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Abstract: The paper deals with a community-oriented approach to the multiobjective optimisation
of sustainable takeoff and landing procedures of commercial aircraft. The objective functions to be
minimised are defined as the measure of area surrounding the airport where the Sound Exposure
Level (SEL) is higher than 60 dBA, and the amount of fuel burned during the procedure. The first merit
factor is a measure of the number of citizens affected by a potentially harmful noise level, whereas
the second is proportional to the chemical emissions. The novelty of the present approach is the use
of a criterion based on sound quality for the selection of the optimal procedure from the Pareto front
set. The spectrum of the noise produced by each non-dominated solution is compared to a reference
spectrum, the target sound. This is synthesised to meet the acceptance requirements that emerged
by a campaign of psychometric tests. The rationale underlying the research is tightly linked to the
expected transformation of civil aviation, with the advent of new air transport solutions in urban
and suburban environments. The breakthrough nature of the emerging scenarios requires a drastic
renewal of the approaches used in the management of operations, and the present work represents a
contribution to this evolution. The optimisation is attained adopting a global, deterministic method,
and numerical results are obtained for single- and twin-aisle aircraft.

Keywords: multiobjective optimisation; community noise; air quality; sound quality; noise abatement
procedures; spectral matching

1. Introduction

The evolution of the air transportation system is nowadays experiencing a turning point
that will lead to the advent of a completely new scenario in the next decade. Electrification
of propulsion, Urban Air Mobility (UAM), suburban air shuttles, and alternative fuels are
some of the factors that are inducing a change of paradigm for civil aviation. The effect on
society of these ground-breaking solutions is amplified by the enduring expansion of urban
areas around airports and the constant increase in air traffic in terms of daily movements
and passengers (for additional information and details see Knobloch et al. [1]). In such a
rapidly evolving context, sustainability can be guaranteed only introducing new approaches
to the management of the air transportation system, capable of satisfying market requests
and, at the same time, preserving the health and the quality of life of citizens. The European
community has sponsored several research projects over the last twenty years to develop
disruptive technologies and operational procedures to lower the impact on the community of
the chemical and acoustic emissions related to civil aviation.

A standard trajectory optimisation is aimed at calculating the best flight path through
the minimisation (or maximisation) of a performance index that can deal with noise re-
duction (in a specific point or in a certain area), fuel consumption or the total cost [2].
The growth of computational resources, together with the development of sophisticated
multiobjective optimisation algorithms have made it possible to deal with the design of
the trajectories as a vector minimisation problem (a valuable review of Multi-Objective
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Trajectory Optimisation techniques for transport aircraft flight operations can be fund
in Gardi et al. [3]), so that multiple environmental factors can be minimised at the same
time [4]. When the main focus is on noise reduction, the resulting flight path can be named
a noise abatement procedure (NAP). NAPs can involve, in order to avoid overflight of pop-
ulated areas, preferential routings [5] to cope with the well-being of populations living near
airports. The NAP design for airport noise mitigation is usually carried out by airlines [6]
under the guidance of the International Civil Aviation Organization (ICAO) and regulatory
entities such as the Federal Aviation Administration (FAA). Notwithstanding, over the
past decades, universities and research centres have also been involved in the design of
environmentally friendly airport procedures: indeed, this activity provides the possibility
of developing sophisticated flight simulation tools involving flight dynamics and control,
multilevel computational aeroacoustics techniques together with numerical optimisation
strategies [7–11]. To date, one of the most challenging research topics related to the design
of low environmental impact trajectories is the adaptation of the NAP design techniques
to the new aircraft concepts, such as the Blended Wing Body (BWB) configuration: for
such disruptive layouts the designer cannot rely on past experience; thus, a viable strategy
appears to be metamodelling the BWB shielding effect [12,13], with the aim of exploiting the
existing well-assessed noise estimation tools for the prediction of future airport scenarios.

The work presented in this paper is different from traditional trajectory optimisations,
and it can be considered as an evolution of the approach first introduced during the SEFA
projects (Sound Engineering For Aircraft, FP6, 2004–2007 [14–16]) to assess the perceptive
qualities of the noise produced by a civil aircraft, and subsequently evolved to an airport
scenario (i.e., a prescribed sequence of takeoff and landing procedures) during COSMA
(community noise solutions to minimise aircraft noise annoyance, FP7, 2009–2012 [17,18]).
Here, the sound quality assessment is applied in the multiobjective context adopted in the
ANIMA project (Aviation Noise Impact Management through Novel Approaches, H2020,
2017–2021, [1,19]) as a criterion to select the least annoying procedure from the Pareto set
of a two-objective optimisation. The objective functions used are indirect measures of the
number of citizens affected by a potentially harmful noise level, and of the amount of
greenhouse gases injected in the atmosphere.

