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ABSTRACT
The aim of this research was to investigate human response to low‐amplitude
sonic booms, specifically looking at the effects of listening environment, the type of
sonic boom signature (indoor vs. outdoor), and subjective test methods. Two tests were
conducted in which subjects provided annoyance ratings for numerous low‐amplitude
sonic booms using magnitude estimation (with two different reference sounds) and
categorical line scaling methods. The first test utilized a portable sonic boom simulator
to reproduce the acoustic stimuli. The test signatures were selected from numerous
recordings low‐amplitude sonic booms taken indoors and outdoors by NASA researchers
during flight tests at Edwards Air Force Base. A repeated‐measures analysis of variance
(ANOVA) was performed for each data set to determine factors governing annoyance.
Common effects included Influences from the subject and signature terms, as well as
interactions of these terms. Overall, a difference in annoyance between the two
signature types (indoor and outdoor recordings) was not found to be significant.
In the second test, a headphone playback system was utilized to enable subjects
to rate the same stimuli in two different environments: a typical office setting and an
outdoor patio. The effect of listening environment was found to be statistically
significant, as well as several interactions with this factor. Overall, the booms were
rated more annoying when heard indoors. Additionally, the indoor recordings were
rated more annoying that the outdoor recordings. Effects introduced by the subjects, as
well as their interaction with other variables were also significant.
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CHAPTER 1
INTRODUCTION
This dissertation presents the psychoacoustic investigation of human annoyance
to low‐amplitude sonic booms conducted by the author. In this chapter, a brief
introduction to psychoacoustics and annoyance to noise will be given, followed by a
discussion of sonic booms and recent research conducted examining the human
response. Finally, an overview of the conducted research and an outline of this
document will be provided.

Psychoacoustics

Hugo Fastl, an early researcher in the field, defined psychoacoustics as the
“quantitative correlation between acoustic stimuli and hearing sensation” (1). He
describes these sensations as “psychophysical magnitudes of loudness, pitch, subjective
duration, and so on” (1). Others define psychoacoustics as “the scientific study of sound
perception” (2). Perception can be defined as the understanding of sensory information
and in his book, The Measurement of Sensation, Laming points out that there is a
distinct difference between sensation and perception (3), (4).
The investigation of perception is considered one of the oldest areas in
psychology (3) and according to Laming, the field of psychophysics originated on
October 22, 1850 when Gustav Fechner postulated that “the relative increase of bodily
energy [is related to] the measure of the increase of the corresponding mental energy”
(4). This led to one of the oldest quantitative laws in psychology, the Weber‐Fechner
law, which quantified the relationship between the intensity of physical stimuli and
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perceptual effects (3). Later, a similar law was proposed by S.S. Stevens who claimed
that internal sensations could be measured on a ratio scale (4).
Regardless of the difference between sensation and perception, Fastl
summarizes the field of research stating that “In modern psycho‐acoustics, acoustic, i.e.
physical, stimuli are produced [and] presented to subjects via headphones or speakers.
[The] subjects, then, are asked to judge upon attributes of what they hear, such as the
pitch, the loudness or the tone colour of the perceived sounds” (5).

Human annoyance to noise

Noise annoyance has been a long‐studied issue, particularly in communities near
sources of transportation noise such as railways, roadways, and airports. According to a
group of international experts, “noise annoyance is a multi‐faceted psychological
concept, including behavioral, and evaluative aspects”(6). Additionally, they offer the
following ways to interpret noise annoyance:
1. “as an emotion”
2. “as a result of disturbance”
3. “as an attitude”
4. “as a result of rational decisions”

Nonacoustic factors

In addition to the noise itself, it has been shown that there are many non‐
acoustic factors that can affect human annoyance. A selection of these is identified
below:
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Gender. Studies have shown conflicting results on the significance of gender effects on
noise annoyance (7), (8), (9).
Age. Studies have shown that age can have a significant effect on noise annoyance. In a
study involving simulated sonic boom playback in homes, it was shown that annoyance
increased with age (7). However, in a study of noise annoyance in Canada, subjects of
age 65 or older were less annoyed by environmental noise, such as noise from
transportation vehicles, machinery, people and animals, etc. (8).

Geographic location. This factor relates to the “soundscape” of a specific region,
including typical types of noises, ambient noise levels, etc. The sounds found in rural
areas differ from metropolitan areas, as well as areas near airports or military
installments where loud impulsive sounds may be more common. This factor could also
include varying cultural views on noise, both nationally and internationally.

Hearing loss. There are different types of hearing loss whose effects can include
sensitivities to certain frequencies, problems with temporal processing, attenuation of
certain frequencies, problems with localization and etc. (10). All these effects can
greatly vary the perceived stimuli and affect annoyance judgments. Additionally, it has
been shown that subjects with hearing loss have greater variability in their judgments of
sound quality (11).

Startle. It has been shown that startle, or the act of ‘being caught off guard’ influences
annoyance to sonic booms (7). Additionally, studies indicate that work performance is
negatively affected by exposure to unpredictable, impulsive noise (12).

Sensitivity to noise. This factor is believed to influence the human response to noise
(13), (14), (15).
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Attitude toward source. It is believed that opinions towards “the noise‐makers” affect
noise annoyance (15), (16).
Personal benefit. It is suggested that those who regularly use air travel may be less
annoyed by the noise because they value the service (14), (15).

Frequency of events. Increased number of events can increase annoyance, or
alternatively, encourage adaptability and decreased annoyance (12). In the study of
sonic booms simulated in homes, it was shown that annoyance to sonic booms
increased with occurrence (7).

Perceived control. This relates to the opportunity or ability to have control over the
noise source (16). Studies have shown greater stress in subjects when they don’t have
access to control noise exposure (15).

Compensation. This includes personal gain such as employment by the operators of the
noise source or sponsored home sound isolation projects (14).

Home ownership. This refers to the belief that value of property is reduced with
increased noise exposure (14).

Fear of harm connected with source. Greater annoyance can occur if one fears being
harmed by the source, for example, an airplane crash (14), (15).

Voice. This refers to the ability of residents to talk to and be heard by authorities
regarding noise exposures (14).

Additionally, it has been shown that annoyance is heightened when noise is
perceived as unnecessary, those responsible for noise are perceived to be unconcerned
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about exposed population’s welfare, belief that noise is harmful to health, or the noise
itself is associated with fear (14), (15).

Supersonic flight and sonic booms

The following sections will discuss what causes a sonic boom and how it is heard,
as well as discuss past research conducted in the field of supersonics and human
response.

Sonic event

A sonic boom is created when an object, in this case an aircraft, travels faster
than the speed of sound, pushing air out of its way with such force that it creates a
shock wave. This shock wave of pressurized air extends like a cone outward and behind
the aircraft. As the aircraft travels supersonically, it creates a continuously detectable
sonic boom along the full width of the cone's base. This area of impact is called the
primary boom carpet and typically reaches fifty to sixty miles in width at cruise altitude
for supersonic aircraft. The audible sonic boom is a result of the sharp buildup and
release of pressure as the shock wave propagates through the atmosphere, and is heard
as a “double boom” on the ground, depicted below in Figure 1.1. As the shock wave
travels, the amount of pressure in the air that fluctuates above and below standard
atmospheric pressure is called overpressure, measured in pounds per square foot (psf).
The resulting waveform is referred to as an N‐wave, due to its shape (17).
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Figure 1.1: Sonic boom far‐field wave patterns, excerpted from Figure 1 in Aeroacoustics of
Flight Vehicles (17).

Conventional sonic booms created by supersonic flight (like those from the
British‐French Concorde) traditionally range in peak overpressures of 1.0 psf to 2.0 psf
(1 psf = 47.88 Pa). Advancements in computer modeling technology have allowed for
the design of new aircraft and prediction of the resulting shock waves that would be
generated during supersonic flight. These newly designed aircraft would produce sonic
booms with much lower pressure amplitudes than traditional booms, resulting in a
much weaker, less objectionable sonic boom. These sonic booms are designed to have
an approximate peak overpressure somewhere between 0.1 psf and 0.6 psf, and are
referred to as ‘low booms,’ ‘low‐intensity sonic booms,’ or ‘low‐amplitude sonic booms’
(18).
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Human response

Over the past forty years, much research has been conducted investigating the
effects of overland supersonic flight. Subjective tests performed in laboratories as well
as in‐home and field tests utilizing various psychoacoustic methods have been
conducted to assess the human impact. The work is ongoing because “sonic boom
effects on people are difficult to pinpoint because of the subjectivity of the people’s
responses and because of the diversity of variables affecting their behavior. Responses
depend on previous exposure, age, geographic location, time of day, socioeconomic
status, and many other variables” (17).
The human response to traditional sonic booms and other high‐energy impulse
sounds have been investigated in studies conducted by von Gierke, Schomer et al,
Leatherwood et al, and Vos, among others (19‐27). It has been previously stated that
“loudness or annoyance is directly related to particular characteristics of the sonic‐
boom signature” (21). This statement has been supported by research investigating the
effects of boom rise‐time, peak overpressure and duration, as well as the shape of boom
waveforms (21), (23). Additionally, it was recognized that “the experiences, attitudes,
and opinions of those exposed, as well as various factors not related directly to the
stimulus” influence the human response to sonic booms (21).
A difference in outdoor and indoor sonic boom exposures have been found,
however it is unclear which leads to a greater human impact. It is believed by some that
people are less annoyed indoors due to the attenuation provided by the structure while
others suggest the transmission of low frequencies and resulting rattle and vibration of
structural elements contributed to annoyance (25). In 1991, Maglieri and Plotkin
explained that
…a person inside a building is exposed to a rather complex series of stimuli,
including auditory, visual, and vibratory inputs. At the present time, the indoor
exposure situation is not understood well enough to permit the relative
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importance of each of these stimuli to be determined, although it is believed
that in certain situations each one is significant (17).

Current research

In the past few years, the ability to generate attenuated ‘low booms’ and the
availability of computer‐predicted waveforms has led to a renewal of interest in civilian
supersonic flight. Researchers have recently studied the effects of low‐amplitude sonic
booms on structures and humans, both in the field and with the use of laboratory
simulators (28‐31). Most recently, the National Aeronautics and Space Administration
(NASA) conducted an in‐field test in 2006 specifically investigating the difference in
indoor and outdoor listening experience with the use of live, low‐intensity sonic boom
exposures. The subjects’ annoyance judgments of the booms and their post‐test survey
responses indicated conflicting results for which exposure was most annoying. For a
detailed report of this test, as well as a comprehensive summary of sonic boom human
response research since the late 1960’s, the reader is encouraged to see Sullivan et al’s
Human Response to Low‐Intensity Sonic Booms Heard Indoors and Outdoors, NASA/TM‐
2010‐216685 (18).
Additional challenges exist in quantifying the sonic boom exposure in terms of
human impact. Recent work by Marshall et al has begun to develop a lexicon to
describe the perceptual attributes and characteristics of booms other than their
maximum amplitude (29). Further work by Schomer (30) and continued research by
NASA (31) addresses the applicability of various metrics to assess the human response
to sonic booms.
A summary of the most recent research conducted on human response to sonic
booms, including the psychoacoustic test methods, acoustic stimuli and judgment
criteria used in the tests is provided below in Table 1.1.
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Table 1.1: Summary of relevant sonic boom human response studies.

Researchers
Leatherwood
and Sullivan
(Ref. 25)
Sullivan and
Leatherwood
(Ref. 26)

Acoustic
stimuli
Simulated
traditional
indoor and
outdoor booms
Recorded and
simulated
traditional
outdoor booms

Fields
(Ref. 27)

Live traditional
booms

McCurdy,
Brown,
Hilliard
(Ref. 7)

Simulated
traditional
indoor and
outdoor booms,
and ‘shaped’
outdoor booms

Sullivan
(Ref. 30)

Simulated low‐
intensity
outdoor booms

Sullivan et al
(Ref. 18)

Live and
recorded low‐
intensity indoor
and outdoor
booms

Subjective
criteria

Test method

Test
environment

Annoyance
and
loudness

Magnitude
estimation with
boom reference

Laboratory

Loudness

Magnitude
estimation with
boom reference

Laboratory

Annoyance
and
disturbance

5‐point and 11‐
point numerical
category scales

In‐field

Annoyance

11‐point
numerical
category scale

In‐home

Loudness

Magnitude
estimation with
ramp‐shaped
boom reference

Laboratory

Annoyance

Magnitude
estimation with
burst reference

In‐field

The aim of the research conducted by the author was to further investigate the
human response to low‐amplitude sonic booms, particularly the difference in indoor
and outdoor exposures. Subjective tests with varying psychoacoustic test methods,
listening environments, audio presentation methods, and sonic boom signatures were
conducted to assess human annoyance. Controlled reproductions of low‐amplitude
sonic booms recorded indoors and outdoors were presented to subjects in both
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laboratory and realistic environments. Multiple statistical analyses were performed to
determine the significance of factors influencing annoyance judgments.
This research was partly supported by the National Science Foundation through
a Graduate Research Fellowship, as well as NASA and the FAA through funding from the
PARTNER Center for Excellence. Let it be clear that the opinions stated in this
dissertation solely represent those of the author.

Dissertation summary

The following chapter will discuss the recent NASA field tests from which the
acoustic stimuli used in the subjective tests was acquired, as well as the signature
selection process. Chapter 3 will describe the first subjective test in detail, in addition to
an explanation of the psychoacoustic test methods used. This will be followed by survey
results of the test participants describing their typical noise exposures and attitudes on
noise. Chapter 5 will present the statistical analysis of the test data and a discussion of
the results. The second subjective test which investigated the effect of listening
environment will be described in Chapter 6, followed by the survey results of those test
participants in Chapter 7. The results from that test will be discussed in Chapter 8,
followed by a final summary and discussion of results and suggestions for future work in
Chapter 9.
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CHAPTER 2
ACOUSTIC STIMULI
Because of the ban on overland civilian supersonic flight, there does not
currently exist an aircraft which generates low‐amplitude sonic booms during typical
flight. While waveform predictions are available from industry partners, they sound
simulated and artificial. Therefore it was desired to use real, measured booms in the
tests in order to mimic a realistic situation for the subjects. NASA researchers at the
Dryden Flight Research Center (DFRC) found that an aircraft performing a specially‐
designed flight maneuver can generate low‐amplitude sonic booms of intended
overpressures at a specific test site (35), captured below in Figure 2.1. This maneuver
was employed during the 2006 and 2007 field tests held at Edwards Air Force Base in
southern California. In both field tests, numerous microphones were located in and
around a residence in base housing to measure sonic booms over several days. The
acoustic stimuli used in the subjective tests were selected by the author of this
dissertation from hundreds of measurements taken by NASA Langley Research Center
(LaRC) and DFRC researchers during these field tests.

12

Figure 2.1: NASA DFRC F/A‐18 jet and L‐23 Blanik sailplane utilized during flight test to generate
and measure low‐amplitude sonic booms. Edited image courtesy of Jacob Klos, NASA LaRC

2006 Field Test

During the month of June 2006, a field test was performed at Edwards Air Force
Base to measure the impact of sonic booms on a residential structure (shown below in
Figure 2.2). Numerous microphones located in and around the home recorded a total of
112 unique sonic booms. For a detailed and thorough report of this test, including
details of the test house and the equipment used to obtain measurements, see
NASA/TM‐2007‐214900 Vibro‐Acoustic Response of Buildings Due to Sonic Boom
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Exposure: June 2006 Field Test written by Jacob Klos and Ralph D. Buehrle of NASA
Langley Research Center (28).

Figure 2.2: 2006 test house, located at 7334 Andrews Avenue, Edwards Air Force Base.
Source: Figure 1.1 of NASA/TM‐2007‐214900 (Ref. 28).

The 2006 test house was of older construction, no longer occupied, and set for
demolition. As notated below in Figure 2.3, two bedrooms and other locations were
heavily instrumented with microphones and accelerometers to measure the structural
response of the house. The living room was set up to accommodate participants who
were enrolled in a concurrently‐running subjective test to assess human annoyance.
Additional microphones were located in this area, referred to as the “subjective room.”
Numerous additional microphones were placed outside the home, in both the front and
back yards.
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Figure 2.3: Schematic drawing of 2006 test house.
Source: Figure 1.3 of NASA/TM‐2007‐214900 (Ref 28).

Indoor recordings from 2006 field test
Of the numerous microphones located inside the house, only those located in
the “subjective room” were considered for possible use as acoustic stimuli. These
microphones were located in various places around the room, at both approximate
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seated and standing head heights, and away from any immediately adjacent surface.
Specifically, the booms measured by microphones on channels 177, 178, 203 and 204
were considered. Gras 40AQ microphones were used on channels 177 and 178; Brüel
and Kjær Type 4193 microphones were used on channels 203 and 204. These
microphones, hung from the ceiling, are shown below in Figure 2.4.

CH 177

CH 178

CH 204
CH 203

Figure 2.4: 2006 test house living room with subject seating and indoor microphones.
Adapted from Figure 2.4 of NASA/TM‐2007‐214900 (Ref. 28).

Outdoor recordings from 2006 field test
Measurements taken by microphones located at head height in the back yard
were evaluated, specifically those from microphone channels 188, 189, 193, 195, 201,
and 202, shown below in Figure 2.5. Booms measured by microphones located at head
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height in the front yard, specifically channels 185, and 200 as seen below in Figure 2.6,
were also evaluated. Gras 40AQ microphones were used on channels 185, 188, 189,
and 193. Brüel and Kjær Type 4193 microphones were used on channels 195, 200, 201,
and 202. Each boom recorded at these microphones was evaluated and judged for
clarity and possible use in the listening tests. Those recordings contaminated by
extraneous noises such as construction noise, dominant leaf rustling, subject coughing,
feet shuffling, etc, were eliminated from the candidate group.

