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ABSTRACT
A psychoacoustic test was performed that aimed to test how well Sound Exposure Level (LAE ) is at indicating changes
in annoyance to helicopter noise for simple changes in design as well as for realistic changes found from flight tests. In
particular, LAE was evaluated for auralizations of optimized designs of rotor geometries when compared to a baseline
design and for recordings that compare different helicopters and maneuvers. Paired comparisons consisted of the
10dBA-down portion of flyovers, which is the same portion used to calculate LAE . When played at the same LAE ,
annoyance responses showed in which cases LAE is a good indicator as well as when other aspects not included in
the calculation of LAE may be important. Annoyance responses for relative differences in LAE allowed the calculation
of an Equal Annoyance Point, giving further insight to the performance of LAE . Confidence intervals calculated with
Monte Carlo simulations showed when responses are statistically different from the equal LAE comparison and also
gave an indication of the necessary reduction for designers to be confident that a low noise design is impactful or that
a difference in rotorcraft or maneuver is perceptually favorable.

INTRODUCTION

All helicopters must meet certain noise certification require-
ments. For light helicopters, the metric used is the Sound
Exposure Level (LAE ), which is an integration of the sound
energy contained in a noise event. Despite successful noise
certification, complaints related to helicopter noise still per-
sist (Ref. 1). Highly variable operations, flying low over com-
munities and qualitative aspects of the sound may all be con-
tributing factors to the number of complaints. The implication
is that A-weighted, integrated noise metrics do not capture the
complete human response to helicopter noise, and laboratory
tests have confirmed that annoyance responses correlate with
more than just time-integrated measures of loudness such as
LAE . The psychoacoustic test presented in this work seeks
to answer the question of whether helicopter noise mitigation
strategies (such as optimized rotor blade geometry and spec-
ified maneuvers) based on LAE lead to undesired changes in
sound quality. This paper is the first reporting of results from
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the 2nd Rotorcraft Sound Quality Metric (RoQM-II) psychoa-
coustic test, which was completed in December 2019 at the
NASA Langley Research Center (LaRC). RoQM-II focuses
on potential changes in sound quality (1) when rotor blades
are optimized for low noise and (2) due to unsteady sounds
common to helicopter maneuvers.
In general, Sound Exposure Level is the integrated, A-
weighted sound energy of a noise event over a given time
interval. For use as a noise certification metric for light he-
licopters, LAE is specified in Annex 16 to the Convention on
International Civil Aviation (Ref. 2). For flyover events that
are sampled at regular time intervals, ∆t, LAE can be approxi-
mated by

LAE = 10log10
1
T0

k2

∑
k1

100.1LA(k)∆t , (1)

in which LA(k) is the k-th sample of the A-weighted sound
pressure level, LA. With a reference duration of T0 = 1s, LAE
represents the total energy, not the average. The summation is
done for the portion of LA that is within 10dBA of its maxi-
mum, LA,max, such that k1 and k2 are the first and last samples,
respectively, that satisfy LA(k)≥ LA,max−10dBA.
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In this work, the concept of sound quality refers to any as-
pect of the sound not taken into account by LAE . It includes
well-defined aspects, which can be quantified by sound qual-
ity metrics (e.g., sharpness, tonality, etc.), but is not limited to
those and may include variations in the spectral, temporal or
spatial character of the sound that are less well-defined. In-
stead of studying sound quality directly, this work focuses on
the differences in responses to sounds that are presented at the
same LAE . The main hypothesis is that when sounds are com-
pared at the same LAE , the variation in subjective responses
reveals the efficacy of Sound Exposure Level in the rating of
annoyance to helicopter noise. Furthermore, the variation in
responses reveals significant qualitative aspects of helicopter
noise not captured by LAE .

Motivation and background

The motivation for this psychoacoustic test comes from previ-
ous work that suggests noise certification metrics (e.g., LAE )
do not fully describe human annoyance responses to heli-
copter noise and that noise characteristics, not just sound
level, are important to their community response. A study of
helicopter noise in Norway found that small helicopters were
more annoying than a reference fixed wing aircraft of equal
LA (Ref. 3). A study in Switzerland suggested that helicopter
landings were slightly more annoying than helicopter take-
offs (Ref. 4). The previous test in the current series (RoQM-
I-2017) showed that annoyance to helicopter noise of equal
loudness is a function of sound quality metrics, such as fluc-
tuation strength, tonality and sharpness (Ref. 5). All of these
tests suggest that helicopter sound quality is an important fac-
tor and deserves further study.

Further motivation arises from the need to assess LAE as a
perceptually relevant indicator that can be used to evaluate
different noise mitigation strategies. Most pertinent to the cur-
rent work, noise mitigation can be achieved either in the de-
sign phase when developing quieter rotors or in the operation
phase when a pilot’s maneuvers have a predictable effect on
the radiated sound (Ref. 6). This psychoacoustic test evaluates
LAE as a perceptually relevant indicator of annoyance to he-
licopter noise originating from both simulations of optimized
rotor blades and recordings of different flown maneuvers.

The simulations are a result of helicopter rotors designed for
low noise. These sounds are generated through auraliza-
tion, which is a technique for creating audible sound files
from numerical data (Ref. 7). Here, it refers to the com-
bined process of source noise synthesis and propagation to
a ground observer. For these auralizations, sounds emitted
by helicopter components other than the rotors, such as en-
gine noise and airframe interactions, are omitted. The au-
ralizations from Krishnamurthy et al. (Ref. 8) of AS350 he-
licopter main rotor flyovers are leveraged for the simulated
sounds in this psychoacoustic test. In addition to auraliz-
ing a flyover of the original, or baseline, AS350 main rotor,
Krishnamurthy et al. (Ref. 8) auralized two more flyovers:
that of a main rotor that minimized LAE on the ground and
one that minimized Effective Perceived Noise Level (EPNL).

EPNL, like LAE , is an integrated noise metric but also includes
a rudimentary penalty for tonality (Ref. 2). The optimiza-
tion process changed the main rotor geometry while keep-
ing the tail rotor constant. Simulated flyover sounds of all
three AS350 rotor configurations (baseline, LAE -optimized,
and EPNL-optimized) are generated for this psychoacoustic
test. The auralized sounds of the optimized rotor flyovers at a
ground observer had LAE and EPNL values roughly 12-16 dB
lower than the original main rotor flyover. Further, the loud-
ness and roughness sound quality metrics were calculated by
Krishnamurthy et al. (Ref. 8) to predict the psychoacoustic
response of the auralizations based on an annoyance model
from Zwicker and Fastl (Ref. 9). The model predicted the
optimized rotor flyovers to be less annoying, but as stated in
Krishnamurthy et al. (Ref. 8), this predicted response can only
be substantiated by psychoacoustic tests such as the one in this
paper.

