainties. efficient performance as a function of RIMP category. It is

« Combine the above into an analysis which translat€Xpected that discrete performance levels of the state data
the assumed operating environment to the achievatggd the speed performance will be revealed in subsequent

precision for a given performance of the speed contrferivations of the RIMP categories leading to equipmevitle
algorithm. testing and certification procedures.
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