CH 189

CH 201

CH 202
CH 188

CH 193

CH 195

Figure 2.5: Back yard microphones, 2006 test site. Photo courtesy of Jacob Klos, NASA LaRC
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CH 200

CH 185

Figure 2.6: Front yard microphones, 2006 test site. Photo courtesy of Jacob Klos, NASA LaRC

2007 Field Test

During July 2007, a second field test was performed at Edwards Air Force Base,
of which the author participated in the collection of data. For this test a house of
modern construction was chosen, shown below in Figure 2.7. For a detailed report of
this test, please see NASA/TM‐2008‐215349 Vibro‐Acoustic Response of Buildings Due to
Sonic Boom Exposure: July 2007 Field Test by Jacob Klos (29). During this flight test, 42
unique sonic booms were recorded by more than 25 microphones located inside and
outside the house.

18

Figure 2.7: 2007 test house (on the left), located at 52 Blackbird Street, Edwards Air Force Base.

The test site was located at the end of a cul‐de‐sac, surrounded by open desert
landscape, as can be seen below in Figure 2.8. The test house was unoccupied, however
the adjoining residence was inhabited. Best efforts were made to keep the residents’
pets quiet during testing.

Figure 2.8: Aerial view of 2007 test site (inside blue box) and surrounding area.
Source: Google Maps, Navteq North America LLC
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Indoor recordings from 2007 field test
Numerous microphones were located inside the bedrooms of the house, as
noted below in Figure 2.9. Booms measured by microphones located in the front
bedroom (channels 78 and 79), the garage bedroom (channel 80), and the master
bedroom (channel 85) were evaluated. These microphones were located at
approximate seated or standing head height, away from any adjacent surface.
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Figure 2.9: Schematic drawing of 2007 test house.
Source: Figure 2.1 of NASA/TM‐2008‐215349 (Ref. 29).
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Outdoor recordings from 2007 field test
The outdoor microphones located around the 2007 test house by the NASA LaRC
research team were positioned either on the ground, against the house structure, or in
the immediate vicinity of a window. Therefore, measurements made by Ed Haering, Jr.
of NASA DFRC with his tower array of microphones were evaluated for possible use in
the subjective tests rather than those recorded adjacent to the house. The tower array,
shown below in Figure 2.10, was approximately 10 meters in height and was located in
the open field roughly 130 meters (427 feet) away from the house. Only measurements
from the microphones located 1.2 and 2 meters above the ground were considered.

Figure 2.10: Microphone tower array used in 2007 field test. Photo courtesy of Edward Haering,
Jr. of NASA DFRC
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Signature Selection

As noted earlier, all booms measured by the selected microphones were
evaluated and judged by the author of this dissertation for potential use as acoustic
stimuli. All measurements containing extraneous noises were eliminated from the
candidate group. Currently, there isn’t an agreed‐upon quantitative metric that assess
the acoustical impact of a low‐amplitude sonic boom. Previous researchers have
calculated numerous acoustic metrics (e.g. weighted or un‐weighted sound pressure
levels, weighted or un‐weighted sound exposure levels, loudness levels, etc.) and
correlated these metrics with human annoyance levels. Although determined
insufficient by experts in the field, Stevens Mk VII perceived loudness (PL) has been
considered the best predictor of annoyance of the currently used metrics. Therefore, PL
values were calculated for the candidate booms using a code in Fortran written by
Brenda Sullivan of NASA and a wrapper function to implement it Matlab written by
Lance Locey of Penn State (7),(30). For information regarding the procedure to
calculate perceived loudness levels of sonic booms, see NASA’s Technical Paper (34); the
implementation code is discussed in Locey’s dissertation (36).
The final signal selection was a compromise of several design factors, including
testing time restraints, clarity of initial measurements and reproduction in the
Gulfstream simulator(described later in Chapter 3), as well as the intent to provide a
wide range of realistic exposure levels. Auditory evaluation in the simulator determined
61 PLdB to be an appropriate lower limit for the indoor signature stimuli set, based on
the author’s judgment of clarity of reproduction and signal‐to‐noise ratio. The high limit
was set at 77 PLdB, and a total of nine signatures were chosen to fit within this range of
equidistant intervals of perceived loudness (consequently 2 PLdB).
According to published research in auditory evaluation, when there is a small
perceived difference in stimuli, there is potential for subjects to experience a high
degree of confusion (37). To minimize this, booms of varying characteristics were
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chosen. Examples of these varying acoustic characteristics include a lingering window
rattle, audible double boom, strong low‐frequency content, etc. Fortunately, because
indoor recordings were available from both field tests, a wide variety of booms was
available. Table 2.1 below summarizes the final selection of indoor signatures used for
the test conducted in the Gulfstream simulator.
Table 2.1: Summary of indoor test signatures used in simulator test.

Signature
number
1
2
3
4
5
6
7
8
9

Location

Date

Time

Channel

Garage bedroom
Subjective room
Master bedroom
Subjective room
Master bedroom
Front bedroom
Subjective room
Subjective room
Front bedroom

7‐13‐2007
6‐20‐2006
7‐13‐2007
6‐20‐2006
7‐11‐2007
7‐12‐2007
6‐20‐2006
6‐16‐2006
7‐11‐2007

9:46:42 AM
9:52:28 AM
9:46:42 AM
9:52:28 AM
8:28:30 AM
8:39:59 AM
9:52:28 AM
9:29:18 AM
8:17:17 AM

80
178
85
178
85
79
203
178
79

Boom
number
N/A
Boom 5
N/A
Boom 12
N/A
N/A
Boom 1
Boom 1
N/A

Outdoor measurements taken during the 2006 field test were considered
unusable for the proposed listening tests due to high levels of ambient noise. This
included contributions from nearby construction activity, squawking birds, and a
dominant rustling of leaves from the large tree in the backyard. Therefore, only
measurements taken during 2007 field test were considered.
A similar selection process was used, resulting with nine outdoor signatures; the
quietest at 73 PLdB and the loudest at 89 PLdB. Table 2.2 below summarizes the final
selection of outdoor signatures. These booms were captured by microphones
positioned at either 1.2 or 2 meters above the ground, as indicated in the table, located
on the tower array described earlier. There was no initial design intention on presenting
the same sonic event recorded in both environments, however, it may be noted that
indoor signature 6 and outdoor signature 15 are the same boom.
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Table 2.2: Summary of outdoor signatures used in simulator test.

Signature
number
10
11
12
13
14
15
16
17
18

Date

Time

7‐17‐2007
7‐13‐2007
7‐11‐2007
7‐13‐2007
7‐17‐2007
7‐12‐2007
7‐13‐2007
7‐11‐2007
7‐17‐2007

8:42:59 AM
10:19:58 AM
8:23:29 AM
9:41:06 AM
8:10:22 AM
8:39:59 AM
9:53:23 AM
8:37:38 AM
8:35:43 AM

Microphone height
(meters)
1.2
2
2
2
1.2
2
2
2
2

The total number of stimuli selected was a compromise between the variety of
signatures available and the time commitment of the test participant. It was desired to
maximize the number of unique signatures, include repetitions of the signatures, yet not
fatigue the subject. A verbal description of the signatures used in the simulator test and
their perceived loudness levels are provided below in Table 2.3.

25

Table 2.3: Description of signatures used in simulator test.

Signature number

Description

1
2
3
4
5
6
7
8

Indoor: double boom, quieter second boom
Indoor: audible rattle
Indoor: double boom
Indoor: audible rattle
Indoor: heavy double boom, not much rattle
Indoor: rattle on both booms
Indoor: audible, lingering rattle
Indoor: heavy thud double boom
Indoor: sharp, prominent window rattle,
double boom
Outdoor: low rumbling
Outdoor: double boom with low rumbling
Outdoor: clean double boom
Outdoor: double boom, bird chirp
Outdoor: sharp double boom
Outdoor: double boom, heavy low end
Outdoor: double boom with low rumbling
Outdoor: double boom
Outdoor: double boom

9
10
11
12
13
14
15
16
17
18

Loudness level
(PLdB)
61
63
65
67
69
71
73
75
77
73
75
77
79
81
83
85
87
89

Summary

In this chapter, the two NASA field tests conducted during the summers of 2006
and 2007 were described. The selection of signatures from these field tests for use in
the subjective test conducted in the Gulfstream simulator, as well as descriptions of the
signatures was provided. In the next chapter, the test will be discussed in detail,
including the subjective test methods and design considerations.
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CHAPTER 3

SIMULATOR TEST

In the spring of 2009, a subjective test was conducted using the Gulfstream
Aerospace Corporation’s Supersonic Acoustic Signature Simulator (SASS II), shown
below in Figure 3.1.

Figure 3.1: Gulfstream Aerospace Corporation’s portable simulator, the Supersonic Acoustic
Signature Simulator II (SASS II).

The simulator is a 32 foot‐long trailer converted into a mobile acoustic testing
facility. One end of the trailer contains the operating equipment, including computer
and monitoring equipment, speaker amplifiers, and a workspace for the researcher. A
high‐fidelity speaker system bisects the trailer, creating a listening area for subjects at
the other end, as shown below in Figure 3.2. The simulator was parked in the inactive
loading dock next to the Applied Science Building on the Pennsylvania State University
campus.
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Workspace
area

Listening
area

Figure 3.2: Workspace and listening area of the Gulfstream Aerospace Corporation’s Supersonic
Acoustic Signature Simulator II (SASS II).

The listening area is treated with absorptive materials to minimize acoustic
reflections, and an acoustically transparent screen hides the speakers from view. A
chair was provided for use by test participants, as seen in Figure 3.3 below, nominally
located 5’ 6” from the screen. A wireless camera was placed in the listening area to
allow the researcher to visually monitor the subjects during testing. Walkie‐talkies were
provided for communication between subject and researcher. For further details of the
SASS II, please read the paper Portable Sonic Boom Simulation written by Joe Salamone
of Gulfstream Aerospace Corporation (38).
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Figure 3.3: Listening area of the simulator.

To ensure the safety of participants, an audio limiter was implemented
throughout the testing. The function of the limiter was to cut off any signal to the
speakers if the sound levels in the listening area exceeded 94 dBA (re: 20 µPa). A Brüel
and Kjær Type 4193 Low‐frequency Pressure‐field ½” microphone, powered by Brüel
and Kjær Nexus Type 2690 Low Noise Version conditioning amplifier, was placed near
the head of the subject to measure the sound levels. The audio limiter, as well as signal
reproduction, was controlled by proprietary programming in Matlab written by Joe
Salamone of Gulfstream Aerospace Corporation. A schematic diagram of the system is
shown below in Figure 3.4.
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Figure 3.4: Diagram of simulator equipment.

Subjective test methods

Two subjective scaling methods commonly used to quantify sensory perception,
magnitude estimation and categorical line scaling, were chosen for the annoyance rating
of the acoustic stimuli. They will be described in this section, as well as considerations
that were made in the test design.
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Magnitude estimation
Magnitude estimation is a subjective test method in which one assigns a
numerical rating to an attribute of choice. Commonly, there is a reference with an
assigned value to which the test stimuli is compared. This method uses ratio scaling
which allows the use of common quantitative statistical analysis methods based on the
assumption of normal distribution (37). One advantage of this method is its behavior as
a linear power function when the data is transformed logarithmically (39). Additionally,
in principle, magnitude estimation has an infinite resolution, though this is limited by
practicality. According to Fastl, the within‐subject and between‐subject variation
“usually come out within 10 percent” with this method (5). However, he offers a word
of caution, stating the “effects of the frame of reference as well as influences of the
choice of the anchor [i.e. reference] sound(s) have to be taken into account.” (5).
Unfortunately, no guidelines are provided.
Magnitude estimation was shown to be successful with sonic boom stimuli in a
subjective test conducted by researchers at NASA LaRC in 1992 (see NASA‐TM‐107657
Application of Magnitude Estimation Scaling to the Assessment of Subjective Loudness
Response to Simulated Sonic Booms (39) for details of this test). The method was
deemed so successful that in the concluding remarks, the authors stated that
Based upon the results of this study it is recommended that, whenever possible,
future laboratory study of sonic boom loudness effects should use magnitude
estimation scaling. Its demonstrated validity, precision, and ratio properties are
considered worth the additional complexity involved in setting up and
conducting sonic boom subjective response tests (39).
Although the researchers who conducted this specific test assessed loudness, it was
later demonstrated that magnitude estimation was proficient for quantifying annoyance
to sonic booms as well (23).
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Reference sounds
In this study, two different reference sounds were utilized to provide two
variations of the magnitude estimation method. One reference sound, a band‐limited
white‐noise burst, was chosen because of its use in a previous subjective test assessing
annoyance to low‐amplitude sonic booms conducted by researchers at NASA LaRC in
their 2006 field test. This burst contained frequencies between 200 Hz and 1500 Hz and
lasted 450 ms. The amplitude grew from zero to a maximum value for the first 150 ms,
was held constant for the next 150 ms, then decayed back to zero for the final 150 ms.
This sound was also employed in previous studies assessing annoyance to conventional
sonic booms by Schomer et al. (22). The noise burst reference sound was presented at
a level of 66 dB SEL(A), chosen based on its use in previous tests conducted by Schomer.
It was desired to include a reference sound similar in character to the test
stimuli, so an outdoor recording of a low‐amplitude sonic boom was used in the second
variation of the test. The signature selected as the reference was also one of the
stimuli, specifically signature 11. This boom had a loudness level of 75 PLdB, which
allowed for an overlap of loudness levels between the reference and the stimuli for both
the indoor and outdoor signatures.

Categorical line scaling
The other test method used was a hybrid of category scaling and line scaling
methods, referred to as categorical line scaling. Traditionally, a category scale divides
the sensory continuum into equal segments, with each assigned a name or number (37).
Line scaling typically involves a section of a continuous spectrum in which the end points
are anchored with a descriptor and a subject makes a mark somewhere along the line to
indicate a numerical rating. In the hybrid scale, the equidistant intervals of the
categories are displayed along the line, and subjects are allowed to indicate their
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judgment anywhere along the spectrum. The line scale used in this research started at
“not at all annoying” and ended at “extremely annoying,” as can be seen below in Figure
3.5.

Figure 3.5: Example of categorical line scale, with a hypothetical data response.

There are reasonable arguments for utilizing either method. Although
magnitude estimation was strongly endorsed by NASA researchers, the author of this
dissertation believes categorical line scaling to be more intuitive for the test participants
and thus require less training. It also omits the need for a reference sound, therefore
allowing for a larger stimuli set to be presented in the same amount of time. Further,
researchers evaluating results from several taste studies which included magnitude
estimation, a 9‐point category scale, a line scale, and hybrid of the category and line
scales concluded that “magnitude estimation remained slightly inferior to the other
methods especially in the hands of an untrained consumer sample.” (40).

Design Considerations

Several steps were taken to minimize known biases when designing the
subjective test. For example, during training, subjects were presented with both types
of signatures that represented the full range of PL values to minimize what is known as
end‐point effect. This occurs when subjects are reluctant to use the end points of the
scale and is most pronounced when the stimulus set is unknown to the subjects. This
typically causes subjects to ‘save’ the extreme ratings for unknown stimuli that might be
presented later in the experiment. This leads to a central clustering of ratings in the
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middle of the scale, which reduces the scale range and minimizes the resolution (37).
Additionally, training of the subjects also addressed a “bias caused by (un)familiarity
with units of magnitude” which occurs when subjects are asked to quantify a perception
using uncommon units. As an example, Bech states that “the degree of annoyance
caused by a noisy aircraft…is likely to be unfamiliar to most people.” (37).
To minimize order effects, each subject heard a unique randomized presentation
of stimuli. This also aimed to minimize sequential contraction bias which occurs when
“the preceding stimuli will have an influence on the assessment of the succeeding
stimuli.” (37). The data sheets used by the subjects for categorical line scaling (and also
magnitude estimation in the second test) were designed to minimize this bias as well:
test participants were given a booklet of sheets so that only one judgment of stimuli
was on each page and subjects were not visually aware or reminded of their previous
judgments. To provide ease in page turning for the subjects, each page of the booklet
was shorter than its predecessor.
Another common bias known as context effect refers to “the problem that the
impression of one stimulus could (will) be influenced by a range of non‐experimental
factors such as the absolute range spanned by the whole stimulus set” (37). To
minimize this, indoor signatures were presented and judged separately from the
outdoor signatures. This also aimed to help minimize contraction bias which “is caused
by the subject’s tendency to be conservative so that large differences are
underestimated and small differences are overestimated” resulting in a difference
between the response range and the stimuli range (37).
Additionally, efforts were made to enroll test participants of various ages from
the local community (over 18 years, in accordance with IRB requirements) to minimize
influences from age. Also, participants were screened to minimize uncertain variability
introduced by those with hearing disabilities.
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Test details

Each subject heard all test signatures and used all test methods. The entire
listening test was pre‐programmed in Matlab. Each subject was assigned a ‘test method
sequence’ as defined in Table 3.1 shown below, balanced for carryover effects among
test methods. This determined the order in which the subject would use each test
method. Secondly, the subjects were assigned a ‘signature type order’ which
determined which group of signatures (indoor or outdoor) they would judge first.
Within this assignment, each subject received a unique randomization of stimuli. Each
stimulus in the group was presented once before being repeated for a total of three
presentations. As recommended by NASA researchers, the reference sound was
presented as every fourth stimulus while using the magnitude estimation method (39).
Voice cues were intermittently played to help the subjects stay on track. The subjects
were told to skip ahead if they missed a signature to align their numbered data sheets
with the stimuli. Each stimulus was followed by 6.5 seconds of silence to allow time for
the subject to rate their annoyance. Each run took approximately 5 minutes to
complete.
Table 3.1: Definition of test method sequence for simulator test.