In addition to the synthesized sounds just mentioned, this
psychoacoustic test also investigates human response to field
recordings of helicopters performing various maneuvers,
some of which having been designed for low noise. The
recordings used for the psychoacoustic test are selected from a
joint flight test among NASA, the FAA and the U.S. Army that
produced recordings of six helicopters, including different
models, engine power/size, tail rotor technologies and num-
ber of main and tail rotor blades (Ref. 10). The flight test con-
sisted of several different maneuvers, including level flight,
climbs, descents, turns under different constraints and low
noise approaches. Measurements were made on the ground
by an array of 56 microphones, and data from this report have
been made available to the public (Ref. 10). Simulations have
shown that helicopter maneuvers can greatly affect the radi-
ated noise (Ref. 6). For example, decelerating while entering
a turn should be avoided, and noise sensitive areas should ide-
ally be on the inside of the turn and on the retreating side
of the helicopter (Ref. 6). A psychoacoustic test with human
subjects is needed to investigate how these predictions relate
to annoyance.

The main contribution of this paper is the summary and anal-
ysis of collected human responses from a laboratory psychoa-
coustic test that evaluates the efficacy of Sound Exposure
Level in the rating of annoyance to helicopter noise. The test
subjects are presented with auralizations of noise-optimized
rotor blades as well as field recordings of helicopter ma-
neuvers. The auralizations include accurate modeling of the
sound source and propagation to a ground observer, while the
selection of helicopter maneuvers from a flight test faithfully
reproduce the aural effect of various helicopter operations.
The spatial impression of moving sources of both auraliza-
tions and recordings are accurately presented to test subjects
in the Exterior Effects Room (EER) (Ref. 11) at the NASA
LaRC. Finally, paired comparisons and annoyance responses
make it possible to efficiently evaluate the efficacy of Sound
Exposure Level.
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TEST PREPARATION

Preparation for the RoQM-II psychoacoustic test consisted of:
(1) performing auralizations of different rotor blade designs,
(2) selection of field recordings from a recent flight test and
(3) the design and execution of the psychoacoustic test in the
Exterior Effects Room.

Auralizations

In a departure from Krishnamurthy et al. (Ref. 8), the au-
ralization process for the AS350 helicopter rotor blade fly-
over test sounds directly uses Farassat’s formulation 1A
(F1A) (Ref. 12) to generate sound pressures near the rotors be-
fore propagation to a ground observer. F1A synthesis, which
has been described previously (Refs. 13, 14), avoids audible
artifacts that were caused by interpolation of sound pressure
magnitudes and phases at discrete prediction points (Ref. 8).
This is done by computing noise at the source in the time do-
main sample-by-sample using F1A synthesis at the instanta-
neous emission angles between the source and the receiver.
Also, only sound pressures at emission angles that propagate
to the ground observer are calculated, not the entire dense
set of discrete points over the source hemisphere. A need to
synthesize aperiodic sounds from maneuvers involving accel-
erations and attitude changes motivated the development of
F1A synthesis, but the process is applied here to synthesize
periodic sounds from straight and level flyovers. Due to up-
dated rotor blade loading calculations, the blade loading data
from (Ref. 8) is regenerated for this test. These data serve as
input to the F1A calculations for the optimized and original
main rotor flyover sounds. F1A synthesis is implemented with
the NASA Auralization Framework (NAF) (Ref. 15), which
simulates the propagation of sound from the source to a re-
ceiver.

Auralized flyovers of the AS350 helicopter included periodic
sounds from both the main and tail rotors. For the LAE -
optimized rotor case, the main rotor geometry was changed,
as seen in Figure 1. The tip sweep angles are noticeably dif-
ferent between the baseline and LAE -optimized main rotors.
A second noise optimization was done in terms of EPNL. The
tip sweep angle of the EPNL-optimized rotor (not shown) is
slightly different from that of the LAE -optimized main rotor.
Although the tail rotor geometry was kept constant in the op-
timization process, the trim settings of the tail rotor had to be
adjusted when flown with an optimized main rotor. Although
the loading conditions on the tail rotor change slightly during
this process, the changes are not expected to have an impact
on the perception of the tail rotor noise.

The NAF simulated the flyovers of the AS350 helicopter main
and tail rotors to generate sound, or auralizations, at a ground
observer that was then played to test subjects. Flyovers
were straight and level with a constant speed of 47.59m/s
(92.5kn). Rotors flew along a centerline path directly over a
ground observer, which was flush with rigid ground, at an al-
titude of 150m (492ft). The NAF generated one minute long
auralizations, inclusive of the initial propagation delay from

(a) Baseline rotor

(b) LAE -optimized rotor

Figure 1: Main rotor geometries used for auralizations
(EPNL-optimized rotor not shown).

source to ground. Rotors were directly over the ground ob-
server at approximately 31 seconds into the flyover.

The relevant portion of the flyover for the baseline rotor is
shown in Figure 2a. The A-weighted sound pressure level
within 10dBA of its peak is the portion above the horizon-
tal line, which is also the portion used in the psychoacous-
tic test1. Three points during the flyover are noted that are
used in the LAE calculation in Eq. (1), which are (t1, LA(k1)),
(tmax, LA,max) and (t2, LA(k2)).

In Figure 2b, the LA time histories for the auralizations used
in the psychoacoustic test are shown (i.e., only the part that is
within 10dBA of LA,max). In contrast to Figure 2a, the time
histories begin at 0s, because t1 was subtracted from the time
series for each auralization. This is done so that differences in
duration and shape of the LA profile are more evident. The two
optimized rotor auralizations are almost identical in terms of
LA. They are about 7s longer than the baseline but have a peak
that is 1.67dBA lower. These apparent differences in duration
and amplitude are solely due to a change in the source noise,
since all three auralizations were simulated at the same flight
speed.

Flight Test Data

In addition to the auralizations just described, recordings from
flight tests are also included in the psychoacoustic test. The
reason for this is that actual flights contain temporal, spectral
and spatial variations in the noise that are not easily simulated,
variations that may be relevant in the evaluation of LAE . The
recordings that were considered for this test come from a re-
cent flight test involving six different helicopters that included
level flights, climbs, descents and different types of turns over
a 52-microphone array (Ref. 10). The turns consist of differ-
ent operational conditions, such as constant speed/torque or

1The levels for playback during the psychoacoustic test were lower than
shown in order to avoid subject fatigue. See Section Psychoacoustic Test for
details.
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Figure 2: LA time histories for auralizations used in the psychoacoustic test, normallized to LAE = 89.8dBA1.

acceleration/deceleration, which can affect not only the lev-
els of noise but also the spectral content. Even the direction
of the turn in relation to the advancing/retreating side of the
helicopter may produce changes in noise signatures (Ref. 6).

The recorded stimuli chosen for this test are from flights of the
Eurocopters AS350 and EC130, two helicopters of the same
manufacturer with similar size and capabilities but with differ-
ent tail rotor technologies. Photographs of the two helicopters
are shown in Figure 3. Both helicopters have turbine engines
with 3 main rotor blades, diameter of 10.69m (35.07ft) and a
clockwise-rotating main rotor. The largest difference between
the two helicopters is that the EC130 has a Fenestron instead
of a tail rotor. Both helicopters were recorded at the Amedee
Army Airfield in Lassen County, California (Ref. 10).

