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Balancing fuel efficiency and environmental impact: 4D
trajectory optimization through Fast Marching Tree for

transatlantic flights considering contrails

Céline Demouge, Andréas Guitart, Daniel Delahaye *†

Abstract

This paper proposes a method for computing an airliner trajectory in its cruise phase, mini-
mizing environmental impact. In particular, the problem of contrails is addressed. The proposed
method is based on an algorithm derived from robotics, the Fast Marching Tree algorithm. Af-
ter having been tested on Unmanned Aerial Vehicles (UAVs) and on computing trajectories in
a wind field for commercial aircraft, it is now adapted to the case of contrails. Several modifi-
cations and additions are made to enable it to deal with soft obstacles that evolve over time, as
well as the operational constraints associated with the cruise phase. The method is thus able to
propose flight level changes in line with operational expectations, adaptable to the strategy of the
user (airline for example). Two experiments are proposed on the Paris-Miami and Paris-Denver
flights, showing low computation times and satisfactory results.

Contrails, Sampling-based methods, 4D trajectory, Fast Marching Tree.

1 Introduction
In recent years, sampling-based path planning algorithms have been the subject of intense research.
Research into this type of method was initially driven by robotics [1]. Initially, the goal was to find
the shortest possible path for a robot while avoiding obstacles. This work in robotics showed the
effectiveness of these methods in terms of optimality, but also in terms of computational time. In fact,
these methods have been improved to be asymptotically optimal with low computation complexity.
More recently, these methods have been tested in other fields such as aviation [2–9]. These different
studies have shown that these algorithms are adaptable to the constraints of aeronautical problems.
In this context, we propose to apply one of these algorithms (Fast Marching Tree) to a new challenge
in aviation: contrail mitigation. This paper is a continuation of two previous works [10, 11]. The
first study shows that the Fast Marching Tree (FMT*) algorithm can be adapted to the problem of
generating optimal cruise trajectories. This study aims to integrate the wind and the great circle
distances in the algorithm. The tests carried out during the study show that the FMT* algorithm
effectively solves this problem. The second paper [11] deals with the problem of 2D trajectory
optimization in the presence of contrails, solved by the FMT* algorithm. The objective is to find an
aircraft trajectory that minimizes its total environmental impact considering both CO2 and non-CO2
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Table 1: GWP for contrails with different time horizon [13].
H = 20 years H = 100 years H = 500 years

GWPcontrail(H) 0.74 0.21 0.064
GWPCIC(H) 2.2 0.63 0.19

effects. The method has been validated on a European and a transatlantic flight cases. Reducing
contrails is essential because they contribute to global warming. In fact, under certain conditions
(humid and cold air), they can persist and transform into cirrus clouds, leading to radiative forcing
[12]. It is then recommended not to cross such contrail areas but with a limited deviation in order to
avoid increasing the associated carbon dioxide (CO2) emissions. In addition, unlike thunderstorm
areas, navigating through contrail areas does not raise safety concerns as they are not considered
“hard” obstacles, but rather “soft” obstacles. Finally, unlike thunderstorms, condensation trails can
be avoided vertically because their size and shape can vary significantly between two flight levels. It
is therefore essential to optimize the vertical profile of the trajectory. This paper therefore presents
the extension to 4D (lateral and vertical profiles, and time consideration) of the method described
in [11] to take into account the optimization of the vertical profile of the trajectory and the time-
dependency of weather data.

This paper is organized as follows: Section 2 presents previous related works on contrails avoid-
ance trajectory generation and sampling-based path planning algorithms. Section 3 proposes a math-
ematical model and describes the resolution method. Section 4 presents results on different instances
of transatlantic flights and Section 5 summarizes the contributions of this paper before giving some
research perspectives.

2 Previous related works
This section presents previous works related to contrail avoidance methods and sampling-based path
planning algorithms.

2.1 Contrail avoidance methods
Contrails form at the rear of aircraft in cold and humid regions, and can become persistent cirrus
clouds (Contrails Induced Cirrus - CIC) with a warming effect on the climate [12]. Avoiding con-
trails by significant detours would increase fuel consumption and CO2 emissions, making it environ-
mentally inefficient. Therefore, contrails should be treated as soft obstacles. This section introduces
contrail metrics and different methods used in the literature.

