THE AERONAUTICAL JOURNAL  APRIL 2021 VoLuME 125 No 1286 618

pp 618-671. © The Author(s), 2021. Published by Cambridge University Press on behalf of Royal Aeronautical
Society

doi:10.1017/aer.2020.138

New flight trajectory
optimisation method using
genetic algorithms

R.l. Dancila and R.M. Botez
ruxandra.botez@etsmtl.ca

Université du Québec

Ecole de Technologie Supérieure

Laboratory of Research in Active Control, Avionics, and Aeroservoelasticity LARCASE
Montréal

Quebec, H3C 1K3

Canada

ABSTRACT

This paper presents a new flight trajectory optimisation method, based on genetic algorithms,
where the selected optimisation criterion is the minimisation of the total cost. The candidate
flight trajectories evaluated in the optimisation process are defined as flight plans with two
components: a lateral flight plan (the set of geographic points that define the flight trajectory
track segments) and a vertical flight plan (the set of data that define the altitude and speed
profiles, as well as the points where the altitude and/or speed changes occur). The lateral
components of the candidate flight plans are constructed by selecting a set of adjacent nodes
from a routing grid. The routing grid nodes are generated based on the orthodromic route
between the flight trajectory’s initial and final points, a selected maximum lateral deviation
from the orthodromic route and a selected grid node step size along and across the ortho-
dromic route. Two strategies are investigated to handle invalid flight plans (relative to the
aircraft’s flight envelope) and to compute their flight performance parameters. A first strategy
is to assign a large penalty total cost to invalid flight profiles. The second strategy is to adjust
the invalid flight plan parameters (altitude and/or speed) to the nearest limit of the flight enve-
lope, with priority being given to maintaining the planned altitude. The tests performed in
this study show that the second strategy is computationally expensive (requiring more than
twice the execution time relative to the first strategy) and yields less optimal solutions. The
performance of the optimal profiles identified by the proposed optimisation method, using the
two strategies regarding invalid flight profile performance evaluation, were compared with
the performance data of a reference flight profile, using identical input data: initial aircraft
weight, initial and final aircraft geographic positions, altitudes and speed, cost index, and
atmospheric data. The initial and final aircraft geographic positions, and the reference flight
profile data, were retrieved from the FlightAware web site. This data corresponds to a real
flight performed with the aircraft model used in this study. Tests were performed for six Cost
Index values. Given the randomness of the genetic algorithms, the convergence to a global
optimal solution is not guaranteed (the solution may be non-optimal or a local optima). For
a better evaluation of the performance of the proposed method, ten test runs were performed
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for each Cost Index value. The total cost reduction for the optimal flight plans obtained using
the proposed method, relative to the reference flight plan, was between 0.822% and 3.042%
for the cases when the invalid flight profiles were corrected, and between 1.598% and 3.97%
for the cases where the invalid profiles were assigned a penalty total cost.

Keywords: flight trajectory optimisation; flight plan; lateral flight plan; vertical flight plan;
routing grid; BADA; atmospheric data model; GRIB2; accelerated flight simulation; accel-
erated flight performance calculation; genetic algorithm; flight plan crossover; flight plan
mutation; total cost; cost index

NOMENCLATURE

ay speed of sound at sea level in ISA conditions [m/s]

alt aircraft altitude [ft]

ACARS Aircraft Communications Addressing and Reporting System

ADS-B Automatic Dependent Surveillance — Broadcast

APM aircraft performance model

ASL altitude above sea level [ft]

ATM Air Traffic Management System

BADA Base of Aircraft Data

CrrrL child flight plan resulting from a genetic operation

CDO Continuous Descent Operations

CFP corrected flight plan

CG centre of gravity

Ccl cost index value [kg of fuel/min]

Cr dist segment length correction factor function of geometric altitude relative to
the sea level altitude [—]

deg degrees

EOC end of cruise

EST Eastern Standard Time

flight_time flight time [h]

fpm feet per minute [ft/min]

fuel_burn fuel burned for a flight along a flight trajectory [kg]

ft feet

FAA Federal Aviation Administration

FMS Flight Management System

FT_TO_NM ft to n.m. conversion factor [n.m./ft]

20 gravitational acceleration [m/s?]

GA genetic algorithm

GDPS Global Deterministic Prediction System

GRIB2 atmospheric data file format

GS ground speed [Kn]
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h hour

hPa hectopascal [100N/m?]

hgeom geometric altitude relative to sea level [ft]

IAS indicated air speed [Kn]

IATA International Air Transport Association

ICAO International Civil Aviation Organization

IDLE idle thrust engine setting

ISA international standard atmosphere conditions

J joule (SI unit of energy) [N m]

kg kilogram (SI unit of mass)

Kn speed in knots [NM/h]

K kelvin (SI unit of temperature)

lat latitude position for an aircraft or a waypoint location [deg]

lon longitude position for an aircraft or a waypoint location [deg]

LARCASE Laboratory of Research in Active Control, Avionics, and Aeroservoelasticity

LAX Los Angeles Airport code

m metre (ST unit of distance)

min minute

MACH Mach number [-]

MCMB maximum climb thrust engine setting

MCRZ maximum cruise thrust engine setting

MMO maximum operating MACH speed limit [-]

MSL mean sea level altitude — actual elevation above mean sea level

n.m. nautical mile

N newton (SI unit of force)

Num grid node position along the orthodromic route

Norr number of grid nodes along the orthodromic route

NCFP non-corrected flight plan

NP nondeterministic polynomial-time problem

ORT orthodromic route

Ps atmospheric static pressure [Pa]

Ds0 standard atmosphere sea level atmospheric static pressure in ISA conditions
[Pa]

Pa pascal (SI unit of pressure) [N/m?]

P; parent i for a crossover operation

P section x (1 or 2) of parent i

PA pressure altitude [ft]

de dynamic pressure [N/m?]

rpm rotations per minute

R real gas constant for air [m?/(K s?)]

RDPS Regional Deterministic Prediction System

Rearn Earth’s radius [n.m.]
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RTA
RUC

s
segm_len

segm_hdg

SI
SLA

Ty
TAS
TBO
TC
TEM
TLA
TOC
TOD
UAS
UAV
UTC
VMO
Wy

WGS84
WPT
ZHR
acp
OCRB

A Segm

4D

Required Time of Arrival [h]

Rapid Update Cycle

second (SI unit of time)

sea level length of a lateral flight profile segment, according to the selected
segment type (orthodromic or loxodromic) [NM]

departure angle, relative to geographic north, for a lateral flight profile seg-
ment, according to the selected segment type (orthodromic or loxodromic)
[deg]

step j of the crossover operation, along the orthodromic grid route
international system of units of measurement

sea level altitude — the reference altitude, taken to be the 0 altitude [ft]
time [h]

air temperature [K]

sea level standard air temperature [K]

true airspeed [Kn]

Trajectory-Based Operations

total cost for flight along an evaluated flight profile [kg of fuel]

Total Energy Model

thrust lever angle [%]

top of climb

top of descent

Unmanned Aerial Systems

Unmanned Aerial Vehicles

Coordinated Universal Time

maximum operating IAS speed limit [Kn];

wind speed component along the geographic north axis [Kn]

wind speed component along the geographic east axis [Kn]

World Geodetic System 1984 — ellipsoid earth model

waypoint

Zurich Airport code

aircraft climb/descent angle [deg]

aircraft crabbing angle relative to segment heading [deg]

flight segment angle relative to geographic north [deg]

adiabatic index for air []

temperature ratio [—]

four-dimensional space (latitude, longitude, altitude and time)

1.0 INTRODUCTION

According to ICAO forecasts!?), the future annual growth of passenger and cargo traffic, up
to 2035, is estimated to be approximately 4.3% and 3.9%, respectively, which will result in a
doubling of the number of passengers by 2037%). This reality requires better flight planning,
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navigation and airspace management strategies and tools to facilitate safe and efficient routing
of aircraft through an increasingly crowded airspace.

The expected air traffic increase highlights the need to identify optimal flight trajecto-
ries that are adapted for each origin—destination pair, aircraft model (performance) and load,
atmospheric conditions, and navigation constrains (restricted areas, altitude and/or speed con-
straints, time constraints, etc.). Better flight planning would result not only in better use of
airspace but also in a reduction of fuel consumption, with a direct impact on greenhouse-
gas emissions and, therefore, on the environment. Additionally, the resulting operational cost
reductions would benefit aircraft operators, and the economy in general.

An improvement of flight planning performance could be achieved by several methods,
individually or in combination, such as:

e Better aircraft performance models, which would allow a better and quicker estimation of
an aircraft’s flight trajectory (space and time evolution) and fuel consumption; For exam-
ple, a new fuel burn model for constant altitude and speed flight, proposed by Dancila
et al.¥, computes the fuel burned in a selected flight time, and the flight time necessary
to burn a selected fuel quantity, faster and with greater precision than existing methods.
This model can be used, for example, to determine the earliest moment when a step climb
is possible;

e Better atmospheric data forecasts, which would yield atmospheric data closer to that
encountered by aircraft during flight; For example, the tailored descent forecast wind
method, proposed in ref. (5), was designed to improve the predictability of Continuous
Descent Operations (CDO) flight trajectories computed by Flight Management System
(FMS) platforms. This method generates tailored wind forecasts based on the selected
landing procedure, and on high-resolution regional forecasts;

e New navigation strategies, which could yield greater flexibility in selecting a flight tra-
jectory that is better adapted to the flight mission. By implementing the Trajectory-Based
Operations (TBO) paradigm‘®?), it would be possible for each aircraft to fly along a flight
trajectory that is adapted to the specific flight, and atmospheric conditions;

e New optimisation strategies, which would identify faster, and more precisely, globally
optimal or near-optimal flight plans/trajectories.

The flight trajectory optimisation process can be approached from two main directions as a
function of the objective of the optimisation. In a first approach, the optimisations can be
performed at a global level (airspace), in Air Traffic Management System (ATM) platforms.
In this case, the main focus is to increase the airspace throughput while maintaining safe
operations: ensure the minimum space and time separation between aircraft®”, and eliminate
or reduce the potential for flight trajectory conflicts!”). The optimality of a flight trajectory,
at aircraft level, is not considered or is secondary to the main objective stated above.

A second approach concerns the optimisation of a flight trajectory at the aircraft level,
according to a selected criterion (e.g. fuel burn, flight time, or operational costs minimisation)
and the imposed navigation constraints (e.g. altitude and/or speed constraints along the flight
track, time constraints, etc.). An aircraft flight trajectory optimisation can be conducted on-
board (during the flight), in an FMS platform, or on the ground, in the flight-planning phase
(before the flight). The requirements for on-board optimisation methods are stricter, due to the
limited computational power available and the standards for on-board equipment certification
(deterministic algorithms).

Generally, a flight trajectory optimisation problem can be defined as an optimal con-
trol/guidance problem, where the objective is to identify a control law that will guide the
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aircraft along the optimal flight trajectory!!!~'7), or as a search problem, where the optimal
flight profile is obtained using search algorithms.

In a study presented in ref. (18), the authors conducted a review of on-board flight trajectory
optimisation algorithms, strategies and patents for 2D, 3D and 4D trajectory optimisations.
The analysis focuses on identifying the features of the proposed methods, their strengths and
weaknesses, and suggests new directions of investigation based on the analysed solutions. Yu
and Zhang!”) presented an extensive survey of path planning methods, with a focus on flight
planning for Unmanned Aerial Systems (UAS).

Multidisciplinary optimisation methods?*2! can be applied for trajectory optimisation
when there are multiple competitive/contradictory requirements (e.g. performing an assigned
mission while avoiding restricted airspace/threats).

Zillies et al.®® analysed the achievable improvement in flight efficiency in European
airspace if flight trajectories were to be optimised for actual atmospheric conditions (air
temperature and winds). Their study considers a flight at constant altitude and speed, where
‘candidate’ routes are constructed based on the orthodromic route between the limits of the
segment to be optimised. A route is composed of a limited number of waypoints (a maximum
of six). A Dijkstra search algorithm is applied iteratively to identify the best node among five
equally spaced nodes constructed at the halfway point between the current node (at the current
iteration) and the destination, until the remaining segment length is less than 100 n.m. The
authors observed that detours resulting from following better wind conditions led to savings
in fuel and time compared with orthodromic routes.

Ceruti and Marzocca.*® devised a method for optimising the flight trajectory of two air-
ships, modelled by Bézier curves, using a particle swarm optimisation algorithm. The two
airships, one of which is cruising (denoted ‘cruiser’) while the other is climbing from the
ground (denoted ‘feeder’), must perform an in-flight docking manoeuvre. The optimisation
algorithm identifies the parameters of the Bézier curves and the target speed at the docking
point so that, at the docking point, the two trajectories are tangent, the two airships have
identical speeds and the total energy required for the manoeuvre is minimal.

Qu, Zhang and Zhang>¥ proposed a novel two-step flight path optimisation method for
Unmanned Aerial Vehicles (UAVs) flying in hostile airspace. In a first step, a Dijkstra search
algorithm identifies the shortest route through the airspace, determined by selecting nodes of
a grid obtained by 3D Delaunay triangulation of the airspace. In a second step, the shortest
route identified in the first step is optimised using an artificial potential field method to take
into account weather, aircraft dynamics and threats.

Casado et al.® studied the influence of the uncertainty of aircraft performance parameter
estimation for the climb, cruise and descent phases of the flight on the safety, efficiency, and
capacity of the ATM system. They used a stochastic aircraft performance model generated
on the basis of an aircraft performance degradation model, in conjunction with Monte Carlo
simulations, to determine the sensitivity of the trajectory prediction error to the aircraft per-
formance model uncertainty for each phase of the flight, and the parameters that are most
influenced by these uncertainties.

An aircraft behavioural model®® based on analysis of historical flight data addresses the
need to use realistic aircraft behaviour in ATM flight simulations to better predict air traffic
conditions.

A method to generate estimations of wind prediction uncertainties, presented by Lee
et al.*? analysed each forecast data point of a Rapid Update Cycle (RUC) forecast, and com-
puted their average wind components values as well as the standard deviations (considered as
wind uncertainty). That work analysed the effects of wind uncertainties on aircraft trajectory
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predictions by comparing the along-track differences between a simulated flight with pre-
dicted winds, and a simulated flight where uncertainties were added to the forecasted winds.