The recordings of the AS350 and EC130 helicopters that were
selected from the Noise Abatement Flight Test are shown in
Table 1. The flight, run and microphone numbers are shown,
as well as the type of maneuver. The low noise approach
(LNA) was developed over several days of the Noise Abate-
ment Flight Test and made use of input from the manufac-
turer as well as the Fly Neighborly Guidelines from the He-
licopter Association International (Ref. 10). This maneuver
is used to compare the perceptual differences between the
two helicopters. The AS350 steady and unsteady recordings
were chosen after extensive, informal listening tests. Here,
steady refers to the perception of the overall sound quality
of the recording, meaning that although LA varies throughout
the flight, the sound quality is perceived to be quite constant
with no sudden changes in temporal, spectral or spatial im-
pression. In contrast, the unsteady recording was perceived
to have several different sound characteristics throughout the
flight. Sudden changes in temporal, spectral and spatial im-
pression were perceived. Specifically, some portions were
more impulsive, others were dominated by a broadband com-
ponent, while tones were more prominent at other times.

(a) AS350

(b) EC130

Figure 3: Photographs of helicopters whose recorded
flights were used as sound stimuli in the psychoacoustic
test (Ref. 10).

The LA time histories for the recorded flights listed in Ta-
ble 1 are shown in Figure 4. As in Figure 2b, the time series
is subtracted by t1 for each flight, and all are normalized to
LAE = 89.8dBA. The low noise approaches for the two he-
licopters have a similar duration and LA,max, and the EC130
reaches its peak LA about 4s earlier than the AS350. There is
a slight increase at the end of the EC130 LNA, because the last
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Table 1: Selected recordings from the Noise Abatement Flight Test (Ref. 10).

Stimulus Flight Run Mic Maneuver
AS350 LNA 291 294 29 low noise approach
EC130 LNA 298 280 29 low noise approach
AS350 steady 290 186 55 constant torque, level turn
AS350 unsteady 290 202 16 turn with acceleration through roll-in

Figure 4: LA time histories for recorded flights used in the
psychoacoustic test, normalized to LAE = 89.8dBA1. The
abscissa starts with the first instance within 10dBA from
the peak.

time sample within 10dBA of the peak must be included in the
LAE calculation (Ref. 2). The steady AS350 flight has a sim-
ilar profile to the low noise approaches but differs markedly
with the unsteady flight. The unsteady flight, which is an ac-
celerating turn, has a steep rise in LA at the beginning, reach-
ing its peak at around 2.5s, has a roughly constant LA after 5s
and a slight rise near the end.

Psychoacoustic Test

The psychoacoustic test was designed around paired compar-
isons (Ref. 16). The four pairs are detailed below, along with
the particular research questions each pair addresses. Each re-
search question (RQ) is a different test of the efficacy of LAE
in the rating of annoyance to helicopter noise.

Pair 1: Baseline rotor vs. LAE -optimized rotor

RQ1a: When presented at the same LAE , is there a per-
ceived difference in annoyance between a baseline
rotor and one optimized in terms of LAE?

RQ1b: By how much should the LAE of the LAE -
optimized rotor (relative to the baseline) be adjusted
in order to give an annoyance response equal to that
of the baseline rotor?

Pair 2: EPNL- vs. LAE -optimized rotor

RQ2: Is there a perceived difference in annoyance for a
rotor that is optimized in terms of EPNL instead of
LAE?

Pair 3: AS350 low noise approach vs. EC130 low noise ap-
proach

RQ3a: For a recorded low noise approach, is either the
AS350 or EC130 perceived to be more annoying
than the other when presented at the same LAE?

RQ3b: By how much should the LAE of the EC130 (rel-
ative to the AS350) be adjusted in order to give an
annoyance response equal to that of the AS350 for
a low noise approach?

Pair 4: AS350 unsteady flight vs. AS350 steady flight

RQ4a: For the AS350, is an unsteady flight perceived
to be more annoying than a steady flight when pre-
sented at the same LAE?

RQ4b: For the AS350, by how much should the LAE of
the unsteady flight (relative to the steady one) be ad-
justed in order to give an annoyance response equal
to that of the steady flight?

RQ5: Are there different annoyance responses to full fly-
overs than there are when comparing short samples of
the flyover at t1, tmax and t2?

The first research question for pairs 1-4 only involve com-
paring each pair of sounds at the same LAE . If one sound is
found to be more annoying than another, it does not quantify
the difference in annoyance of the two sounds. To determine
that, a different research question is asked, which is the sec-
ond question for pairs 1, 3 and 4: by how much should the LAE
of sound B (relative to sound A) be adjusted in order to give
an annoyance response equal to that of sound A? This relative
change in LAE is called the Equal Annoyance Point (EAP). To
determine this relative level change, it was necessary to com-
pare the two sounds at different levels. For pair 1, the relative
levels were 0,±5 and±10dBA. For pairs 3 and 4, the relative
levels were 0,±4 and ±8dBA. It was determined from pilot
testing that these levels covered a wide enough range such that
at either extreme, most subjects would agree on which sound
was more annoying.

To answer RQ5, short sounds centered at t1, tmax and t2 were
extracted for pairs 1 and 4 and compared at different relative
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levels. For these short sounds, comparisons were only made
between similar points within a flyover (e.g., t1 of the base-
line rotor was compared to t1 of the LAE -optimized rotor but
not to tmax or t2 of the LAE -optimized rotor). The relative lev-
els of the short sounds were the same as those of the long
sounds, which were 0,±5 and ±10dBA for pair 1 and 0,±5
and ±10dBA for pair 4.

The selected comparisons are summarized in Table 2. After
each pair was presented, the subject was asked to select the
sound that was more annoying.

A total of 16 subjects were tested in groups of 42. There were
30 unique paired comparisons of short sounds (used to answer
RQ5). Each A-B comparison was also played in B-A order,
doubling the number of comparisons to 60. The order was ran-
domized once, so that each group heard the same order. The
short sounds were played to each group over 2 back-to-back
sessions. Similarly, there were 16 unique full flyover compar-
isons (used to answer RQs 1-4). Playing each pair in reverse
order doubled the number to 32. These comparisons were ran-
domized once and presented to each group in the same order.
The full flyover pairs were also played over 2 back-to-back
sessions to each group. Each group listened to all 92 com-
parisons, which were divided into 4 sessions. Groups 1 and 4
listened to the short sounds first, while Groups 2 and 3 listened
to the full flyovers first.

The psychoacoustic test was performed in the EER at the
NASA LaRC (Ref. 11). The EER has 27 satellite loud-
speakers mounted on the walls and ceilings and 4 subwoofers
placed in the corners. Vector-based amplitude panning gives
a realistic impression of moving sources, which are given by
the simulated trajectory for auralizations or the flown trajec-
tory for the recordings through collected GPS data. The test
subjects are positioned as if the center of the EER corresponds
to the ground observer/microphone location.

The sampling rate used in the EER is 44.1kHz. The auraliza-
tions were simulated at this sampling rate, but the recordings
were up-sampled from 25 or 25.5kHz. To eliminate clipping
at the beginning or end of a stimuli, 2s and 0.2s tapers were
added to the full flyover and short sound stimuli, respectively.
The tapers also limit startling the subjects.

