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Quantifying the audible differencesin measured and
auralized aircraft sounds

Abhishek K. Sahaiand Dick G. Simorfs
Aircraft Noise and Climate Effects (ANCE) Resedbthup, Faculty of Aerospace Engineering,
Delft University of Technology, Delft, 2625HS, Netherlands

This paper aims to present a way with which audible differences in measured and
auralized (i.e. aurally smulated) aircraft noise can be quantified. The purpose of the study is
to find a means with which the subjective differences between measured and synthesized
sounds can be expressed in an objective manner. The quantification would firstly enable
developers of auralization technology to identify more concretely in which aspects the
differences exist, in order to make the auralizations sound morerealistic. The quantification
would secondly aid in developing a means of distinguishing between aircraft sounds in
general, beyond the conventional metrics of A-weighted level (dBA) or Effective Perceived
Noise Level (EPNL). Such a capability can allow target functions to be developed with which
aircraft can be optimized for specific, more acceptable sounds. As used widely in other
industries such asthe automotive sector, use of sound quality metricsis made to quantify the
differences in the quality of the sounds. The comparison is carried out in terms of both
conventional and sound quality metrics for the audio of a reference air craft, which has been
measured and auralized over the same flight paths at a noise monitoring station in the
airport vicinity.

Nomenclature
A = Amplitude
) = Phase
f = Frequency
fs = Sampling frequency
Nplock = Number of samples in time-block
Po = Pressure at threshold of hearing
Nhoy = Overall perceived noisiness
n = Perceived noisiness in a 1/3 octave frequennd ba
C = Tone correction
D = Duration correction
z = Critical band rate
N = Loudness
N’ = Specific Loudness
L = Excitation level
S = Sharpness

|. Introduction

HE noise produced by aircraft has traditionallyrbegpressed in a specific overall value such asefghted
level (dBA), Sound Exposure Level (SEL) and EffeetPerceived Noise Level (EPNL). Any differencesha
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noise two aircraft produce have therefore alsontillv been expressed in these commonly used mdiyidbe

aerospace community. Problems arise however whenaiveraft have very similar weighted levels andNEP
values yet their sounds are noticeably differentnvheard by observers during flyovers. It is kndhat traditional

metrics such as dBA and others that use it asig, s not suffice in clearly distinguishing betwearcraft sound
signatures and also do not correspond well to theabperceived annoyance due to aircraft noisel[ig same can
also be said to some extent for the EPNL metricgafticularly in capturing differences in tonaihtent of aircraft
noise [3], [4]. These conventional metrics can efae prove to be lacking in capturing importarffetences in
aircraft sounds, such as the prominence of tonakenio relation to broadband noise, fluctuationsoindness over
time (particularly important for propeller basedceaft) or the ratio of high to low frequency nofee instance. The
ability to clearly distinguish between aircraft sdg is of fundamental importance to reducing thecesk effects
due to aircraft noise experienced by residents, fanagny efforts aimed at increasing the acceptasfcaircraft

noise. Any noise reductions achieved solely by $ougy on metrics that do not fully capture the indizal aspects of
aircraft sounds may not yield a reduction in theualcannoyance experienced by residents or anaeeren the
acceptance of aircraft noise.

The need to be able to express differences inadirspunds in an improved and objective way wagiqudarly
highlighted when listening to a comparison of meedwand synthesized aircraft noise audio of theesaincraft [5].
It was observed in this work by Arntzen et al. thatlible differences clearly existed even thoughrtbise impact
values in dBA..x were 0-3 dBA and in SEL 0-4 dBA. Some of the alaitifferences noted were for instance that
the synthesized tones were too prominent, the leguency noise was underpredicted and that thesermeae
turbulence in the recordings due to the presenceind-gusts. These differences were not capturedhbyA-
weighted metrics. Also other studies on the auedlizounds of future Counter Rotating Open Rotor GRR
engines [6] showed that noise reductions due toorgd blade design could be expressed in EPNL sdluethese
could not clearly specify audible changes in thalitg of the sounds. It becomes clear that whefedifices in
audio cannot be expressed objectively in quantdiaumbers, they have to be expressed subjectivdlich does
not provide a practical capability for optimizationimprovement of the sounds. It is therefore oead that if these
differences could be objectively quantified, thka guality of the auralized sounds could be impdoVecould then
be investigated more concretely which audio comptméave to be adjusted or modified in order tadprihe
synthetic sound closer to the measured sound. $ieceound produced by the aircraft is directlkéid to different
noise sources on the aircraft (such as fan tomeagdband jet or airframe noise), it could alsorbestigated which
source noise component would require a higher nmgl@ccuracy in order to remove the respectiveetgffice in
sound.