Specifically, this work aims at exploring multiple noise descriptors for the design of
low-noise flight paths. Indeed, the purpose of the analysis presented here is to simultane-
ously minimise both the chemical and the acoustic emissions: the case studies concern the
takeoff and the approach procedures of single- and twin-aisle aircraft, representative of
aeroplane classes used for most of the international commercial routes. Since the Multi
Objective Optimisation (MOP) solution is composed of a set of non-dominated points,
the sound quality assessment is applied to select the optimal trajectories. The aircraft
operations have been optimised within the in-house Multidisciplinary Conceptual Robust
Design Optimisation (MCRDO) framework FRIDA (Framework for Innovative Design in
Aeronautics [12,15,16,18,20–22]). The two objectives to be minimised are the Sound Expo-
sure Level (SEL) 60 dBA contour area and the amount of fuel burnt during the entire airport
operation. The decision making criterion makes use of a third objective function, built
based on the sound-quality assessment: the latter is formalised as the Lp norm in the vector
space defined by the difference between the noise produced by the aircraft and a weakly
annoying target sound (the interested reader can find useful information on the target
sound definition in [18]). It is worth highlighting that Lp norms of different orders can be
used to build objectives that focus on local and distributed differences: this behaviour has
been investigated concerning benchmark problems [16], and it can be demonstrated that it
can be exploited when the effect of tonal components is explicitly available. The constrained
optimisation problem is solved within FRIDA by using the Deterministic Particle Swarm
Optimisation (DPSO) method, a gradient-free global technique introduced by Kennedy and
Russel [23], in its original deterministic implementation [24,25]. All the numerical results
are presented in terms of approximated Pareto frontiers for takeoff and landing conditions
for both the single- and twin-aisle aircraft.
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The paper is organised as follows. Section 2 provides details on the optimisation
problem setup, including the definition of the two objectives functions. The main character-
istics of both the single- and twin-aisle aircraft are reported in Section 3. In Section 4, the
optimisation results are presented, and the criteria for the sound-quality-based decision
making are reported in Section 5 with the final designer choices. Finally, Section 6 presents
some concluding remarks.

2. Optimisation Problem Setup

A Generic Constrained Multiobjective Optimisation Problem (MOP) is formalised as

min/max[Jk(x)], k = 1, . . . , K and x ∈ D
with bounds xL

n ≤ xn ≤ xU
n , n = 1, . . . , N

subject to gi(x) ≤ 0, i = 1, . . . , I

and hj(x) = 0, j = 1, . . . , J

(1)

where Jk(x) is the k-th objective function (with x ∈ D being the vector containing the
N design variables), and gi(x) and hj(x) are the inequality constraints and the equality
constraints, respectively. The solution of the above problem consists of the set of non-
dominated solutions that forms the Pareto frontier.

In the present multiobjective approach, the two merit functions are related to acoustic
and chemical emissions. The acoustic descriptor used here is the Sound Exposure Level
(SEL) which represents the most suitable strategy for comparing airport procedures of
different durations. Here, the objective function to be minimised is chosen to be a measure of
the number of citizens affected by a noise level above a certain threshold. More specifically,
J1(x) is chosen as the area bounded by the SEL 60 dBA contour, formalised as

J1(x) =
∫∫

A60

dA {A60 : ∀(ξ, η) ∈ A60 ⇒ SEL(x, ξ, η) ≥ 60 dBA} (2)

where A60 is the area surrounding the airport where SEL is greater or equal to 60 dBA, with
ξ and η being the reference spatial coordinates of the noise map. The objective function
related to the chemical emission is simply the amount of fuel burnt during the manoeuvre,

J2(x) =
∫ t10k

0
cTdt (3)

where t10k is the time that the aircraft takes to reach an altitude of 10,000 ft, T is the required
thrust and c is the specific fuel consumption, here modelled as a function of the true
air speed (TAS).

With the aim of ensuring the simulation of a realistic operation, suitable constraints
were imposed. First of all, the high-lift devices deployment combined with the angle of
attack must ensure a vertical equilibrium, preventing the stall at the p-th trajectory sample.
Thus, the following constraint is imposed

g1(x) =
P

∑
p=1

max
(

0,
αp

αST

− 1
)

(4)

where αST is the stall angle. Furthermore, since N1 (the rotational velocity of the low-
pressure spool) must not exceed the overspeed in takeoff and must not fall below the idle
setting in the approach (T and A indicate the takeoff and the approach procedures), the
following constraints are also used
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g2(x)|T =
P

∑
p=1

max
(

0,
N1p

N1OS

− 1
)

g2(x)|A =
P

∑
p=1

max
(

0, 1−
N1p

N1ID

) (5)

where the subscripts OS and ID stand for overspeed and idle, respectively. To avoid struc-
tural failures, the following constraints, which account for the normal load factor n variation,
are imposed

g3(x) =
P

∑
p=1

max
(

0,
np

n+
L
− 1
)

(6)

g4(x) =
P

∑
p=1

max
(

0, 1−
np

n−L

)
(7)

where n+
L

and n−
L

are the positive and negative limit normal load factor. Equations (4)–(7) are
calculated at each p-th sample of the trajectory. In addition, considering the q-th trajectory
segment the following constraint was introduced

g5(x) =
Q

∑
q=1

max
(

0,
|γq|

γMAX

− 1
)

(8)

to account for the maximum absolute value of the ramp angle over the Q trajectory seg-
ments. Finally, the maximum change in slope ∆γMAX between two consecutive trajectory
segments was imposed as

g6(x) =
Q

∑
q=1

max
(

0,
|γq − γn−1|

∆γMAX

− 1
)