The test design required that the basic comparisons were pre-
sented to the subjects at equal LAE . During pilot testing, a
set of recordings from the flight test had an average LAE of
89.8dBA. This was used as the target level, LT , for equaliza-
tion of the recordings as well as the auralizations. Therefore, a
normalization factor was calculated for each recording, which
is given by

a = 10(LT−LAE,i)/20 (2)

in which LAE,i was the initial sound exposure level of the au-
ralization or recorded flyover. The normalization factor a was
then multiplied by the pressure time history of the recording,

2Subjects were required to be at least 18 years of age and to not have sig-
nificant hearing loss as shown by a pretest hearing screening. A gender bal-
ance of between one and two thirds female was also specified. The protocol
for the psychoacoustic test was approved by the NASA Langley Institutional
Review Board.

yielding an LAE value of LT = 89.8dBA. A similar normal-
ization was done for the short sounds in terms of LA in which
the target LA was the mean LA of the two sounds.

In order to avoid subject fatigue, 89.8dBA was not the de-
sired playback level for the actual test. Instead, a level gain
of −22.6dBA was applied to all sounds, which resulted in an
intended LAE of 67.2dBA for the full flyovers. To verify the
intended level, a set of 26 normalized, full flyover recordings
from the flight test were played in the EER while a Sound
Level Meter at the center of the 4 seats measured LA,max and
LAE . Since the flights follow different trajectories, the LA,max
is not expected to be the same, while the LAE should be. The
mean and standard deviation of the LAE for the 26 normal-
ized recordings as played back in the EER were 67.7dBA and
0.5dBA, respectively. The mean LAE value is within 1 stan-
dard deviation of the intended playback level, which is con-
sidered reasonably accurate for the purposes of this test.

ANALYSIS TECHNIQUES

This section describes the techniques used to analyze the col-
lected annoyance responses to the paired comparisons of dif-
ferent sound stimuli. Binomial tests of sounds at the same
LAE determine if one sound is more annoying than another.
Probit models determine the EAP, that is, the point of subjec-
tive equality of annoyance. Monte Carlo simulations provide
confidence intervals on EAP. Finally, perceptual adjustments
of the LA time history of flyover events provide an alternative
method of determining the subjective equality of annoyance.

Binomial test

When subjects are asked, “Which is more annoying, sound A
or sound B?”, their binary responses can be evaluated using a
binomial test (Ref. 17). Since both sounds have the same LAE ,
it is initially assumed that neither sound is more annoying than
the other (i.e., the null hypothesis). If the responses indicate
otherwise, a significant p-value (i.e., less than 0.05) suggests,
although does not prove, that the null hypothesis should be
rejected. This means that it would be highly unlikely that the
responses resulted by chance alone and that there is some-
thing inherent about the sound, other than LAE , that affected
the subjects’ annoyance choice. In what follows, two-sided
binomial tests are used, because there is no assumption made
about which sound in each pair may be more annoying than
the other. If however, there was an indication (e.g., public
complaints) that a particular sound was more annoying than
another, a one-sided binomial test could be used.

Equal Annoyance Point

The binomial test helps determine whether two sounds of
equal LAE are perceived to be equally annoying or not. If the
null hypothesis can be rejected, the binomial test says noth-
ing about how much more annoying one sound is compared
to another. To answer this question, more sophisticated anal-
yses are needed. The goal of the analysis described here is to
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Table 2: Description of comparisons made in the psychoacoustic test.

Pair Sound Description Auralization Recording Full flyovers Different levels t1, tmax and t2

1 A Baseline rotor yes no yes yes yesB LAE -optimized rotor

2 A LAE -optimized rotor yes no yes no noB EPNL optimized rotor

3 A AS350 LNA no yes yes yes noB EC130 LNA

4 A AS350 steady no yes yes yes yesB AS350 unsteady

determine the change in LAE required such that both sounds
are perceived to be equally annoying.
For two sounds A and B, assume sound A is presented at
a constant LAE and that B is varied up or down in ampli-
tude. When sound B has a higher LAE , it is often, but not
always, determined to be more annoying than sound A. Simi-
larly, when sound B has a lower LAE , it is more often judged
to be less annoying. For such patterns, logistic regression is
often employed. In this work, a probit model is fit to this
binary response data using a maximum pseudo likelihood ap-
proach (Ref. 18).
In the probit model, the link function gives the relationship
between the mean response and a linear combination of pre-
dictors. The inverse link function gives the probability of one
sound being judged more annoying than the other and is given
by

Pr(B� A |∆LAE , β0, β1) =
1
2

[
1+ erf

(
β0 +β1∆LAE√

2

)]
(3)

in which Pr(B� A |∆LAE , β0, β1) is the probability that sound
B is more annoying than sound A, given ∆LAE , β0 and β1.
The relative difference in LAE of sound B relative to sound A
is ∆LAE , and erf is the error function. The regression coeffi-
cients estimated from the probit model are β0 and β1. Once
an appropriate model is fit, the Equal Annoyance Point is de-
fined as the value of ∆LAE such that Pr = 0.5, which occurs
at ∆LAE = −β0/β1. Note that the EAP has the same units as
LAE .

Simple confidence interval for EAP It is important to eval-
uate the confidence interval for the EAP. If the responses vary
greatly, it may be that a large range of values are possible for
the EAP. If this range overlaps with 0dBA, then the signifi-
cance of EAP cannot be determined.
There are two methods that are used to determine the confi-
dence interval on the EAP. The first uses the standard error,
δ (•), and estimates of the regression coefficients that are out-
puts of the probit model. The standard error of the EAP is
given by

δ (EAP) = |EAP|

√(
δ (β0)

β0

)2

+

(
δ (β1)

β1

)2

(4)

in which δ (β0) and δ (β1) are the standard error of the re-
gression coefficients. The confidence interval on EAP is then
−β0/β1±1.96δ (EAP). This assumes that the errors are nor-
mally distributed and that the covariance between β0 and β1 is
zero. It also assumes that the confidence interval is symmetric
about the EAP. While this simple confidence interval is easy
to calculate, it may be overly simplistic and the assumptions
may not be valid in all cases. Because of this, a more advanced
confidence interval is also used, which is described next.

Advanced confidence interval for EAP In order to get a
more accurate estimate of the confidence interval, a more ad-
vanced approach is used, one that iteratively varies the param-
eters of the likelihood function and finds a distribution of the
most likely values that satisfy the binary response data.