Sequence
1
2
3
4
5
6

Test method presentation order
Categorical line Magnitude estimation, Magnitude estimation,
scaling
boom reference
burst reference
1
2
3
2
3
1
3
1
2
3
2
1
1
3
2
2
1
3

Table 3.2 below displays the sequence assigned to each subject, and the order in
which they judged the signature type (indoor or outdoor signatures). It should be noted
that indoor signatures were always rated first with sequences 1, 3, and 5, and outdoor
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signatures rated first with sequences 2, 4, and 6 (i.e. not balanced). When rating the
indoor signatures, subjects were instructed to imagine they were in their home,
engaged in a quiet, relaxing task such as reading a book or magazine, and to rate their
annoyance accordingly. When rating the outdoor signatures, subjects were instructed
to imagine they were relaxing outside their home, perhaps on a patio or in a backyard.
Table 3.2: Subject sequence and signature type assignment for simulator test.

Subject
number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

Sequence
number
1
2
3
4
5
6
1
2
3
4
5
6
1
2
3
4
5
6

Signature type presentation order
Indoor
Outdoor
1
2
2
1
1
2
2
1
1
2
2
1
1
2
2
1
1
2
2
1
1
2
2
1
1
2
2
1
1
2
2
1
1
2
2
1

Table 3.3 below shows and explains the test parameters that determined the
test matrix.
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Table 3.3: Description of design factors for simulator test.

Name
Order
Sequence
Subject
Signature type

Levels
1, 2
1, 2, … 6
1, 2, … 18
1, 2

Signature

1, 2, …, 18

Replicate

1, 2, 3

Test method

1, 2, 3

Description
Judged indoor or outdoor signatures first
Order in which subject utilized test method
Test participant
Indoor or outdoor boom recording
Acoustic stimuli: unique low‐amplitude sonic
boom recording
Number of times each stimuli was heard
Categorical line scaling or magnitude
estimation with either boom or burst
reference sound

Stimuli preprocessing
An equalization filter was applied to all signals to maximize a flat frequency and
amplitude response at the listener’s position. For details of this equalization filter,
please refer to Joe Salamone’s paper, mentioned earlier in this chapter (38). The
playback system was designed for signals with a 24 kHz sampling frequency, which
required a resampling of a number of recordings. The amplitude of each signal ramped
to and from zero to minimize “popping” during speaker playback.

Procedure

Subjects were given an informed consent form (located in Appendix A) to read,
sign, and return to the researcher. An additional copy was provided to the participants
in accordance with Institutional Review Board (IRB) requirements. Each participant then
underwent a pure tone audiometric test to screen for hearing loss. The test was
conducted using a Maico MA39 portable audiometer (serial number 85185), last
calibrated on August 13, 2008. Subjects were tested at the following frequencies: 250
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Hz, 500 Hz, 1000 Hz, 2000 Hz, 4000 Hz, and 8000 Hz. If the subjects displayed no more
than 20 dBHL (re: ANSI‐1969) hearing loss, they were provided a pre‐test questionnaire
to complete (see Appendix B). The aim of the questionnaire was to gain information
about the subjects that could potentially influence their judgments of annoyance. This
included acoustic and non‐acoustic factors such as noise sensitivities, typical noise
exposures, opinions about air transportation, health concerns, etc. Most of the
questions posed were those included in previous studies of noise in communities
around airports (16).
After completion of the questionnaire, the subject was briefed on the overall
test procedure and provided instructions and training for the different test methods.
Specific test instructions given to the subjects for each method are included in
Appendices C and D. Reading and signing of the consent form, audiometric testing, and
completion of the questionnaires and training took approximately 30 minutes.
After training was complete and subjects felt comfortable with the test methods,
they were provided with a data sheet on which they recorded their responses and a pen
for use throughout the test. They were then asked to listen to the stimuli and rate their
level of annoyance for each sound in accordance with the assigned test method.
The subjects were offered short breaks between each run. After completion of
the final test method, the subjects were provided with a post‐test questionnaire, asking
questions about their experience and opinions of the test (see Appendix E). The
questionnaires were designed to help in the analysis of the results as well as planning of
future tests. The subjects were paid $20 for their participation.

Summary

In this chapter, the experimental design and test procedure for the subjective
test conducted in the Gulfstream simulator was discussed. In the next chapter, the
results of the pre‐test questionnaire will be displayed.
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CHAPTER 4

SURVEY RESPONSES FOR SIMULATOR TEST PARTICIPANTS
This chapter will present the subject data obtained through the pre‐test
questionnaires. This includes information regarding the typical noise environments of
the subjects, their sensitivities to noise, typical reactions to noise, attitudes towards air
travel, and among other things, their ability to cope with noise exposure. The exact
questions posed to the subjects are provided, as well as the distribution of their
responses.

Pretest questionnaire responses

A total of eighteen subjects were enrolled, half of which were male. Figure 4.1 below
shows the total range of ages. The average age was 31, the median age was 27.

Figure 4.1: Dotplot of simulator test participants’ age and sex.
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Q1: On a typical day, how often do you find your environment to be too noisy?
Response
Total
category subjects
Constantly
Frequently

0
3

Occasionally

8

Rarely

7

Never

0

Subject
numbers
‐
1,5,16
3,7,8,9,10,
13,14,15
2,4,6,11
12,17,18
‐

Figure 4.2: Noisiness of subjects’ environment.

Q2: How loud would you describe the noise environment in your home?

Response
Total
category subjects
Not at all
Slightly
Moderately
Very
Extremely

Figure 4.3: Subjects’ home noise level.

7
6
4
1
0

Subject
numbers
3,4,8,9,10,15,16
2,5,6,11,12,13
1,14,17,18
7
‐
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Q3: How loud would you describe the environment where you spend most of your time?

Response
Total
category subjects
Not at all
Slightly
Moderately
Very
Extremely

5
8
5
0
0

Subject
numbers
10,11,12,15,18
1,3,4,6,8,9,13,16
2,5,7,14,17
‐
‐

Figure 4.4: Loudness of subjects’ typical noise environment.

Q4: Which best describes your sensitivity to noise?

Response
Total
category subjects
Not at all
Slightly
Moderately
Very
Extremely

Figure 4.5: Subjects’ noise sensitivity.

2
8
3
5
0

Subject
numbers
1,3
2,6,7,8,12,13,14,18
4,9,15
5,10,11,16,17
‐
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Q5: How would you describe your general attitude towards airports and air travel?
(Check all that apply)
Table 4.1: Subjects’ attitude towards airports and air travel.

Response
Total
category subjects
Dislike
Like
Value
Do not value
Tolerate
Do not
tolerate
Understand
the need
Do not
understand
the need

Subject numbers

4
7
10
0
11

5,6,15,18
1,3,7,8,9,10,17
1,2,6,7,8,9,10,12,16,17
‐
1,3,4,7,8,9,10,12,15,16,17

1

6

14

1,4,6,7,8,9,10,11,12,13,14,15,16,17

0

‐

Q6: How often do you travel by aircraft?

Response
Total
category subjects
Never
Several
times a year
Monthly
Weekly
Daily

Figure 4.6: Subjects’ frequency of air travel.

5
13
0
0
0

Subject
numbers
2,3,5,7,14
1,4,6,8,9,10,11,12,
13,15,16,17,18,
‐
‐
‐
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Q7: How would you rate your sensitivity towards aviation noise?

Response
Total
category subjects
Not at all

3

Slightly

10

Moderately
Very
Extremely

5
0
0

Subject
numbers
1,2,3
5,7,9,11,12,13,
14,15,17,18
4,6,8,10,16
‐
‐

Figure 4.7: Subjects’ sensitivity to aviation noise.

Q8(i): I believe that people have a hard time getting used to noise
Response
Total
category subjects
Strongly
agree
Moderately
agree
Agree
Neither
agree nor
disagree
Disagree
Moderately
disagree
Strongly
disagree

Figure 4.8: Subjects’ belief towards adaption to noise.

Subject
numbers

0

‐

3

8,13,15

7

4,5,7,9,16,17,18

2

1,14

5

2,3,6,11,12

1

10

0

‐
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Q8(ii): I believe that with time most people adapt to noise
Response
Total
category subjects
Strongly
agree
Moderately
agree
Agree
Neither
agree nor
disagree
Disagree
Moderately
disagree
Strongly
disagree

Subject
numbers

2

11,17

3

2,8,10

8

3,4,7,12,13,
14,15,16

2

1,18

2

5,9

1

6

0

‐

Figure 4.9: Subjects’ belief towards adaption to noise with time.

Q8(iii): I believe that with time I can adapt to noise
Response
Total
category subjects
Strongly
agree
Moderately
agree
Agree
Neither
agree nor
disagree
Disagree
Moderately
disagree
Strongly
disagree

Subject
numbers

2

13,17

0

‐

12

1,2,3,4,7,8,11,
12,14,15,16,18

0

‐

3

5,9,10

0

‐

1

6

Figure 4.10: Subjects’ belief towards self‐adaption to noise with time.
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Q8(iv): I believe that with time I can get used to even the loudest noise
Response
Total
category subjects
Strongly
agree
Moderately
agree
Agree
Neither
agree nor
disagree
Disagree
Moderately
disagree
Strongly
disagree

Subject
numbers

0

‐

1

3

3

1,12,16

5

7,8,13,15,18

5

4,9,11,14,17

1

2

3

5,6,10

Figure 4.11: Subjects’ belief towards self‐adaption to loud noise with time.

Q9(i): Noise startles me or makes me jump

Response
Total
category subjects
Constantly
Frequently

0
0

Occasionally

9

Rarely

8

Never

1

Figure 4.12: Subjects’ startle response.

Subject
numbers
‐
‐
2,4,7,8,12,
13,14,15,16
1,3,5,9,10,
11,17,18
6
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Q9(ii): Noise frightens me

Subject
numbers

Response
Total
category subjects
Constantly
Frequently
Occasionally
Rarely
Never

0
0
5
9
4

‐
‐
4,7,11,12,13
1,5,8,9,14,15,16,17,18
2,3,6,10

Figure 4.13: Subjects’ fear response to noise.

Q9(iii): Noise causes me to feel irritable or edgy

Response
Total
category subjects
Constantly
Frequently

1
3

Occasionally

8

Rarely
Never

5
1

Figure 4.14: Subjects’ irritability response to noise.

Subject
numbers
5
12,15,16
4,6,7,9,10,
11,14,17
1,2,8,13,18
3
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Q9(iv): Noise causes me to become tense or nervous

Response
Total
category subjects
Constantly
Frequently
Occasionally
Rarely
Never

0
3
7
6
2

Subject
numbers
‐
5,15,16
4,6,7,9,10,11,13
1,2,8,12,14,17
3,18

Figure 4.15: Subjects’ nervous response to noise.

Q10: How would you describe your annoyance level due to air traffic in the past 12
months?
Response
Total
category subjects
Not at all

12

Slightly
Moderately
Very
Extremely

4
1
1
0

Figure 4.16: Subjects’ annoyance to air travel for past 12 months.

Subject
numbers
1,2,3,5,7,8,9,
10,12,14,17,18
4,11,15,16
13
6
‐

47

Q11: How would you describe your annoyance level due to noisy disturbances in the
past 12 months?

Response
Total
category subjects
Not at all
Slightly
Moderately
Very
Extremely

5
8
4
1
0

Subject
numbers
1,3,7,9,13
2,6,8,11,14,15,16,18
4,5,10,17
12
‐

Figure 4.17: Subjects’ annoyance to noise for past 12 months.

Q12: How often are you disturbed by aircraft noise during the day?

Response
Total
category subjects
Constantly
Frequently
Occasionally
Rarely
Never

1
0
2
6
9

Figure 4.18: Subjects’ daily disturbance from aircraft.

Subject
numbers
6
‐
4,15
5,7,8,10,13,17
1,2,3,9,11,12,14,16,18
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Q13: How often are you disturbed by aircraft noise in your sleep?

Response
Total
category subjects
Constantly
Frequently
Occasionally
Rarely

0
1
0
4

Never

13

Subject
numbers
‐
6
‐
4,7,15,16
1,2,3,5,8,9,10,11,
12,13,14,17,18

Figure 4.19: Subjects’ sleep disturbance from aircraft.

Q14: How often are you disturbed by aircraft noise during conversations?
Response
Total
category subjects
Constantly
Frequently
Occasionally
Rarely
Never

0
0
2
8
8

Subject
numbers
‐
‐
4,6
5,7,8,12,14,15,16,17
1,2,3,9,10,11,13,18

Figure 4.20: Subjects’ disruption of conversation due to aircraft.
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Q15: How often are you disturbed by aircraft noise during activities that require
concentration?

Response
Total
category subjects
Constantly
Frequently
Occasionally
Rarely
Never

0
0
2
8
8

Subject
numbers
‐
‐
4,6
5,7,8,10,13,14,16,17
1,2,3,9,11,12,15,18

Figure 4.21: Subjects’ disruption of activity due to aircraft.

Q16(i): I am good at concentrating no matter what is going on around me
Response
Total
category subjects
Strongly
agree
Moderately
agree
Agree
Neither
agree nor
disagree
Disagree
Moderately
disagree
Strongly
disagree

Figure 4.22: Subjects’ ability to concentrate.

Subject
numbers

1

6

1

8

6

3,7,10,12,13,14

3

1,15,17

5

2,4,9,11,16

2

5,18

0

‐
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Q16(ii): I am easily awakened by noise
Response
Total
category subjects
Strongly
agree
Moderately
agree
Agree
Neither
agree nor
disagree
Disagree
Moderately
disagree
Strongly
disagree

Subject
numbers

1

17

0

‐

5

2,4,5,7,8

5

1,11,13,15,16

4

3,10,12,14

3

6,9,18

0

‐

Figure 4.23: Subjects’ sleep disruption due to noise.

Q16(iii): I get angry with people making noise
Response
Total
category subjects
Strongly
agree
Moderately
agree
Agree
Neither
agree nor
disagree
Disagree
Moderately
disagree
Strongly
disagree

Figure 4.24: Subjects’ anger with noise‐makers.

Subject
numbers

2

6,11

2

8,12

6

5,9,10,13,15,16

4

1,7,14,17

3

2,3,4

0

‐

1

18
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Q16(iv): I find it hard to relax in a place that is noisy
Response
Total
category subjects
Strongly
agree
Moderately
agree
Agree
Neither
agree nor
disagree
Disagree
Moderately
disagree
Strongly
disagree

Subject
numbers

1

5

1

11

8

1,4,9,10,12,13,15,16

4

7,14,17,18

3

2,3,8

1

6

0

‐

Figure 4.25: Subjects’ ability to relax in presence of noise.

Q16(v): I fear that an aircraft will crash in my neighborhood
Response
Total
category subjects
Strongly
agree
Moderately
agree
Agree
Neither
agree nor
disagree
Disagree
Moderately
disagree
Strongly
disagree

Figure 4.26: Subjects’ fear of plane crash.

Subject
numbers

0

‐

0

‐

0

‐

1

1

5

3,4,8,10,13

1

7

11

2,5,6,9,11,12,
14,15,16,17,18
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Q16(vi): I am frightened when aircrafts fly overhead
Response
Total
category subjects
Strongly
agree
Moderately
agree
Agree
Neither
agree nor
disagree
Disagree
Moderately
disagree
Strongly
disagree

Subject
numbers

0

‐

0

‐

1

13

0

‐

5

1,3,4,8,10

3

7,15,16

9

2,5,6,9,11,
12,14,17,18

Figure 4.27: Subjects’ fear of overflying aircraft.

Q17: How satisfied are you with the government's policy on noise?
Response
Total
category subjects
Not at all
Slightly
Moderately
Very
Extremely

2
1
9
3
1

Subject
numbers
6,15
13
2,4,5,7,8,10,11,12,14
1,9,18
3

Figure 4.28: Subjects’ satisfaction with government policy on noise.
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Q18(i): I am concerned that noise leads to negative health effects
Response
Total
category subjects
Strongly
agree
Moderately
agree
Agree
Neither
agree nor
disagree
Disagree
Moderately
disagree
Strongly
disagree

Subject
numbers

3

5,15,16

2

3,6

7

2,4,7,11,12,13,17

4

1,9,14,18

1

10

1

8

0

‐

Figure 4.29: Subjects’ concern for health effects.

Q18(ii): I am concerned that noise leads to sleep loss
Response
Total
category subjects
Strongly
agree
Moderately
agree
Agree
Neither
agree nor
disagree
Disagree
Moderately
disagree
Strongly
disagree

Subject
numbers

1

16

3

5,6,8

7

2,3,4,7,11,13,15

4

1,9,10,14

0

‐

3

12,17,18

0

‐

Figure 4.30: Subjects’ concern for noise‐induced sleep loss.
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Q18(iii): I am concerned that noise leads to more stress
Response
Total
category subjects
Strongly
agree
Moderately
agree
Agree
Neither
agree nor
disagree
Disagree
Moderately
disagree
Strongly
disagree

Subject
numbers

4

5,11,15,16

2

6,8

7

4,7,9,10,12,13,17

4

1,2,14,18

1

3

0

‐

0

‐

Figure 4.31: Subjects’ concern for stress.

Q18(iv): I feel I am in direct control of my general noise exposure
Response
Total
category subjects
Strongly
agree
Moderately
agree
Agree
Neither
agree nor
disagree
Disagree
Moderately
disagree
Strongly
disagree

Figure 4.32: Subjects’ control of noise exposure.

