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1 Executive Summary

This document is the final report for the NASA Langley Research Center (LaRC)-
sponsored task order “Possible Benefits for Advanced Interval Management Operations.”
Under this research project, Architecture Technology Corporation performed an analysis
to determine the maximum potential benefit to be gained if specific Advanced Interval
Management (AIM) operations were implemented in the National Airspace System
(NAS). The motivation for this research is to guide NASA decision-making on which
Interval Management (IM) applications offer the most potential benefit and warrant
further research.

AIM operations are enabled by ADS-B (Automatic Dependent Surveillance-Broadcast)
technology, which transmits high-accuracy position and velocity information derived
from the aircraft’s Global Positioning System (GPS) navigation system. Aircraft capable
of ADS-B Out transmit this information which is received by ground systems and
aircraft with ADS-B In. The ADS-B In capability of aircraft supports flight-deck IM
technologies and procedures which enable air traffic control to delegate responsibility for
inter-aircraft spacing to the flight crew of the aircraft. The controller issues an IM
clearance to an IM capable aircraft to satisfy an Assigned Spacing Goal (ASG) with a
target aircraft scheduled to arrive ahead of it to a designated Achieve By Point (ABP).
The Flight-deck IM (FIM) technologies and procedures support the flight crew in
satisfying the assigned spacing goal at the achieve-by point. The benefits of the flight
deck IM operations include reduced inter-aircraft spacing due to greater precision in
meeting the assigned spacing goal, reduced controller workload, and increased flight
efficiency.

This project evaluated three flight deck IM concepts: IM for Dependent Parallel
Approaches, IM for Departure Operations, and IM with Wake Mitigation. For IM for
Dependent Parallel Runway Operations, the IM arrival aircraft must satisfy the wake-
vortex spacing goal with the target arrival aircraft to the same runway, and diagonal
“stagger” spacing goal with the other target arrival aircraft to the parallel runway. For IM
for Departure Operations, the IM departure aircraft must satisfy the Miles In Trail (MIT)
spacing goal with the target aircraft from the same or different origin airport to the same,
or otherwise operationally coupled, departure fix or departure gate. For IM with Wake
Mitigation, the IM arrival aircraft must satisfy dynamically-specified wake vortex
spacing goal with the target arrival aircraft to the same or operationally coupled arrival
runway, and potentially must respond to dynamic changes to the spacing goal prior to
landing.

For each concept, we evaluated the maximum expected benefits, the conditions under
which the operations are viable, and the limitations of, and impediments to, the concept.
Literature review supported these tasks in establishing and refining, as necessary, the
theory of operation.



Maximum benefits analysis for each concept used modeling and simulation to estimate
the maximum airport arrival or departure capacity increase that could be realized when
the concept was applied. Operations conditions analysis used operational data,
particularly FAA Aviation System Performance Metrics (ASPM) data as well as traffic
and route data, to estimate how many hours per year the concept could be applied at
candidate airports or metroplexes in the NAS. Analysis results for the maximum benefits
and operations conditions of each concept were combined to estimate the NAS-Wide
benefit of each concept. For each concept, the NAS-Wide benefit was expressed as the
sum of the theoretical hourly arrival or departure rates among the airports and
metroplexes evaluated, and as the average number of hourly periods in a year that the
concept could be applied.

Impediments and limitations analysis identified potential requirements and considerations
for implementing each concept. After establishing a baseline for current-day and near-
term operations and capabilities of the aircraft and air crew and air traffic control, the
requirements and considerations for each concept were evaluated against this baseline to
identify potential impediments to implementing the concept or limitations to realizing
benefits from the concept. Impediments and limitations were estimated to be of high,
medium and low severity, with respective numerical rankings of 3, 2 and 1. The
severities were summed for relative ranking of the concepts.

For IM Dependent Arrival Operations, we estimated the concept could have been applied
to 22 NAS airports with parallel runways to enable an additional 237 arrivals per hour
during 1691 hours in 2014, and that the concept has an impediments and limitations score
of 18. These values were estimated as follows. Operations analysis of ASPM data for the
airports identified an average of 1691 hours in 2014 when the airports were operating in
Instrument Meteorological Conditions (IMC). Maximum benefits analysis extended an
established statistical method for estimating the saturation capacity of a single airport
runway to dependent parallel runways to estimate a theoretical capacity of approximately
60 arrivals per hour. Enforcing this as the minimum to the ASPM-reported arrival rates of
the airports in their most commonly used parallel arrival runway configuration in IMC in
2014 estimated an average of 237 additional arrivals per hour that could have been
accommodated by the airports. Impediments and limitations analysis identified aircraft
equipage requirements, traffic and aircraft characteristics for pairing, facility coordination
and traffic control precision as having medium to high impact on concept implementation
and benefit level.

For IM Departure Operations, we estimated the concept could be applied to 21 NAS
metroplexes to enable an additional 176 departures per hour during 6570 hours per year,
and that the concept has an impediments and limitations score of 18. These values were
estimated as follows. Operations analysis of FAA traffic schedules forecast for May 13,
2020 for the airports in 8 metroplexes, and the departure fixes we estimated for those
metroplexes, identified an average of 18 hours per day that the concept could be used to
space metroplex departures crossing common departure fixes. We assumed this could be
realized 365 days per year. For maximum benefits analysis we implemented a multi-
airport, multi-departure fix scheduling algorithm based on the NASA Traffic



Management Advisor, and applied this to the traffic and fix models of the 8 metroplexes
to estimate 67 additional departures per hour on average when fix spacing is reduced
from 10 miles-in-trail to 7 miles-in-trail. Extrapolating the throughput results to 13 other
FAA metroplexes estimated the concept could afford 176 additional departures per hour
among the 21 FAA metroplexes. Impediments and limitations analysis identified airspace
and traffic characteristics, multi-airport traffic coordination and scheduling, departure
trajectory prediction and potential datalink requirements as having medium to high
impact on concept implementation and level of benefit.