2.1.1 Contrail metrics

The goal is to minimize the overall environmental impact of a trajectory, which requires metrics to
standardize the impact of both CO2 and non-CO2 effects.

The Global Warming Potential (GWP) serves as a conversion factor, harmonizing the impact of
a greenhouse gas with that of CO2. The GWP is determined by comparing the impulse effect of a
gas to 1 kg of CO2, integrated over a specified time horizon H. In the case of contrails and CIC,
GWP is defined on the basis of emissions per kg of CO2. More details on GWP can be found in [13],
and Table 1 gives examples over three different time horizons.
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Additional metrics have been developed that rely on more sophisticated models than those previ-
ously discussed [14]. While these metrics are more realistic, they need a more sophisticated model,
which is used by the trajectory generation, potentially requiring additional computational time.

In [11], we show that the GWPCIC with a time horizon of 20 years is more restrictive than the
100-year time horizon. In the first case, the generated trajectory, if only optimized in 2D, deviates
significantly from the wind-optimal trajectory.

2.1.2 Methods used in literature

Several methods have been used for contrail mitigation trajectory design.
Given the critical role of temperature in contrail formation, flying at lower altitudes proves to be

a highly effective strategy for contrail mitigation. In [15], a study reveals that reducing the cruise
altitude by 2000 ft results in a 1% increase in radiative forcing due to CO2 effects, but a significant
18% decrease in non-CO2 effects.

In [16], optimal control is used to compute wind-optimal trajectories for cross-polar flights,
avoiding regions favorable to persistent contrail formation, resulting in a gradual reduction in flight
time over contrail areas with a corresponding increase in fuel consumption. In addition, Campbell et
al. [17] use a Mixed Integer Linear Programming (MILP) approach and achieves a significant 48%
reduction in persistent contrails with only 0.5% additional fuel burn. Metaheuristics, such as genetic
algorithms, are explored in [18]. Deterministic graph methods, as exemplified in [19], where the A*
algorithm is used in conjunction with a simulation framework. While these deterministic approaches
produce satisfactory results, their reliance on an established network presents challenges in the con-
text of free flight. A dense graph provides a near-optimal solution but at a higher computational
cost, while a sparse graph sacrifices optimality for faster computation.

This study is based on previous papers [10, 11] based on the Fast Marching Tree algorithm
which is a sampling-based path planning algorithm. The next subsection presents the principle of
these algorithms.

2.2 Sampling-based path planning algorithms
The sampling-based path planning methods consist in generating a graph in order to find the optimal
path between two points [20–23].

Before discussing the algorithms, it is important to formulate the problem and define the primi-
tive functions that they use.

Let χ = (0,1)d be the configuration space, where d ∈ N is the space dimension , (d ≥ 2). Let
χobs be the obstacle region, such that χ\χobs is an open set, and denotes the obstacle-free space as
χ f ree = cl(χ\χobs), where cl(χ) denotes the closure of a set χ . The initial condition is denoted by
xstart ∈ χ f ree, and the goal region χgoal is an open of χ f ree.

Sampling-based path planning algorithms mainly use four functions.
Sampling: the sampling function produces a sequence of points in χ . The distribution of these

points can be either uniform or randomly generated. It is important to note that the use of random
sampling renders the algorithm’s solutions non-reproducible. Ideally, the algorithm should be able
to sample points directly from the free space χ f ree for better performance.

Nearest Neighbor: this function returns the vertex that is the nearest to a point x ∈ χ based on
a given distance metric.

Near Vertices: this function returns the vertices that are contained in a ball of radius r centered
at a point x ∈ χ .
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Collision Test: this function returns True if the straight line connecting two points x,x′ ∈ χ lies
in χ f ree and False otherwise.

The three main methods are Probabilistic RoadMaps (PRM) [24], Rapidly-exploring Random
Tree (RRT) [25] and Fast Marching Tree (FMT*).