Instead of writing the probability in terms of the probit model
regression coefficients, as in Eq. (3), it can also be written in
terms of a normal cumulative distribution function, Φ, with
mean, µ , and standard deviation, σ . This is given by

Φ(∆LAE ,µ,σ) =
1
2

[
1+ erf

(
∆LAE −µ

σ
√

2

)]
. (5)

This form of Φ3 is used as input to a Markov Chain Monte
Carlo (MCMC) simulation in which both µ and σ are varied
according to a random walk using the Metropolis-Hastings al-
gorithm. At each step, the new value of µ is simply the current
estimate of the EAP. The change is accepted if the likelihood
function is greater at the new step; otherwise, it is accepted
with a probability of the ratio between the old and new val-
ues of the likelihood function. The likelihood function is the
product of the likelihood of all responses for the given value
of µ and σ , and the likelihood of a response is given by Φ

in Eq. (5) for a correct response and 1−Φ for an incorrect
response. An initial “burn-in” phase of 1000 steps was used.
After that, 100,000 steps of the algorithm produced a random
walk around the most likely combination of µ and σ (i.e., the
one in which Φ most closely matches the response data). The

3In Eq. (5), it should not be interpreted that the probability of sound B
being more annoying than sound A is equal to the probability of the random
variable ∆LAE being less than or equal to some value. Equation (5) is not a
cumulative distribution. It is a function of three variables that happens to take
the same form as a cumulative distribution function.
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resulting distribution of µ then gives a 95% confidence inter-
val around the EAP, given by the quantiles bounded by 2.5%
and 97.5%. The acceptance rate is the total steps accepted di-
vided by the total steps and should be close to 0.5 for binary
data (Ref. 19). Ten successive MCMC simulations for the pair
3 full flyovers resulted in a standard deviation of 0.15dBA
when calculating the width of the confidence interval. For a
detailed description of this approach, see (Ref. 20).

Three-point perceptually-adjusted LAE (TPPAS)

The previous discussion of the Equal Annoyance Point in-
volved finding an appropriate fit of a probit model using full
flyovers as sound stimuli. Another approach is to modify the
LA time history of a flyover by adjusting LA at times t1, tmax
and t2 based on subjects’ annoyance responses. Basically,
the EAP is found for short sounds (approximately 1s) cen-
tered about these three times, adjusting the LA value at these
times and interpolating the rest of the LA time history adjust-
ments in between the 10dBA down points. Recalculating LAE
based on this adjusted LA time history gives the three-point
perceptually-adjusted LAE (TPPAS).

The TPPAS approach was pioneered during the NASA En-
vironmentally Responsible Aviation project in which the ef-
ficacy of EPNL to accurately reflect human responses to
noise across a wide range of vehicle designs was investi-
gated (Ref. 20). In that study, the auralizations were longer
than 45s, so it was thought impractical to ask subjects to
compare such long noise stimuli. Therefore, the motivation
for using this approach is that the time needed for subjects
to compare full flyovers can be made much shorter, enabling
more flyover comparisons without fatiguing test subjects. If
two full flyovers were 20s, one comparison would require 40s
of listening time. If three short sounds of 1s were compared
instead, subjects would need only 6s, meaning that subjects
could make 6 comparisons in the same time needed to make
comparisons of two full flyovers. Another advantage is that
for a longer flyover, the short comparisons would still only
require 6s.

Finding TPPAS for a given pair of full flyovers starts with
comparing the flyovers when LA is at its maximum (tmax) and
when it is 10dBA lower than the maximum (t1 and t2). Let
t1A be the first time during the flyover of sound A that LA is
within 10dBA of its maximum, and let t1B be the first time
during the flyover of sound B that LA is within 10dBA of its
maximum. Binary responses corresponding to subjects’ an-
noyance of sound A at t1A compared to sound B at t1B are
collected. Then an MCMC simulation gives a distribution of
100,000 samples of the most likely adjustment, ∆LA, needed
to make the two sounds at t1 equally annoying. A random
resampled (i.e., bootstrapped) dataset is then generated from
the MCMC result in order to make later statistical estimates
of the MCMC result. This is repeated for tmax and t2.

The LA time history is adjusted using the bootstrap datasets at
the three times of the flyover. For t ≤ t1, ∆LA for t1 is added
to the original LA. For t1 < t ≤ tmax, an interpolation between

∆LA at t1 and tmax is added to the original LA. For tmax <
t ≤ t2, an interpolation between ∆LA at tmax and t2 is added to
the original LA. For t > t2, ∆LA at t2 is added to the original
LA. After adjusting the entire LA time history, a new LAE is
calculated and represents a possible value for the EAP. This
is done for all 100,000 resamples, resulting in a distribution
of likely EAPs. It is then straightforward to get the 95% CI
from this distribution by excluding the most extreme 2.5% of
the values on either side.

RESULTS

Sounds of equal LAE (RQs 1a, 2, 3a and 4a)

Table 3 shows the results of two-sided binomial tests for four
pairs of sounds. All four pairs were presented to the subjects
at the same LAE . The number of responses, N, was 32 for each
pair. The percentage (%) is the number of responses in which
sound B for that pair was judged more annoying than sound
A, divided by the total number of responses for that pair. The
p-value, p, is also listed, in which p < 0.05 is considered sta-
tistically significant and that the null hypothesis (sounds A
and B are equally annoying) should be rejected.

For pair 1, the null hypothesis cannot be rejected, meaning
that when played at the same LAE , it cannot be ruled out that
the LAE -optimized and baseline rotors are equally annoying.
This means that if the sounds were not normalized in terms of
LAE and, instead, were played at their original absolute levels,
the perceptual difference in annoyance would likely be com-
parable to the designed reduction in LAE .

The null hypothesis also cannot be rejected for pair 2, mean-
ing that when the rotor is optimized in terms of LAE or EPNL,
one is not significantly more annoying than the other. It means
that either metric is suitable as a design criteria for this situ-
ation and that there are no apparent changes in sound quality
due to this choice that would have a significant impact on an-
noyance for auralizations of periodic rotor sounds. This result
may differ, however, for a more complicated sound, e.g., one
that also includes a broadband component. It could be that
minimizing one metric would reduce tonal noise while opti-
mization based on another metric would focus more on reduc-
ing broadband noise. This comparison was outside the scope
of the current psychoacoustic test. Nevertheless, for aural-
izations with similar noise components, design optimizations
based on either LAE or EPNL were not perceived to be signif-
icantly different in terms of annoyance.

In contrast to pairs 1 and 2, the null hypothesis should be re-
jected for pair 3. Since both helicopters were at the same LAE
and performed the same maneuver, it is likely that there is a
difference in sound quality that makes the EC130 more annoy-
ing than the AS350 and that LAE did not capture this difference
in perception. It is unlikely that the difference in perception
came from the LA time history, because both profiles, includ-
ing LA,max, are quite similar (see Figure 4). Since the two
helicopters come from the same manufacturer and are similar
in engine size and load capacity, perhaps this is a result of the
Fenestron on the EC130. It indicates that different tail rotor
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Table 3: Results of binomial tests of four pairs of flyovers.
LNA: low noise approach.

Pair Sound Description % p N

1 A Baseline rotor 56 0.60 32B LAE -optimized rotor

2 A LAE -optimized rotor 56 0.60 32B EPNL optimized rotor

3 A AS350 LNA 72 0.02 32B EC130 LNA

4 A AS350 steady 56 0.60 32B AS350 unsteady

technologies may have a significant impact on sound quality
and perception. In a previous test, sound quality metrics such
as sharpness, tonality and fluctuation strength were found to
be indicators of annoyance to helicopter sounds that were nor-
malized in terms of loudness (Refs. 5,21). Some of the design
features of the Fenestron, such as the increase in blade count
or the uneven spacing of the fan blades, may create a negative
shift with respect to these sound quality metrics or other qual-
itative aspects of the sound. This result shows that LAE may
fail to capture significant qualitative aspects of annoyance re-
sponses when comparing two different helicopters.