(9)

where 2 < q < Q, to ensure passenger comfort.
It is important to underline that the correct estimation of J1(x) requires the use of suitable

aeroacoustic models: indeed, the prediction of the noise at a prescribed location requires
both the modelling of the relevant physical phenomena involved in the sound generation
and propagation mechanisms. Within the optimisation context, the identification of a proper
trade-off between accuracy and computational cost is a crucial aspect: thus, well-assessed
semi-empirical models were used here, capable of predicting the aircraft noise spectra at
specified location (for useful details, see Appendix A). In addition, it is worth noting that the
deep interplay between aeroacoustics and flight mechanics makes a correct description of the
aircraft dynamics and its operating conditions mandatory. Specifically:

• The airframe noise during the airport operations is also linked to the deployment of
the high lift devices;

• Due to the strong directivity of some acoustic sources, the attitude of the aircraft
influences the spectrum that reaches a listener;

• The noise emitted by the main sources related to the propulsion system (fan, compres-
sor, turbine, buzz-saw and jet) depends on the engine’s settings in terms of N1 and
N2, which depends on the required thrust;

• The relative speed and the distance between the aircraft and the listener influence the
spectrum of the received signal through the Doppler effect and the atmospheric absorption.

Therefore, a detailed description of the aircraft flight mechanics makes it possible to
provide an adequate estimate of the noise emissions. Interestingly, since J2(x) also depends
on the required thrust, the two objective functions are intrinsically connected.
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3. Case Studies

The case studies involve both a single- and a twin-aisle aircraft, representative of
aeroplane classes used for most of the international commercial routes: the first one for
short- and medium-haul flights, and the second for medium- to long-haul ones. The aircraft
characteristics are reported in Table 1.

Table 1. Main characteristics of the single- and twin-aisle aircraft.

A/C Charachteristics Single-Aisle Twin-Aisle

Number of seats 164 406
Cruise Mach number 0.78 0.82
Cruise altitude (ft) 42,000 42,000
Range (nmi) 3250 5500
MTOW (ton) 78 230
OEW (ton) 43 122
Number of engines 2 2
Maximum thrust per engine (kN) 111.2 316.4
Bypass ratio 6.5 9.6
Engine placement under the wing under the wing

The framework FRIDA builds the aircraft geometrical model, performing a complete
analysis for the estimate of aerodynamic and the structural properties. In Figure 1 are
presented the pictorial representations of the models built within FRIDA related to the
single- and the twin-aisle aircraft.

Figure 1. Side view of the geometrical models generated by FRIDA for the single- (top) and the
twin-aisle (bottom) aircraft.

All the data coming from the analysis modules are collected and passed to the FRIDA
flight simulation environment. With the aim of reducing the computational effort, suitable
corrections are applied to the aerodynamic and inertial data to account for the specific flight
conditions: by doing this, the airport manoeuvres can be calculated with the expense of a
single aircraft analysis, maintaining an accuracy more than acceptable.

In this work, both takeoff and landing procedures are optimised. Specifically, the
reference takeoff manoeuvres are modelled starting from the ICAO procedures for aircraft
compatible with the test cases analysed. The trajectories consist of five segments (six input
nodes), starting from the brake release up to a distance related to an altitude equal to
10.000 ft (about 35 km from the runway for both the aircraft). The trajectory description is
built starting from nodal variables (geometric and kinematic), reported in Table 2.
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Table 2. Reference takeoff manoeuvre for the single- and twin-aisle aircraft: geometric and
kinematic variables.

Single-Aisle Twin-Aisle
Op. # x (m) z (m) v (m/s) x (m) z (m) v (m/s)

1 0.0 0.0 0.0 0.0 0.0 0.0
2 1698.6 0.0 83.7 1908.1 0.0 87.9
3 4500.4 457.2 85.6 4772.2 457.2 89.9
4 8648.7 914.4 87.5 9571.5 914.4 91.9
5 15,852.8 1179.4 136.2 16,285.3 1132.4 135.9
6 35,441.3 3048.0 149.7 35,833.9 3048.0 149.7

The initial aircraft masses for the takeoff phase were set approximately equal to 77 tons
for the single-aisle aircraft and 217 tons for the twin-aisle, corresponding to 98% and 95%
of the MTOW, respectively. In Figure 2 are depicted the reference takeoff trajectories for the
single- and the twin-aisle aircraft with the 60 dBA isolevel.

(a) (b)

Figure 2. Flight path and 60 dBA isolevel for the reference takeoff manoeuvre. (a) single–aisle aircraft
and (b) twin–aisle aircraft.

The reference approach phases are modelled based on the standard ICAO procedures
for two aircrafts compatible with the test cases chosen. The trajectory consists of six
segments (seven input nodes), starting at about 40 km from the airport and ending at the
touchdown point on the runway. The geometric and the kinematic variables of the nodes
are reported in Table 3.

Table 3. Reference approach manoeuvre for the single- and twin-aisle aircraft: geometric and
kinematic variables.