This paper only presents the FMT* algorithm which was used in the two previous papers. This
algorithm has been introduced by [26] in 2015. The algorithm can be summarized by the three
following steps:

1. generate n samples in the search space;

2. perform a forward propagation over the samples to generate the tree until it reaches the desti-
nation;

3. perform a back-propagation on the tree to obtain the best path from the origin to the destina-
tion.

The forward propagation is the main part of the algorithm, but before going into the details of
this step, it is necessary to introduce some sets. The set Vunvisited contains nodes that have not been
visited yet. Vclosed contains nodes that have been visited and have an unchangeable optimal cost.
The set Vopen contains nodes that have been visited but have a temporary cost assigned. The next
four figures (see Fig. 1), adapted from [26], show the local optimization phase, which is iterated
until the goal xgoal is reached. The algorithm starts with a graph consisting of only one node, the
starting point xstart .

All nodes within a distance r of a given node are considered to be its neighbors. The parameter
r represents the neighborhood radius and is determined by a function of the number N of samples.
It is defined as follows:

r = (1+η)γFMT ∗ , (1)

where η > 0 is a parameter which has to be defined and γFMT ∗ is the minimal radius computed as
follows:

γFMT ∗ = 2
(

1
d

)1/d (
µ(χ f ree)

ζd

)1/d ( logN
N

)1/d

, (2)

where d is the space dimension, µ(χ f ree) its Lebesgue measure1 and ζd the volume of the d-
dimensional unitary ball2.

3 Problem modeling and resolution method
This section presents the problem model, contrail areas computation, and the resolution approach.

3.1 Problem model
The aim is to compute an aircraft 4D cruise trajectory γ that minimizes its total environmental impact
composed of CO2 and non-CO2 effects. In this study, the non-CO2 effect is only represented by the
contrails. The problem is written as follows:

minimize
γ ∈ Γ

∫ t f

t0
CCO2 f (x,y,z, t)+Crr(x,y,z, t)dt, (3)

1µ([a1,b1]× [a2,b2]) = (b1 −a1)(b2 −a2) where b1 > a1 and b2 > a2.
2In 2D space, ζ2 is the surface of a disk of radius 1 (ζ2 = π).
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(a) The lowest-cost node z from set Vopen
is selected and the nodes within Vunvisited
which are near to z are found.

(b) In the second step, the neighbors of the
unvisited node x within Vopen are found, and
x is connected to have an optimal cost with-
out going through an obstacle.

(c) A connection is created between x and
the neighbor of the locally-optimal step con-
nection.

(d) All neighbors of z are visited and are
added to Vopen. z is added to Vclosed .
FMT* moves to the next iteration with the
node which has the lowest cost.

Figure 1: Steps of an iteration of the FMT* Algorithm, adapted from [26].
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where f is the fuel flow of the aircraft, CCO2 is the conversion factor from the fuel to the CO2 emitted
(for weighting standard fuel, CCO2 = 3.16 kg (CO2) / kg (fuel) [27]), Cr is a factor used to balance
the impact of CO2 and that of contrails, typically here the GWP is used, and r(x,y,z, t) is a penalty
function to determine whether the aircraft is in a persistent-contrail area or not. In our application,
this penalty function is set to 1 inside contrail areas, and 0 elsewhere.

The computed trajectory γ must follow the flight dynamics and operational requirements. In
particular, aircraft must fly at specific Flight Levels (FL) which are numbered every 1000 ft from
mean sea level. For instance, if an aircraft is flying at an altitude of 33,000 ft above mean sea level,
its flight level is 330.

3.2 Computing 2D path
In [10], we propose a method based on the FMT* algorithm to find wind-optimal trajectory. This
method is modified in [11] to minimize the environmental impact by considering contrails. In this
last work, the following assumptions are made:

• the wind and contrails are considered static and only space-dependent;

• the aircraft remains at the same altitude throughout the flight;

• the true air speed is constant

As usually done in aviation, 2D navigation points, called waypoints, are used to define a trajec-
tory. Since FMT* is a method based on the building of a tree from sampled points, the computed
trajectory consists of a sequence of these points. Then, the cost of such a discretized trajectory is:

nγ−1

∑
i=1

ci,i+1, (4)

where nγ is the number of waypoints of the trajectory, and ci,i+1 is the cost of flying from point i to
point i+1. Then, problem (3) becomes:

minimize
γ ∈ Γ

nγ

∑
i=1

ci,i+1. (5)

