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In the current aviation context, one of the major concerns of commercial aviation stakeholders is to improve
the environmental footprint of aviation. This research, integrated into the European Clean SKky project, addresses the
optimization of commercial aircraft departure procedures in order to minimize their environmental footprint. The
environmental impact is defined by noise nuisance in the protected zones near airports, local air quality, and global
warming. A recent, innovating method is proposed to solve the problem of a real-world aircraft departing from an
ideal airport. A multiobjective, constrained, nonlinear optimization problem is formulated to obtain optimal
departure procedures. The promising results obtained by the application of this methodology to a theoretical but
representative scenario strongly encourage research activities in this direction.

Nomenclature

C, = cost index

N1, = intermediate, constant engine rating during a noise
abatement departure procedure

Viise = intermediate speed during a noise abatement
departure procedure

Vi = zero flaps speed

Z = acceleration altitude

Z,s = final altitude of a noise abatement departure
procedure

Z,, = thrust-cutback altitude of a noise abatement departure
procedure

AV, = speed increment on V2 for initial acceleration of

noise abatement departure procedure

L

OMMERCIAL aviation has been in constant evolution since

the origin of air transportation. Some of the past challenges
were to improve flight safety, passenger comfort, aircraft engine and
aerodynamic efficiency, aircraft flyability, structural aircraft weight,
and fleet management aspects. However, progressive urban expan-
sion, increasing air traffic growth, and recent research on climate
change have led to new challenges to reduce the environmental
impact. In this context, the Advisory Council of Aviation for
Research in Europe’s environmental research targets for 2020 are to
cut carbon dioxide emissions by 50%, reduce NOx emissions by
80%, and reduce perceived noise to one half of the 2000 average
levels [1]. These targets can only be achieved through a collaborative
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effort by all commercial aviation stakeholders: engine manufacturers
to develop more efficient powerplant systems, aircraft manufacturers
to improve aircraft weight and aerodynamic efficiency, and air traffic
management (ATM) authorities to implement a new organization of
the air space for sustainable air traffic growth while keeping the
environmental footprint of aviation in mind.

The aim of this paper is to develop a methodology for reducing the
environmental footprint of current in-production aircraft by
optimizing aircraft departure procedures. As such, this paper is an
illustration of one promising way to achieve a better environmental
footprint through operations. According to the International Civil
Aviation Organization (ICAO) [2], the environmental impact of
aviation is defined by the effect of perceived noise on the ground,
local air quality, and global warming. Departure procedures are one
major area that deserves interest, because they affect perceived noise
and local air quality directly and global warming indirectly.

The certification process of aircraft noise relies on sound
technical-based assumptions, and it aims at guaranteeing progress
toward more aircraft noise-efficient designs. As such, the certified
noise levels do not totally reflect the noise produced by the aircraft
during everyday operations. The minimization of noise nuisances
around airports strongly depends on the location of the protected
zone; therefore, noise nuisance optimization can only be performed
on a targeted area. Then, to reduce noise pollution due to aircraft
departure operations around airports, the ICAO proposes two general
families of procedures: the noise abatement departure procedure
(NADP) 1 and the NADP 2 flight-path patterns. These general
procedures involve a power reduction before setting a climb rating. In
the NADP 1, thrust cutback occurs before starting the acceleration
and flaps/slat retraction that leads the aircraft to the clean config-
uration that permits the beginning of the climb phase. This procedure
is specially recommended to reduce perceived noise in zones close to
the airport. In contrast, the sequence is inverted in NADP 2 to reduce
noise nuisances in zones located further away the airport [3].
However, to obtain significant environmental improvements, these
general recommendations must be adapted to each specific aircraft
and airport [4-9].

Local air quality can be described as the condition of the ambient
air to which human beings and nature are typically exposed.
Commonly accepted methods determine air quality by assessing the
concentration of pollutants [10,11]. One of the pollutants generated
by aircraft engines affecting local air quality is nitrogen oxides
(NOx). These are emitted in the flight segments taking place in the
low troposphere, departure and approach/landing segments. Never-
theless, engines are operated at low-power levels during approach
and landing phases, power levels for which emissions of NOx are
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low, and the concentration of NOx is thus mainly affected by the
departure.

There is a scientific consensus on the fact that the contribution of
aviation to global warming mainly concerns the production of carbon
dioxides (CO,). Nitrogen oxides generated in the upper troposphere
also contribute to global warming through the formation of
tropospheric ozone, but NOx also contributes to the reduction of
methane, which is a positive effect [12]. So, its overall contribution to
global warming can be neglected, and only CO, emissions are
considered. The scientific community estimates that aviation
generates around 3% of the overall carbon dioxide production and
13% of the carbon dioxides due to transportation [13—15]. Because of
the continuous growth of air traffic [16,17], the scientific community
states this contribution may increase significantly in the future.
Focusing on the aviation sector and how aircraft are operated on one
single mission, carbon dioxide effects are not altitude dependent;
therefore, the impact of CO, emissions is similar along the whole
flight path. This means that the most important improvement on the
effect on global warming can be obtained by optimizing the climb,
cruise, and descent segments, which cover most of the aircraft
mission. The ambitious target to include global warming in a concept
of departure procedure optimization could be surprising, but it is
justified by the fact that the departure procedure will influence the rest
of the flight path, involving an indirect effect on global warming.