Reference(28) addresses the problem of selecting the maximal optimal geographic area for
flight trajectory routing, while bounding the maximum total ground distance to a selected
value. The authors presented a new method for selecting an ellipsoidal geographic area for
routing, where the parameters of the ellipsoid are based on the origin and destination of the
flight and the selected maximum flight trajectory length.

A method for reducing the number of flight segment performance calculations made
during the flight trajectory optimisation, proposed by Dancila and Botez®*, constructs in
advance, for each phase of the flight (climb, cruise and descent) and cruise altitudes, a set
of performance data for vertical path segments that cover the aircraft’s flight envelope. The
flight segment performance data are constructed based on the specific optimisation problem:
origin—destination pair, aircraft load, set of speeds, and a set of selected landing weights.

Franco and Rivas®? analysed the optimal control problem for a minimum-cost cruise at
constant altitude, where the initial and final speeds are imposed. The authors studied the
singular arc section of the bang-singular—bang solution and the cost variation as a function of
flight time for three wind conditions and two cost index values, as well as for flights with RTA
constraints. For flights with RTA constraints, the optimal flight corresponds to the CI value
for which the minimum fuel profile yields the RTA.

Chamseddine, Zhang and Rabbath®! presented a method for re-planning the flight trajec-
tory for a formation of UAVs when one of the UAVs has failures. The objective is to identify
a new flight trajectory and control laws that take into account the limited capabilities of the
faulty UAV (i.e., that does not exceed the limitations imposed for the actuators), maintain
the formation structure and the desired separation between vehicles, and minimise the energy
consumption.

A 3D trajectory planning method®? based on differential evolution uses a chaotic search,
performed around the best solution identified for each generation, to improve the search
results and escape locally optimal solutions. A flight trajectory optimisation method proposed
by Patrén et al.3®) performs optimisation of a flight plan using a genetic algorithm. The lateral
flight profiles are constructed by selecting nodes from a grid formed by five parallel tracks
(the planned flight track and four parallel tracks). First, vertical flight profile optimisation for
the climb phase is performed along the planned flight track by evaluating all the speed com-
binations considered for this phase. Next, for the cruise phase, five parallel tracks (two on
each side of the original trajectory) are divided into n segments to form a routing grid for the
cruise phase. A first optimisation using a genetic algorithm identifies the optimal cruise flight
track for the planned vertical flight profile. Then, an optimisation of the vertical flight profile
identifies the optimal vertical profile for the optimal flight track identified in the previous step.
Finally, the descent phase is optimised by exhaustive evaluation of the descent speed combina-
tions. The flight trajectory method proposed in ref. (34) is similar to that presented in ref. (33),
with the difference that the lateral and vertical flight profiles are optimised simultaneously.

The optimisation method proposed by Murrieta-Mendoza et al.*>) defines the vertical flight
trajectory optimisation as a discrete combinatory problem (discrete values for the flight speed
and altitude), modelled as a decision tree, and uses the Beam Search Algorithm to identify the
optimal flight profile. Their method visits the nodes of the decision tree and, at each visited
node, uses an optimistic cost evaluation heuristic to prune the decision tree to eliminate the
non-optimal branches, thereby reducing the number of profile calculations. In ref. (36), a
search space reduction method is applied before using the Beam Search Algorithm, which
can reduce the search space by 50% and thereby the execution time.
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Murrieta-Mendoza et al.®”) presented the results of a lateral and vertical flight trajectory
optimisation with RTA constraints using an Artificial Bee Optimisation algorithm. The lateral
flight profiles generated during the optimisation were constructed based on a dynamic rout-
ing grid. A Golden Search algorithm then optimises the MACH speed for the optimal profile,
identified by the bee optimisation algorithm, to obtain a speed profile with values within a pre-
determined set. New constant speed segments are introduced to observe the RTA constraints.

The 4D flight trajectory optimisation method proposed by Murrieta-Mendoza et al.®®
models the flight trajectory as a 3D grid (lat, lon and alt), where the aircraft flies at the
ECON speed and, at each node, the aircraft may advance only to neighbouring grid nodes. The
Mach speed profile is then optimised along the 3D profile using an Ant Colony Optimisation
algorithm, so that the RTA constraint is observed (4D).

This paper presents a flight trajectory optimisation method based on genetic algorithms
(GA). The proposed method is designed to determine the ‘best’ flight trajectory for the
selected origin—destination pair, aircraft model (performance characteristics) and load, atmo-
spheric conditions, candidate flight profile characteristics, optimisation criteria and imposed
constraints. This method is intended to be used by flight operators, in the planning phase
(before a flight), or for flight plan update/change during a flight, on ground-based computers.
The resulting optimal flight plans will then be uploaded to the aircraft.

2.0 METHODOLOGY

This section is structured as follows: The first sub-section (2.1) presents the concepts related
to flight trajectory optimisation. The next sub-sections describe the aircraft performance
model used in this study (2.2), the atmospheric data model used in the flight trajectory perfor-
mance calculations (2.3) and the elements of a flight trajectory (2.4) (i.e. the characteristics of
the set of candidate flight trajectories evaluated in the optimisation, and the methodology used
to construct them). The following two sub-sections present the methodology used for comput-
ing the flight performance parameters for a flight trajectory through accelerated flight perfor-
mance calculation (2.5) and the proposed optimisation method based on the genetic algorithm
(2.6). Finally, the last sub-section (2.7) presents the flight data used for constructing the test
cases and the reference flight plan (to evaluate the performance of the proposed method).

2.1 Flight trajectory optimisation

The objective of a flight trajectory optimisation process is to identify the optimal flight profile
for a particular optimisation problem defined by the aircraft model (flight performance and
envelope limitations), initial aircraft load and fuel quantity, initial and final trajectory points
data and constraints (crossing time at the initial point, initial and final aircraft geographic
locations, altitudes and speeds), navigation constraints, atmospheric conditions and selected
optimisation criteria. The optimisation criterion is, in general, the minimisation of a cost
function (e.g. minimisation of fuel burn, total cost, flight time, etc.). However, it can also be
a maximisation of the cost function (e.g. maximum loitering time, etc.).

An aircraft flight trajectory can be decomposed into two components:

o A lateral flight profile, represented by the projection of the flight trajectory onto the Earth’s
surface; and

e A vertical flight profile, defined by the evolution of the aircraft’s flight parameters
(e.g. altitude, speed, vertical speed/rate of climb or descent/angle of climb or descent,
acceleration/deceleration, load factor, etc.) along the lateral flight profile.
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In still air (no wind), International Standard Atmosphere (ISA) conditions and the absence of
navigation constraints, the optimal lateral flight profile is the orthodromic route (the shortest
route on the sphere/ellipsoid) between the initial and final point of the flight plan under opti-
misation. The optimal vertical flight profile is specific to the aircraft model, aircraft weight
and the cost function selected as optimisation criterion. When real atmospheric conditions are
taken into account, i.e. wind and non-standard atmospheric temperature conditions, it may
be advantageous to deviate from the orthodromic route, and to perform altitude and speed
changes to benefit from more advantageous wind and air temperature conditions.

A flight trajectory optimisation process is conducted by successively evaluating flight tra-
jectory profiles from a set of candidate flight profiles, in each step retaining as solution the
‘best’ flight profile relative to the cost function and criterion set as objective for the optimisa-
tion. The optimisation process can be conducted for only one or for both components of the
flight profile. In the former case, one of the components of the flight plan (lateral or vertical)
is common to all the candidate flight plans while the other component is different for each
candidate flight plan. In the latter case, both flight plan components can change.

The methodologies used to generate the set of candidate flight plans and select the flight
plan to be evaluated at each step of the optimisation process are heuristic methods, selected
depending on the specific optimisation problem, selected cost function, constraints, etc.

For flight plans with navigation constraints (e.g. altitude, time, etc.), the constraints take
precedence relative to the flight profile’s optimality. If the constraints are not satisfied, the
flight plan is considered non-valid and rejected. Similarly, a flight plan is considered non-valid
and is rejected if:

e The flight profile generated based on the flight plan yields aircraft flight parameters that
are beyond the aircraft’s flight envelope boundaries; or if
e The flight along the resulted flight profile requires more fuel than is available.

The particular optimisation problem considered in this paper is specific to the cases where:

e The flight plans do not have navigation constraints;

e Both the lateral and vertical components of the flight plan can be modified during the
optimisation; and

e The objective is to minimise the total cost for the flight.

The total cost for a flight is calculated as the sum of the fuel cost and the operational costs,
which are proportional to the flight time and expressed as fuel quantity (kg of fuel). A detailed
presentation of the total cost function, and the elements that contribute to it, can be found in
refs. (39-41).

The total cost is calculated using the following formula:

TC = fuel_burn + CI x fligh_time x 60 ...(D

where:

e TC is the total cost, expressed in terms of fuel quantity [kg of fuel];

e fuel_burn is the fuel burned for the flight along the evaluated flight profile [kg of fuel];

o flight_time is the flight time for the flight along the evaluated flight profile [h]; and

e (I, the cost index, is a constant (specific to each airline, aircraft type and route) that
converts the flight time into operational costs expressed in terms of fuel quantity [kg of
fuel/min].
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The CI value adjusts the optimisation to obtain a trade-off between the fuel consumption and
the flight time; the larger the CI value, the greater the weight that is attributed to the reduction
of the flight time in the optimisation process.

If CI =0, the optimisation criterion becomes fuel burn minimisation. When the C/ value
reaches a maximum value (e.g. 999), specific for a platform, the optimisation criterion
becomes flight time minimisation.

The flight performance and aircraft dynamics (e.g. fuel burn, flight time, speeds, accel-
erations, travelled distances, etc.) parameters are calculated by performing an accelerated
simulation of the flight along the evaluated flight profile. These calculations are performed
using an Aircraft Performance Model (APM) specific to the aircraft type, the atmospheric
data along the flight profile (wind and air temperature), the aircraft’s configuration parame-
ters (mass, engine thrust setting, landing gear, flaps and speed brake positions, etc.) and the
flight profile’s data (speed, climb/descent angle, bank angle, load factor, etc.).

The method presented in this paper does not take into account any navigation constraints
(such as restricted areas or airways, Required Time of Arrival (RTA), etc.), and adopts the
TBO/‘free flight’ paradigm; the aircraft is thus free to fly along the trajectory that is best
suited for the origin—destination pair, atmospheric conditions, aircraft performance and load.

2.2 Aircraft performance model (APM)

The APM used in this study is the Base of Aircraft Data (BADA) version 4.0¢4?), devel-
oped and maintained by Eurocontrol. The APM provides specific aircraft type data (i.e.
mathematical models and the related coefficients for the aircraft parameters, valid aircraft
flight configurations, flight envelope limitations, etc.), a methodology for calculating the aero
propulsive forces acting on the aircraft, the aircraft motion as a result of these forces (equa-
tions based on the Total Energy Model (TEM)) and the associated fuel burn. An overview of
the BADA APM can be found in refs. (42-43), ref (44) (for BADA version 3.7) and ref. (45)
(for BADA version 3.8). Specific information regarding the BADA version 4.0 APM can be
obtained from Eurocontrol*? upon request, and is subjected to a licence agreement.

The set of input parameters used in the calculation of the flight performance parameters,
and in the aircraft’s evolution along the flight path, their range of valid values and units of
measurement, are specific to the APM. As an example, the input parameters can be:

e Aircraft configuration parameters: aircraft mass, centre of gravity position, landing gear
position, flaps/slats position, spoilers/speed brakes position, etc.;

e Engine parameters: These parameters are specific to the engine type. For a jet engine,
they can be the Thrust Lever Angle (TLA), engine fan speeds, etc.;

e Atmospheric conditions: air temperature and wind; and

o Flight trajectory parameters: altitude, speed, acceleration/deceleration, bank angle, load
factor, climb/descent angle, rate of climb/descent, etc.

A flight trajectory is composed of a succession of elementary flight profile types (e.g.
constant-speed cruise segment, acceleration/deceleration cruise segment, constant-speed
constant-TLA climb/descent, constant-TLA constant-rate-of-climb accelerated climb seg-
ment, etc.). Depending on the type of flight profile evaluated, some of the parameters
presented above are input parameters while others are output parameters (resulting from the
flight performance calculations). For example, for a cruise segment at constant altitude and
constant speed, a selected speed (an input parameter) will require a specific engine thrust set-
ting and thus fuel burn rate (an output parameter) to maintain the selected speed and altitude.
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Conversely, a selected engine thrust setting (an input parameter) will determine the speed
and fuel burn rate (output parameters). The flight trajectory performance calculation model,
developed using the APM, implements a specific performance calculation function for each
elementary flight profile type and set of output parameter(s) of interest.

2.3 Atmospheric data

Atmospheric conditions have an important influence on aircraft flight performance character-
istics and dynamics. The air temperature influences the engine performance and, as a result,
affects the available thrust, the maximum altitude for a selected speed, the minimum and
maximum speeds at a selected altitude, the fuel burn rate, etc. The aircraft speed along the
flight trajectory is defined in terms of the Indicated Air Speed (IAS) or MACH number. The
aircraft’s aerodynamic characteristics are functions of the True Airspeed (TAS), which is the
aircraft’s speed relative to the mass of air. The aircraft’s evolution along the flight trajectory is
a function of the ground speed (GS), which is the aircraft’s speed relative to the ground. The
TAS value, computed as a function of the active speed value and its type (IAS or MACH), is
affected by the air temperature and static pressure values.
For MACH speeds, the TAS is expressed only as a function of the air temperature“®):

T
TAS = M\/yRT = M\/yRT, - = Mao/0 .2
0

where:

e M is the Mach number;

y = 1.4 is the adiabatic index for air;

R =287.05J/kg/K is the universal gas constant for dry air;

T is the air temperature [K];

Ty =288.15K is the standard air temperature at Sea Level Altitude (SLA), considered as
0ft, in International Standard Atmosphere (ISA) conditions;

ao = /Yy RTy = 340.29 m/s is the speed of sound at SLA in ISA conditions; and

o 0= Tlo is the air temperature ratio relative to the ISA SLA air temperature.

For a flight in the IAS speed mode, in the subsonic regime, when air compressibility effects
are neglected, the relationship between the TAS and the IAS is described in ref. (46):

35
TAS = ay 59[(1%“) —1} e

where ¢, is the dynamic pressure computed for the IAS speed at the SLA in ISA conditions:
5735
IAS
dc =Ps0 1+0.2 Ll_ -1 ..@
0

e 3 is the speed of sound at SLA and in ISA conditions;
e 0 is the air temperature ratio relative to the ISA SLA air temperature;

and:
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e ps is the static air pressure at the flight altitude (pressure altitude);
e pso=101,325Pa is the static air pressure at SLA (0 ft) in ISA conditions; and
e IAS is the scheduled speed that is converted to TAS.