To take contrails into account, the cost function is modified. The cost of a link between two nodes i
and j is redefined as follows:

ci, j = ti, j (1+λi, j gH), (6)

where ti, j is the flight time between i and j, λi, j ∈ [0,1] is the proportion of the edge that is in a
persistent contrail area, and gH is the chosen GWP value, depending on the time horizon H. The
method is tested on continental and transatlantic case studies and shows its efficiency. However,
some assumptions should be modified to be closer to reality. Indeed, for a transatlantic flight, it is
necessary to develop a dynamic version by continuously updating the trajectory, as weather infor-
mation is received. Moreover, although the altitude is almost constant during the flight, the cruise
phase can be optimized and, if it is advantageous, altitude changes could be considered [28]. It is
important to note that most changes in flight level are climbs. This is because the aircraft burns less
fuel at higher altitudes (see Fig. 2), but pilots must wait until they have burned enough fuel to fly at
these levels. Most flights start at FLs below 330 and end at FLs up to 410. Consideration of contrails
calls these practices into question. In fact, it may be preferable to fly at lower altitudes due to the low
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Figure 2: Ground speed and vertical profile of the Paris-Miami flight on 26 January 2024, from [29].

or non-existent presence of contrails. For all these reasons, a 4-dimensional extension is necessary.
In our extension, the cost of an arc is:

ci, j = fi, j (1+λi, j gH), (7)

where fi, j is the fuel consumed between i and j. The fuel consumed over an arc is computed as
follows:

fi, j = FFi, j ti, j, (8)

where FFi, j is the fuel flow over the arc. Both flight time (more precisely the true airspeed) and
the fuel flow depends on the flight altitude and aircraft mass. For each 2D optimization, the mass
considered is the one at the starting point. The fuel flow is then determined for the concerned altitude
from a database. The true airspeed is computed using Equation (10) presented in the sequel.

3.3 4D extension
For the 4D extension of the method proposed in [11], two main challenges arise: updating the
weather data and finding the most appropriate flight level for each part of the cruise phase, according
to the environmental cost and the flyability of the aircraft. The proposed extension recomputes the
trajectory of the aircraft with a constant step. To do this, it is necessary to update the weather and
contrail data.

As explained in the previous subsection, the aircraft can reach a higher flight level if it burns
enough fuel. It is therefore necessary to check the flight level regularly. The ability to climb depends
on many parameters such as take-off mass, speed and aircraft model. These parameters vary from
airline to airline and are often confidential. For this reason, the time between two climbs is tunable
and has been set at two hours in this study as it reflects the real flight profiles. To take altitude
into account in the trajectory generation process, a first idea consists in fully extending the FMT*
algorithm in the third dimension. However, this brut force approach may increase strongly the
computation time and may sample the search space in regions where the aircraft will not be able
to go due to the FL constraints. Instead we propose to restrict the search space to an altitude range
compatible with the aircraft performances. We propose to recompute the trajectory at each time step
at the current altitude, as well as at the higher (if possible) and lower flight levels. One must remind
that changes in altitude have also an impact on the fuel consumption. In this study, the cost of a
descent is assumed to be zero. The cost of a level change is therefore defined as follows:
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κ(∆z) = 60
max(∆z,0)

ROC
FFc, (9)

where ∆z is the difference in altitude (2000ft in this study), ROC is the rate of climb in ft/min and
FFc is the fuel flow during climb in kg/s as a function of ROC, true air speed (TAS) and altitude.
The ROC evolves during the flight and can be considered as a tunable parameter. In this study, we
consider a ROC from 1000ft/min to 500ft/min, decreasing by 250 every 2 hours. The TAS depends
on the flight level and is defined as follows:

TASl = 0.98(l−lmin)/10TASmin, (10)

where lmin is the minimum flight level and TASmin is the true airspeed at that flight level. The fuel
flow is a function of the flight level and is updated every flight hour. In fact, it decreases during the
flight because the aircraft is lighter.

