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Abstract 
 

A few aspects of aircraft noise were evaluated. These were (i) methods of subjective 
evaluations, (ii) effects of equalization and (iii) the effects of cognitive aspects.  

In the first paper, sorting algorithms were used instead of conventional paired 
comparison method in order to reduce the number of pairs in the evaluation of 
subjective judgments. The quick sorting algorithm method revealed more than 99% 
correlation coefficient with paired comparison method although the method used 
N*log(N) evaluations instead of  N(N-1)/2. 

In the second paper, equalization effects on perception were evaluated in two steps, first 
with stationary aircraft sounds and second with non-stationary aircraft sounds. 

The first experiment examined the effects of stationary sound segments respect to three 
different angle positions of the aircrafts relative to the observer (78.7°, 90° & 101.3°),  
two different SNR conditions (sounds having original broadband plus tonal components 
versus control broadband sounds having no tonal components) and two different flight 
conditions (arrival and take-off). Subjects were asked to scale five perceptual attributes 
(loudness, annoyance, hardness, power and pitch) using Borg CR100 scale. The angle 
condition showed highly significant effects on annoyance and hardness.  Maximal 
effects were found at an angle of 78.7°. The SNR revealed a significant impact on 
loudness, power and pitch.  

The second experiment analyzed the effects of tonal components and the problem of 
appropriate equalization. The spectrum of the signals was modified in two steps (buzz-
saw, isolated BPF tone). Further EPNL-equalization, A-, B-, C-, D- and spectral 
broadband equalizations were applied to the synthesized sounds. Annoyance, loudness, 
hardness and pitch in the isolated tone conditions showed significantly stronger effects 
than the buzz-conditions on the perceived judgments. The EPNL-equalization led to a 
lower degree of differentiation between the spectral conditions compared to B- and C-
level equalization.  

In the third paper, the effects of aircraft sounds on children’s cognitive performance 
were investigated. Impact of aircraft noise on children cognition was found significantly 
higher in reading comprehensions than in basic mathematics and problem solving tests. 
It seems children are very sensitive to the modifications in the aircraft noise but further 
studies are necessary to compliment such a finding. 
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 Introduction 

1. Background  
Apart from attempts to fly with blimps, gliders and kites, the modern aviation history 

shoot off by the first recognized engine powered flight by Félix du Temple in 1874 after 
having been launched down a ski-jump arrangement and successfully landed a very 
short time afterwards. The Wright brothers refined the means and managed to make 
aircrafts that could start and land from flat ground and actually control the flight. We 
can assume this was the birth of aircraft noise since it was about from this time that 
aircrafts started to use engines. After the World War I and II, a lot of aircrafts, 
especially large bombers were used to carry passengers instead of military goods and 
thus commercial aviation took off. The birth of the first commercial jet airliner came in 
1949 with the British “de Havilland Comet” and was shortly followed by the North 
American “Avro C102”.  

Although piston engine aircrafts made noise, it wasn’t until the use of jet engines that 
aircraft noise started to become a major problem for airports. The introduction of the jet 
engine powered Boeing 707 in 1958 instantly collected complaints around the airports 
where it landed and took off. In 1960, London Heathrow and New York Idlewild 
(Kennedy) adopted their first noise limits and forced the long distance aircrafts to take 
less weight and fuel so that they could climb faster and leave the sensitive areas faster. 
The secondary effects of this were that some aircrafts leaving London towards New 
York had to land at another airport in England to fuel before crossing the Atlantic, 
which of course was very inconvenient. [1, 2] 

In 1952 Sir James Lighthill provided a formula to calculate the sound generation in 
moving fluids and proved that the sound emitted was proportional to the eighth power 
of the air flow speed. This meant that since the jet engine gets it thrust from accelerating 
large masses of air, the thrust can be kept constant but the noise can be reduced by 
simply increasing the jet diameter [3, 4]. 

Figure 1 shows the aeroacoustcal evolution from 1955 to 2000.  
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Figure 1: Aeroacoustcal evolution from 1955 to 2000 [5]. 

Commercial aircraft traffic is increasing and numerous people are daily annoyed by 
its noise. In 1995 the World Health organization pointed out the importance of a healthy 
sound environment for the well being of man [6] but still sound pollution is an 
increasing problem.  