For IM Wake Mitigation, we estimated the concept could be applied to many more than
the 27 airports evaluated. Among the 27 airports, we estimated the concept could have
enabled 77 additional arrivals per hour during 4660 hours in 2014, and that the concept
has an impediments and limitations score of 16. These values were estimated as follows.
Operations analysis of ASPM data for the 27 airports identified an average of 4660 hours
in 2014 when arrival runway crosswinds were 3 knots or greater. For maximum benefits
analysis, we lacked an established estimate for the typical spacing reduction afforded by
the concept. We assumed the average of the hourly arrival rates of each airport when in
Visual Meteorological Conditions (VMC) in 2014 as the achievable arrival rate.
Enforcing this as the minimum to the ASPM-reported arrival rates of the airports in VMC
in 2014 estimated an average of 77 additional arrivals per hour that could have been
accommodated by the airports. An alternative theoretical analysis of single-runway
arrival capacity with 2 nautical mile wake vortex separation for all aircraft estimated 40
arrivals per hour per runway, however this was deemed potentially too high. Impediments
and limitations analysis identified specifying safe separations, integration with time-
based metering freeze horizons, and managing traffic response to dynamic spacing as
having medium to high impact on concept implementation and level of benefit.

10



2 Introduction

This document is the final report for the NASA Langley Research Center (LaRC)-
sponsored task order “Possible Benefits for Advanced Interval Management Operations.”
Under this research project, Architecture Technology Corporation (subcontractor to Saab
Sensis Corporation) performed an analysis to determine the maximum potential benefit to
be gained if specific Advanced Interval Management (AIM) operations were
implemented in the National Airspace System (NAS). The motivation for this research is
to guide NASA decision-making on which Interval Management (IM) applications offer
the most potential benefit and warrant further research.

2.1 Background

The deployment of ADS-B (Automatic Dependent Surveillance-Broadcast) has enabled
the development of advanced capabilities to improve the efficiency and safety of the
National Airspace System (NAS). ADS-B, an extension of 1090 MHz, Mode-S
transponder technology, transmits a message containing high-accuracy position and
velocity information, derived from the aircraft’s GPS navigation system. Aircraft
equipped with ADS-B transmitters (ADS—B Out) transmit datalink messages that both
ground systems and suitably equipped aircraft (ADS-B In) are able to receive. This
technology enables aircraft as well as ground systems to have high-fidelity traffic
information.

IM is a capability enabled by the advent of ADS—B. IM consists of a set of ground and
flight deck capabilities and procedures for Air Traffic Control (ATC) and the flight crew
that are used in combination to more efficiently achieve and manage inter-aircraft
spacing. FIM delegates a subset of merging and spacing tasks to airborne systems, under
careful monitoring by ATC. The premise of IM concepts is that in a sequence of several
aircraft, a trailing/tracking aircraft (referred to as the IM Aircraft) can be assigned a
clearance by ATC to satisfy a spacing goal at an Achieve-By Point with a Target Aircraft
which precedes it in crossing the stated point [3]. The navigation equipment on-board the
IM aircraft uses the state information of the leader aircraft to command trajectory control
actions (e.g., speed adjustments, and possibly path adjustments) to satisfy the assigned
spacing goal. Specialized ATC procedures and, possibly, equipment, are likely needed to
initiate and manage the operations. NASA has been a leading authority on developing
and testing IM operations to date.

In 2011, the ADS-B-In Aviation Rulemaking Committee (ARC) (chartered by the
Federal Aviation Administration) published recommendations for future ADS-B-enabled
airborne applications. Among their recommended list of 10 applications were several IM-
related applications. NASA is looking to determine which of these ARC-recommended
applications would be most beneficial to develop.

2.2 Scope

The scope for this project is to investigate three of the ARC-recommended IM concepts
and to offer insight into the following: 1) the maximum expected benefits of the concept,



2) the conditions under which the operations are viable, and 3) the limitations of, and
impediments to, the concept.

Regarding the selection of the particular concepts for evaluation, the ARC committee
identified three IM concepts that are the focus of this research:

* FIM-S for Closely Spaced Parallel runway Operations (CSPO) [IM-CSPO]
* FIM-S Departure Operations [IM-DO]
* GIM-S with Wake Mitigation [IM with Wake Mitigation]

However, there are multiple variants of each of these concepts. To manage project scope,
it was necessary to identify a single, specific version of each concept to be studied.
Several concepts in each of the three IM application areas were reviewed, and then,
through collaboration with NASA civil servants, the particular variation of each concept
that would represent the overall concept arena for evaluation on the project was selected.
The three concept arenas are abstracted to IM with Parallel Runway Arrivals, IM with
Departure Operations and IM with Wake Mitigation. The specific concepts considered
within each of these arenas of IM concept application are listed below.