To summarize the trajectory update procedure, at a given iteration i, the best flight level l∗i is
defined as follows:

l∗i = argmin
l∈Li

(c(γl,i)+κ(100(l − li−1))), (11)

where Li is the set of reachable flight levels, γl,i is the best trajectory generated by the FMT* algo-
rithm at the flight level l and c is the environmental cost function. This procedure is repeated at each
time step until the aircraft reaches the destination. In this study, the trajectory update time step is the
same as the weather data update time step (1 hour). This value is sufficient, as flight levels change
at least every hour. However, in our algorithm, this value can be changed by the user. Fig. 3 shows
an example of an iteration of the algorithm. In this example, the aircraft has flown from the origin
O to the point P at the flight level 330. In this iteration, the aircraft can climb at FL350, remain at
FL330 or descend at FL310. The algorithm computes a trajectory from point P to the destination D
for each flight level with the new weather and contrail data. It then selects the flight level and the
trajectory that minimizes the cost function. In this example, it would be better to change the flight
level due to the presence of a large area of contrails at FL330.

The 4D trajectory generation method can be summarized by the following steps:

1. At the beginning of the flight, select the first flight level among those available and com-
pute the associated trajectory that minimizes the cost function, taking into account the initial
weather and contrail data.

2. After a time step i.e. each time the flight level is called into question, generate a new trajectory
from the new point of the aircraft to the destination, taking into account the new data and the
ability to climb at the next flight level. Aircraft data are also updated, in particular the mass
and the fuel flow at each flight level considered are updated.

3. Repeat the previous step until the aircraft reaches the destination.

4 Results
This section presents the results of two case studies: Paris-Miami and Paris-Denver. Subsection 4.1
introduces the data used, then the results for the flight Paris-Miami are presented in subsection 4.2
and the ones for the flight Paris-Denver in subsection 4.3. The computer used for the experiments is
equipped with an Intel Core-i9 processor, with 64 Go RAM.
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Figure 3: Update iteration: the aircraft has flown from the origin O to the point P at FL330 and can
decide to climb at FL350, remain at FL330 or descend at FL310 for the remainder of the flight.

4.1 Data
The weather data used for the proposed experiments are extracted from the ERA5 database [30] and
processed for contrail area computation using the CLIMaCCF Python library [31]. The data used
are from 1st August 2023, and contain also associated wind. As done in [11], the metric used for
contrails quantification is the GWP, with a 20 or 100-year time horizon [13] (see Table 1 for more
details).

Data for the aircraft, A388 type, used are extracted from [32], with the true airspeed fixed to
Va = 440 kts at Flight Level 310 and an initial mass of 80% of the Maximum Take Off Mass. The
fuelflow is extracted from the OpenAP Python library [33].

As explained in subsection 3.3, the weather data are updated every hour, the first flight level
authorized is the FL310 and every 2 hours, a new higher level is authorized (with a 2000 ft-step).
The rate of climb varies from 1000 ft/min to 500 ft/min, decreasing by 250 every 2 hours. These
parameters are fixed for the proposed numerical experiments, however, the final users can adapt
them to their situation and, for example, an airline can adapt them to the data of its flights, as they
are only inputs of the algorithm.

4.2 Paris - Miami case study
The first study case done is a flight from Paris to Miami. It was tested with different departure times
on the same day, with the aircraft and altitude parameters previously mentioned.

Let us first consider the results obtained for a given departure time, here 04:00 UTC. Figs. 4
and 5 show the lateral and vertical profiles of the trajectory without taking contrails into account
(only fuel consumption is minimized). Figs. 6 and 7 show the lateral and vertical profiles of the
trajectory where contrails with GWP 100 are considered.
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Direct route
Computed route
Weather data updated and flight level change
Weather data updated without flight level change

Figure 4: Lateral profile of the computed wind-optimal trajectory (no contrails considered) for a
Paris-Miami flight on 1st August 2023, with departure time 04:00 UTC. The dotted line is the direct
route (great circle) and the plain line is the computed trajectory. The circles are the positions at
which weather (and then contrails) data are updated and the filled circles are particular points at
which the flight level changes.

