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ABSTRACT

More, Shashikant R. Ph.D., Purdue University, December, 2010. Aircraft Noise Char-
acteristics and Metrics. Major Professor: Dr. Patricia Davies, School of Mechanical
Engineering.

Day-Night Average A-weighted Sound Pressure Level (DNL or Ldn) is used cur-

rently to define noise contours around airports and the 65 DNL contour is used as

a criterion to determine qualification for noise insulation programs. There is con-

cern that this metric based on average A-weighted sound pressure with penalties for

noise occurring at night does not adequately account for annoyance or broader noise

impacts such as sleep disturbance. Much more sophisticated measures of perceived

sound level (loudness) that adjust frequency weighting based on the characteristics of

the sounds exist. Although loudness is considered to be the strongest noise attribute

contributing to annoyance, there are other sound attributes, such as sharpness, tonal-

ness, roughness and fluctuation strength that can also influence annoyance. In this

research, several studies were conducted to examine effects of noise characteristics on

annoyance ratings of aircraft noise. A simulation program was developed to simulate

aircraft noises so that individual characteristics could be varied while keeping others

constant. Investigations on the influence of single characteristics such as spectral bal-

ance, roughness, fluctuation strength, and tonalness on annoyance ratings of aircraft

noise have been conducted. Some evidence of an increase in annoyance with increases

in roughness and tonalness was observed in these investigations. The influence of

tonalness and roughness on annoyance ratings in the presence of loudness variations

was also observed. Even when both loudness and tonalness varied, a strong sensitivity

to tonalness persisted. Tonalness was the dominant sensation when both tonalness

and roughness was varied and loudness was kept constant. The importance of tonal-

ness and roughness increased when loudness did not vary very much. It was found
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that loudness, tonalness and roughness were, respectively, the first, second and third

most influential characteristics. It was also seen that the use of Loudness exceeded 5%

of the time (N5) rather than Equivalent A-weighted Sound Pressure Level (LAeq) pro-

duces better predictions of average annoyance ratings. None of the metrics or models

that are currently used for environmental noise annoyance incorporate measures of

loudness, tonalness, and roughness together. In this research, a model based on the

Psychoacoustic Annoyance developed by Zwicker, Fastl and other that combines the

effects of loudness, tonalness and roughness to predict annoyance due to aircraft noise

was developed. The developed model was found to be a better predictor of aircraft

noise annoyance than any other metrics or models that are currently used to evaluate

aircraft noise.
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1. INTRODUCTION

Transportation is one of the largest contributors to community noise (Kryter, 1982).

Noise affects people in many ways: as the level increases from detectable it can

be annoying (Bell, Fisher, Baum, and Greene, 1990; Berglund and Lindvall, 1995;

Björkman, 1991; Fidell, Barber, and Schultz, 1991). Knowledge of the noise source

plays a significant role in determining the community noise responses, for example

three different transportation noises, aircraft, rail and road-traffic are often rated

differently when the average A-weighted Sound Pressure Level (LA) is the same (Fastl,

Fruhmann, and Ache, 2003; Hui and Takashi, 2004). It was found from field studies

that at the same average A-weighted sound pressure level, aircraft noise can be more

annoying than both rail and road-traffic noise, while road-traffic can be more annoying

than rail noise. These differences are described as the “aircraft malus” and “railway

bonus”, respectively (Zwicker and Fastl, 1999). In ISO 1996-1:2003, there is provision

for a 3 dB penalty for aircraft noise and a 6 dB bonus for train noise when assessing

the impact of aircraft and train noise (ISO 1996-1:2003, 2003). The “aircraft malus”

could be caused by non-acoustic issues such as fear of aircraft crashing and loss of

privacy (Berglund and Lindvall, 1995).

Aircraft noise produced during take-off, flyover and landing operations can cause

community annoyance. Annoyance is broadly defined as the physical or psychological

discomfort caused by noise and its interference with different activities. Aircraft noise

is considered to be annoying when it interferes with daily activities, for example,

day-to-day communication, recreation, sleep, cognitive performance, and class-room

learning activities, etc. (Basner, Samel, and Isermann, 2006; Berglund and Lindvall,

1995; Fidell, Pearsons, Tabachnick, and Howe, 2000b; Finegold, Harris, and Gierke,

1994). At very high levels noise can lead to hearing damage (Kryter, 1994). Apart

from hearing impairment, it is also known that aircraft noise may be a risk factor
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for respiratory, digestive, mental instability, depression and nervousness (Lane, 1986;

Miyakita, Matsui, Ito, Tokuyama, Hiramatsu, Osada, and Yamamoto, 2002). Because

of the great number of people influenced and the degree of physical and psychological

discomfort, aircraft noise today may be one of the greatest pollution problems.

1.1 Problem Statement

Currently, the Federal Aviation Administration (FAA) is using the Day-Night Av-

erage A-weighted Sound Pressure Level (DNL) to quantify aircraft noise induced

annoyance in the communities around airports. Similarly, other governing agencies,

for example the Department of Defense (DoD), Department of Housing and Urban

Development (HUD), the Federal Transit Administration (FTA), the Federal Railroad

Administration (FRA), the Surface Transportation Board (STB), the US Environ-

mental Protection Agency (USEPA), and the National Research Council (NRC) use

the Day-Night Average A-weighted Sound Pressure Level (DNL) to predict noise

induced annoyance (Schomer, 2005). The Federal Highway Administration (FHWA),

the American Public Transit Association (APTA), and the World Health Organiza-

tion (WHO) recommend or advocate using weighted or un-weighted sound pressure

level as a descriptor for the assessment of noise induced annoyance (Schomer, 2005).

In 1978, Schultz demonstrated a relationship between the measured noise in DNL

units and percent highly annoyed (%HA) (Schultz, 1978); this is shown in Figure 1.1.

Schultz (1978) gathered the data from a wide variety of community attitudinal sur-

veys conducted prior to 1978 that included information about transportation noise

annoyance and converted that data to a common metric: i.e., Day-Night Average

A-weighted Sound Pressure Level (DNL). On the basis of 11 surveys Schultz synthe-

sized the dose-response curve shown in Figure 1.1. Out of 19 surveys, he considered

the 11 “clustering” surveys and excluded 8 “non-clustering” surveys (Miedema and

Vos, 1998). A large amount of scatter in the data is seen in Figure 1.1. For example,

at 65 DNL the 90% confidence interval for the %HA was approximately between 5%
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Figure 1.1. The relationship between percent highly annoyed (%HA)
and DNL for transportation noise sources demonstrated by Schultz
[reproduced with permission from (Schomer, 2002)].

to 28% (Schomer, 2002). While deriving the relationship, Schultz considered the top

28% of the respondents as “Highly Annoyed” when using a numerical scale with ad-

jective end points (Miedema and Vos, 1998; Schomer, 2002). Some of the researchers

questioned Schultz’s criteria for excluding some survey data, criteria for considering

the “Highly Annoyed” respondents from different surveys, the method of converting

the data into DNL units (Kryter, 1982), and the method of fitting the single curve

for three different types of transportation sources (aircraft, rail, and road) (Kryter,

1982; Miedema and Vos, 1998; Schomer, 2005).
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According to Kryter (1982), the separate curves derived for aircraft, road and rail

noise give a significantly better representation of the survey data used by Schultz and,

for the same exposure level, the aircraft noise is more annoying than road and rail

noise. Later, Fidell, Barber, and Schultz (1991) revised the Schultz’s curve by consid-

ering additional data sets. Fidell et al. (1991)’s curve was based on 26 survey data sets

in which 11 data sets were the ones which Schultz used. While investigating effects

of aircraft noise on humans, Finegold, Harris, and Gierke (1994) reanalyzed Schultz

(1978) and Fidell et al. (1991)’s data sets. Finegold et al. (1994) recommended a

new curve (U. S. Air Force (USAF) logistic curve) for general transportation noise.