The concepts considered for IM with Parallel Runway Arrivals included the following:

¢ Simplified Aircraft-Based Paired Approach (SAPA) [2][41][42]
* Paired Approaches [43]
* Interval Management for Dependent Parallel Runways [2][3][6][8][32][35]

The concepts considered for IM with Departure Operations included:

* Spacing to Departure Fix [3][35]
* Spacing to Departure Gate [3][35]

The concepts considered for IM with Wake Mitigation included:

¢ IM with Wake Mitigation [2]

* Wake Vortex Re-categorization Phases I, Il and IIT [9][11][19][23]
* Wake Turbulence Mitigation for Departures (WTMD) [13][19][24]
* The Aircraft Vortex Spacing System (AVOSS) [44][45][46]

The three (3) concepts selected for evaluation were:
* IM with Dependent Parallel Runway Arrivals

* IM with Departure Operations
* IM with Wake Mitigation
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3 Methodology

Each of the three concepts is studied independently through the application of the same
underlying methodology. The methodology consists of two main elements, the Maximum
Benefits analysis, and the Limitations analysis. Figure 3.1 depicts the project tasks and
their relationships.

Benefit Analysis

/ Concept Details \ / Operations Conditionsx

( N\
[ Review Literature ] Infrastructure Analysis T
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Figure 3.1. Individual Project Tasks and their Relationships.
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3.1 Benefits Analysis

The Maximum Benefits analysis represents the bulk of the effort and is divided into
major subtasks. This section provides a detailed description of the methodology.

3.1.1 Concept Details

The objective of the Concept Details task is to establish the Theory of Operation
governing each concept and establish a basis for realizing capacity increase from the
concept. The approach to this task involves a review of the available literature and
consultation with NASA personnel, to establish the basic operating principles of the
concept, and to understand how the concept differs from current-day operations. The
conditions required to apply the concept are identified. We explicitly quantify the rules
and constraints governing the concept. We also identify primary factors influencing
concept implementation.



3.1.2 Maximum Benefit

The objective of the Maximum Benefit task is to estimate the impact of concept
application at case study site(s) under appropriate application conditions. This is achieved
through data analysis, modeling and simulation, and is based on prior published analyses.
To do this, we first establish a theoretical basis for estimating the capacity improvement
afforded by each interval management concept. Here we leverage the Theory of
Operation of the concept, established during the Concept Details analysis, and apply it to
a representative or notional scenario. We select capacity and/or throughput-impact as the
figure of merit for each concept and determine the theoretical throughput via analysis,
simulation or prior published research. Candidate analysis methods include ABP
modeling [15]; terminal airspace arrival and departure route link-node modeling [16][17];
and trajectory modeling leveraging energy methods [18].

3.1.3 Operations Conditions

The objective of the Operations Conditions task is to characterize the primary factors
influencing the application and benefit of the operational concept in the real-world
environment. In essence, the analysis is designed to determine where and how often a
particular concept could be employed in the NAS and achieve meaningful benefit. This
analysis considers airport/airspace infrastructure, operational conditions, and typical
traffic at select sites where the concept could be applied. The infrastructure analysis
determines a facility’s eligibility for the concept based on its layout, geometry or other
characteristics. Operational conditions analysis determines how often a facility’s capacity
is saturated or compromised by conditions that the particular IM concept is designed to
alleviate. Traffic analysis determines how often minimum spacing afforded by the
concept would result in higher throughput. The purpose is to determine the frequency of
conditions and primary factors influencing concept application and benefit. To analyze
the operating conditions, we identify various databases useful for characterizing the
operating conditions for the concept, as listed in Table 3.1.

Table 3.1. Available Data Sources for the Operations Conditions Task.

Source Elements Application

Aviation System Airport runway configurations Occurrence of runway configuration for|

Performance Metrics concept application

(ASPM) Airport meteorological conditions:[Occurrence of meteorological
ceiling, visibility, wind speed and|conditions for concept application
direction
Airport called arrival and departurelBaseline  airport  throughput and
rates capacity

Occurrence of peak demand levels for|
concept application
Airport  scheduled arrival and|Occurrence of peak demand levels for|

departure traffic demand concept application
Aircraft Situation Filed route of flight Occurrence of common routes/fixes
Display to Industry among airport departure flights
(ASDI)
Bureau of Scheduled departure and arrivallOccurrence of peak demand levels for|
Transportation times concept application

Statistics (BTS)
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The results of this analysis are applied in the NAS-Wide Benefits task, to estimate the
true benefit of the concept from the theoretical maximum benefit and the frequency of
application.

3.1.4 NAS-Wide Benefit

The objective of the NAS-Wide Benefits task is to quantitatively estimate the broader
benefit of concept across multiple applicable sites (airports or metroplexes) in the NAS
by combining the results from the Maximum Benefits analysis and the Operations
Conditions analysis. For example, how many sites might employ the concept and what
would be the corresponding throughput increase? The approach to this task was to first
consider the ‘need-for’ and then viability of each concept at applicable sites. For
example, how frequently do imbalances between traffic demand and site capacity occur?
The estimated maximum benefit for the concept can be applied at each imbalance, to
estimate a net benefit of the concept. This net benefit supports ranking of the individual
concepts. We apply our fundamental analysis approaches to multiple sites, and as needed
extrapolate those findings to additional sites, in order to estimate the throughput benefit
of concept at numerous applicable sites across the NAS.

3.2 Impediments and Limitations

The objective of this task is to qualitatively describe the impediments and limitations of
each concept that are not captured in the quantitative benefits analysis. For example, what
meteorological or airport operational conditions prevent implementing the concept? What
aircraft navigation capabilities and flight crew procedures are required to implement the
concept? What controller tools and procedures might be required to implement the
concept? Our approach is to determine high-level requirements for concept, such as
airborne and ground automation, crew and controller training, and other operational
requirements. For each, we qualitatively estimate its impact on applying the concept. We
apply this to the NAS-wide benefits estimated for each concept to recommend a relative
ranking of the concepts for future research.