04:00 05:00 06:00 07:00 08:00 09:00 10:00 11:00 12:00 13:00
Time (UTC)

FL 310

FL 330

FL 350

FL 370

Figure 5: Vertical profile of the computer wind-optimal trajectory (no contrails considered) for a
Paris-Miami flight on 1st August 2023, with departure time 04:00 UTC.
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Direct route
Computed route
Weather data updated and flight level change
Weather data updated without flight level change

Figure 6: Lateral profile of the computed trajectory with GWP100 for a Paris-Miami flight on 1st
August 2023, with departure time 04:00 UTC. The dotted line is the direct route (great circle) and
the plain line is the computed trajectory. The circles are the positions at which weather (and then
contrails) data are updated and the filled circles are particular points at which the flight level changes.

04:00 05:00 06:00 07:00 08:00 09:00 10:00 11:00 12:00 13:00
Time (UTC)

FL 310

FL 330

FL 350

Figure 7: Vertical profile of the computed trajectory with GWP100 for a Paris-Miami flight on 1st
August 2023, with departure time 04:00 UTC.

Fig. 7 shows a descent at the end of the flight (12:00 UTC). This is an expected behavior, since
FL 330 produces fewer contrails at the end of the flight than FL 350, as shown in Fig. 8. The descent
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becomes a more attractive option, even if it means higher fuel consumption.

Figure 8: Focus on the end of the computed trajectory for the Paris-Miami flight with departure
time 04:00 UTC. The computed trajectory is represented by the orange plain line. The line becomes
dashed at the moment at which the decision to level off is made. Areas hatched with grids (respec-
tively with points) are contrail areas at FL330 (respectively at FL350).

The vertical profile without consideration of contrails (Fig. 5) is a standard flight profile and
corresponds to what can be operated today. The profile obtained with the contrails is adapted (Fig.
7), allowing to find a balance between the CO2 and contrails, depending on the chosen metric. The
proposed method avoids to change FL too often, which, in addition to higher fuel consumption,
would result in discomfort for passengers, additional workload for air traffic control, and, in the
long term, premature engine wear.

Several computations have been performed with different start times, between 0:00 and 14:00
UTC. Different results are obtained, depending on the start time and the associated weather condi-
tions, and the time horizon for the GWP calculations (20 or 100 years). Fig. 9 shows the distribution
of the total objective function for each time horizon. Figs. 10 and 11 show the distribution of the
fuel consumption and flight time respectively for each time horizon. Fig. 12 shows the reduction of
flight time in contrail areas. Fig. 13 shows the number of level-offs and level-ups for each departure
time for both time horizons.

Figs. 10 to 12 show how the time horizon for GWP computation has an impact on the results ob-
tained. As expected, the impact of contrails is relatively higher with smaller time horizons, resulting
in more fuel burnt to avoid flying through contrail areas. When taking contrails into account, fuel
consumption increases. However, the additional cost is on average less than the one observed with
2D optimization alone. In the worst cases of the shorter time horizon, the cost remains relatively
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Figure 9: Distribution of the value of the objective function for the Paris-Miami tests, depending on
the time horizon chosen for the GWP metric.

Figure 10: Distribution of the value of fuel consumption for the Paris-Miami tests, depending on the
time horizon chosen for the GWP metric. The left side shows the value of fuel consumption, while
the right side shows the additional fuel consumption compared to the case where no contrails are
considered (only fuel consumption is minimized).

high. To solve this issue, the problem can be more tightly constrained to avoid these cases, even at
the expense of the overall environmental impact (depending on the metric chosen).

Fig. 13 illustrates that the number of flight level changes is relatively low. Moreover, in current
traffic situations, leveling off is quite uncommon. Our results show a small number of levels off,
which is a new behavior to be adopted for contrail avoidance. The proposed method allows for
trajectories that propose delayed climbs or longest stays at lower levels, thereby reducing the number
of level changes. It is important to note that no additional constraints were added to obtain this.
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Figure 11: Distribution of the value of flight time for the Paris-Miami tests, depending on the time
horizon chosen for the GWP metric. The left-hand side shows the value of the flight time, while
the right-hand side shows the additional flight time compared to the case where no contrails are
considered (only fuel consumption is minimized).