By starting with a focus on comparison of syntheditd measured aircraft sounds, various factors lmn
investigated which play an important role in digtirshing between aircraft sound signatures in géndrhe

objective characterization of the aircraft sourghatures would then serve the second more ovevallaf aircraft

design for optimal sound, whereby aircraft desigoald be optimized to meet required, more acceptédniget

sound signatures. This would shift the focus frdow*noise’ aircraft design towards ‘low-annoyaneetcraft

design, an approach which focuses on the optinozadif aircraft sounds reaching the observers ratiwen of

overall levels [3], [4], [7].

The paper has been divided into five main sectidhg. aircraft noise measurement and auralizatiothodelogy
has been explained in more detail in [5] and isflyrirecapitulated in Section II; the sound assesgrmethodology
in both conventional and sound quality metrics xplained in Section lllI; the comparison of the edft noise
assessment in conventional and sound quality nsetsicperformed in Section IV and Section V presehts
conclusions of the current work.

I1. Noise measurement and aur alization methodology

For comparison of the measured and auralized #incogse audio, a reference aircraft is choserthis case the
Boeing 747-400 equipped with four CF6-80C2 engifié® comparison is made for four takeoff flighthmabf the
747-400 at a noise monitoring point near Schiplmploat Amsterdam, located 3.8km in front and 40@nttte right

of the runway in the takeoff direction. The noises ibeen both measured and auralized at this locdtle average
weather conditions for the day of the measuremanreva temperature of 10°C, pressure of 999.6hPaedative
humidity of 96%. The noise monitoring station was located gmassy field and to minimize the effect of ground
reflections, the microphone was located at a heaffiOm. As will be seen in the measured spectrogria Section
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IV, relatively strong wind-gusts were present dgrthe day of the measurements, which are observedrical
spikes in the spectrograms. Flight paths 1 to 3evgeiite similar in the trajectory followed, withethaircraft flying
closer to the monitoring station than during flighéth 4. For further details regarding the flightths and
measurements thereof, the reader is referred to [5]

In order to create auralized aircraft noise ofriieasured flight paths, the inputs for the fanajed airframe source
noise models had to be simulated over the fligtliga-or calculating the engine noise, which isdbminant noise
source during takeoff, the engine state over tightfipath was simulated using the NLR and TU D&l8P model
[8], based on the required thrust for the aircralfeoff weight, lift and drag (using a relevant-tifag polar for the
aircraft). The source noise models used are basedASA’s Aircraft Noise Prediction Program (ANOPR],
which include the model of Heidmafit0] for fan and compressor noise, Steht for jet noise and FinKL2] for
airframe noise. Since combustor and turbine naiseat dominant during takeoff, their simulationsresleft out of
the prediction and analysis. These source noiseelma@de semi-empirical in nature and although theepot allow a
hundred percent match to measured data, partigdtarimore modern aircraft of today, they do pravia generic
noise prediction capability for all conventionalrcaaft and engines, besides being not very comiouizty
expensive.

The simulated fan tones and broadband jet as veeliidrame noise are then synthesized at the solime
auralizing tonal noise, aadditive synthesis techniq{®&3], [14], [15] has been used, which is shownkes. 1 and
2.

s;(t) = A;cos(P;(t) + ¢o) (1)
() =2n["_fi(v)de @)

Here each tone is constructed as a cosine wavadawnplituded;, instantaneous phageand an initial phasg,,
set here as a random phase offset to produce anemristic and less coherent sound. The instantenpbase, is
calculated from the instantaneous frequeficBy constructing the individual tones using thestnique, the total
tonal component can be constructed via a simplevstion of the individual tones.

The fan rotor-stator interaction tones and thennmics occur at the Blade Passage Frequency (BRiFat its
integer multiples, while the buzz-saw tones ocdumaltiples of the low pressure shaft spedid)( Although the
interaction tones have their individual magnitudeecified by the method of Heidmann, the magnituafethe
buzz-saw tones are provided over a 1/3 octave gpativision. By knowing in which 1/3 octave barttkttones
occur, the energy specified by Heidmann’s methativigled evenly over all the buzz-saw tones in theatd.

For broadband noise synthesis, a technique maldagfiwhite noise is used. The 1/3 octave sour¢eerspectra
provided by the models of Stone for jet noise aimik For airframe noise are firstly converted toanmewband noise
spectrum. White noise is generated in the frequeloeyain and is convolved with the narrowband spedtia an
Inverse Fast Fourier Transform (IFFT), the freqyedomain results are transformed to the time domamthe
aircraft flies past the measurement point, theenoémching the observer changes due to the comhuohanging
emission angle between the aircraft and the obseamve also due to changes in the aircraft’s thsetting and/or
high-lift device setting. This implies that the sotution of the white noise and narrowband spectalvanges with
time and can result in audible artifacts as therait flies by. To avoid these artifacts, an Overkadd (OLA)

technique is employed to combine the signals witleerlap after windowing them using a Hanning venvd