3.3 Final Report

This document serves as the Final Report and documents the methodology and findings
of the effort. Regarding organization of the Final Report, the Benefits Analysis, including
the Concept Details, Maximum Benefit, Operations Conditions, and the NAS-wide
benefits, is covered for each concept in its own respective section. Sections 4, 5 and 6 are
dedicated to the Benefits Analysis. The Impediments and Limitations task is covered in
Section 7. Impediments and limitations are identified for IM in general, then for each
concept.



4 Interval Management for Dependent Parallel Approaches

This section details the analysis performed for Dependent Parallel Approaches. The
concept details are presented first, followed by the Maximum Benefit and Operations
Conditions analysis. The results are then applied to the NAS wide benefits analysis.

4.1 Concept Details

The IM for Dependent Parallel Approaches concept applies to airports that conduct
simultaneous dependent Instrument Landing System (ILS) approaches to parallel
runways in Instrument Meteorological Conditions (IMC). The criteria for conducting
parallel operations to adjacent runways are listed in Table 4.1. The criteria were
identified from [6][47][48]. The criteria vary by runway centerline spacing.

Table 4.1. Conditions for Independent and Dependent Approaches to Parallel Runways.

Parallel Visual or
Runway | Instrument
Centerline|Meteorological
Spacing, Condition
Feet (VMC or IMC) Arrival Operations
> 9000 \VMC or IMC Independent operations all the time
\VMC Independent operations, pilot responsible for separation
IMC Independent operations require 4.8-second radar, ATC monitoring
4300 ) position, 2000-feet No Transgr§§sion Zone (NTZ)
9000 Many airports meet these conditions
IMC Dependent operations require 2-nautical mile stagger and wake
vortex separations on final approach, 3-nautical mile or 1000-feet
vertical before established
\VMC Independent operations, pilot is responsible for separation

3400 IMC Independent operations with Precision Runway Monitor (PRM)

4300 IMC Dependent operations require 1.5-nautical mile stagger and wake
vortex separations on final approach, 3-nautical mile or 1000-feet
vertical separations before established

\VMC Independent operations, pilot is responsible for separation
IMC Independent operations with 1-second PRM with display, ILS

3000 - localizers are offset by greater than or equal to 2.5-degrees

3400 IMC Dependent operations require 1.5-nautical mile stagger and wake
vortex separations on final approach; 3-nautical mile or 1000 feet
vertical separations before established

\VMC Independent operations, pilot responsible for separation

>500 IMC Independent operations not permitted

3000 IMC Dependent operations require 1.5-nautical mile stagger and wake
vortex separations on final approach; 3-nautical mile or 1000-feet
vertical separations before established

\VMC Independent operations, pilot responsible for separation
IMC Independent operations not permitted

700 - 2500 [iImC Dependent operations require 1.5-nautical mile stagger and wake
vortex separations on final approach; 3-nautical mile or 1000 feet
vertical separations before established

<700 \VMC Single—runway only

IMC Single-runway only
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Our evaluation focuses on concept application to parallel runways with centerlines
spaced 2500-feet to 9000-feet, thus falling outside the category of closely-spaced. In
baseline (non-IM) operations, an airport may or may not be capable of dependent runway
operations in IMC depending on whether it meets established criteria.

Airports not capable of conducting independent parallel runway operations may conduct
dependent parallel runway operations with the appropriate approval. If they have not
been approved to conduct dependent parallel runway operations, they must operate in a
single-runway configuration, significantly reducing airport arrival throughput. For those
airports approved to conduct dependent parallel runway arrival operations, controllers
must manage the trailing aircraft to meet stagger and wake vortex spacing requirements.
Additional spacing buffers may be applied, as needed, to account for the level of
imprecision in managing the aircraft to satisfy the stagger and wake-vortex spacing
minima. This can reduce the airport arrival throughput during dependent arrival
operations.

With IM capabilities, the controller delegates spacing responsibility to the flight crew of
the IM Aircraft, and the flight crew uses on-board equipment to meet the assigned
spacing goals. The spacing goals are defined with respect to the two Target Aircraft
ahead in the arrival stream that are to arrive at the same runway and to the runway
parallel to the IM Aircraft, while the controller monitors the operations. Spacing buffers,
intended to account for positional uncertainty, can be reduced due to the increased
spacing precision afforded by the IM equipment. This can increase the airport arrival
throughput by either enabling dependent runway operations where only single-runway
operations could previously be performed, or by increasing the airport arrival throughput
by reducing inter-flight spacing. Table 4.2 summarizes the theory of operation for
dependent approaches to parallel runways with centerlines spaced 2500 — 9000 feet.

Table 4.2. Theory of Operation for Dependent Approaches to Parallel Runways 2500 —

9000 Feet.

Conditions for * Instrument Meteorological Conditions (IMC) with Instrument Landing
Application System (ILS) Category | ceiling and runway visibility range conditions
Baseline * Single-runway operations
Operations

e 3-nautical mile lateral separation until established on final approach

* On final approach, stagger separation of 2-nautical miles with parallel-
Concept Rules runway aircraft, wake-vortex separation with same-runway aircraft
& Constraints * Follower meets larger of stagger or wake-vortex separation

requirements

*  Spacing buffer to account for controller workload and spacing precision

* Application of minimum spacing requires closely-scheduled arrivals
Concept * Inter-flight spacing realized depends on the initial approach d
Factors & ght spacing realized depends o e pproach speeds,

final approach speeds and weight classes of the aircraft involved, and
the spacing between the centerlines of the parallel runways

Concept * Ground-based traffic planning and management tools to support pairing
Requirements flights for dependent operations

Dependencies




e Aircraft- or ground-based tools for aircraft speed guidance to support
satisfying inter-flight spacing minima throughout operations

Figure 4.1 provides a schematic of inter-flight spacing requirements for dependent
approaches to parallel runways.