Figure 12: Distribution of the reduction of flight time in contrail areas for the Paris-Miami tests,
depending on the time horizon chosen for the GWP metric, compared to the case where no contrails
are considered (only fuel consumption is minimized).

Pareto analysis

To better understand and analyze the results, we propose a weighting approach for the two objectives,
fuel and flight time in contrail areas. The cost of an edge then becomes:

ci, j = fi, j (1+α λi, j), (12)
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Figure 13: Numbers of levels off (light grey) and levels up (dark grey) for each departure time
considered in tests for Paris-Miami flights with GWP 20 (top figure) and GWP 100 (bottom figure).

where α ≥ 0 is a user-defined parameter. Numerical experiments have been conducted on the partic-
ular case of a Paris-Miami flight on 1st August 2023, with departure time 04:00 UTC, as proposed
for the first results presented in this Section. Fig. 14 displays the reduction of flight time in con-
trail areas in function of the additional fuel consumption (compared to the case where only fuel is
minimized). Figs. 15 and 16 show the flight time in contrail areas reduction and the additional fuel
consumption α value dependency respectively. Finally, Fig. 17 shows the number of flight level
changes in function of α .

Several observations can be made from these results. First, Fig. 14 shows that the first few
percent of contrails are easy to eliminate, i.e., with a relatively small additional CO2 budget, a
significant proportion of contrails can be avoided. Moreover, from the point of view of the trade-
off between the CO2 emitted and the contrails created, it may not be worthwhile to completely
eliminate contrails at the cost of much higher consumption with limited marginal gain in contrails.
Steps appear in Fig. 14, as well as in Figs. 15 and 16. There are two main reasons for this. First, the
algorithm used is based on sampling, and even if it is asymptotically optimal, the tree is built from
a sampling of a finite number of points. As a result, approximations necessarily occur. In addition,
there may be breaks in the choice of whether or not to avoid a zone. Even if the aim is to minimize
the time flown through a region of contrails, the algorithm may also behave in a binary way when
avoiding certain zones (especially the smallest ones), so there may be breaks depending on the value
of α . There is a break in the number of flight level changes as a function of alpha, as shown in Fig.
17. This is due to the fact that, above a certain value of α , the relative cost of contrails becomes so
high that it becomes more attractive not to climb at a certain point in the flight. A last remark is that
even if all contrails are eliminated in the solution, fuel consumption may still increase (see Fig. 16).
This is due to the heuristic we have chosen for managing time dependencies. A trajectory can be
computed to avoid contrails that will not be encountered following a data update. This is the case
when the relative cost of contrails becomes too high. As the computation time is low, several tests
with different weightings of the contrails can be carried out to limit this problem.
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Figure 14: Flight time in contrail areas reduction in function of additional fuel consumption when
using user-defined penalty for contrails, for a Paris-Miami flight on 1st August 2023, with departure
time 04:00 UTC.
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Figure 15: Flight time in contrail areas reduction in function of the value of the user-defined penalty
for contrails (α), for a Paris-Miami flight on 1st August 2023, with departure time 04:00 UTC.
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Figure 16: Additional fuel consumption in function of the value of the user-defined penalty for
contrails (α), for a Paris-Miami flight on 1st August 2023, with departure time 04:00 UTC.

4.3 Paris - Denver case study
The second study case is a flight from Paris to Denver. It has been tested with different departure
times, performing computations with start times between 0:00 and 13:00 UTC, on the same day with
the previously mentioned parameters for the aircraft and altitude consideration. Different results are
obtained, depending on the start time, the associated weather conditions, and the time horizon for
the GWP calculations (20 or 100 years). Fig. 18 shows the distribution of the total objective function
for each time horizon. Figs. 19 and 20 show the distribution of the fuel consumption and flight time
respectively for each time horizon. Fig. 22 shows the number of level-offs and level-ups for each
departure time for both time horizons.