For pair 4, the null hypothesis cannot be rejected. When only
comparing the two sounds at the same LAE , there was close
to an even probability of responses. From this simple com-
parison, it cannot be ruled out that the steady and unsteady
maneuver are equally annoying.

Equal Annoyance Point (RQs 1b, 3b and 4b)

The binomial test results in Table 3 only consider the compar-
isons of sounds that were presented at the same LAE . While
the conclusions are indicative of the efficacy of LAE in an-
noyance ratings of helicopter noise, more insight is gained by
comparing the sounds for various relative LAE values. In par-
ticular, probit fits lead to an estimate of the Equal Annoyance
Point and its confidence interval.

Figure 5 summarizes the subject responses for pairs 1, 3 and
4 for various relative gains of sound B relative to sound A
and shows the probability that sound B is more annoying than
sound A. (Pair 2 is not shown because the paired compar-
isons of the LAE - and EPNL-optimized rotors were not played
for subjects at different relative LAE . The probit fits are also
shown.) The intersection of each probit fit with Pr = 0.5 gives
the EAP for each pair. Since the EAPs happen to be nega-
tive, it suggests that the LAE of sound B should be a few dBA
less than that of sound A (for each pair) in order for the two
sounds to be equally annoying. However, to fully understand
the significance of EAP, its confidence interval must also be
considered.

The EAP for pairs 1, 3 and 4, found through probit models are
shown in Table 4. The confidence intervals using Eq. (4) and
MCMC simulations are also shown. Only for the baseline vs.
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Figure 5: Probability that sound B is more annoying than
sound A for pairs 1, 3 and 4. Intersections of the probit fits
with the horizontal line show the Equal Annoyance Point
for each pair (solid circles).

LAE -optimized rotor pair does the confidence interval contain
0, indicating that the null hypothesis cannot be rejected for
pair 1. The null hypothesis should be rejected for the other
two pairs. From these results on the confidence intervals, it is
concluded that, when played at the same LAE :

1. the LAE -optimized rotor design is not perceived to be sig-
nificantly different in terms of annoyance than the base-
line rotor

2. the EC130 low noise approach is perceived to be sig-
nificantly more annoying than the AS350 low noise ap-
proach and

3. the unsteady AS350 maneuver is perceived to be signifi-
cantly more annoying than the steady AS350 maneuver.

The results of the probit models for pairs 1 and 3 in Table 4
agree with the binomial results in Table 3, confirming the con-
clusions that the null hypothesis cannot be rejected for pair 1
and should be rejected for pair 3. On the other hand, the re-
sults of the probit model for pair 4 differs from the binomial
result. This can be understood by inspecting the responses
shown in Figure 5. While the probability is 0.56 at 0dBA, it
is slightly higher (0.59) at −4dBA. This shifts the curve fit
and raises the modeled probability to 0.60 at 0dBA, which is
enough to keep it just outside the EAP confidence interval. In
this way, the curve fit incorporates data taken at different ∆LAE
and takes into account more information than at a single rel-
ative level. Using this added information, it is concluded that
the unsteady flight is perceived to be slightly more annoying
than the steady flight.

To be clear, the assumptions using Eq. (4) are that the standard
error of both probit regression parameters have no covariance
and that the standard error on EAP is normally distributed. To
check this, the more advanced estimation of the confidence
interval using MCMC simulations is also done. The results
are also presented in Table 4 and are discussed next.
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Table 4: Equal Annoyance Point (EAP) found from pro-
bit fits to binary response data for full flyovers. The con-
fidence intervals (CI) on EAP using Eq. (4) and Monte
Carlo simulations are also shown.

Pair EAP CI
Eq. (4) MCMC

1 -2.98 [-7.26, 1.31] [-5.33, 0.57]
3 -4.16 [-6.55, -1.78] [-7.93, -2.39]
4 -2.74 [-5.26, -0.21] [-5.16, -0.56]

Further inspection of Figure 5 shows that the binary response
data for pairs 1 and 4 are not monotonic while the data for
pair 3 are. If all the data were as expected, higher LAE for
sound B would always lead to a higher probability that sound
B was more annoying than sound A. However, random error
(most pronounced near Pr= 0.5) in the collection of responses
can lead to nonmonotonicity. For this response data, there are
many combinations of µ and σ that are just as likely, which
can make the MCMC simulations unstable.

One of the problems is that for a large standard deviation, the
slope of Φ around the EAP is very shallow, resulting in a large
range of possible EAP values. For pairs 1 and 4, this leads to
large acceptance rates (i.e., near 1) and unrealistically large
predictions of the confidence interval on EAP. On the other
hand, the smooth data collected for pair 3 led to a good accep-
tance rate (i.e., near 0.5) and a good estimate of the confidence
interval on EAP.

Therefore, the results of the MCMC simulations here start
with pair 3, assuming no prior information about the mean
and standard deviation of Φ. Then, a log-normal distribution
is fit to the resulting distribution of σ . This fit is applied to
the response data for pairs 1 and 4 as a prior (in the Bayesian
inference sense, see (Ref. 18), p. 392), restricting the likely
values of σ . This restriction leads to narrower, more reason-
able estimations of the confidence interval on EAP than if no
prior would have been used4.

The results of the probit model fit, as well as the MCMC
simulation, are shown in Figure 6 for pair 3, the comparison
between the EC130 and AS350 low noise approaches. The
probit fit gives an estimate of the EAP as −4.16dBA. The
estimate of the confidence interval on EAP is found through
the MCMC simulation. While the probit model gives the best
fit of Φ that matches the binary response data, the MCMC
simulation gives a large number of likely combinations of the
mean, µ , and standard deviation, σ , of Φ that match the data
(see Figure 6b). The resamples tend to accumulate around the
EAP, which is shown more clearly in the histogram of resam-
ples for µ in Figure 6d. Finally, the 95% CI for EAP is given
by the quantiles of the resamples on µ , bounded by 2.5% and
97.5%, which is shown in Figure 6d; it is also plotted on the
probit fit in Figure 6c and shown in Table 4. The CI is not

4Applying a log-normal distribution as a prior for the MCMC simulation
results in a posterior distribution on µ , and hence a Bayesian high-density
interval around the EAP (Ref. 22). However, the term confidence interval is
still used here due to its conceptual simplicity.

symmetric about the EAP and is 0.77dBA wider than that pre-
dicted by Eq. (4). Since the CI does not contain 0, this result
agrees both with the binomial test for ∆LAE = 0 and for the
simple CI given by Eq. (4), which is that the EC130 is per-
ceived to be more annoying than the AS350 when performing
the same low noise approach and when presented at the same
LAE .

Although this comparison was made to characterize the effi-
cacy of LAE in rating annoyance of two sounds at the same
LAE , another practical question could be whether the two
recordings differ in annoyance at their absolute levels as
recorded. The absolute levels of the low noise approaches
that were flown by the AS350 and EC130 were 89.15 and
89.51dBA, respectively, a relative difference of 0.36dBA.
Since this ∆LAE is well outside the ranges for the EAP confi-
dence intervals found in Table 4 for pair 3, it is concluded that
the EC130 is still more annoying than the AS350 when both
fly a low noise approach under the same conditions, even at
their absolute levels.

