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ABSTRACT

This thesis presents a performance assessmerniglof dperations in the North
Atlantic Organized Track System (OTS) using thel@loOceanic Model. The main
contributions of the study are: a) improvementght® logic of the Global Oceanic
Model; b) prediction of benefits among various aircraft sapan minima and
operational policies to assign flights to tradkghe OTS system; and c) forecast of
OTS traffic over North Atlantic from 2020 to 204The preliminary results show that
a concept of operation with longitudinal separati@inima of 15 nm and information
of the flight cost matrix provides average fuelisgs of 93 kilograms per flight using
2020 traffic. The fuel savings increase to 170ddtoms per flight using traffic levels
expected in the year 2040. A new operational teeskgnment routine is developed and
it could save around 40 kilograms per flight congglawith the current concept of
operations.

The study results show a shortage of capacity ®fQlganized Track System in
the future. The analysis shows that the OTS cordiun used today and in 2020 is
unable to accommodate the traffic projected in 204@ analysis concludes that more

tracks will be needed to maintain an acceptablel leservice.
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Yangi Liang

GENERAL AUDIENCE ABSTRACT

The North Atlantic Organized Track System (OTS) dmectional tracks for
aircraft to fly between North America and Europaislthesis presents a performance
assessment of flight operations in the North Attansing a computer simulation model
-- Global Oceanic Model. The main contributionghe study are: a) improvements to
the logic of the Global Oceanic Model; b) prediction of benefits among various aircraft
separation minima angerational policies to assign flights to tracks in the OTS system;
and c) forecast of OTS traffic over Atlantic frod2D to 2040. The preliminary results
show that the predicted average fuel savings ige¢lae 2020 are 93 kilograms per flight
when aircraft are separated 15 nm longitudinallg assigned to tracks based on the
flight cost matrix. The average fuel savings ineseeto 170 kilograms per flight using
traffic levels expected in the year 2040. Addititypaa new operational track
assignment routine is developed and it could savera 40 kilograms per flight
compared with the current concept of operations.

In conclusion, the Organized Track System confisonaused today may be
unable to accommodate the traffic projected inydier 2040. The shortage of capacity
of the OTS indicates that more tracks will be néeemaintain an acceptable level of

service.
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CHAPTER 1 Introduction

1.1 Objective of the Study

The objective of the study is to assess the pedaooa of future aviation concepts
to operate the North Atlantic Organized Track Sys{®lAT OTS). This study serves
as input to a cost benefit analysis conducted byRé&deral Aviation Administration
(FAA). This study is conducted using computer sitioh. The analysis performed has
been used by air navigation system providers (btzlklers) to make decisions on how
to operate the future NAT OTS. In the future andhwthe development of new
navigation, surveillance and communication systethg, minimum longitudinal
separation between flights in the NAT OTS systemdde reduced from the current
10 minutes (~80 nautical miles) to 5 minutes (~49 and even 2 minutes (~15 nm).
Lateral separation in the OTS will be reduced ftbdegree (~60 nm) to %2 degree (~23
nm). Reduced lateral separation means that moceattircould obtain their optimal
track and cruise flight levels, saving fuel burml aravel time.

To achieve this objective, a discrete time-steputation model named Global
Oceanic Model (GO Model) has been used in the sility GO Model is an enhanced
version of North Atlantic Simulation Model (NATSAMI) developed at the Air
Transportation Systems Laboratory. The GO Model sianulate flights using the
Organized Track System (OTS) and random flights.,(iflights outside the OTS)
simultaneously applying different separation rutegach group of flights. This study
focuses on the performance of OTS flights only.

The study developed and integrated critical upditédbe GO Model to improve
the realism and reliability of the simulation rasulThe benefit analysis uses fuel
consumption, travel time, and level of service msetto evaluate various aircraft
separation-related scenarios and several demadd &zplicable in future years. The
analysis provides information to air navigationvess providers to improve the future

operations in the North Atlantic.



1.2 The North Atlantic Region

1.2.1 Background

The North Atlantic airspace serves flights travejlibetween North America and
Europe. The North Atlantic (NAT) is the busiest anie airspace in the world with
more than 450,000 flights per year (Federal Avia#amistration, 2017). The NAT
airspace is called High Level Airspace (HLA) anddReed Vertical Separation
Minimum (RVSM) rules apply. Unlike domestic airspawith ground radar coverage,
flights in the NAT airspace are not monitored contiusly. Tracking flight operations
in the NAT relies on discrete communications betwéd® flight crew and ground
oceanic controllers. Operations in the NAT follofishore/oceanic procedures, which
apply large minimum separations compared to thasel in domestic airspace with
ground radar coverage.

In February, 2016, the North Atlantic Minimum Naatgpnal Performance
Specifications Airspace (NAT MNPSA) was re-desigaafis North Atlantic High
Level Airspace (NAT HLA). The main difference isathNAT HLA excludes portions
of Shanwick Oceanic Control Area (SOTA and BOTA} imeludes Bodo Oceanic. It
should be noticed thaapprovals issued to operate in the NAT HLA arerreteto as
‘NAT MNPS’ approvalgICAO, 2017). MNPS airspace is established to rategthe
risk of collision resulted from a loss of horizonsaparation between aircraft and an
agreed target level of safety. The accessiblaid#itn MNPS airspace is between Flight
Level (FL) 288 and FL 420. In MNPS airspace, the lateral separdietween aircraft
is 60 nm or 1 degree. Given the curvature of thhe&entle Slope Rules’ are adopted
to slightly adjust the latitude effect but latesaparation never falls under 50.5 nm. The
longitudinal separation minima vary from 10 minutesl5 minutes depending on the

aircraft class (jet, propeller aircraft) and th#edences in speed between the flights.

1 Flight level is expressed in hundreds of feet. &@ample, FL 285 means 28,500 ft.
2



Reykjavik
Oceanic

i 4

Gander

Oceanic
Shanwick

Oceanic

New York
Oceanic East Santa Maria

Oceanic

N

Figure 1-1 The North Atlantic High Level Airspace (NAT HLA).
The boundaries of the NAT HLA include the followirogeanic control areas:

Reykjavik, Shanwick (excluding SOTA & BOTA), Gand8anta Maria Oceanic, Bodo
Oceanic and the portion of New York East whichagtm of 27°N. The oceanic control
areas are shown in Figure 1-1.

RVSM airspace is established within the confine$/dfPS airspace and applied
between FL 290 and FL 410. The vertical separdigtween RVSM-approved aircraft
in this airspace is 1000 ft. RVSM allows more aiftto fly at their optimal altitude,
thereby improving fuel efficiency and performandeor aircraft or operator not
authorized for RVSM operations or without operaBMSM equipment, the Federal
Aviation Administration (FAA) prohibits filing an YXSM equipment/capability

3



qualifier (U.S. Department of Transportation Federal Aviation Administration, 2012).

These non RVSM-approved aircraft must fly lower or higher than the RVSM airspace.

1.2.2 The North Atlantic Organized Track System

Due to increasing airline traffic across the North Atlantic and to manage workload
for air traffic controllers separating aircraft effectively, the North Atlantic Organized
Track System (NAT OTS) was introduced in 1961. Aircraft flying onto fixed track
structures are separated effectively by time, altitude and latitude (see Figure 1-2).

The routes and flight levels in the Organized Track System are published twice
every day by FAA, NavCanada, the National Air Traffic Services (NATS) and the Joint
Aviation Authorities (JAA). Eastbound tracks are valid from 01:00 Coordinated
Universal Time (UTC) to 8:00 UTC at 30°W. Westbound tracks are valid from 11:30
UTC to 19:00 UTC at 30°W. This operational concept accommodates traditional airline
schedules, with departures from North America to Europe at night allowing passengers
to arrive at their destination in the morning. Westbound departures from Europe are
scheduled in the moming and late afternoon and arrive in North America early
afternoon to late evening. This schedule helps airlines to use aircraft efficiently flying

to Europe in the evening and back to North America in the day.
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Figure 1-2 Eastbound OTS on June 10th, 2017. Source: http://www.flightradar24.com/.
The OTS is located inside the MNPS and RVSM airspace. The factors considered

in the design of the OTS are as follows:

1) Minimum time tracks of the flights and their optimal cruise altitudes.
4



2) Meteorological conditions such as weather and wpatterns. In general,
eastbound tracks take advantage of routing alore jétstream, while
westbound tracks try to minimize the effect of heamtivi

3) Airline preferences, airspace restrictions, demaoihfopposite direction and
feedback from users.

In December 2015, the first phase of North Atlartials to reduce the lateral
separation minimum from 60 nm (1°) to 25 nm (1/2°) comeee. This phase includes
reduced lateral separations in two core OTS tréetween FL350 and FL390 in the
airspace associated with the NAT Region Data LinknNate. This setting is also
referred to Reduced Lateral Separation Minima (RLADnly aircraft with the
appropriate  Required Navigation Performance (RNRBgproval and operating
Automatic Dependent Surveillance-Contract (ADS-QJ @ontroller Pilot Data Link
Communications (CPDLC), are permitted to operatéhenl/2 degree spaced tracks
(Flight Service Bureau, 2015). Phase 2 of the willextend the RLAT concept to all
tracks within valid altitude range. The implementatias been delayed and the new
date is yet to be published. RLAT reduces the ssjosr among tracks and thereby
allowing more aircraft to fly in fuel efficient roes.

In 2011, the longitudinal separation was reducechften minutes to five minutes
for aircraft equipped with ADS-C and CPDLC (Fligbgrvice Bureau, 2015). By 2020,
all aircraft are expected to be equipped with ADSE@DLC and be RNP 4 equipped.
In the future, aircraft could be separated by twautes in trail if they are equipped
with satellite-based automatic dependent surveidmoadcast (SB ADS-B), CPDLC
datalink and RNP4.

Reduced vertical separation minima (RVSM) is appliethe North Atlantic for
RVSM-approved aircraft with vertical separationsld00 ft. between FL290 (29,000
ft.) and FL410 (41,000 ft.), inclusive.

1.2.3 Random Airspace
The use of OTS tracks is not mandatory. Currenthuahbalf of NAT flights utilize
the OTS (ICAO, 2017). Aircraft may fly on random resitwhich remain clear of the

5



OTS or may fly on any route that joins or leavesoater track of the OTS (ICAO,
2017).Flights outside the hours of OTS operation or tigfiling cruise flight levels
above published levels during valid OTS times cgnmdhdom routes. Random routes
are unique to each flight allowing the airline ite & flight plan with the most efficient
route for each type of aircraft. This can improve ferformance by providing an
optimal flight path based on weather conditions aperational efficiency.

One important difference between the OTS and ranaiespace is the application
of different vertical separation rules. In the OTlights are separated 1000 ft. vertically
within valid flight levels. However, random airsgadollows hemispherical rules.
Eastbound flights (flying magnetic headings froma179) fly odd thousand flight
levels (i.e., FL 290, 310, 330, 350, 370 and 39@)lavwestbound flights (flying
magnetic headings from 18t 359) use even thousand flight levels (i.e., FL 30@,32
340, 360, 380, 400).

1.2.4 North Atlantic Data Link Mandate
To operate in the OTS, aircraft should meet requenets of specified tracks and
flight levels within NAT system. The requirements/éadeen continuously published
in a phased approach in recent years. In Febru@8,2Phase 1 of the North Atlantic
Data Link mandate was implemented. This mandatenesjilights to be equipped with
a Controller Pilot Data Link (CPDLC) system and Auttic Dependent Surveillance-
Contract (ADS-C) to fly in the altitude band FL 36@90 inclusive in two core tracks.
In February 2015, a Phase 2 mandate was implemdritechew mandate requires the
same equipment as Phase 1 and expand the opetatiahdNAT OTS Tracks in the
altitude band FL 350 — 390 inclusive. Phase 2 stmsif three stages:
* Phase 2A, started in February 2015 and appliesiéimelate to FL350 to FL390
on all NAT OTS tracks;
* Phase 2B, will start in December 2017 and applyLi858-FL390 throughout
the ICAO NAT Region;
* Phase 2C, will start in January 2020 and applyL29B and above throughout
the ICAO NAT Region (ICAO, 2017).

6



Although a mandate to install satellite-based Autacriaependent Surveillance —
Broadcast (ADS-B) over North Atlantic has not beletermined, it is critical to study
the potential benefits of operating aircraft wittee smaller reduced separation criteria.

Descriptions of equipment used by oceanic flightsexplained below.

i.  Controller Pilot Data Link Communications (CPDLC)

CPDLC is system that allows oceanic controllers gihats to communicate with
codified clearance/information/request messagesipigd with CPDLC, the oceanic
controller is able to issue flight level assignmenbdssing constrains, lateral deviations,
route changes and clearances, speed assignmaiits frequency assignments and
various requests for information. The pilot can cegpto messages, request clearances
and declare an emergency. The communication diesctare entered into a digital

interface in the flight deck (see Figure 1-3).