The USAF logistic curve and Schultz’s curve are similar. Miedema and Vos (1998)

proposed separate quadratic functions for aircraft, rail, and road noise instead of a

single curve for all three transportation sources. Recently, a logistic regression anal-

ysis was conducted by Fidell and Silvati (2004) on sets of aircraft noise data taken in

residential settings in surveys conducted between 1963 and 2002 in Europe, North-

America, and Australia. The data used in this analysis consisted of the data used

by Schultz (1978) and Fidell et al. (1991). In Figure 1.2 is shown the compilation by

Fidell and Silvati (2004) of almost all worldwide attitudinal surveys prior to 2004 of

the annoyance responses to noise from aircraft, rail, and road traffic. A great amount

of data scatter, especially for DNL in the range from 55 to 75 dB, is seen. For exam-

ple, at a DNL of 65 dB in some surveys very few or no people were highly annoyed

while in other surveys the % highly annoyed could be as high as 70%. In Figure 1.3

the magenta line is the dose-response curve yielded from Fidell and Silvati (2004)’s

analysis and the other lines correspond to the different dose-response relationships

mentioned above.

Schultz (1978)’s curve shown in Figure 1.1 is the basis for FAA’s 65 DNL criterion

for compensating the communities around airports experiencing aircraft noise induced

annoyance. In FAA’s Airport Part 150 studies (noise-compatibility/land-use studies)

conducted for identifying and evaluating measures for mitigating aircraft noise impact

on the communities around airports, when the outdoor day-night average sound levels
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Figure 1.2. Compilation by Fidell and Silvati (2004) of worldwide
attitudinal surveys of the annoyance response to aircraft, rail, and
road traffic noise. Solid curve - second-order curve fit to the aircraft
noise data, dashed curve - second-order curve fit to the rail noise data
[reproduced with permission from (Schomer, 2005)].

exceed 65 dB limit then the noise mitigation funds for affected residences are provided.

In Figure 1.4 is shown an example of the aircraft noise DNL contours based on the

simulated scenario based on a number of flyover, take-off and landing operations

from a variety of aircraft types around Newark Liberty International Airport (EWR),

Newark, New Jersey. The population falling inside the 65 DNL contour shown in

Figure 1.4 (represented by the red squares in the red and yellow shaded regions)

qualifies for compensation.

The choice of the qualifying criterion is very important for creating acceptable

living environments. Too high criteria values will result in a hazardous living envi-

ronment and too low criteria values will result in unnecessary spending (Schomer,

2005). It is seen that the U.S. Federal Agencies are not in agreement on deciding

criteria for the assessment of significant noise impact. For the FAA, DoD, and HUD’s

the level of 65 dB (DNL) is a “level of significance” and for the FTA and FRA the
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Figure 1.3. The dose-response curves demonstrating the relationship
between percent highly annoyed (%HA) and DNL. Aircraft, rail, and
road: Black - Schultz (1978), red - Fidell, Barber, and Schultz (1991),
and green - Finegold, Harris, and Gierke (1994); Aircraft only: blue -
Miedema and Vos (1998) and magenta - Fidell and Silvati (2004).

same level is termed a level of “severe impact” (Schomer, 2005). For the FTA and

FRA the level of 55 dB (DNL) or less is a “level of significance” (Schomer, 2005).

The NRC further goes down to 40 dB (DNL), which is the level at which NRC rec-

ommends the assessment of noise impact, which is 25 dB less than the FAA, DoD,

and HUD criterion value (Schomer, 2005). The other agencies such as WHO, Amer-

ican National Standards Institute (ANSI), The World Bank Group (WBG), and the

International Organization for Economic Co-operation and Development (OECD) all

recommend a level of 55 dB (DNL) for providing noise impact mitigation measures

to the residences in the affected area (Schomer, 2005). Most of the agencies whose

criterion limit is 55 dB (DNL) adopted the criterion in 1995, or later.

Not only the qualifying criteria but also the metrics that are used for quantifying

human responses to the noise must predict human responses precisely. As stated

earlier, many researchers questioned Schultz (1978)’s basis for converting the survey

data into the DNL units. It is observed from Figures 1.1 and 1.2 that DNL is
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Figure 1.4. Aircraft noise DNL contours around Newark Liberty In-
ternational Airport (EWR), Newark, New Jersey. Regions of DNL
variations: Red > 70, yellow - 65 to 70, and green - 60 to 65 DNL;
pink and red squares are the population points; and aircraft trajecto-
ries are shown by blue and red lines

not properly assessing the noise problem. Hence, to enhance the capability of the

DNL metric in predicting human responses to noise, the U. S. Environmental Pro-

tection Agency (USEPA) suggested adjustment factors be applied to normalize DNL

(USEPA, 1974). In Figure 1.5 is shown the relationship between community reac-

tions and values of the DNL metric. Application of these adjustment factors reduced

the data scatter that was observed as shown in Figure 1.5 by red arrows. The ad-

justment factors recommended by U.S. Environmental Protection Agency (USEPA)

which range from -10 to 10 dB are given in Table 1.1 (Schomer, 2002, 2005). Schomer

(2002) also points out that there are other factors that contribute to human reactions

to noise that are important and the DNL metric is unable to capture those factors:

these include seasonal effects, rural or urban environment effects, previous experience
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Figure 1.5. Community reaction against non-normalized DNL
(green) and normalized DNL (red). [Originally from EPA (1974),
reproduced with permission from (Schomer, 2002).]

with intruding noise, attitudinal factors, the nature of sound, for example, impulsive

or pure tone etc.

1.2 Motivation for Research

There are people who live around airports, that are outside the 65 DNL contour who

complain about aircraft noise. This could be because the 65 DNL criterion adopted

by the FAA should be lower and/or the DNL metric is not adequate to predict human

responses to the aircraft noise.

DNL is based on an average A-weighted sound pressure with 10 dB penalty for

noise occurring at night (Schultz, 1982). DNL is often criticized because it is based

on a time-average of sound pressure over a 24-hour period. As such it does not change

very much with the inclusion of a few loud events which, if they occurred at night, may

increase the likelihood of awakenings, which could be a cause of increased annoyance.

Also during the loudest part of a noise event, it could interfere with communications

even though the average level over several hours is low.
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There is some debate about whether the A-weighting over-attenuates low frequen-

cies during the loudest part of the event (Leventhall, 2003). In the case of aircraft

noise most of the noise energy is at low-frequencies (Kryter, 2009). Low frequen-

cies can cause rattle and vibration of the housing structures (Blazier, 1981; Fidell,

Pearsons, Silvati, and Sneddon, 2002; Hubbard, 1982; Schomer, 2005). At the same

A-weighted sound pressure level, people’s annoyance reaction to low-frequency noise

is greater than that to other noises (Berglund, Hassmen, and Job, 1996; Persson and

Björkman, 1988). Some researchers have advocated using loudness measures instead

of A-weighted sound pressure level (Kuwano, Namba, and Miura, 1989; Schomer,

2004; Schomer, Suzuki, and Saito, 2001; Zwicker and Fastl, 1999). For sounds where

the loudness varies with time, it has been found in many applications that Zwicker’s

Loudness1 exceeded 5% of the time is a reasonably good predictor of perceived loud-

ness which typically is highly correlated to annoyance, see, for example, Zwicker and

Fastl (1999), and for more impulsive sounds Loudness exceeded 2 or 3% of the time

has been found to be high correlated with subjects’ responses (Berry and Zwicker,

1986), though for isolated single events “of the time” needs to be defined. Use of more

recent loudness metrics for evaluating community noise is not widespread and further

investigation is needed in how they might be applied to assess long term effects of

community noise.