Single-Aisle Twin-Aisle
Op. # x (m) z (m) v (m/s) x (m) z (m) v (m/s)

1 −39,213.1 1828.8 140.6 −43,346.7 1828.8 140.6
2 −24,262.8 914.4 134.4 −26,462.8 914.4 134.4
3 −17,447.8 914.4 98.0 −17,447.8 914.4 89.3
4 −15,202.8 796.7 92.9 −14,813.2 776.3 82.3
5 −10,297.6 539.7 70.0 −12,164.6 637.5 69.4
6 0.0 0.0 68.2 0.0 0.0 68.4
7 925.1 0.0 15.4 641.4 0.0 15.4

The initial masses for the approach phase for the single- and twin-aisle aircraft are
about 58 tons and 157 tons, respectively, corresponding to 135% of the OEW for the single-
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aisle aircraft and 129% of the OEW for the twin-aisle. The reference approach trajectories
for the single- and the twin-aisle aircraft with the 60 dBA isolevel are depicted in Figure 3.

(a) (b)

Figure 3. Flight path and 60 dBA isolevel for the reference approach manoeuvre. (a) single–aisle
aircraft and (b) twin–aisle aircraft.

4. Optimisation Results and Discussion

The optimisations were carried out within FRIDA, using the Deterministic Particle
Swarm Optimisation (DPSO) algorithm, an original implementation of the Particle Swarm
Optimisation (PSO) method, making use of 10nDV particles (with nDV being the number of
design variables) and 250 PSO iterations. Instead of solving an unconstrained minimisation
problem, pseudo-objective functions are used to account for the constraints described by
Equations (4)–(9): the pseudo-objective Ĵk is defined using the external quadratic penalty
function as follows

Ĵk(x) = Jk(x) +
1
ε ∑

i
max[0, gi(x)]2 (10)

where ε is the penalty coefficient. The optimisation process for the takeoff is aimed at
finding the optimal path in terms of spatial and kinematic variables of the third, the fourth
and the fifth trajectory nodes, whereas the landing optimisation involves the second, the
third and the fourth trajectory nodes (see Tables 2 and 3). The results are reported below in
terms of DPSO solutions with the approximated Pareto frontiers: for both the single- and
the twin-aisle aircraft under consideration, the optimal solutions related to the minimum
noise and the minimum fuel are presented and discussed.

4.1. Single-Aisle Aircraft
4.1.1. Takeoff

The optimisation process for the takeoff is aimed at finding the optimal path in terms
of spatial and kinematic variables of three nodes (the third, the fourth and the fifth trajectory
node). The design variables with the upper and lower bounds are reported in Table 4.

Figure 4 shows the optimisation results for the single-aisle aircraft takeoff operation
in terms of DPSO solutions (normalised with respect to the reference solution) and the
approximated Pareto front.
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Table 4. Takeoff manoeuvre optimisation variables for the single-aisle aircraft: reference values with
upper and lower bounds.

Variable Lower Bound Reference Upper Bound

x3 (m) 4000.0 4500.4 5000.0
z3 (m) 400.0 457.2 500.0
v3 (m/s) 85.0 85.6 86.0

x4 (m) 7000.0 8648.7 10,000.0
z4 (m) 800.0 914.4 1000.0
v4 (m/s) 87.5 87.5 110.0

x5 (m) 13,000.0 15,852.8 17,000.0
z5 (m) 1000.0 1179.4 1300.0
v5 (m/s) 110.0 136.2 140.0

Figure 4. Takeoff manoeuvre for the single-aisle aircraft: normalised DPSO solutions with reference
trajectory and approximated Pareto front.

The analysis of the non-dominated solutions in Figure 4 highlights that there is the
possibility of decreasing the 60 dBA area by about 9% starting from the minimum fuel
solution moving along the Pareto front. In addition, it is worth noting that the entire
approximated Pareto frontier is composed of solutions that improve both the acoustical and
chemical emissions with respect to the reference takeoff trajectory. The optimal solutions
related to the minimum noise and the minimum fuel consumption are presented in Figure 5
with 60 dBA contours.

It is easy to note that, as shown in Figure 5a, the flight paths related to the minimum
noise are remarkably different with respect to the minimum fuel solution. Such solutions
are also distant from each other in the objectives space: this is highlighted in Figure 5b,
which shows substantial differences between the 60 dBA areas. The minimum noise
solution consists of an initial steep climb with a maximum ramp angle compatible with the
engine overspeed: the steep climb is followed by a low-ramp path. this is reflected in the
60 dBA area enlargement downstream from the runway (at x = 10 km), compensated by its
shortening at x = 34 km. It is interesting to note that the minimum fuel solution 60 dBA
contour is similar to that related to the reference takeoff (see Figure 5b), which could prove
that the reference flight path is designed to reduce chemical emissions.

To better understand the reasons that lead to the modification of the 60 dBA contour
shape, let us observe the procedural variables related to the takeoff optimal solutions,
reported in Figure 6.
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(a)

(b)

Figure 5. Takeoff manoeuvre for the single-aisle aircraft: flight paths and 60 dBA contours for the reference
trajectory and the optimal solutions related to the minimum noise and the minimum fuel consumption:
(a) flight path, (b) 60 dBA contours.

(a)

(b)

Figure 6. Takeoff manoeuvre for the single-aisle aircraft. Procedural variables. (a) flap deflection,
(b) N1.

Figure 6a shows the time history of the flap deflection: for both optimal solutions, the
flap retraction is anticipated, producing less noise with respect to the reference manoeuvre.
It is worth noting that, as shown in Figure 6b, the rotational speed N1 for the low-noise



Aerospace 2022, 9, 310 10 of 22

optimal solution exceeds 100%, reaching the overspeed in just under 10 min: this generates
more propulsive noise, but the steep climb, as mentioned above, shortens the 60 dBA
contour from x = 37 km to x = 34 km at y = 0 km.