Figure 1-3 CPDLC Digital Interface in the Flight Deck.
Source: https://en.wikipedia.org/wiki/File:A330_DCDU.jpg.

ii.  Automatic Dependent Surveillance-Contract

ADS-C is an agreement between the ground systenthenaircraft on what data
is transmitted based on an explicit contract. TheSAD application has four contract
types: periodic contract, demand contract, eventraotj and mayday message.

Periodic contracts are time-based and can be vatiet necessary by Air Traffic
Control (ATC) needs. In oceanic areas, periodicsagss are normally scheduled every
12-14 minutes.

Demand contract: ATC initiates this contract whee gosition of all aircraft is

needed. Every flight responds on demand.
7



An Event contract is a contract set up by the A&t predesignates the aircraft
altitude, vertical speed or any of several oth#er#nt parameters. If the flight deviates
from any of these parameters, the crew is notifiechédiately.

Mayday message: This contract is controlled antlateid by the pilot during
emergency circumstances (Vena, 2012).

iii.  Automatic Dependent Surveillance-Broadcast

ADS-B is a surveillance technique that relies orcraft or airport vehicles
broadcasting their identity, position and otheromfation derived from on board
systems. This signal (ADS-B Out) can be capturedstoveillance purposes on the
ground (ADS-B Out) or on-board aircraft in order facilitate airborne traffic
situational awareness, spacing, separation andepdiration (ADS-B In). ADS-B data
include aircraft horizontal position (latitude/lahgle), aircraft barometric altitude,
quality indicators, aircraft identification (uniqu4-bit aircraft address, aircraft
identification, Mode A code (in the case of CS ACNE“ADS-B Out”)), emergency
status, special position indicator when selectédv{&ry, 2016).

iv.  Required Navigation Performance

RNP is a qualifier that defines the 95 percentgaton accuracy performance that
meets a specified value for a particular phase ightflor flight segment. RNP
incorporates associated onboard performance-mamgtand alerting features to notify
the pilot when the RNP for a particular phase gnsent of a flight is not being met
(FAA, 2016). RNP also refers to the level of periance for a specific procedure or a
specific block of airspace.

RNP 10 requires the aircraft navigation system toutate its position to within a
square with a lateral dimension of 10 nm with theuaacy for at least 95% of total
flight time. The accuracy refers to lateral totadteyn error and along-track error. RNP
4 also requires the error of using aircraft navagasystem to calculate its position to

be less than 4 nm for at least 95% of total fligine (see Figure 1-4).
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Figure 1-4 Illustration of RNP 10 and RNP 4.

1.3 North Atlantic Traffic Forecast

(ICAO, 2016) approved a North Atlantic Economic, Financial and Forecast Group
(NAT EFFQ) traffic forecast which is composed of near-term projection for the first 5
years and long-term portion that forecasts 6 to 20 years into the future. The near-term
forecast is based on fleet analysis and business plans and projects an annual growth rate
of 3.6%. Between 2015 and 2035, NAT traffic is projected to grow 3.2% annually.

The FAA has developed Matlab source code to execute the North Atlantic traffic
forecast. The model generates additional traffic demand at the Origin-Destination (O-
D) pair level. Examination of the FAA forecast shows many O-D pairs growing rapidly
in the near-term. Such growth is not realistic for the long-term. To generate a traffic
demand that matches the 3.2% annual growth rate accepted by ICAO, a modification
of the forecast was developed to adjust the individual growth rate of Origin/Destination
pairs. A limitation of 7% in the individual annual growth rate for each O-D pair after
the year 2030 is assured in this new procedure. Using the assumed 3.2% annual growth
rate, it is estimated that the North Atlantic traffic will grow 125% from 2016 to 2040

(see Figure 1-5).
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Figure 1-5 North Atlantic Demand Forecast from 2016 to 240.
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CHAPTER 2 The Performance Assessment of Flight
Operations in The North Atlantic Organized Track

System

2.1 Literature Review

Almira Williams et al. 2006 developed a discreterg\v@mulation model to assess
benefits of reduced horizontal and lateral sepamatin North Atlantic Organized Track
System in terms of fuel and time savings, and &dtdit cargo revenue potential
(Williams, 2006). The model simulated demand set®005, 2010, 2015 which were
generated using actual 2004 flight data as a mesald five levels of equipage were
applied: 0, 25, 50, 75 and 100 percent. The reshltsved that potential fuel and time
savings increase with both equipage and demandslewtl a range from 0.05% (when
25% of aircraft are equipped in 2005) to 0.45% vhe0% of aircraft are equipped in
2015). Fuel savings potential was estimated td¥é [igher if the cost of fuel required
to carry additional cargo is not included. In aubdit equipped flights save on average
1.5-4.6 times more than non-equipped flights.

Norma Campos et al. 2012 studied the cost impack $ commercial operators
with the implementation of a data link mandate & Morth Atlantic (NAT) Airspace.
The relevant data links are FANS-1/A ADSC and CPDI@e analysis showed that
avionics procurement and installation are the Eirgests for aircraft operators. The
biggest portion of such cost applies to the retmafflegacy aircraft, which represents
highly frequent operations in the NAT and very legquipage levels (Campos, Graham,
Grimes, & Joyce, 2013).

Aswin Kumar Gunnam 2012 developed a numerical integraand simulation
model called North Atlantic Simulation and ModelilATSAM) to study the effects
of new strategies in the North Atlantic Organizedck System. The model explored
the benefits of several separation minima and miffe equipage levels. The model
estimated the fuel burned for each track and fligi#| and then it created a cost matrix

for aircraft to select optimal track and flight Iéve
11



Olga Rodionova et al. 2014 introduced a mathematicalel to optimize aircraft
trajectory in North Atlantic Airspace. They onlymied real eastbound traffic data to a
genetic algorithm with several separation standék@smin for now and 2 min in the
future). It is assumed that a flight is constrainedchange to higher flight level at
waypoint and this climb is instantaneous. The impEfcthe oceanic wind is also
considered. The results showed that the reducficnroent separation standard could
lead to more optimal trajectories and significartcrease the total flight time and
congestion level in pre-oceanic airspace (Rodion20a4).

Tao Li 2014 developed a microscopic discrete eviemilation model for air traffic
in the Organized Track System over North Atlanticspace. Four procedures were
applied to improve the flight operations: 1) climiside the OTS, 2) track switch, 3)
Mach number adjustment in OTS entry area, 4) assigtipte flights simultaneously.
The results showed that the first procedure (climéide OTS) produces the most
annual fuel benefit (about $8000 per flight) white second (track switch) has the least
annual fuel benefit (about $2000 per flight). Hadaded that the first two procedures
would benefit all the flights using and the lati®o would improve the OTS assignment
process (Li, 2014).

Nikolaos Tsikas 2015 developed algorithms to modifg North Atlantic OTS
configuration and simulated OTS traffic in sevex@rgrios with different separation
minima. The performance metrics include fuel consumnptravel time and level of
service. The results showed that the scenarionedhced lateral separation minimum

(25 nm) and the reduced longitudinal separation mimr{@nm) was the most optimal.

2.2 Data Analysis

2.2.1 TFMS Data

Traffic Flow Management System (TFMS, previouslyME) is a data exchange
system for supporting the management and monitafnigational air traffic flows.
TEMS processes all available data sources suchgas plan messages, flight plan
amendment messages, and departure and arrival mes3age FAA Airspace Lab

assembles TFMS flight messages into one record ight.fTFMS is restricted to the
12



subset of flights that fly under Instrument Flightles (IFR) and are captured by the
FAA enroute computers (FAA, 2014).

The FAA provided the Air Transportation Systemsduatory at Virginia Tech with
demand sets for eight seed days of traffic (sedeT2tl). Each demand set includes
flight information one day before and after the sdad Having demand sets for three
consecutive days enables the GO Model to ‘warmhgsimulation system and focus
on flights on the seed day. This consecutive dersahthakes the results more accurate

because there is no need to clone the flight dersand
Table 2-1 Eight TFMS Seed Days.
01/28/2016 03/28/2016 03/31/2016 05/28/2016
06/25/2016 08/16/2016 10/17/2016 11/01/2016

The flight demand sets were provided in text (fiztinat. A number of steps were
used to process the analysis of these sets (seeeR¢gl). The first step of the analysis
was to import them in Matlab and convert them bitary (.mat) files. The flights were
then classified based on the oceanic region tlasetse. Four new fields were added
to the demand sets to identify the oceanic redieg traverse as Pacific, Atlantic, West
Atlantic Route System (WATRS) and New York Air Reutraffic Control Center
(ZNY). Each flight was marked with either 1 or O whtcrossed or not the boundaries
of each of the preceding areas. SubsequentlyGQA®Ifour letter airport coding was
replaced with the corresponding three letter IADAle. This process was essential in
order to check for potential missing O-D pairs gdime Official Airline Guide (OAG)
data. The last step was to plot all flights in orgevisually inspect any anomalies (e.g.
Non-oceanic flights). Unrealistic flights based aistance, aircraft type or departure

and arrival airports were identified and eliminaf€&sikas, 2016).
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Figure 2-1 Flowchart of TFMS Data Analysis Process.

2.2.2 OAG Data

The Official Airline Guide (OAG) is an air travel intelligence company that
provides digital information and applications to the world’s airlines, airports,
government agencies and travel-related service companies. OAG compiles airline
schedules into a database consisting of future and historical flight details for more than
900 airlines and over 4,000 airports. Because OAG demand set is comprehensive, it is
used to identify gaps in the TFMS demand set.

(Tsikas, 2016) performed an analysis of TFMS and OAG data and created a
procedure to identify gaps in the TFMS data using OAG data in the GO Model. For this
study we use the TFMS data provided by FAA.

2.2.3 BADA Data

The Base of Aircraft Data (BADA) is an Aircraft Performance Model (APM)
developed and maintained by EUROCONTROL, with the active cooperation of aircraft
manufactures and operating airlines. The BADA APM has been developed for
simulation studies, and prediction of aircraft trajectories for purposes of Air Traffic
Management research and operations (Eurocontrol, 2015).

BADA APM is based on the Total Energy Model ? approach to aircraft

2 Total Energy Model equates the rate of work done by forces acting on the aircraft with the rate

of increase in potential and kinetic energy. It can be considered as a reduced point-mass model.
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performance modelling. It is made of two components — the Model Specifications
providing the fundamental equations used to calculate aircraft performance parameters
and a dataset containing the aircraft-specific coefficients necessary to perform
calculations.

The BADA version employed in this study is EUROCONTROL BADA 3.13 with
42 aircraft types. Each TFMS flight is mapped to a BADA aircraft type in the GO Model.
Each aircraft is modeled from takeoff to landing to create realistic flight trajectory based

on the Total Energy Model.

2.2.4 NAT OTS Track Data

NAVCanada® provided twenty-four daily track configurations of OTS data. Track
records include date, direction, track alphabetic name, entry and exit waypoints, and
geographical coordinates (See Figure 2-2). This dataset does not include the available
flight levels for each track. Flight level data was collected from Blackswan?® (See
Figure 2-3). A comprehensive track record is combined from these two datasets. The
resulting records are converted into a binary (. mat) file.

Two directional OTS track configurations are shown in Figure 2-4. Each track is
designated by alphabet letters. Eastbound tracks are blue tracks labeled °S’, “T’, ‘U’,
V7, W, X0, ‘Y7, ‘Z’. Westbound tracks are green tracks labeled ‘A’, ‘B’, ‘C’, ‘D’,
‘E’, ‘F’, ‘G, ‘H’, ‘J’. On June 25, 2016, three eastbound tracks ‘T, ‘U’, ‘V’ are spaced

Y degree and called ‘core tracks’.

= | Point
Date at Nat Point of ow 15W b)) 30w 40W 50w 60W Point of following

Direction Track Entry Coordinates Coordinates Coordinates Coordinates Coordinates Coordinates  Coordinates Exit  Oceanic

25Jun2016/W
Figure 2-2 Example of Track Data from NAVCanada.

8 NAVCanada is a privately run, not-for-profit corporation that owns and operates Canada's civil
air navigation system.
4 Blackswan.ch is a website that publishes Organized Track System data every day and provides a

one-year track information dataset.
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Track Eastbound FLs Westbound NAR EUR TMI
FLs RTS
A ATSIX NIL 310 320 330 350 360 NIL WEST NIL 177
62/20 370 242002
63/30 EGGXZ0ZX
63/40
62/50
PIDSO
Figure 2-3 Example of Track Data Collected from Blackswan on June 25, 2016.
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Figure 2-4 Illustration of OTS Track Configuration. Source: NAVCanada.

2.2.5 Wind Data

Wind data used for modeling is collected from the National Center for Atmospheric
Research (NCAR) Reanalysis model (NOAA/ESRL/PSD 2014). The reanalysis model
was developed by Earth System Research Laboratory Physical Science Division. The
data provides the magnitude and direction of the wind every 2.5 degrees latitude and
longitude at 17 geopotential heights (Li, 2014).