Subject
numbers

0

‐

1

13

10

1,2,3,4,6,9,
10,12,14,15

1

11

3

5,16,17

2

7,8

1

18
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Q18(v): I feel powerless when I am in a noisy situation
Response
Total
category subjects
Strongly
agree
Moderately
agree
Agree
Neither
agree nor
disagree
Disagree
Moderately
disagree
Strongly
disagree

Subject
numbers

0

‐

1

13

2

4,17

6

1,6,8,11,12,16

7

2,3,7,9,10,14,15

1

5

1

18

Figure 4.33: Subjects’ power in presence of noise.

Q18(vi): I feel have great capacity to deal with aircraft noise
Response
Total
category subjects
Strongly
agree
Moderately
agree
Agree
Neither
agree nor
disagree
Disagree
Moderately
disagree
Strongly
disagree

Figure 4.34: Subjects’ ability to cope.

Subject
numbers

1

14

3

2,6,17

6

3,4,10,11,12,13

7

1,5,7,8,9,16,18

0

‐

1

15

0

‐
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Summary

This chapter provided the survey responses for the simulator test participants.
The following chapter will present the statistical analysis of the annoyance judgments
and a discussion of the significant results.
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CHAPTER 5

SIMULATOR TEST DATA ANALYSIS
All pen‐and‐paper judgments were digitized for analysis. The responses
obtained using the categorical line scaling method were converted to a numerical value
by measuring the distance from the left end of the scale (corresponding to ‘Not at all
annoying’) to the mid‐width of the subjects’ mark with a Starrett No. 120A caliper with
.001” (0.0254 mm) precision. The data obtained from each method was entered into
Minitab® 15.1.30.0. statistical software for separate analysis.
In a study using magnitude estimation to judge loudness of tones, researchers
found a systematic over‐estimate of loudness in the first judgment of repeated stimuli.
They removed the first response, and averaged the remaining two (41). This consistent
“over estimate” was not evident in the data collected by the author, and so this practice
was not used.
In contrast to previous studies of human response which employed regression
analysis, a typical unrestricted, repeated‐measures analysis of variance (ANOVA) was
conducted for each test method. Additionally, the influence of each subject was
modeled by including each unique annoyance judgment and not averaging all responses
for each signature, which has been customary. The significance level was set at 95% (α
= 0.05). As mentioned in the prior section describing the test methods, the data
obtained using the magnitude estimation method required a logarithmic transformation
prior to the analysis (a logarithm of base 10 was used).

Statistical model and assumptions

After performing an analysis of variance for all experimental design factors, a
number of terms were not shown to be statistically significant and therefore removed
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from the model. Table 5.1 below provides a description of the terms included in the
final reduced model.
Table 5.1: Description of main factors in statistical model for simulator test.

Factor name

Assumption

Index

Signature

Fixed effect

i = 1, 2, … 18

Signature type

Fixed effect
Random
effect

j = 1, 2

Meaning
Acoustic stimuli: unique low‐
amplitude sonic boom recording
Indoor or outdoor signature

k = 1, 2, … 18

Test participant

Subject
Replicate

Fixed effect

r = 1, 2, 3

Error

e ~ N(σ2)

‐

Number of times each
stimuli was heard
Experimental error, i.e. variation
not attributed to test factors

In this analysis, a normal distribution of the residuals is assumed. Though
responses from different subjects are assumed independent, a correlation between
responses from same subject is assumed. Judgments of the replicated signatures are
also assumed to be correlated. By assuming subject is a random effect, it is inferred that
the test participants can represent a random sampling out of the entire population. The
remaining factors are assumed to be fixed effects, and so the results apply only to the
levels designated in the test design. For more information on the standard assumptions
for a repeated‐measures statistical analysis, the reader is encouraged to consult a
statistical reference text (42).

Discussion of statistical significance

The reader is unlikely to be familiar with statistics terminology, and so a brief
explanation of statistically significance is probably beneficial. When a factor is shown to
be statistically significant, one can conclude that the effects are non‐random. The
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confidence in this conclusion is determined by the significance level, α, established by
the researcher (α is traditionally set at 0.01 or 0.05).
It is common practice for researchers to report a p‐value for a test result. A p‐
value is the probability of a test statistic to exceed the conditions of a null hypothesis. In
this case, the null hypothesis is the belief that a test variable has no effect. The aim of
the researcher is to reject the null hypothesis with a reasonable amount of confidence.
With statistics, we cannot prove a theory to be true, but we can say how sure we are
that the opposite is likely to be false. This is done by computing a test F statistic, and
determining the probability of it exceeding the critical value F statistic (F0). The test F
statistic is the ratio of the variation due to the test variable compared to the
unaccounted‐for variation. The larger the test F statistic, the more the variation found
in the data can be attributed to the experimental variable rather than experimental
error. The critical value F statistic (F0) is determined by the significance level of the
analysis, the distribution of the data, and the degrees of freedom of both the test
variable and the experimental error. The degrees of freedom are designated by the
number of levels in the test factors. The p‐value indicates what the chances are that the
test F statistic exceeds the critical value, F0 (42).
So in short, when a test factor has a p‐value of α or less, one can say with
100*(1‐α)% confidence that the effect is statistically significant. In this analysis, a p‐
value of 0.05 or less indicates a statistically significant result. However, if the p‐value is
near 0.05, one cannot confidently reject or accept the null hypothesis, meaning we
cannot rule out the possibility that results found occurred purely by chance. Therefore,
further investigation is necessary, and perhaps more data (i.e. a larger sample size) is
needed. Because of this, factors with p‐values near 0.05 are included in the following
sections for the sake of being cautious and thorough.
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ANOVA results

There were a number of statistically significant factors and interactions that
were common to the analyses of the three test methods. A statistically significant
interaction indicates that the factors (variables) do not vary independently. As one
might guess, a two‐way interaction involves two factors and three‐way interaction
involves three test factors. Although it is unlikely that most of the interactions are of
grave consequence, they hold some interest and are included for completeness. Table
5.2 below summarizes the results from the analyses.
Table 5.2: P‐values of statistically significant terms common to analyses of all three methods for
simulator test.

Main effects
Signature
Subject
Twoway interactions
Subject x Signature Type
Subject x Signature
Subject x Replicate

Categorical
line scaling

Magnitude
estimation,
boom reference

Magnitude
estimation, burst
reference

0.000
0.001

0.000
0.014

0.000
0.000

0.000
0.000
0.000

0.000
0.000
0.003

0.000
0.000
0.000

The reader should keep in mind that although a result may be statistically
significant, it may have little ‘real world’ relevance. Each significant term and
interaction will be examined and discussed for each test method in the following
sections.
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Effects common to all three test methods

Signature
The significance of this effect is reassuring, as any other result would indicate
that annoyance levels were independent of the acoustic stimuli.

Categorical line scaling
Figure 5.1 below shows the mean annoyance rating of each signature obtained
by the categorical line scaling method. The categories on the right of the plot refer to
those on the data sheet used by the participants (note ‘Extremely annoying’ is not
shown).

Mean annoyance ratings by signature
Simulator test, Categorical line scaling

4.5

Very
annoying

Annoyance rating

4
3.5

Moderately
annoying

3
2.5
2

Slightly
annoying

1.5
1
0.5
0

1

2

3

4

5

6

7

Indoor signatures

8

9 10 11 12 13 14 15 16 17 18

Not at all
annoying

Outdoor signatures

Signature number
Figure 5.1: Mean annoyance ratings for signatures obtained with categorical line scaling in
simulator test.
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In this test, the two types of signatures were presented separately due to the
large dynamic range in loudness of the stimuli. However, the total range in annoyance
responses of the two signature types is very similar. It is possible that the subjects were
simply maximizing the range of the rating scale for each group of signatures. As noted
before, signatures 6 and 15 were recordings of the same sonic boom, measured indoors
and outdoors, respectively. It can be seen above in Figure 5.1 that the outdoor
signature was considered only slightly more annoying that the indoor signature.
Figure 5.2 below shows the mean annoyance ratings for the signatures in
increasing order of loudness levels. As can be seen, within the signature type group,
annoyance generally increases with increased loudness. Because the signatures’
perceived loudness values are equally spaced apart, a quantitative statistical analysis
may be performed to quantify the linear, quadratic, cubic, etc. components of this
relationship. It can also be seen in the figure that for equivalent loudness levels, the
indoor signatures were considered much more annoying.
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Mean annoyance rating and signature
loudness level
4.5

Simulator test, Categorical line scaling

Very
annoying

4

Annoyance rating

3.5

Moderately
annoying

3

2.5
2

Slightly
annoying

1.5
1

0.5

Not at all
annoying

0

61 63 65 67 69 71 73 75 77 79 81 83 85 87 89

Loudness level (PLdB)
Indoor signatures

Outdoor signatures

Figure 5.2: Mean annoyance ratings for signatures, ordered by increasing loudness levels,
obtained with categorical line scaling.

Magnitude estimation
Figure 5.3 below shows the mean annoyance rating of each signature obtained
by the magnitude estimation method, with the two different reference sounds.
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Geometric mean annoyance rating by
signature
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Figure 5.3: Mean annoyance ratings for signatures obtained by magnitude estimation with both
reference sounds in simulator test.

As can be seen, the use of different reference sounds resulted in different
annoyance responses, which was found to be statistical significant. Overall, subjects
rated the stimuli less annoying when the white‐noise burst was used as the reference
sound. There was an overall shift of annoyance levels for the signatures when using
different reference sounds, yet the overall annoyance ranking of the signatures
remained the same (with the exception of signatures 2 and 3). During testing, several
subjects mentioned that they found the noise burst itself to be quite annoying. This
would further support Fastl’s comment, mentioned earlier, of the importance of
choosing an appropriate reference sound (both of level and character), when using this
method.
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Subject
The significance of this result does not come as a surprise, as it indicates that
each subject introduces their own unique effect, possibly based on attitudes or past
experiences. This was after all, a subjective test, defined as “pertaining to or
characteristic of an individual; personal; or placing excessive emphasis on one's own
moods, attitudes, opinions” (43). These results may not be important, however when
examined together with the answers from the pre‐test questionnaire, perhaps some
progress can be made explaining why subjects responded the way they did. One
comment can be made regarding analyzing data of this nature: it is a legitimate practice
to average all the responses for each signature given by the subjects. However, by
doing this, one implies that each subject is like the others, and is motivated by the same
attitudes, has similar judging criteria, etc.

Categorical line scaling
Figure 5.4 below shows the mean annoyance ratings obtained with the
categorical line scaling method for each subject.
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Mean annoyance ratings by subject
Simulator test, Categorical line scaling
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Figure 5.4: Mean annoyance ratings for subjects obtained with categorical line scaling.

In the pre‐test questionnaire, subjects were asked to describe their overall
sensitivity to noise. When the subjects are grouped together by their sensitivities to
noise and their judgments averaged, it can be seen (below in Figure 5.5) that the self‐
assessed levels of noise sensitivities agree for the most part with the subjects’ mean
annoyance ratings. For example, the group of subjects who considered themselves
‘very sensitive’ had the highest mean annoyance rating compared to the others.
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Mean annoyance ratings by noise
sensitivities of subjects
Simulator test, Categorical line scaling
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Figure 5.5: Mean annoyance ratings for subjects, grouped by noise sensitivity levels, obtained
with categorical line scaling.

Magnitude estimation
Figure 5.6 below shows the mean annoyance ratings obtained with the
magnitude estimation methods for each subject. It can be seen that for a few of the
subjects, varying the reference sound made quite a difference in the annoyance ratings.
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Geometric mean annoyance ratings by
subject
Simulator test, Magnitude estimation
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Figure 5.6: Mean annoyance ratings for signatures obtained with magnitude estimation for
simulator test. Coloring of bars refers to which reference sound was used.

Subject and Signature Type
This significant interaction indicates that the subjects’ annoyance varied whether
the stimulus was an indoor recording of a low‐amplitude sonic boom or an outdoor
recording, and by different degrees.

Categorical line scaling
Figure 5.7 below shows the interaction of signature type and subject effects for
the categorical line scaling method. The unequal slopes in the lines indicate a
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statistically significant difference in the way subjects are annoyed by the different
signature types (indoor recordings versus outdoor recordings). Some subjects rated
indoor signatures overall more annoying, while others rated the outdoor signatures
more annoying, and by varying degrees. For example, subject 11 found the outdoor
signatures much more annoying than the indoors, while subject 7 was only slightly more
annoyed by the outdoor signatures.

Interaction Plot for Subject and Signature Type
Data Means
Simulator test: Categorical line scaling
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Figure 5.7: Signature type and subject interaction for categorical line scaling in the simulator
test. Type 1 refers to indoor signatures; type 2 refers to outdoor signatures.

An interesting note: when asked which type of signature was more annoying in
the post‐test questionnaire, 11 of the 18 subjects indicated that the indoor signatures
were overall more annoying. However, only 7 of the 18 subjects actually rated the
indoor signatures more annoying with this method (subjects 1, 5, 6, 8, 12, 14, and 16).
Figure 5.8 below displays the same data but in a different way. The green bars indicate
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each subject’s mean annoyance for the indoor signatures, and the blue bars indicate
their mean annoyance level for the outdoor signatures.

Mean annoyance ratings by subject and
signature type
Simulator test, Categorical line scaling
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Figure 5.8: Bar graph showing signature type and subject interaction using categorical line
scaling method in simulator test. Green bars indicate indoor signatures, blue bars indicate
outdoor signatures.

Magnitude estimation
Figure 5.9 below shows the interaction of signature type and subject effects for
the magnitude estimation method, with the boom reference sound. Again, the unequal
slopes indicate a difference in the way subjects are annoyed by the two different kinds
of signatures. Interestingly (or not), there is a clustering of judgments for the outdoor
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signatures when the boom reference was used that is not seen when the burst
reference was used (Figure 5.10).

Interaction Plot for Subject and Signature Type
Data Means
Simulator test, Magnitude estimation: boom reference
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Figure 5.9: Signature type and subject interaction for magnitude estimation method with boom
reference sound in simulator test. Signature type 1 is indoor; type 2 is outdoor.

With this method and reference sound, even fewer subjects actually rated the
indoor signatures more annoying and agreed with their post‐test statement (subjects 5,
12, and 14).

Figure 5.10 below shows the interaction of signature type and subject effects for
the magnitude estimation method, with burst reference sound.
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Interaction Plot for Subject and Signature Type
Data Geometric Means
Simulator test, Magnitude estimation: burst reference
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Figure 5.10: Signature type and subject interaction for magnitude estimation method with burst
reference sound in simulator test. Signature type 1 is indoor; type 2 is outdoor.

With this method and reference sound, only two subjects actually rated the indoor
signatures more annoying (subjects 10 and 14).

Subject and Signature
This result indicates that the subjects rated the signatures differently, which is
quite expected.

Categorical line scaling
Figure 5.11 below shows the subjects’ mean annoyance ratings for each
signature, using the categorical line scaling method. The plot shows the high degree of
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variation among the responses for each signature. For example, one can see that
signature 6 was rated “not at all annoying” by some subjects and “extremely annoying”
by others.

Scatterplot of Annoyance rating for Signature and Subject
Simulator test, Categorical line scaling
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Figure 5.11: Scatterplot of subjects’ annoyance rating for each signature using categorical line
scaling method in simulator test.

Magnitude estimation
Figure 5.12 below shows the subjects’ annoyance ratings for each signature,
using the magnitude estimation method, with the boom reference sound. Again, the
large spread in responses is apparent, though there appears to be more variation in
annoyance levels for the indoor signatures.
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Scatterplot of Annoyance Rating for Subject and Signature number
Simulator test, Magnitude estimation: boom reference
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Figure 5.12: Scatterplot of subjects’ annoyance rating for each signature using magnitude
estimation with boom reference in simulator test.

Figure 5.13 below shows the subjects’ annoyance rating for each signature, using
the magnitude estimation method with the white‐noise burst as the reference sound.
Once again, the large spread in responses is apparent.
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Scatterplot of Annoyance Rating for Subject and Signature number
Simulator test, Magnitude estimation: burst reference
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Figure 5.13: Scatterplot of subjects’ annoyance rating for each signature using magnitude
estimation with burst reference in simulator test.

Subject and Replicate
This result indicates that the increase (or decrease) in annoyance with repetition
of the stimuli varied greatly among the subjects.

Categorical line scaling
Figure 5.14 below shows the interaction between the subject and replicate, or
Rep, factors. As noted above, the amount of change in annoyance level with each
additional listen is unique to each subject. For example, subject 16’s annoyance
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dropped the second time he/she heard the signatures, and then increased with the third
listen, while subject 1’s annoyance lessened with each additional exposure.

Subject and Rep Interaction Plot
Simulator test, Categorical line scaling
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Figure 5.14: Subject and replicate(Rep) interaction for categorical line scaling in simulator test.

Magnitude estimation
Figure 5.15 below shows the interaction of subject and replicate factors for the
magnitude estimation method with the boom reference sound.
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Interaction Plot for Subject and Replicate
Data Geometric Means
Simulator test, Magnitude estimation: boom reference
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Figure 5.15: Subject and replicate interaction for magnitude estimation with boom reference in
simulator test.

Figure 5.16 below shows the interaction of subject and replicate factors for the
magnitude estimation method with the burst reference sound.
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Interaction Plot for Subject and Replicate
Data Geometric Means
Simulator test, Magnitude estimation: burst reference
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Figure 5.16: Subject and replicate interaction for magnitude estimation with burst reference in
simulator test.

Effects common to two methods

In this section, results common to two of the three analyses will be discussed.
Table 5.3 below shows the significant terms and their corresponding p‐values. To
remind the reader, a p‐value of 0.05 or less indicates a statistically significant result,
however there is not enough evidence to disprove the significance of terms with p‐
values near this cutoff.
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Table 5.3: P‐values of statistically significant terms common to two methods for simulator test.