An aircraft flight trajectory is composed of segments defined by a set of fixed geographic
points (waypoints (WPTs)) selected between the departure and destination points. In still air,
in the absence of winds, the aircraft’s heading is the segment heading at the aircraft location
and the GS is equal to the TAS. In the presence of winds, for the aircraft’s trajectory to
follow the segment’s track, the aircraft’s heading must change (a process called ‘crabbing’)
so that the GS vector’s direction, resulting as the vectorial summation between the TAS and
wind vector, is oriented along the segment’s heading at that location. The GS value and the
aircraft’s crabbing angle («cgp. ) relative to the segment heading are computed using the wind
triangle algorithm®. Their expressions are:

. . 2
GS = (Wycosagegm + WUsmaSegm) + \/ (TASCOSO{CD)2 — (Wysmozgegm — WUcosaSegm)
. Wy sine, —Wy cose,
CCRp = I;LO(ZVCSU’[ ( 4 SengAS U Segm)
-(5)
where:
GS is the ground speed;

acpp 18 the aircraft’s crabbing angle relative to the segment heading;

TAS is the true airspeed;

W and W are the wind speed components along the geographic north and east axes;
acp 18 the aircraft’s climb/descent angle; and

asegm 18 the flight trajectory segment’s heading, relative to geographic north, at the
aircraft’s location.

Equations (3), (4) and (5) show that the air temperature and the wind affect the 74 and the GS
values. This influence, in turn, affects the flight performance (lift, drag, required thrust, etc.)
and the flight trajectory/dynamics: the flight times along and/or the lengths (ground distances)
of the segments composing the flight profile (climb/descent distances, climb/descent speeds,
rate of climb/descent, etc.). For an accurate estimation of the aircraft’s trajectory and flight
performance parameters, it is therefore necessary to perform the calculations using atmo-
spheric conditions that are as close as possible to the real conditions encountered during flight.

The atmospheric conditions (i.e. air temperature and wind) are constantly changing, and at
each time instance, their values are different, being functions of the geographic location (lat-
itude and longitude) and the altitude of the point where they are measured. The atmospheric
data used in flight performance calculations are generated based on prediction data issued by
meteorological agencies. Due to the chaotic nature of the atmosphere and to the limitations
of the atmosphere models used in the prediction process, atmospheric data predictions issued
by the meteorological agencies may differ from the actual atmospheric conditions occurring
at the prediction location (latitude, longitude and altitude) and time. The magnitudes of the
prediction errors vary as a function of the forecast type (global or regional) and resolution
(forecast grid size), the time of year, the time of day (day or night), region, how far ahead in
time the prediction is made, etc.?74739)

The atmospheric data used in this study are a Global Deterministic Prediction System
(GDPS)®D forecast issued by Environment Canada in GRIB2G>33) data file format. GDPS
is a global level forecast, issued twice a day, at 00h and 12h Coordinated Universal Time
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Forecast issued on 25 February 2019 at 12 UTC T(K)
for 25 February 2019 21 UTC at pressure altitude 300hPA 244

2409
2378
234.7
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2223
2192

216.1

213

Figure 1. Example of air temperature forecast data issued by Environment Canada on 25 February 2019
at 12 UTC for 25 February 2019 at 21 UTC, at 300hPa pressure altitude.

(UTC), that provides atmospheric data forecasts at the nodes of a 4D grid (latitude, longitude,
pressure altitude and time) in the following format:

e On a latitude—longitude map projection, available with two grid resolutions: 0.25° x
0.25°0% and 0.6° x 0.6°%;

e Ata fixed set of 27 isobaric levels (pressure altitudes); and

e The forecasts are made at 3-h intervals, for 240h for the 0.25° x 0.25° grid, and 144h for
the 0.6° x 0.6° grid.

Therefore, each atmospheric parameter of interest (air temperature and wind) can be com-
puted as a function f(lat, lon, static air pressure, t) of the location of the point (latitude,
longitude and pressure altitude) and the time instant for which they are evaluated.

Graphical illustrations of a GDPS atmospheric data forecast (air temperature and winds)
on a 0.6° x 0.6° grid, issued by Environment Canada on 25 February 2019, at 12:00 UTC,
for 25 February 2019, at 21:00 UTC, at a pressure altitude of 300hPa (30,065f.), cropped to
a geographic area delimited by latitude 10°N and 75°N and longitude 130°W and 30°E, are
presented in Figs 1 and 2.

The atmospheric parameters at a point other than a node of the forecast’s 4D grid are
computed by interpolation. The method selected in this study for atmospheric parameter inter-
polation is ‘4D linear interpolation’, as predominantly used in flight trajectory optimisation
algorithms and flight trajectory performance calculations”#85-6) More complex interpola-
tion methods (such as quadratic, bicubic, spline, polynomial, etc.) are potentially more precise
but are slower than 4D linear interpolation. These interpolation methods have often been used
in the literature!!-126263)  on ground-based platforms, in conjunction with regional atmo-
spheric data forecasts and near-horizon flight profile predictions such as the descent phase of
a flight/CDO®Y. Regional atmospheric data predictions, such as RDPS(®> and RUC“®), are
short-time forecasts issued for a reduced geographic area, but updated at a much higher rate
and being more precise.
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Forecast issued on 25 February 2019 at 12 UTC Wind speed
for 25 February 2019 21 UTC at pressure altitude 300hPA [Kr'n)94
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Figure 2. Example of wind forecast data issued by Environment Canada on 25 February 2019 at 12 UTC
for 25 February 2019 at 21 UTC, at 300hPa pressure altitude.

2.4 Flight trajectory/flight plan

Generally, an aircraft flight trajectory can be very complex, limited only by the aircraft’s
performance capabilities (flight envelope limitations), the abilities of the pilot and the
required workload (if a manoeuvre is performed in manual mode), or the FMS/autopilot
capabilities. Additional constraints are imposed by navigation and safety regulations, and
passenger comfort.

In the fields of flight trajectory planning and optimisation, ATM, and FMS, a flight trajec-
tory is defined by a flight plan®®?) that contains all the information regarding the intended
evolution of the aircraft, in a concise and standard format. The flight plan contains all
the information necessary to predict the precise space—time evolution of the aircraft. The
description of the flight trajectory using a standard format is a result of the necessity to:

e Reduce the complexity of flight profiles;

e Easily construct the flight trajectory in ATM and FMS platforms, based on the submit-
ted/selected flight plan;

e Implement the functionalities required for the calculation of the aircraft flight performance
parameters and aircraft flight dynamics, along a selected trajectory, through accelerated
simulation, in order to:

o Compute flight performance parameters (e.g. fuel burn, flight time, etc.);

o Ensure that the flight parameters (e.g. altitude, speed, etc.) remain within the aircraft’s
flight envelope limits;

o Evaluate the aircraft’s position relative to the flight plan, and follow the planned
trajectory (FMS);

o Evaluate possible conflicts with other aircraft within the same airspace region
(ATM); and

o Validate the flight plan relative to imposed navigation constraints, fuel requirements, etc.
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alt flight track

Figure 3. lllustration of orthodromic and loxodromic routes, and a recorded flight track(®®) between Zurich
(ZHR) and Los Angeles (LAX).

As mentioned in Section 2.1, an aircraft flight trajectory can be decomposed into two
components:

e A lateral flight profile, representing the projection of the flight trajectory onto the Earth’s
surface; and

e A vertical flight profile, defined by the evolution of the aircraft’s flight parameters along
the lateral flight profile.

Accordingly, a flight plan has a lateral and a vertical component, corresponding to the two
components of the flight trajectory.

2.4.1 Lateral flight plan description and resulting lateral flight profile
The lateral flight plan defines the segments composing the lateral flight profile:

e The sequence of waypoints (WPTs) that define the lateral flight profile segments overflown
by the aircraft (geographic locations defined by pairs of latitude and longitude coordinates);
and

e The lateral flight profile segment type(s): loxodromic or orthodromic®® (Fig. 3).

A loxodromic segment (represented by the red line in Fig. 3) has the property that, at every
point on the segment, the departure heading required to advance along the segment is constant.
However, a loxodromic segment is not the shortest route between two points on a sphere or
ellipsoid.

An orthodromic segment (represented by the yellow line in Fig. 3) is the shortest route
between two points on a sphere/ellipsoid (the geodesic or great circle that connects two geo-
graphic points). On an orthodromic route, the segment heading is not constant; it varies from
the departure WPT (beginning of the segment) to the arrival WPT (end of the segment).

Although the orthodromic route between two geographic locations is the shortest flight dis-
tance between two points, aircraft do not necessarily follow accurate orthodromic routes due
to air traffic constraints, atmospheric conditions (to avoid strong head winds and/or turbu-
lence), navigation constraints, etc. The blue line in Fig. 3 illustrates the lateral flight profile of
a real flight, flight SWR40 between Zurich (ZHR) and Los Angeles (LAX), on 25 February
2019, retrieved from the FlightAware web site(®”.
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Two consecutive WPTs from the lateral flight plan define a flight profile segment and,
together with the segment type information, determine the segment’s SLA length, and
the departure and arrival headings (the angle relative to geographic north) at each point along
the segment. Conversely, given the initial WPT of a segment and the segment type, the depar-
ture heading from the initial WPT and the SLA for a point of interest, it is possible to compute
the geographic coordinates of the point of interest and the arrival heading at this point.

For a loxodromic segment, the calculations of various parameters (SLA length, the segment
heading, the coordinates of a point situated at a given SLA distance, etc.) are performed using
the rthumb line equations’” for the Earth model (spherical or ellipsoid). For orthodromic
segments, the calculations are performed differently as they are functions of the Earth model
used: spherical trigonometry for a spherical earth model, and Vincenty’s formulas’" for an
ellipsoid Earth model.

The segment’s length at the aircraft’s flight altitude is obtained by multiplying the SLA
distance by a correction factor calculated as:

Rearth + hgeom x FT_TO_NM
Rearth

.. (6)

Cf_dist =

where:

¢r_dist 1s the segment length correction factor with altitude;

R,y = 3440.1n.m. is the Earth’s radius;

hgeom 18 the aircraft geometric altitude relative to sea level, in ft; and
FT_TO_NM =16.457884 x 107> n.m./ft is the ft to n.m. conversion factor.

As an example, for a geometric altitude of 36,0001ft, ¢ gi; = 1.0017222.

2.4.2 Vertical flight plan description and resulting vertical flight profile

A vertical flight plan defines, in a succinct form, the aircraft’s altitude—speed evolution along
the lateral flight profile, and specifies the locations (WPTs) along the lateral flight plan seg-
ments where changes occur in the planned vertical flight profile parameters (e.g. altitudes and
speeds), as well as their new values. In this paper, it is assumed that the vertical flight plan
defines the locations along the lateral flight plan where the changes are initiated (e.g. at the
beginning of an acceleration/deceleration to a new speed, at the beginning of a climb/descent
to a new flight altitude, etc.). A vertical flight plan (profile) can be decomposed into seven
main phases: take-off, initial climb, climb, cruise, descent, approach and landing. Each flight
phase can include one segment or a succession of vertical flight plan segments.

The vertical flight profile, generated by the vertical flight plan, is obtained by applying
accelerated flight performance calculations (see Section 2.5). Each flight plan segment is
decomposed in a succession of ‘standard’ type segments, i.e. segments in which the con-
trol parameters and the mathematical models describing the aircraft’s evolution (the dynamic
and the status parameters) do not change (e.g. a constant-altitude constant-speed segment, a
constant-altitude acceleration segment, a climb segment at constant speed and constant climb
angle, a climb segment at constant speed and rate of climb, etc.).

The set of parameters that define a vertical flight plan segment are specific to the flight
segment type. The values of a vertical flight plan segment parameter can be specified:
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Figure 4. Example of altitude—speed profile for the climb phase of a flight.

e Explicitly, provided as input;
e Implicitly, when the parameter value:
o Is ‘inherited’ and does not change relative to the value it had at the end of the previous
vertical flight plan segment; or
o Results from the flight performance parameter calculation (e.g. the geographic loca-
tion where a constant-altitude acceleration/deceleration segment ends, the geographic
location where a climb segment ends, the altitude and geographic location where an
accelerated climb segment ends, etc.).

The climb and descent sections are flown at ‘scheduled speed’, defined as an [IAS, MACH]
speed pair. The speed mode switch (between IAS and MACH) takes place at the crossover alti-
tude, defined as the altitude where the TAS computed from the IAS, described by Equation (3),
is equal to the TAS computed from the MACH speed, given by Equation (2). The IAS speed
is in effect below the crossover altitude, and the MACH speed is above the crossover altitude.
The reason for the speed mode change at the crossover altitude is that a climb at constant
IAS speed beyond the crossover altitude would result in a MACH speed beyond the maxi-
mum MACH operating speed limit (MMO); similarly, a descent at constant MACH below the
crossover altitude would result in an IAS speed beyond the maximum operating speed limit
(VMO). An example of a climb speed profile is presented in Fig. 4, where the flight plan starts
when the aircraft is at an altitude of 10,0001t and speed of 250Kn IAS, and defines a climb seg-
ment at [300Kn IAS, 0.80 MACH] to the cruise altitude (33,000ft). Following the accelerated
flight performance calculations, the resulting flight profile is composed of three segments:

e An acceleration in climb, from 250Kn to the scheduled speed climb IAS (300Kn), which
starts at 10,000ft and ends at an altitude that is a function of the aircraft performance
parameters, such as weight, etc.;

e Climb at constant IAS (300Kn) to the crossover altitude (30,594ft); and

e Climb at constant scheduled speed MACH (0.8) to the cruise altitude (33,000ft).

It should be noted that the positions along the lateral flight plan segments (lateral flight pro-
file) where the accelerated climb segment and the constant-speed climb segments end are
determined during the accelerated flight performance calculations. These positions are not
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Figure 5. Example of altitude profile for flight SWR40, Zurich to Los Angeles, on 25 February 2019. Data
for altitudes above 10,000ft, as retrieved from FlightAware(®9).
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Figure 6. lllustration of the TOC, EOC and TOD positions along the altitude flight profile.

only dependent on the flight plan speeds but also dependent on the aircraft flight performance
characteristics, weight and atmospheric conditions.