Currently, apart from DNL, there are other metrics, for example the A-weighted

Sound Exposure Level (SELA) and Maximum Sound Pressure Level (LAX) which

are single event noise exposure level metrics. Perceived Noise Level (PNL), Tone-

corrected Perceived Noise Level (PNLT ), and Effective Perceived Noise Level (EPNL)

metrics are used. These are Loudness-based single event metrics which are used in

the U.S. and in Europe for quantifying aircraft noise induced annoyance (FAA, 2002).

EPNL is based on an earlier loudness model than those used now widely used in

the engineering and psychoacoustic communities. The stationary and non-stationary

loudness models of Zwicker and Fastl (ISO 532B, 1975; Zwicker, Fastl, and Dalla-

1In this Thesis, terms referring to percepts will begin with lowercase letters, while terms referring
to metrics or models will begin with uppercase letters.
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mayr, 1982) are used in the automobile and appliance industries. The stationary

and non-stationary loudness models of Glasberg and Moore (ANSI S3.4-2007, 2007;

Moore and Glasberg, 2004; Moore, Glasberg, and Baer, 1997) are used more widely

in the audio and psychoacoustic communities. These are newer than Stevens’ loud-

ness models and include more advanced models of the nonlinear characteristics of the

hearing system that, for example, control frequency masking. The non-stationary

models incorporate the temporal characteristics of the human hearing system and

predict loudness through time.

It is known that the annoyance increases with noise level (Fidell, Barber, and

Schultz, 1991; Kryter, 1982). From many studies conducted in the past to investi-

gate the factors contributing to aircraft noises induced annoyance, there is signifi-

cant evidence that Loudness is the strongest contributor to the annoyance (Angerer,

McCurdy, and Erickson, 1991; Berglund, Berglund, and Lindvall, 1975; Fastl and

Widmann, 1990). However, there are other sound attributes, for example, sharpness

(spectral balance of low and high frequencies), slow or trackable (1 - 16 per second)

and fast or un-trackable (50 - 90 per second) fluctuations in loudness, presence of

prominent tonal components, and impulsiveness etc. which may also influence an-

noyance due to the aircraft noise (Kuwano, Namba, and Miura, 1989; Leatherwood,

1987; Powell and Sullivan, 2001; Schomer, 2005; Schomer and Wagner, 1996; Sul-

livan and Powell, 2002; Zwicker and Fastl, 1999). For example, two sounds with

equal loudness level but with different levels of other sound characteristics will sound

drastically different and will create different impressions of perceived sound quality

(Västfjäll and Kleiner, 2002). This is the case with, for example, machinery noise

(Lee, Davies, and Surprenant, 2005), industrial noise (Trapenskas and Johansson,

2003), and other product noise (Hastings, Lee, Davies, and Surprenant, 2003). It is

thus likely that these noise characteristics in addition to loudness also affect people’s

responses to aircraft noise. One model that is proposed for predicting annoyance is

Zwicker and Fastl’s Psychoacoustic Annoyance model (Zwicker and Fastl, 1999, Chap-
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ter 16) which does incorporate measures of loudness, sharpness, level fluctuation and

roughness, but not tonalness.

The overall goal of this research was to gain a deeper understanding of how sound

characteristics other than loudness influence the annoyance ratings of aircraft noise,

and also to determine whether there is any benefit to using the more sophisticated

models of loudness to quantify annoyance.

1.3 Objectives of This Research

Following are the objectives of this research:

1. To develop a deeper understanding of how aircraft noise characteristics affect

annoyance in communities in vicinity of the airports.

2. To examine the correlation between level-based metrics and annoyance in re-

sponse to aircraft noise near airports (level-based metrics, example of include

A-weighted Sound Pressure Level, Zwicker Loudness etc.).

3. To examine the influence of aircraft sound characteristics other than loudness on

annoyance (spectral balance, loudness fluctuations (roughness and fluctuation

strength), and tonalness).

4. To develop models that can be coupled with sound prediction models to predict

annoyance more accurately than is currently possible using average A-weighted

sound pressure levels.

1.4 Limitations of This Research

Following are the limitations of this research:

1. This research is conducted in a laboratory environment which can be criti-

cized for being an artificial environment where subjects have to imagine how
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they would feel if they heard the sound when in their homes, their garden or

the community. However, a laboratory environment is much more controllable

where it is possible to control the stimuli that the subjects are exposed to and

which may affect their response to the sound. Findings in this environment

are useful for identifying possible drivers in noise annoyance, but should be fol-

lowed up with community surveys to see how the responses change in the real

environment.

2. In this research, effects of aircraft noise characteristics on human responses

were investigated by exposing the subjects to single noise events. However, the

population living in the vicinity of the airports is exposed to multiple events

over a long period of time. It will be necessary in future research to investigate

how indicative the responses to the single noise events will be of responses to

multiple events.

3. Noise events occurring in the night may responsible for sleep disturbance. Sleep

disturbance may increase annoyance reactions. Effects of sleep disturbance on

aircraft noise annoyance are not examined in this research, but should be part

of a community study of annoyance.

4. Low frequency noise may be annoying but this annoyance may increase if it

causes rattle and vibration. Here the effects of rattle and vibration are not

considered.

1.5 Research Approach

In Figure 1.6 is shown a schematic diagram of the approach that was used in this

research that is focused on measuring and modeling annoyance responses to single

aircraft noise events. In this research over 40 noise recordings of noise from air-

craft during take-off, flyover and landing operations, which were taken at Fort Laud-

erdale/Hollywood International Airport (FLL) at Fort Lauderdale and Orlando San-
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Figure 1.6. Schematic diagram illustrating approach of this research.

ford International Airport (SFB) at Orlando in Florida were analyzed. These noise

measurements were performed by the students from Aviation Technology of Purdue

University. Also some recordings of thrust-reverser noise of aircraft while landing,

taken by researchers from the Penn State University at Washington Dulles Interna-

tional Airport (IAD) were analyzed and used in the research. All of these recordings

involved both jet and propeller types of aircraft. By analyzing these recordings the

contending sound attributes and their ranges of variation for both jet and propeller

aircraft were identified. A program was developed to simulate aircraft noise from an

analysis of an aircraft noise recording: this was used to generate sets of test sounds

used in psychoacoustic tests conducted in a laboratory environment. An annoyance

model was developed by using the responses obtained in the psychoacoustic tests and

comparing them to metrics or combinations of metrics calculated from the stimuli

used. The performance of currently used environmental noise metrics and the pro-

posed annoyance models was examined in each test and also over all tests. Models

were refined based on this performance evaluation.
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1.6 Thesis Outline

Current assessment methods of aircraft noise annoyance in the communities around

airports, their advantages and disadvantages are given in Chapter 2. The low fre-

quency noise metrics that are used for environmental noise assessment are described in