Main effects
Signature Type
Replicate
Twoway Interactions
Replicate x Signature Type

Categorical
line scaling

Magnitude
estimation,
boom reference

Magnitude
estimation,
burst reference

‐
0.062

0.049
‐

0.001
0.029

0.000

‐

0.046

Signature Type
This term is statistically significant only when the magnitude estimation method
was used. This result indicates that the level of annoyance varied based on whether the
signature was an indoor recording or an outdoor boom recording.

Magnitude estimation
The annoyance levels for the two signature types are shown below in Figure
5.17. As can be seen, the outdoor signatures were considered more annoying than the
indoor signatures. This result is statistically significant when the white noise‐burst
reference sound was used. Although the result is only borderline significant when the
boom reference sound was used, the trend of higher annoyance levels from the outdoor
signatures remains.
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Geometric mean annoyance rating by
signature type
Simulator test, Magnitude estimation
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Figure 5.17: Annoyance rating by signature type for magnitude estimation with both reference
sounds for simulator test.

Replicate
This result indicates that the annoyance level changed with increased exposure.
This term is statistically significant for the magnitude estimation method with the burst
reference, and borderline significant for the categorical line scaling method.
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Categorical line scaling
Figure 5.18 below shows the mean annoyance rating for each replicate when
using the categorical line scaling method. As can be seen, there was an increase in
annoyance with each listen. As noted earlier, averaging all the responses for each
signature is an acceptable way to analyze this type of data. However, this information
which could possibly show how annoyance is affected by frequency of events would be
lost.

Mean annoyance rating for replicate
Simulator test, Categorical line scaling
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Figure 5.18: Annoyance rating for replicate for categorical line scaling in simulator test.
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Magnitude estimation with burst reference
Figure 5.19 below shows the geometric mean annoyance rating for each
replicate when magnitude estimation with the burst reference sound was used. The
similar trend of increased annoyance with each additional exposure can be seen.

Geometric mean annoyance rating by replicate
Simulator test, Magnitude estimation: burst reference
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Figure 5.19: Annoyance rating for replicate for magnitude estimation with burst reference in
simulator test.
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Twoway interaction common to two methods

Replicate and Signature Type
This result indicates that the overall increase (or decrease) in annoyance level
with increase exposure varied differently with indoor signatures than it did with outdoor
signatures. This interaction is statistically significant for the categorical line scaling
method and the magnitude estimation method with the burst reference sound.

Categorical line scaling
As shown below in Figure 5.20, there is an overall increase in annoyance with
each additional listen for the indoor signatures. With the outdoor signatures, there is an
overall decrease in annoyance after the first presentation, but then a slight increase
after the second. For the indoor signatures, the first presentation is the least annoying,
while for the outdoor signatures, it is the most annoying. Perhaps this indicates a
decreased sensitivity or coping with exposure for the outdoor signatures. Also, the
effect of replicate may only be significant for one of the signature types (perhaps
indoor), which could explain why the main effect was only borderline significant.
Further investigation into this area may shed some light on the effect of increased
exposure on annoyance levels for the different signature types.
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Interaction Plot for Signature Type and Replicate
Data Means
Simulator test, Categorical line scaling
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Figure 5.20: Signature type and replicate interaction for categorical line scaling in simulator test.

Magnitude estimation with burst reference
Figure 5.21 below shows the interaction between signature type and replicate
for the magnitude estimation method with the burst reference sound. While this result
is borderline statistically significant, it is apparent that the increase in annoyance with
exposure is more pronounced when listening to the indoor signatures.
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Interaction Plot for Signature Type and Replicate
Data Geometric Means
Simulator test, Magnitude estimation: burst reference
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Figure 5.21: Signature type and replicate interaction for magnitude estimation with burst
reference for the simulator test.

Summary

This chapter reported on the statistically significant terms for all portions of the
simulator test. An initial idea was that the results of this test would suggest a single test
method for use in the future subjective testing. Because of the interesting trends, it was
decided to implement all three test methods for a larger subjective test of a more
complex nature. This test continued to employ controlled acoustic stimuli, yet placed
subjects in a more realistic environment than that of the simulator. The next chapter
describes this test, which utilized a headphone playback system, intended for a larger
population of subjects.
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CHAPTER 6

HEADPHONE TEST
In the fall of 2009, a second subjective test was conducted assessing human
annoyance to low‐amplitude sonic booms. A headphone playback system was designed
to enable subjects to hear and judge the stimuli in two different environments: a typical
indoor office environment and a second‐storey outdoor patio. As can be seen below in
Figure 6.1, the indoor test site included typical office furnishings and surface treatments
including a low‐pile carpet, painted gypsum board walls, and acoustic ceiling tiles.

Figure 6.1: Indoor test location: typical office environment.
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The outdoor location, seen below in Figure 6.2, was located on the patio of the
Applied Science Building on the west edge of the Pennsylvania State University’s
campus. This site was in close proximity to the indoor test location and power supply.
The area was restricted from the public and located in a quiet area of campus, away
from high‐traffic roadways and walkways.

Figure 6.2: Outdoor test location: second‐storey outdoor patio.
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The subjects faced west, looking towards an open lawn. Figure 6.3 below shows
this perspective. The parking lot seen in the picture was not active during testing.

Figure 6.3: Outdoor test location ‐ subjects’ perspective.

Stimuli for headphone test

It was desired to use the same acoustic stimuli previously used in the simulator
test. However, due to physical limitations of the headphone playback system, not all
signatures could be accurately reproduced at real levels. Therefore, a smaller subset of
signatures was used, as shown below in Table 6.1. Four new stimuli were added: one
indoor and one outdoor signature were presented at both +6 dB and ‐6dB from the
original.
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Table 6.1: Summary of signatures used in headphone test.

Signature
number
1
2
3
4

Indoor
Indoor

7‐11‐07
8:28:30 AM
7‐12‐07
8:39:59 AM
same as signature 2
same as signature 2

5

Indoor

6‐20‐06

9:52:28 AM

6

Indoor

6‐16‐06

9:29:18 AM

7
8
9
10
11
12
13
14

Indoor
Outdoor
Outdoor
Outdoor
Outdoor
Outdoor

Type

Date

Time

7‐11‐07
8:17:17 AM
7‐17‐07
8:42:59 AM
7‐13‐07
10:19:58 AM
7‐11‐07
8:23:29 AM
7‐13‐07
9:41:06 AM
7‐17‐07
8:10:22 AM
same as signature 12
same as signature 12

Channel or
Sig. num. in
mic height simulator test
CH 85
5
CH 79
6
6 (‐6dB)
6 (+6dB)
Boom1,
7
CH 203
Boom 1,
8
CH 178
CH 79
9
1m
10
2m
11
2m
12
2m
13
1m
14
14 (‐6dB)
14 (+6dB)

Equipment

The test playback was controlled by a personal laptop running Matlab, using a
Creative Professional E‐MU 0404 USB 2.0 Audio Interface to send a digital signal through
optical cable to a Grace Design m902 Reference Headphone Amplifier. The amplifier
powered a pair of Sennheiser HD 650 around‐the‐ear professional headphones for use
by the test subject, as well as a second pair of headphones used for monitoring by the
researcher. Figure 6.4 below depicts the audio equipment used during testing.
Additional equipment used throughout the test included a Maico MA39 Portable
Audiometer, a wheeled cart for transporting equipment between test sites, and an
uninterruptable power source and extension cord to maintain power during transport.
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Figure 6.4: Diagram of headphone playback system.

Test Design and Procedure

This subjective test was modeled after the previous test conducted in the
simulator. As before, all three subjective test methods were utilized to assess
annoyance. A larger subject sample size was employed for a total of thirty‐six subjects.
During testing, the data from two subjects were considered unreliable (both completed
their data sheets before all stimuli were presented), so two additional subjects were
enrolled to ensure a balanced test design. Because of the smaller stimuli set and
resulting smaller dynamic range, the indoor and outdoor signatures were presented
together (as opposed to first test in the simulator where indoor and outdoor signatures
were presented and judged separately). Table 6.2 below describes the main factors
controlled in the test design. As before, each subject was assigned a ‘test method
sequence,’ determining the order in which they used the three test methods. They
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were also assigned an ‘environment order’ determining whether they completed the
first half of the test inside or outside. Each subject used all methods and listened to all
signatures in both environments. Each subject was presented with a unique
randomization of signatures.
Table 6.2: Description of design factors for headphone test.

Name
Environment order
Sequence
Subject
Signature type

Levels
1, 2
1, 2, …, 6
1, 2, …, 36
1, 2

Signature

1, 2, …, 14

Replicate
Environment

1, 2, 3
1, 2

Method

1, 2, 3

Description
Judged signatures inside or outside first
Order in which test methods were used
Test participant
Indoor or outdoor boom recording
Acoustic stimuli: low‐amplitude sonic
boom recording
Number of times each stimuli was heard
Inside or outside test site
Categorical line scaling or magnitude
estimation with either boom or burst
reference sound

Subjects were trained similarly to those who participated in the simulator test.
A selection of both signature types was presented before testing to familiarize subjects
with the range of stimuli, as well as the signatures themselves. Subjects completed one
round of testing for each method before switching environments. Each round of testing
involved the playback of each of the 14 signatures, with two repetitions, for a total of
three playback and ratings of each signature. As before, the reference sound in
magnitude estimation was repeated after every three test stimuli. Voice cues
announcing either the reference sound or judgment number were intermittently played
to help the subjects stay on track. The subjects were instructed to skip ahead if they
missed a judgment to align themselves with the voice cues. As noted before, a
difference in this test was that the two signature types were presented together in one
test run. Therefore, subjects were instructed that they would hear both types; however
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they were not informed of the difference between the two types of recordings or how
to identify which type the stimuli were.
The researcher took note of environmental noise sources during the test, and
listened along with subjects to monitor their progress and note which signatures they
missed. Transient noises present during the indoor test include intermittent chatter in
the hallway outside the office and occasional phone ringing and paper shredding in the
adjacent offices. Occasionally, when testing outside, a bus would drive up and
momentarily idle at the nearby bus stop, noted below in Figure 6.5. Other transient
noises during the test included occasional golf cart passbys and the rare delivery truck
passby. The approximate distances between the test site and these intermittent noise
sources are noted in the figure. An almost‐constant noise source during the test was
automotive traffic on nearby Atherton Street.

Bus
stop

Figure 6.5: Proximity of noise sources to outdoor test site.

As before, subjects completed the post‐test questionnaire before signing a
receipt confirming they received cash payment. Weather was chilly on some days, so
subjects were offered fingerless gloves, a scarf, an electric blanket, and hot beverages to
ensure their comfort. Testing was not conducted during inclement weather.
Temperature measurements were made both indoors and outdoors during testing.
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System calibration and acoustic measurements

The headphone playback system was calibrated to produce signals at accurate
levels using a binaural dummy head on loan from the Gulfstream Aerospace
Corporation, pictured below in Figure 6.6. Amplitude adjustments were made to the
signatures in order to present them at the appropriate loudness levels. The dummy
head contained two Brüel and Kjær ½” Low‐frequency Pressure‐field Type 4193‐L‐004
microphones (serial numbers 2373929 and 2373930), without the UC 0211 low
frequency adaptor. They were powered by a Brüel and Kjær Nexus Type 2690 Low
Noise Version conditioning amplifier (calibrated August 6, 2009). The dummy head was
fitted with a GRAS Sound and Vibration KEMAR Large Left Ear (Shore 00‐55) Type
KB0066 (Serial No. 96749) and a Large Right Ear (Shore 00‐55) Type KB0065 (Serial No.
104701). The measurements were made using the Sennheiser HD 650 headphones and
a TEAC LX‐10 Recording Unit on loan from the Penn State Applied Research Lab.

Figure 6.6: Binaural dummy head on loan from Gulfstream Aerospace Corporation.
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Microphone calibration measurements were made using a Brüel and Kjær Type
4228 pistonphone (serial number 2281313) producing 124dB at 250Hz, on loan from the
Penn State Graduate Program in Acoustics. Using the dummy head, measurements of
each test stimuli were made before and after the subjective testing. In addition,
measurements of transient noise sources and several short duration ambient noise
levels in both testing environments were made. The maximum recorded sound
pressure levels measured at the nominal location of subjects’ head during testing is
provided below in Table 6.3. These max levels however are not quite as appropriate to
accurately represent the ambient environments as other metrics such as L90 or Leq.
Table 6.3: Summary of acoustic measurements.

Source

Maximum SPL
(re: 20 µPa)

Bus (natural gas) passby
Electric golfcart passby
Ambient outdoor noise
Paper shredder
Indoor ambient noise

72 dB
69 dB
67 dB
58 dB
55 dB

Approx. distance
between source and
receiver
185 ft
40 ft
‐
35 ft
‐

Summary

In this chapter, the subjective test investigating the effect of listening
environment using a headphone playback system was described in detail. The statistical
analysis and a discussion of the significant results will be presented in the next chapter.
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CHAPTER 7

SURVEY RESPONSES FOR HEADPHONE TEST PARTICIPANTS
This chapter will present the data obtained through the pre‐test questionnaires
for the subjects enrolled in the headphone test. As previously described, this includes
information regarding the typical noise environments of the subjects, their sensitivities
to noise, typical reactions to noise, attitudes towards air travel, and among other things,
their ability to cope with noise exposure. The exact questions posed to the subjects are
provided, as well as the distribution of their responses.

Pretest questionnaire responses

Participation in the test was open to all members of the community and
university who were 18 years of age or older. A total of 38 subjects participated, 15 of
which were male and 23 female. Figure 7.1 below shows the distribution of age and
gender. The mean age of the subjects was 35, with a median age of 31.

Figure 7.1: Dotplot of subjects’ age and gender for headphone test.
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Q1: On a typical day, how often do you find your environment to be too noisy?
Response
Total
category subjects
Constantly
Frequently

0
6

Occasionally

17

Rarely

13

Never

0

Subject
numbers
‐
9,11,14,26,27,28
1,3,4,7,12,15,16,
19,22,25,29,30,
31,32,33,34,35
2,6,8,10,13,
17,18,21,23,
24,36,37,38
‐

Figure 7.2: Noisiness of subjects’ environment.

Q2: How loud would you describe the noise environment in your home?

Response
Total
category subjects
Not at all

19

Slightly

8

Moderately

8

Very
Extremely

1
0

Figure 7.3: Subjects’ home noise level.

Subject
numbers
1,2,4,6,8,11,
12,16,17,19,21,
23,25,26,30,
31,32,37,38
3,9,10,15,
22,24,28,35
7,13,18,27,
29,33,34,36
14
‐
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Q3: How loud would you describe the environment where you spend most of your time?

Response
Total
category subjects
Not at all

14

Slightly

15

Moderately
Very
Extremely

7
0
0

Subject
numbers
1,6,12,14,15,16,19,
21,22,23,24,25,31,34
3,4,7,9,10,11,13,29,
30,32,33,35,36,37,38
2,8,17,18,26,27,28
‐
‐

Figure 7.4: Loudness of subjects’ typical noise environment.

Q4: Which best describes your sensitivity to noise?

Response
Total
category subjects
Not at all
Slightly

1
15

Moderately

11

Very
Extremely

6
3

Figure 7.5: Subjects’ noise sensitivity.

Subject
numbers
37
2,3,6,7,8,13,15,18,
19,22,23,26,30,31,34
1,4,11,14,16,17,
25,29,32,35,36
10,12,21,27,28,38
9,24,33
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Q5: How would you describe your general attitude towards airports and air travel?
(Check all that apply)
Table 7.1: Subjects’ attitude towards airports and air travel

Response
Total
category subjects
Dislike

5

Like

17

Value

21

Do not value

1

Tolerate

21

Do not
tolerate
Understand
the need
Do not
understand
the need

Subject numbers
3,12,15,18,38
1,2,8,11,13,14,19,24,25,
26,28,29,31,32,34,36,37
2,3,8,10,12,13,15,17,18,24,25,
26,27,29,30,31,32,34,36,37,38
35
2,3,4,6,8,12,13,15,17,
21,23,24,25,26,29,31

0

‐

25

2,3,6,7,8,9,11,12,13,15,16,17,18,22,
24,25,26,28,29,31,32,34,36,37,38

0

‐

Q6: How often do you travel by aircraft?

Response
Total
category subjects
Never

5

Several
times a year

30

Monthly
Weekly
Daily

1
0
0

Figure 7.6: Subjects’ frequency of air travel.

Subject
numbers
1,2,3,4,6,7,8,9,
10,11,12,13,14,
16,17,18,19,21,22,
24,25,26,27,28,29,
31,33,34,36,37,38
19
‐
‐
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Q7: How would you rate your sensitivity towards aviation noise?

Response
Total
category subjects
Not at all

6

Slightly

15

Moderately

11

Very
Extremely

4
0

Subject
numbers
8,9,13,31,32,37
6,7,11,14,15,
16,17,18,22,23,
26,27,33,34,36
1,2,10,19,24,25,
28,29,30,35,38
3,4,12,21
‐

Figure 7.7: Subjects’ sensitivity to aviation noise.

Q8(i): I believe that people have a hard time getting used to noise
Response
Total
category subjects
Strongly
agree
Moderately
agree
Agree
Neither
agree nor
disagree
Disagree
Moderately
disagree
Strongly
disagree

Subject
numbers

0

‐

5

4,7,9,26,27

13

8,12,13,14,17,18,21,
25,28,29,30,33,35

9

11,22,23,31,
32,34,36,37,38

7

2,3,6,10,15,19,24

2

1,16

0

‐

Figure 7.8: Subjects’ belief towards adaption to noise.
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Q8(ii): I believe that with time most people adapt to noise
Response
Total
category subjects
Strongly
agree
Moderately
agree
Agree

Subject
numbers

4

3,7,9,24

4

1,10,13,19

20

2,4,11,12,15,
17,18,21,22,23,
25,26,27,28,29,
32,34,36,37,38

4

8,16,31,33

4

6,14,30,35

0

‐

0

‐

Neither
agree nor
disagree
Disagree
Moderately
disagree
Strongly
disagree

Figure 7.9: Subjects’ belief towards adaption to noise with time.