The structure of a descent altitude—speed profile is similar to that of a climb altitude—speed
profile, except that the evolution along the profile is reversed.

The cruise phase is composed of a succession of constant-altitude and climb (step climb)
segments flown at MACH speed (constant-speed, acceleration or deceleration segments).
Generally, descent segments (step descents) are not employed, as the aircraft performance is
better at higher altitudes, and repeated sequences of step climbs and step descents result in an
increased number of pressure change cycles on the airframe, thereby increasing maintenance
costs.

Figure 5 shows an example of an altitude profile for the climb, cruise and descent phases of
areal flight (flight Swiss SWR40, from Zurich to Los Angeles, flown on 25 February 2019), as
retrieved from FlightAware®®. The altitude profile data presented in Fig. 5 have been selected
to show the trajectory for altitudes above 10,000ft.

The transition between the climb and cruise sections of the flight trajectory occurs at the
Top of Climb (TOC), the point where the aircraft reaches the cruise altitude. The transition
between the cruise and descent sections of the flight trajectory occurs at a point denoted as
the Top of Descent (TOD), where the aircraft initiates the descent. Another important point
along the vertical flight profile is the End of Cruise (EOC), situated in the cruise section of
the vertical flight profile, at a pre-set sea level distance from the final point of the descent. The
EOC is the point along the flight trajectory beyond which the accelerated flight performance
calculation function performs the calculations in ‘descent’ mode, which is a methodology
specific to the descent phase of the flight. A more detailed presentation regarding the positions
of the TOC, EOC and TOD along the lateral flight profile is provided in the next sub-section
(2.5). Figure 6 illustrates the TOC, EOC and EOD positions along the altitude flight profile.
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2.5 Accelerated flight performance calculation

The aircraft model developed based on the APM provides a set of functions that compute
the flight performance parameters and the aircraft dynamics for each ‘standard’ flight profile
segment type that can be used to construct a flight trajectory, as well as to evaluate the flight
parameters relative to the aircraft’s flight envelope.

The evolution of the aircraft along the selected flight trajectory, the flight performance and
the aircraft status parameters are computed iteratively, segment by segment, starting from the
initial point, by accelerated simulation:

e The flight trajectory is constructed as a succession of ‘standard’ segments;

e Each segment of the flight trajectory is decomposed into sub-segments (integration steps);

e The parameter along which a segment is decomposed into sub-segments (time, distance,
altitude) depends upon the segment’s type;

e The integration step size (sub-segment decomposition step size) is chosen as a result
of a tradeoff between the estimated result precision and computation time. Larger step
sizes would result in a smaller number of sub-segments and, therefore, faster calculations.
However, this would also reduce the accuracy of the results;

e For each sub-segment, the specific parameters are calculated in a point on the sub-segment
(situated along the decomposing parameter dimension) using the appropriate evaluation
function, aircraft configuration, atmospheric conditions, etc.;

e The performance parameters for the sub-segment are obtained by integration: the parame-
ters returned by the function are multiplied by a factor computed based on the integration
step size; and

e The aircraft’s state and configuration parameters, and its position along the lateral flight
profile, are updated. The new values become the input data for the trajectory performance
calculation on the next sub-segment.

At each step, the aircraft performance parameters, its state, position and dynamics are vali-
dated relative to the flight envelope limitations (such as altitude and speed), quantity of fuel
on board, flight trajectory, navigation constraints, etc.

The methodology used for constructing the flight trajectory profile and computing the
performance parameters is presented in ref. (72). The flight trajectory construction and the
flight performance parameter calculation start from the initial point of the flight plan (initial
geographic location and altitude), with the initial aircraft status parameter values (zero fuel
weight, fuel quantity, centre-of-gravity position, speed, climb angle, bank angle, etc.), and
the time instance when the aircraft crosses the initial point of the flight plan. The climb phase
is computed first, followed by the cruise phase. The TOC location, namely the point where
the aircraft reaches the cruise altitude, is determined by the climb profile calculation module.
The cruise phase calculations stop at a pre-set sea level distance from the final point of the
flight plan (EOC), heuristically selected so that it is further away from the destination than
the beginning of the descent flight profile (TOD). The aircraft weight and crossing time at
the final point of the flight profile (flight plan) are then estimated using a heuristic, and the
estimated values are used to construct the descent flight profile. The descent flight profile
is constructed in reverse order (backwards integration), from the final point of the descent
flight plan to the TOD, at the cruise altitude and speed. At this stage, the geographic location
of the TOD and the aircraft crossing time at the TOD are known. Finally, the performance
parameters are computed for the last segment of the cruise flight profile, delimited by the
EOC and TOD. Validation of the estimated aircraft weight and crossing time at the end of
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Figure 7. Accelerated flight profile calculation process flowchart.

the flight profile is performed by comparing their values obtained at the TOD, viz. the values
obtained from the descent profile calculations with the values obtained from the cruise profile
calculations. If the aircraft weight and/or the crossing time difference are larger than selected
threshold values, considered acceptable, then the estimated values at the end of the descent
are corrected (based on the difference obtained for the parameter value) and the process
is started again for a new decent profile computation, EOC to TOD profile calculation and
comparison between the obtained values. This process stops when both the time difference
and the aircraft weight difference are smaller than the selected threshold values. Figure 7
shows a flowchart of the accelerated flight profile calculation process.

Navigation constraints (such as altitude, speed, RTA, etc.), assigned at different points along
the flight path, are validated by comparison with their corresponding values resulting from the
flight performance calculations.
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2.6 Optimisation method

The optimisation method presented in this paper is intended for flight trajectory optimisation
(Section 2.4) where modifications are made to both the lateral and vertical flight profiles. For
a specific optimisation problem, defined by:

e Aircraft model (flight performance data), load (weight) and onboard fuel quantity;

e Geographic locations of the initial and final points of the flight trajectory;

e Aircraft flight altitude and speed at the beginning and at the end of the flight profile under
optimisation;

e Navigation policies such as: Climb at Maximum Climb (MCMB) TLA, IDLE descent,
climb/descent mode (e.g. vertical speed, climb/descent angle, rate of climb/descent), etc.;

e Selected values for the range of cruise altitudes, and the maximum deviation from the
orthodromic route between the beginning and the end of the flight trajectory under
optimisation; and

e Optimisation criterion: minimisation of fuel burn, flight time or total cost.

The algorithm implementing the proposed optimisation method identifies the ‘optimal’ flight
plan, viz. the combination of lateral (Section 2.4.1) and vertical (Section 2.4.2) flight plans
that minimises the selected cost function.

The optimisation problem presented in this paper considers a discrete/combinatorial opti-
misation with a very large number of candidate solutions, determined by the characteristics
of the family of candidate flight plan solutions (Sections 2.6.1 and 2.6.2). Some of the param-
eters that are used in the calculations (e.g. the atmospheric conditions, aircraft performance
model) are defined by piecewise functions. The evolution of the aircraft is described by
piecewise functions due to the decomposition into sub-segments in which the mathematical
model that describes the evolution of the aircraft and flight parameters do not change (see
Section 2.5, which describes the methodology used to compute the flight performance for
a flight plan). Moreover, the total cost is expressed by a complex non-linear function due to
the relationship between the parameters that determine the total cost (fuel burn, flight time)
and the input parameters: aircraft weight, flight plan parameters (altitude and speed flight
profile) and atmospheric conditions. The total cost of a flight segment depends not only on
its selected parameters but also on the parameters of previous flight profile segments. The
aircraft weight, altitude and crossing time at the beginning of a segment result from the fuel
burn and flight time on previous segments (and thereby their flight profile characteristics).
This fact affects the aircraft’s performance characteristics and the atmospheric conditions
encountered on the segment, which affect the fuel burn and flight time and, as a consequence,
the segment’s total cost. This optimisation problem might have multiple local minima and
many (‘near’-)optimal solutions. For these reasons, the optimisation method described in this
paper is based on genetic algorithms.

Due to the random nature of genetic algorithms, the optimality of the solution is not guar-
anteed; it is expected that the solution will be a ‘near-optimal’ flight plan. Multiple runs of
the optimisation algorithm, for an identical optimisation problem, yield different ‘optimal’
solutions.

The proposed optimisation method starts by defining the families (‘templates’) of lateral
and vertical flight plans from which the candidate flight plans (the combination of lateral and
vertical flight plans) can be selected and evaluated during the optimisation process. Then, a
genetic algorithm iteratively selects random new candidate flight plans, from the candidate set
or by applying genetic operators (‘crossover’ and ‘mutation’) on pairs of selected candidates,
and computes the flight performance parameters (through accelerated simulation), and the
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cost. The genetic operators are applied in such a way that the resulting flight plans after
applying the genetic operators are themselves members of the candidates’ set.

The first sub-section presents the methodology used for constructing the set of candidate
lateral flight plans, and the configuration parameters that determine their characteristics. The
next sub-section describes the methodology employed for constructing the family of vertical
flight plans, and the configuration parameters that determine their characteristics. The last
sub-section presents the implementation of the genetic algorithm used in the optimisation.

2.6.1 Lateral flight profile routing grid and candidate lateral flight plan
construction

This sub-section presents the methodology used for constructing the set of lateral flight plans
that can be selected as components of the flight plans evaluated in the optimisation. The def-
inition of the set of lateral flight plans starts from the assumption that the lateral flight plan
is composed by a succession of segments, each of which is delimited by two geographic
locations (WPTs) and is one of two possible types: orthodromic or loxodromic. Another
assumption made in this study is that the WPTs delimiting the lateral flight plan segments
and, therefore, the aircraft’s lateral flight trajectory are restricted to a selected geographic
area. It is also assumed that the set of WPTs that delimit the segments of a lateral flight plan
are selected from a ‘grid’ (routing grid), in which each segment is delimited by two adjacent
WPTs from the grid.
The set of lateral flight plans is, therefore, defined by:

e The geographic area within which the flight plan WPTs can be selected,;

e The methodology used to construct the routing grid, which defines the set of WPTs that
delimit the flight plan segments;

e The type of the segments (orthodromic or loxodromic) composing the lateral flight plan;
and

e The methodology used for selecting, from the routing grid, the set of WPTs that define the
succession of segments of the lateral flight profile.

In this study, the lateral flight profile is composed of orthodromic segments. Each segment is
characterised by:

e An SLA length;

e The headings required to advance along the segment: at the initial WPT of the segment
(departure heading) and at points along the segment; and

e The heading when arriving at the final WPT of the segment.

The segment’s length, the departure and arrival headings and the segment headings at points
along the segment are computed using the Vincenty’s formulae’" and the WGS84 ellipsoid
Earth model 7.

In this study, the routing grid, and thus the geographic area to which the set of flight plans
are restricted, is defined based on the orthodromic route (ORT) between the initial and final
WPTs of the trajectory under optimisation. The routing grid is constructed as an ‘orthogonal’
grid. First, a number of equidistant WPTs are generated along the ORT. Then, from each such
WPT along the ORT, an orthodrome perpendicular to the ORT is constructed, and new rout-
ing grid WPTs are generated along this orthodrome. The new WPTs are equidistant, placed
symmetrically, on both sides of the ORT, up to a maximum deviation relative to the ORT. An
illustration of the routing grid construction is presented in Fig. 8.
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The first step in constructing the routing grid is to select the configuration parameters for
the grid:

Figure 8. Example of routing grid construction.

e The maximum distance between the WPTs generated along the ORT;
e The maximum deviation from the ORT; and
e The distance between WPTs on the normal to the ORT.

It is assumed that the aircraft always moves to a new WPT situated at a (routing grid) step
along the ORT track, and at a maximum number of grid steps across. The lengths of the
segments along and across the orthodromic track, and the number of waypoint steps ‘across’
the ORT, are chosen such that each segment, constructed as presented above using waypoints
selected from the grid, represents an integration step (has a maximum length that is below the
maximum length of a computation step) for the flight performance estimation function.

These parameters can also be used to refine the optimisation process, as smaller distances
produce a finer grid, which can yield profiles that are ‘better’ adapted to the atmospheric
conditions, although this would result in a large increase in the number of ‘candidate’ profiles
to explore.

Given that, at each step, the aircraft moves to a new WPT situated at one grid step along
the ORT and at a selected maximum number of steps across the ORT, the routing grid starts at
the initial WPT, with no WPTs across the ORT. Then, at each step along the ORT, the number
of WPTs across the ORT increases by the selected maximum number of steps across, up to
the maximum number of deviations resulting from the selected maximum deviation from the
ORT and the lateral deviation step size. Similarly, at the other end, the number of WPTs across
the ORT decreases, at each step along the ORT, by the maximum number of lateral deviation
steps, until it reaches the final point of the grid (the final WPT of the flight) with no WPTs
across the ORT. Figure 9 presents an illustration of a routing grid.

The lateral flight plans, generated as candidates in the optimisation, are random routes that
traverse the routing grid, where the succession of WPTs must follow the rules set out above.
One method for generating the lateral flight plan is to select the set of WPTs successively, one
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Figure 10. Example of random lateral flight plan generation using the ‘point by point’ and ‘segment by
segment’ methods.

step along the orthodromic route at a time (with each new WPT being situated one step further
along the orthodromic route). The domain of valid steps along the normal to the orthodromic
route (the range of lateral steps that would end in a grid WPT) is determined, at each step, and
the new WPT deviation is selected randomly, from the set of valid deviations. Tests showed
that such a method yields zigzag lateral flight plans (e.g. the red flight track in Fig. 10), which
result in flight trajectories that are not in accordance with normal operations/navigation.

This paper proposes a method to generate better candidate lateral flight plans by generating
longer segments (longer steps along the orthodromic route), along which the lateral step value
is maintained. For each new segment, the range of valid lateral step values (which can yield
a grid WPT for at least one step along the orthodromic route) is determined, and the segment
lateral step value is selected randomly from the range of valid values. The maximum number
of valid steps along the orthodromic grid route is then calculated for the selected lateral step
value: the maximum number of steps needed to reach the limit of the routing grid. The seg-
ment’s length (the number of steps along the grid’s orthodromic route) is selected randomly,
within the set of valid values. Finally, the set of grid WPTs corresponding to the new segment,
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generated by advancing one orthodromic step at a time, and the selected lateral step size for
the selected number of orthodromic steps are added to the generated lateral flight plan.