As against auralizing the propagated aircraft nasethe ground as done in [15], [1@he noise has been
synthesized for the audio comparison firstly at foeirce. In order to reproduce the noise impadhatnoise
monitoring point, the propagation and flight effeere subsequently applied to the source noisarasug gains and
filters. As the source noise models are intendgutedict far-field noise, the whole aircraft alongh the engines is
regarded as a point source for applying the prapagaffects of spherical spreading, atmospherisogition
according to 1ISO-9613-1:19987] and ground reflection according to Chien-Sertkeory18] using Delany and
Bazley's[19] ground impedance model. Since the micropharteoivever located at a height of 10m, the effetts o
ground reflection are in this case minimal. The plep shift is further applied to account for the vimgy source
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effect via a Variable Delay Line (VDL), using thene-varying time-delay between the noise emissior tat the
aircraft and the noise reception time at the measant poinf16]. In this regard, the VDL makes use of a spline
interpolation in order to avoid aliasing effecfshie time-delay results in a non-integer retardetssion time.

I11. Noise assessment methodology in conventional and sound quality metrics

As mentioned in Section I, the measured and ael#rcraft sounds will be assessed and comparhisipaper in
conventional metrics as well as in the sound quatietrics. Derived from the field of psychoacoustiive metrics
which focus on individual spectral and temporalrelteristics of sounds are recognized as soundtyjuadtrics —

loudness, tonality, roughness, sharpness and #tiotu strength. The loudness metric is further did into

stationary and time-varying loudness. The dBASEL and EPNL metrics, as well as the stationawghess and
sharpness metrics have been implemented by therautls part of an aircraft noise audio assessmedul®. The
ultimate goal of developing this module is to haveapability which could be automated and integratean

aircraft design — auralization — sound assessmiegincproviding the aircraft design for optimal aduor low-

annoyance aircraft design possibility in the futuFbe remaining sound quality metrics have beeriegppo the

analysis of the audio files using Bruel and Kjaétidse Reflex software. Since the assessmentrirstef the sound
quality metrics will be discussed in detail in thext section, it is helpful to briefly describe whhese metrics
measure and which method their calculation has basad on.

- Loudnesss the subjective perception of the overall magiétof a sound [22]. For complex sounds, effectd su
as the masking of high frequency noise componeats fower frequency noise are important in detemgrihe
overall perceived loudness. Stationary loudnessbeaapplied to non-impulsive sounds. For impulsigends,
time-varying loudness measures loudness change®fgrsmall durations of 1ms and additionally irpmmates
temporal masking effects [23]. The method of Zwickas been used in this paper to determine thiorstay
and time-varying loudness.

- Tonality is a measure of the perceived strength of unmasieal energy present within a complex sound.
Although the tonality metric as calculated accogdio the method of Aures [24] is recognized asumdajuality
metric, the metric isn’t standardized and seveoftware such as Pulse Reflex use Terhardt's tonalietric,
which estimates the virtual pitch of a sound caritej multiple tonal components [25]. The primar{felience
between both metrics is that Terhardt’'s metric f@suon the spectral pitches of all tonal componantsthen
weighs them to determine an overall virtual pitdhth®e sound. Aures’ tonality metric does not defeerthe
pitch salience but considers the influence of fesgy, bandwidth and SPL excess of tonal and naaodb
components, as well as their loudness relativeeémterall loudness to determine the tonality sband. Aures’
tonality metric has been applied by the authorsrevious studies on low-annoyance aircraft dessyn[4], [7]
and will also be added to the audio assessment lmadthe future.

- Sharpnesss a measure of the high frequency content ofundand can indicate to what extent a sound is
dominated by high frequency components [26]. Thisbaite can potentially aid in distinguishing besn
aircraft sounds in this paper, by focusing on thgorof high to low frequency aircraft noise. THeagness
metric has been computed using the method of vem8&ick for this paper.

- Roughnesss the sensation produced by sounds containirigdadness fluctuations in the order of 50-90 cgcle
per second [22]. Roughness is of less relevancehforsounds of turbofan engines but can be an itaupior
parameter for propeller based aircraft. One aspktiirbofan engine noise that is however comparé&bléhe
noise of propeller based aircraft are the buzztsmes from the fan. The influence of these buzztmes may
be captured by the roughness metric in this papbich has been applied using Zwicker's method its@®u
Reflex.

- Fluctuation strengthis a measure of slow fluctuations in loudnesshefarder of 1-16 cycles per second. This
metric may help in distinguishing between the vasi@ircraft sounds if any slow fluctuations in gressure
variation over time are present. The Pulse Reftdtware applies the fluctuation strength metricmgsZwicker
and Fastl's method [22].