Chapter 3. Also in Chapter 3, the synthesis of the Nakamura and Tokita (1981)’s low

frequency noise threshold curves and its conversion into the low frequency loudness

threshold curves by using three loudness algorithms such as Stevens’ (Stevens, 1972),

Moore and Glasberg’s (Glasberg and Moore, 2002), and Zwicker’s (Zwicker and Fastl,

1999) that was performed in this research is described. The sound quality metrics

that are used in analyzing aircraft noise are briefly discussed in Chapter 4. A program

developed to simulate the aircraft noise so that levels of one or several aircraft noise

characteristics could be varied across stimulus sets while keeping levels of other noise

characteristics relatively constant is described in Chapter 5. In Chapters 6, 7, 8, and

9 are described the psychoacoustic tests that were conducted to examine the influ-

ences of the noise characteristics: spectral balance, roughness, fluctuation strength,

and tonalness, respectively, on annoyance ratings of aircraft noise. In Chapter 10,

development of the Modified Psychoacoustic Annoyance model is described and its

performance along with that of other annoyance models is discussed. In Chapter 11,

a summary of this research and conclusions are presented and suggestions for future

work are given.
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Table 1.1 Corrections to be added to the measured DNL to ob-
tain normalized DNL. [Reproduced with permission from (Schomer,
2002).]

Type of Correction Description Correction
added to
measured

DNL (dB)

Seasonal correction Summer (or year-round operation) 0
Winter only (or windows always closed) -5

Correction for outdoor
noise level measured
in absence of intruding
noise

Quite suburban or rural community (re-
mote from large cities and from industrial
activity and trucking).

+10

Normal suburban community (not located
near industrial activity)

+5

Urban residential community (not imme-
diately adjacent to heavily traveled roads
and industrial areas)

0

Noisy urban residential community (near
relatively busy roads or industrial areas)

-5

Very noisy urban residential community -10
Correction for previ-
ous exposure and com-
munity attitudes

No prior experience with little intruding
noise

+5

Community has had some previous expo-
sure to intruding noise but little effort is
being made to control the noise. This cor-
rection may applied in a situation where
a community has not been exposed to the
noise previously, but the people are aware
that bona fide efforts are being made to
control the noise

0

Community has had considerable previous
exposure to the intruding noise and the
noisemaker’s relations with the community
are good

-5

Community aware that operation causing
noise is very necessary and it will not con-
tinue definitely. This correction can be ap-
plied for an operation limited duration and
under emergency circumstances.

-10

Pure tone or impulse No pure tone or impulsive character 0
Pure tone or impulsive character present +5
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2. AIRCRAFT NOISE METRICS

A significant amount of research effort has been directed to determine adequate mea-

sures of community responses to noise (Kryter, 1994). The validity of the noise metrics

is based on the correlation between individual metrics and responses of people in ex-

perimental and field studies. Schultz (1982) gave a detailed classification of the types

of noise metrics that are used for quantifying aircraft noise induced annoyance:

1. Weighted Sound Pressure Level based ratings, e.g., A and C-weighted Sound

Pressure Level,

2. Computed loudness and annoyance based ratings, e.g., Loudness level, Perceived

Level (PL), and Perceived Noise Level (PNL),

3. Statistical centile based ratings, e.g., L90, L50, and L10, etc.,

4. Noise level and events based ratings, e.g., Noise and Number Index (NNI), and

Annoyance Index (AI),

5. Energy average level based ratings, e.g., Average Sound Level (Leq or LA),

6. Criterion curve based ratings, e.g., Composite Noise Rating (CNR).

According to Schultz (1982) the reasons for development of several noise ratings

stemmed from the purpose of using a different noise rating which adequately predicts

human response to noise. Different occasions led to a slightly different rating in each

case. The most widely used metrics for evaluating aircraft noise are briefly described

in rest of this chapter.
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2.1 A and C-weighted Sound Pressure Level

A and C-weighting schemes are based on equal loudness contours (ISO 226, 1987,

2003) at different pressure levels. A generalized expression for calculating weighted

sound pressure level is given below:

10 log10

∑
i

(
wipi

po

)2

, (2.1)

where pi is the average sound pressure in each octave band, po is the reference pres-

sure = 20 µPa and total weighted sound pressure level is calculated by weighting pi

and summing over all the i octave bands. wi is the associated weighting factor for

particular octave band (ANSI S1.4-1983, 1983).

2.1.1 A-Weighed Sound Pressure Level (LA)

A-weighting weighting factors (wi) related to the different frequency bands are given

in Table 2.1. These are derived from the 40 phon equal loudness contour. Although

A-weighted sound level is universally accepted for community noise measurement,

Fidell, Pearsons, Tabachnick, and Howe (2000b) mentioned that it is inadequate in

assessing aircraft noise impact on a community. This inadequacy is because it de-

emphasizes low-frequencies below 400 Hz and high-frequencies above 4000 Hz. If a

sound component is around 40 phon then A-weighted sound pressure level may be

appropriate. Most of the aircraft noise energy is in the low frequency range (10-

250 Hz) (Leventhall, 2003) and hence Fidell, Pearsons, Silvati, and Sneddon (2002);

Kuwano, Namba, and Miura (1989); Schomer (2004) and other earlier researchers

have constantly questioned the adequacy of A-weighting based metrics for predicting

aircraft noise annoyance.
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Table 2.1 A and C-weighting corrections. [Reproduced with permis-
sion from Community Noise Rating (Schultz, 1982).]

Octave band center
frequency

A-weighting Octave
band Corrections

(dB)

C-weighting Octave
band Corrections

(dB)

63 -26.2 -0.8
125 -16.1 -0.2
250 -8.6 0.0
500 -3.2 0.0
1000 0.0 0.0
2000 1.2 -0.2
4000 1.0 -0.8
8000 -1.1 -3.0

2.1.2 C-Weighed Sound Pressure Level (LC)

Schultz (1982) mentioned that the C-weighting is an appropriate weighting when as-

sessing high level noises. The A-weighting and C-weighting curves are shown in Fig-

ure 2.1. Miller, Reindel, Senzip, and Horonjeff (1998) in their study of low-frequency
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Figure 2.1. A and C-weighting curves. Red - A-weighting and blue - C-weighting.

take-off noise problems at Baltimore-Washington International Airport (BWI) found
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that the C-weighted metrics were more highly correlated to aircraft noise impact in

communities than A-weighted metrics. Further to this observation, they concluded

on the basis of the experimental findings that the wall vibration from a house in the

vicinity of BWI airport is strongly correlated to the C-weighted sound pressure level

recorded outside the house. The C-weighting correction factors for octave band center

frequency are given in Table 2.1.

2.2 Average Energy Level

This is the time-varying weighted noise level averaged over time. Currently, most

countries use some form of the average energy level for assessing the impact of most

community noises.

2.2.1 Average A-weighted Sound Level (LAeqT )

In 1965 the Average A-weighted Sound Level, LAeqT , which is also known as the

equivalent continuous noise level was put forward as a means of assessing aircraft

noise impact on a community in the vicinity of airports. It was first developed in

Germany and subsequently used by most of the western European countries for the

assessment of the traffic noise. During Swedish traffic surveys (Schultz, 1982) the best

correlation was observed between Average A-weighted Sound Level and community

noise annoyance response to the traffic noise. After critically evaluating LAeqT for

noise assessment requirements, the US Environmental Protection Agency adopted it

as a basic noise measurement descriptor. LAeqT is basically the average A-weighted

sound level measured in dB(A) over a fixed period of observation. It is calculated by

using:

LAeqT = 10 log10

(
1

T

) [
n∑

i=1

(
τi100.1Li

)
]

, (2.2)
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where Li is sound level in dBA and τi is a penalty factor dependent on day or night

time and T is averaging time typically taken to be 15 hour for day-time and 9 hour

for night-time.