The study involved in this paper, integrated into the European
Clean Sky Joint Technology Initiative project, deals with the
alleviation of the environmental impact of a single in-production
aircraft by optimizing the departure procedure. The next four
sections of this paper focus on the framework and formulation of this
environmental, multicriteria optimization concept. Section II intro-
duces the general characteristics of the three environmental criteria:
perceived noise on ground, engine emissions of nitrogen oxides, and
carbon dioxides. Section III describes the general pattern of the
departure procedure to be optimized and its computation principles.
Departure procedure constraints are presented in Sec. IV. Then,
Sec. V presents a recent and efficient algorithm for solving this
multiobjective optimization problem (MOOP). Section VI presents
an example of a current in-production aircraft departing from an ideal
airport. The methodology is illustrated using aircraft data provided
by Airbus Operations, S.A.S. To avoid a computational burden and
favor physical understanding of the optimization results, the three
environmental criteria are initially optimized by pairs. For this
application, the optimal solutions of the scenarios are described in
terms of environmental gains and flight-path variables. Finally, in
Sec. VII, conclusions and further open perspectives are presented.

II. Optimization Criteria
A. Perceived Noise on the Ground

The noise perceived on the ground is estimated through the Airbus
Noise Level Calculation Program (NLC), the Airbus software
delivered to airlines to predict operational noise [18]. The NLC uses a
database dedicated to each aircraft model (airframe/engine combi-
nation) to compute the overall generated noise as a punctual source to
which flight effects, atmospheric propagation, and ground effects are
applied. This database, derived from static engine noise tests and
Airbus airframe noise models, contains total aircraft noise spectra
depending on speed, aerodynamic configuration, and engine rating.
Note that NLC takes the aircraft operational trajectory data as input.

In practical applications, the noise criterion may be different for
each departing airport. The formulation and resolution of the problem
developed in this paper can consider any noise criterion involving a
single departure (average perceived noise, maximum level, etc.).
However, any single-event noise metrics can be used, from perceived
noise metrics to maximum noise levels (effective perceived noise
level, A-sound exposure level, sound exposure level, tone perceived
noise level, etc.).

B. Local Air Quality

Aircraft engine emissions throughout the flight path can be
computed using a fuel flow correlation [19]. In this correlation; NOx

emissions are computed through a temporal integration along the
flight path of the product of a factor specific to each pollutant,
called the emission index (EI), and engine fuel flow [19]. In the case
of nitrogen oxides, the emission index Elyo, depends on the
atmospheric conditions (pressure, temperature, and humidity), the
aircraft speed, and the engine fuel flow. Nitrogen oxides are harmful
for air quality in the lower troposphere. The border altitude that limits
the impacted zone (threshold altitude) depends on the airport location
and atmospheric conditions. International organizations typically set
the threshold altitude /i, eqh01q at 3000 ft above ground level (AGL)
[11]. Following this model, NOx emissions can be computed using
Eq. (1)

h( reshol
NOx = f " (Elyoyfuelflow) dr (1)
h

=0

The evolution of the emission index during the studied flight
segment is secondary compared with the evolution of fuel flow. So, in
an initial approach, minimizing air quality impact can be equivalent
to minimizing the fuel burn at low altitudes.

C. Global Warming

The impact of carbon dioxide emission is similar along the flight
path and is thus related to the total amount of CO, emissions. Also,
since CO, is a direct combustion product (unlike NOx, which is a
pollutant linked to the imperfection of the combustion), CO,
emissions are directly related to the composition of the fuel. This
study considers current fuels, which are approved for use in the
aviation sector, excluding alternative fuels. The carbon dioxide
emission index Elq, is therefore considered constant (typically
3.15 kgCO,/kg fuel). As a consequence, minimizing carbon
dioxide emissions is equivalent to minimizing fuel burn. On an
operational point of view, the minimization of fuel burn can be
included in the optimization of the direct operating cost (DOC),
which includes the costs associated with the flight duration AT and
fuel burn A F. The emissions of CO, are included in the study by
adding the cost of 1 kg of carbon dioxide Ccq, to the cost of 1 kg of
fuel burn C. Airlines use the concept of cost index C; to balance the
costs of fuel versus the costs of time Cr. The cost index corresponds
to the time and fuel costs ratio [20]. In other words, the cost index
permits the defining of the equivalence of time costs in fuel costs;
therefore, the DOC can be measured in equivalent fuel units:

EIC02 CCOZ

DOC =Cg| 1
F[+ Cy

]AF+CTAT )

The problem can be transformed to the standard formulation by
defining an environmental cost index C; gyy similar to the standard
definition but using an extended fuel cost that includes carbon
dioxide costs. To adapt Eq. (2) to the current formulation, the
optimization criterion for the DOC is divided by the sum of fuel burn
and CO, emission costs:

DOC = AF + Cy AT ?3)

Formulation of Eq. (3) enables the solving of the optimization of
global warming by using the existing cost index optimization
methodologies. The equivalence between both problems is based on
readjusting the standard cost index value in order to take into account
the optimization of carbon dioxides.