The methodology with which the conventional metiasswell as the sound quality metrics of statiorlangdness
and sharpness have been implemented in the awsBesasent module can now be explained in this sectio

The samples of the audio file to be assessed @ty filivided into blocks, in time-steps df, ..« = 0.125 seconds.
For each block with number of sampMg.., the Power Spectral Density (PSD) is computedguie Fast Fourier
Transform (FFT) for each block according to:
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dt?

PSDyioer(F) = 2 (50— ) IFFT ()2 (3)

dtplock

Heref is defined in steps off = f/Nyoe from 0 tof42, i.e. till the Nyquist frequency, with being the sampling
frequency of 44.1 kHz andt is the sampling interval equal tdsl/The termdt has to be multiplied with the square
of the FFT as computed by Matlab in order to getdbrrect values of the PSD using Eq. 3. From BB Ralues
computed at each frequenttin each block, the Sound Pressure Level (SPLaeth érequency in each block can be
computed as:

PSDpiock(F)A
SPLyiock (f) = 10logyo (%ff) @

In Eq. 4,p is the pressure at the threshold of hearint2Pa. As several metrics including EPNL and statipna
loudness require 1/3 octave spectra as inputs3 actAve filter is then applied to get the leveld/8 octave band
center frequencies.

A. Methodology for assessment in conventional metrics

In order to calculate the maximum A-weighted ledlBA.x A-weighting is firstly applied to the levels atobal/3
octave frequency. In a next step, the Overall Aghtdsd SPL (OASPL) is calculated for each block by
logarithmically adding the SPL values at each fesmy, thereby yielding an overall A-weighted lewsl time
history of the aircraft flyover. The maximum valérem this history is therefore the dBA value. In order to
calculate the SEL, the 10 dBA down value from dBAs determined and the SEL value is computed atuogtto
Eq. 5, wherd; andt, specify the time-interval for which the noise impes 10 dBA below dBA\ax

(5)

r  dBA®
SEL = 10log,, [ftlz 10" 10 dt]

The EPNL metric is calculated according to the athm outlined by the Federal Aviation Administiati (FAA) of
the United States [20] and requires firstly thecakdtion of the Perceived Noise Level (PNL). ThelPiN an
annoyance based metric, developed by the FAA inl869s to certify aircraft for noise and makes okequal
noisiness curves. The ‘noisiness’ is expressediipen the unit of noy according to Eg. 6 and latpemically in
the unit of Perceived Noise decibel, PNdB accordingq. 7:

Nyoy = Mgy + 0.15[ 12:1(1’11-) — Nynax] (6)
_ 1010910 Nnoy
PNL =40+ ETWE (7)

Here,nnax is the maximum noy value in the whole 1/3 octapectrum andy, is the noy value at thi& 1/3 octave
frequency.

The fact that the presence of discrete tones ierotse broadband sounds makes the sound perceptuate
annoying [21], led to the addition of a tone cofi@t to the calculated PNL value. The Tone-corred®erceived
Noise Level (PNLT) metric therefore adds a tonalgiy to the PNL values if the presence of a strpraruding
tone in the spectrum is detected. This is donerdoupto Eq. 8, wher€ is the tone-correction factor:

PNLT = PNL+C (8)

Incorporation of a duration correction is the firmaldition to the PNL metric that ultimately yieldssingle value
measure for the annoyance caused by aircraft fioise single event. Similar to the time integratjperformed for
the SEL metric, PNLT values 10 PNTdB below the maxin PNLT value are integrated for the aircraft moeat
and then normalized for a 10 second interval toutate the duration correctidd, according to Eqg. 9. This leads to
a final EPNL value using Eq. 10.

D = 10logyo[X2%, 10PNLT(R)/10] — PNLTM — 13 (9)
5
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EPNL = PNLTM + D (10)

In Eqg. 9,k is the index for each time-step, given a stangahde of 0.5 seconds for the certification process,the

time-interval for which the tone-corrected perceivaise level value is 10 PNTdB below the maximuatug

PNLTMfor the movement in consideration. The value 1@bisined due to normalization for the 10 secomerial

i.e. 10logy(0.5/10). Since the time-step for each blakti..x has been taken to be 0.125s for the current wibek,
time-integration for the EPNL calculation is perfeed for each fourth block, in order to get the ecrrEPNdB
values.