Based on a survey conducted by Sörensen and Hammar (1983) on railroad noise,

the percentage of residents ‘very annoyed’ was plotted against LAeqT . From the scat-

tering of the data points it was observed although the average sound level tracks

the percentage annoyed reasonably well, some other factors are also playing a role

in the assessment of the annoyance. Fidell and Silvati (1991); Kryter (1994); Rylan-

der, Sörensen, and Kajland (1976) and Schultz (1978) observed that annoyance is a

function of the average sound level when the number of noise events is relatively low.

2.2.2 Maximum Noise Level (Lmax)

The Maximum Noise Level (Lmax) measured in dB is an instantaneous peak noise

level measured at an observer location during the time period in consideration (Baird,

Harder, and Preis, 1997). Rylander, Sörensen, and Berglund (1974) and later Björkman

(1991) proposed the maximum A-weighted noise level (LAmax) occurring over 24 hour

time period as a critical measure of noise level. In their studies they demonstrated

a better correlation between annoyance ratings and LAmax than with LAeqT (Baird,

Harder, and Preis, 1997; Björkman, 1991; Rylander, Sörensen, and Berglund, 1974;

Rylander, Sörensen, and Kajland, 1976).

2.2.3 Sound Exposure Level (SEL or LAX)

Sound Exposure Level (SEL) is generally used for the assessment of environmental

noise such as aircraft, train and road-traffic noise. An example of a weighted sound

pressure level time history of an aircraft is shown in Figure 2.2 which is used to

describe the SEL calculation. The SEL is calculated by using,

SEL = 10 log10

∫ t2

t1

p2(t)

p2
ref

dt, (2.3)
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Figure 2.2. A-weighted sound pressure level time history of an aircraft noise event.

where, p is the sound pressure, pref is the reference pressure which is 20 µPa, t1 and t2

are the instances defining the time interval during which the level is 10 dB down from

maximum sound pressure level (Lmax). t1, t2 and dt are in seconds. A or C-weighted

Sound Exposure Level (SELA or SELC) can be calculated by substituting ‘p’ with

A or C-weighted sound pressure. The SEL is measured in units of dB.

2.3 Average Level and Time of Day

Average long term exposure to environmental noise can be predicted by using the

metrics which are based on the average level of the noise. The noise level recorded is

averaged over the particular time period in consideration and a penalty factor based

on the period of measurement, is applied to the recorded noise level.
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2.3.1 Composite Noise Rating (CNR)

Composite Noise Rating (CNR), and the Noise Exposure Forecast (NEF ), which is

described in a subsequent part of this dissertation, are considered as the forerunners

of the DNL metric (Schomer, 2002). CNR was originally developed to assess the

noise problems related to military aircraft. It was then modified so it could be used to

assess the impact of commercial jet aircraft (Schultz, 1982). While calculating zones

around airports, it is used to predict the numbers of complaints expected at a given

noise exposure. The Composite Noise Rating (CNR) are given in Table 2.2.

Table 2.2 Composite Noise Rating (Aircraft). [Reproduced with per-
mission from Community Noise Rating (Schultz, 1982).]

Take-offs
and landings

Ground
run-ups

Zone Description of expected response

Less than
100

Less
than 80

1 Essentially no complaints would be
expected. The noise may, however,
interfere occasionally with certain ac-
tivities of the residents.

100-115 80-95 2 Individuals may complain, perhaps
vigorously. Concerted group action
is possible.

Over 115 Over 95 3 Individual reaction would likely in-
clude repeated vigorous complaints.
Concerted group action might be ex-
pected.

2.3.2 Day-Night Average Sound Level (DNL or Ldn)

In 1973, the US Environmental Protection Agency (USEPA) proposed the Day-Night

Average Sound level (DNL) metric as a public health and welfare criterion for noise

(Schomer, 2002). More recently, the European Union proposed Lden as a common

noise descriptor for assessing community noise impacts (Botteldooren, 2003; Bottel-

dooren and Verkeyn, 2002). Based on a review of prior field studies, Schultz (1978)
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demonstrated a correlation between the measured noise in DNL units and percentage

highly annoyed.

DNL is an equivalent continuous A-weighted sound pressure level with an addition

of 10 dB during the night-time (2200-0700) (ANSI S3.23-1980, 1980). The addition

of 10 dB during the night-time reflects the fact that people are more sensitive to noise

during the night. This is mainly because the background noise level is reduced at

night which causes aircraft events to be more noticeable. Day-Night Sound Level is

defined by:

Ldn = 10 log10

[
(1/24)

[
15

(
10Ld/10

)
+ 9

(
10(Ln+10)/10

)]]
, (2.4)

in which Ld is the average A-weighted sound pressure level measured in the day-time

(0700-2200) and Ln is the average A-weighted sound pressure level measured in the

night-time (2200-0700).

In Europe, DENL is used as a aircraft noise assessment criterion which is similar

to DNL, but an additional weighting is applied for evening-time. DENL is based

on average A-weighted sound pressure level and is defined by:

Lden = 10 log10

[
(1/24)

[
12

(
10Ld/10

)
+ 3

(
10(Le+5)/10

)
+ 9

(
10(Ln+10)/10

)]]
, (2.5)

in which Ld is the average A-weighted sound pressure level measured in the day-time

(0700-1900), Le is the average A-weighted sound pressure level in the evening-time

(1900-2200) and Ln is the average A-weighted sound pressure level measured in the

night-time (2200-0700). Note evening and night time vary from country to country.

For example in Spain night-time is 2300-0700 and in Sweden it is 2200-0700.

DNL as a single number measure for predicting the effects of the long-term ex-

posure of environmental noise was widely accepted. However, some of its drawbacks,

mainly the penalty factor for night-time events (10 dB) are often questioned. Also

it is felt that the effects of pure tones and isolated loud events are not adequately

accounted for by DNL.
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2.3.3 Normalized Day-Night Average Sound Level (NDNL)

Based on surveys prior to 1978, Schultz (1978) proposed a dose-effect relationship for

community noise impacts. However, his work was controversial (Fidell, 2003; Fidell,

Barber, and Schultz, 1991; Kryter, 1982; Schomer, 2002). Schultz’s work was ques-

tioned for his conversion of various noise measurements into the DNL units and also

for using a single relationship for reporting community response to both aircraft and

road traffic sources (Fidell, 2003). Schultz (1978) demonstrated a graphical relation-

ship between DNL and the ‘percentage highly annoyed’ (%HA), however there is

a large amount of data scatter, as seen in Figure 1.5. Observing this data scatter,

the U. S. Environmental Protection Agency (USEPA) suggested adjustment factors

to normalize DNL metrics. The adjustment factors are given in Table 1.1 (Schomer,

2002).