The other information found from the MCMC simulation on
pair 3 is the distribution of σ . The histograms of the likely
values of σ are shown in Figure 6a, which closely follows
a lognormal distribution. This type of distribution for σ is
expected, because (1) the standard deviation cannot be neg-
ative and (2) the likelihood should decrease for large values
of σ . These expectations were not met when analyzing the
responses to pairs 1 and 4. Therefore, the best fit to a lognor-
mal distribution using responses for pair 3 is used as a prior to
calculate the likelihood at each iteration in the MCMC simu-
lation for pairs 1 and 4, which leads to accurate predictions of
the CI for EAP.

The confidence interval for EAP for pair 1 is shown in Fig-
ure 7 and Table 4. The results from the MCMC simula-
tions agree with the simple estimation from Eq. (4); the con-
fidence interval for pair 1 contains 0. Even though the CI us-
ing MCMC for pair 1 is 2.67dBA narrower, it still contains 0
because of its asymmetry. The results from the MCMC sim-
ulations, therefore, support the conclusions found using the
simple estimate of the CI. Specifically, the LAE -optimized ro-
tor is not significantly more annoying than the baseline rotor
when presented at the same LAE .

Nevertheless, the estimate of the EAP for the LAE -optimized
rotor compared to the baseline rotor is −2.98dBA, indicat-
ing that perception gravitates toward being less annoying for
the baseline rotor than for the LAE -optimized rotor. Although
not conclusive, one possible cause for this is that there is an
aspect of the sound in the optimized rotor that is more an-
noying than the baseline rotor. This could be due to the fact
that only the main rotor was optimized (the tail rotor geome-
try was left unchanged). Reducing the LAE of the main rotor
while leaving the tail rotor mostly constant, then normalizing
in terms of LAE means that the tail rotor noise is slightly ele-
vated compared to the main rotor in the LAE -optimized aural-
ization. Since the tail rotor noise is a harmonic tone complex
that starts at higher frequencies and hence has larger spac-
ing between tones, this could cause a slightly higher annoy-
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(c) Probability that the EC130 is more annoying than the AS350 for a
low noise approach.
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Figure 6: An MCMC simulation gives the most likely values of the mean, µ , of Φ that fits the response data for pair
3. The histogram (i.e., marginalization) gives an estimate of the confidence interval on EAP. A lognormal fit on the
marginalization of results on σ is used as a prior for MCMC simulations for other pairs.

ance response even though the main rotor noise was reduced.
The results suggest that annoyance might be further reduced
if both main and tail rotor geometries are optimized simul-
taneously. Another possible cause for the annoyance rating
gravitating slightly higher for the optimized rotor is that the
duration of the 10dBA-down time interval is 50% longer than
that of the baseline rotor (see Figure 2b). Through written re-
sponses, several subjects reported that sounds that appeared
to loiter (i.e., longer sounds) were found to be more annoy-
ing, in general. There is no penalty in Eq. (1) for an increase
in the quantity t2− t1. It means that for some subjects, this
was another qualitative aspect that LAE failed to capture.
The difference in the absolute (i.e., before normalization) LAE
of the LAE -optimized rotor relative to the baseline rotor au-
ralization was −4.22dBA, which is contained within the 95%
confidence interval of the EAP. It means that, from a statis-

tical point of view, it cannot be ruled out that the optimized
and baseline rotors are equally annoying when played at their
absolute levels. An overly simplistic interpretation of these
results would be that the optimized rotor should be designed
with a reduction that falls outside the 95% confidence interval
of the EAP. A better, more nuanced interpretation is that the
experimental variance was higher in this test than in a previ-
ous psychoacoustic test of similar design (Ref. 20), which led
to a power of the test that was lower than desired and confi-
dence intervals that were wider than expected. Although there
was a preference for the baseline rotor, the designed reduction
in LAE was greater than this preference.
The confidence interval for EAP for pair 4 is also shown in
Figure 7 and Table 4. The results from the MCMC simulations
agree with the simple estimation from Eq. (4), i.e., the confi-
dence interval for pair 4 does not contain 0. Therefore, the
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(a) Probability that the LAE -optimized rotor is more annoying than the
baseline rotor.
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(b) Probability that the unsteady AS350 flight is more annoying than the
steady AS350 flight.

Figure 7: Probit models and EAPs with CIs.

results from the MCMC simulations support the conclusion
found using the simple estimate of the CI, which is that the
unsteady AS350 flight is perceived to be slightly more annoy-
ing than the steady one when presented at the same LAE . This
suggests that LAE may not be sufficient to quantify the per-
ceived difference between two maneuvers flown by the same
vehicle and that the induced changes in sound quality are an
important factor in the rating of annoyance to helicopter noise.

A possible nonacoustic cause for the increase in annoyance to
the unsteady sound could be that some subjects reported that
unsteadiness in the sound was interpreted as an unsteadiness
in the flight or control of the vehicle, which signaled an el-
evated safety risk. This supports other studies in which fear
was determined to be a moderating factor on an individual’s
annoyance to noise (Ref. 23).

Three-point perceptually adjusted LAE (RQ 5)

Calculating the Equal Annoyance Point and its confidence in-
terval by comparing full flyovers is one way to evaluate the
efficacy of LAE as an appropriate metric in the rating of an-
noyance to helicopter noise. The three-point perceptually-
adjusted LAE (TPPAS) approach is another way to evaluate it.
As explained in Section ANALYSIS TECHNIQUES, TPPAS
generates perceptually-adjusted LA time histories based on
three control points at t1, tmax and t2. The response data are
collected in a similar way to the full flyover, except that the
stimuli are short parts of the flyover centered around the three
control points. Corresponding control points from sounds A
and B were compared at different relative LA and analyzed
with MCMC simulations, which gave a range of possible ad-
justments to the LA time history that make the short sound
of A equally annoying to B. One adjustment for each control
point, plus interpolation, produced a perceptually-adjusted LA
time history. The perceptually adjusted LAE was then calcu-
lated from this adjusted LA time history using Eq. (1). Doing

this for all 100,000 outputs of the MCMC simulations gave
a distribution of likely adjustments to LAE to make sounds A
and B equally annoying.

Figure 8 shows the perceptually adjusted LA time histories for
the LAE -optimized vs. baseline rotor case (pair 1). The three
control points at t1, tmax and t2 were found from MCMC sim-
ulations on the binary response data comparing short sounds
centered at these control points. The average adjustment at
each control point is represented by circles within each er-
ror bar. The means and 95% confidence intervals are given
in Table 5. The error bars in Figure 8a show the adjustments
necessary to make the short sounds of the LAE -optimized rotor
equally annoying to the baseline rotor short sounds in 95% of
the cases. By reciprocity, the adjustments needed to make the
baseline rotor sounds equally annoying to the LAE -optimized
rotor are opposite, which are shown in Figure 8b, and the
adjustments in LA are now relative to the baseline rotor LA
time history. The 95% confidence intervals at all three con-
trol points contain 0, meaning that these short sounds were
not significantly more or less annoying than when sounds A
and B were played at the same LA. As a result, the adjusted
LA time histories significantly overlap with the originals. As
will be discussed later in Figure 10a, the results of TPPAS and
those from the full flyovers both show that the LAE -optimized
rotor is not significantly more or less annoying than the base-
line rotor when played at the same LAE .