B. Methodology for assessment in sound quality metrics

The stationary loudness metric has been implementéde audio assessment module using Zwicker'siieas
calculation method as described in 1ISO532-B and BB631 [27]. This method is based on 1/3 octavetspe
provided as inputs and involves three primary dat@an steps to determine the loudness perceptian sound —
modeling the transmission of the acoustic signabugh the outer and middle ear, estimation of thecsal
masking effects to determine an unmasked spedifidriess pattern, and an integration of the speldfidness
pattern to get an overall loudness value in samerdler to model the transmission characteristidh® human ear
and the spectral masking effects, Zwicker's mettinitles the audible frequency range into a serfefseguency
bands calledritical bands which are given the unit of Bark. A frequerfan Hz can be converted to the Bark scale
using the critical band rate which has a value from 0 to 24 Bark:

z=13tan" (0.76 L) + 3.5 tan™? (75%)2 (11)

The critical bandwidth of each critical band corresponds to the frequerasplution of the human ear. The
corresponding critical bandwidt&BWcan then be calculated as:

24 069
CBW = 25 + 75 (1 + 1.4 (wfm) ) (12)

The sound, expressed in 1/3 octave spectra, predutexcitation over several critical bands. Ushegexcitation
level Lg(2) in each critical band and by checking if the &todn level lies above the level at the threstadliearing
Lto(2) in each critical band, the specific loudndssn sone/Bark, is then calculated as:

N'(z) = 0.0635 - 100°25L10® [(0.75 + 0.25 - 10010E@-Lro(@))*** _ 1] (13)

The specific loudness calculated using Eq. 13 bdarsnot considered any masking effects and isrredl to as the
main loudness in each critical band. The excitatansed by any sound focused on one critical bawdever
spreads over multiple critical bands and has aifspewasking pattern, whereby the spread of exaitats larger
towards higher frequencies than towards lower feegies. The spectral masking patterns as a funciahe
critical bands were determined by Zwicker by playipure tones surrounded by narrowband noise atraleve
frequencies to test audiences. By checking in eaitical band if the excitation is masked or notthg excitation
from a sound component focused on another critiaall, an unmasked main loudness value in eachatitand is
determined. The unmasked main loudness is then tesedlculate the total loudness valNein sone, which
corresponds to calculating the area under the ukedaspecific loudness pattern as:

N = f024N’(Z)dZ (14)

The sharpness metric has been implemented in tfie assessment module based on the method of \smaBck,
as mentioned earlier. The sharpness calculatiorhodetnakes use of a weighting functigfz), which was
determined using psychoacoustic tests carried pwoh Bismarck and weighs all spectral contentraalmove 16
Bark (i.e. 2700 Hz and above) more heavily:

e z<16
9(=) = {0.066e°-1712 z> 16}
6

(15)
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For a given 1/3 octave band spectrum, the ovenalimess valu8in the unit of acum is then calculated using Eq.
16, where the constaathas a value of 0.11.

S=¢ [fgw#] (16)

IV. Comparison of measured and auralized aircraft noise

A. Measured and auralized air craft noise audio spectrograms

Figures 1 and 2 show the spectrograms of measur@charalized aircraft noise for flight path 1, &®wn by
Arntzen et al. in [5]. The vertical lines or ‘spamentioned earlier due to turbulent wind-gusts ba seen in the
measured spectrogram shown in Fig. 1. It is evibdgriboking at the spectrograms that the synthdsszelio in Fig.
2 is much cleaner and lacks the significant tunbcgethat can be noticed in the measured audiorgggam. Also
the fundamental fan interaction tone, beginningratind 2800 Hz, is seen to be much cleaner and pnror®unced
in the synthesized audio’s spectrogram in Fig.t#& prominence of the fundamental fan tone is is ¢thise not only
due to the fan tonal noise intensity being overjoted in the source noise models, but also dubeddct that less
broadband noise surrounds the fan tones. The lawzemes are also overpedicted in the synthesicande seen
quite clearly as the numerous horizontal lineshimfirst half of the spectrogram in Fig. 2. Anotliéference in the
spectrograms that can be noticed visually is thainteasured audio has on the whole higher intelasityrequency
noise than what is observed in the auralized spg@m in Fig. 2. It can be mentioned here thantleasured audio
from the noise monitoring station is low-pass fi to only include frequencies till 3500 Hz, asrs&n Fig. 1. This
is done in order to minimize data-storage owingthie high volume of air-traffic. The audio informati has
therefore been provided also for the auralizedenoidy till a frequency of 3500 Hz.