4.1.2. Approach

The second, the third and the fourth trajectory nodes are optimised for the problem
related to the approach trajectory: the optimisation variables are reported in Table 5 with
the upper and lower bounds.

Table 5. Approach manoeuvre optimisation variables for the single-aisle aircraft: reference values
with upper and lower bounds.

Variable Lower Bound Reference Upper Bound

x2 (m) −27,500.0 −24,262.8 −22,500.0
z2 (m) 914.4 914.4 1100.0
v2 (m/s) 115.0 134.4 140.6

x3 (m) −19,000.0 −17,447.8 −16,500.0
z3 (m) 850.0 914.4 914.4
v3 (m/s) 95.0 98.0 115.0

x4 (m) −15,500.0 −15,202.8 −13,000.0
z4 (m) 600.0 796.7 850.0
v4 (m/s) 75.0 539.7 95.0

The DPSO solutions (normalised with respect to the reference solution) for the ap-
proach operation related to the single-aisle aircraft are presented in Figure 7 with the
approximated Pareto front.

Figure 7. Approach manoeuvre for the single-aisle aircraft: normalised DPSO solutions with reference
trajectory and approximated Pareto front.

Figure 7 shows that, also for the approach operation case, as already highlighted for
takeoff, the non-dominated solutions are better than the reference solution in terms of both
the objective functions. Notwithstanding, in this case the variation of the 60 dBA area is
just above 2 km2 comparing the minimum fuel and the minimum noise optima (which
correspond to a relative variation of about 1.5%). In Figure 8, the reference trajectory and
the optimal solutions related to the minimum noise and the minimum fuel consumption
are presented.

The analysis of Figure 8b shows that the contours of the 60 dBA areas almost overlap,
but both are different from the 60 dBA area contour of the reference approach flight path.
Indeed, as can be seen in Figure 8a, the minimum noise and the minimum fuel trajectories
are almost identical, both tending to the continuous descent approach (CDA) with a
−3◦ slope.
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The analysis of the procedural variables related to the approach optimal solutions,
reported in Figure 9, also shows that the optimal operations are very similar.

(a)

(b)

Figure 8. Approach manoeuvre for the single-aisle aircraft: flight paths and 60 dBA contours for the reference
trajectory and the optimal solutions related to the minimum noise and the minimum fuel consumption:
(a) flight path, (b) 60 dBA contours.

(a)

(b)

Figure 9. Approach manoeuvre for the single-aisle aircraft. Procedural variables. (a) flap deflection,
(b) N1.
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The flap deployment of both the optimal operations, reported in Figure 9a, is delayed
if compared to the reference manoeuvre, whereas N1, shown in Figure 9b, tends to the
idle condition in the flight path segment from x = −25 km to x = −10 km. The different
engine operating point, combined with a greater altitude, implies a reduction in the 60 dBA
contour at x = −20 km related to the optimal solution with respect to the reference one, as
depicted in Figure 8b.

4.2. Twin-Aisle Aircraft
4.2.1. Takeoff

The takeoff optimisation, as for the single-aisle aircraft, aims at finding the optimal
flight path in terms of three nodal variables (the third, the fourth and the fifth trajectory
nodes). The design variables with the upper and lower bounds are reported in Table 6 with
the upper and lower bounds.

Table 6. Takeoff manoeuvre optimisation variables for the twin-aisle aircraft: reference values with
upper and lower bounds.

Variable Lower Bound Reference Upper Bound

x3 (m) 4000.0 4772.2 5500.0
z3 (m) 350.0 457.2 700.0
v3 (m/s) 87.9 85.6 90.0

x4 (m) 7000.0 9571.5 11,000.0
z4 (m) 700.0 914.4 1100.0
v4 (m/s) 90.0 87.5 115.0

x5 (m) 13,500.0 16,285.3 20,000.0
z5 (m) 1100.0 1179.4 2000.0
v5 (m/s) 115.0 136.2 149.7

The DPSO solutions (normalised with respect to the reference solution) and the ap-
proximated Pareto front are depicted in Figure 10 for the takeoff optimisation related to the
twin-aisle aircraft.

The non-dominated solutions of Figure 10 show that it is possible to decrease the
60 dBA area by about 10% starting from the minimum fuel solution moving along the Pareto
front (as already discussed for the single-aisle takeoff optimisation shown in Figure 4).
Once again, the approximated Pareto frontier is composed of solutions that improve both
objectives if compared with the reference takeoff flight path. Figure 5 depicts the the
optimal solutions related to the minimum noise and the minimum fuel consumption with
the 60 dBA contours.

Figure 10. Takeoff manoeuvre for the twin-aisle aircraft: normalised DPSO solutions with reference
trajectory and approximated Pareto front.
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Figure 11a shows that, as already noted in Figure 5a for the single-aisle aircraft,
the minimum fuel solution and the minimum noise one are remarkably different. The
behaviour highlighted above for the minimum noise optimal solution is here confirmed:
the twin-aisle minimum noise takeoff also corresponds to an initial steep climb followed
by a low-ramp flight path. The 60 dBA contour distortion with respect to the reference
trajectory is similar to the previous case, but is less evident because the aircraft is larger
and the engines need to provide more thrust, causing a more intense propulsive noise. The
minimum fuel solution flight path is quite different from the reference trajectory, but their
60 dBA contours (in Figure 5b) manifest many similarities.