Runway
Threshold (RWY)

Initial Approach
Fix (1AF)

D = (D2 — D¢, )"

Figure 4.1. Inter-Flight Spacing Requirements for Dependent Parallel Approaches.

As indicated in Figure 4.1 at the Initial Approach Fix (IAF), the IM Aircraft (trailing)
satisfies 3-nautical mile radar separation with the Target Aircraft to the parallel runway
(Ds4r) and 3-nautical mile radar separation with the Target Aircraft to same runway
(Dg). A spacing buffer (Dp) may be added to each of these minimum spacing values to
account for spacing imprecision. At the runway threshold, the IM Aircraft satisfies
stagger spacing with Target Aircraft to the parallel runway (Dszwy) and wake vortex
spacing with the Target Aircraft to the same runway (Dy). The exact longitudinal spacing
(Dr) to satisfy the stagger spacing depends on the centerline spacing of the parallel
runways. A spacing buffer to accommodate imprecision may also be added. The current-
day separation standards to protect against wake vortex at airports which have not yet
implemented RECAT are shown in Table 4.3 [9].

Table 4.3 Current FAA Wake Separation Standards for non-RECAT Airports [9].

Follower (Nautical Mile)
Super Heavy B757 Large Small
. Super 2.5 & 7 7 8
7] Heavy 2.5 4 5 5 4]
= B757 25 1 1 4 5
= Large 2.5 2.5 2.5 2.5 1
Small 2.5 2.5 25 2.5 2.5

Figure 4.2 depicts the wake vortex separation minima and the diagonal stagger separation
between the IM Aircraft and the Target Aircraft to the parallel runway as a function of

the centerline spacing of the parallel runway system.
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Figure 4.2. Wake Vortex and Stagger In-Trail Separation Requirements.

The data show the interference of the stagger separation with the smaller 2.0-nautical
mile and 3.0-nautical mile separation minima governing Super, Heavy, B757, Large and
Small weight class aircraft following Large and Small weight class aircraft. In these
cases, the stagger separation may be the dominant spacing constraint over the wake
vortex separation. The inclusion of spacing buffers shifts the spacing profiles upwards.
Airports with parallel runways to which dependent arrival operations may be
implemented are listed in [22].

4.1.1 Relevant Literature

The concept details and theory of operation are summarized from an extensive literature
search. The noteworthy references are summarized in this section.

* FAA Order JO7110.308 [5] documents the requirements and procedures for
arrivals to conduct dependent ILS approaches to Closely Spaced Parallel
Runways (CSPRs); that is, parallel runways with centerlines spaced to 2500-feet
or closer. Operations require differences in the glide slope heights which are
achieved with runway threshold stagger or by approach procedure design, and are
specified for individual runway pairs. Aircraft are to satisfy 3-nautical mile lateral
or 1,000-feet vertical separation until established on the localizer and cleared for
final approach. While on final approach, the trailing aircraft must be on the higher
vertical approach, and must satisfy 1.5-nautical mile diagonal spacing with the
leader aircraft to the parallel runway. The leader aircraft must be a small or large
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weight class aircraft. The operations may be conducted down to ILS Category I
ceiling and runway visibility range conditions.

Barmore, et al. [6] document a concept of operations and requirements for
dependent operations to parallel runways leveraging FIM. This includes a
summary of the concept; analysis of minimum inter-flight spacing requirements
and constraints of the concept; a description of the Paired Dependent Speed (PDS)
aircraft navigation capability for the following aircraft to meet the minimum
spacing requirements with the lead aircraft; procedures for initiating and
conducting the operations, including identification and consideration of the failure
modes for the operation; information requirements to conduct the operations,
including candidate requirements for ADS-B messaging; and an example
scenario. The reference also includes a summary of the fundamental principles of
dependent approaches to parallel runways.

Smith [7] evaluates the performance of the Airborne Spacing for Terminal Arrival
Routes (ASTAR) 10 algorithm [7][10] extended to support dependent approaches
to parallel runways. ASTAR is an aircraft navigation system which computes and
recommends to the flight crew speed settings to meet and/or maintain an assigned
spacing goal with a target aircraft. ASTAR 10 extends this capability to support
meeting a stagger spacing goal with a target aircraft on a parallel runway. The
document also includes a summary of the fundamental principles of dependent
arrival operations to parallel runways.

Baxley et al. [8] document the methodology for and findings from conducting
human-in-the-loop experiments of a concept of operations for using FIM to
conduct dependent, staggered approaches to parallel runways. This includes
detailed descriptions of the flight deck equipment, approach procedures,
clearances, and flight deck operations for the concept; and it includes detailed
analysis of the operations evaluated in the experiment. The concept evaluated
includes Controller—Pilot Data Link Communications (CPDLC) to communicate
FIM clearances to aircraft. The document also includes a summary of the
fundamental principles of dependent arrival operations to parallel runways.