Q8(iii): I believe that with time I can adapt to noise
Response
Total
category subjects
Strongly
agree
Moderately
agree
Agree
Neither
agree nor
disagree
Disagree
Moderately
disagree
Strongly
disagree

Subject
numbers

4
8
17

9,23,24,37
1,8,11,12,
15,16,18,19
2,3,4,10,13,21,
22,25,26,27,28,
29,31,32,34,36,38

3

7,17,30

4

6,14,33,35

0

‐

0

‐

Figure 7.10: Subjects’ belief towards self‐adaption to noise with time.
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Q9(i): Noise startles me or makes me jump

Response
Total
category subjects
Constantly
Frequently

1
3

Occasionally

17

Rarely

14

Never

1

Subject
numbers
4
3,18,24
7,9,11,12,13,
14,15,17,19,
25,26,27,29,
30,31,33,35
1,2,6,8,10,21,
22,23,28,32,
34,36,37,38
16

Figure 7.11: Subjects’ startle response.

Q9(ii): Noise frightens me

Response
Total
category subjects
Constantly
Frequently

0
1

Occasionally

10

Rarely

18

Never

7

Figure 7.12: Subjects’ fear response to noise.

Subject
numbers
‐
4
3,10,12,19,24,
26,27,29,31,33
1,2,9,11,13,14,
16,17,22,23,25,28,
30,32,34,35,36,38
6,7,8,15,18,21,37
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Q9(iii): Noise causes me to feel irritable or edgy

Response
Total
category subjects
Constantly
Frequently

0
6

Occasionally

18

Rarely

10

Never

2

Subject
numbers
‐
11,12,24,29,31,33
1,4,8,9,10,14,15,
17,18,22,25,26,27,
28,30,32,34,35,36
2,3,6,7,13,16,
19,21,23,35
37,38

Figure 7.13: Subjects’ irritability response to noise.

Q9(iv): Noise causes me to become tense or nervous

Response
Total
category subjects
Constantly
Frequently

0
3

Occasionally

17

Rarely

12

Never

4

Figure 7.14: Subjects’ nervous response to noise.

Subject
numbers
‐
4,24,33
1,8,9,11,12,14,
15,18,21,22,25,26,
27,29,31,36,38
2,10,13,16,17,19,
23,28,30,32,34,35
3,6,7,37
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Q10: How would you describe your annoyance level due to air traffic in the past 12
months?

Response
Total
category subjects
Not at all

28

Slightly

8

Moderately
Very
Extremely

0
0
0

Subject
numbers
1,2,3,4,6,7,8,9,
11,13,14,16,18,
21,22,23,24,25,
26,27,29,31,32,
34,35,36,37,38
10,12,15,17,
19,28,30,33
‐
‐
‐

Figure 7.15: Subjects’ annoyance to air travel for past 12 months.

Q11: How would you describe your annoyance level due to noisy disturbances in the
past 12 months?
Response
Total
category subjects
Not at all

6

Slightly

20

Moderately
Very
Extremely

7
3
0

Subject
numbers
2,23,25,26,31,37
3,6,7,8,10,13,
15,16,17,18,19,21,22,
27,29,32,34,35,36,38
1,4,9,11,12,28,30
14,24,33
‐

Figure 7.16: Subjects’ annoyance to noise for past 12 months.
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Q12: How often are you disturbed by aircraft noise during the day?

Response
Total
category subjects
Constantly
Frequently
Occasionally

0
0
3

Rarely

11

Never

22

Subject
numbers
‐
‐
4,30,33
6,10,12,13,17,22,
23,26,28,29,32
1,2,3,7,8,9,11,14,
15,16,18,19,21,24,25,
27,31,34,35,36,37,38

Figure 7.17: Subjects’ daily disturbance from aircraft.

Q13: How often are you disturbed by aircraft noise in your sleep?

Response
Total
category subjects
Constantly
Frequently
Occasionally
Rarely

0
0
1
5

Never

30

Subject
numbers
‐
‐
15
4,12,17,26,34
1,2,3,6,11,13,14,
16,18,19,21,22,
23,24,25,27,28,
29,30,31,32,33,
35,36,37,38

Figure 7.18: Subjects’ sleep disturbance from aircraft.
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Q14: How often are you disturbed by aircraft noise during conversations?

Response
Total
category subjects
Constantly
Frequently
Occasionally

0
0
2

Rarely

10

Never

24

Subject
numbers
‐
‐
11,35
7,12,15,16,17,
22,26,28,30,33
1,2,3,4,6,8,9,10,
13,14,18,19,20,
21,23,24,25,27,29,
31,32,34,36,37,38

Figure 7.19: Subjects’ disruption of conversation due to aircraft.

Q15: How often are you disturbed by aircraft noise during activities that require
concentration?
Response
Total
Subject
category subjects numbers
Constantly
Frequently
Occasionally

0
0
5

Rarely

10

Never

21

‐
‐
7,12,17,28,35
1,4,10,11,13,
15,19,22,26,29
2,3,6,8,9,14,16,
18,21,23,24,25,
27,30,31,32,33,
34,36,37,38

Figure 7.20: Subjects’ disruption of activity due to aircraft.
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Q16(i): I am good at concentrating no matter what is going on around me
Response
Total
category subjects
Strongly
agree
Moderately
agree

Subject
numbers

1

19

4

4,9,22,34

Agree

7

18,23,26,27,
28,31,37

Neither
agree nor
disagree

5

2,6,7,15,38

Disagree

12

1,3,8,10,11,
12,14,16,17,
29,32,36

4

13,21,30,35

3

24,25,33

Moderately
disagree
Strongly
disagree

Figure 7.21: Subjects’ ability to concentrate.

Q16(ii): I am easily awakened by noise
Response
Total
category subjects
Strongly
agree
Moderately
agree
Agree
Neither
agree nor
disagree
Disagree
Moderately
disagree
Strongly
disagree

Subject
numbers

3

4,9,15

5

3,10,25,28,30

11

6,14,26,27,30,31,
33,34,35,36,37

6

2,7,12,16,18,21

3

17,22,32

4

1,11,13,29

4

8,19,23,24

Figure 7.22: Subjects’ sleep disruption due to noise.
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Q16(iii): I get angry with people making noise
Response
Total
category subjects
Strongly
agree
Moderately
agree
Agree
Neither
agree nor
disagree
Disagree
Moderately
disagree
Strongly
disagree

Subject
numbers

3

4,9,11

6

1,10,24,26,31,33

15

3,7,8,12,16,21,
22,25,29,30,31,
32,35,36,37,38

4

6,15,18,27

6

2,14,17,19,28,34

2

13,23

0

Figure 7.23: Subjects’ anger with noise‐makers.

Q16(iv): I find it hard to relax in a place that is noisy
Response
Total
category subjects
Strongly
agree
Moderately
agree
Agree
Neither
agree nor
disagree
Disagree
Moderately
disagree
Strongly
disagree

Subject
numbers

4

4,28,31,33

7

1,14,18,25,26,29,30

14

3,7,8,9,10,11,
12,21,22,27,
32,35,36,38

4

2,6,16,37

5

15,17,19,24,34

2

13,23

0

‐

Figure 7.24: Subjects’ ability to relax in presence of noise.
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Q16(v): I fear that an aircraft will crash in my neighborhood
Response
Total
category subjects
Strongly
agree
Moderately
agree
Agree
Neither
agree nor
disagree

Subject
numbers

0

‐

0

‐

1

33

1

22

Disagree

7

6,12,15,21,
26,32,34

Moderately
disagree

6

10,17,18,23,35,36

Strongly
disagree

21

1,2,3,4,7,8,9,11,13,
14,16,19,24,25,27,
28,29,30,31,37,38

Figure 7.25: Subjects’ fear of plane crash.

Q16(vi): I am frightened when aircrafts fly overhead
Response
Total
category subjects
Strongly
agree
Moderately
agree
Agree
Neither
agree nor
disagree
Disagree
Moderately
disagree
Strongly
disagree

Figure 7.26: Subjects’ fear of overflying aircraft.

Subject
numbers

0

‐

1

21

0

‐

3

12,33,35

6

15,17,22,26,32,34

2

6,36

24

1,2,3,4,7,8,9,10,
11,13,14,16,18,
19,23,24,25,27,28,
29,30,31,37,38
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Q17: How satisfied are you with the government's policy on noise?

Response
Total
category subjects
Not at all
Slightly

1
4

Moderately

16

Very

9

Extremely

1

Subject
numbers
14
4,16,27,30
3,6,8,10,11,
12,13,17,18,
23,26,28,29,
33,35,36
1,2,9,15,19,
21,32,34,38
37

Figure 7.27: Subjects’ satisfaction with government policy on noise.

Q18(i): I am concerned that noise leads to negative health effects
Response
Total
category subjects
Strongly
agree
Moderately
agree
Agree
Neither
agree nor
disagree
Disagree
Moderately
disagree
Strongly
disagree

Subject
numbers

1

4

3

1,10,18

17

6,9,12,14,15,16,
19,21,23,25,28,29,
32,33,36,37,38

10

2,7,13,22,26,
27,30,31,34,35

5

3,8,11,17,24

0

‐

0

‐

Figure 7.28: Subjects’ concern for negative health effects.
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Q18(ii): I am concerned that noise leads to sleep loss
Response
Total
category subjects
Strongly
agree
Moderately
agree
Agree
Neither
agree nor
disagree
Disagree
Moderately
disagree
Strongly
disagree

Subject
numbers

3

4,7,14

6

1,3,8,22,25,27

12

9,10,12,15,
18,21,26,28,
30,32,35,38

8

2,6,16,23,
31,33,34,36

5

13,17,19,24,37

1

29

1

11

Figure 7.29: Subjects’ concern for noise‐induced sleep loss.

Q18(iii): I am concerned that noise leads to more stress
Response
Total
category subjects
Strongly
agree
Moderately
agree

Agree

Neither
agree nor
disagree
Disagree
Moderately
disagree
Strongly
disagree

Figure 7.30: Subjects’ concern for noise‐induced stress.

Subject
numbers

1

4

5

7,9,14,18,25

22

1,6,8,10,11,
12,15,16,19,
21,23,27,28,
29,30,31,32,
33,34,35,36,38

4

2,13,17,22

3

3,24,26

0

‐

1

37
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Q18(iv): I feel I am in direct control of my general noise exposure
Subject
numbers

Response
Total
category subjects
Strongly
agree
Moderately
agree

1

19

3

13,21,38

Agree

14

1,2,6,9,16,
17,23,24,25,
26,30,31,32,34

Neither
agree nor
disagree

7

7,11,12,15,
27,36,37

Disagree

10

3,4,8,10,18,
22,28,29,33,35

0

‐

1

14

Moderately
disagree
Strongly
disagree

Figure 7.31: Subjects’ control of noise exposure.

Q18(v): I feel powerless when I am in a noisy situation
Response
Total
category subjects
Strongly
agree
Moderately
agree
Agree
Neither
agree nor
disagree
Disagree
Moderately
disagree
Strongly
disagree

Figure 7.32: Subjects’ power in presence of noise.

Subject
numbers

0

‐

3

1,9,22

7

4,14,19,29,31,33,35

8

7,12,17,18,
27,30,32,36

11

3,6,8,11,15,16,
21,24,25,26,34

4

10,23,28,37

3

2,13,38
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Q18(vi): I feel have great capacity to deal with aircraft noise
Response
Total
category subjects
Strongly
agree
Moderately
agree
Agree
Neither
agree nor
disagree
Disagree
Moderately
disagree
Strongly
disagree

Subject
numbers

3

8,19,37

3

7,14,18

17

1,6,9,10,11,
13,15,16,17,
23,24,28,29,
31,34,36,38

9

2,3,12,22,26,
27,30,32,35

3

4,21,33

0

‐

1

25

Figure 7.33: Subjects’ ability to cope.

Summary

This chapter provided the survey responses for the headphone test participants.
The following chapter will present the statistical analysis of the annoyance judgments
and provide a discussion of the significant results.
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CHAPTER 8

DATA ANALYSIS OF HEADPHONE TEST
The data obtained from this test was treated similarly to that gathered from the
test conducted in the simulator. This included digitizing all pen‐and‐paper judgments
for analysis. As before, the responses obtained using the categorical line scaling method
were converted to a numerical value by measuring the distance from the left end of the
scale (corresponding to ‘Not at all annoying’) to the mid‐width of the subjects’ mark
with high‐precision calipers. The data obtained from each method was entered into
Minitab® 15.1.30.0. statistical software for separate analysis.
As mentioned previously, the data obtained by magnitude estimation required a
logarithmic transformation prior to the analysis (a logarithm of base 10 was used). A
typical unrestricted, repeated‐measures analysis of variance (ANOVA) with a significance
level of 95% (α = 0.05) was conducted for each test method.

Missing data

In this test, a number of responses were left blank (58 of 9072 potential data
points, ≈0.6%). A brief analysis of the missing data showed that a total of 25 subjects
missed at least one signature. All signatures were missed at some point, though
signature 3 was missed the most. Responses were missed in both listening
environments and with all three testing methods. Additionally, responses were missing
from each sequence and each replicate (i.e. it was not always the first presentation that
was missed). Overall, more indoor signatures were missed than outdoor signatures.
Additionally, more signatures were missed when testing outdoors than indoors.
Due to missed responses of the stimuli, adjustment of several subjects’
responses was necessary. During testing, the researcher listened along with the
subjects and made note of which stimuli were missed. This information allowed a
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shifting of subsequent judgments so that the ratings were properly aligned with the
stimuli. Rather than leave holes in the data set, mean values were calculated from the
other replicates to replace the missed judgments. In only one instance were all three
judgments missing for one signature. The categorical line scaling method was being
used, and so for this instance, all three missed responses were assigned a value of zero
to correspond to ‘Not at all annoying.’

Statistical model and assumptions

After performing an analysis of variance for all experimental design factors, a
number of terms were not found to be statistically significant and therefore removed
from the models. The final terms included in the reduced models are described below
in Table 8.1.
Table 8.1: Description of main factors in statistical model for headphone test.

Factor name

Assumption

Index

Signature

Fixed effect

i = 1, 2, … 14

Signature type
Subject

Fixed effect
Random effect

j = 1, 2
k = 1, 2, … 36

Replicate

Fixed effect

r = 1, 2, 3

Environment
Environment
order
Error

Fixed effect

m = 1, 2

Fixed effect

n = 1, 2

e ~ N(σ2)

‐

Meaning
Acoustic stimuli: low‐
amplitude sonic boom
recording
Indoor or outdoor signature
Test participant
Number of times each
stimuli was heard
Indoor or outdoor test site
Completed test inside or
outside first
Experimental error

In this analysis, a normal distribution of the residuals is assumed. Though
responses from different subjects are assumed independent, a correlation between
responses from the same subject is assumed. Also assumed to be correlated are
judgments from replicate signatures. By assuming subject is a random effect, it is
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inferred that the test participants can represent a random sampling out of the entire
population. The remaining factors are assumed to be fixed effects, and so the results
apply only to the levels designated in the test design.

ANOVA results

Many of the statistically significant effects found in the analyses are similar to
those from the test held in the simulator. However, as one might expect with a more‐
complex test, there are more complex results, including many statistically significant
interactions that were not found in the first test. In these analyses, a p‐value of 0.05 or
less indicates a statistically significant result. The reader is reminded that when a factor
is statistically significant, one can conclude with 95% confidence that the effects due to
this factor are non‐random. For additional discussion of statistical significance, please
return to Chapter 5. Table 8.2 below displays all of the significant effects determined by
the three analyses of the different test methods.
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Table 8.2: Statistically significant factors and interactions for headphone test.

Main effects
Environment
Signature type
Signature
Subject
Replicate
Twoway interactions
Subject x Signature type
Subject x Signature
Environment x Subject
Environment x Signature type
Environment x Signature
Subject x Replicate
Signature type x Replicate
Signature x Replicate
Environment x Replicate
Threeway interactions
Environment x Subject x
Signature
Environment x Subject x
Replicate
Environment x Subject x
Signature type
Environment x Order x
Signature type
Environment x Order x
Signature
Order x Signature x Replicate
Subject x Signature type x
Replicate

Categorical
line scaling

Magnitude
estimation,
boom reference

Magnitude
estimation,
burst reference

0.000
0.000
0.000
0.000
0.004

0.000
0.009
0.000
‐
0.001

0.000
0.002
0.000
0.000
‐

0.000
0.000
0.003
0.001
0.000
0.001
0.058
0.009
‐

0.000
0.000
0.000
0.000
0.000
‐
‐
‐
0.006

0.000
0.000
0.000
0.002
0.000
‐
‐
‐
‐

0.000

0.000

0.000

0.000

‐

0.000

0.000

‐

‐

0.013

‐

‐

0.036

‐

‐

‐
‐

0.005
0.002

‐
‐

As shown above, the listening environment was found to cause a significant
effect in annoyance judgments. Because investigating the effect of listening
environment was one of the main goals of this test, the data sets were further split up
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and examined for trends in each environment. Table 8.3 below shows the statistically
significant effects found when examining the data obtained in the indoor test site for
each test method.
Table 8.3: Statistically significant factors and interactions for indoor test environment.