(a) Flight paths

(b) 60 dBA contours

Figure 11. Takeoff manoeuvre for the twin-aisle aircraft: flight paths and 60 dBA contours for the
reference trajectory and the optimal solutions related to the minimum noise and the minimum fuel
consumption: (a) flight path, (b) 60 dBA contours.

As already carried out for the single-aisle aircraft, let us analyse the procedural vari-
ables (in terms of flap and N1 time history) related to the takeoff optimal solutions, reported
in Figure 12.

Again this time, the flap deployment anticipates both the solutions, as can be observed
in Figure 6b, as a result of higher aircraft acceleration. However, as regards N1, only the
solution related to the minimum noise is characterised by the engine overspeed in the first
phase of the climb, as shown in Figure 6b: instead, the engine operating points related to
the minimum fuel solution are comparable to those of the reference solution, as well as the
flight path, resulting in a similar 60 dBA contour (see Figure 11b).
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(a) Flap deflection

(b) N1

Figure 12. Takeoff manoeuvre for the twin-aisle aircraft. Procedural variables. (a) flap deflection,
(b) N1.

4.2.2. Approach

The optimisation process for the landing is aimed at finding the optimal path in
terms of spatial and kinematic variables of three nodes (the second, the third and the
fourth trajectory nodes): the optimisation variables, with the upper and lower bounds, are
reported in Table 7.

Table 7. Approach manoeuvre optimisation variables for the twin-aisle aircraft: reference values with
upper and lower bounds.

Variable Lower Bound Reference Upper Bound

x2 (m) −30,000.0 −24,262.8 −22,500.0
z2 (m) 914.4 914.4 1200.0
v2 (m/s) 115.0 134.4 140.6

x3 (m) −20,000.0 −17,447.8 −16,500.0
z3 (m) 845.0 914.4 914.4
v3 (m/s) 85.0 89.3 115.0

x4 (m) −15,500.0 −14,813.2 −13,500.0
z4 (m) 637.5 796.7 845.0
v4 (m/s) 69.4 82.3 85.0

Figure 13 presents the DPSO solutions (normalised with respect to the reference
solution) with the reference trajectory and the approximated Pareto front related to the
approach operation optimisation for the twin-aisle aircraft.
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Figure 13. Approach manoeuvre for the twin-aisle aircraft: normalised DPSO solutions with reference
trajectory and approximated Pareto front.

All the non-dominated solutions of Figure 13 improve the reference solution in terms
of both the noise emission and the fuel consumption (as already noted for the cases of
Figures 4, 7 and 10). The 60 dBA area relative variation of the minimum noise solution
with respect to the minimum fuel one is 2%, corresponding to about 7 km2. In Figure 14
are depicted the optimal solutions related to the minimum noise and the minimum fuel
consumption with the reference trajectory.

(a)

(b)

Figure 14. Approach manoeuvre for the twin-aisle aircraft: flight paths and 60 dBA contours for the
reference trajectory and the optimal solutions related to the minimum noise and the minimum fuel
consumption: (a) flight path, (b) 60 dBA contours.

Despite the similar 60 dBA areas, Figure 14b shows that the contours related to the
minimum noise and the minimum fuel solutions do not overlap with that related to the
reference trajectory, especially at x = −45 km and x = −20 km. In fact, the two analysed
optimal solutions correspond to two rather different paths: the minimum noise trajectory
tends to the CDA (as for the single-aisle case of Figure 8a), whereas the minimum fuel path
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shows two different slope angles up to x = −18 km and preserves a zero-slope path for
18 < x < −15 km.

Figure 15 shows the procedural variables related to the approach’s optimal solutions
for the approach’s optimal operations.

(a)

(b)

Figure 15. Approach manoeuvre for the twin-aisle aircraft. Procedural variables. (a) flap deflection,
(b) N1.

The same considerations made for the single-aisle aircraft are valid in this case. A
flap deployment delay can be observed (see Figure 15b) in both the minimum noise and
the minimum fuel solution with respect to the reference one. The engine operating points
from x = −25 km to x = −10 km are lower than the reference procedure, as depicted in
Figure 15b, and this behaviour justifies the reduction of the 60 dBA contour (see Figure 14b)
together with the greater aircraft altitude.

5. Sound-Quality-Based Decision Making

It is known that the single-objective optimisation problem leads to the identification of
a unique design space point corresponding to the minimum of the objective function, which
can be considered by the designer as the optimal solution. In contrast, the multiobjective
problem solution consists of a set of non-dominated optimal solutions that constitute the
Pareto frontier; therefore, from the designer’s point of view the choice of the optimum
among the Pareto front plays a key role. It is worth noting that the Pareto front could
be a mathematically consistent but technically irrelevant entity, and this occur when the
non-dominated solutions are close to each other both in the domain and in the codomain: in
this case, the designer can consider the whole set of optimal solutions as a unique optimum.
On the other hand, when the solutions are far both in the domain and in the codomain (or
even close in the domain and far away in the codomain), the need to establish a criterion
for decision making has a paramount relevance.