For eastbound flights, the wind over the North Atlantic is generally tailwind
dominantly because the jetstream flows from west to east. Tailwind means the wind is
in the same direction as the flight and it could help reduce fuel consumption and travel
time. North Atlantic westbound flights normally experience headwinds which are
opposite to the direction of flight. Therefore, tracks are configured to maximize the
effect of tailwind for eastbound flights and minimize headwind for westbound tracks.

A map of wind vector over North Atlantic on June 25, 2016 is shown in Figure 2-5.
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Figure 2-5 Wind Vector at 200 mb (39,000 ft.) on June 22016 from NCAR Model.

2.3 Modeling

2.3.1 Global Oceanic Model

In 2012 Aswin Gunnam developed a numerical integnaéind simulation model
called the North Atlantic Simulation and ModelingANSAM) to study the effects of
new strategies on NAT system performance. The msidallated individual flight
performance to calculate fuel burned for each teawk flight level and created a cost
matrix for selecting the optimal tracks for eacft.

In 2014 Tao Li built a microscopic discrete-time slation model to simulate air
traffic in the OTS. This model (NATSAM lll) was bad on NATSAM and improved
the simulation by adding limited flight de-confliey rules. The model added more
procedures allowing climbs inside the OTS and swiglOTS tracks. The improved
logic included Mach number adjustments and simutitaseassignment of multiple
flights to tracks.

In 2016 the Air Transportation System LaboratoryHer enhanced the NATSAM

[Il and it became the Global Oceanic Model. The masle@ microscopic simulation
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tool that offers quick, inexpensive and realistic evaluation on new policies, procedures
and technologies proposed to improve flight operations over global oceanic airspace.
This model can simulate random flights with user-preferred routes and Organized Track

System flights. The current model has eight main modules as shown in Figure 2-6.

Read Scenario Settings

i

Enhance TFMS Data
with OAG

9

Process OTS

-

Process Wind

(-

Process Demand

-

Run Simulation

-

Run Validation

b

Summarize Results

Figure 2-6 Flowchart of Steps Employed in Simplified the Global Oceanic Model
Process.

Users can set up their preferred scenario as the first step. Users can define different
separation standards, number of climbs inside OTS and track configurations (half
degree separated or original track setting). Since the 2016 TFMS data provided by FAA
is comprehensive and reliable, there is no need to enhance the model input with OAG
data. We developed procedures to read OTS track data from NAVCanada and
Blackswan and converted it into a binary (.mat) file. Wind data from pre-analysis model
is prepared and used to calculate aircraft ground speed®. Processing demand is a critical
step which generates a comprehensive flight structure that includes flight information,

track assignment and demand schedule.

5 Ground speed is determined by the sum of aircraft’s true airspeed and wind speed; a headwind

subtracts from ground speed while a tailwind adds to it.
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The model is a time-step simulation that updatestate variables of each flight
according to a user-defined time step (normallg&ads). The model manages request,
handles track and flight level assignment, checkschonb availability and detects
conflicts every time step. The output of the maddel flight trajectory and flight state
results (e.g. fuel consumption, travel time, efEhle model validation consists of basic
aircraft statistics, a potential conflict violatiopost-processor and track loading
statistics. The output files summarize simulatiorultssinto excel file in order to

compare statistics across scenarios.

2.3.2 Improvements to Global Oceanic Model

2.3.2.1 OTS Flight Assignment
i. OTS Cost Matrix

Analysis of FAA TFMS data revealed that incomplet®rmation about flight
levels requested by each flight. Moreover, track udormation is not reliable. One
reason for missing track information is some fliggs/¢l in the southern part of the
Atlantic, yet their requested track is in the nerthpart of NAT OTS. Furthermore, we
found that flight levels for some flights were nmelistic. For example, some large
aircraft are assigned to high flight level such~as380, however, they cannot obtain
such a high flight level initially because of theight.

An approach to address this problem is to use a nthdelcalculated track and
flight level assignment based on a cost matrix. ddst matrix is calculated by a set of
functions that evaluate numerous flight plans (candand OTS) for each NAT flight
in the simulation. At present time, fuel consumpi®the only metric used to construct
cost matrix. The cost matrix is a table containingnbmations of track and flight level

fuel costs (see Figure 2-7).
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’ Eastbound Tracks
Fuel Cost Matrix (kg)
NAT S NAT T NAT U NAT V NAT W NAT X NAT Y NAT Z

40,000 999,999 999,999 999 999,999 77 71T 17 999,999 999,999 999,999
39,000 999,999 999,999 999 999,999 999,999 9990099 999,999 77,777,717
38,000 999,999 999,999 999 999,999 999,999 999999 999,999 999,999
Flight 37,000 92,031 91,602 91,217 90,843 90,430 086 89,73p 77,777,777
Lavel 36,000 92,384 91,953 91,570 91,199 90,7193 498 90,12p 77,777,777
(ft) 35,000 92,747 92,316 91,935 91,570 91,771 820 90,518 77,777,777
34,000 93,143 92,732 92,355 91,991 77,777,7y7 91263 90,97 90,619
33,000 93,834 93,396 93,007 92,634 71,777,7y7 911899 91,601 77,777,777
32,000 94,540 94,132 93,732 93,349 77, 777,77 92605 92,30 92,178

31,000 T1777,777 7737777 77,777,077 _TA¢@7| 77,777,777y 07,777, 7Y7 7777777 77(A7I,

77,777,777 Big Number Assigned to Flight Leveld Nwailable for Evaluatn

999,999 : Big Number Assigned to Flight Levels eadible for This Aircraft

Figure 2-7 Fuel Cost Matrix for a Set of OTS Flight Plans (MMMX-LEMD, Airbus 340-
600).

The numbers labeled ‘77,777,777 in Figure 2-7 ¢atk the flight is not capable
of flying in the track and flight level because tofck configuration. The numbers
‘999,999 are unfeasible track and flight levelssdo weight limitation at the entry
point of the OTS. Unfeasible track and flight leglould reduce computational time
of fuel consumption and travel time. The track amghfl level combination with the
least fuel cost is considered as the ideal track faght level for that flight in the
simulation. For the values shown in Figure 2-7,itfeal track and flight level is NAT
Y at 37,000 ft. with a ‘fuel cost’ of 89,735 kilagms.

It is important to note that for flights whose iopdl flight plan is to fly a random
route (non OTS), the fuel consumption matrix inclderandom route and OTS cost
matrix. If the flight intersects with the OTS overlang distance within the OTS
operational hours, it will be assigned the best @iife.

ii.  Assignment Routine

After determination of the best track and flightdéfor each flight has been made,
the decision for actual OTS assignment is madearsiimulation 350 nm (~45 min)
before the entry point of the Organized Track Syst&he process begins with a
calculation of the maximum operational altitude awhble by the flight. It is possible
that the ideal flight level is higher than maximupecation altitude at the decision point
because we use average wind conditions in calounlati the cost matrix. In the
simulation, wind data is updated every time steptartte this provides a more precise

evaluation of the actual mass state of the fliglha assignment point.
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Since the traffic in the OTS could be heavy dupegk hour conditions, not all the
oceanic flights are able to obtain their ideal kraad flight level. When a requested
track and flight level is not available, air traftontrollers will use three approaches to
re-assign the flight. First, air traffic controkewill climb or descend the flight to other
flight levels in the same track. Second, they m&ypdlst to switch to other tracks. The
last approach is to adjust the aircraft Mach nuntbemodify the arrival time and
achieve the desired separation at the entry poitite oceanic track.

Based on discussions with NATS UK controllers, ithpgeferred method is to re-
assign a flight using the same track but climbir@Q,ft. or descending up to 3,000 ft.
if the requested flight level is not available.niine of them is approved, controllers
would consider the requested flight level on anotreck and repeat the flight level
checking process.

When a large aircraft is assigned 3,000 ft. belowit$ optional altitude, this
increases the fuel use considerably. This stuéyrgdts to analyze the fuel benefits with
different OTS track/flight level assignment procesturcompared to the current
operational policy.

An alternative concept is to first use a 1,00@tlitnb or a 1,000-ft. descent in the
ideal track. If none of these choices is availatiien flight levels in other tracks are
considered based on the cost matrix.

A second alternative concept of operations is sggastrack and flight level totally
based on the flight cost matrix. If the ideal tracid flight level could not be achieved,
then flight levels in other track would be takemoitonsideration, using the ranked
solutions of the cost matrix.

Computer code was developed and integrated int&Meviodel to model these
new track assignment procedures. The algorithmsadled ‘FLs Heuristics’ and ‘Full
Cost Matrix Heuristics’. If the ideal track anddgitit level is not available, ‘FLs
Heuristics’ considers other flight levels in thengatrack. If these options fall, the ideal
flight level in other tracks will be considered.elhext track is selected from a track

sequence, which is generated based on the meam oafuel consumption for each
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track.

Consider the fuel cost matrix shown in Figure Z&a example. Excluding large
numbers, the track sequence based on mean valueloddosumption is shown in
Table 2-2. To save computational time, tracks thatdistant from the ideal track are
not considered. Checklists of the three track digtitflevel assignment concepts of
operation are shown in Table 2-3. The ranking omld@iable 2-2 and Table 2-3 is from

left to right.

Table 2-2 Track Sequence for Cost Matrix Shown in Figure 2-7

Track Sequence
NAT Y NAT W NAT X NAT Z NAT V

Table 2-3 Checklists of The Three Assignment Routines.

Heuristics Checklist of Track and Flight Level
Fuel (kg) | 89,735 90,120| 90,518 90,970| 90,430| 90,793| 91,171| 90,066| 90,438
FLs 1 3| Trackand | NAT | NAT | NAT | NAT | NAT | NAT | NAT | NAT | NAT
~ | Flight Level | Y, Y, Y, Y W, W, W, X, X,
Sequence | 37,000| 36,000| 35,000| 34,000| 37,000| 36,000 35,000/ 37,000| 36,000
Fuel (kg) | 89,735 90,120| 90,430/ 90,793| 90,006 90,438| 90,843| 91,199 /
FLs 1 1| Trackand | NAT | NAT | NAT | NAT | NAT | NAT | NAT | NAT
~ | Flight Level Y, Y, W, W, X, X, V, V, /
Sequence | 37,000( 36,000| 37,000| 36,000| 37,000| 36,000 37,000 36,000
Fuel (kg) | 89,735 90,066| 90,120 90,430| 90,438 90,518| 90,619 90,793| 90,824
Full C_OSt Trackand | NAT | NAT | NAT | NAT | NAT | NAT | NAT | NAT | NAT
Matrix | Flight Level | Y, X, Y, w, X, Y, Z, W, X,
Sequence | 37,000| 37,000| 36,000| 37,000| 36,000| 35,000 34,000/ 36,000 35,000

Notes: 1. FLs_1_3 means current routine assignifi9d ft. above or up to 3,000 ft. below
ideal flight level.

2. FLs_1 1 means assignment of 1,000 ft. aboveDOOt. below ideal flight level.

3. Full Cost Matrix only considers fuel cost reglast of the ideal track.

2.3.2.2 Additional Headway Rule
In the OTS assignment, two factors are consideredodsanic controllers:
longitudinal separation inside the OTS and thehfligath clearance (from aircraft’s
current position to the entry point of the tracklights equipped with CPDLC and

ADS-C systems and approved to RNP 4 navigationdstals can be separated
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longitudinally by 5 minutes. A Mach numBetechnique is used to adjust the minimum
longitudinal separation at the entry track poinetsure conflict free trajectories for the
complete track path length. The equations abostatijustment are as follows:

minimum longitudinal separation
Eqg. 2-1

_ (max(Hjong+Kopen(SL—SF).Hiong).for opening case (SpzSg)
- {max(Hlong+kc1(,se(SL—SF),Hlong),for closing case (SL<Sf)

where Hj,ng is the standard longitudinal separation (5 misuter ADS-C

equipped aircraft), kopen = =100 and ko = —300, S, and Sg are the speeds

(in Mach number) of the leading and following aatty respectively.

FL 370

. Longitudinal Separation

Foo ™

Opening Case \ — FL 360
SE<S,

Closing Case R S FL 350
55,

Figure 2-8 lllustration of Opening Case and Closing Case.
There are two cases of aircraft in-trail performapaecedures. The opening case

occurs when the leading aircraft is faster thanfofiewing aircraft. The closing case
is a situation when the leading aircraft is slotiman the following aircraft, making the
separation smaller over time. These cases are shokigure 2-8.

The estimation of the minimum longitudinal separatiepends on the track length.
A long track (e.g. 2,400 nm) requires longer flightes than a shorter one. Equation
Eq. 2-1 needs revisions to make sure the sepaiiagivveen two aircraft in the closing
case is equal or above the minimum longitudinal séjparat the entry point. For
example, if the leading aircraft has a 0.81 Mach remand the following has 0.83

Mach number, assume the cruise altitude is 35,006 & 2,400-nm long track. The

6 In aviation field, Mach number is the ratio ofcuaft’s true air speed and the sound speed at the

given altitude.
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speed of sound at 35,000 ft. is 574 knots. From2&h, the minimum longitudinal

separation ismax(5 — 300%(0.81 — 0.83),5) = 11 min. Now assume the leading
aircraft enters the OTS track at time O min and ¢fiewing enters at time 11 min. The
times when they exit the 2,400-nm track are 5.16dmd 5.22 hrs., respectively. (See

calculations below.)