Further to these corrections, Schomer (2002) focused on noticeable noise-induced

rattle and time period adjustments to DNL which were not considered in the USEPA’s

DNL normalization procedure. Further he advocated a need for modifications in the

adjustment factors mentioned by USEPA (Table 1.1) to take care of psychosocial vari-

ables which also affect community reactions. Miedema and Vos (1998) synthesized

the curves for the exposure-response relationship: i.e., the relationship between DNL

and percentage highly annoyed for road, rail, and aircraft noise sources. They exam-

ined the same data sets which were earlier examined by Schultz (1978) and Fidell,

Barber, and Schultz (1991). From this study three separate non-identical curves for

rail, road and aircraft noise were found. In conclusion Miedema and Vos (1998) men-

tioned that if DNL is to be used as predictor of annoyance then different curves of

exposure-response relationship should be used for different modes of transportation.

2.4 Maximum Level and Number of Events and Time of Day

It is believed that the average noise level does not give an impression of severity of

the noise events for a given time. The maximum noise level during the day, night and
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evening time and number of such occurrences may be more indicative of noise impact

(Rice, 1977).

2.4.1 Noise Exposure Forecast (NEF )

A modified form of the CNR (1964) technique is called the Noise Exposure Forecast

(NEF ) and was developed for commercial aircraft (Schultz, 1982). NEF is being

used in Canada for assessment of noise around airports. In Australia a refined version

of NEF which is known as Australian Noise Exposure Forecast (ANEF ) is used for

assessment of noise around airports. These refinements made based on the results of

a survey of aircraft noise in Australia. NEF is defined as follows:

NEFij = EPNLij + 10 log10

[
nDij

KD

+
nNij

KN

]
− C, (2.6)

where EPNLij is the effective maximum calculated perceived noise level, calculated

from third-octave band noise levels shown in Equation (2.7), EPNL takes into ac-

count duration of signal and the presence of pure tones (Kryter, 1959, 1967; Kryter

and Pearsons, 1963):

EPNLij = PNLij + D + F, (2.7)

where D = 10 log10 (t/15), t = time interval in seconds during which noise level

is within 10 dB of the maximum perceived noise level (PNL); F is a correction

for a possible presence of pure tones or discrete frequency components (Kryter and

Pearsons, 1963). Different aircraft flying on different noise paths contribute to the

total noise exposure at a given point. i and j indicate the specific class of aircraft

(i) and flight path (j), respectively, and nDij
and nNij

are the numbers of operations

in the day and night time, respectively. KD = 20, KN = 1.2 and C = 75. The

summation of NEFij over aircraft classes and flight paths determines the total NEF

at a given position. NEF values classify three zones of interest: “NEF less than
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30”; “NEF greater than 30 but less than 40”; and “NEF greater than 40” (Schultz,

1982).

2.5 Supplemental Metrics

Supplemental metrics are used to give information in addition to the ‘cumulated

energy’. These supplemental metrics are related to the ‘numbers of events’ which is

felt to be important when predicting annoyance (Southgate, 2000).

2.5.1 N70 Contours

The N70 contours are developed by combining information on the number of aircraft

movements and the single event noise levels (ERCD Newsletter Issue 4, 2003; ERCD

Report 0205, 2003). From these contours information about the number of events

louder than 70 dBA can be obtained. The 70 dBA limit is used for these contours

which is equivalent to the single event level of 60 dBA specified in Australian Standard

AS2021 which is about the desired maximum indoor sound level for normal domestic

areas inside dwellings. In this standard it is assumed that the fabric of a house with

open window attenuates the 70 dBA single event outdoor noise level by around 10

dBA. It is believed that a 60 dBA internal sound pressure level of a noise event

may lower the speech intelligibility and may also interfere with common day-to-day

activities such as listening to music and watching television (Southgate, Aked, Fisher,

and Rhynehart, 2000).

2.5.2 Person-Event Index (PEI)

The Person-Event Index (PEI) is a sum of the number of people exposed to each

event with sound pressure level exceeding 70 dBA limit multiplied by the number of

such events (ERCD Newsletter Issue 4, 2003). It does not give any information about
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how noise is distributed across the population. PEI is calculated by using following

equation:

PEI(x) =
∑

(PNN) , (2.8)

where x = the single event threshold noise expressed in dB(A), PN = the number

of persons exposed to N events > x dB(A). PEI is summed over the range between

Nmin (defined cut-off level) and Nmax (highest number of noise events louder than x

dB(A) persons are exposed to during the period of interest) (Southgate et al., 2000).

2.5.3 Average Individual Exposure (AIE)

PEI alone does not indicate the extent to which the noise has been distributed

over the exposed population. Average Individual Exposure (AIE) communicates the

distribution of the total noise load received by each person for the event (ERCD

Newsletter Issue 4, 2003). AIE is calculated by using the following equation:

AIE =

(
PEI

total exposed population

)
. (2.9)

AIE communicates the noise concentration at the particular airport (Southgate et al.,

2000).

2.5.4 Time Above (TA)

The Time Above (TA) metric measures the time duration for which the aircraft

noise exceeds certain decibel limit (Albee, 2002; ERCD Newsletter Issue 4, 2003).

TA contours can be superimposed on DNL contours to get an idea about noise event

duration and also average noise level. TA correlates linearly with the number of flight

operations and it is sensitive to the changes in fleet mix (Southgate et al., 2000).
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2.6 Loudness Based Metrics

Loudness relates to the way in which the levels of sounds are assessed by the hu-

man auditory system. It takes into account both frequency and sound pressure level.

Loudness is a subjective quantity and difficult to measure. There are several al-

gorithms published for both stationary (ANS; ISO 532B, 1975) and non-stationary

loudness though the latter are not standardized currently. The loudness metric used

in the aircraft industry is one based on Stevens’ work. The other loudness algorithms

based on the work of Moore and Glasberg (Glasberg and Moore, 2002) and Zwicker

(Zwicker, 1977) build on the work of Stevens and are the ones most commonly used

in the psychoacoustics and product sound engineering communities.

2.6.1 Stevens’ Loudness

Psychophysical methods which define the relationship between the strength of a stim-

ulus and that of human perception of loudness can be used for expressing sensations

on a numerical scale. From past studies it is observed that the numerical estimates

of sensations are proportional to the power of the stimuli intensity; this is called the

“power law” (Stevens, 1957). Based on experimental results, Stevens (1957) proposed

that the perceived loudness L is directly proportional to the power function of the

intensity I of the test sound. The relationship is given by the equation:

L = kIp, (2.10)

where k is a constant which is dependent on the subject and the units used (Moore,

2003). The value of the constant p is dependant on the type of stimulus. When

uniformly exciting noise is used as the stimulus then p is chosen to be 0.23 (Zwicker

and Fastl, 1999) and when a 1 kHz tone is used then 0.3 can be used as a value for p

(Stevens, 1955). If loudness L2 is twice L1 then:

L2/L1 = (I2/I1)
p = 2. (2.11)
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Then intensity I2 can be found using equation:

I2 = 21/pI1, (2.12)

A two-fold increase in loudness corresponds to ten-fold increase in sound intensity

when p = 0.3.

Although the above mentioned model predicts loudness well for moderate level

sounds, it is not suitable for complex sounds. Several models including those of

Zwicker’s (Zwicker, 1977) and Moore and Glasberg’s (Glasberg and Moore, 2002)

which take the frequency sensitivity and masking into account, have been proposed

to estimate loudness appropriately. Zwicker’s model for loudness calculation of broad-

band noise (ISO 532B, 1975) is considered appropriate for predicting the loudness of

complex sounds. Moore and Glasberg (1996) have proposed a model which differs

from Zwicker’s loudness model in the definition of critical bands and critical band-

widths particulary at low frequencies. A summary of the loudness algorithms devel-

oped by Zwicker and Fastl (ISO 532B, 1975; Zwicker and Fastl, 1999) and Moore and

Glasberg (Glasberg and Moore, 2002) is given in Chapter 4.