Doyle et al. [10] provide comprehensive documentation of airports in the US with
parallel runway systems used for arrivals and departures. Information includes the
availability and type of equipage and operations to perform independent
operations to the runways, local specifications for minimum ceiling and visibility
minima that warrant IMC, and other information relevant to parallel runway
arrival operations. Our analysis relied on the airports and runway systems listed in
this reference, realizing that certain airports such as Seattle-Tacoma International
Airport (SEA) had been omitted due to the age of the document. Nevertheless, it
provided an extensive and relevant list of airports to initiate the analysis.

The FAA WakeNet Workshop Highlights [11] lists the number of pairs of parallel
runways and the distance between those runways for airports across the US.
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* Raytheon [12] lists airports and their closely-spaced parallel runways to which a
NASA-developed Terminal Area Capacity Enhancing Concept for paired arrivals
could be applied.

* FAA Order JO7110.316 [13] lists the particular airport parallel runway pairs to
which dependent parallel runway operations could be applied.

4.2 Maximum Benefits Analysis

To estimate the maximum arrival throughput achievable with the IM for Dependent
Parallel Approaches concept, we apply a methodology originally suggested by Credeur
[15]. In his analysis, Credeur was interested in the effects of wake vortex separation
standards on throughput to a single runway, and the capacity benefit that could be
realized if those standards were reduced. Credeur used a simple scenario with pairs of
arrival aircraft aligned on the final approach course to demonstrate his methodology.
Each aircraft pair generated a unique separation requirement, which was expressed in
time that allowed the calculation of an overall runway capacity. Credeur then computed
the expected value of the capacity for a single runway, under saturated traffic conditions,
assuming a particular mix of traffic (by weight class). The spacing rules accounted for the
wake-vortex separation required by the leading / trailing aircraft (as a function of weight
class) and the characteristic final approach speeds by aircraft weight class. A spacing
buffer to account for delivery uncertainty was also added.

To extend this method for parallel runway operations, we add the parallel runway and a
third arrival aircraft on the parallel runway, named the parallel aircraft. The minimum
stagger spacing requirements are then applied due to the presence of the parallel aircraft,
in addition to the in-trail requirements associated with the original leading/trailing aircraft
pair. Then, as with the original Credeur analysis, we consider a range of possible traffic
mixes (now for three aircraft) and parallel runway centerline spacing conditions to
estimate the breadth of possible, maximum arrival throughput outcomes. We apply our
analysis to evaluate the arrival throughput of specific concept designs for dependent
parallel runway operations and parallel runway centerline spacing conditions evaluated
by The MITRE Corporation for the RTCA Special Committee 186, Automatic Dependent
Surveillance-Broadcast (ADS-B). We obtain comparable results.

4.2.1 Analysis Methodology

This section describes the detailed methodology for estimating the maximum arrival
throughput for the parallel runway system. We first present the single runway approach
of Credeur [15], and then describe the extension to the scenario of two runways in
parallel.

4.2.1.1 Arrival Capacity for Single Runway Operations
In general, when g(x,y)is a function of two random variables x and y, then the
expectation of g(x,y) is expressed in Equation 4.1:



E{g(x,)} = Z Y 8% 3,)p(%.3,) 4.1

Where p(x,,y,) is the joint probability function of x and y. For our case, let i and j be

the random variables where i = lead aircraft of a pair on final approach, j = trailing
aircraft of a pair on final approach and g(i, j) = ¢;,= the time interval between aircraft i

and j when aircraft i is at the end of the final approach segment of length L.

Inter-arrival Separation on Final Approach

Consider the case as shown in the Figure 4.3 where the trailing aircraft is faster and is
overtaking the slower aircraft.

\ Faster, trailing 7’ aircraft
ILS 1 Minimum Required Spacing o
Gate l must be maintained at point Leading i
! of closest approach aircraft
| t, S =

—

|
: Final spacing ‘

. . Threshold
‘ Aircraft spacing compresses

1.650

Spacing buffer guaranteeing 5% or less
separation violation

Figure 4.3. In-Trail Separation Components for Approach, Faster Trailing Aircraft.

For the situation when V, =V, the minimum required separation S, for that aircraft pair
occurs when aircraft i is at the threshold and is expressed in Equation 4.2:

S,

4, =) - (42)

Consider the opposite situation as shown in the Figure 4.4, where the leading aircraft is
the faster of the two.
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Aircraft spacing expands 1 to threshold Threshold
1.650

Spacing buffer guaranteeing 5% or less
separation violation

Figure 4.4. In-Trail Separation Components for Approach, Slower Trailing Aircraft.

For the situation when V; <V, the minimum required separation S for that aircraft pair

occurs when aircraft i is at the beginning of the final approach segment and the separation
opens until aircraft i reaches the threshold, expressed in Equation 4.3:

V.V

J l

S, (1 1
G0, <Y=L o 43)
J

Inter-arrival Separation Buffer

We include a separation buffer to account for uncertainty in meeting target inter-flight
spacing. We model the spacing uncertainty as a Gaussian distribution with a standard
deviation of o. We specify the spacing buffer time 7, to keep the probability of
separation violation less than some specified value. To maintain the probability of a
separation violation P, to be less than 5%, we need a buffer time 7, of 1.650. We

account for this buffer in the inter-arrival time spacing for the cases of a faster and a
slower trailing aircraft, expressed in the Equations 4.4 and 4.5.