2400
574x0.81

Leading aircraft's exit time0 + = 5.16 hrs.

2400
574%0.83

= 5.22 hrs.

Following aircraft's exit time:% +

The time difference at the exit point is 3.6 minutesich clearly represents a
violation of the 5 minute rule.
(5.22 = 5.16)x60 = 3.6 min < 5 min
To address this issue, we use a simple modificdijoadding to the in-trail (or
headway) separation using a simple linear regressiotel. The coefficients of the
linear model are derived externally to the GO Modéle additional headway takes
track distance, speed difference and direction atmount to enlarge the separation in

trail. The equations integrate a 20-second buffee Eqg. 2-2 and Eq. 2-3).
AMach
0.01
Where headwayy = east additional headway (min), k, = 0.333, k, =

headwayg = (ky + k, * TD) ( ),for eastbound tracks Eg. 2-2

0.0018, TD = track distance (nm), AMach = delta Mach number(dim)

AMach
0.01
Where headwayy,, = west additional headway (min) k; =0.333, k, =

headwayy, = (ks + k4 * TD) ( ),for westbound tracks Eq. 2-3
0.0026, TD = track distance (nm), AMach = delta Mach number(dim)

The application of these equations at the entrytgsaitisfies the condition that two
aircraft are separated for the complete lengtihefttack. This method is also applied
to the climb requests inside the OTS and explaingde next section.

2.3.2.3 Climb Inside OTS

Climbs inside OTS are critical procedures to sawd in oceanic airspace. (Li,
2014). The NATSAM lll contained algorithms to exéewlimbs inside OTS for fuel
efficiency. There are two requirements to procesbnab request: an ATC routine to
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check for conflicts and a pilot request. Pilot respis are controlled by a user-defined
parameter. The pilot routine would estimate fuelstonption using the OTS exit as the
target waypoint and select the candidate flighellélvat minimizes fuel to the exit point
of the current track. To process a climb request AIRC routine checks the minimum
longitudinal separation at the newly requestedtligvel and flight levels the flight
will traverse.

The method above works well if the climbing aircriafslower than the leading
aircraft or maintains the same Mach number. Howenvken a climb request involves
a closing case (see Figure 2-9), this method caguetrantee the longitudinal
separation in the rest of the track. The addititvealdway rule described in the previous

section is introduced to add the necessary separatithe climb request.

Longitudinal  Longitudinal
i Separation : Separation |

; L
Requested Flight Level — P e

‘1000 ft.
Blocked Flight Level — - —
‘ 1000 ft.

Current Flight Level L—

Figure 2-9 Climb Request in Closing Case.
2.3.2.4 Post-Processor of Potential Violation

A Post-Processor is an enhancement to the GO Mwedated by Arman lzadi, a
Ph.D. student in Air Transportation Systems Labayatd Virginia Tech. The post-
processor detects potential violations by verifythg minimum separation distance
between flight pairs. It checks the vertical, latend longitudinal separations between
all the flights and defines the Closest Point opAgach (CPA) for both random and
OTS flights based on their equipage level.

The post-processor was used in this analysis tekchar potential violations
involving OTS flights. The post-processor was alsed to check cases of insufficient
longitudinal separation in climb requests. The numiifepotential violations is an
important metric to evaluate the accuracy of GO Mode

Figure 2-10 shows an example of a potential separatiolation close to the
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minimum separation standard. This type of violatioteilted a ‘glancing violation’ and

would normally be handled by the air traffic cotigo

Violation Points
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Figure 2-10 Example of 'Glancing' Potential Violation.

2.3.3 Simulation Scenarios

With the development and integration of the aldwnis described in previous
sections, the GO Model is a more intelligent, staj and accurate simulation tool to
evaluate the feasibility and benefits of future Gli@t assignment strategies.

Three degrees of freedom are tested in the modeha)jges in track assignment
and b) traffic demand, and c¢) the minimum longitadlseparation between flights. The
first degree of freedom means that in the same yeagssess the performance among
different strategies to assign flights in the OB81g metrics of fuel consumption and
level of service. The second degree of freedoro ferecast air traffic in future years
and further evaluate advantages among OTS assignsimtegies. A table of
simulation scenarios is shown in Table 2-4.

To simulate flights in the years 2020 and 204@ksaare manually modified to the
closest OTS track and spaced ¥z degree (see Figlie Zhe demand in future years
are cloned from the June 25, 2016 seed day. TheZlhiseed day has a high volume
of traffic in the year. The separation standarddoh scenario is applied to all aircraft,

I.e., we assume all aircraft are equipped withneessary avionics that could follow
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the minimum standards.
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Table 2-4 Simulation Scenarios Tested.

_ Assignment Routine Traffic Demand
Scenarios Seed Day Separatlc.)n _
(Lateral / Longitudinal) Fls 1 3/ Fls 1 1 Full C.ost Year | Year | Year
- = - - Matrix | 2020| 2030 | 2040
Baseline June 25, 2016 *23 nm /5 min (~40 nm) X X
Scenario 1 June 25, 2016 23 nm/ 2 min (~15 nm) X X
Scenario 2 June 25, 2016 23 nm/ 2 min (~15 nm) X X
Scenario 3 June 25, 2016 23 nm/ 2 min (~15 nm) X X
Scenario 4 June 25, 2016 23 nm/5 min (~40 nm) X X
Scenario 5 June 25, 2014 23 nm/2 min (~15 nm) X X
Scenario 6 June 25, 2014 23 nm /2 min (~15 nm) X X

Notes: (*) Assume RLatSM/RLongSM implementationdmd of 2017 and track spacing is ¥z degree.
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Figure 2-11 OTS Tracks with Reduced Lateral Separébn (1/2 Degree Spacing).

Baseline

Baseline scenario uses a traffic demand in 202 eolated from the June 25,
2016 seed day. The baseline separation is 23 nrallgtand 40 nm longitudinally. The
baseline case considers the current OTS assigrooeoept where aircraft are assigned
one flight level above or up to three flight levbiow if the optimal cruise flight level
is not available.
Scenario 1

Scenario 1 assumes the same assignment routineearahd year as the baseline
with the addition of satellite ADS-B avionics. Theatellite ADS-B may allow a
longitudinal separation of 15 nm. The setting atmsompare the benefit between
avionics ADS-C and satellite ADS-B in 2020.
Scenarios 2 and 3

Scenario 2 and 3 assume the same avionics equiageellite ADS-B and year
2020 demand but they vary the OTS assignment corafepperation. Scenario 2
assigns aircraft to one flight level above or beibtle optimal cruise flight level is not
available. Scenario 3 assigns the next best flgyel derived from the cost matrix.

Scenarios 1, 2, 3 compare fuel and level of setvieefits across different assignment
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concepts of operation.
Scenario 4

Scenario 4 is similar to the baseline case but asegher demand representative
of year 2040. The minimum longitudinal separatio® nm and the OTS track
assignment concept is FLs_1_ 3. The demand in thizasceis generated using the
June 25, 2016 seed day but the number of flighteasly twice that in 2020.
Scenarios 5 and 6

Scenario 5 is to estimate the integrated benefit ases the 15-nm longitudinal
separation standard. It applies the OTS track assegt concept of FLs_1_3. Scenario
6 assumes the same equipage level but operates d3ilMatrix assignment concept
of operation. The purpose of these settings i®topare the benefits among Scenarios

4, 5, 6 for 2040 and those obtained with lowerfizddads in the year 2020.

2.4 Results

2.4.1 System Running Time

The seven scenarios presented in Table 2-4 werdat®d using Matlab version
2016b in a 64-bit desktop computer. The simulatiore increases with the growing
flight demand. Table 2-5 shows an example of thew@ti@n time for each section of

the model using year 2020 demand.

Table 2-5 Global Oceanic Model Execution Time peré&tion.

GO Model Section Execution Time (min)
Enhance TFMS Data with OAG 1.00
OTS Processor 0.14
Wind Processor 0.08
Demand Processor 318.24
Flight Operations Simulator 51.16
Validation 13.79
Summarize Results 0.14
Total 384.55

The most time-consuming process in the GO Moddb&niand Processor’ since
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it includes the generation of wind optimal flighaps for each flight. The model runs
a demand for three consecutive days. The firsislaged to ‘warm up’ the system and
the final day to assure that the flights in the aledday are complete. Statistics are

collected for the middle day.

2.4.2 Fuel Consumption

Several metrics are used to assess the performatieesystem. These include: a)
average fuel consumption, b) average travel tintk@revel of service metrics. The
comparison of metrics is done in two parts. Ontisompare scenarios in terms of
separation minima and assignment routine in the saae The other is to compare
the differences of benefits across multiple years.

100
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40
30
20
10 0
0 ! : }
Baseline Scenario Scenario 1 Scenario 2 Scenario 3
23nm/40nm 23nm/15nm 23nm/15nm 23nm/15nm
FLs_1_3 FLs_1_3 FLs_1_1 Full Cost Matrix

Scenario

Average Fuel Savings
per Flight (kg)

Figure 2-12 Potential Fuel Benefits for OTS Flight$n 2020.
Figure 2-12 presents the fuel savings of Scendrids 3 compared to Baseline

Scenario in 2020. With the same assignment routihe, reduced longitudinal
separation of 15 nm could save on average 50 kitogrof fuel per flight. To better
assign OTS flights at entry point of the systere,rbutine of assigning 1,000 ft. below
has an average benefit of 22 kilograms per flightariban the one of assigning up to
3,000 ft. below. Using the Full Cost Matrix OTS igesnent concept of operations, a
savings of 93 kilograms per flight is observed coragao the baseline scenario.

The conversion of fuel consumption to U.S. dollduea was performed based on
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the current world average jet fuel price that isa@do $435.9/metric tons (IATA, 2017).
Figure 2-13 presents the annual fuel benefit pen@to compared to the baseline
scenario in 2020. For a demand of 996 flights i@®Ghe annual fuel benefit of the

Full Cost Matrix OTS assignment concept of operatisriid.74 million dollars.
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Figure 2-13 Annual Fuel Benefit for OTS Flights in2020.
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Figure 2-14 Potential Fuel Benefits for OTS Flight$n 2040.

Scenario 4 could be considered as the ‘future’lbasscenario in 2040. Scenario
6 is defined as the optimal with reduced longitatliseparation and Full Cost Matrix

assignment concept of operations. The differencevdet these two scenarios are
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shown in Figure 2-14. With a higher demand in 20#4@, benefit of using reduced
longitudinal separation and Full Cost Matrix assigmt concept of operation increases
to 170 kilograms per flight. The annual fuel benefi2040 with 1855 flights flying in
OTS will increase to 50.17 million dollars using IFObst Matrix assignment concept
of operation (see Figure 2-15). It also indicates the usage of ADS-B applying 15
nm separation could save 131 kilograms of fuel pghtflin 2040. The application of

reduced longitudinal separation down to 15 nm sdlte 38.66 million dollars annually

in 2040.
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Figure 2-15 Annual Fuel Benefit for OTS Flights in2040.

2.4.3 Travel Time

The results of the travel time metric are presemetlis section. First, the model
simulates the whole trajectory of flights flying ass North Atlantic airspace. However,
the model does not account for the delays neamoaigd destination airport since this
study focuses on assessing the performance of Ng&r@red Track System.

The results show that the baseline scenario hale#seé average travel time than
the other scenarios for year 2020. Figure 2-16egmtssthe travel time differences of

Scenarios 1, 2, 3 compared to Baseline ScenarioeXplanation of this trend is that
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with smaller separation minimum, it is more possibledircraft to execute more step-
climbs. The strength of the jetstream is less atdriglititudes. If more aircraft climb,
they have less advantage of a tailwind. The cliglparformance of scenarios in year
2020 is shown in Figure 2-17. The baseline scerasthe lowest climb performance.
All other assignment concepts provide improvementhdqgercentage of aircraft that
climb.

In year 2040, Scenario 4 has the least averagelttiave than Scenario 5 and 6
(see Figure 2-18). The average travel time diffeedoetween Scenario 4 and 5 (0.27
min) in year 2040 is larger than the one betweerBteeline Scenario and Scenario 1
(0.15 min). This can be attributed to the climbfpenance difference between
Scenario 4 and 5 in year 2040 (46%, see Figure)dslfuch higher than the one
between Baseline Scenario and Scenario 1 in 202%)2The higher the altitude is,
the less the strength of the jetstream is.

It is noted that the climb performance in 2040 dases about 20% from the

scenarios with same separation minima and assigntnanepts for 2020 OTS traffic.
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Figure 2-16 Travel Time Differences for OTS Flightan 2020.
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Figure 2-17 Climbing Performance for OTS Flights in2020.
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Figure 2-18 Travel Time Differences for OTS Flightsn 2040.
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2.4.4 Level of Service

The level of service in the OTS is defined as thegnt of flights that obtain their

optimal requested track and flight level.

