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a b s t r a c t

This paper presents a strategy for designing noise abatement procedures aimed at reducing
the global annoyance perceived by the population living around the airports. A non-linear
multi-objective optimal control problem is implemented and numerically solved obtaining
minimal annoyance trajectories. Annoyance criteria are treated as non-linear functions
that can be obtained by using fuzzy logic modelling techniques. Here, a basic implementa-
tion is shown where the annoyance is expressed in function of the maximum perceived
noise level, the period of the day when the trajectory takes place and the type of area
over-flown. Then, lexicographic optimisation techniques are used to deal with the multi-
criteria nature of the problem. Finally, an illustrative example is given concerning a hypo-
thetical scenario with five different noise sensitive locations and where different optimal
trajectories are obtained for different hours of the day.

� 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The noise produced by aircraft during take-off and landing operations is becoming a very serious ecological and social
problem. Aircraft noise can be very annoying for people living in the vicinity of the airports. Therefore, the design of noise
abatement procedures aimed at reducing the noise exposure of the affected population is one of the main issues that airport
authorities and air navigation service providers have to address.

Noise is generally defined as an unwanted sound and its effects can be appreciated physiologically but also psychologi-
cally. See, for instance, the work done by Muzet (2007). On the other hand, annoyance is a concept that is hard to quantify
because there is no underlying physically measurable scale. However, it is usually qualitatively assessed with social surveys.
It is clear that fuzzy logic techniques can help to make more accurate predictions by incorporating the vagueness and uncer-
tainty into the modelling and reasoning process. Fuzzy set theory is a generalisation of traditional set theory and provides a
means for the representation of imprecision and vagueness. Zadeh (1965) further developed the corresponding fuzzy logic to
manipulate fuzzy sets. Recently, some research papers based on fuzzy logic have addressed noise pollution topics: see, for
instance the works published by Botteldooren and Verkeyin (2003), Zaheeruddin et al. (2006) or Zaheeruddin and Vinod
(2006). For example, Zaheeruddin et al. (2006), consider the annoyance as a function of the noise level, its duration of occur-
rence, and the socioeconomic status of a person, applying these models to the urban areas of India. Moreover, Zaheeruddin
and Vinod (2006) present a fuzzy logic model based on field surveys conducted by various researchers and reports of the
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World Health Organisation. There, it is shown how the noise level, the duration of the acoustical event and the age of the
exposed people affect on the sleep disturbance.

On the other hand, the International Civil Aviation Organisation (ICAO) publishes two different Noise Abatement Depar-
ture Procedures (NADP), defined in ICAO (1993). NADP are generic procedures and are far from being the optimum ones
regarding noise minimisation. This is due to several factors, such as the impossibility to define a general procedure satisfying
the specific problems that may affect each particular airport, air traffic management and airport capacity constraints or even
the limitations of nowadays on-board technology. Nevertheless, some research in theoretical optimal trajectories minimis-
ing the noise impact in departure or approaching procedures is also found in the literature. For instance, Visser and Wijnen
(2001) presented a tool combining a noise computation model, a Geographical Information System (GIS) and a dynamic tra-
jectory optimisation algorithm, aimed at obtaining optimal noise procedures. See also Wijnen and Visser (2003) and Visser
(2005). A similar methodology is proposed by Clarke and Hansman (1997), and an adaptative algorithm for noise abatement
is also developed by Zou and Clarke (2003). On the other hand, Atkins and Xue (2004) and Xue and Atkins (2006) presented a
dynamic programming technique for minimising noise in runway-independent aircraft operations. All the results and con-
clusions arisen from these works are encouraging and will set the basis for new noise abatement procedures, specially
regarding the forthcoming new navigation concepts, such as area navigation (RNAV) or Performance Based Navigation
(PBN). These concepts, as explained by EUROCONTROL (1999), will allow for air navigation procedures to be designed with
a higher level of flexibility than conventional radionavigation ones.

This paper presents a methodology to design optimal aircraft trajectories by using a dynamic trajectory optimisation
algorithm where only an initial and a final point in the trajectory are specified. It is shown how the optimisation criteria
can easily be built from non-linear annoyance functions, which in turn, can be derived from more complex fuzzy logic mod-
els. In Section 2 the model for noise annoyance used in this work is presented, while in Section 3 the multi-criteria optimi-
sation technique is described. Finally, Section 4 shows some illustrative and practical results for a hypothetical scenario.

2. A model for noise annoyance

The annoyance or perception of the acoustic noise describes the relation between a given acoustic situation and a given
individual or set of persons affected by the noise and how cognitively or emotionally they evaluate this situation. Human
perception of loudness is highly non-linear, and the relationship between frequency, intensity, and loudness is quite
complex.

In order to take into account this particular human perception sound spectra measurements are usually modified when
dealing with environmental noise by a weighting function (A – weighted decibel scale) and acoustical magnitudes are ex-
pressed in dB(A). Besides the frequency spectra, different ways of measuring a same acoustical event can be implemented.
For example, a simple and widely used metric is to measure the maximum sound level ðLmaxÞ of the event. On the other hand,
the Sound Exposure Level (SEL) metric takes into account not only the acoustical intensity but also the time duration of the
event. Moreover, other metrics exist when one wants to consider the noise impact of several events during a certain period,
like for example a day. The Equivalent Sound Level ðLeqÞ and the Day–Night Sound Level ðLdnÞmetrics are commonly used in
aircraft noise surveys. For more noise metrics and their exact computations the reader could refer to Harris (1997) or FAA
(2002).

As it can be seen, all metrics try to model the way the sound is perceived by humans. However, these metrics are not
sufficient measurements defining completely the annoyance that a particular noise produces. In addition to acoustic ele-
ments such as the loudness, the intensity, the spectra and the duration, there is a list of non-acoustic elements that should
be taken into account to define a global annoyance figure. According to Schomer (2001), Lim et al. (2007), Rylander (2004),
Kuwano and Namba (1996) and Hume et al. (2003), one should consider the following most relevant factors:

� Types of affected zones (rural zone, residential zone, industrial zone, hospitals, schools, markets, etc.).
� Time interval during the noise event (day, evening, night).
� Period of time between two consecutive flights.
� Personal elements (emotional, apprehension to the noise, personal healthy, age, etc.).
� Cultural aspects (young or aged people habits, activities, holiday, etc.).

In this paper, a simplified fuzzy logic model describing aircraft noise annoyance is implemented, taking only into account
the maximum perceived sound level ðLmaxÞ, the hour of the day when the flight takes place and the type of over-flown zone,
considering industrial and residential zones, a hospital and a school.

2.1. Noise model

The maximum perceived sound level ðLiÞ at a given location i is defined as:

LiðzÞ ¼max
t

NoiseiðzðtÞÞ ð1Þ

where NoiseiðzðtÞÞ is the perceived noise level at location i for a given trajectory zðtÞ (being t the time variable).
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