The global warming criterion is the DOC measured at a common
mission point, which is defined by a certain aircraft speed, altitude,
aerodynamic configuration, and distance covered, and assuming
standard weather conditions. It is worth noting that, in the case of
C; =0, this is the main difference between the air quality and the
CO, criteria. Broadly speaking, while an air quality criterion aims to
minimize fuel burn under the threshold altitude, a CO, criterion will
aim to minimize fuel burn up to the common mission point. For the
sake of clarity, the common mission point is usually located in the
cruise phase. Note that the climb and cruise phases are fixed for all the
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departure procedures simulated in this study. For simplicity, the
global warming criterion DOC is simply denoted as DOC.

III. Departure Procedures

The departure procedure can be separated into two different
segments. The takeoff distance corresponds to the aircraft takeoff
path from the brake release point up to an altitude of 35 ft AGL. This
segment is strongly constrained to guarantee safety conditions, so it
is not optimized in this study. The optimization problem deals with
the takeoff flight path, which is the flight phase that links the initial
segment to the climb phase. Note that, in real operating conditions,
aircraft lateral routes are constrained to the procedures published at
the departure airport, so optimization will only concern vertical
guidance (e.g., altitude and speed).

The takeoff flight path is modeled through an enhanced NADP
(E-NADP) pattern, which is an extended version of the NADP 1
and NADP 2 patterns. While NADP 1 and NADP 2 patterns start at
800 ft, the E-NADPs proposed in this study start at 35 ft. Moreover,
an intermediate speed before reaching the climb speed, usually
250 kt, can also be optimized. The NADPs were originally de-
signed to reduce the perceived noise on ground but, in this study,
the variables describing this pattern are optimized to also improve
the other two environmental criteria. The obtained departure proce-
dures must be easy to implement, so they are described through a
small number of segments that are defined through six variables.
These procedures propose the addition of intermediate segments

between 35 ft and the en route configuration point at which the
aircraft is operated with specific speed and reduced engine rating.
This segment-based approach is described in detail in this section:
the beginning and end of the optimized flight phase and the
evolution of the aircraft speed and thrust during the segment-based
approach.

The E-NADPs begin once the rollout phase has finished, at an
altitude of 35 ft AGL. Although the aircraft settings at takeoff are not
optimized, they will have an important influence on the departure
procedure. Takeoff performance (flap setting, speeds, and takeoff
thrust) is established based upon certified limitations published in the
aircraft flight manual. These initial conditions are computed using
takeoff and landing optimization with the Airbus certified software
used during the flight preparation to compute the takeoff perfor-
mance variables for the day conditions [18]. Accordingly, the
complete set of safety constraints is strictly adhered to.

The E-NADPs finish at the en route configuration point, where the
climb phase starts. This state is defined by a prescribed aircraft speed
and flight level, which are common to all the departure procedures
simulated in this study. Figure 1 illustrates the flight phases up to the
common mission point and the main environmental concern affected
on each phase.

The three environmental criteria are optimized through six
optimization variables that characterize the E-NADP, described next.
The overall departure procedure can be represented in speed-altitude
and engine rating-altitude diagrams, as shown in Fig. 2. Speed laws
are managed in terms of calibrated air speed (CAS).

Altitude
A I En Route Configuration Points.
. Common Mission Point
Cruise |[—.—=. . .. = o - N
Climb
> €O,
Departure } .
L ™ . i m = = - — . = (- Noise
Procedure “F NOx ) >
Noise- Protected Zone Distance
Fig. 1 Aircraft environmental footprint at low altitudes.

CAS
Enroute
speed

Vnoise [ e -

V2+AV2 - -
SPEED EVOLUTION
Altitude

Engine

Rate - TakeOff Rating

f TSP EVOLUTION Climb Rating
N1 noise
Altitude
Zpr Zpa Zpf En route Altitude

Fig. 2 Flight-path variables.
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The aircraft speed evolution during the E-NADP is defined
through four optimization variables that define three acceleration
segments. The first acceleration starts at 35 ft and finishes at a target
speed defined as the addition of the regulatory speed V, and the
optimization variable AV, (instead of the currently used V,+
10 kt). The second acceleration segment is characterized by two
optimization variables: the altitude at which the acceleration starts
Z,, and the target speed V.. Flaps and slats are retracted during
this acceleration, so at the end of this segment, the aircraft is at a clean
configuration. The final acceleration leads the aircraft to the en route
speed. So, the only possible optimization variable is the altitude at
which the acceleration starts: the so-called final noise altitude Z,,;.

The thrust evolution is defined through the engine rate profile,
which is characterized by three variables. As mentioned before, the
takeoff engine rating is defined by other criteria and not envi-
ronmentally based. Once the cutback altitude Z,, is reached, the
engine rate is reduced to a fixed thrust setting parameter (TSP) named
N1,ise- Finally, thrust is restored to the climb rate at Z,,,.

In summary, the departure procedure can be parameterized
through two sets of variables: one to describe the evolution of the
aircraft speed (AV,Z,,, Vioise» Z,7) and another to describe
evolution of the thrust (Z,,,, N1, Z,/). The two sets of variables
are coupled through the variable Z,, .

This segment-based approach may have some limitations. For
instance, the E-ENADP concept could be extended to include multiple
thrust-cutback maneuvers or optimized acceleration laws (e.g.,
constant rate of climb, energy sharing law, and prescribed rate of
climb). Nevertheless, this first research relies on current system
design and capacities.