V,z & t
t,(V,zV,)= V+B

1 1

(V <V)—— (7—71)

Average Arrival Rate
From Equation 4.1, the average or expected value of the inter-arrival spacing Z] =E(¢;)

is expressed in Equation 4.6,

(4.4)

(4.5)



Z/ = ZEQPU» (4.6)

where p, is the probability that an aircraft pair will consist of aircraft i followed by

aircraft j. For independent arrivals and first come first serve control, the joint probability
of aircraft i followed by aircraft j may be expressed as the product of the individual
probabilities,

Py =PiP;

where p; p; are the probabilities of those weight classes of aircraft in the traffic mix. In
turn, Equation 4.6 can be simply rewritten as

0= Et,»jp,-pj (4.8)

J

Finally, the average arrival throughput is the inverse of the average inter-arrival time,
expressed in Equation 4.9,

4.9)

-::N‘||b—*

4.2.1.2 Arrival Capacity for Dependent Parallel Runway Operations

We extend the methodology for estimating the arrival capacity of a single runway to the
case of two parallel runways which cannot operate independently. Thus, a minimum
diagonal stagger separation with the leading aircraft to the parallel runway must be
included.

Inter-arrival Separation on Final Approach with Spacing Buffer

The flow rate of the two runways is considered as a single, coupled two-runway system.
The upper bound on the performance of this system is represented as the trivial case of
two independently operating runways. Here, the flow rate is double the single runway
arrival rate described in the previous section. Considering the case of dependent parallel
runway operations, Figure 4.5, depicts the parallel runway geometry for dependent
arrivals where the stagger separation D, with the aircraft to the parallel runway is the
greater in-trail spacing constraint than the wake-vortex spacing D,
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Figure 4.5. Parallel-Runway Stagger Separation Exceeds Same-Runway Wake-Vortex
Separation.

Figure 4.5 shows the two constraints on the trailing aircraft. First, it must maintain
normal in-trail, wake-vortex separation D,, from the lead aircraft to the same runway.
Secondly it must maintain a stagger separation, Ds, from the lead aircraft to the parallel
runway. This stagger distance is represented by Dy as expressed in Equation 4.10.

D, =\D;-D;, (4.10)

Depending on the spacing between the centerlines of the parallel runways, D¢, either the
stagger constraint or the in-trail constraint is dominant in dependent runway operations.
In Figure 4.5, the runways are sufficiently close, so the stagger constraint with the lead
aircraft to the parallel runway is the dominant spacing constraint. In Figure 4.6, the
runways are sufficiently apart, so that the wake vortex separation with the lead aircraft to
the same runway is the dominant constraint. The exact distances depend on the types of
aircraft involved and the spacing of the runways.
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Figure 4.6. Same-Runway Wake-Vortex Separation Exceeds Parallel-Runway Stagger
Separation.



The wake vortex spacing requirement, D,,, is a function of the aircraft types involved and
the order of the aircraft on the final approach course. Assuming » aircraft-types, there are
n” potential spacing scenarios. These can be represented in a table as in Equation 4.11.

- DWn Dle L DWln
D, . L D,
M = 21 22 2n 4‘ 1 1
“IM M o0 M 1D
_DWnl DVVMZ L DWrm i

The stagger distance is fixed with respect to aircraft types, therefore it is just a function of
the spacing between the centerlines of the parallel runways. To determine arrival
throughput, separation interval times must be determined from the separation distances.
The in-trail separation time is managed as with the single runway. The correct expression
depends on which aircraft is faster. The fundamental expressions for single-runway
spacing accounting for a faster or slower trailing aircraft are shown, respectively, in
Equations 4.12.

D,

7U+t39(1/j ZI/I)
J

tWi/' - D
V.

J J i

(11
+L(7_?]+t8’(l/j <V:)

In the case of two parallel runways, the wake-vortex spacing between the i, j pair to the
same runway must still be satisfied. However, the additional stagger spacing
requirements with the other aircraft to the parallel runway, and the associated
permutations, must be included. The aircraft to the parallel runway, aircraft k£, must
satisfy stagger separation with the lead aircraft i. The trailing aircraft ; must satisfy
stagger separation with the parallel runway aircraft k. The time separations for aircraft to
meet stagger separation requirements for the cases of the parallel runway aircraft k£ being
slower or faster than follower aircraft j, and the parallel runway aircraft & being faster or
slower than lead aircraft 7, are expressed in Equation 4.13.

D D
5t =V St 2V)

J k

) +
ik D 1 1 D 1 1
—L+L(——7)+13,(Vj <V,) L+L(7_;)+t85(l/k<l/i)

V. f fi k i

f Ve

(4.13)

The final time spacing is the greater of the wake-vortex time spacing and parallel runway
stagger time spacing, as shown in Equation 4.14.
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ty»(t, >0, )
Ly = (4.14)

tL@fk ’ (twtf/‘ < tLtf/'k )

Average Arrival Rate
From Equation 4.1, the average inter-arrival spacing Z] = E(t;) 1s written in Equation

4.15.
t_g/k = Zzzlijkp[jk (4.15)
J o

where p,, is the probability that an aircraft trio will consist of aircraft i followed by

aircraft j with aircraft £ on the parallel runway. For independent arrivals and first come
first serve control, the joint probability of aircraft i followed by aircraft j, now with
parallel runway aircraft k&, may be expressed as the product of the individual probabilities
in Equation 4.16, where p; p;and py are the probabilities of that aircraft-type in the traffic
mix.

P = PiP; Py (4.16)

Consider a vector of aircraft-type probabilities in the overall traffic mix, expressed in
Equation 4.17,

P.=[p. p, L p,] (4.17)

The matrix of probabilities for any two aircraft being in a spacing pair is expressed in
Equation 4.18.