Main effects
Signature type
Signature
Subject
Replicate
Order
Twoway interactions
Subject x Signature type
Subject x Signature
Subject x Replicate
Signature type x Replicate
Signature x Replicate
Order x Signature
Threeway interactions
Subject x Signature type x
Replicate

Categorical
line scaling

Magnitude
estimation,
boom reference

Magnitude
estimation,
burst reference

0.000
0.000
0.001
0.002
0.022

0.000
0.000
0.045
‐
‐

0.001
0.000
0.000
0.014
‐

0.000
0.000
0.000
0.044
0.011
0.009

0.000
0.000
‐
‐
‐
0.007

0.000
0.000
0.000
‐
‐
0.010

‐

0.011

‐

Table 8.4 below displays the statistically significant factors found from analyzing
the data obtained in the outdoor test environment for each test method.
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Table 8.4: Statistically significant factors and interactions for outdoor test environment.

Main effects
Signature type
Signature
Subject
Replicate
Twoway interactions
Subject x Signature type
Subject x Signature
Subject x Replicate
Signature x Replicate
Order x Signature
Threeway interactions
Subject x Signature type x
Replicate
Signature x Order x Replicate

Categorical
line scaling

Magnitude
estimation,
boom reference

Magnitude
estimation,
burst reference

0.005
0.000
0.000
0.002

‐
0.000
0.012
0.000

0.026
0.000
0.000
‐

0.000
0.000
0.000
0.027

0.000
0.000
0.005
‐
0.000

0.000
0.000
0.002
‐
‐

0.004

0.003

‐

‐

0.035

‐

Significant main effects and their interaction with listening environment

In the following sections, the significant main effects will be discussed, followed
by their interaction with the different listening environments. Additionally, a few other
statistically significant interactions of interest will be discussed. A number of the
remaining significant interactions are similar to those found in the simulator test, or are
outside the immediate scope of this research, and will not be discussed.
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Environment
The effect on annoyance from listening environment was found to be statistically
significant. This means that although the subjects heard the same signatures, they rated
them differently depending on where they heard them.

Categorical line scaling
Figure 8.1 below shows the overall mean annoyance rating for the signatures
when judged indoors and outdoors when using the categorical line scaling method. As
can be seen, when seated indoors, the subjects were more annoyed than when seated
outdoors.

Mean annoyance ratings for
listening environment
Headphone test, Categorical line scaling
3

Annoyance rating

2.5
2
1.5
1
0.5
0

Inside

Outside

Figure 8.1: Mean annoyance rating for listening environment from headphone test using
categorical line scaling method.
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Magnitude estimation
Figure 8.2 below displays the mean annoyance ratings for the two listening
environments when using the magnitude estimation method, with both reference
sounds shown. Similar to the results seen previously with the categorical line scaling
method, the annoyance ratings are higher for the indoor testing environment. Also
evident in the plot are the differences in annoyance ratings when the boom recording
was used as the reference sound (red bars) rather than the white‐noise burst (purple
bars).

Geometric mean annoyance ratings for
listening environment
Headphone test, Magnitude estimation

Log (annoyance rating)

2.1
2.05
2
1.95
1.9
1.85
1.8
1.75

Inside

boom reference

Outside

burst reference

Figure 8.2: Mean annoyance rating for listening environment from headphone test using
magnitude estimation method.
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Signature
This result indicates that the stimuli have a statistically significant effect on the
variation in annoyance.

Categorical line scaling
Figure 8.3 below shows the overall mean annoyance rating for each signature
when using the categorical line scaling method. The blue bars indicate test signatures
that were indoor boom recordings and the green bars indicate outdoor boom
recordings. The labels on the right side of the plot correspond to the position of the
categories on the data sheet used by the subjects to rate their annoyance, with the
exception of ‘Extremely annoying’ which is omitted.
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Headphone test, Categorical line scaling
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Figure 8.3: Mean annoyance rating for test signatures from headphone test using categorical
line scaling method.
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Overall, signature 3 was rated the least annoying, and signature 6 was rated the
most annoying. Both of these are indoor boom recordings. Four of the seven indoor
boom recordings are considered moderately annoying, while only two of the outdoor
boom recordings share this level of annoyance. Figure 8.4 shows the signatures in order
of increasing loudness levels. Due to the inclusion of signatures presented ±6 dB from
their original levels, some loudness levels have more than one signature of its type.

Mean annoyance rating of signature loudness level
Headphone test, Categorical line scaling
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Figure 8.4: Mean annoyance rating for signatures of increasing loudness levels from headphone
test using categorical line scaling method.

For signatures with loudness levels of 73 and 75 PLdB, the indoor recordings
were rated much more annoying than the outdoor signatures. However, for 77 PLdB,
both signature types are rated with almost equivalent annoyance levels. Note: in this
test, the signatures were all presented together in one group, rather than separated by
signature type like in the simulator test.
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Magnitude estimation
Figure 8.5 below shows the overall mean annoyance rating for each signature
used in the test when using the magnitude estimation method, for both reference
sounds.
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Figure 8.5: Mean annoyance rating for test signatures from headphone test using the magnitude
estimation method.

Signature and Environment
The significance of this interaction indicates that the change in annoyance due to
the stimuli varies with listening environment.
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Categorical line scaling
Figure 8.6 below shows the overall mean annoyance rating of the test signatures
heard in the two environments. The blue bars and green bars indicate the judgments
made when seated inside and outside, respectively. As can be seen, every signature has
an overall higher annoyance rating when judged inside.
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listening environment
Headphone test, Categorical line scaling
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Figure 8.6: Mean annoyance rating for signatures and listening environment for headphone test
using categorical line scaling method.
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Magnitude estimation
Figures 8.7 and 8.8 below show the overall geometric mean annoyance rating of
the test signatures heard in the two environments. The solid bars and patterned bars
indicate the judgments made when seated inside and outside, respectively.
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Figure 8.7: Mean annoyance rating for signatures and listening environment for headphone test
using magnitude estimation with the boom reference sound.

As can be seen in the both the plot above and below, the signatures were rated
more annoying when heard inside when using this magnitude estimation.
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Geometric mean annoyance rating of signatures by
listening environment
Log (annoyance rating)
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Figure 8.8: Mean annoyance rating for signatures and listening environment for headphone test
using magnitude estimation with the burst reference sound.

Signature Type
The significance of the term signature type indicates that there was a statistically
significant difference in annoyance ratings for the indoor and outdoor boom recordings.
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Categorical line scaling
Figure 8.9 below shows the mean annoyance rating for the two signature types
when using the categorical line scaling method. As can be seen, the indoor signatures
were rated more annoying overall that the outdoor recordings.

Mean annoyance rating by signature type
Headphone test, Categorical line scaling
3

Annoyance rating

2.5

2

1.5

1

0.5

0

Indoor Signatures

Outdoor Signatures

Signature type
Figure 8.9: Mean annoyance rating for signature types for headphone test using categorical line
scaling.

Although most of the outdoor signatures have higher perceived loudness values
than the indoor signatures, overall, they were not rated more annoying. This indicates
that other factors than loudness are influencing the annoyance ratings. When asked
which signature type was more annoying in the post‐test questionnaire, 30 of the 36
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subjects (83%) indicated indoor signatures. When asked to elaborate on why, a
common response was the presence and annoyance of rattle.

Magnitude estimation
Figure 8.10 below shows the mean annoyance rating for the two signature types
when using the magnitude estimation with the two different reference sounds. Similar
to the judgments obtained using the categorical line scaling method, the indoor
signatures were rated more annoying than the outdoor.
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Figure 8.10: Mean annoyance rating for signature types for headphone test using magnitude
estimation.
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Signature type and environment
The significance of this interaction indicates that the annoyance of the signature
type varies with the listening environment.

Categorical line scaling
Figure 8.11 below shows the mean annoyance rating for the two signature types
when judged in the two listening environments when using the categorical line scaling
method. As can be seen, the signatures were considered more annoying overall when
heard indoors, rather than outdoors. The indoor signatures, when heard indoors were
rated the most annoying and the outdoor signatures, when heard outside were the least
annoying.
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Mean annoyance rating by signature type and
listening environment
Headphone test, Categorical line scaling
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Figure 8.11: Mean annoyance rating for signature type and listening environment for
headphone test using categorical line scaling method.

A large majority of the subjects specifically mentioned the difference in ambient
noise levels present in the two test sites in their post‐test questionnaire responses.
Commonly stated was that in the quieter environment, the stimuli were more apparent
and disruptive. Subjects also mentioned that when outdoors, the background noises
either masked the stimuli (low signal‐to‐noise ratio) or were generally distracting.

Magnitude estimation
Figures 8.12 and 8.13 below show the overall geometric mean annoyance rating
for the signature types and listening environments when using magnitude estimation.
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As shown, results were similar to those found when using the categorical line scaling
method.

Geometric mean annoyance rating by signature
type and listening environment
Headphone test, Magnitude estimation: boom reference
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Figure 8.12: Geometric mean annoyance rating for signature type and listening environment for
headphone test using magnitude estimation method, with boom reference.
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Geometric mean annoyance rating by signature
type and listening environment
Headphone test, Magnitude estimation: burst reference
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Figure 8.13: Geometric mean annoyance rating for signature type and listening environment for
headphone test using magnitude estimation method, with the burst reference sound.

Subject
This main effect was statistically significant when using the categorical line
scaling method and the magnitude estimation with white‐noise burst reference sound.
As mentioned in the discussion of the results from the simulator test, the statistical
significance of this factor indicates that each subject introduces their own effect. This
implies that each subject is annoyed by the signatures differently, perhaps due to their
own unique past experiences, attitudes, reaction responses, etc.
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Categorical line scaling
Figure 8.14 below shows the overall mean annoyance rating for each subject
when using the categorical line scaling method. The different color bars correspond to
the self‐assessment of noise sensitivity provided by the subjects in the pre‐test
questionnaire.

Mean annoyance rating for subjects
Headphone test, Categorical line scaling
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Figure 8.14: Mean annoyance rating for subjects from headphone test using categorical line
scaling method. The shading of bars correspond to self‐assessed sensitivities to noise.

The overall mean annoyance values for the different sensitivity groups when
using the categorical line scaling method are shown below in Table 8.5.
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Table 8.5: Mean annoyance rating for subject groups using categorical line scaling in headphone
test.

Category
Not at all sensitive
Slightly sensitive
Moderately sensitive
Very sensitive
Extremely sensitive

Mean annoyance rating
0.93
2.12
2.54
2.67
2.81

Similarly to the results found from the simulator test, the mean ratings for the
self‐assessed labels of noise sensitivity agreed overall with their annoyance responses,
i.e. those subjects who considered themselves to be the most sensitive to noise were
overall the most annoyed by the stimuli. This can clearly be seen below in Figure 8.15.
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Figure 8.15: Mean annoyance ratings for sensitivity groups from headphone test using
categorical line scaling method.
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Magnitude estimation with burst reference
Figure 8.16 below shows the overall geometric mean annoyance rating for each
subject when using the magnitude estimation method with the noise‐burst reference
sound.

Geometric mean annoyance rating by subject and
listening environment
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Figure 8.16: Mean annoyance rating for subjects from headphone test using magnitude
estimation method with noise‐burst reference sound. The shading of bars correspond to self‐
assessed sensitivities to noise.

Table 8.6 below shows the overall mean annoyance values for the different
sensitivity groups when using the magnitude estimation method with the burst
reference sound. Again, it can be seen that those who consider themselves the least
sensitive to noise were overall the least annoyed.
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Table 8.6: Mean annoyance rating for subject groups using magnitude estimation with burst
reference sound in headphone test.

Category
Not at all sensitive
Slightly sensitive
Moderately sensitive
Very sensitive
Extremely sensitive

Geometric mean annoyance rating
1.33
1.92
1.94
1.99
2.00

Subject and Environment
The interaction of subject and listening environment was shown to be statistically
significant. This indicates that the subjects’ overall annoyance varied depending on
whether they heard the stimuli inside or outside, and by different degrees.

Categorical line scaling
Figure 8.17 below shows the mean annoyance rating for each subject, for each
listening environment, using the categorical line scaling method. The solid bars
correspond to the ratings provided when the subjects were inside and the patterned
bars correspond to the results when the stimuli were heard outside. As can be seen, for
some subjects, there was little disfference in annoyance for the two environments (for
example, subject 1). For others, there was a large difference (subject 4).
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Mean annoyance rating by subject and
listening environment
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Figure 8.17: Mean annoyance rating by subject and listening environment for headphone test
using categorical line scaling method. The solid bars indicate annoyance ratings when subjects
were tested indoors; the patterned bars indicate when subjects were seated outside.

Magnitude estimation
Figures 8.18 and 8.19 below show the geometric mean annoyance rating for
each subject, for each listening environment, using magnitude estimation with the
differing reference sounds. Similar to the results found using the categorical line scaling
method, the subjects’ annoyance varied with environment, and by varying degrees.
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Geometric mean annoyance rating by subject and
listening environment
Headphone test, Magnitude estimation: boom reference
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Figure 8.18: Geometric mean annoyance rating by subject and listening environment for
headphone test using magnitude estimation with the boom reference sound. The solid bars
indicate annoyance ratings when subjects were tested indoors; the patterned bars indicate
mean responses when subjects were seated outside.
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Geometric mean annoyance rating by subject and
listening environment
Headphone test, Magnitude estimation: burst reference
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Figure 8.19: Geometric mean annoyance rating by subject and listening environment for
headphone test using magnitude estimation with the burst reference sound. The solid bars
indicate annoyance ratings when subjects were tested indoors; the patterned bars indicate
mean responses when subjects were seated outside.

Replicate
The significance of this term indicates that annoyance is influenced by the
number of sonic boom exposures. This term was found to be significant for certain test
methods, in certain environments. Additionally, several interactions with this term
were found to be significant.
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Categorical line scaling
Figure 8.20 below shows the mean annoyance ratings for the three replicates
when using the categorical line scaling method. As can be seen, with this method, there
was a large increase in annoyance after the first listen. After the second listen, there
was a small decrease in annoyance.

Mean annoyance rating for replicates
Headphone test, Categorical line scaling
2.55
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2.2
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Figure 8.20: Mean annoyance rating for replicates for headphone test using the categorical line
scaling method.

In the post‐test questionnaire, the subjects were asked to respond to following
statement: My responses would change depending on how often I heard the sonic
booms throughout the day. Most subjects agreed rather than disagreed with the
statement. The author sees the potential for further research into the relationship
between number of sonic boom exposures and annoyance.
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Magnitude estimation with boom reference sound
Figure 8.21 below shows the geometric means for annoyance ratings for each
replicate while using the magnitude estimation method with the boom reference sound.
As can be seen, annoyance increases with each additional exposure.

Geometric mean annoyance ratings for replicate
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Figure 8.21: Mean annoyance rating for replicates for headphone test using the categorical line
scaling method.

Additional terms of significance

Two terms that were found to be statistically significant in this test were order
and its interaction with signature. To remind the reader, order refers to the assignment
the subject was given to first conduct the test inside or outside.
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Environment order and Listening environment
The effect of environment order was found to be statistically significant when
analyzing the data obtained when subjects were tested indoors, using the categorical
line scaling method. Figure 8.22 below shows the mean annoyance ratings for order for
the indoor test environment when using the categorical line scaling method. This shows
that when subjects were tested indoors, those who heard the stimuli first outdoors gave
higher annoyance ratings.

Mean annoyance rating by order for
indoor test site
Headphone test, Categorical line scaling
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Figure 8.22: Mean annoyance rating for order for indoor test environment from headphone test
using categorical line scaling method.
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Environment order, Signature and Listening environment
The interaction between order and signature was common among all three test
methods for data obtained indoors. Preliminary investigation of the interaction
revealed that overall, those who rated the stimuli indoors after already hearing them
outdoors gave higher annoyance ratings, and by varying degrees, depending on the
signature.

Summary

In this chapter, the results from the test utilizing the headphone‐payback system
were presented. The following chapter includes a final summary and discussion of the
results from both subjective tests as well as potential areas for future work.
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CHAPTER 9

SUMMARY AND CONCLUSIONS
Two subjective tests were conducted to investigate human annoyance to low‐
amplitude sonic booms. The first test was conducted in a laboratory setting, with a
controlled environment and controlled stimuli. Recordings of low‐amplitude sonic
booms made indoors and outdoors were judged for annoyance by subjects. Both
categorical line scaling and magnitude estimation with varying reference sounds were
used to quantify their annoyance.
The second test took one step closer to evaluating sonic booms in a realistic
situation. This experiment included a larger subject pool and utilized a headphone
playback system to present controlled stimuli in two real environments. The same
psychoacoustic test methods were used. The following sections will discuss the main
results from these experiments.