As explained in Section 2.3.2.1, a maximum operatiahitude is calculated based
on aircraft weight. In general, aircraft requestflyt at the ideal flight level is based on
cost matrix. However, the ideal flight level is eeally higher than maximum
operational altitude because the calculations afiveire different in the calculation of
cost matrix and the simulation. We consider airooattin their requested flight level
if the assigned flight level is equal to maximum @penal altitude, or it is equal or

higher than ideal flight level (in the case idelatt level is lower than maximum

operational altitude).
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Figure 2-20 Level of Service of Scenarios for OTSlights in 2020.
Figure 2-20 illustrates the effect of OTS assigntreamcept of operation in the

Level of Service metric. The Full Cost Matrix sceaehas the lowest percentage of
flights assigned to the optimal flight level in idleéeack since this scenario assigns
aircraft to higher flight level regardless of tlieal track. In other words, the Level of
Service is sacrificed for fuel savings. It alsoitades a large number of flights that are
assigned to alternative tracks. The number of fighssigned to their optimal flight
level in ideal track in scenario ‘FLs_1 1’is lakan that in ‘FLs_1_3'. It is because
flights in ‘FLs_1_ 1’ scenario are more likely to égsigned to an adjacent track and at
the optimal flight level.
The Level of Service is not improved with reducedasation minimum down to

15 nm in 2020. However, 3.4% more flights (see Feg#21) with reduced separation
achieved their requested flight levels in 2040. Téwson behind this is the increment
in flight demand. Although all scenarios have lowevel of Service in 2040 than 2020,
Scenario 5 with reduced longitudinal separation (b% gains an advantage over

Scenario 4 with 40-nm separation minimum in 2040.
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Figure 2-21 Level of Service of Scenarios for OTSlights in 2040.
A similar analysis was performed for flights thatreva@ot assigned the flight levels

that they requested. In the ‘FLs Heuristics’ assignt routine, priority was given to
flights levels bounded by the 1000-3000 foot raoigihie heuristic. If these flight levels
were still unavailable, flights could descend 5,80®elow their optimal flight level
before changing track.

The analysis shows that the ‘FLs 1 1’ and the Rdkt Matrix assignment
heuristic algorithms have a better performancessigming flight levels assignments in
2020 (see Figure 2-22). Using the Full Cost Madssignment, more than 80% flights
could achieve their requested flight level at theyeof OTS tracks. In addition, the
flight level assignment routines between usage o8ADand ADS-B do not have a
significant difference, which correlates with therformance of Level of Service in
Figure 2-20. In 2040, all scenarios have a sligiduction in the percentage of
‘Achieved Requested FL' (see Figure 2-23). The ‘idgh Requested FL' means that
aircraft obtain their requested optimal flight leal the entry of OTS tracks. The
performance of the ‘Full Cost Matrix’ scenario shaav&0% improvement over other

track assignment algorithms.
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Figure 2-23 Flight Level Assignment Among Scenarios 2040.
Another analysis is performed to assess the fleyel assignment for a specific

aircraft Boeing 767-300. Figure 2-24 presents thghtf level assignment of Boeing
767-300 in scenario 1 (using FLs_1_3 and 23 nm/1Seyaration). Figure 2-25 shows
the flight level assignment for the same aircrafietywhile applying the Full Cost
Matrix assignment concept of operation. The Fullt®datrix assignment concept of
operation improves the aircraft altitude assignm®ntl32 ft. on average above the

current assignment concept of operation.
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CHAPTER 3 Validation

3.1Basic Aircraft Performance

This section presents a simple validation of threraft performance in the GO
Model. Figure 3-1 and Figure 3-2 present the paréorce of Boeing 767-300 from the
GO Model and actual airline data, respectivelyuFég3-3 and Figure 3-4 show the
performance of Airbus 330-300 from the GO Model aimline data, respectively. Both
aircraft are twin engine, wide body aircraft. Tledation between route distance and
fuel consumption is linearly increasing. Comparedhwvilte actual fuel burn data
provided by A4A and IATA, there is about 2,000 gitams’ fuel burn discrepancy
between the GO Model and actual airline data ferBbeing 767-300 aircraft. And the
discrepancy for Airbus 330-300 is 2,500 kilogramise Teasons for the discrepancies
are as follows:

1) The GO Model does not account for terminal areacédfwhich add to the fuel
burn for busy Origin Destination pairs.

2) The GO Model does not account for taxi-in and duhe airports.

3) Some of the non-linear effects of real aircraft dgnamics are not captured.
For example, BADA 3.13 uses a parabolic drag pbiaeal aircraft operations,
the high-speed drag rise is beyond parabolic.

4) The airline data consists of 79 days while the rheueulates three consecutive
days’ flight operations using the same track anddwdata. As the track and
wind data may vary greatly day by day, the variebpld result in the different

fuel consumption for the same Origin Destination.pair
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3.2Track Loading and Number of Conflicts

The track loading is another metric to validate thedel. As seen in Figure 3-5
and Figure 3-6, the numbers of flights in mostksadouble in 2040. With a higher
utilization rate, a higher number of potential gitdbns occur. Considering the lower
Level of Service in 2040, we may conclude thatdbeent track system will not be
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able to handle well such a large number of flightthe future.
On the other hand, after many improvements, theepéages of potential
violations are less than 4%, which is an acceptayitem error rate. It indicates the

GO Model is reliable to simulate operational proceduo generate results.
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Figure 3-5 Eastbound Track Loading for OTS Flightsin 2020 and 2040.
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Figure 3-6 Westbound Track Loading for OTS Flightsin 2020 and 2040.
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CHAPTER 4 Conclusions

This thesis developed and integrated important ingmments to the Global
Oceanic Model. The modifications to OTS assignmegbréghms, improvements to
headways logic for in-trail separation, and valiolaf results presented make the GO
Model more realistic and accurate for decision mgkifhe current version of GO
Model is able to simulate OTS flights with an ermrate less than 4%.

The thesis assesses the near-term and long-terratiop@t performance of the
North Atlantic Organized Track System using sevaratrics that include: fuel
consumption, travel time and level of service. Akksarios simulated adopt the same
OTS configuration, in which tracks are laterallypaeated by % degree (~23 nm).
Improved communication and surveillance performancaiafraft avionic systems
could make possible reductions in longitudinal safpan from 40 nm to 15 nm in the
future. In 2020, the fuel savings of reduced sdjmaraninima (~15 nm) are estimated
to be 50 kilograms per flight. This number will inase to 131 kilograms per flight in
the demand increases by 125%. The results pressmpgest the benefits of improved
surveillance to accommodate a large number of tBighlowever, as the demand
increases by 125% in 2040, the percent of airasdigned to their optimal track and
flight level decreases by 5% and the percentageot#ntial violations increases by
2.8%. This indicates that the current OTS confijaracould not accommodate the
future demand and more tracks may be needed.

An analysis of OTS assignment concept of operatioas been studied to
understand possible benefit by changing currentatip@al procedures. The results
show that Full Cost Matrix assignment concept ofraflens performs better than the
current method of assigning aircraft to climb 1,00®r descend up to 3,000 ft. The

fuel savings of the advanced concept is about W@tams per flight.
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CHAPTER 5 Recommendations

The Global Oceanic Model has been improved to bstpnate fuel and level of
service benefits in the NAT OTS derived from imprdwperational procedures. More
validation metrics have been added to the model $stasesearchers and decision
makers to interpret the GO Model results.

All scenarios in this thesis use the same OTS cordigon and we conclude that
this configuration could not accommodate the largfldemand expected in the year
2040. With a larger demand in 2040, the validatesults of GO Model present more
potential violations. This could have safety impiioas in the operation of the NAT
OTS. Future air navigation service providers may$oan exploring an optimal OTS
configuration in terms of wind, weather and demand se

The concept of operations using the Full Cost Matssignment algorithm has
considerable benefits. However, there are techrécplirements for its implementation,
such as a better information sharing between diranal the ATC system. The Full Cost
Matrix assignment routine may increase the worklmfagbntrollers since more aircraft
will switch tracks to obtain a higher flight leveh order to save fuel. More
communications between air traffic controllers aibotp may be needed to know about
their preferences. A full disclosure of the costnméao aircraft will be needed to allow

a more advanced assignment concept of operations.
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APPENDIX A — Flowchart of Workflow

New/Modified Inputs:

NAT_OTS_Tracks_Folder!,Half_Degree, String

OTS_Converge_Distance_nm?, 350, Number
OTS_Track_Assignment_CostMatrix3, 1, Number

New Inputs: _Irack_ L , 1,

q FLs_Climb_4_OTS_Assignment?, 1, Number

Add_Headway_Coeff_One SEEEIES Sl FLs_Descend_4_OTS_Assignment?, 3, Number

Add_Headway_Coeff_East

Start

Related functions:
Buiter OTSENy M Read and Save 1. parseNATm
Bufferistepmimbi min | Settings 2. CriticalPointsLocator4TrackFlightsWithAssignment.m

Related functions: 3. OTS_Track_Assignment.m

Read_OTS_Settings.m Enhance TFMS with
TrackLocationFinder.m OAG
OTS Processor
Demand
Preprocessor
Generate Demand
Flight Simulator
Track_Distribution.fig

After_Cost_Matrix_Trajectory_for_Tr o

i Validation
ack_NAT.fig OTS Flight Analysis
Simulated_Trajectory_for_Track_NA

Tfig -
s b B FlightSummary.xIsx
Smmanzelesicl SimulationStatistics.xIsx
End
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APPENDIX B — Source Code

The relevant codes include Read_OTS_Settings.m, kdoaationFinder.m,

OTS_Track_Assignment.m, OTS_Flights_Analysis.m, OTiBniC LOS_Analyzer.m.
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Read_OTS_Settings.m

%%%%%% %% %% % %% %% %% % % %% % %% % %% %% %% %% %% % %% % %% % % %

% Read_OTS_Settings.m

%

% This function is used to read in OTS

% Settings (separation rules) for use by the GOMeho

%

%%%%%% %% %% % %% %% %% % % %% % %% % %% %% %% %% %% % %% % %% % % %
functionRead_OTS_Settings(Install_Dir, Project_Dir, Cas#dé&r, Case_Name, Scenario_Name)

if (ismac == 1)
SLASH =}
elseif(ismac == 0)
SLASH =}

end

Output_Dir = [Project_Dir, SLASHEOM, SLASH, 'Output, SLASH, Case_Folder, SLASH,
Case_Name, SLASHSettings' SLASH];

load ([Output_Dir,Scenario_Settings.mpt'

OTS_Settings_Dir = [Install_Dir, SLASH>OM', SLASH,'Scenariog'SLASH,'OTS_Settings'
SLASH]J;

% Exit if OTS is not used
if Scenario_Settings.NAT_OTS ==

return
end

OTS_Settings = struct([]);
[num,~,~] = xIsread([OTS_Settings_Dir, Scenarioti8gs.OTS_SettingsxIsx]);
Number_Of_Equipage_Levels = size(hum,1);

for el = 1:Number_Of_Equipage_Levels
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OTS_Settings(el).Equipage_Level num(el,1);
OTS_Settings(el).OTS_Equipped num(el,2);
OTS_Settings(el).Longitudinal_Separation_mimsn(el,3);
OTS_Settings(el).Longitudinal_Separation_nmum(el,4);
OTS_Settings(el).Longitudinal_Separation_deg =
nm2deg(OTS_Settings(el).Longitudinal_Separation_;nm)
OTS_Settings(el).Lateral_Separation_min  num(el,5);
OTS_Settings(el).Lateral_Separation_nm num(el,6);
OTS_Settings(el).Lateral_Separation_deg =
nm2deg(OTS_Settings(el).Lateral_Separation_nm);
OTS_Settings(el).Vertical_Separation_ft  num(el,7);

OTS_Settings(el).Max_Cruise_FL num(el,8);
OTS_Settings(el).Add_Headway_Coeff_One = num(el,9);
OTS_Settings(el).Add_Headway_Coeff_East = num(el,10);
OTS_Settings(el).Add_Headway_Coeff_West = num(el,11);
OTS_Settings(el).Buffer_OTSEntry_min = num(el,12);
OTS_Settings(el).Buffer_StepClimb_min =num(el,13);

end% for el = 1:Number_Of_Equipage_Levels

save ([Output_DirOTS_Settings.m3{"OTS_Setting}'

Output_Dir_Excel = [Output_Dir, SLASH];

if exist(Output_Dir_Exceldir) ==
mkdir(Output_Dir_Excel);

end

FileName = [OTS_Settings_Dir, Scenario_Settings.Cedtings,.xIsx];
copyfile(FileName, [Output_Dir_ExcelDTS_ Separation_Standards.Jgx’

return
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TrackLocationFinder.m

function Position = TrackLocationFinder(ListOfPreviousFlighistOfPreviousFlightOTSRequestinfo,
Default_Seperation,.