Figure 2 shows that even if the noise emission from aircrafts has decreased, the 
number of complaints has increased with the augmentation in air traffic. 

 
Figure 2: aircraft movements, complaints, and complainants, at Amsterdam Airport 

Schiphol 1986 - 2000 [7]. 
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Today there are different engines used in aircrafts. The turbojet (with or without 
afterburner) is the engine for supersonic aircrafts. The turbofan (also with or without 
afterburner) is divided into two smaller groups, high bypass and low bypass which 
indicates the proportion of air that is passed through the fan ducts compared to the air 
that passes through the core. The turbofan is preferable in acoustic point of view since 
the higher amount of air that passes around the core help cushion the noise emitted by 
the core. There is also the turboprop, the most fuel efficient engine, usually used on 
smaller aircrafts and on long range aircrafts that demands high endurance [8].  

There are mainly two noise sources from an aircraft, noises are emitted from the 
body frame itself due to turbulence around from different parts, but the large part of 
noise comes from the engine, an acoustic maelstrom. The following noise sources can 
be found on a turbofan engine [9]: 

• The fan 

• The fan blades 

• Stators and stator/fan interaction in the outer duct 

• Rotor/stator interaction in the core duct 

• Fuel combustion 

• Turbine 

• Jet exhaust interaction with surrounding air 

In 2004 SEFA (Sound Engineering For Aircrafts), an EU project started with various 
objectives to use sound engineering technique to reshape and define aircraft sounds that 
are less annoying than today’s. 

The aim of SEFA was to develop technology design criteria (Sound Engineering) 
based on a thorough assessment of which characteristics would make aircraft more 
acceptable for airport communities from a noise signature standpoint. Before, such 
criteria did not exist, aircraft noise engineering had focused on achieving lower noise 
levels for individual events and at close distance from the runway and did not take into 
concern perceived annoyance as a result of psychoacoustic metrics. 

A novel approach, based on Sound Quality engineering practices, was used to define 
optimum aircraft community noise shapes. To support the definition of design criteria 
able to meet these target sounds, innovative simulation tools was aimed to be developed 
to allow the identification of relevant physical parameters which impact the noise that 
can be heard at the listeners location.  

SEFA involve 20 partners from 8 different countries: Germany, France, UK, 
Sweden, Italy, Belgium, Portugal and Hungary. 

2. Effects of aircraft noise 
Aircraft fly over noise is one of the major contributors to the noise pollution in the 

community [10]. Although today’s aircrafts are less noisy than a decade ago, the 
increase of air traffics has led to enormous noise burden on the society. Not only the 
noise pollution is a disturbance in everyday life but also a burden to group of people, 
mainly for shift workers who are likely to sleep during the day time and living nearby 
an airport or a flight path of the aircrafts.  
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A few recent studies have also shown that children’s cognition as well as their health 
is affected due to aircraft noise [11, 12]. Other effects of aircraft noise exposure are 
speech and communication, psychosocial (irritation, headache and tiredness) and 
physiological (pulse, hormone, EEG, blood pressure). Studies have shown an increase 
in blood pressure for people under exposure of aircraft noise. Also hearing loss and 
heart disease reveals by aircraft noise and secondary effects like eczema and asthma are 
also reported.  

Between 1996 and 1997 a large survey was done by administering a questionnaire to 
31000 addresses near Schiphol airport in Netherlands where people were asked on 
health status and other health indicators such as use of medicine. The researchers found 
associations between health indicators (uses of medicine for cardiovascular diseases, 
high blood pressure, sleep medication and sedatives) and the sound level during 
different times of the day. Also complaints of headache and tiredness were shown to be 
associated with the aircraft noise [13].  

3. Aircraft Evaluations 
Due to the complexity of the aircraft noise it is very hard to evaluate. Aircraft flyover 

time can take up to one minute and during this time it changes a lot. Of course aircraft 
have an approaching and a departing part where the total level increases and decreases 
respectively but due to metrological phenomenon this does not happen linearly and 
therefore fluctuations can be heard. The speed of the aircraft also creates a Doppler shift 
and the “spectral shape” of the aircraft noise changes during the flyover time. Time 
segments with tonal components, different broadband noise spectra and even “buzz 
saw” elements can often be heard where the “buzz saw” components are saw tooth 
shaped pressure waves created at the fan tips of the engine at high load causing a very 
specific metallic sound [14]. To evaluate the influence of these different components as 
a function of annoyance one changes these components and creates new sounds and 
compares these new sounds to each other in sound evaluations. 