To obtain realistic results, the flight path is calculated using the
operational flight-path software (OFP) provided by Airbus to airlines
to compute the operational flight paths in the neighborhood of
airports [18]. In this software, the vertical profile is described by a set
of discrete segments. The general flight mechanics equations are
solved at each segment using aircraft-specific databases for the
current flight conditions. These databases contain realistic models of
the aircraft configuration (geometry, landing gear, load distribution,
braking, aerodynamics, engines, and characteristic speeds) and the
atmospheric conditions. Computing the departure procedures with
OFP permits an accurate flight-path definition by describing each and
every discrete event that occurs in this flight segment, such as landing
gear retraction or a change of the aerodynamic configuration to be
modeled. This means that computation of the aircraft trajectory is a
nonlinear discontinuous function. In this study, OFP is considered as
a black box. For given initial conditions, OFP takes the six E-ENADP
variables as input and provides the aircraft trajectory as output.

IV. Constraints

The complexity of the problem is increased by the presence of a
high number of constraints in the departure procedure. Operational
constraints during the departure procedures concern the feasibility,
safety, and comfort of the proposed procedures. Aircraft perfor-
mance limitations (e.g., maximum attitude, maximum load factor,
maximum allowed speeds for each configuration, etc.), specific
safety conditions to NADPs (e.g., initialization conditions of the
procedure, minimum engine rating to assure a minimum path angle
when one engine fails, etc.), or en route constraints concerning
obstacle clearance are some of these constraints. Table 1 shows the
main operational constraints considered in this study and the
application domain.

The upper and lower bounds of the optimization variables are
based on the ICAO recommendations for NADP 1 and NADP 2 and
ATM constraints. For these procedures, the acceleration and thrust-
cutback altitudes, Z,,, and Z ,,, must be higher than 800 ft and lower
than 3000 ft AGL. However, the final altitude Z,, can take higher
values (only limited by 10,000 ft). Similarly, the initial acceleration
must be between V, 4+ 10 and V, 4 20 kt. The target speed V. 1S
limited by the fact that, during the departure procedure, the aircraft
must not decelerate, so it must be higher than V, + AV,. Moreover,

flaps and slats must be retracted in the acceleration after Z,,,, 50 Vi,gise

Table 1 Main operational constraints

Domain

Whole flight path
Departure procedure

Constraint

Obstacle clearance

Start of the procedure with landing
gear retracted

Maximum pitch angle

Maximum speed for each
aerodynamic configuration

No deceleration permitted

Acceleration target speed
limited by V5

Bound constraints

ATM constraints

Whole flight path
Whole flight path

Departure procedure
Departure procedure,
incase Z,, <Z,,
Departure procedure
Departure procedure

must be higher than the V. speed (zero flaps speed). Finally, general
ATM constraints limit the aircraft speed to 250 kt for altitudes under
10,000 ft. As shown in Table 1, additional restrictions are considered
in the case of NADP 2.

Also, in this study, thrust cutback N1, is bounded by the climb
engine rating and a positive angle of climb in case of engine failure
while flying at thrust cutback.

Another type of constraint comes from the ATM regulations
around each particular airport. These constraints usually gather
variables from the vertical profile and the lateral route. For instance,
the angle of climb or aircraft speeds (vertical profile variables) are
limited up to prescribed waypoints defined in the aircraft lateral
route.

The last constraints concern the resolution of the optimization
problem. The variables defining the flight path must be combined in
such a way that they have a physical sense. For example, segments at
a reduced rating must occur before setting the climb rating.

All these restrictions generate a set of up to 20 constraint functions.
All these constraints can be represented through a set of nonlinear
mathematical functions that have to satisfy inequality conditions:

G(x) <0, xRS and GeR! 4)
where G is the set of constraint functions, / is the number of
constraints (I & 20), and x is the vector of six optimization variables.

V. Optimization Algorithm

Three criteria (perceived noise on the ground, the production of
nitrogen oxides, and DOC) must be optimized through six con-
strained variables that model the departure procedure.

In the general solution of a MOOP, it is not possible to determine a
single optimal solution, but it is possible to determine a set of optimal
solutions. In this research, optimum solutions are defined using the
notion of Pareto optimality. A feasible solution is called efficient or
Pareto optimal if any improvement in one of the criterion necessarily
involves deterioration in the other criteria. Efficient solutions are also
named nondominated points [21].

The general formulation of a multiobjective constrained
optimization problem is presented in Eq. (5):

MOOP: minF (x) = [f1(x), f(x), ... fa(] ®)

subject to
G(x) <0

where the objective function F is composed of the different
objectives f;, n is the number of objective functions to optimize, x is
the vector of optimization variables, and G represents the constraints
to be satisfied.