TargetFlightindex, ThisEntryTime, ThisSpeedMaRkquiredFL, RequiredTrack, RLonglndicator,
StepTime,Direction, TrackDist)

global OTS_Settings

% StepTime is in seconds

kOpen = -100% factor used to calculate long seperation for opmeoase
kClose = -300% factor used to calculate long seperation forinpsase

ThisEntryTimeMin = (ThisEntryTime*StepTime)/6&) convert from simulation steps to mins
TargetFlightEntryTime =

ListOfPreviousFlightOTSRequestinfo(TargetFlightIrfiEstimatedArrival Time(RequiredFL,Require
dTrack);

TargetFlightEntryTimeMin = (TargetFlightEntryTimet&pTime)/60;% convert from simulation steps
to mins

TargetSpeedMach = ListOfPreviousFlight(TargetFligtéex).CruiseSpeedMachNum;
SpeedMachDiff_This_Follow_Target = TargetSpeedMathisSpeedMach;
SpeedMachDiff_Target_Follow_This = -1*SpeedMachDifhis_Follow_Target ;

%% New Approach, New Headway Rules (Considerinfipaéht directions and track distances)

% k1 =0.333
% k2 = 0.0018 (eastern flights) k2 = 0.0026 (westéghts)
% Reference: Slide: New Headway Rules for the GOMI8M A. Trani June 2, 2016

if Direction == 1%Eastbound

add_headway_min = (OTS_Settings(1).Add_Head®agff One +
OTS_Settings(1).Add_Headway_Coeff_East*TrackDisth¥(SpeedMachDiff_This_Follow_Target)/
0.01);% 0.01 is used to calculate the multiple of Macffédence
elseif Direction == 2%Westbound

add_headway _min = (OTS_Settings(1).Add_Head®agff One +
OTS_Settings(1).Add_Headway_Coeff_West*TrackDisth§(SpeedMachDiff_This_Follow_Target)/
0.01);% 0.01 is used to calculate the multiple of Macfiédence
end
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RLong_Separation = OTS_Settings(end).Longitudinepg8ation_min% use the lowest separation
minimum. To make sure the Intail_Time below is Egthan this number.

if SpeedMachDiff_This_Follow_Target >= 0

% Add Buffer time to default separation. Defaulp@etion the bigger separation between target
and subject aircraft

InTail_Time_ThisfollowsTarget = max(Default_®eation +
kOpen*SpeedMachDiff_This_Follow_Target +
OTS_Settings(1).Buffer_OTSEntry_min,RLong_Separgti#o 2 min injection check time

InTail_Time_TargetfollowsThis = Default_Sepévat+
kClose*SpeedMachDiff_Target_Follow_This + OTS_Segti(1).Buffer_OTSEntry_min;
else

InTail_Time_ThisfollowsTarget = Default_Sepévat+
kClose*SpeedMachDiff_This_Follow_Target + OTS_Sefti(1).Buffer_OTSEntry_min +
add_headway_min;

InTail_Time_TargetfollowsThis = max(Default_®eation +
kOpen*SpeedMachDiff_Target_Follow_This +
OTS_Settings(1).Buffer_OTSEntry_min,RLong_Separgtio
end% if SpeedMachDiff_This_Follow_Target >= 0

if ((ThisEntryTimeMin-TargetFlightEntryTimeMin) >= Trail_Time_ThisfollowsTarget)

Position = TargetFlightindex+1;

elseif (TargetFlightEntryTimeMin-ThisEntryTimeMin) >= Irail_Time_TargetfollowsThis

if TargetFlightindex == 1
Position = TargetFlightindex;
else
Position = TrackLocationFinder(ListOfPrewsd-light, ListOfPreviousFlightOTSRequestinfo,
Default_Seperation,.
TargetFlightindex - 1, ThisEntryTimehi$SpeedMach, RequiredFL, RequiredTrack,
RLonglindicator, StepTime,Direction, TrackDist);
end% if TargetFlightindex == 1

else
Position = -1;

end% if ((ThisEntryTimeMin-TargetFlightEntryTimeMin)=InTail_Time_ThisfollowsTarget)

return
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OTS_Track_Assignment.m

function[Flight, FlightWindProfile, Counter4TrackRequebtackRequest] =..

OTS_Track_Assignment(Flight, FlightOTSRequdstlfrlightWindProfile, RequestTrackFL,
TrackSettings, TrackWind, NoOfFLINOTS, aircraftixgd€ounter4TrackRequest, TrackRequest,
flightLevelsNAT, TotFlights,trackArray)

global Altinterval_ft Constants badaForOceanic Scenamttii®)s EastTrackWind WestTrackWind
flight_cost flight_cost_Internal_ID

List_of Valid_Tracks_4 This_Flight =
FlightOTSRequestInfo(aircraftindex).Estimated TraegGence;
%Number_of Valid_Tracks_4 This_Flight = length(List Valid_Tracks_4_This_Flight);

% Check the maximum operational altitude at theresed arrival time,

% assume the flight would be assigned its Ideakteand FL

fuelFlow =

Aerodynamic(Flight(aircraftindex).AirDensityAtFL ight(aircraftindex).Cruise Speed_mps,Flight(airc

raftindex).CurrentMass, Flight(aircraftindex).Crusgeed_Knots,Flight(aircraftindex).BADA _Index);

% unit: kg/min

EstimatedTripTime_min =

Scenario_Settings.StepTime_sec*(FlightOTSRequextirtraftindex).EstimatedArrivalTime(Flight(

aircraftindex).ldealTrackFL(2),Flight(aircraftindebdeal TrackFL (1)) -

FlightOTSRequestInfo(aircraftindex).RequestSent)i6®& % convert sec to min

ExpectedWeightLoss_kg = fuelFlow*EstimatedTripTimen; % unit:kg

maxOperationalAltitude =

min(interpl(badaForOceanic(Flight(aircraftindex) BA_Index).operationalAltMass,
badaForOceanic(Flight(aircraftindex).BADA_IndanaxOperationalAltitude,Flight(aircraftindex).

CurrentMass -

ExpectedWeightLoss_kg),badaForOceanic(Flight(afticrdex). BADA _Index).maxAltitude);

maxOperationalAltitude =
min(maxOperationalAltitude,Scenario_Settings.MaximAlt4OceanicAirspace);

[~,maxOperationalAltitude_FL_Index] = min(abs(fl¢araxOperationalAltitude/1000)*1000 -
Constants.FlightLevels4OTSAssignment));

% Begin cheking from the 1st track (Optimal) to thst available for this flight
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[~,Flight_Current_FL_Index] = min(abs(Flight(airfladex).CurrentAltitude(1) -
Constants.FlightLevels4OTSAssignment));

if Scenario_Settings.OTS_Track_Assignment_Cost_Matrig % Assign Track and FL only based

on cost matrix

ListOfTrackFL = OTS_Track_FL_Finder_Full_Costatvix(flight_cost(flight_cost_Internal_ID

Flight(aircraftindex).Internal_ID),RequestTrackFist of Valid_Tracks_4_This_Flight,maxOperatio
nalAltitude_FL_Index,trackArray,flightLevelsNAT);

else % Assign Track and FL only based on Fl_above andoElow cuurent FL first, then cost
matrix

ListOfTrackFL = OTS_Track_FL_Finder(flight_c¢fight_cost_Internal_ID ==
Flight(aircraftindex).Internal_ID),RequestTrackFist of Valid_Tracks_4_This_Flight,maxOperatio
nalAltitude_FL_Index,trackArray,flightLevelsNAT);

end
Flight(aircraftindex).maxOperationalAltitude_FL_lexi= maxOperationalAltitude_FL_Index;
Flight(aircraftindex).ListOf TrackFL = ListOfTrackFL

NoOfOptions = length(ListOfTrackFL(:,1));

for Optionindex = 1:NoOfOptions

Track_And_FL_Under_Consideration = ListOfTratkBptionindex,:);
if
TrackSettings(Track_And_FL_Under_Consideration(@¢k_And_FL_Under_Consideration(1))<=0
|| ((TrackSettings(Track_And_FL_Under_Considerd@pfirack_And_FL_Under_Consideration(1))
==1) && (Flight(aircraftindex).Equipagelndex==0))
continue
end

%...Check If This Is The First Flight To Enter Tisway

if
CounterdTrackRequest(Track_And_FL_Under_Considané?), Track_And_FL_Under_Consideratio
n(1) ==

Counterd4TrackRequest(Track_And_FL_Under sttsration(2),Track_And_FL_Under_Consi
deration(1)) =
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CounterdTrackRequest(Track_And_FL_Under_Considané®), Track_And_FL_Under_Consideratio
n(1) +1;

%...Initialize A Vector For This Airway In Order Teep Record Of Flights That Traversed It
TrackRequest{Track_And_FL_Under_Considerg®), Track_And_FL_Under_Consideration(
1)} = zeros(round(TotFlights/2),1);

%...Keep Record Of Flight ID That Traversed Thiswey

TrackRequest{Track_And_FL_Under_Considerg®), Track_And_FL_Under_Consideration(
1)} CounterdTrackRequest(Track_And_FL_Under_Consitlen(2),Track_And_FL_Under_Consider
ation(1))) = aircraftindex ;

%...Update Flight Structure

Flight(aircraftindex).AssignedTrack = Tra&dnd_FL_Under_Consideration(1);
Flight(aircraftindex).AssignedFL = Tradknd_FL_Under_Consideration(2);
Flight(aircraftindex).OTSRequest = 0;

break

%...If This Is Not The First Flight To Enter Thisnay

else% if
Counter4TrackRequest(Track_And_FL_Under_Considané?), Track_And_FL_Under_Consideratio

n(1)) ==

for FirstWaitingIndex =
1:Counter4TrackRequest(Track_And_FL_Under_Constier@), Track_And_FL_Under_Considerati
on(1))
RequestedAircraftindex =
TrackRequest{Track_And_FL_Under_Consideration(8¢kr And_FL_Under_Consideration(1)}(Fir
stWaitingIndex,1);
if Flight(RequestedAircraftindex).InOTSIndicator ~=1
break
end
end

ListOfPreviousFlightindex =
TrackRequest{Track_And_FL_Under_Consideration(8¢kr And_FL_Under_Consideration(1)}(Fir
stWaitingIindex :Counter4TrackRequest(Track_And_Fhder Consideration(2),Track_And_FL_Und
er_Consideration(1)),1);
ListOfPreviousFlight = Flight(ListOféviousFlightIndex);
ListOfPreviousFlightOTSRequestinfo = FligitSRequestinfo(ListOfPreviousFlightindex);
TargetFlightindex = length(ListOfPreviouigfrit);
ThisSpeedMach = Flight(aircraftindexuiSeSpeedMachNum;
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ThisEntryTime =
FlightOTSRequestinfo(aircraftindex).EstimatedAriNane(Flight_Current_FL_Index, Track_And_FL
_Under_Consideration(1));

Previous_Acft_In_This_Airway OTS_Equipped =
Flight(ListOfPreviousFlightindex(TargetFlightindgxXpTS.Equipped;
This_Acft_OTS_Equipped Flght(aircraftindex).OTS.Equipped,;

RLonglIndicator = Constants.RLonglIndicatordiEsive Tracks &.
TrackSettings(Track_And_FL_Under_Coasition(2),Track_And_FL_Under_Considerati
on(1)) ~=0 &...
This_Acft_OTS_Equipped * Previous_Adft This_Airway_OTS_Equipped;

TrackDist = TrackWind{Track_And_FL_Under_i&ideration(1),3};

Default_Seperation =
max(Flight(aircraftindex).OTS.Longitudinal_Sepaoati min, Flight(ListOfPreviousFlightindex(Targ
etFlightindex)).OTS.Longitudinal_Separation_min);

Position = TrackLocationFinder(ListOfPrewsi-light, ListOfPreviousFlightOTSRequestinfo,
Default_Seperation,.
TargetFlightindex, ThisEntryTime, ThiEgdMach,
Track_And_FL_Under_Consideration(2), Track_And_Fider_Consideration(1), RLonglndicator,
Constants.StepTime,Flight(aircraftindex).Dir, Tragip

if Position ~=-1

TrackRequest{Track_And_FL_Under_Consatien(2),Track_And_FL_Under_Considerat
ion(1)}(FirstWaitingindex +
Position:Counter4TrackRequest(Track_And_FL_Undendieration(2),Track_And_FL_Under_Con
sideration(1))+1) =..