2.6.2 Vertical flight plan candidate construction

A vertical flight plan has three main sections, corresponding to the three main phases of a
flight: climb, cruise and descent. Each phase (section) of the vertical flight plan is composed
of a succession of flight plan segments, for which the number of segments, the order in which
they appear and their type are functions of the desired/selected aircraft evolution.

The set of vertical flight plan segment types considered in this paper, and their specific
parameters, are:

e Climb at constant-speed schedule ([IAS, MACH]): initial altitude, final altitude, speed
schedule, climb angle (as resulting from the equilibrium of forces and moments) and
engine thrust set to Maximum Climb (MCMB). The initial point of the flight plan segment
is the initial point of the flight trajectory;

e Descent at constant-speed schedule ([IAS, MACH)): initial altitude, final altitude, speed
schedule, descent angle (as resulting from the equilibrium of forces and moments), and
engine thrust set to IDLE. The final point of the flight plan segment is the final point of the
flight trajectory; and

e Cruise at constant speed: altitude, speed, initial position along the lateral flight plan, and
the final position along the lateral flight plan or sea level segment length.

The flight profile (obtained following the accelerated simulation calculations) corresponding
to a selected flight plan will contain additional flight segments, which implement the transition
phases between the flight segments defined in the flight plan:

e Acceleration in climb/deceleration in descent phases: speed type, initial speed, final
speed, initial altitude (initial altitude for climb/final altitude for descent), constant rate of
climb/descent and engine thrust setting (MCMB for climb, IDLE for descent);

e Acceleration/deceleration in cruise phase: altitude, initial speed, final speed, accelera-
tion/deceleration as resulting from the difference between thrust and drag, where the
engine thrust is set to Maximum Cruise (MCRZ) thrust for acceleration and to IDLE for
deceleration; and

e Climb in cruise at constant speed: initial altitude, speed, final altitude, constant climb angle
(as resulting from the equilibrium of forces and moments) and engine thrust set to MCMB.

The initial and final altitudes and speeds, at the beginning and at the end of the flight profile,
are those defined by the optimisation problem. The range of altitudes explored for the cruise
phase are values multiple of 1,0001t, selected between a minimum altitude (an input parameter
for the optimisation problem) and the maximum operational altitude for the aircraft model.
Similarly, the maximum IAS speed (for the climb and descent phases) and the maximum
MACH speeds (for the climb, cruise and descent phases) are VMO — 10 and MMO — 0.01,
respectively. The minimum MACH speed value for the range of explored MACH speeds (for
the climb, cruise and descent) is an input parameter for the specific optimisation problem.
The aircraft weight at locations along the flight trajectory (as well as other parameters
that influence the flight envelope limitations) can only be determined during the accelerated
flight trajectory performance evaluation. Therefore, the domain of valid flight plan segment
parameters, from which valid segments can be selected, can only be determined during the
accelerated flight trajectory performance evaluation. As a result, a valid flight plan can only
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be guaranteed if the parameters for each segment are selected based on the data obtained
following a flight profile performance calculation from the initial point of the trajectory to the
point where the segment parameters are generated.

For the optimisation method presented in this paper, based on genetic algorithms, even if
a flight plan is invalid due to one or more invalid flight plan segments, it can still contribute
‘genetic material’ to the optimisation process as a result of crossover and mutation genetic
operations. In the optimisation process, the vertical flight plans (as well as the lateral flight
plans) are generated randomly, based on minimum and maximum values for the altitude and
speed parameters, provided as inputs.

The initial cruise altitude, i.e. the cruise altitude for the section immediately following
the climb phase, is selected randomly from a range of valid initial altitudes, determined as
follows:

e The weight of the aircraft at the end of the climb flight profile (at the TOC), for each of the
evaluated initial cruise altitudes, is estimated using a heuristic, based on the initial aircraft
weight;

e Then, for each evaluated initial cruise altitude and the corresponding aircraft weight for
that altitude, the minimum and maximum valid cruise speeds’? are determined using the
aircraft performance model; and

e The set of valid initial cruise altitudes are the initial cruise altitudes for which there are
valid cruise MACH speeds (altitude—speed pairs that lie within the aircraft’s flight envelope
given the aircraft’s weight).

The vertical flight plan is constructed successively, starting with the climb section. First, the
initial cruise altitude is selected at random, from the set of valid initial cruise altitudes. Next,
the climb speed schedule values are selected at random, between initial speed and VMO —
10, for the IAS, and within the range of valid MACH speeds determined for the initial cruise
altitude. These criteria ensure that the initial cruise segment is valid. Given that the position
of the TOC along the lateral flight profile is a function of the selected climb profile, and to
simplify the crossover and mutation operations, the climb section of the vertical flight plan is
considered to end at a pre-set sea level distance from the initial WPT of the flight trajectory.
Therefore, the climb flight plan ends with a cruise segment at constant altitude and speed.

The cruise section of the vertical flight plan is defined by a succession of segments with
constant altitude and speed. In this study, the set of cruise vertical flight plan segments were
constructed such that they have an identical number of lateral flight plan segments (routing
grid segments). The initial and final positions along the lateral flight plan are fixed, to simplify
the crossover and mutation operations. The initial point for the first segment of the cruise
vertical flight plan section, along the lateral flight plan, is the same as the final point for the
last climb vertical flight plan section. The final point for the last segment of the cruise vertical
flight plan section is situated at or before the EOC, i.e. the point selected as the limit between
the cruise and the descent phases of the flight (see Sections 2.4.2 and 2.5).

The structure of the descent section of the vertical flight plan is similar to that of the climb
phase, the difference being the order/succession of the vertical flight plan segments. The
descent vertical flight plan section starts with the final descent segment (a descent at a con-
stant [IAS, MACH] speed schedule from the cruise altitude), followed by cruise segment(s)
with constant speed and altitude.

The flight profile for the selected flight plan (lateral and vertical flight plan components),
atmospheric conditions and aircraft configuration is obtained following the accelerated flight
performance calculations. Figure 4 shows an example of a climb altitude—speed flight profile,
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while Figs 5 and 6 show examples of an altitude profile, and the positions of the TOC, EOC
and TOD, respectively.

2.6.3 Genetic algorithm

Genetic algorithms> are population-based metaheuristic algorithms, inspired from the evo-
lution theory presented by Darwin, which can be used for solving complex search problems
for which the solution space is too large for an exhaustive exploration, in a timely man-
ner, and/or are complex and nonlinear for other search techniques. In a genetic algorithm, the
population, composed of a set of individuals (candidate solutions), evolves for a selected max-
imum number of generations or until a selected termination criterion is satisfied (the global
optimum or an acceptable solution is found). Each generation has the same number of individ-
uals, and all the individuals that are generated and evaluated in a genetic algorithm conform
to a genetic structure template (‘genotype’): they all have the same number of chromosomes,
and each chromosome, situated at a given position in the genetic structure, has the same
meaning (represents the same characteristic/parameter for the problem under optimisation).
For the initial population, the individuals are generated randomly or according to selected
‘values’ that are deemed to conduct to optimal solutions. At each generation step, the fitness
of each of the members of the population is evaluated. Then, the next generation (population)
is selected/created through one or a combination of the following genetic operations:

e ‘Elitism’, where the best individuals are copied to the next generation; and
e ‘Crossover’ and ‘mutation’ based on individual(s) selected from the current population.

To increase the population diversity, a number of individuals of a new generation may be
generated randomly.

The selection of individuals to be subjected to the crossover and/or mutation operations
can be made randomly or as a function of their fitness relative to the set of individuals in the
current population. Some of the possible fitness-based selection methods are:

e ‘Tournament’, where two individuals from the population are chosen at random, their
fitness values are compared and the best individual is retained,;

e ‘Roulette wheel’ (proportional) selection, in which the selection is performed by generat-
ing a random number between 0 and 1 and retrieving the individual that falls within the
corresponding area of the roulette disk; and

e “Stochastic acceptance’’®).

The crossover operation consists of exchanging ‘genetic’ data (‘chromosomes’) between two
individuals (‘parents’) selected from the candidate solution population. Firstly, the position
along the genome where the crossover will be performed is randomly selected. The new
individual (‘child’), a member of the new generation population, is then constructed by con-
catenating the initial chromosome sequence (up to the crossover position) from one parent
and the final sequence from the other parent.

A mutation changes the value of one chromosome, selected at random, to a new value
among the range of values for the selected chromosome. This genetic operation can be
applied independently, to a randomly selected individual from a population, or additionally to
a crossover, to increase the diversity of the individuals from the new generation.

2.6.3.1 Candidate flight plan selection for mutation and crossover operations

The flight plan(s) on which the crossover or mutation operations are to be performed are
retrieved using ‘roulette wheel” selection. The roulette wheel is created based on the list of
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total cost values for the population. For each element of the roulette wheel list (normalised
values with a total sum equal to one), the corresponding roulette wheel value is calculated as
the quotient between:

e The cost values for the population element; and
e The sum for the entire population.

A random number between zero and one is used as a ‘pointer’ to the list member (the
population member) that will be selected for the genetic operation.

2.6.3.2 Lateral flight plan crossover and mutation

As presented in Section 2.6.1, the lateral flight plan is defined by a succession of segments
delimited by the WPTs of the routing grid. For each lateral flight plan segment, the final WPT
is situated one step further along the grid’s orthodromic route direction, and up to a maxi-
mum number of steps across the orthodromic route, relative to the initial point. Therefore, to
obtain a lateral flight plan that maintains this characteristic, the crossover between two lateral
flight plans (as well as a mutation of a flight plan) can be only performed at the points of
the lateral flight plan segment that are routing grid nodes. The flight plan WPT where the
crossover or mutation is performed is identified by its grid position along the orthodromic
route direction (Ny). Firstly, the crossover or mutation WPT is selected randomly from the
WPTs that define the flight plan, except for the initial and final WPTs (which would not yield
any profile changes). Each lateral flight plan P; can thus be divided into two sections: from
the initial point to the crossover location (P;;), and from the crossover location to the end of
the lateral flight plan (Pjy).

The child lateral flight plan (Cpgpr) resulting from the crossover operation of two parent
lateral flight plans (P; and P,) will have its initial section (up to the crossover position) iden-
tical to that of the first parent (P;;). The final section (from the crossover position to the end)
will be constructed based on the locations of the flight plan WPT offsets on the routing grid
at the crossover position Ny, and on the structure of the final section from the other parent
lateral flight plan (Pyy).

The two parent lateral flight profiles can have different grid offsets at the points following
the crossover position, relative to the orthodromic grid route, where the difference can be
greater than the maximum step across the orthodromic grid route direction. Therefore, the
final section of a child flight plan cannot be obtained by simply copying the final section from
the other parent (P, from P,). A transition section, which starts at the crossover position, the
final WPT of the initial section (P;;), and ‘intercepts’ the new section (P,,) at a further WPT,
must be constructed along the orthodromic route direction, one step at a time. At each step
S; along the orthodromic grid route direction, the offset of the next lateral flight plan WPT,
situated at step S;; i, is selected based on:

e The offset (along the direction normal to the orthodromic grid route) at the current location
(Sj); and
o The offset of the target flight plan section (P»,) WPT situated at step Sj;.

This selection ensures the fastest convergence to the target flight plan section after the
crossover (P;). An example of a child lateral flight plan resulting after a crossover between
two parent flight plans is presented in Fig. 11.

A lateral flight plan mutation consists in modifying the offset (relative to the routing grid’s
orthodromic route) of a lateral flight plan segment limit WPT (other than the first or last WPT
of the flight plan), randomly selected. The offset change is selected at random from a range
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Figure 12. Example of lateral flight plan mutation.

of offsets that can be reached from the preceding WPT, with a step size within the imposed
maximum range (Section 2.6.1). For the lateral flight plan section following the mutation
location, the WPT’s offsets are shifted by a value equal to the difference between the mutated
and initial offset at the mutation position, and bounded to the routing grid. An example of
lateral flight plan mutation is presented in Fig. 12.

2.6.3.3 Vertical flight plan crossover and mutation

The vertical flight plan crossover operation is performed only on the cruise section of the flight
plan, at the locations where step altitude and speed changes are allowed (see Section 2.6.2),
so that the resulting child vertical profiles conform to the vertical flight plan template selected
for the family of candidate flight plans. Similarly to the flight plan crossover operation, the
vertical flight plan operation starts by selecting, at random, the location where the crossover
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Figure 13. Example of altitude vertical flight plan crossover, where no altitude correction is necessary.
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Figure 14. Example of altitude vertical flight plan crossover, where an altitude correction is necessary to
avoid a step descent.

will be performed. Next, the child vertical flight plans are constructed by copying the initial
section from one parent and the final section from the other parent (Fig. 13).

Given that step descents are not allowed, the segment altitudes for the final sections of the
child flight plans are adjusted, if needed, to values equal to or higher than the altitudes at the
final point of the initial section (crossover position), as shown in Fig. 14.

For the mutation operation, firstly the section where the mutation is performed (climb,
cruise or descent) is selected at random, and then the parameter to be changed:

e The IAS, the MACH or the target climb altitude (the initial cruise altitude) for the climb
phase;

e The cruise segment and the altitude or speed for the selected segment — for the cruise
phase; or

e The IAS or the MACH for the descent phase.

As mentioned for the crossover operation, if the mutation performs an altitude change for a
cruise segment, the new selected altitude must be equal to or higher than the altitude on the
previous cruise segment, or than the initial cruise altitude (if the selected segment is the first
cruise segment).
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2.7 Reference flight profile data (FlightAware)

For each specific flight planning/optimisation problem, the lateral and vertical flight plans
are built based on the actual data for the flight: initial and final geographic locations for the
flight trajectory limits (departure and destination airports or flight trajectory section limits),
navigation constraints, aircraft data (performance data, weight, fuel load) and atmospheric
conditions.

In this paper, the set of candidate lateral and vertical flight plans, and the reference flight
plan used for evaluating the performance of the optimisation method, were constructed based
on the flight track data of a real flight, retrieved from the FlightAware (www.flightaware.com)
website. This was done to generate a realistic optimisation problem and to compare the opti-
mal profile performance, identified by the proposed method, with the performance of a flight
plan as close as possible to an ‘as-flown’ flight profile.