Because of specific actions during the flight path and database
interpolation, objectives and constraint functions are not derivable.
So it is preferable to use optimization algorithms that do not need
any gradient information to find the optimum solutions. In this
study, the innovating multiobjective mesh adaptive direct search
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(multi-MADS) method is proposed to obtain the Pareto-optimal
trajectories. This algorithm relies on the recent mesh adaptive direct
search (MADS) [22,23], which has been seen to be well adapted to
accomplish mono-objective, nonlinear, constrained simulation-
based optimization problems. A complete description of multi-
MADS can be found in [24]. In this paper, only the main
algorithmic aspects are described. Based on the current dominating
points, this algorithm formulates a different single-objective
problem formulation (SOP) at each iteration. Dominating points
obtained during the resolution of each one of these mono-objective
optimization problems constitute an approximation of the Pareto
front. Furthermore, this approximation of the Pareto front can be
nonconvex or disjoint. The single-objective formulation SOP can be
formulated as follows:

SOP: min W(x) = ¢[F(x)] = ¢[f1(x). f2(x)..... fu(¥)]  (6)
subject to
G(x) <0

where W(x) is the single-objective distance criterion, as shown in
Eq. (7). This distance criterion can be based on any norm:

—dis?[dD, F(x)] if F(x) € D

¥ (x) = GF (x)] = {distz[aD,F(x)] otherwise )

where dist[dD, F(x)] denotes the distance from the boundary of the
current dominance zone D to F(x). The dominance zone, which is
an approximation of the Pareto front, is improved at each iteration
by updating the set of dominating points. Although this SOP could
be solved using any of the mono-objective optimization techniques,
multi-MADS uses the MADS. The multicriteria optimization
process can be summarized using Fig. 3:

The efficiency of multi-MADS is mainly due to the performance
of the mono-objective optimization algorithm MADS. MADS is
included among the direct search methods [25]. These methods are of
interest in optimization problems where the number of evaluations of
the objective functions is restricted and the derivative information of
the objective function either cannot be obtained or is not reliable,
which is the case of the problem of obtaining clean optimal departure
procedures. Pattern search methods aim to find the local optimum of
the problem using a certain set of predefined directions, which do not
depend on the objective function gradient. Compared with the
general pattern search methods (GPS), the main innovation of
MADS is the use of a set of infinite directions to span the space of
variables. This technique improves the performance of the method in
the presence of local optima, enhancing global optimum solutions.
Moreover, in the MADS method, constraints are handled by a
progressive barrier function, so no penalties are used. This method-
ology permits the withholding of the best feasible incumbent and it
permits the best infeasible incumbent to achieve the optimum
solution, which can be useful when the optimum solutions are placed
in highly constrained areas [26]. Therefore, MADS seems to be
particularly well adapted for obtaining the optimal, environmentally
friendly departure procedures.

In MADS, each iteration is divided into two steps. The first step,
called SEARCH, corresponds to a global search to determine the best

INITIALIZATION:
Provide an initial solution.
MAIN MADS ITERATION:
SEARCH step (optional): global search for the best current incumbent.
If search step fails,
POLL step: local search around the best incumbent.
UPDATE PARAMETERS
If POLL step succeeds, increase poll and mesh sizes (increase frame).
If POLL step fails, decrease poll and mesh sizes.
Update the progressive barrier function.

Fig. 4 MADS algorithm.

current, feasible incumbent. The best incumbent must lie on a
prescribed mesh, which is never explicitly calculated. This step is
optional, and it is not used in the demonstration of the convergence of
the algorithm. The POLL step consists of a local search around the
best incumbent. Improvements from GPS algorithms rely on this
step. Not only can the size of the prescribed mesh be controlled but
also the size of the zone where the local search occurs, called a frame.
The different MADS steps are synthesized in Fig. 4.

VI. Application of Environmentally Optimal
Departure Procedures

In this section, the methodology is illustrated with the example of a
representative aircraft departing from an ideal airport. The concept of
an ideal airport was aimed at having a departure scenario that does
not add any additional performance constraints, such as obstacles or
runway lengths, or ATM constraints.

In the current studies, it has been stated that it is not possible to
minimize noise nuisances over all the zones around the airports with
a single set of flight-path parameters. This means that aircraft paths
minimizing noise in zones near the airport will not guarantee noise
nuisance reduction in further zones. Then, to test the efficiency of the
concept, two scenarios are studied. Both have similar characteristics;
they only differ in the position of the noise-protected zones. In
scenario A, noise is estimated close to the airport, while in scenario B,
noise is estimated further away in the distant zone. The noise
optimization criterion is an arbitrary indicator of noise nuisances on
each zone. Any noise optimization criterion could have been
considered, such as maximum perceived noise or the average of the
maximum noise level of each estimation point. In this research, to be
representative of estimations of noise nuisances without penalizing
computational costs, each protected zone is defined by three
estimation points placed under the aircraft track. The estimation
points are placed at 5.5, 6.5, and 7.5 km from the brake release point
in scenario A and at 14, 15, and 16 km from the brake release to
measure noise in scenario B. The noise optimization criterion is the
quadratic mean value of the three noise calculations.

DOCs are measured using a commonly used value of cost index
for medium-range trajectories, C; = 20. The study is based upon a
current in-production single-aisle aircraft. The data used for the
analysis were provided by Airbus Operations, S.A.S.

Commonly used NADP 1 and NADP 2 for single-aisle aircraft,
presented in [27], are considered as the baselines procedures to assess
the potential environmental gains of the optimized trajectories. In the
NADP 1, used as reference, the climb rating is set at 800 ft, and the
accelerations toward the en route speed start at 3000 ft. On the other
hand, on the baseline NADP 2, acceleration starts at 800 ft, and the
climb rating is set once the clean configuration is achieved.