Simulator test

In this experiment, 18 subjects were enrolled to investigate human annoyance.
Both categorical line scaling and magnitude estimation methods were used. The stimuli
were 18 unique recordings of low‐amplitude sonic booms taken indoors and outdoors
by NASA researchers during field tests conducted in 2006 and 2007. Listening and
assessment of the stimuli took place in the Gulfstream Aerospace Corporation’s
simulator.
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Main conclusions

For two of the test methods, the results indicated little or no statistically
significant difference in annoyance for the two signature types (indoor or outdoor
recordings). However, for equivalent loudness levels, it was found that indoor
signatures were more annoying than outdoor signatures. For each group of recordings,
considered separately, annoyance generally increased as loudness increased. Although
the two group’s absolute range of loudness differed, the range of annoyance judgments
were similar. Perhaps this was an artifact of the signature types being presented in
separate groups.
For the same sonic boom event, the outdoor signature was rated slightly more
annoying than the indoor recording. Generally speaking, only when using the
magnitude estimation method with the white‐noise burst reference sound was there a
significant difference between the two types: the outdoor signatures were considered
overall more annoying.
The effect introduced by subjects has been largely ignored in past research
conducted in the area of human annoyance to sonic booms, yet it was found to
significantly contribute to the variance in annoyance. Overall, the subjects’ annoyance
levels corresponded well with their self‐assessed labels of sensitivity to noise, i.e. those
considered most sensitive were overall most annoyed. Additionally, the interaction of
subject with the other test factors was common. It is postulated that there are many
factors affecting annoyance, not only frequency and temporal content of the sonic
boom, but non‐acoustic factors such as familiarity with sound and its source, concerns
of health and well‐being, ability to control and/or cope with noise exposure. A thorough
analysis of the pre‐test questionnaire responses is recommended to determine
significant non‐acoustic factors which could be included as covariates in the statistical
model.
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Another significant relationship was found between annoyance and increased
exposure. The response varied depending on the subjective method used to quantify
annoyance. When using magnitude estimation, there was a consistent increase in
annoyance with each additional exposure. When using categorical line scaling, the
indoor signatures showed the same trend of increased annoyance with increased
exposure. However, annoyance from the outdoor signatures appeared to decrease
after the initial exposure, then increase back near the level of the initial annoyance.

Headphone test

In this experiment, 38 subjects were enrolled to investigate human annoyance to
low‐amplitude sonic booms. Stimuli were heard using a headphone playback‐system
and evaluated in two listening environments: a second‐storey outdoor patio and a
typical indoor office. Again, both categorical line scaling and magnitude estimation
methods were used.

Main conclusions

The listening environment was found to be a significant factor influencing
annoyance. Overall, all of the signatures were considered more annoying when heard
indoors. The interaction of this factor with other main factors was found to be
significant as well. Overall, the indoor signatures were considered more annoying than
the outdoor signatures, regardless of the test method used. This shows the influence
from a factor other than loudness on annoyance, as the indoor signatures were
generally quieter than the outdoor signatures. Overall, the highest annoyance ratings
were found when subjects heard the indoor signatures, inside.
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Once again, the effect introduced by each subject was found to be significant, as
well as the interaction between subject and other test factors. This result supports the
theory that annoyance to sonic booms is governed by more than just the acoustic
characteristics of the stimuli. As found in the results from the simulator test, the
annoyance ratings aligned well with the self‐assessments of sensitivities to noise, i.e.
those who were most sensitive to noise were most annoyed. The author recommends
further work to be conducted evaluating the relationship between the survey responses
and annoyance judgments to better quantify the subject effect.
Similarly to the simulator test, annoyance was found to vary with exposure. For
the magnitude estimation method with boom reference, there was an increase in
annoyance with each additional exposure. When using categorical line scaling method,
there was a large increase in annoyance after the first listen, then a small decrease in
annoyance after the second listen. Although replicate was not a statistically significant
effect for the initial analysis for magnitude estimation with noise‐burst reference, it was
shown to be significant for data obtained in the indoor test environment.

Additional discussion of results

When examining the annoyance levels assigned to signatures, it is important to
keep in mind that the annoyance ratings were obtained from subjects in laboratory or
quasi‐laboratory experiments, and that their responses may not represent “real life”
annoyance levels. There are a number of factors potentially affecting annoyance which
cannot be quantified or accounted for due to the intrinsic nature of running an
experiment. This includes the fact that the subjects chose to participate in the study
and were briefed on what to expect, eliminating the element of surprise. Participants
were also aware that their exposure to noise would last for a short period of time.
Additionally, the subjects read and signed an informed consent form which assured
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them at no time was there risk for personal injury or harm, eliminating concerns for
negative health effects.
An international semantic study conducted by noise annoyance experts found
that “two aspects rated highest in similarity to annoyance are ‘nuisance’ and
‘disturbance’” (6). Further, they concluded that “noise annoyance is a psychological
concept which describes a relation between an acoustic situation and a person who is
forced by noise to do things he/she does not want to do, who cognitively and
emotionally evaluates this situation and feels partly helpless. This seems to be true for
several nations and languages.” (6). In the research conducted by the author, subjects
were paid volunteers who were not forced to do something they didn’t want to do, nor
were they made to feel helpless. Additionally, they were assigned with the sole task of
rating their annoyance. Subjects were not conversing or completing other activities that
the noise would have disrupted or disturbed them from.
Even further, subjects were tested in environments that were not their own.
Exposure in one’s home, where one is likely to let his/her guard down might lead to
higher annoyance levels. Also, concern for damage or devaluing of personal possessions
or property could lead to higher annoyance levels. It was shown previously that…
people are annoyed by sonic booms because of concerns that the booms may
damage their property. This suggests that the annoyance of booms might be
diminished if the public could be convinced that boom levels from military or
commercial supersonic operations are well below the damage threshold (17).

Test method discussion

In general, the overall annoyance rankings of the signatures were similar to all
three test methods. Similar main effects were found to influence annoyance for all
three methods, however, particularly in the headphone test, differences in replicate
effects and two‐way and three‐way interactions were found. In both the headphone
and simulator tests, consistently higher annoyance ratings were found when the boom
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reference sound (as opposed to white‐noise burst) was used with magnitude
estimation. A number of subjects offered the unprovoked comment of the white‐noise
burst to be particularly annoying itself. It seems that when compared to an annoying
reference sound, the sonic booms were judged to be less annoying.
In general, the author prefers the categorical line scaling method rather than
magnitude estimation. The method seems more intuitive for subjects and does not
require as much time and materials for training. Also, the design issue of what
reference sound to use, at what level to present it, and how often to repeat it can be
avoided. Additionally, the data obtained using the categorical line scaling method does
not require logarithmic transformation so the results are easier to interpret. Most
subjects preferred this method: 72% of the participants in the simulator test indicated a
preference for categorical line scaling as well as 78% of the subjects in the headphone
test. Additionally, with the categorical line scaling method, the subjects’ ratings agreed
better with their response to the post‐test inquiry of which signature type was more
annoying.

Discussion of annoyance

It is apparent that human annoyance is a complex issue. In the post‐test
questionnaire, subjects were asked to choose which signature type (indoor or outdoor)
was more annoying and briefly describe why. Most commonly mentioned were
characteristics of the stimuli (i.e. presence of rattle) or the ambient noise level of the
testing environment. When outdoors, the signal‐to‐noise ratio was lower and stimuli
were more likely to be masked by extraneous noise. Specifically, subjects stated “when
outside they [the stimuli] almost blended in to the ambient noise” and that “outside
there were other noises that drowned out the annoying noises.” Conversely, when
testing indoors, “being in a quieter environment made the noises seem more
disruptive.”
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It has been proposed that “although noise annoyance must be related to
acoustic variables, acoustic characteristics do not play an overwhelming role in the
concept of annoyance.”(6). In this small study, a number of the non‐acoustic factors
believed to influence annoyance discussed in Chapter 1 were specifically mentioned by
the test subjects, such as:

Familiarity. Being able to recognize the sound or the source of the sound was
mentioned by a few subjects as influencing their annoyance. When speaking of the
outdoor signatures, one participant mentioned “the rumbles reminded me of thunder
which I enjoy.” Another subject stated “the outdoor sounds made me think of fireworks
and thunderstorms which I love so they weren't annoying.” When referring to the
indoor recordings, one subject claimed “they didn't sound like natural things,” and
another described the sounds as “uncomfortable.”

Expectation/control of noise environment. One subject mentioned that often there is
an expectation of what noise levels should be depending on your environment,
specifically stating that “indoor sounds can be controlled (i.e. stopped).” Related to this
is the ability, or lack thereof, to control your own noise exposure, as one subject stated
that there is “no escaping sounds in [the] work environment.”

Exposure/Ability to adapt. The amount of exposure to noise also affects annoyance,
but also brings up a question of our ability to adapt and cope with increase exposure.
When completing the second half of the test, one subject stated of the stimuli: “since I
heard them second, I was starting to become more annoyed.” Another proposed that
their annoyance would change with increased exposure, saying “…if I heard it all day
and night, I would find it very annoying.” One subject suggested their variation in
annoyance with exposure would depend on the signature type, stating “I think I could
easily adapt for indoor noise but probably not for outdoor noise.”
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Discussion of human response

In order to properly predict the human response to low‐amplitude sonic booms,
the author believes a thorough understanding of the reaction process is necessary. This
starts with the auditory sensation and perception of sound, and includes the emotional
and physiological responses, followed by mental reasoning and action. It seems that the
understandings of many of these processes are still in the stages of conjecture and
theory.

Sound/auditory sensation and perception

It is clear that when we hear or sense a sound, we process its acoustic
characteristics such as pitch, timbre, loudness, etc. Nudd postulates that we perceive
much more than just these properties, that we are able to process specific information
about the source of the sound. For example, the size, shape, material properties, etc. of
a resonating object influences the amplitude and frequency content of the sound
generated. This information about the source is embedded in the sound and cognitively
processed (44). Somewhat in agreement with this theory, Greg Lockhead states that
“people perceive objects and extract their judgment of the attribute from the total
perception of the object” (4). A clearer understanding of auditory perception and how it
is related to human response and behavior is desired.

Emotional/physiological response

One theory suggests that the human emotional response is a
psychophysiological experience where one’s state of mind interacts with biochemical
(internal) and environmental (external) influences (45). Researchers seem to disagree
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whether or not it is an instinctual reaction or cognitive response, or interplay of the two.
Our current understanding of the human emotional response comes from theoretical
postulation and limited empirical evidence.
Fear is one of the most basic human emotions. In the presence of danger
(perceived or actual), fear enables one to pull back for survival and personal safety.
During a joint test between NASA and Gulfstream Aerospace Corporation, the
annoyance effects due to rattle were investigated. Researchers found that subjects
were more annoyed by the rattle of structural elements such as windows, ceiling fans,
and doors, rather than small objects like wine glasses or wall art. The author doesn’t
believe it’s a coincidence that the highest annoyance levels were linked to objects that
could potentially cause personal harm, for example shattered glass from a broken
window, a falling ceiling fan or the collapse of a surrounding structure. Further support
of this was provided by one participant in the headphone test who stated that the
“loud, sudden and sustained rattling was the most annoying because I associated the
sound with the onset of an earthquake.”
Additionally, the author of this dissertation had the fortunate experience to
participate in the 2007 NASA field test discussed earlier. During the test, she had the
opportunity to experience the impact of low‐amplitude sonic booms both indoors and
outdoors, and observe an interesting phenomenon that occurred numerous times
throughout the test. Due to a variety of reasons including boom propagation direction
and the design and orientation of the structure, the front door of the house shook in its
frame from the impact of various low‐amplitude sonic booms. Indoors, the experience
was quite startling and sounded like someone desperately trying to get inside the house.
One could imagine how the situation could be frightening to a non‐suspecting parent
with a child asleep in their bed, or someone relaxing in a bubble bath with a glass of
wine after a long day at work.
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Mental reasoning and then action

Fidell, a researcher of community noise annoyance, considered “annoyance
judgments of residents to be the result of rational decisions which involve several
variables: e.g., the actual physical noise load, information about earlier noise loads in
the area, the sensibility of intended activities with respect to disturbance, and costs and
benefits of different results of decisions.”(6). Additionally, as mentioned before, when a
sound is heard, information about the source of the sound is also processed. A sound or
source that is unfamiliar to people could lead to fear of the unknown. And as many
politicians know, fear can be a powerful motivator for action. If no real danger is
assessed, rational thought could lead to a simple action such as closing a window or
turning up the stereo volume. If the emotional response is strong enough and a real
threat is perceived, one could be led to act on desires to voice concerns to public
officials or boycott the services of those believed to be responsible.

FUTURE WORK

The research conducted and discussed in this dissertation only helps scratch the
surface of understanding the human response to low‐amplitude sonic booms. Back in
1882, von Kries stated “In my opinion, the whole attempt to measure dimensions of
intensity of inner experience is nothing more than a rash and unjustified carrying‐over
of the measurement of dimensions of intensity of physics” (4). Regardless, to this day,
we try not only to measure internal sensations and perceptions, but also predict them.
Understandably, predicting how each person of the public will react to sonic booms is a
challenging problem to try and solve. It is analogous to those trying to model the
impact of sonic booms on sky‐scrapers, residential housing, office and commercial
spaces that differ in structural design, orientation, construction materials, etc. There
are many variables and many unknowns.
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However, a lot of data obtained throughout this research has not been fully
investigated. Continued work, combined with the efforts of those in industry, academia,
and government agencies could possibly lead to the accurate prediction of human
response. Areas to focus attention related to this specific research could include:

Signature analysis. Similar to previous research conducted, metric analysis as well as
examination of rise time, frequency content, time‐varying loudness, etc. to determine
why certain signatures were more annoying could be performed.

Questionnaire responses. Much of the categorical data obtained in both the pre‐test
and post‐test questionnaires was not used. It was found that the effect of subject and
its interaction with other factors was quite strong. By sorting through the survey data,
perhaps a better understanding of the influence of non‐acoustic factors could be found.
Examination of the questionnaires could shed light on why some subjects were more
annoyed than others. Additionally, this data could be used to develop a structural
equation model of noise annoyance like that previously conducted for community noise
around airports (17).

Interaction of variables. More effort could be spent investigating the interdependence
of the test variables.

Quantitative statistical analysis. Examination of the relationship between linear,
quadratic, cubic, etc. contributions of perceived loudness and annoyance could be
conducted.
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Additional work
Since the listening environment was shown to affect annoyance, further
research could be conducted to assess impact for both indoor and outdoor
environments where silence is highly valued such as places of spiritual worship, park and
wildlife reservations or other sanctuaries of silence.
Future work could include investigating the relationship between sonic boom
annoyance and the disturbance of activities. This could be conducted by exposing
subjects to sonic booms while they, for example, watched a video or completed a jig‐
saw puzzle or word game in NASA Langley Research Center’s new indoor simulator.
Additionally, other work could include establishing criteria of acceptability. This
is likely to be a combination of factors such as rise‐time, loudness, and maximum
overpressure rather than a single metric.
It seems to the author that before there is a change in government policy which
currently bans overland civilian supersonic flight, it would be wise to conduct a public
awareness and outreach program to educate people. This could address issues of
health risks or property damage, and provide an opportunity for those affected to voice
their concerns.
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APPENDIX A: INFORMED CONSENT FORM
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APPENDIX B: PRETEST QUESTIONNAIRE
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APPENDIX C: MAGNITUDE ESTIMATION TEST MATERIALS

Magnitude Estimation Instructions
In this portion of the test, you will be using the magnitude estimation method to rate the
annoyance of sounds you hear. As the name implies, you will make a judgment for each
sound and estimate your level of annoyance.
During the test, a series of sonic booms, recorded inside or outside a house, will be
played over the loudspeakers in the simulator. The first sound that you hear, which will
be repeated throughout each session, is the sound you will use as a basis for judging
how annoying the other sounds are. It is called the reference sound and will be
preceded by a voice notification each time it is played.
Your task will be to tell us how annoying the other sounds seem as compared to the
reference sound. You will be provided a scoring sheet for use in making your
evaluations. The rating sheet will indicate when the reference sound will be played to
keep you on track.
The rating scale will work in the following manner: the reference sound will be assigned
an annoyance score of I00, thus you will not write down a score. It will be your task to
assign annoyance scores to other sounds in order to indicate how much more or less
annoying they are compared to the reference. It is important for you to always try to
compare the annoyance of the other sounds to the reference. If you feel that the other
sound is twice as annoying as the reference, write down “200” in the blank provided for
that sound. If it seems to be half as annoying as the reference, write down a score of
“50”.
Try to rate each sound independently of your other ratings. Only a short time will be
provided between comparisons, so write down your first impression - there is no
need to spend a lot of thought on making precise ratings. Also, do not worry about
consistency between ratings, rate each sound as it compares to the reference by itself.
There are no right or wrong answers since we are interested in how the booms sound to
you.
We will first start with a short training session in magnitude estimation using pictures to
introduce you to the rating method. After that, we will switch to sounds and complete a
practice session where you will hear a total of six test sounds and two reference sounds.
After the training and practice session is complete, we will begin the test.
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Magnitude estimation training materials
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Subject data sheet for magnitude estimation
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APPENDIX D: CATEGORICAL LINE SCALING TEST MATERIALS

Categorical line scaling Instructions

Thank you for participating in this study. The test is comprised of several parts, between
each there will be a short break. During each session, you will hear 42 recordings of
sonic booms, taken either inside or outside a house. Please imagine that you are
either inside or outside your home, working, relaxing or doing some enjoyable
activity. Each recording will last a few seconds. You will receive a packet of scoring
sheets containing a rating scale, like the one shown below, for each sound you hear.

After each recording there will be a few seconds of silence. During this silence please
indicate how annoyed you are by placing a slash mark along the scale. If you judge the
recording to be not very annoying, then place your slash mark close to the end of the
scale marked “not at all annoying.” Similarly, if you judge a recording to be highly
annoying, then place your mark closer to the other end of the scale, that is, near the right
end of the scale marked “extremely annoying.” If the recording sounded moderately
annoying to you, please place your mark in the middle portion of the scale. In any case,
please make only one mark on each scale. There are no right or wrong answers - we
are only interested in your opinion of the sound.
The scales on each sheet are numbered 1 through 42. A voice message will be heard
every 5 sounds to help you keep track of which recording is being presented. If you do
lose track, please tell the test conductor at the end of the session. Please listen carefully
and make your judgment at the end of each sound. Again, there are no right or wrong
answers, we just want a measure of your own personal reaction to these recordings.
Please do your best to judge each sound independently, and do not compare them
to those recordings heard previously.
Thank you for participating in this investigation.
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Subject data sheet for categorical line scaling
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APPENDIX E: POSTTEST QUESTIONNAIRE
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