FlightAware is a company that retrieves real-time aircraft flight data from various sources
(ACARS, transponders, ADS-B, radar, etc.) and provides, to various users, a platform to
access this information, at different levels of detail as a function of the subscription type.
Information about the area covered by the real-time data providers, the types of data and the
specific regions covered for each of the specific data types can be found in ref. (77). For
aircraft without ADS-B transmitters, the position of the aircraft is determined, under certain
circumstances, by multilateration based on transponder data reception’®. For areas not cov-
ered by the data feeders, the real-time aircraft positions are estimated based on the flight plans
submitted to the FAA.

The flight track data used in this study were retrieved from FlightAware using guest account
privileges. The available flight track information is therefore a list of aircraft data points
describing:

e The flown flight track:
o A set of geographic location overflown by the aircraft;
o Aircraft flight parameters in the set of overflown geographic locations:
. The date and time of crossing;
. Aircraft altitude;
. Aircraft heading;
. Ground speed; and
. Rate of climb/descent.
e The submitted lateral flight plan data (flight route plan) is a list that enumerates:
o The name of the navigation point that defines a limit of a flight segment;
o The geographic location of the navigation point;
o The aircraft departure heading from that location (on the new segment);
o The distance to the next navigation point (the segment length);
o The distance remaining to the destination; and
o The distance flown from the initial point.
The flight track data retrieved from FlightAware via a guest account has important limitations
that make it impossible to perform an accelerated simulation along the flight trajectory and
compute the performance parameters for the flight (such as fuel burn). The flight track data
lack essential information, such as: aircraft configuration (weight and fuel load), atmospheric
conditions encountered by the aircraft, unknown moments and locations where the flight pro-
file changes are initiated or end (the data points can be considered ‘random’ data points), etc.
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An analysis of the flight track data showed that, for the flight track domains located in
geographic areas not covered by the FlightAware data sources, the track data provide estima-
tions of the geographic locations, crossing times and aircraft heading. However, the altitude,
ground speed and rate of climb are set to zero.

It was observed that, occasionally, for data points along the flight track, the sequence of
crossing times and/or geographic locations are not in the natural order for flight track data
(probably due to particular cases of position estimation using multilocation):

e A crossing time that is earlier than the crossing time at the previous location; and

e A sequence of flight track geographic locations that generates a succession of lateral flight
track segments with excessive heading changes, which are not consistent with normal flight
for passenger aircraft.

Given the facts presented above, the raw flight track data cannot be used as a reference flight
profile. The reference flight profile must be created based on the filtered (corrected) flight
track data, according to case-specific assumptions and criteria.

3.0 RESULTS

This section presents the results obtained using an implementation of the proposed method
in MATLAB R2018a, on a PC-based platform with a 2.3-GHz AMD Phenom 9600B proces-
sor, 4GB RAM, and Windows 7 Enterprise operating system. The aircraft flight performance
parameters used in the calculations were computed using an in-house toolbox, developed in
MATLAB, that uses the BADA 4.0 APM published by Eurocontrol. The evaluation of the
proposed method was conducted using a Boeing 777-300ER aircraft performance model, for
which the BADA APM was available at LARCASE. The results presented in this paper were
obtained for an initial aircraft mass (at the beginning of the flight trajectory under optimisa-
tion) corresponding to a payload equal to 50% of the maximum payload, and a fuel quantity
equal to 80% of the maximum fuel load for the aircraft model.

The optimisation scenario evaluated in this paper was the optimisation of the flight trajec-
tory (identification of the optimal flight plan) for a long flight. The optimised flight trajectory
extends from a point in the climb phase, when the aircraft is at an altitude of 10,000ft and
a speed of 250Kn IAS (per FAA regulation 14 CFR Part 91.117,7% the maximum speed at
altitudes below 10,000ft MSL), to a point in descent where the aircraft reaches an altitude of
10,0001t at a speed of 250Kn IAS. The objective of the optimisation was to identify the flight
plan (the lateral and vertical components) that corresponds to a flight trajectory (flight track
and altitude/speed profile) that minimises the total cost for the flight. The total cost for the
flight along the optimal flight plan, determined using the optimisation method proposed in the
paper, was compared with the total cost of a reference flight plan, where:

e The candidate flight plans, evaluated in the optimisation, and the reference flight plan:
o Started at identical locations (geographic locations and altitudes), speeds and time; and
o Ended at identical locations (geographic locations and altitudes) and speeds;

e The flight performance calculations were performed under identical conditions by: using
the same aircraft model, initial aircraft configuration (fuel quantity and load), and
climb/cruise/descent policies and strategies, etc.
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Figure 15. Recorded flight track for flight SWR40 (ZHR to LAX), on 25 February 201969

Ideally, the reference flight plan should be a known global optimal flight plan (for the
initial-final point combination, aircraft model and configuration, etc.), resulting from an
exhaustive search of the ensemble of candidate flight plans. This option is prohibitive due to
the large number of candidate flight plans and the amount of time required to evaluate them.
Another option would have been to use an ‘as-flown’ flight plan: a flight plan corresponding
to a real flight, recorded by the crew or flight operator, where all the relevant information (air-
craft load and fuel, speed and altitude profiles, etc.) are known. This option was not available
to the authors.

The set of candidate flight plans evaluated in the optimisation, and the reference flight
plan used to evaluate the performance of the optimisation method, were constructed based
on the recorded flight track data of a real flight, retrieved from FlightAware. Specifically, the
selected flight was Swiss 40 (SWR40), from Zurich (ZHR) to Los Angeles (LAX), flown on
25 February 2019 (Figs 15 and 16). This flight was selected on the basis of the aircraft type
(which matches the available APM aircraft model) and the flight trajectory length (a very
long flight).

For three sections of the SWR40 reference track data (Fig. 17), the FlightAware flight
profile data contain only the estimated geographic locations and crossing times (possibly
because the aircraft was beyond the range of the FlightAware ADS-B receivers); the ground
speed, aircraft altitude and heading are set to 0. An analysis of the estimated aircraft track
data showed that:

e For two sections, the maximum distance between an estimated location and the ortho-
dromic route constructed between the two valid ADS-B data encompassing that section
was 5.57 and 4.04n.m, respectively. For the third section, the maximum distance was 26.9
n.m; and

e The aircraft’s altitudes at the valid data WPTs locations that delimit each of the three
segments are identical, and equal to 32,000ft. Since step descents in cruise are generally
avoided during normal operation, it can be assumed that the three sections are constant-
altitude cruise segments, at 32,000ft.
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Figure 16. Recorded altitude and ground speed profiles for flight SWR40 (ZHR to LAX), on 25 February
2019(69),
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Figure 17 lllustration of the selected SWR40 flight profile section and the three domains containing
estimated data.

The SWR40 ‘recorded’ flight data were processed to identify and eliminate spurious flight
track data (see Section 2.7). Only two track data WPTs were eliminated, WPTs 479 and 487,
as they generated a succession of lateral flight track segments with excessive heading changes,
which are not consistent with normal cruise flight. The reference flight track data for this
study, denoted herein as ‘SWR40 reference track data’, were selected as the section of the
processed SRW40 FlightAware track data between:

e The track data WPT where the aircraft was in climb, at the highest altitude lower than or
equal to 10,000ft; and

e The track data WPT where the aircraft was in descent, at the highest altitude lower than or
equal to 10,000ft.

The initial and final points of the SWR40 reference track data represent the initial and final
WPTs of the flight trajectory under optimisation. The aircraft altitudes in the initial and final
WPTs of the SWR40 reference track data, resulting from the selection process, were modified,
from 9970ft and 99511t respectively, to 10,000ft to match the evaluated optimisation scenario.
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The flight performance calculations for the flight along a flight plan require informa-
tion/predictions regarding the atmospheric conditions encountered by the aircraft during
flight. The atmospheric data used in this study (air temperature and wind speeds along the
geographic north and east axes) are GDPS forecasts issued by Environment Canada, on a
longitude—latitude grid with resolution of 0.6° x 0.6° (see Section 2.3).

Before downloading the forecast data, the prediction date, time interval, geographic area
and altitude domain for the atmospheric data of interest had to be determined. As the date and
time values corresponding to the downloaded SWR40 reference track data (FlightAware data)
were referenced to Eastern Standard Time (EST) while the atmospheric forecast data issued
by Environment Canada were referenced to Coordinated Universal Time (UTC), the SWR40
reference track time data were converted to UTC. The domain of interest for the downloaded
GRIB forecast data was then determined as follows:

e The ‘geographic area of interest’ (latitude—longitude domain) was selected as the smallest
GRIB atmospheric forecast data grid domain that contains the routing grid WPTs from
which the set of candidate lateral flight plans are generated (see Section 2.4.1);

e The ‘altitude domain of interest’ was taken to be the smallest GRIB forecast grid altitude
domain that includes the altitude range between 10,000ft and the maximum cruise altitude
for the aircraft model; and

e The GRIB time domain was taken as the ‘forecast grid time domain’, which includes:

o The aircraft crossing time at the initial WPT of the routing grid, as retrieved from the
SWR40 reference track data; and

o The aircraft crossing time at the final WPT of the SWR40 reference track data, plus
a ‘buffer interval’ taken so that it covers the entire domain of flight times that can be
obtained for the candidate flight plans. In this study, the time buffer interval was cho-
sen heuristically as 6h (approximately half the total flight time computed based on the
FlightAware data).

The selected GRIB forecast data also cover the geographic domain/altitude domain/time
domain necessary to conduct the flight performance calculations for the reference profiles,
as they are within the respective domains of the optimisation candidate profiles.

The lateral flight plan routing grid (Fig. 18) between the initial and final WPTs, used in
the flight plan optimisation method, was constructed using the methodology described in
Section 2.6.1. The characteristics of the routing grid considered in this study are:

e The orthodromic route between the initial and final WPTs of the flight trajectory is decom-
posed into a set of equal-length sub-segments. The number of sub-segments is calculated
as the rounded value of the quotient of the orthodromic route’s sea level length by the max-
imum acceptable orthodromic route sub-segment sea level length (integration step length).
In this study, this maximal length was selected to be 50n.m.;

e The maximum deviation from the orthodromic route was selected as 500n.m.;

e The size of the lateral step for the WPTs situated on the orthodrome normal to the
orthodromic route was selected as 10n.m.; and

e At each flight trajectory step, the aircraft can advance to a WPT situated one step along the
orthodromic route and a maximum of two steps (up or down) relative to the orthodromic
route (see Section 2.6.1).

The generated routing grid has 104 nodes (WPTs) along the orthodromic route axis, and up to
101 nodes along the axis normal to the orthodromic route. As a result, each candidate lateral
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Figure 18. The routing grid used in the optimisation of the 25 February 2019 flight SWR40, from ZHR
to LAX.

flight plan is defined by a set of Nort = 104 adjacent WPTs selected from the routing grid;
each WPT is a step further along the orthodromic route and up to two steps offset along the
axis normal to the orthodromic route.

To speed up the accelerated flight performance calculations and, thus, the optimisation
process, the sea level segment lengths and departure/arrival headings for all possible routing
grid segments were computed once, in advance, and stored in a data structure associated with
the routing grid. For each node (WPT) of the routing grid, the data structure stores the sea level
segment lengths and departure headings to all possible/valid advancing step WPTs. The time
savings obtained from not having to compute the segment parameters come at the expense of
an increased memory footprint. Similarly, the atmospheric conditions at each of the routing
grid WPTs were precompiled for the set of altitudes and time domains of interest, and stored
in the corresponding routing grid WPT’s data structure.

In this paper, the optimisation method was applied for the case where the flight profile
under optimisation:

e Starts in climb, at an altitude of 10,000ft Above Sea Level (ASL) and an aircraft speed of
250Kn IAS;

e Ends in descent, at 10,000t ASL and 250Kn IAS;

The climb and descent are performed at [IAS MACH] scheduled speeds, and the cruise at

MACH speeds;

Climbs are performed at MCMB thrust setting;

Accelerations in cruise are performed at MCRZ thrust setting;

Descents, and decelerations in cruise, are performed at IDLE thrust setting;

The lateral and vertical flight plans conform to the templates presented in Sections 2.6.1

and 2.6.2;

In cruise, the aircraft can only perform step climbs (no step descents);

e The ceiling cruise altitude®” for a selected cruise speed is considered as the maximum
altitude, in multiples of 1,0001t, at which the aircraft is still capable of performing a 300-
fpm climb with the TLA set to MCRZ and at a load factor equal to 1.2; and

e For a given cruise altitude, the range of cruise speeds is limited to the valid flight envelope
speeds larger than the minimum drag speed (for speed stability’*)) at which the aircraft
is still capable of performing a 300-fpm climb with the TLA set to MCRZ and at a load
factor equal to 1.2.
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The lateral flight plans generated randomly, as presented in Section 2.6.1, and those resulted
from genetic operations most likely miss a set of lateral flight plans that might prove important
relative to optimal flight profile exploration: the orthodromic route (the shortest route), and
routes parallel to the orthodrome, at pre-set offset values on both sides of the orthodromic
route. Therefore, in the first generation, the lateral flight plans are generated as follows:

e The orthodromic route;

e Two lateral flight plans along the maximum deviation grid points (maximum offsets on
each side of the orthodrome);

e Twenty-six lateral flight plans parallel to the orthodrome, with offsets of a multiple of three
steps relative to the orthodrome (on both sides of the orthodromic route); and

e One random lateral flight plan.

The set of candidate vertical flight plans were constructed based on the following
assumptions:

e The evaluated cruise altitudes are multiples of 1,000ft, between 28,0001t and the maximum
cruise altitude for the aircraft model,

e The range of evaluated IAS speeds was taken to be between 250Kn and VMO — 10Kn in
steps of 1Kn;

e The range of evaluated MACH speeds was taken to be between 0.6 and MMO — 0.01, in
steps of 0.001;

e The set of valid initial cruise altitudes, and the valid speed domain at each initial alti-
tude (within the flight envelope limits), were determined based on the aircraft’s weight at
28,000ft, after a climb at 250Kn IAS constant speed from the altitude of 10,0001t;

e The climb MACH speed was selected from the valid initial speed domain, based on the
selected initial cruise altitude;

e The aircraft maintains the initial cruise altitude and speed until at least the eighth WPT of
the lateral flight plan (approximately 400n.m. from the initial point). The first WPT where
step climbs and speed changes can occur is the eighth WPT of the lateral flight plan;

e The aircraft enters ‘descent’ mode at the 96" WPT of the lateral flight plan (approximately
400n.m. before reaching the final WPT). No step climb or cruise speed changes can occur
beyond this WPT;

e The cruise step climbs and speed changes can occur only at predetermined locations along
the lateral flight plan: WPTs delimiting sections composed by five lateral profile seg-
ments (approximately 250n.m.), starting at the eighth WPT (i.e. WPT8, WPT13, WPT18,
WPT23, etc.). These are the locations where the step climb or speed changes can be
initiated;

e When both a step climb and a speed change occur at the same WPT, the aircraft first
performs an acceleration/deceleration, at the initial altitude, and then the step climb; and

e The genetic crossover operations can only occur in cruise, at the altitude and speed
step WPTs;

A candidate flight plan can determine an invalid flight profile, where:

e The flight can require more fuel than is available on board. This can occur for flight plans
that generate:

o Very long flight tracks;
o Long flight times (low speeds); and
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o High fuel burn rates (high speeds); or where

e The altitude—speed flight profile is outside the aircraft’s flight envelope for the aircraft
weight at that point of the flight trajectory.