N
T —
3 oq
> =
s &
= w
(=3
L
LL 2 g . resgppen -
15 20 30
Time [s ]
Figure 1: Measured takeoff spectrogram for flight path 1 from [5]
N
=
= o)
> o
3 B,
g 5
=L 7
o
u. = 4 e X
0 - Y :
0 5 10 15 20 25 30 35
Time [s ]

Figure 2: Auralized takeoff spectrogram for flight path 1 from [5]

Fig. 3 and Fig. 4 show the measured and auralipedtsograms for flight path 4, for which the aiftriies at a
larger distance from the noise monitoring statibhe aircraft in flight path 4 therefore has a BatEPL vs. time
variation than what is observed in flight path Id&an the other flight paths shown in [5]. A verytiweable
difference for flight path 4 is in the vertical kps in the spectrograms, which appear to be spaadver time
compared to flight path 1, for which they lied @osogether. The fundamental fan tone also appeabe less
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pronounced for the synthesized noise in flight pathan what was seen for flight path 1, exceghatbeginning
and end of the flyover. The remaining differencbsesved for flight path 1, such as the low freqyamgise having
a higher intensity in the measurements and the -bawz tones being overpredicted in the synthesis, adso

observed in the spectrograms presented for fligttt g. The next sub-section attempts to quantiégeidifferences
in the individual aircraft noise characteristicsing both the conventional and sound quality metric

4 70
T 3 60
— m
> 50 o,
e 2 2
g 40 &
o 1
@ 1f 30

% 5 10 15 20 25 30 20

Time [s ]

Figure 3: M easured takeoff spectrogram for flight path 4 from [5]

Frequency [kHz ]
SPL [dB]

Time [s ]

Figure 4: Auralized takeoff spectrogram for flight path 4 from [5]

B. Measured and auralized aircr aft noise audio assessment

1. Assessment in conventional metrics

The differences in terms of the conventional metee presented in Table 1 in absolute values &f dlBEPNdB,

as these metrics are logarithmic in nature. Thelabs dBA and SEL metric values are lower than wivas

observed in [5] as the original wav files had toréproduced for the current work from mp3 formahjat reduces
the maximum intensities of audio files. The differes in the metric values between the measurecharadized

sounds are nonetheless of the same order as to wdwsatobserved in [5], thereby indicating that tletative

differences presented in this paper remain validc@mparing the measured and synthesized soundstivgly in

conventional metrics in Table 1, it can be seehithterms of the dBA values, the differences ia &BA., values

lie within a range of 0.6-3 dBA between the meadward synthesized sounds and those in the SEL yalitbin

0.5-3.8 dBA. These differences are on the wholellsama also do not indicate in which way the aifcsounds
differ. A difference of 3dBA is therefore an indioathat a reasonable difference in the soundd<ki# it does not
clarify in which way the sounds are different antiatvthe probable cause of this difference could Tiee

conventional metric analysis was extended to alstude the EPNL metric according to the methodolegplained
in Section Ill. The differences in EPNdB are oe thhole larger than what is observed for the dBgedametrics
for the first three flight paths. The EPNL metrialwes differ for flight path 1 by 1.3 EPNdB, whightwice the
difference indicated by dBA based metrics. Thedamjfference may be due to the more prominentdae in the
synthesis, which is captured to some extent bytghal penalty of the EPNL metric. For flight pathsand 3, the
differences are of similar order to the dBAand SEL metrics, with a 3.4-3.8 EPNdB differenndidating a

8
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significantly different sound. The difference fdretfourth flight path is however very small, in t@st to the
dBAmax and SEL metrics. As was mentioned for the dBA Hasetrics, the EPNL metric can indicate overall
differences in aircraft sounds but it does not miewclear information regarding the differenceghe individual
aircraft sound characteristics.

Table 1. Comparison of measured and synthesized aircraft soundsin the conventional metrics of dBA jmax,

SEL and EPNL
Flight | Measured | Synthesized A Measured | Synthesized A Measured | Synthesized A
Path dBAnax dBA nax [dBA] SEL SEL [dBA] EPNL EPNL [EPNdB]
[dBA] [dBA] [dBA] [dBA] [EPNdB] [EPNdB]
1 69.2 68.6 -0.6 74.9 74.4 -0.5 80.1 78.8 -1.3
2 71.0 68.5 -2.5 76.0 73.4 -2.6 81.7 78.3 -3.4
3 70.3 67.3 -3.0 77.7 73.9 -3.8 80.9 77.1 -3.8
4 66.3 68.8 +2.5 75.6 76.5 +0.9 81.1 80.8 -0.3

2. Assessment in sound quality metrics
Tables 2 and 3 show the comparison of measuredyarttesized audio in terms of the sound qualityricetNs in

Table 2 refers to the time-varying loudness exceédde5% of the time of the flyover duration akdrefers to the
tonality calculated using Terhardt’'s meth&in Table 3 refers to the sharpneBgp the roughness, arkSto the
fluctuation strength. As the sound quality metesesented in Tables 2 and 3 are linear in natudetlagir use for
aircraft noise analysis is relatively new, the elifinces are shown as relative values rather theoluab values in
order to present the differences in sound quatity more relatable and understandable form.