2.6.2 Equal-Loudness-Level Contours

A-weighting is a one-dimensional filter which does not take the sound pressure level

(SPL) into consideration and it particularly de-emphasizes the low-frequency noise

content. It is based on the 40 Phon equal loudness contour. Equal-Loudness-Level

Contours (ISO 226, 1987) have recently been updated based on the collaborative

research of Suzuki and Takeshima (2004) and the New Energy and Industrial Tech-

nology Development Organization (NEDO) and is standardized in ISO 226 (2003). In

Figure 2.3 are shown the new (ISO 226, 2003) and the previously standardized con-

tours (ISO 226, 1987). This variation in equal level with frequency and the changes

in contour shapes with stimulus level are captured in loudness algorithms.
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Figure 2.3. Equal loudness level contours presented in standards ISO
226 (1987) and ISO 226 (2003). [Reproduced with permission from
(AIST, 2003).]

When assessing environmental noise, Schomer (2004) evaluated both ISO 226

(1987) and ISO 226 (2003) Equal-Loudness-Level Contours as shown in Figure 2.3.

He concluded that the revised version does not adequately assess the noise due to

improper de-emphasizing of the low-frequency energy.

2.6.3 Loudness Level Weighted Sound Exposure Level (LLSEL)

To improve noise assessment criteria Schomer (1999) proposed the loudness level

weighted sound exposure level (LLSEL) metric which is based on Equal-Loudness-

Level Contours presented in ISO 226 (1987). LLSEL takes into account special
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characteristics of sounds such as impulsiveness and low-frequency content (Schomer,

2004). LLSEL is given by:

LLSEL = 10 log10

(∑
j

∑
i

(
10

LLij
10

))
, (2.13)

where LLij is the phon level corresponding to the ith one-third octave band and jth

time sample.

2.6.4 Perceived Noise Level (PNL)

The calculation procedure for Perceived Noise Level (PNL) given below is from Fed-

eral Aviation Regulations, Part 36, Appendix A2 to Part 36 - Section A36.4 (FAA,

2002).

Perceived Noise Level (PNL) is calculated by using third-octave sound pressure

levels. In this calculation equal noisiness curves are employed for conversion from

sound pressure level to noise level (FAA, 2002). From these curves a sound pressure

level in each third-octave bands from 50 Hz to 10 kHz is converted to noy values. The

noy values are then summed using following equation,

Nt = nmax + 0.15
k∑

i=1

(ni − nmax) , (2.14)

where, n is the noy value corresponding to each frequency bands from 50 Hz to 10

kHz and sound pressure level, nmax is the maximum of all the noy values, k is the

index of third-octave bands from 50 Hz to 10 kHz. PNL is calculated by using the

following equation,

PNL = 40 +
10 log10 Nt

log10 2
. (2.15)

Perceived Noise Level (PNL) is measured in the units of PNdB.
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2.6.5 Tone-corrected Perceived Noise Level (PNLT )

The calculation procedure for Tone-corrected Perceived Noise Level (PNLT ) given

below is from Federal Aviation Regulations, Part 36, Appendix A2 to Part 36 - Section

A36.4 (FAA, 2002). The Perceived Noise Level (PNL) of any noise having discrete

frequency components is corrected by adding tone correction factors (C). The tone

correction factors are dependent on the frequency of the tone and its excess level over

the level of the noise present in the adjacent third-octave frequency bands. PNLT is

obtained by adding the correction factors (C) to the PNL. Sound pressure levels in

third-octave frequency bands from 80 Hz to 10 kHz are considered for the calculation

of C.

The first step in the calculation of PNLT is to find the slope of the spectrum (s)

in the third-octave frequency bands above 80 Hz (i = 3). Note that in the calculation

of PNLT , the third-octave frequency bands from 80 Hz to 12.5 kHz are numbered

from 3 to 25. Slopes (s) are calculated by using the following equation,

s(3, k) = no value,

s(i, k) = SPL(i, k)− SPL(i− 1, k), i = 4, 5, ...., 24,
(2.16)

where, s is the slope measured in the units of dB, i is the number of the third-octave

frequency band and k is the index of the time step over which PNL is calculated (0.5

seconds). The second step is about identifying and encircling s where the absolute

value of change in s is greater than 5 dB:

|∆s(i, k)| = |s(i, k)− s(i− 1, k)| > 5. (2.17)

In the next step, three conditions are checked to identify and encircle the sound

pressure levels (SPL(i, k)) in the third-octave frequency bands. (a) If the encircled

value of the slope (s(i, k)) is positive and greater than the previous slope (s(i− 1, k))

then SPL(i, k) is encircled. (b) If the slope (s(i, k)) is zero or negative and the

previous slope (s(i − 1, k)) is positive then SPL(i − 1, k) is encircled. (c) No SPL
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value is encircled if other than cases (a) and (b) exist. In step four, new sound

pressure levels (SPL′) are obtained as follows:

(a) For the non-encircled sound pressure levels, new sound pressure levels are equal

to the original sound pressure levels, i.e. SPL′(i, k) = SPL(i, k).

(b) For the encircled sound pressure levels, new sound pressure levels are obtained by

using the following equation,

SPL′(i, k) =
1

2
[SPL(i− 1, k) + SPL(i + 1, k)] . (2.18)

(c) If the sound pressure level in the 24th third-octave frequency band is encircled

then the new sound pressure level is,

SPL′(24, k) = SPL(23, k) + s(23, k). (2.19)

The fifth step is about recomputing the slopes (s′). In this step an imaginary slope

for the 25th third-octave band is also calculated. The following equation is used to

recompute the slopes,

s′(3, k) ≡ s′(4, k),

s′(i, k) = SPL′(i, k)− SPL′(i− 1, k), i = 4, 5, ...., 24,

s′(25, k) ≡ SPL′(24, k).

(2.20)

In the sixth step the arithmetic average of the three newly obtained adjacent slopes

(s′) are computed by using the following equation,

s̄(i, k) =
1

3
[s′(i, k) + s′(i + 1, k) + s′(i + 2, k)] . (2.21)



34

In this calculation the slopes (s′) in third-octave frequency bands from 3 to 23 are

considered. In the seventh step, final third-octave sound pressure levels (SPL′′(i, k))

are calculated which are obtained by using the following equations,

SPL′′(3, k) ≡ SPL′′(3, k),

SPL′′(i, k) = SPL′′(i− 1, k) + s̄(i− 1, k), i = 4, 5, ...., 24,
(2.22)

In the eighth step, the differences (F (i, k)) between the original sound pressure levels

and the final sound pressure levels are calculated using the following equation,

F (i, k) = SPL(i, k)− SPL′′(i, k). (2.23)

Note that only differences (F (i, k)) greater than 3 dB are considered for further

calculations. In the ninth step, magnitudes of the tone correction factors (C) for each

third-octave frequency bands from 80 Hz to 10 kHz where (F (i, k)) is greater than 3

dB are obtained by using the following:

50 ≤ f < 500 3 ≤ F < 20 C = F
6
,

20 ≤ F C = 31
3
,

500 ≤ f ≤ 5000 3 ≤ F < 20 C = F
3
,

20 ≤ F C = 62
3
,

5000 < f ≤ 10000 3 ≤ F ≤ 20 C = F
6
,

20 ≤ F C = 62
3
.