In the view of sustainable airport scenarios, a viable strategy is including the quality
of the noise within the decision making process: this can be done by comparing the noise
produced by the aircraft and a weakly annoying target sound. Such an approach is based
on the measure of the matching of the noise emitted by the operation under analysis with a
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previously defined weakly annoying sound. The noise reaching the virtual microphone
during a flight operation is characterised by a specific spectrogram, which provides the
amplitude of the noise event in the time-frequency domain. Thus, let us consider the vector
space defined by the difference between the spectrogram Sc related to the current flight
path and the spectrogram St related to the target sound

∆ = Sc( f , t)− St( f , t) (11)

The norm of ∆ in the Lp space can be used as a metric to quantify the similarity of the actual
spectrogram with respect to the target one. Accordingly, the sound-matching index ISM
can be formalised as follows

I p
SM = ||∆||p =

[
1
T

1
F

∫ t2

t1

∫ fmax

fmin

|Sc( f , t)− St( f , t)|pd f dt
] 1

p

(12)

where T = t2 − t1 and F = fmax − fmin. The target sounds used in this work were
synthesised on the basis of psychometric test campaigns performed within the projects
SEFA and COSMA [14,17]. It is worth noting that the choice of p can be exploited by
the designer to focus the metric on tonal broadband or tonal component dissimilarities
(low and high values of p, respectively); indeed, low values of p enhance the contribution
of distributed differences and high values of p emphasise the local ones. Optimisation
problems involving ISM have been successfully used in both the aircraft conceptual design
and single-point low-noise flight path optimisation [16,22].

Figure 16 shows a pictorial representation of the sound-matching concept, and depicts
the spectral comparison of two signals (solution A and B) with respect to a target spectrum
for a certain time instant.

(a) (b)

Figure 16. Example of spectral matching. (a) solution A: poor matching. (b) solution B: good
matching.

The spectral properties related to solution A of Figure 16a are quite different with
respect to the target spectrum: in this case, Equation (12) (in this example with p = 2) returns
a high value of ISM. In contrast, solution B (see Figure 16b) turns out to have frequency
characteristics similar to the target spectrum; therefore, the ISM value is low. In the case of
an entire manoeuvre simulation, the ISM value is simply a cumulative value over all the
analysed time instants.
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Pareto Solution Analysis and Designer’s Choice

Let us consider the optimisation results reported in Section 4. Figures 5a and 11a
(single- and twin-aisle takeoff operations) show the solutions related to the different mini-
mum noise and minimum fuel produce trajectories in terms of geometric, kinematic and pro-
cedural variables; even in the codomain, the two solutions turn out to be distant from each
other as the contours of the 60 dBA areas have different shapes (see Figures 5b and 11b).
The minimum noise and the minimum fuel approach operations of the twin-aisle aircraft
depicted in Figure 14a are quite different paths, but Figure 14b shows that there are no
relevant discrepancies between the 60 dBA contours (both different form the reference
flight path). As said, this also applies to the 60 dBA contours related to the single-aisle
aircraft solutions (in Figure 8b); in this case, the similarity between the noise footprints is
justified by two practically identical trajectories, depicted in Figure 8a.

It must be noted that the behaviour of the solutions for the approach manoeuvres
(in Figures 8 and 14) is not surprising since the entire last part of the flight path is con-
strained by strict regulations that impose a −3◦ ramp angle. For the sound quality assess-
ment, let us consider a virtual microphone placed under the flight path at x = −7.5 km
(see Figures 8 and 14) that represents an urbanised location close to the airport boundary; it
should be expected that there are no large variations in the time-frequency contributions of
noise in landing operations, and this is confirmed by Figure 17, which depicts the mapped
approximated Pareto optimal solutions with the sound-matching index ISM as a parameter
for the approach operations.

(a) (b)

Figure 17. Solutions of the multiobjective problems for the approach operations: mapped approx-
imated Pareto optimal solutions with the sound-matching index ISM as parameter. The solutions
with the minimum ISM cannot be found. (a) single–aisle, (b) twin–aisle.

The designer should therefore choose the trajectory related to the lowest fuel consump-
tion, as each Pareto solution, despite being better than the reference one, is very similar to
the others in terms of noise footprint and spectral components

Regarding the takeoff operations, the choice of the optimal solution among the
Pareto front is addressed by means of the sound-matching index ISM using p = 2 (see
Equation (12)). Let us consider a virtual microphone close to the airport boundary
x = 4.5 km; Figure 18 shows the mapped approximated Pareto optimal solutions with
the sound-matching index ISM as parameter related to the takeoff operation for both the
single- and the twin-aisle aircraft.
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(a) (b)

Figure 18. Solutions of the multiobjective problems for the takeoff operations: mapped approximated
Pareto optimal solutions with the sound-matching index ISM as parameter. The marked solutions
are the ones with the minimum ISM. (a) single–aisle, (b) twin–aisle.

The analysis of Figure 18 highlights that there is not a specific functional dependency
between the 60 dBA contour, the fuel consumption and the spectral content of the noise:
indeed, the distribution of ISM turns out to be in apparently random locations along the
Pareto front. It is worth noting that the great variability of the ISM demonstrates how this
approach guarantees the designer an additional degree of freedom in the takeoff optimisation;
this could be explained by considering the great sensitivity of the noise tonal components
with respect to the variations in the engine operating point during the takeoff operations.