Based on Figs. 19 and 20 the same conclusion as in the Paris-Miami tests can be drawn about
the impact of time horizon for GWP. However, the additional fuel consumption is higher than in
the Paris-Miami tests. This is due to a worse contrail situation compared to the Paris-Miami flight.
Once again, constraints can be added to avoid too high additional fuel consumption, but at the cost
of higher overall climate impact. Another action lever could be to accept to climb or descend by
1000 ft instead of the current 2000 ft step or to be less constrained on the vertical profile according
to flight mechanics constraints. Indeed, Fig. 22 shows that in many cases, the flight level does
not change and this may indicate that the vertical profile is too constrained for altitude to provide
sufficient leverage to limit contrails. However, current operational practices consider flight-level
parity constraints based on the trajectory direction to reduce traffic complexity.

The proposed results were obtained with an average computation time of 5.2 minutes for Paris-
Miami and 5.9 minutes for Paris-Denver. These computation times are relatively small, considering
that the method takes into account both temporal and altitude updates. Moreover, these computa-
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Figure 17: Number of flight level changes (up and down) in function of the value of the user-defined
penalty for contrails (α), for a Paris-Miami flight on 1st August 2023, with departure time 04:00
UTC.
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Figure 18: Distribution of the value of the objective function in the Paris-Denver tests, depending
on the time horizon chosen for the GWP metric.

Figure 19: Distribution of the value of fuel consumption for the Paris-Denver tests, depending on
the time horizon chosen for the GWP metric. The left side shows the value of fuel consumption,
while the right side shows the additional fuel consumption compared to the case where no contrails
are considered (only fuel consumption is minimized).

tional performances can be improved by parallelization if necessary. The proposed method has been
tested on arbitrary aircraft performance data, but they are completely adaptable, according to the
user’s needs. These data, e.g. aircraft mass or rate of climb, are sensitive and therefore generally
not public. Moreover, they change during the flight, and the proposed method can also allow the
computations to be updated during the flight as the flight data is updated.
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Figure 20: Distribution of the value of flight time for the Paris-Denver tests, depending on the time
horizon chosen for the GWP metric. The left side shows the value of the flight time, while the right
side shows the additional flight time compared to the case where no contrails are considered (only
fuel consumption is minimized).

Figure 21: Distribution of the reduction of flight time in contrail areas for the Paris-Denver tests,
depending on the time horizon chosen for the GWP metric, compared to the case where no contrails
are considered (only fuel consumption is minimized).
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Figure 22: Numbers of levels off (light grey) and levels up (dark grey) for every time departures
considered in tests on Paris-Denver flights with GWP 20 (top figure) and GWP 100 (bottom figure).

5 Conclusion
This paper proposes a robotics-based method for generating an airliner cruise trajectory, to minimize
the environmental impact of an aircraft trajectory. The Fast Marching Tree (FMT*) was first adapted
to the great circle distance, as it was originally made for Euclidean spaces and for considering wind
fields [10]. The algorithm was originally designed to avoid hard obstacles, so it was adapted to
contrails which are soft obstacles [11], only in 2D. Finally, this paper proposes a method derived
from the FMT* algorithm to consider time-varying weather data by regular updates. Moreover,
since altitude change can be an efficient action lever for contrail avoidance, this method proposes to
add it as a decision variable. These two extensions have been implemented by taking into account
operational constraints. For the temporal updating, the method is adapted by using fixed step updates
synchronized with the weather updates, thus allowing to reduction of the uncertainties on this data.
For taking into account altitude, we restrict the search space to an altitude range compatible with
the performance of the aircraft. In addition, it is suitable to update the trajectory during the flight in
case of changes in the aircraft performance, which again allows the trajectory to be readjusted as the
uncertainties are reduced. Finally, the aircraft data used are standard, but they can be adapted to suit
the user’s needs, for example, an airline can adapt the data to its strategy and departure conditions.

There are several directions to extend this work. First, there are more complex time and space-
dependent metrics associated with contrails, such as aCCFs [31]. The method could be adapted to
these metrics. Second, the data used are meteorological and therefore inherently uncertain. This
type of uncertainty could be incorporated, for example, to obtain robust trajectories. Finally, the
computation time could be improved by parallelization. Indeed, at each iteration, the computations
performed on each flight level are independent and can therefore be performed on different comput-
ing nodes.
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