TrackRequest{Track_And_FL_Under_6idaration(2), Track_And_FL_Under_Consid
eration(1)}(FirstWaitinglndex + Position-
1:Counter4TrackRequest(Track_And_FL_Under_Constier@), Track_And_FL_Under_Considerati
on(1)));

TrackRequest{Track_And_FL_Under_Consitien(2), Track_And_FL_Under_Considerat
ion(1)}(FirstWaitingindex + Position-1) = aircrafitiex ;

Counterd4TrackRequest(Track_And_FL_Un@emnsideration(2),Track_And_FL_Under_C
onsideration(1)) =
Counter4TrackRequest(Track_And_FL_Under_Considamé), Track_And_FL_Under_Consideratio
n(1))+1;
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Flight(aircraftindex).AssignedTrack tatk_And_FL_Under_Consideration(1);
Flight(aircraftindex).AssignedFL  xatk_And_FL_Under_Consideration(2);
Flight(aircraftindex).OTSRequest =0

break

end% if Position ~= -1

end% if
Counter4TrackRequest(Track_And_FL_Under_Considané?), Track_And_FL_Under_Consideratio
n(1) ==
end
%end % for FL_Under_Consideration =
Maximum_OTS_FL_4 This_Flight:Minimum_OTS_FL_4_THdight

if Flight(aircraftindex).OTSRequest ==

if Flight(aircraftindex).AssignedTrack ~= Requestkil1) % Assigned OTS Track and
Requested OTS Track are not the same

Flight(aircraftindex,1).CurrentTrack =igtit(aircraftindex).AssignedTrack;

% Make sure Current CriticalPoint is set to newvasge point

Flight(aircraftindex).CriticalPointsInde3(&
Flight(aircraftindex).CriticalPoints. AlOTSTrackd{ght(aircraftindex, 1).CurrentTrack).IndexOfOTSE
ntryPoint-1;

Flight(aircraftindex).DistBetweenCriticalifts_deg =
Flight(aircraftindex).CriticalPoints. AlOTSTrackd({ght(aircraftindex,1).CurrentTrack).DistBetweenC
riticalPoints_deg;

Flight(aircraftindex).CriticalPointsFLLowedex =
Flight(aircraftindex).CriticalPoints. AlOTSTrackd{ght(aircraftindex, 1).CurrentTrack).CriticalPoints
FLLowerIndex;

Flight(aircraftindex).DistTravelledBeforeQTdeg =
Flight(aircraftindex).CriticalPoints. AllOTSTrackd{ght(aircraftindex,1).CurrentTrack).DistTravelled
BeforeOTS_deg;

Flight(aircraftindex).DistTravelledinside@Tdeg =
Flight(aircraftindex).CriticalPoints. AlOTSTrackd{ght(aircraftindex,1).CurrentTrack).DistTravelled|
nsideOTS_deg;

Flight(aircraftindex).CriticalPoints =
Flight(aircraftindex).CriticalPoints. AlOTSTrackd{ght(aircraftindex, 1).CurrentTrack).CriticalPoints
INOTSIndicator_One_Index = find(Flight(agftindex).CriticalPoints.InOTSIndicator);

Flight(aircraftindex).FirstCriticalPointInks = InOTSIndicator_One_Index(1) - 1;
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Flight(aircraftindex).LastCriticalPointinG3T= InOTSIndicator_One_Index(end);

Flight(aircraftindex).CriticalPointsFLLowedex(Flight(aircraftindex).FirstCriticalPointinOTS
:Flight(aircraftindex).LastCriticalPointinOTS, 1)Hight(aircraftindex).AssignedFL;

FlightWindProfile(aircraftindex). WindMatrBetweenCriticalPoints =.
Wind_Profile_Calculator(Flight(aircriftlex), EastTrackWind, WestTrackWind,
Constants.Distinterval_deg, Altinterval_ft);

% Make sure Last CriticalPoint is set.
Flight(aircraftindex).CriticalPointsInde3(2
length(Flight(aircraftindex).CriticalPoints.InOT Slicator);

end
if Flight(aircraftindex).AssignedFL ~= RequestTrackE)% Assigned OTS FL and Requested
OTS FL are not the same

Flight(aircraftindex).CriticalPoints.Fligtevel_ft(Flight(aircraftindex).FirstCriticalPoint®TS
- 1:Flight(aircraftindex).LastCriticalPointinOTS).=
flightLevelsNAT (Flight(aircraftindex) gsignedFL,1)% Alternate the flight level of
Converge Point to be AssignedFL. In Demand Proceiss IdealFL.

if
Flight(aircraftindex).CriticalPoints.FlightLevel (Rlight(aircraftindex).FirstCriticalPointinOTS) >
Flight(aircraftindex).CurrentAltitude(1)
Flight(aircraftindex).RequiredActionAi@calPoint = 1;
elseif
Flight(aircraftindex).CriticalPoints.FlightLevel (Rlight(aircraftindex).FirstCriticalPointinOTS) <
Flight(aircraftindex).CurrentAltitude(1)
Flight(aircraftindex).RequiredActionAtGcalPoint = -1;
else
Flight(aircraftindex).RequiredActionAi@calPoint = 0;
end% if Flight(aircraftindex).CriticalPoints(Flight(airaftindex).FirstCriticalPointInOTS, 3) >
Flight(aircraftindex).CurrentAltitude(1)
Flight(aircraftindex).CriticalPointsFLLowedex(Flight(aircraftindex).FirstCriticalPointinOTS
:Flight(aircraftindex).LastCriticalPointinOTS,1)Hight(aircraftindex).AssignedFL;
Flight(aircraftindex).CurrentOTSFLIndex #dht(aircraftindex).AssignedFL;

end% if Flight(aircraftindex).AssignedTrack ~= RequEsickFL(1)
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Flight(aircraftindex).CurrentTrack = Flight(aiaftindex).AssignedTrack;
Flight(aircraftindex).CurrentOTSFLIndex = Fligaircraftindex).AssignedFL;
end% if Flight(aircraftindex).OTSRequest == 0
return
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OTS_Flights_Analysis.m
function OTS_Flights_Analysis(Install_Dir, Project_Dir, @g$-older, Case_Name)

if (ismac == 1)
SLASH =}
elseif (ismac == 0)
SLASH =}

end

Output_Dir = [Project_Dir, SLASHEOM, SLASH, 'Output, SLASH, Case_Folder, SLASH,
Case_Name, SLASH];

% Load relevant data into memory
load ([Output_Dir,Settings' SLASH, 'Scenario_Settings.mpt'

if Scenario_Settings.NAT_OTS ==
return
end
load ([Output_Dir,Settings' SLASH, 'Region_Settings.mj);

Date = Scenario_Settings.Date;

% Load CostMatrix
RLatSM = 0;% Scenario_Settings.NAT_OTS_ RLatSM;

if RLatSM ==1
OTS_Configuration ®RLatSM;
else

OTS_Configuration Basic,
end
load ([Output_Dir,CostMatrix, SLASH, OTS_Configuration, SLASH]|ight_cost
Scenario_Settings.Date]));
if exist(flight_cost_sey"var) == 1% Detect if outputs are serialized

flight_cost = getArrayFromByteStream(flight_taser); cleaflight_cost_ser
end

% Load Demand
load ([Output_Dir,Demand' SLASH, 'Demand_,Scenario_Settings.Date]);
Demand_After_Cost_Matrix = Demand; cléazmang

load ([Output_Dir,Demand' SLASH,'Demand_GOM_2_NATSAMii,Scenario_Settings.Date]);
Demand_TFMS = Demand_WithBADA,; cleBemand_ WithBADA
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% Load OTS data
load ([Output_Dir,OTS; SLASH,'NAT_OTS_,Scenario_Settings.Date]);
load ([Output_Dir,Settings' SLASH,'OTS_ Settings.mg);

Number_Of_Tracks = length(NAT_OTS.track);
Offy —mmmmmmm e

% Loading Results
Yo -mmmmmmmmmme e

% The day before and after simualtion needs todde@ because the files

% are split by departure date.

day_before_demand_day = datestr(datenum(num2strd8oe Settings.Dateyyyymmdd) -
datenum(Q101000Q'mmddyyyy), 'yyyymmdd);

demand_day = num2str(Scenario_Settings.Date);

day_after_demand_day = datestr(datenum(num2stré8ceSettings.Date),yyymmdd) +
datenum(101000Q'mmddyyyy),'yyyymmdd);

DateVector = {day_before_demand_day, demand_day,adter demand_day};

Number_Of_Dates = length(DateVector);

% Load Simulation Results
Flight = [];
FlightTrajectory = [];

for day = 1:Number_Of_Dates

Current_Date = DateVector{day};

Flight_Filename = [Output_DiFlight_Simulato;' SLASH, 'Flight_Results,’
Current_Date, mat];

FlightTrajectory_Filename = [Output_DiFlight Simulator SLASH, FlightTrajectory Results, '
Current_Date, mat];

if exist(Flight_Filenamefile’) ==
continue
end

Flight_Results = load(Flight_Filengme
FlightTrajectory_Results = load(FlightTrajegtoFilename);

% The outputs are serialized in order to improwegzerformance and reduce .mat file size on disk
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% To deserialize the outputs, simply use: FliglgietArrayFromByteStream(Flight_ser);
% More info: http://undocumentedmatlab.com/blogadeing-deserializing-matlab-data
if isfield(Flight_ResultsFlight_sery % Detect if outputs are serialized
Flight = [Flight; getArrayFromBastream(Flight_Results.Flight_ser)];
FlightTrajectory = [FlightTrajectory;
getArrayFromByte Stream(FlightTrajectory_ResultgRiiTrajectory_ser)];
else
Flight = [Flight; Flight_Resuliight];
FlightTrajectory = [FlightTrajectory; Fligifirajectory_Results.FlightTrajectory];
end

clearFlight Results
clearFlightTrajectory_Results
end% for day = 1:Number_Of_Dates

% Number Of Flights
Number_Of_Flights = length(Flight);

% Save Dir
Save_Dir = [Output_DirOTS_Flights AnalysisSLASH];
mkdir(Save_Dir);

90 ----mmmmmmmmme oo

% Analyze flight_cost

90 ----mmmmmmmmme oo

GreenColor = [0.47,0.67,0.19];

track_sum = zeros(Number_Of_Tracks,1);

for track_id =1 : Number_Of_ Tracks
Track_Name = strcat(AT' ,NAT_OTS.track(track_id));
fori=1: length(flight_cost)
if stremp(flight_cost(i).Filed_Track,Track_Name)
track_sum(track_id,1) = track_sum(tradikl) + 1;
end

end

end
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sum_raw = sum(track_sum);

figure

bar(track_sumi-aceColoyGreenColor)

title('Filed Track Distribution - Source: flight cq$tontSize40)
xl = xlim();

xTickLocations = linspace(xI(1)+1,xI(2)-1,Number_Qfacks);
set(gcaXTick',xTickLocations);
set(gcaXTickLabel,NAT_OTS.track);

set(gcf,Color,'white);

grid

savefig([Save_Dift-iled_Track Distribution_on,ium2str(Date); flight_cosf])
close;

R

% Analyze Demand after parsing TFMS data and Playp@ints in Demand and Track
R

Number_Of_Demand = length(Demand_TFMS);

Eastflow_Color = [0 0 0.800000011920929];
Westflow_Color = [0.200000002980232 0.600000023581@;
BlueColor =[0.3,0.75,0.93];

RedColor =[0.64,0.08,0.18];

Demand_track_sum = zeros(Number_Of_Tracks,1);

for track_id =1 : Number_Of_ Tracks

Track_Name = strcat(AT' ,NAT_OTS.track(track_id));

track_index = [J;

figure
latlim = [0 110];
lonlim = [-125 50];

axesmi(obinson'MapLatLimit'latlim,'MapLonLimit,lonlim, Frame’on,'Grid','on)'MeridianLabel'
,;on}'ParallelLabel'on)

axisoff

setm(gcaylLabellLocation30)

landareas = shaperead{dareas.shji)seGeoCoordstrue);
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geoshow (landaredsaceColor'[1 0.97 0.92]);
set(gcf,Position, get(0,Screensizy);

fordemand_id = 1: Number_Of Demand

if stremp(Demand_TFMS(demand_id).Filed_Track, TracknBp&&
Demand_TFMS(demand_id).act_date == str2double(Date)

plotm(Demand_TFMS(demand_id). TFMS_FR,bemand_TFMS(demand_id). TFMS_FP
_Lon)

track_index = [track_index;demand_id];

% plotm(Demand_TFMS(demand_id).SimolatiFP_Lat,Demand_TFMS(dem
and_id).Simulation_FP_Lon,'g")

Demand_track_sum(track_id,1) = Demarattkt sum(track _id,1) + 1;

end
end

if stremp(NAT_OTS.Direction(track_idi;)
plotm(NAT_OTS.lat{track_id},NAT_OTS.lon{tick_id},'Color,Eastflow_Color|ineWidth'5

else
plotm(NAT_OTS.lat{track_id},NAT_OTS.lon{tick_id},'Color,Westflow_ColorLineWidth;
5)
end

title([Flights Filed Track,char(Track_Name)ontSize40)

set(gcfColor,'white);

savefig([Save_DirfTFMS_Field10 Trajectory for_Trackchar(Track_Name€)figT);
close;