The approach used in the accelerated flight plan performance evaluation regarding invalid
flight plans influences the evolution of the genetic algorithm optimisation. For the case where
the flight plan is invalid due to fuel constraints (requires more fuel than is available), a very
large penalty was assigned to the total cost (a fuel burn equal to twice the initial fuel quantity
on board, and a 48-h flight time). This cost is higher than any total cost that can be obtained
for a valid flight plan.

For the case in which the flight plan is invalid due to flight envelope limitations, two
approaches were studied. In the first approach, denoted the Corrected Flight Plan (CFP),
the flight plans resulting from the accelerated flight performance estimations were always
valid. During the accelerated flight performance calculations, any invalid altitude—speed pro-
files were corrected (set to the closest flight envelope domain limit combination). The priority
was given to the selected altitude: if a valid speed existed for the selected altitude, then the
flight plan speed was set to the valid speed value closest to the selected flight plan speed.
Otherwise, the flight plan altitude was set to the highest valid altitude for the aircraft weight,
and the speed was set to the valid value closest to the selected flight plan speed.

In the second approach, denoted Non-Corrected Flight Plan (NCFP), the flight plan was
not corrected, and a very large penalty total cost was assigned to it. Thus, although the flight
plan had one or more invalid flight plan segments, it had a chance to be selected as a par-
ent for crossover and/or mutation operations, and to propagate its ‘genetic information’ to
the next generation. The advantage of the former approach is that it better explores the flight
envelope’s limit region, and the new population is generated based on valid flight plans. The
disadvantage is the reduction in population diversity (the invalid flight profiles are excluded
from the candidate set and cannot contribute genetic material, i.e. combinations of flight
profile configurations).

The population size for the genetic optimisation algorithm was selected to be 30 individuals
(candidate flight plans), representing a trade-off between the computation time per population
iteration and the diversity/exploration of the candidate set. The genetic algorithm was run
for 500 population generations. Each new generation was constructed by copying the best 2
individuals (flight plans) from the previous generation, adding 16 individuals generated by
crossover (each parent selected by tournament between random parents), generating 6 parents
by mutation of randomly selected parents, and adding 6 new random flight plans (to add
further diversity).

The optimisation was performed for six CI values: 0 (fuel burn minimisation), 10, 30, 50,
100 and 999 (flight time minimisation). Given the fact that the genetic algorithm optimisation
does not guarantee an optimum (as the results of the optimisation are functions of the
randomly generated (initial) population/flight plan candidates, of random genetic operations
such as crossover and mutation and of the number of genetic algorithm iterations), the genetic
algorithm optimisation was performed ten times for each CI value. This set of optimisations
should provide some information regarding the dispersion of the optimisation algorithm’s
results.

The optimal profile total cost, obtained for the set of CI values, and test runs are presented
in Table 1, for the case where invalid vertical flight plans are corrected (CFPs) relative to the
aircraft’s flight envelope, and in Table 2, for the case where they are not corrected (NCFPs).
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In these tables:
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represent the absolute value and percentage (relative error) differences between the total cost
obtained for a CI value optimisation test run and the best total cost obtained for the set of
optimisation tests for the CI value. Table 1 presents the results for the cases where the vertical
flight plans are corrected, relative to the aircraft’s flight envelope, whereas Table 2 presents
the results obtained when the vertical flight plans are not corrected. The elements shown in
bold font in Tables 1 and 2 represent the minimum total cost (best flight profile optimisation)
results for the CI value and invalid flight plan correction strategy.

It can be observed that, for the optimisation test runs conducted in this study, the maximum
TC variation was smaller than 1%: 0.686% for CFPs (Table 1, test run 6 at CI = 0) and 0.634%
for NCFPs (Table 2, test run 2 at CI =0).

A comparison between the best and worst optimisation results for the two approaches (cor-
rected vertical flight plans versus not corrected) presented in Table 3, obtained based on the
data from Tables 1 and 2, shows that the results obtained for NCFPs are better than those
for CFPs (except for CI =0). When the best optimisation results (CFPs versus NCFPs) are
compared (TCpgp), the maximum TC difference is 0.308% (obtained for CI =999). For the
worst-case optimisation results (TCpy,y ), the maximum difference is 0.673%.

The execution times for the optimisation method and the two approaches relative to the
invalid flight plans are presented in Table 4. It can be noted that the execution time for the case
where the invalid flight plans are corrected (CFP) is more than twice as long as that for the case
were they are not corrected (NCFP). This is due to the fact that, when CFP is employed, for
each segment, before computing the flight performance for a sub-segment, the altitude—speed
combination is validated relative to the flight envelope. If the altitude—speed combination
is not valid, the appropriate valid combination must be determined. In both cases, the long
execution time can be attributed, in part, to the long flight, the complexity and implementation
of the accelerated segment performance calculations, by using an aero-propulsive aircraft
performance model, and the large number of sub-segments (integration steps) determined by
the lateral flight plan (routing grid) and the vertical flight plan.

The flight plan used as the reference for comparing the performance of the proposed opti-
misation method was generated based on the SWR40 reference track data. The limitations of
the FlightAware flight track data are presented in Section 2.7 (i.e. unknown aircraft configura-
tion, unknown atmospheric conditions encountered by the aircraft, unknown precise times and
locations where the flight profile changes occur, etc.). An optimal flight plan (lateral path and
altitude—speed flight profile) is specific to an aircraft’s configuration and atmospheric condi-
tions. Therefore, a realistic reference flight plan cannot be constructed by retrieving data from
the recorded data.

The reference lateral flight plan was constructed by retaining, from the SWR40 reference
track data, a subset of WPTs that best approximate the lateral flight trajectory using the
minimum number of orthodromic segments. The selection of the WPTs that define the
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CI

10

30

50

100

999

Parameter
type
TC [kg]
ATC [kg]
ATCp [%]

TC [ke]
ATC [kg]
ATCp [%]

TC [kg]
ATC [kg]
ATCp [%]

TC [kg]
ATC [kg]
ATCp [%]

TC [ke]
ATC [kg]
ATCp [%]

TC [kg]
ATC [kg]
ATCp [%]

1

97,284.56
489.72
0.506

103,932.06
141.82
0.137

117,501.44
272.83
0.233

131,261.96
384.66
0.294

164,411.34
469.2
0.286

742,411.11
0
0

Optimisation results with Corrected Flight Plans (CFPs)

2

97,255.46
460.61
0.476

104,235.63
445 4
0.429

117,588.86
360.25
0.307

131,098.73
221.42
0.169

164,748.05
805.91
0.492

742,762.18
351.06
0.047

3

97,375.39
580.55
0.6

104,326.76
536.53
0.517

117,584.14
355.54
0.303

130,942.43
65.12
0.05

164,245.42
303.28
0.185

744,984.08
2,572.97
0.347

4

96,794.84
0
0

104,445.75
655.51
0.632

117,228.6
0
0

131,054.45
177.14
0.135

164,651.46
709.32
0.433

747,027.97
4,616.85
0.622

Table 1

Optimisation test run

5

97,098.34
303.5
0314

103,790.23
0
0

117,473.59
244.99
0.209

131,053.38
176.07
0.135

164,669.79
727.65
0.444

745,462.78
3,051.66
0.411

6

97,459.08
664.24
0.686

104,159.03
368.8
0.355

117,579.13
350.53
0.299

131,346.16
468.85
0.358

164,258.06
315.92
0.193

743,679.02
1,267.9
0.171

7

97,324.32
529.48
0.547

103,965.91
175.67
0.169

117,441.14
212.53
0.181

130,909.73
3243
0.025

164,486.55
544.41
0.332

744,526.92
2,115.8
0.285

8

96,889.61
94.77
0.098

104,138.53
348.29
0.336

117,462.96
234.36
0.2

131,447.88
570.57
0.436

163.942.14
0
0

744,791.69
2,380.58
0.321

9

97,284.17
489.33
0.506

104,319.06
528.82
0.51

117,499.28
270.67
0.231

131,118.3
240.99
0.184

164,181.92
239.78
0.146

743,401.48
990.36
0.133

10

97,416.36
621.51
0.642

104,060.24
270
0.26

117,693.34
464.74
0.396

130,877.31
0
0

164,657.16
715.02
0.436

743,525.06
1,113.94
0.15
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CI

10

30

50

100

999

Parameter
type
TC [ke]
ATC [kg]
ATCp [%]

TC [ke]
ATC [kg]
ATCp [%]

TC [kg]
ATC [kg]
ATCp [%]

TC [kg]
ATC [kg]
ATCp[%]

TC [ke]
ATC [kg]
ATCp [%]

TC [kg]
ATC [kg]
ATCp [%]

1

97,167.92
243.66
0.251

104,050.29
386.01
0.372

117,256.72
352.26
0.301

131,142.84
624.5
0.479

164,372.44
927.34
0.567

742,299.57
2170.25
0.293

Table 2

Optimisation results with Non-Corrected Flight Plans (NCFPs)

2

97,539.09
614.83
0.634

104,055.24
390.96
0.377

117,431.76
5273
0.451

130,748.98
230.64
0.177

164,318.54
873.43
0.534

742,234.21
2104.89
0.284

3

97,211.42
287.16
0.296

104,036.46
372.17
0.359

117,198.77
294.31
0.252

130,518.34
0
0

164,311.78
866.67
0.53

741,906.71
1777.39
0.24

4

97,099.68
175.41
0.181

103,664.28
0
0

117,306
401.55
0.344

131,031.24
512.9
0.393

163,445.1
0
0

740,670.7
541.39
0.073

Optimisation test run

5

97,268.38
344.12
0.355

104,018.96
354.67
0.342

117,138.52
234.07
0.2

130,891.63
373.29
0.286

164,438.76
993.65
0.608

740,129.31
0
0

6

97,364.14
439.88
0.454

104,021.28
357
0.344

116,904.46
0
0

130,923.48
405.14
0.31

164,426.9
981.8
0.601

741,468.03
1338.72
0.181

7

97,182.57
258.31
0.267

104,073.65
409.37
0.395

117,491.92
587.46
0.503

130,794.07
275.73
0.211

164,127.93
682.82
0.418

740,791.68
662.36
0.09

8

97,236.88
312.62
0.323

103,860.84
196.56
0.19

117,465.64
561.18
0.48

131,097.4
579.06
0.444

164,139.71
694.6
0.425

740,609.28
479.97
0.065

9

96,924.26
0
0

103,900.16
235.88
0.228

117,503.34
598.88
0.512

130,928.26
409.91
0.314

164,435.83
990.72
0.606

740,443.96
314.64
0.043

10

96,937.47
13.21
0.014

104,133.61
469.33
0.453

117,453.59
549.14
0.47

130,929.18
410.84
0.315

163,887.5
442.39
0.271

740,350.8
221.49
0.03
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Table 3
Comparison between the minimum and maximum optimised TC for the cases where the vertical flight plan is
corrected versus not corrected

TCMin TCMax
TCcrp TCncrp ATC [kg] ATCp [%] TCcrp TCncrp ATC [kg] ATCp [%]

1 kgl [kgl  (TCcrp— TCxcrp) 100 % TCGE-TNCED)  [g] [kgl  (TCcrp — TCxcrp) 100 % FCCHE—ToNCEE)
0 96,794.84 96,924.26 —129.42 —0.134 97,459.08 97,539.09 —80.01 —0.082

10 103,790.23 103,664.28 125.95 0.121 104,445.75 104,133.61 312.14 0.3

30 117,228.6 116,904.46 324.14 0.277 117,693.34 117,503.34 190 0.162

50 130,877.31 130,518.34 358.97 0.275 131,447.88 131,142.84 305.04 0.233

100 163,942.14 163,445.1 497.04 0.304 164,748.05 164,438.76 309.29 0.188

999 742,411.11 740,129.31 2,281.8 0.308 747,027.97 742,299.57 4,728.4 0.637
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CFP

NCFP

ClI 1

0 3.15
10 3.10
30 3.15
50 3.15
100 3.12
999 3.19

0 1.49
10 1.27
30 1.29
50 1.24
100 1.19
999 1.27

2

3.20
3.12
3.14
3.15
3.16
3.10

1.19
1.22
1.50
1.33
1.38
1.25

3

3.13
3.13
3.08
3.12
3.14
3.19

1.31
1.31
1.27
1.43
1.33
1.41

Optimisation test run

4

3.08
3.04
2.98
3.06
3.03
3.05

1.24
1.31
1.23
1.28
1.17
1.22

Optimisation execution times

5

3.16
3.12
3.13
3.15
3.15
3.20

1.14
1.45
1.40
1.34
1.09
1.23

6

3.10
3.07
3.11
3.10
3.07
3.10

1.22
1.41
1.26
1.67
1.40
1.33

Table 4

Execution time (h)

7

3.05
3.10
3.10
3.11
3.07
3.12

1.45
1.36
1.31
1.28
1.19
1.28

8

3.07
3.10
3.09
3.10
3.10
3.08

1.27
1.31
1.37
1.30
1.28
1.28

9

3.13
3.10
3.15
3.10
3.08
3.15

1.43
1.39
1.49
1.57
1.36
1.50

10

3.13
3.14
3.11
3.13
3.09
3.15

1.44
1.48
1.47
1.41
1.36
1.17

Min.