6. Conclusions

Nowadays, the introduction of alternative paradigms in the management of airport
noise is becoming an imperative need. This work presents a multiobjective optimisation of
takeoff and approach concerning low-noise procedures of single- and twin-aisle commercial
aircraft with special attention paid to the sound-quality assessment of the MOP solutions. To
simultaneously mitigate both the acoustic and chemical emissions, two merit functions are
minimised through a multiobjective and multidisciplinary optimisation problem. The first
objective function is the SEL 60 dBA contour area, and the amount of fuel burn is used as the
second objective. The optimisation problems are carried out within the in-house MCRDO
framework FRIDA. The results related to the approach operations show that, due to the
strict regulations that impose a −3◦ ramp angle during the last phase of the manoeuvre,
the 60 dBA contour can only be minimally decreased; thus, the designer’s choice can fall
on the solution related to minimum fuel consumption. The takeoff problems show a large
margin of choice among the Pareto solutions, which is why an additional objective function
to select the final configuration must be introduced. The latter is defined as the norm of the
difference between the noise produced by the configuration under analysis and a weakly
annoying target sound, and the designer is free to choose the solution corresponding to
the best sound quality. The results demonstrate that the sound-quality assessment can
successfully help the designer to select the optimal flight path by providing an additional
degree of freedom within the optimisation loop.
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Abbreviations
The following abbreviations are used in this manuscript:

ANIMA Aviation Noise Impact Management through Novel Approaches
BWB Blended Wing Body
CDA Continuous Descent Approach
COSMA Community Noise Solutions to Minimise aircraft noise Annoyance
DPSO Deterministic PSO
FAA Federal Aviation Administration
FRIDA Framework for Innovative Design in Aeronautics
ICAO International Civil Aviation Organization
MOP Multiobjective Optimisation Problem
MCRDO Multidisciplinary Conceptual Robust Design Optimisation
MTOW Maximum Takeoff Weight
NAP Noise Abatement Procedure
OEW Operating Empty Weight
PSO Particle Swarm Optimisation
SEFA Sound EngineeringFor Aircraft
SEL Sound Exposure Level
TAS True Air Speed
UAM Urban Air Mobility

Appendix A. FRIDA

The tool FRIDA (Framework for Innovative Design in Aeronautics) is the Multidisci-
plinary Conceptual Robust Design Optimisation (MCRDO) framework developed by the
Aerospace Structures and Design group of the Roma Tre University. The framework is
characterised by a collection of simulation modules and a library of optimisation methods
that can be called in the appropriate sequence to execute direct simulations, optimisa-
tion, quantification of uncertainties, design-space exploration, surrogate modelling or any
combination these fundamental tasks (see Figure A1 and Knobloch et al. [1] for details).

Figure A1. Conceptual layout of the FRIDA tool.

The specific workflow needed to attain a particular objective can be easily built taking
advantage of the structure of the tool. Figure A2 depicts the block diagram of the workflow
adopted for the optimisation of procedures presented in this work. It is worth noting how
the constraints due to regulation (highlighted in yellow in Figure A2) strongly influence
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the variance of the non-dominated set. Indeed, the limitations imposed for the approach
procedures restrict the maximum variation of the Pareto solutions to less than 10 kg of fuel
and 10 km2 of |A60|.

The estimate of the engine noise sources and the fuel consumption requires the knowl-
edge of the engine operating points at each trajectory sample. With this aim, a semi-
empirical turbofan model was implemented. For a prescribed flight condition, the model
provides the percentage of throttle, t%, as a function of the flight mechanics variable X f m
(altitude, drag force, actual aircraft weight, acceleration of the aircraft, etc.) and the engine
characteristics Xeng (engine pitch, bypass ratio, maximum thrust at sea level, etc.).

Figure A2. FRIDA workflow for the procedure optimisation.

Starting from the throttle percentage, the rotational speeds N1 and N2 of low-pressure
and high-pressure spools, respectively, are evaluated. The jet velocities are then calculated
through the momentum equation and their temperatures are estimated with the energy
balance. The airframe and the engine noise are estimated within the aeroacoustics module.
The noise of lifting surfaces, tail, high-lift devices and landing gears is based on semi-
empirical functions according to Fink’s model [26,27]. The engine noise estimate is based
on the Morfey and Fisher model [28,29] for the buzz-saw noise and Heidmann’s model [30]
for the fan and the compressor noise. The jet noise is calculated by means of an interpolating
metamodel built from available data. The calculation of the one-third octave band Sound
Pressure Level (SPL) takes into account the Doppler effect, the atmospheric absorption [31]
and the ground reflection. The Sound Exposure Level (SEL) and the Effective Perceived
Noise Level (EPNL) are also estimated by means of a suitable postprocessing. More recently,
surrogate models of the engine noise shielding effects for unconventional configurations
(like, e.g., the Blended Wing Body) have been implemented. A financial module, which
allows the estimation of financial implications from an airline company perspective [20],
is also included in FRIDA. The positive cash flows (related to revenues) and the negative
ones (fuel and maintenance costs, and social costs related to noise pollution) are calculated
and actualised to evaluate the airliner net present value.
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