INITIALIZATION:
Provide an initial solution x0.

MAIN ITERATION:

Computation of optimum solutions for each criterion:

Single-objective optimization problem : SOP: ¥(x)=g[f, (x), f,(x).....f, (x)]
Resolution of the single objective formulation, using MADS rriin ‘I’(x)subject to G(x)<0

Update the set of dominating points (Pareto front).

min fi(x) subject toG(x)<0fori=12,.n

Fig. 3 Multi-MADS algorithm.
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As mentioned in the Sec. I, to avoid a computational burden and
favor the physical understanding of the optimization results, the three
environmental criteria are optimized in pairs. So, the specific version
of multi-MADS for biobjective optimization problems (BOP), bi-
MADS, [28] is used. This section is organized as follows. First, in
Sec. VLA, the Pareto-optimal fronts are presented for the four BOPs.
Then, in Sec. VLB, the potential environmental gains of optimizing
the departure procedures are presented. This is done by analyzing the
extreme solutions of the Pareto fronts, which correspond to the
optimum levels of each criterion. Moreover, the optimal flight paths
are described for each of these extreme solutions. Finally, Sec. VI.C
focuses on the evolution of optimal flight paths along the Pareto
fronts.

A. Environmental Pareto Fronts

In this section, the Pareto-optimal fronts obtained are presented.
The NADP 1 is the departure procedure mostly used in European
airports, so it is considered as the reference. Then, to justify the gains
of optimizing the departure procedures, the relative environmental
levels of the Pareto fronts and the NADP 2 are presented with regard
to the baseline NADP 1. Figures 5 and 6 concern the noise-NOx and
noise—DOC optimizations in scenario A, where noise is estimated in
azone close to the airport, and Figs. 7 and 8 represent the noise-NOx
and noise-DOC optimizations when noise is optimized in the distant
zones (scenario B). The DOC-NOx BOP is not represented here,
because the conclusions are redundant.

8
® C-Noise-NOx
B NADP 1 Baseline
6L @ NADP 2Baseline|
4r ¢
2
o
2
'ﬂ'a-‘ 0 =
o
s \
-2
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-40 -30 -20 -10 0 10 20 30 40
NOx (%)

Fig. 5 BOP I: Close-in noise-NOx Pareto front.
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A quick glance at the shape of the Pareto optimal detaches some
discontinuities on the Pareto fronts. For reasons of clarity, these
discontinuities will be justified in Sec. VI.C once the general features
of the optimum paths have been described.

Each Pareto front is composed of around 500 points. The CPU
time for computing each of these fronts is around 4 h on a Sun Fire
6800 with 1200 MHz CPU under a Unix Solaris 8.

B. Analysis of the Extreme Solutions of the Pareto Fronts

The aim of this section is to first assess the potential environmental
gain by evaluating the extreme points of the Pareto fronts of Figs. 5—
8. Second, the optimum flight paths that should be used to fulfill the
minimum environmental impact levels are described.

1. Potential Environmental Gains

A quick glance at the Pareto fronts of Figs. 5-8 shows the
multiobjective nature of the problem. These figures exhibit signi-
ficant differences on the environmental levels of the extreme points
of the Pareto fronts.

Regarding the perceived noise criteria, Figs. 5 and 6 show that
E-NADP 1 paths are recommended to reduce noise in the close-in
areas, whereas Figs. 7 and 8 show that E-NADP 2 paths should be
used to reduce noise in zones further away from the airports.
Moreover, differences in the noise perceived between the E-NADP 1
and E-NADP 2 in the close-in zone are higher than in the distant zone.
Nevertheless, note that, in both cases, these reference procedures can
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Fig. 7 BOP III: Distant noise-NOx emissions Pareto front.
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Fig. 9 Flight paths minimizing close-in noise.

be improved by using flights paths given by the proposed Pareto
fronts.

The minimum level of DOC, which shall be the prior objective for
the flight paths departing from airports without any air quality or
noise restrictions, is close to the NADP 2 pattern type used as
baseline. However, the E-NADP 2 path performs poorly with regard
to the other environmental criteria. Finally, it can be seen that the
quantity of NOx emitted at low altitudes while flying an E-NADP 1
trajectory type is not very far from the minimum possible NOx level.

2. Flight Paths Minimizing the Environmental Criteria

This section focuses on the analysis of the physical characteristics
of the optimum flight paths that minimize each one of the
environmental criteria. Generally, the mono-objective optimization

problems of each criterion considered have multiple solutions.
Among these solutions, only the one involving the minimum value of
the other criterion optimized in the BOP belongs to the Pareto front.
This means that the extreme points of the Pareto fronts are unique.

To be exhaustive, the two extreme points of the four optimization
problems are studied. Figures 9-12 represent the altitude-, speed-,
and TSP-distance diagrams associated with the extreme points of the
previous Pareto fronts, classified according to the criterion they
optimize. The different optimum flight-path patterns for each
criterion follow the notation of Table 2 and the baseline procedures.
Problems I and II correspond to the noise-DOC and noise-NOx
optimizations in scenario A, while problems IIT and IV correspond to
the same optimization problems in scenario B.