Demand_Track_List(track_id).Track_Index = traicklex;
end
sum_Demand = sum(Demand_track_sum);

figure

bar(Demand_track_suftaceColo;BlueColor)

title(['Filed Track Distribution onjhum2str(Date),Total: ;num2str(sum_Demand),Source: TFMS
(Field 10)],'FontSize40)

xl = xlim();
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xTickLocations = linspace(xI(1)+1,xI(2)-1,Number_Qfacks);
set(gcaXTick',xTickLocations);
set(gcaXTickLabel,NAT_OTS.track);

set(gcf,Color,'white);

grid

savefig([Save_DifTFMS_Field10_ Filed_Track Distribution_onnum2str(Date)])
close;

R

% Analyze Demand after Cost Matrix and Plot Waypoin Demand and Track
Yo =mmmmmrmmmmmmemmmnneen

Number_Of_Demand = length(Demand_After_Cost_Matrix)

Eastflow_Color = [0 0 0.800000011920929];
Westflow_Color = [0.200000002980232 0.600000023581@;
BlueColor =[0.3,0.75,0.93];

RedColor =[0.64,0.08,0.18];

Demand_track_sum = zeros(Number_Of_Tracks,1);
for track_id =1 : Number_Of_ Tracks
Track_Name = strcat(AT' ,NAT_OTS.track(track_id));
track_index = [];
figure
latlim = [0 110];
lonlim = [-125 50];
axesmi(obinson'MapLatLimit'latlim,'MapLonLimit,lonlim, Frame’on,'Grid','on)'MeridianLabel'
,on’'ParallelLabel'on)
axisoff
setm(gcaylLabellLocation30)
landareas = shapere@d{dareas.shji)seGeoCoordstrue);
geoshow (landaredsaceColo;'[1 0.97 0.92]);

set(gcf,Position, get(0'Screensizy);

fordemand_id = 1: Number_Of Demand
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if strcmp(Demand_After_Cost_Matrix(demand_id).Reaestrack,Track_Name) &&
Demand_After_Cost_Matrix(demand_id).act_date =2dsiuble(Date)

plotm(Demand_After_Cost_Matrix(demamt). TFMS_FP_Lat,Demand_After_Cost_Matri
x(demand_id). TFMS_FP_Lon)

track_index = [track_index;demand_id];

% plotm(Demand_After_Cost_Matrix(demaidl).Simulation_FP_Lat,Demand
_After_Cost_Matrix(demand_id).Simulation_FP_Lop,'q'

Demand_track_sum(track_id,1) = Demarattkt sum(track _id,1) + 1;

end
end

if strcemp(NAT_OTS.Direction(track_idi)
plotm(NAT_OTS.lat{track_id},NAT_OTS.lon{tick_id},'Color,Eastflow_Color|ineWidth'5

)
else
plotm(NAT_OTS.lat{track_id},NAT_OTS.lon{tick_id},'Color,Westflow_ColorLineWidth;
5)
end
titte([Flights Requested Traclchar(Track_Name)ontSizg40)
set(gcfColor,'white);
savefig([Save_DirAfter_Cost_Matrix_Trajectory for_Trackchar(Track_Namé)figT);
close;
Demand_Track_List(track_id).Track_Index = traicklex;
end

sum_Demand = sum(Demand_track_sum);

figure

bar(Demand_track_suftaceColo;BlueColor)

title(['Requested Track Distribution gnum2str(Date),Total: ;num2str(sum_Demand),Source:
After Cost Matrix], FontSize40)

xl = xlim();

xTickLocations = linspace(xI(1)+1,xI(2)-1,Number_Qfacks);

set(gcaXTick',xTickLocations);

set(gcaXTickLabel,NAT_OTS.track);

set(gcf,Color,'white);

grid
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savefig([Save_DirAfter Cost_Matrix_Requested_Track Distribution_omum2str(Date)])
close;

90 --m-mmmmmmmmmee e

% Analyze Simulated Output and Plot Waypoints imfaed and Track
O/ff —mmmmmmmm e

result_track_sum = zeros(length(NAT_OTS.track),1);
Number_Of_EastTracks = length(find(strcmp(NAT_OTigebtion,E)));

flight_cost_Internal_ID = [flight_cost.Internal_ID]
Flight_Internal_ID = [Flight.Internal_ID];

[~, flight_cost_index] = ismember(Flight_InterndD,Iflight_cost_Internal_ID);

for track_id =1 : Number_Of Tracks

Track_Name = strcat(AT' ,NAT_OTS.track(track_id));

track_index =];

figure
latlim = [0 110];
lonlim = [-125 50];

axesmi(obinson'MapLatLimit'latlim,'MapLonLimit,lonlim, Frame’on,'Grid','on)'MeridianLabel'
,on’'ParallelLabel'on)

axisoff

setm(gcaylLabellLocation30)

landareas = shapere@d{dareas.shji)seGeoCoordstrue);

geoshow (landaredsaceColo;'[1 0.97 0.92]);

set(gcf,Position, get(0'Screensizy);

% Pre-plot OTS directional configuration
if stremp(NAT_OTS.Direction(track_idi;)
track_Direction = 1;
% Plot Eastbound Tracks
fortr_id = 1 : Number_Of EastTracks
hLinel =
plotm(NAT_OTS.lat{tr_id},NAT_OTS.lon{tr_id},Color,Eastflow_Color|ineWidth'3);
end
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hLine2 = plotm(NAT_OTS.lat{track_id},NAT_Cg.lon{track_id},Color''r",'LineWidth}3);
title([Simulated Flights In Eastbound Traghar(Track_Name)l;ontSizg40)
legend([hLinel,hLine2]Eastbound Track§Track
‘,char(Track_Name)]}r-ontSizg14,Location,'south,'Orientation'vertical);
else
track_Direction = 2;
% Plot Westbound Tracks
for tr_id = Number_Of_EastTracks+1 : Number_Of_Tracks
hLine3 =
plotm(NAT_OTS.lat{tr_id},NAT_OTS.lon{tr_id},Color,Westflow_Color|ineWidth,3);
end

hLine4 = plotm(NAT_OTS.lat{track_id},NAT_C8.lon{track_id},Color!'r",'LineWidth}3);

title([Simulated Flights In Westbound Tragéhar(Track_Name)|;ontSize40)

legend([hLine3,hLine4]¥{Vestbound Track§Track
‘,char(Track_Name)]}-ontSizg14,Location,'south,'Orientation'vertical);

track_id = track_id - Number_Of_EastTracksSubtract Number Of EastTracks because the
index in NAT_OTS.track is different from Assignedtk's

end
for flight_id = 1 : Number_Of_Flights
if isempty(Flight(flight_id).ldealTrackFL)
continue
else

if Flight(flight_id).AssignedTrack == track_id && Fght(flight_id).Dir == track_Direction
&& strcmp(Flight(flight_id).Departure_Date,Date)

plotm(FlightTrajectory(flight_id)dtitude_deg,FlightTrajectory(flight_id).Longitude_d
eg)

plotm(flight_cost(flight_cost_indghght_id)).Simulation_FP_Lat,
flight_cost(flight_cost_index(flight_id)).Simulatio FP_Lon,-k’);

track_index = [track_index;flighd];
if track_Direction ==

result_track_sum(track_id,Tesult_track_sum(track_id,1) + 1;
else
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result_track_sum(track_id + Nuen Of EastTracks,1) = result_track_sum(track_id
+ Number_Of_EastTracks,1) + 1,
end

end
end
end

set(gcfColor,'white);
savefig([Save_DirSimulated_Trajectories_for_Traclkchar(Track_Namé)figT);
close;

if track_Direction ==

Result_Track_List(track_id).Track_Indexradk_index;
else

Result_Track_List(track_id + Number_Of Haatks).Track_Index = track_index;
end

end

sum_result = sum(result_track_sum);

figure

bar(result_track_sunwaceColorRedColor)

title(['Simulated Track Distribution ofnum2str(Date),Total: ;num2str(sum_result); Source:
Flight],'FontSize40)

xl = xlim();

xTickLocations = linspace(xI(1)+1,xI(2)-1,Number_Qfacks);
set(gcaXTick',xTickLocations);

set(gcaxXTickLabel,NAT_OTS.track);

set(gcf,Color,'white);

grid

savefig([Save_DitSimulated_Track_Distribution_onnum2str(Date); Flight])
close;

return
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OTS_Climb_LOS_Analyzer.m

function[Number_Of_Climb_Flights,Number_Of_Unassigned_Ifisgl OS_Track,LOS_TrackFL] =
OTS_Climb_LOS_Analyzer(Output_Dir,Current_Date)
%% Define Directories

if (ismac ==1)
SLASH =}
elseif(ismac == 0)
SLASH =}
end

%% Load relevant data into memory
load ([Output_Dir,Settings' SLASH, 'Scenario_Settings.mpt'

if Scenario_Settings.NAT_OTS ==0
Number_Of_Climb_Flights =
Number_Of_Unassigned_Flights = [];
LOS_Track =1];
LOS_TrackFL = [];
return

end

load ([Output_Dir,Settings' SLASH, 'Region_Settings.m§);
load ([Output_Dir,OTS, SLASH,'NAT_OTS_,Scenario_Settings.Date)at]);
load ([Output_Dir,Settings' SLASH,'OTS_ Settings.mg);

%% Loading Results

Flight_Results = load([Output_Dirjight_Simulator,’ SLASH, 'Flight_Results '
Current_Date, mat]);

FlightOTSRequestinfo_Results = load([Output_Difight_ Simulator,’ SLASH,
'FlightOTSRequestinfo_ResultsCurrent_Date, mat]);

% The outputs are serialized in order to improwe gzerformance and reduce .mat file size on disk
% To deserialize the outputs, simply use: FliglgetArrayFromByteStream(Flight_ser);
% More info: http://undocumentedmatlab.com/blogad&ing-deserializing-matlab-data
if isfield(Flight_ResultsFlight_serj % Detect if outputs are serialized
Flight = getArrayFromByteStream(FligResults.Flight_ser);
FlightOTSRequestinfo =
getArrayFromByte Stream(FlightOTSRequestinfo_RedtlightOTSRequestinfo_ser);
end
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clearFlight_Results
clearFlightOTSRequestinfo_Results

% Extract OTS Flight
OTSFlightindex = [Flight.OTS_Flight]';
OTSFlight = Flight(OTSFlightindex == 1);

%% Count number of flights that climb

[Number_Of_Flights,~] = size(Flight);

AprrovedClimbPerFlightCount = [Flight. ApprovedClifRequestinsideOTS]';

ClimbFlight = Flight(AprrovedClimbPerFlightCount®; % Generate a structure consisting of climb
flight

Number_Of_Climb_Flights = length(ClimbFlight);

ClimbPercent = 100*Number_Of_Climb_Flights/lengtfi&Flight);

% disp(['The number of flights that climb is ‘,nustrZNumber_Of_Climb_Flights),". The percentage is
" num2str(ClimbPercent),'%.1)
%% Count number of flights that are not assign@dagk or FL (Its Flight. OTSRequest is 0.5)

UnassignedFlightsindex = [Flight. OTSRequest]’;

UnassignedFlights = Flight(UnassignedFlightsindex0=5);
Number_Of_Unassigned_Flights = length(Unassigngti);
UnassignedPercent = Number_Of_Unassigned_Flightgh€¢O TSFlight);

% disp(['The number of unassigned flights is ',natr(®lumber_Of_Unassigned_Flights),". The
percentage is ',num2str(UnassignedPercent),'%."7)

%% Calculate Level Of Service

% Calculate Level Of Service for only Track Assiggmh(See if a flight is assigned Requested Track)
LOSTrackindex = [J;

% Calculate Level Of Service for Track and Fligletvel Assignment (See if a flight is assigned both
Ideal Track and Ideal FL)

% By definition, we consider flight levels highéan Ideal one as requested FL.

LOSIndex = [J;

FL_Diff = zeros(Number_Of_Flights,6);

for fl = 1 : Number_Of_Flights

73



if Flight(fl).OTS_Flight ==

RequestedTrack = FlightOTSRequestInfo(flireatedTrackSequence(1);

IdealFL = Flight(fl).IdealTrackFL(2);

maxOperFL = Flight(fl).maxOperationalAltitedFL_ Index;

AssignedTrack = Flight(fl).AssignedTrack;

AssignedFL = Flight(fl).AssignedFL;

FL_Diff(fl,:) = [fl,IdealFL,maxOperFL,AssiggdFL,(IdealFL - AssignedFL),(maxOperFL -
AssignedFL)];

if RequestedTrack == AssignedTrack
LOSTrackindex = [LOSTrackindex;fl];
end
% if Assigned FL is higher than Ideal FL, we comsid as Requested FL
% Note: Higher flight level has lower index
if RequestedTrack == AssignedTrack && (AssignedFkE maxOperFL || AssignedFL <=
IdealFL)
LOSIndex = [LOSIndex;fl];
end

end
end

LOS_Track = length(LOSTrackindex);
LOS_TrackFL = length(LOSIndex);

LOSTrackPercent = 100 * LOS_Track/length(OTSFlight)
LOSPercent = 100 * LOS_TrackFL/length(OTSFlight);
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