Mainly two different methods are often used to perform sound evaluations. 

3.1 Paired comparisons method 
In the paired comparison method, the juror is presented by two sounds [15]. Then the 
juror is asked to make a choice between the two sounds, A & B or B & A, based on a 
certain perceptual criteria (annoying, harsh, good, bad, etc), this is called forced choice. 
If the juror is presented a third choice where he/she has no preference between A & B or 
B & A, it’s called an unforced choice where a tie is declared. 
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In a group of n sounds, n(n-1)/2 pairs (see Table 1) are possible (one-sided test, 
otherwise n(n-1)), it’s therefore important to keep the number of sounds to evaluate as 
low as possible, because this means that the number of pairs increases as n2.  

 
Table 1: Evaluations needed for a paired comparison. 

Number of sounds Number of pairs to be evaluated
1 0 
2 1 
3 3 
4 6 
5 10 
6 15 
7 21 
8 28 
9 36 

Since all jurors compare every sound to each other, the outcome can be modeled as a 
preference matrix where the position (i, j) indicates a 1 if sound i is preferred over 
sound j or 0 if sound j is preferred over i. The preference matrices for all jurors are then 
transformed into merit values for each sound [16, 17] which can be compared with 
different psychoacoustic parameters.  

The main advantage with this method is that one gets a preference score that can 
easily be compared with different metrics. The disadvantage of the method is that the 
number of comparisons to perform for each juror increases by the square of the number 
of sounds which is very time consuming. 

3.2 Semantic differentials method 
In a semantic differential method, the juror is presented to a sound and is asked to 

make a selection on a linear scale between one or more pairs of adjectives (good – bad, 
hard – soft, etc) [17, 18]. The results can be summed into average values to correlate 
with metric values. While the evaluations can be performed much faster when using 
semantic differential method and can get a good description on how the juror experience 
the sound. The disadvantage of this method is that it may be hard to differentiate 
between the sounds if the jurors lack reference sound. 
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3.3 Magnitude estimation 
Magnitude estimation is a variation of semantic differential method where the juror is 
asked to assign a number to a specific attribute of the sound like loud or pleasant. Some 
magnitude estimation methods use closed boundaries like a scale from 0 to 10, whilst 
methods like the Borg CR 100 scale for example are semi open, i.e. the absolute 
minimum is 0 but there maximum is undefined since the juror may experience values 
beyond their earlier references. One problem with magnitude estimation is that for 
example the meaning of the value “25” may differ between jurors. For this, the Borg CR 
100 scale uses verbal anchors to fixate the meaning of some values (see Figure 2) [19].  
 

 

Figure 2: The Borg CR100 scale for magnitude estimation. 
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Summary of papers 

Paper A- A Quicker Method of Using Paired Comparisons for 
the Sound Quality Evaluation  

A new method to perform paired comparisons was presented. The problem with n 
sounds using n(n-1) comparisons with conventional paired comparisons is eliminated by 
supposing transitivity and applying sorting algorithms and thus reduce the number of 
evaluations since the efficiency of the methods below are proven to be ( )2logO n n [20]. 
Two different sorting algorithms, quicksort (QS) and mergesort (MS) were used.  

The results given by 29 subjects after evaluating 12 aircraft sounds in a full paired 
comparison were stored into a database. This database was then used to simulate the 
responses given by the users supposing that a ranking of the sounds were done using QS 
and MS algorithms. The sorting of the sounds according to preference for the QS and 
MS was then used to build preference matrices that were evaluated using Bradley-Terry 
algorithm [15]. The results were then compared to the results obtained by the full paired 
comparison where a 99% correlation coefficient was found between the methods.  

The method assumes that the juror is transitive i.e. if the juror prefers sound A over 
sound B and sound B over sound C, then the juror is assumed to prefer sound A over 
sound C and the votes for A, B and C forms a consistent triad.  

In mathematical terms this can be expressed as; a binary relation R over a set X, is 
transitive if it holds for all “a”, “b”, and “c” in X, that if “a” is related to “b” and “b” is 
related to “c”, then a is related to “c. 