For clarity reasons, in Figs. 9-12, the boundary altitude for the
NOx criterion (3000 ft) is indicated with a thin line in the upper
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Fig. 10

Flight paths minimizing distant noise.
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Fig. 11 Flight paths minimizing NOx.

Table 2 Optimum flight-path notation

subplot, and the noise estimation points are indicated with spherical
marks in the bottom subplot.

The analysis first deals with the strategies to follow to minimize
perceived noise on the ground in each of the selected scenarios.

Optimization problem  Optimal flight paths Name Second, flight paths optimizing local air quality and DOC criteria are
Close-in noise-NOx (I)  Min close-in noise ~ C-NOISE-I described.
Min NOx NOx-I Perceived noise on the ground is optimized according to different
Close-in noise-DOC (I)  Min close-in noise ~ C-NOISE-II strategies, depending on the zone where it is estimated. More
) . Min DOC DOC-II precisely, for the aircraft type used in this study, perceived noise on
Distant noise-NOx (IIT) MT“ ﬁgant noise EgOIISE‘HI the ground is minimized when the aircraft flies over the protected
mn X X- . . . . .
Distant noise_DOC (IV)  Min distant noise D-NOISE-IV zone using a reduceq engine rating at a maximum dlsta}nce from the
Min DOC DOC-IV microphone. To this effect, the Pareto-optimal flight path is
characterized by a thrust cutback just before flying over the noise-
protected zone. For example, in close-in noise-protected areas, Fig. 9
illustrates that the aircraft does not accelerate until it has flown over
T T
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Fig. 12 Flight paths minimizing DOC.
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Fig. 13  Flight-path variables for the close-in noise-NOx BOP.

the protected area in order to maximize the rate of climb and,
therefore, the distance to the microphone. However, once the
protected zone has been passed, the speed profile can be adapted to
reduce the other remaining criteria. Figure 10 shows that the
optimum flight path is rather different in the cases where noise must
be minimized in further zones. In these cases, the aircraft altitude
before flying over the protected zone is higher than the maximum
accepted thrust reduction altitude. Therefore, thrust is cut back at a
high altitude near the maximum acceptable value, and it is not
restored until the protected area has been flown over. An early
acceleration allows the noise exposure time to be decreased over the
protected area and the aircraft configuration to be changed sooner, so
the aircraft speed has a major role.

The optimum levels of DOC and NOx are not dependant on the
zone where noise is estimated, so the differences presented in
Figs. 11 and 12 may be surprising. As mentioned previously, the
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mono-objective optimization problems of both criteria have multiple
solutions. However, this multiplicity is removed when they are
optimized together with another criterion.

In NOx optimization, a series of tradeoffs occur: an accelerated
segment decreases the rate of climb, increasing the exposure time at
low altitudes (negative effect on NOx emissions). However, flying
at higher speeds permits climbing with higher rates of climb, which
has a positive effect on NOx emissions. On the other hand,
decreasing the cutback altitude also has two contradictory effects:
the rate of climb is decreased (negative effect), but fuel flow is also
decreased, which has a positive effect. During the optimization,
there is a tradeoff between these four factors. Figure 11 shows that,
among all these contradictory factors, the minimum NOx levels are
achieved when the aircraft flies under the threshold altitude using
the lowest possible engine rating (and so minimizing the combus-
tion products). In these paths, the aircraft flies at the highest possible
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Fig. 14 Flight-path variables for the close-in noise-DOC BOP.
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Fig. 15 Flight-path variables for the distant noise-NOx BOP.

rates of climb to decrease the exposure time at low altitude, so the
acceleration segment starts after the threshold altitude has been
reached. Then, once this threshold altitude has been reached, the
flight path can be adapted to reduce other criteria. In scenario A,
noise reduction mainly affects the flight paths at low altitudes too,
so the departure procedure at higher altitudes is indeterminate. This
means that, in this particular case, the extreme point of the Pareto
front is not unique. Nevertheless, in the case of scenario B, thrust is
restored further away from the airport to reduce the perceived noise
in distant zones.

Another important result concerns the difference on the length of
the segment at reduced thrust in the extreme solution of BOP-III
[minimum distant noise protected zone (D-NOISE-III) and nitrogen
oxides (NOx-III) flight paths]. The air quality criterion is insensitive
to thrust restoration because it occurs at an altitude higher than the
boundary altitude. Moreover, the noise generated by the aircraft
impacts less and less of the protected zone area once it has been flown
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over, and so the length of the segment at the reduced engine rating
does not affect the perceived noise in the protected zone anymore.
Therefore, the length of the segment at thrust cutback is un-
determined in this optimization problem. Finally, this means that
optimum flight paths from Fig. 10 are similar, because they have been
obtained using the same optimization algorithm.

Minimum operating cost paths are characterized by an early
acceleration that permits the most efficient aircraft states to be
reached earlier. The higher engine ratings should also be used, but
they have a minor role, and thrust cutback can be adapted to reduce
the perceived noise on the ground. Then, the minimum DOC flight
path is not unique. For example, in Fig. 12, the DOC-II path consists
of cutting back thrust earlier to ensure that the aircraft flies over the
close-in zone at a reduced engine level.