Figure 9 shows the perceptually adjusted LA time histories for
the unsteady vs. steady AS350 recorded flights (pair 4) us-
ing the TPPAS approach. The mean LA adjustment and con-
fidence interval for the control points comparisons are shown
in Table 5. Here, the stimuli from the 10dBA down points
are not perceived to be very different in terms of annoyance,
but the comparison at tmax is. The short sound centered at tmax
for the unsteady flight was perceived to be less annoying than
the short sound centered at tmax of the steady flight. Since
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(a) Adjustment of the LAE -optimized rotor LA time history: pair 1, TP-
PAS.

(b) Adjustment of the baseline rotor LA time history: pair 1, TPPAS.

Figure 8: Perceptually-adjusted LA time histories for pair 11. “Original” indicates the LA time history used in the full
flyover comparison. Control points are at the maximum (tmax) and 10dBA down points (t1 and t2). Thin curves are the
adjusted LA time histories, which are interpolated from the distributions found at the control points.

the sounds at t1 and t2 were not perceived to be significantly
different in terms of annoyance, the difference at tmax results
in interpolating almost the entire LA time history of the un-
steady flight to be higher. Reciprocally, most of the LA time
history of the steady flight is adjusted lower in order to match
the responses of the unsteady flight.

Each light trace in Figure 8 gives a possible value of ∆LAE to
make the LAE -optimized rotor equally annoying as the base-
line rotor. All the light traces give a distribution of possible
values for ∆LAE . The distributions found from TPPAS and
those found from the full flyovers are shown in Figure 10a.
All three confidence intervals overlap with 0, meaning that
the LAE -optimized rotor is not significantly more or less an-
noying than the baseline rotor when played at the same LAE .
The distributions found by adjusting the baseline sound and
LAE -optimized sound are almost identical, meaning that this
reciprocal relationship holds for this pair of sounds.

Although all three confidence intervals in Figure 10a overlap
with 0, there are some important differences. Firstly, the dis-
tribution is wider for the full flyover comparison than with
TPPAS, indicating a higher variation in responses for full
flyovers. In contrast, the confidence intervals are narrower
for each control point comparison as well as for the overall
TPPAS distribution. It means that there is less variation in
responses when subjects compare shorter sounds than when
they compare full flyovers, suggesting focusing on simpler
tasks produces a more well-controlled response from subjects.
On the other hand, responding to an entire flyover, subjects
focus on different parts of the flyover and give more varied
responses. A second difference is that the distribution of the
full flyover tends negative while the TPPAS results are cen-
tered closer to 0, indicating slightly different EAPs between
the two methods.

Table 5: Mean adjustment (with confidence intervals) of
LA for the TPPAS comparisons at three control points,
found from Monte Carlo simulations. Adjustments are to
make sound B equally annoying to sound A for each pair
(see Table 3).

Pair
Control point 1 4
t1 0.81 [-1.48, 3.18] 0.84 [-0.96, 2.74]
tmax -0.20 [-2.26, 1.84] 2.17 [0.34, 4.24]
t2 1.68 [-0.21, 3.63] -0.37 [-1.87, 1.10]

Similar to pair 1, the distributions for pair 4 using the TPPAS
approach are narrower than the distribution on the EAP for
the full flyover comparison, as shown in Figure 10b. Again,
this indicates that it is easier and more accurate for subjects to
give responses to shorter sounds, because the focused task is
simpler.

The distributions for pair 4 do not give the same conclusions
on which sound is more annoying. The distribution with the
full flyovers is negative, and the confidence interval does not
overlap 0 (see Table 4), which mean that the unsteady flight is
significantly more annoying than the steady flight. The con-
fidence interval for adjusting the unsteady AS350 sound with
the TPPAS approach does overlap 0, which would mean that
neither flight is significantly more or less annoying than the
other. The distribution for adjusting the steady AS350 sound
with the TPPAS approach does not overlap 0 and is positive,
which would mean that the steady flight is more annoying than
the unsteady flight.

These three different outcomes is an interesting result that
gives further insight into the efficacy of LAE . In particular,
it is evident that neither Eq. (4) nor the TPPAS approach takes
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(a) Adjustment of the unsteady AS350 flight: pair 4, TPPAS. (b) Adjustment of the steady AS350 flight: pair 4, TPPAS.

Figure 9: Perceptually-adjusted LA time histories for pair 41. “Original” indicates the LA time history used in the full
flyover comparison. Control points are at the maximum (tmax) and 10dBA down points (t1 and t2). Thin curves are the
adjusted LA time histories, which are interpolated from the distributions found at the control points.

into account the fact that tmax-t1 is only around 2.5s for the
unsteady flight, an example of the onset rate being a factor of
annoyance (Ref. 24). Evidence of this is in the different re-
sponses that are found when subjects are presented with the
entire flyover. The fast rise in LA suggests that comparing
sounds at t1 and tmax separately, as with TPPAS, does not give
the subjects any indication that those sounds are spaced so
close together in time. Likewise, a 10dBA difference in 2.5s
does not appear in the calculation for LAE .

CONCLUSIONS
The main results of a psychoacoustic test related to the effi-
cacy of LAE in the rating of annoyance to helicopter noise are
presented. Auralizations based on optimized rotor designs for
an AS350 as well as recorded flights of an AS350 and EC130
were judged by human subjects in the Exterior Effects Room
at NASA Langley Research Center.
It was found that optimizing rotor designs in terms of LAE or
EPNL does not give significant differences in the perception
of annoyance. To within the resolution of the test, a rotor
design optimized in terms of LAE was not judged to be sig-
nificantly different than the baseline rotor when played at the
same LAE , which means that LAE can be an effective metric to
minimize in the design phase of low noise rotors. However,
an EAP of around−3dBA suggests that both main and tail ro-
tors should be optimized to not introduce unwanted changes
in sound quality. The optimized rotor resulted in an aural-
ized flyover within 10dBA of its peak that was around 50%
longer than the baseline rotor auralization, which could have
contributed to the slightly higher annoyance responses for the
optimized rotor and exhibits a deficiency in using LAE as an
indicator of annoyance to helicopter noise.
In addition to comparing auralized sounds based on different
rotor designs, the psychoacoustic test also used recordings of

helicopter maneuvers in order to evaluate LAE as an indica-
tor of annoyance. When a low noise approach was played at
the same LAE , the EC130 was judged to be more annoying
than the AS350. This suggests that LAE may not be a good
indicator of annoyance when comparing different helicopters
and that other temporal, spectral or spatial components not
contained in the LAE calculation are important. In particular,
different tail rotor technologies may be an important consid-
eration. Sound Exposure Level also did not fully capture an-
noyance responses when comparing different maneuvers for
the same helicopter; for equal LAE , a flight with variations in
sound quality and a steep rise in LA was found to be more
annoying than a flight with more constant sound quality.

Author contact: Matthew Boucher matthew.a.boucher@
nasa.gov
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