3.05
3.04
2.98
3.06
3.03
3.05

1.14
1.22
1.23
1.24
1.09
1.17

Max

3.20
3.14
3.15
3.15
3.16
3.20

1.49
1.48
1.50
1.67
1.40
1.50

Standard

. Average deviation
3.12 0.045
3.10 0.028
3.11 0.049
3.12 0.030
3.10 0.043
3.13 0.052
1.32 0.125
1.35 0.083
1.36 0.100
1.39 0.138
1.28 0.107
1.29 0.097
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Figure 19. The significant WPTSs of the reference lateral flight plan.

reference lateral flight plan starts with the initial WPT of the SWR40 reference track. At
each step, a new WPT is selected such that it results in the longest orthodromic segment for
which the distance from the orthodromic segment to each of the SWR40 reference track data
WPTs, situated in-between the two selected WPTs that delimit the orthodromic segment, is
smaller than 5n.m. Two more WPTs, denoted as WPTy; and WPTy,, were added at locations
where the vertical flight profile changes occur:

e The location of the end of climb phase/beginning of the cruise phase, selected at 300n.m.
from the initial WPT; and

e The location of the end of cruise phase/beginning of the descent phase, selected at 300n.m.
before the final WPT.

If such a location is already among those selected as a lateral flight plan WPT, then there is
no need to add it to the reference flight plan.

The lateral component of the reference flight trajectory and the selected significant WPTs,
corresponding to the reference flight plan, resulting from the process described above, are
presented in Fig. 19. During the accelerated flight simulation, each segment was decomposed
into sub-segments (integration steps) with a maximum sea-level length of 50n.m., in which
the same laws of variation describe the aircraft performance parameters and evolution. These
WPTs are not represented in Fig. 19 because they are specific to the selected flight plan
parameters, and they are determined during the accelerated flight performance calculations.

The altitude component of the reference vertical flight plan, the initial, final and cruise
flight altitudes, as well as the points where the cruise altitude changes occur along the flight
track, were all obtained from the SWR40 reference track data (Fig. 20).

Given the limitations of the FlightAware flight track data and to obtain a good reference
profile, the speed component of the reference flight plan was obtained following an optimi-
sation for the aircraft weight (the same value as used in the proposed method evaluation),
atmospheric conditions, reference lateral flight plan and altitude flight plan. The candidate
reference plan speed profile is constructed as follows:

e A climb and descent at [TAS, MACH] speed schedule pairs; and

e It was assumed that the constant-altitude cruise sections are flown at constant speed. Thus,
the cruise section contains four constant-speed cruise segments, corresponding to the four
constant-altitude cruise segments.
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Figure 20. Altitude profile for the reference profile.

The structure of the speed profile is consistent with the employed aircraft climb/descent speed
profiles, and the current navigation paradigm (long cruise segments at constant speed) on busy
airways, such as oceanic routes and in congested airspace.

The speed optimisation was performed using a genetic algorithm, similar to the one used
in the proposed method (in this case only the speed changes were considered). The speed
optimisation was performed five times for each CI value. The population size for the genetic
algorithm was selected to be 30, and the number of generations was set at 300. As in the case
of the proposed optimisation method, when a profile speed candidate was invalid, the reference
speed flight plan optimisation was conducted using two approaches: Corrected Speed Flight
Plan (CFP) and Non-Corrected Speed Flight Plan (NCFP).

Table 5 presents the results obtained for the reference flight plan speed optimisation for
each of the five CI test runs. The flight plan that yielded the best total cost among the five test
runs (marked in the column TCgrgmin) Was retained as the speed component of the reference
vertical flight plan.

A comparison between the best/worst flight plan optimisation results obtained using the
proposed method, and the best reference flight plans is presented in Table 6. The TCRSmin
value in Table 6 represents the best total cost (best flight optimisation results) obtained for the
reference flight profile, cost index and invalid flight profile correction strategy. The other two
columns (‘Best case optimisation results’ and ‘Worst case optimisation results’) represent the
best and worst optimisation results obtained using the proposed methodology (minimum and
maximum total costs) and the comparison with the best reference profile performance.

It can be observed that, for the case where invalid flight plans are corrected (CFP), the best
optimisation results (optimal flight plan obtained using the proposed method versus the ref-
erence flight plan) gave a reduction of the total cost of between 1.585% and 3.042%. In the
worst case, the reduction was found to be between 0.909% and 2.439%.

When invalid flight plans were not corrected (NCFP), the results were found to be better:
in the best case, the total cost reduction was between 2.144% and 3.97%, while in the worst
case, the total cost reduction was between 1.598% and 3.688%.

For the evaluated test cases, the best results (in terms of both optimisation performance and
execution time) were obtained when invalid candidate flight plans were not corrected relative
to the aircraft’s flight envelope limitations (NCFP).
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CFP

CI

10

30

50

100

999

Parameter Type
TCrs [kg]

ATCgs [kg] (TCrs-TCrsmin)

ATCgsp [%] (100 *
TCrs [kg]

ATCps )
T CrSmin

ATCgs [kg] (TCrs-TCrsmin)

ATCrsp [%] (100
TCrs [kg]

ATCgs

TCrSmin

ATCgs [kg] (TCrs-TCrsmin)

ATCrs, [%] (100
TCrs [kg]

ATCps )
T CrSmin

ATCrs [kg] (TCrs-TCrsmin)

ATCrsp [%] (100 %

TCrs [kg]

ATCgs )
TCrSmin

ATCrs [kg] (TCrs-TCrsmin)

ATCRSp [%] (100 *
TCrs [kg]

ATCps
T Crsmin

ATCgs [kg] (TCrs-TCrsmin)

ATCrsp [%] (100 %

ATCps
TCrSmin

Table 5
Reference profile optimisation results

Reference flight plan optimisation run

1 4
98,364.3796  98,369.1176  98,361.1757  98,353.2537
11.1259 15.8638 7.922 0
0.0113 0.0161 0.0081 0
105,311.092 105,320.5616 105,330.4519 105,322.4411
0 9.4696 19.3599 11.3491
0 0.009 0.0184 0.0108
119,192.5637 119,123.9429 119,227.1199 119,207.9352
68.6208 0 103.177 83.9923
0.0576 0 0.0866 0.0705
132,980.1012 133,060.4954 132,896.1737 132,921.6528
83.9275 164.3216 0 25.4791
0.0632 0.1236 0 0.0192
167,298.4173 167,238.4737 167,349.724 167,301.4764
59.9436 0 111.2503 63.0027
0.0358 0 0.0665 0.0377
765,706.5453 768,088.8428 767,239.7605 766,411.3878
0 2,382.2975 1,533.2152 704.8425
0 03111 0.2002 0.0921

5

98,372.2687
19.015
0.0193

105,313.8662
2.7742

0.0026

119,185.7595
61.8165
0.0519

132,981.7899
85.6162

0.0644

167,345.7783
107.3046

0.0642

766,658.9698
952.4245
0.1244

TCRSmin
(kg
98,353.2537
0
0

105,311.092
0

0

119,123.9429
0
0

132,896.1737
0

0

167,238.4737
0

0

765,706.5453
0
0

TCRSmax
[kgl
98,372.2687
19.015
0.0193

105,330.4519
19.3599

0.0184

119,227.1199
103.177
0.0866

133,060.4954
164.3216

0.1236

167,349.724
111.2503

0.0665

768,088.8428
2,382.2975
0.3111
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NCFP

CI

10

30

50

100

999

Parameter Type

TCrs [kg]
ATCrs [kg] (TCrs-TCrsmin)
ATCs, [%] (100 % A1CES )

TCRSmin

TCRS [kg]
ATCgs [kg] (TCrs-TCrsmin)
ATCgsp [%] (100 * ”‘RS L)

TCrs [kg]
ATCRS [kg] (TCRS TCRSmm)
ATCs, [%] (100 % A1CES )

TCRSmin

TCrs [kg]
ATCgs [kg] (TCrs-TCrsmin)
ATCgs, [%] (100 % ATCEs )

TCRSmin

TCrs [kg]
ATCrs [kg] (TCrs-TCrsmin)
ATCrs, [%] (100 % A7CEs )

TCRSmin

TCrs [ke]
ATCgs [kg] (TCrs-TCrsmin)
ATCgsp [%] (100 * ”‘RS L)

1

99,653.146
529.6673
0.5344

106,292.7885
356.7217
0.3367

119,803.3294
104.5639
0.0874

133,569.0875
117.6766

0.0882

167,922.7594
90.0651
0.0537

774,492.9721
3,765.4558
0.4886

Table 5
Continued

Reference flight plan optimisation run

2

99,123.4788  99,420.2238
0 296.745
0 0.2994

106,042.2328 106,052.2285

106.166 116.1617
0.1002 0.1097
119,753.1844 119,792.4048
54.4189 93.6394
0.0455 0.0782
133,982.639 133,451.4108

531.2281 0
0.3981 0
167,984.945 167,975.5775
152.2508 142.8833
0.0907 0.0851

772,589.8084 771,007.7656
1862.2922 280.2493
0.2416 0.0364

4

99,154.2192
30.7404
0.031

105,936.0668
0
0

120,329.545
630.7795
0.527

133,578.9475
127.5367
0.0956

168,099.6192
266.925
0.159

770,817.4302
89.9139
0.0117

5

100,492.4391
1368.9604

1.3811

106,943.0873
1,007.0205
0.9506

119,698.7655
0

0

133,900.8273
449.4165
0.3368

167,832.6943
0

0

770,727.5163
0
0

TCRrsmin
[kgl
99,123.4788
0
0

105,936.0668
0
0

119,698.7655
0

0

133,451.4108
0
0

167,832.6943
0

0

770,727.5163
0
0

TCRSmax
[kg]
100,492.4391
1368.9604
1.3811

106,943.0873
1,007.0205
0.9506

120,329.545
630.7795
0.527

133,982.639
531.2281
0.3981

168,099.6192
266.925

0.159

774,492.9721
3,765.4558
0.4886
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Table 6

Flight plan optimisation results: comparison between the best and worst optimisation results versus the best
reference flight plan

CFP

NCFP

CI

10
30
50
100
999

10
30
50
100
999

Best case optimisation results

TCrsmin
[kg]

98,353.25
105,311.09
119,123.94
132,896.17
167,238.47
765,706.55

99,123.48
105,936.07
119,698.77
133,451.41
167,832.69
770,727.52

TCOptimal
[kg]

96,794.84
103,790.23
117,228.6
130,877.31
163,942.14
742,411.11

96,924.26
103,664.28
116,904.46
130,518.34
163,445.1
740,129.31

Worst case optimisation results

ATCrs [kg] ATCrsp [%]
(TCoptimal - TCrsmin) 100 TACTR(;E?H
—1,558.41 —1.585
—1,520.86 —1.444
—1,895.34 —1.591
—2,018.86 —-1.519
—3,296.33 —1.971
—23,295.44 —3.042
—2,199.22 —-2.219
—2271.79 2,144
—2,794.31 —2.334
—2,933.07 —2.198
—4,387.59 —2.614
—30,598.21 —-3.97

TCOptimal
[kg]

97,459.08
104,445.75
117,693.34
131,447.88
164,748.05
747,027.97

97,539.09
104,133.61
117,503.34
131,142.84
164,438.76
742,299.57

ATCrs [kg] ATCrsp [%]
(TCoptimal - TCrsmin) 100 * TACTREE?H
—894.17 —0.909
—865.34 —0.822
—1430.6 —1.201
—1,448.29 —1.09
—2,490.42 —1.489
—18,678.58 —2.439
—1,584.39 —1.598
—1,802.46 —1.701
—2,195.43 —1.834
—2,308.57 —1.73
—3,393.93 —2.022
—28,427.95 —3.688
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4.0 CONCLUSIONS

This paper presents a new method for flight trajectory optimisation, in which the candidate
flight trajectories, and thus the optimal flight trajectory, are defined as flight plans decom-
posed into two elements: a lateral flight plan and a vertical flight plan. The proposed method
uses a genetic algorithm to search for the ‘optimum’ flight plan among the set of candidate
flight plans that minimises the total cost for the flight. The accelerated flight performance
calculations, which construct the flight trajectory resulting from executing a candidate flight
plan and compute the flight performance parameters, were conducted using an in-house air-
craft performance model that uses the BADA 4.0 APM. The test scenario employed for the
evaluation of the proposed method was constructed based on the recorded flight trajectory of
a real flight, retrieved from FlightAware, performed with the same aircraft model as used in
the calculations.

As expected for optimisations performed using genetic algorithms, for an identical opti-
misation problem (identical input data), the optimal solution varied from test run to test run.
However, for the tests performed in this study, for each of the evaluated test scenarios, the dif-
ference between the optimum flight plan total costs obtained for the ten runs was less than 1%.
It can be observed that the case where the candidate flight plans are ‘corrected’ (CFP) pro-
duces the worst results, in terms of both total cost and total execution time, relative to the case
where invalid flight plans are assigned a large penalty total cost (NCFP). The authors believe
that, for the cases where the candidate flight plans are ‘corrected’, even though in each new
generation all the child flight plans are valid relative to the aircraft’s flight envelope, there
is a loss of optimality because, overall, the populations are ‘less diverse’. The increase in
execution time is due to the fact that, for each invalid altitude/speed flight plan segment, addi-
tional (complex) computations are required to identify the appropriate flight envelope limit
combination. For the NCFP approach and the set of CI values considered as test cases, the
total cost reduction for the optimal flight plan relative to the best obtained reference flight
plan was found to be between 2.144% and 3.97%, while the worst case gave cost reductions
between 1.598% and 3.688%. The authors therefore estimate that the longer execution time
renders the method more appropriate for flight planning rather that real-time/online optimisa-
tion. The longer execution time is due to the large number of flight plans evaluated during the
optimisation, the very long flight (5,130.3n.m sea level distance along the orthodromic route),
with its large number of integration steps/flight performance calculation steps, and partially
due to the flight performance calculations using a dynamic atmosphere model and the aero
propulsive/total energy model aircraft performance model.

For any optimal flight plan (local or global), there is a correlation between the lateral
and vertical flight plans. Changing/imposing one component of a flight plan could result
in a different optimal solution, with a different total cost, and different configuration for
the other components of the flight plan. Future work could investigate the performance of
a more computationally expensive optimisation approach, where at each step of the genetic
algorithm:

e The new population is generated using the genetic operations applied on the lateral flight
plan (while the vertical flight plan is retained from a parent); and then,

e For each member of the new population, a new search (e.g. branch and bound, annealing,
etc.) identifies the optimal vertical flight plan.

Another direction of investigation could evaluate the execution time performance of the pro-
posed method when the accelerated flight performance calculations are performed using a
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simplified aircraft performance model, based on interpolation tables, mainly used in FMS
platforms.
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