This analysis of the guiding variables of the optimum flight paths
corroborates the conclusions of Sec. VI.A. The general NADP 1 and
NADP 2 can be optimized for minimum environmental impact.
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Fig. 16 Flight-path variables for the distant noise-DOC BOP.
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C. Multicriteria Optimization: Evolution of Flight Paths Along the
Pareto Front

In the previous sections, the characteristics of the extreme points
of the Pareto fronts have been analyzed. This has enabled the
optimization mechanisms of each environmental criterion to be
analyzed. The main assets of the proposed method are in the ability
to describe the intermediate solutions in the optimized environ-
mental criteria. Using the conclusions of Sec. VLB, it is possible to
describe and understand the general shapes of the optimum fronts of
Figs. 5-8 and the evolution of the optimum flight-path variables
along them.

Figures 5-8 show that, in general, the Pareto fronts are not
continuous. Indeed, these figures show that the noise criterion shows
a continuous behavior, whereas small discontinuities can be seen in
the cases of operating costs and nitrous oxides. This phenomenon is a
direct consequence of the nonlinearity of the noise criteria. In the four
optimization problems, the Pareto front is described by a series of
optimum flight-path families (see Figs. 13—16). Each family is
optimal in a restricted zone of the Pareto front. An extension of these
families leads to either nonfeasible flight paths or to non-Pareto-
optimal paths.

The sensitivity of each optimized variable is strongly influenced
by the choice of BOP. Some of the optimum variables present
oscillations along the Pareto fronts. This means that between the
upper and lower oscillation bounds, the optimized criteria are
insensitive to the selected variable. In other words, any intermediate
value between the bounds is also optimal. In these cases, the
evolutions of the flight-path variables can be smoothed to obtain
regular or continuous behaviors.

In scenario A, the flight paths optimizing close-in noise and air
quality only differ in the value of the cutback altitude (see Figs. 9—
11), so only one family of optimal flight paths is obtained (see
Fig. 13). In the minimum NOX path, engine rate is cut back as soon as
possible to an optimized constant level. As the noise criterion
becomes more important, the cutback altitude increases up to the
altitude at which the aircraft flies over the protected zone. Finally, the
aircraft target speed V.. does not take very high values to remain at
higher rates of climb. The thrust restoration altitude takes an
oscillatory value. This means that it can take any value whenever it
does not affect the perceived noise on the ground. These results are
coherent with the [CAO recommendations to use these procedures to
improve noise in zones close to airports.

On the contrary, the close-in noise-DOC front is obtained through
several families of optimum procedures (see Fig. 14). Minimizing
DOC is achieved through an E-NADP-2 type of procedure,
characterized by an early acceleration, while minimum close-in noise
flight paths allow the aircraft flying at higher altitudes, using lower
engine ratings. Therefore, the optimization variables show a
transition from minimum DOC to minimum noise flight paths. This
transition is piecewise continuous, which means that optimization
variables are clustered into families. Each family is characterized by a
different pair of cutback and acceleration altitudes and an increasing
thrust restoration altitude. It is also remarkable that the transition into
two different families does not significantly change the level of noise.
However, since the procedures are different, there are discontinuities
in terms of fuel burn, which justifies the fact that the Pareto fronts are
not continuous.

Similar to Figs. 13 and 14, several families of procedures define
the optimum fronts in scenario B. The distant noise-NOx front is
characterized by two families of procedures (Fig. 15). The first
family, with a maximum acceleration altitude and an increasing
cutback altitude, is very similar to the one seen in the close-in noise—
NOx optimization problem, and it describes low air quality
procedures, while the second family, an E-NADP-2 trajectory type
with minimum acceleration altitude, defines the minimum distant
noise zone of the Pareto front. In both families, the initial speed AV,
the target speed V., and the reduced engine rating levels take
optimum, constant values.

Finally, the distant noise-DOC optimal front is constituted by
E-NADP-2 (acceleration before thrust cutback). They are
characterized by decreasing values of the target speed V. and

the engine thrust and fixed values of the acceleration and thrust-
cutback altitudes (see Fig. 16).

VII. Conclusions

This paper introduces a methodology for reducing the envi-
ronmental footprint of aircraft based on the optimization of departure
procedures. This concept has been formulated through a multi-
objective, nonlinear, constrained optimization problem. To solve this
problem efficiently, the recent multi-MADS method is proposed.
This free derivative algorithm approximates the Pareto-optimal
fronts by solving a series of single-objective optimizations using the
MADS optimization method. The feasibility of this methodology is
illustrated with a current in-production Airbus aircraft departing
from an ideal airport. In this application, the three environmental
criteria (noise, NOx emissions, and CO, emissions) have been
optimized in pairs. The results of the problem are the optimal levels of
the considered environmental criteria and their associated optimal
flight paths. The study was performed in a research perspective using
Airbus-designed office software. Keeping in mind that operational
feasibility has not been confirmed, and the procedures have not been
validated against Airbus standard operating procedures, these
promising results still need an operational assessment.

Future related work will attempt to assess the validity of optimal
departures in more advanced scenarios. For example, atmospheric
conditions in a real operation may vary from the reference conditions
assumed during the computation of the optimal procedures. Research
will strive to obtain the maximum deviation from the reference
atmospheric conditions, guaranteeing that the proposed flight paths
remain nearly optimal.
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