 , , ,a b c X aRb bRc aRc∀ ∈ ∧ ⇒  

In full paired comparison where the subject compares every possible pair of sounds, 
some inconsistencies can be seen and measured using the Kendall consistency, defined 
as the number of consistent triads over the total number of triads. However, in this 
experiment a 100 % consistency is assumed for every juror and therefore leaves out the 
unnecessary comparisons (with success) but one cannot exclude jurors from the analysis 
due to poor performance from a full paired comparison. This, on the other hand, can be 
done by simply adding control questions and checking the repeatability of the test [21].  

A criterion to measure the correlation of the judgments of the jurors is the Kendall 
tau rank order correlation coefficient, a value between -1 and 1 depending on the degree 
of correspondence between the rankings. This coefficient should also be possible to 
measure with the proposed methods. 

Paper B- Quality of stationary and non-stationary aircraft 
sounds – the effect of tonal components and level equalization 

Sound quality of aircraft fly-over noises were examined in the laboratory conditions 
in two parts. The first part of the study examined several aircrafts in respect to various 
flight paths, by-pass frame tones related modifications for both arrival and departure 
conditions.  

The second part of the study examined two spectral conditions (by-pass frame related 
tone modifications and original stimuli) and various weighting factors (A, B, C, D, 
EPNL and Broadband).  
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Listening tests were carried out in a hemi anechoic room where subjects were judged 
five different perceptual attributes using Borg CR100 scale. The first part of the study 
revealed that aircrafts flying at 101.3° would provide better perceptual attributes to the 
listeners than aircrafts flying at 78.7° and 90°. EPNL weighting reduced the perception 
of annoyance and loudness but increased the perceptual judgment of pitch and tonal 
modulations. The second part of the study also showed that EPNL weighting judged 
lower for the pitch related tones modified stimulus and also for the modulation of the 
stimulus. Here B-weighting showed better judgment. Pitch was shown to be more 
dominant in the perceptual dimensions of aircrafts stimuli than the loudness. 

Paper C- The effect of aircraft noise on children’s cognitive 
performance 

Effects of cognitive performance on school children’s due to aircraft noise were 
investigated in three municipal schools in Stockholm.  

A total of 198 children from the 4th grade (about 10 years old) participated in this 
study.  

Cognitive performances were measured in four tests: pretest, reading comprehension 
test, basic mathematics and problem solving tests.  

Each school cluster consisted of three classes where these classes were divided into a 
control and two experimental groups. In the control group children performed all the 
cognitive tests without being exposed to aircraft noise whereas children involved in the 
other two experimental groups were exposed to original and modified aircraft noise 
while performing cognitive performance tests.  

The results showed that aircraft noise impaired children cognitive performance in 
reading comprehension test significantly compared to the basic mathematics and 
problems solving tests. The results of the pretests showed that children who were good 
in the pretests were also good in the cognitive tests. However, gender, sitting conditions 
and type of schools did not influence the performance of the cognitive tests.  
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Future work 

Paper A 
This was a preliminary study to investigate the possibility of using sorting algorithms 
but there are more things are needed to be considered. For examples: 

• Mathematical evidence of its efficiency. 
• Butterfly sort. Unfinished sorting algorithms which randomize the outcome of 

some comparisons. 
• Combinations. Some sorting algorithms have shown to converge faster in the 

beginning of an evaluation while others become more efficient after a while. 
• Allowing ties. In some situations, sports for example, there’s possible that two 

teams or competitors scores equal. 
• Differences in variances between the samples. Also in sports there’s possible 

that some competitors have a greater variance in skill for example than others. 
• Semantic scaling methods. Suppose that the juror is given a semantic scale when 

choosing between two samples, and then perhaps the heapsort algorithm would 
be preferred. 

• A wisely chosen starting vector based on earlier responses could perhaps 
decrease the number of evaluation 

Paper B 
• Effects of EPNL weighting should be examined with other types of aircrafts. 

Here we only used one type of aircraft.  
• Since the ear discriminates differently between high and low frequencies for 

loud and soft sounds, the experiment could be repeated with different equalized 
levels. 

 

Paper C 
• For the next tests, focus should be given on the reading comprehension tests.  
• Schools could be chosen from the flight path. i.e. who are exposed to aircraft 

noises. 
• Aircraft sounds can be modified in many ways and the influence of events for 

example can be evaluated. 
• A long time exposure should be taken into account. 
 

 