Table 2: Comparison of measured and synthesized aircraft soundsin stationary loudness, time-varying
loudness and tonality metrics

Flight Measured Synthesized A Measured | Synthesized| A Measured | Synthesized A
Path | stationaryN | stationaryN [%6] time- time- [%] K K [%]
[sone] [sone] varyingNs | varyingNs [] [
[song [son€]
1 15.62 14.07 -9.9 21.7 20.2 -6.9 0.0496 0.0616 224
2 17.1 13.35 -21.9 23.67 20.36 -14.0 0.0418 0.0711 +70.1
3 18.11 13.13 -27.5 24.66 19.22 -22.3 0.0377 0.0632 +67.6
4 16.15 15.01 -7.1 20.31 19.23 -5.3 0.0519 0.0521 +0.4

The analysis of the audio assessment in soundtguaditrics can be performed firstly for the stationloudness,
time-varying loudness and tonality metrics, presénh Table 2. It can be observed that the diffegsrbetween the
measured and auralized audio files are much gréatearms of the loudness metrics when expressezhtiy in
sone. The differences of 0.5-0.6 dBA for flightipatin the dBAm..x and SEL metrics are seen as differences up to
10% in stationary loudness. The relative differenfar flight paths 2 and 3 are much higher, at 24nél 27.5%
respectively, indicating that the measurementsarthe whole louder than the synthesis, which domtes to the
larger differences in the dBA based and EPNL metfitie differences in loudness when expressedithgacally

as the loudness level in phon however are -1.5hpt®58 phon, -4.64 phon and -1.06 phon for eddhe four
flight paths respectively, which are closer to BERNdB differences than to the dBA differences. Tomparison of
the loudness and dBA differences indicates th&aljh the dBA metric is based on the 40 phon elpualiness
level curve, the loudness metric still providesacts information regarding the differences in olldrgensity of
aircraft sounds. It can also be observed thatdhdress differences are being captured by the EmRbliric. The
knowledge from comparing the loudness values cabepeficial in improving the quality of the aurad aircraft
noise, that increasing the overall loudness byatheunts specified by the loudness metric could nila&esynthetic
sounds be perceived as being more similar to tresaored sounds.
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Table 2 shows that the largest differences are seeocur for the tonality metric. It was apparbwytlooking at the
spectrograms in Figs. 1-4 that the tonal contenthim auralized audio had been overpredicted and ma®
pronounced. These subjective differences are seeerg large relative differences of up to 70%tfue perceived
tonality of the synthesized fan tones, when congaoethe measured fan tones. Part of the reasothéomuch
higher perceived tonality is that the buzz-saw soaee much more prominent in the synthesized rtbise in the
measured noise. To a large extent however, therdiftes are due to the fundamental fan interattioa being
overpredicted and more pronounced in relation te surrounding broadband noise. Quantification o th
subjectively perceived differences in the tonalteahvia the tonality metric can help the develspafrauralization
technology to adapt the tonal content’s intensityvall as that of the surrounding broadband naiseral each fan
tone, in order to bring the synthesis closer tortteasurements. This adjustment of the tonal comtéhtdeally
have to be performed at the source noise modetiages where the fan noise intensity being emittednfthe
engines, as modeled using the method of Heidmaitirhave to be modified to minimize the significatifferences
in perceived tonality of the simulated aircraftsmi Comparing the differences in tonality to théNEB differences,
it can be observe that the additional differencethé sounds due to the tonal content are notlglezftected by the
EPNL metric. This indicates as well that the toc@htent via the tonal penalty is not being suffitie captured by
the EPNL metric, which is seen to have lower vafioesall flight paths similar to the loudness mesrbut does not
show any increase in values due to the overpretitorgal content in the synthesized sounds.

Table 3: Comparison of measured and synthesized aircraft soundsin sharpness, roughness and fluctuation
strength metrics

Flight Measured | Synthesized A Measured | Synthesized A Measured | Synthesized A
Path S S [%0] R R [%] FS FS [%]
[acun] [acun] [aspe] [aspe] [vacil] [vacil]
1 0.829 0.859 +3.6 1.46 1.67 +14.4 1.2] 1.22 +0.8
2 0.884 0.879 -0.6 1.49 1.59 +6.7 1.37 1.41 +2.9
3 0.878 0.872 -0.6 1.46 1.51 +3.4 1.27 1.31 +3.1
4 0.748 0.784 +4.8 1.29 1.2 +7.0 1.02 0.819 -19.7

Looking at Table 3, it can be seen that the diffees in the sharpness metric values are not vety letween the
measured and auralized aircraft noise, for alhefftight paths. It was evident from the spectragggresented in
Figs. 1-4 that the measured aircraft noise clealy more low frequency noise than the synthesizetaft noise.