4 ppe pp, L pp,
P> pp P, Lo pp,

A I | T e (4.18)
D, p.pn p,p, L pp,

To capture the parallel aircraft k, the term M, must be scalar multiplied by the original

probability matrix, creating a (n2 xn)matrix of probabilities, represented in Equation
4.19:



M, ]
pzMI;,.
My, = " (4.19)

pnMP’j

The average flow rate A is expressed in Equation 4.20. The “2” in the numerator
represents the fact that for each interval, two aircraft arrive, the trailing aircraft and the
parallel aircraft.

2
A== (4.20)
ijk

4.2.2 Analysis Findings

We applied the analysis methodology to conduct a parametric analysis of the theoretical
arrival throughput of the dependent parallel runway operations for a range of weight
classes and runway centerline spacings, and to conduct analysis of specific alternative
concept instantiations and airport implementations identified by members of the RTCA
SC-186, ADS-B Concepts committee. The conditions and findings for each analysis are
detailed below.

4.2.2.1 Parametric Analysis

For a parametric analysis of the throughput impact of the IM for Dependent Parallel
Approaches concept, we construct a simple scenario with a traffic mix consisting
exclusively of Large and Heavy weight class aircraft. The traffic mix has a probability
matrix as shown in Equation 4.21, where the traffic mix is varied as a function of the
probability of large jets.

P = [plarge pheaw]i'pheavy =1 Prarge

We consider standard separations as defined by FAA, and we consider hypothetical
reduced separation standards of 3 and 2 nautical miles. The different cases of wake
turbulence separation standards are shown in Table 4.4.

Table 4.4. Three Scenarios of Separations (Standard, 3 Nautical Mile, 2 Nautical Mile)
for Leading-Trailing Large-Heavy Weight Class Aircraft.

Leading-Trailing Aircraft Separations, Nautical Miles

Standard Trailing Aircraft
Large Heavy
Leading Aircraft Large 3 3
Heavy 5 4
3 Nautical Mile Trailing Aircraft
Large Heavy
Leading Aircraft | Large 3 3

28

4.21)



| Heavy 3 | 3
2 Nautical Mile Trailing Aircraft
Large Heavy
Leading Aircraft Large 2 2
Heavy 2 2

The final approach speeds of the aircraft are assumed to be 127 knots for the large aircraft
and 137 knots for the heavy aircraft, as assumed in Credeur [15]. Figure 4.7 shows the
saturation arrival rate for a single runway for the cases of standard FAA wake-vortex
separation and a hypothetical reduced 3- and 2-nautical mile separation without regard
for weight class.
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Figure 4.7. Saturation Capacity of a Single Arrival Runway for Three Separation
Scenarios and a Range of Large-Heavy Weight Class Aircraft.

The results show the single runway arrival throughput is approximately 30 to 40 arrivals
per hour with standard separation criteria. This represents the throughput performance of
an independent runway; doubling the throughput value to obtain 60 to 80 arrivals per
hour represents the best possible performance of two independent runways. Reducing the
separation standards to 3- and 2-nautical miles reduces the variation in single-runway
throughput to approximately 40 arrivals per hour.

Figure 4.8 shows the saturation arrival rate for dependent parallel runways with different
spacing between the parallel runway centerlines using standard separation criteria and




stagger separation between parallel runway aircraft of 1.5-nautical miles. Runway
centerline spacing varies from 500 to 7000 feet in 500 feet increments.
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Figure 4.8. Saturation Capacity of Dependent Arrival Runways for 500-feet Incremental
Runway Centerline Spacing and Range of Large-Heavy Weight Class Aircraft.

The results show the arrival throughput of the dependent parallel runways varies from 61
arrivals per hour to 77 arrivals per hour throughout the range of weight class and runway
centerline spacing conditions, and is relatively close to the throughput realized with
independent parallel runways. As a conservative estimate, we assume a throughput of 60
arrivals per hour for dependent parallel runway operations.

4.2.2.2 Analysis of RTCA SC-186, Automatic Dependent Surveillance-Broadcast
(ADS-B) Committee Conditions

We extend our benefits analysis to analyze three different concepts falling within the
arena of IM for Dependent Parallel Approaches that are being evaluated by the RTCA
SC-186, ADS-B Concepts committee. The three concepts are Single Runway, Dependent
Staggered Arrivals with One Target (DSA1), and Dependent Staggered Arrivals with
Two Targets (DSA 2) [32] which were evaluated by The MITRE Corporation. The
concepts are summarized in Table 4.5.
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Table 4.5. Advanced Interval Management Concepts for Single and Dependent Parallel
Arrival Runways.

A-IM Operation | Description Spacing Impact
A-IM Single Follower uses IM to satisfy wake-vortex IM wake-vortex spacing buffer,
Runway spacing with same-runway target baseline stagger spacing buffer
A-IM DSA1 Follower uses IM to satisfy stagger Baseline wake-vortex spacing
spacing with parallel runway target buffer, IM stagger spacing buffer
A-IM DSA2 Follower uses IM to satisfy wake-vortex IM wake-vortex spacing buffer, IM
spacing with same-runway target stagger spacing buffer
Follower uses IM to satisfy stagger
spacing with parallel runway target
Parallel runways >2500 feet

We compute the expected value of inter-flight spacing, and the resulting airport arrival
throughput, under the following conditions. We evaluate a range of possible large and
heavy aircraft weight classes to the same- and parallel-runways. We assume the
following:

* Current-day wake-vortex spacing minima (see Table 4.6)

* 1.5-nautical mile minimum s