This effect has therefore not been captured bghiagpness metric, in its current form, with higheightage given
to high frequency noise lying above 2700 Hz. Onssjile reason for this could be the low-pass filtgrarried out
at the noise monitoring station whereby noise at88@0 Hz had to be filtered out. It is possiblet thame of the
higher frequency differences were therefore fileogit as well. It is known however that aircrafissoabove 3500
Hz when propagated on the ground is in generaloef intensity, due to absorption of the higher freogy

components by the atmosphere. Furthermore, th@isbss metric was also found to have the loweselzdion

with the perceived annoyance due to aircraft nbigdooth [1] and [2], implying that changes in hiffequency
noise above 2700 Hz did not cause any noticeatdagehin the perception of aircraft noise. Basedhase two
observations, it can be said that the sharpnesscnvebuld need to be modified in order to be maudable for

application to aircraft noise. One possibility mteeyto apply the higher weightage from a lower fiesgpy than 2700
Hz, where there is more aircraft noise present sisctiose to 1000 Hz or lower. It could then beestigated if the
identified differences in low frequency content ¢encaptured with the reduced high frequency thulesh

The roughness and fluctuation strength metrics oo the temporal variations of the sounds, rathan the
spectral characteristics. It was seen in the spg@ms that buzz-saw noise had been overpredictdakisynthesis.
Buzz-saw noise involves several closely spacedstowhich result in fast amplitude fluctuations hretaircraft
sound during takeoff. These fast fluctuations iesgure amplitude result in fast fluctuations indieess, which is
reflected in the higher roughness values for theh®sized aircraft noise. The relative differengesoughness
values are highest for flight path 1 at 14% andase significant for flight path 2 and 4. This viduindicate that
the buzz-saw tones’ intensity has to be reducédeasource, similar to the reduction of the famrattion tones, to
improve the roughness perception of the synthesimadds and make them approach the measured tfousafds.

10

American Institute of Aeronautics and Astronautics



The fluctuation strength metric, as mentionediegraims to capture slower fluctuations in loudneser time.
Looking at Table 3, it can be seen that the diffeesin slow loudness fluctuations is not captudtie first three
flight paths, with the synthesized values lyinghiit 3% of the measured values. For flight path wéwer, the
metric values show that the synthesized aircrafienbas 20% less slow loudness fluctuations owese tompared
to the measured aircraft noise. Looking back asF&and 4, it can be seen that this likely referthe vertical
spikes occurring due to turbulent wind-gusts in tieasurements, which could not be modeled in théhegis. A
suggestion for the improvement of the synthesisflight path 4 would therefore be to introduce thdéiequency
independent wind-gusts periodically into the systhieto bring the synthesized fluctuation strerdtiser to that of
the measurement. More analysis is however reqaisetd why the temporal fluctuations due to theulebt wind-
gusts were not captured by the fluctuation strenggtric for all of the flight paths.

Conclusions

It is observed that the differences between medsanel synthesized aircraft noise audio are eithallswhen
expressed in the conventional d@#4 SEL and EPNL metrics or do not clearly indicathich aircraft sound
characteristics are causing the differences i t@ues. In contrast, these differences are amaglivhen expressed
in the sound quality metrics and can be expressed clearer way by focusing on different aircraftise
characteristics. It was found that the synthesiiecraft noise was overall quieter than the meabm@se, with
differences in sone of up to 27.5% observed inicstaty loudness and 22.3% in time-varying loudnddse
differences expressed logarithmically in phon amettte whole larger than the dB4 values and are of similar
order to the EPNL differences. The most significdifferences were observed in the tonality of thengls, with the
auralized sounds being perceived as up to 70% tooa than the measured sounds. A reduction ofghdonal
intensity and its prominence would aid in bringithg synthesis closer to the measurements. Anotpeca that
would improve the comparison of the synthesizedrait noise with the measurements would be theugich of
temporal effects such as the turbulence due to-girss. These were captured by the fluctuatiomgthemetric for
flight path 4, which showed that the auralized adid 20% less slow loudness fluctuations thanmbasured
noise. The wind-gusts however could not be disistged for the other flight paths by the fluctuatistnength
metric and more analysis would be needed to firdrifht metric to capture the wind-gusts for alkes Further
analysis would also be beneficial with regardsht applicability of the sharpness metric to ailtcrafise analysis,
which is currently unable to capture differences aincraft noise frequency content that are visiblethe
spectrograms.

The analysis presented in this paper highlightsnted to look beyond the conventional metrics usdey in order
to be able to distinguish between aircraft soufide ability to objectively quantify differences teten aircraft
sounds and their individual characteristics caavalimprovement of the aircraft noise auralizati@pability and
also aid in increasing the accuracy of the soumisenmodels being used in the synthesis. Distifguisclearly
between aircraft sounds is essential in order forave the quality of aircraft sounds reaching tbsidents and in
this way increase the acceptance of aircraft ndtsem the analysis carried out in this paper, the af sound
guality metrics provides a clearer way of doing tiian the conventional metrics used today.
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