(2.24)

In the end the largest of the correction factors obtained is named as Cmax and added

to the previously calculated PNL. The following equation is used to calculate the

PNLT ,

PNLT (k) = PNL(k) + Cmax(k). (2.25)
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PNLT is measured in units of TPNdB and k is the time step.

2.6.6 Effective Perceived Noise Level (EPNL)

The calculation procedure for Effective Perceived Noise Level (EPNL) given below is

from Federal Aviation Regulations, Part 36, Appendix A2 to Part 36 - Section A36.4

(FAA, 2002).

Effective Perceived Noise Level (EPNL) is a single number measure of an aircraft

noise event. It is derived from the Tone-corrected Perceived Noise Level (PNLT ) and

includes a correction factor for duration of aircraft flyover. The following equation is

used for calculating the correction factor (D) for aircraft flyover,

D = 10 log10

[
2d∑

k=0

(
10

PNLT (k)
10

)]
− PNLTM − 13, (2.26)

where, PNLTM which is called as Maximum Tone-corrected Perceived Noise Level

is the maximum value of the PNLT time history, d is the time interval during which

the level is 10 TPNdB down from PNLTM , and k is the index of the time step.

EPNL, which is measured in units of EPNdB, is calculated by using the following

equation,

EPNL = PNLTM + D. (2.27)

2.7 Summary of Chapter

An overview of aircraft noise metrics currently in use has been given. The loudness

algorithms of Moore and Glasberg and Zwicker and Fastl which are extensions of

Stevens’ Loudness algorithm were mentioned briefly and readers are referred to stan-

dards and other references for the details of those algorithms (ANSI S3.4-2007, 2007;

Glasberg and Moore, 2002; ISO 532B, 1975; Moore and Glasberg, 1996, 2004; Moore,

Glasberg, and Baer, 1997; Zwicker, 1977; Zwicker, Fastl, and Dallamayr, 1982). Cur-
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rently their loudness algorithms are not used in aircraft noise community metrics.

A recurring problem with aircraft noise is the particular influence of low frequen-

cies. That issue arises with many environmental noise problems and so metrics and

assessment of low frequency environmental noise is described in the next chapter.
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3. LOW FREQUENCY NOISE METRICS

Aircraft noise is broad-band noise but the energy in the low-frequency noise region

(10 - 250 Hz) may be more problematic than that in the higher frequency bands

(Leventhall, 2003). Fidell, Silvati, Pearsons, Lind, and Howe (1999) claim that the

low-frequency (10 - 250 Hz) energy in aircraft noise is the primary cause of annoyance

due to aircraft noise and dominates any effects caused by energy in higher frequency

bands. Berglund, Hassmen, and Job (1996) described the effects of intense low fre-

quency noise such as respiratory impairment and aural pain, although those levels

are unlikely to be encountered in communities around airports. They mentioned that

low-frequency noise can be more annoying than noise with less low-frequency energy

content. This is in contrast to perception of product noise where sounds with a spec-

tral balance skewed to higher frequencies, above 1000 Hz (which sound sharp) tend to

be more annoying (May, Davies, and Bolton, 1996; Zwicker and Fastl, 1999, Chapter

16). Note: if machinery creates very high levels of low frequency noise, it will also be

found to be annoying - even if there are also high frequencies present.

Some argue that these comparisons are made with sounds that have similar A-

weighted sound pressure levels but potentially are not equally loud and the low fre-

quency noise “problem” has arisen because of inappropriate use of A-weighting for

sounds with spectra well above the 40 Phon equal loudness curve. It might be argued

that if more accurate loudness measures were used there would be a more accurate

assessment of annoyance. This was one explanation for the apparent need for a rail-

way bonus when being compared to road noise impact (Fastl, Fruhmann, and Ache,

2003).

Low frequencies more easily pass into buildings so the spectral balance indoors is

shifted to low frequencies because of attenuation of high frequencies during transmis-

sion. Thus there may be a problem of assessing annoyance by using outdoor sound
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levels. Annoyance due to low-frequency noise energy has been attributed to the

secondary emissions which many of the complainants describe as the dull rumbling

sound which is heard from a distance and is more annoying during the night time

(Fidell, Silvati, Pearsons, Lind, and Howe, 1999). Hubbard (1982) stated that the

low-frequency energy produced by the aircraft noise causes house vibrations which

ultimately causes rattle induced annoyance. According to Fidell et al. (1999) maxi-

mum noise levels in low-frequency bands must be incorporated into metrics to predict

rattle induced annoyance.

Low frequency noise is potentially a problem with power plants (Hessler, 2004;

Marriott and Leventhall, 2004), wind turbines (Shepherd and Hubbard, 1991), trans-

portation noise (Broner, 1978), and HVAC systems in buildings (Blazier, 1993). The

limits and criteria developed over the last many years to assess low frequency noise

problems are briefly described in following sections.

3.1 Low Frequency Noise Weighting for Sound Level Meter

The G-weighting is specially designed for infrasound (sounds with frequency below

20 Hz). G-weighting attenuates rapidly above 20 Hz and below 20 Hz it follows the

assumed threshold of hearing contour. The slope for G-weighting for frequencies from

2 to 20 Hz is 12 dB per octave. A sound with G-weighted sound pressure level in

the range from 95 to 100 dBG is probably perceived by human beings (Leventhall,

2003). The low frequency noise weighting curves developed by Inukai, Taua, Utsugi,

and Nagamur (1990) were compared with G and A-weighting networks and they are

shown in Figure 3.1. Both the low frequency noise weighting curves, low frequency

high levels and low frequency low levels attenuate less noise energy at low frequencies

than the A-weighting network. The low frequency high level curve (blue line in

Figure 3.1) has a rise and fall in the 40 Hz frequency region.
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Figure 3.1. Low frequency noise networks for sound level meters.
Inukai, Taua, Utsugi, and Nagamur (1990)’s low frequency weightings:
blue - weighting for low frequency high levels; red - weighting for low
frequency low levels; green - A-weighting and black - G-weighting
networks.

3.2 Low Frequency Noise Rating Curves (LFNR)

In a study conducted by Broner and Leventhall (1983) in which subjects judged

annoyance of low frequency noise in 10 Hz wide frequency bands in the frequency

range from 25 to 85 Hz, subjects were found to be more annoyed when exposed to low

frequency noise in the bands with center frequencies 35 and 45 Hz. From the results

obtained in this study they concluded that the noise in bands with center frequencies

35 and 45 Hz is more annoying than the noise in lower or higher frequency bands.

Broner and Leventhall (1983) used these experimental results to modify the Noise

Rating (NR) curves in the low frequency region and developed the Low Frequency

Noise Rating (LFNR) curves which are shown in Figure 3.2. The Low Frequency

Noise Rating curves are similar to Noise Rating curves down to 125 Hz, but below

125 Hz they are more restrictive. A low frequency noise problem could be detected

by using these curves by plotting the noise spectrum on the curves. If the spectrum

below 125 Hz exceeds the rating curve that is determined by using the spectrum



40

10
0

10
1

10
2

10
30

20

40

60

80

100

Frequency − Hz

S
ou

nd
 P

re
ss

ur
e 

Le
ve

l −
 d

B

Figure 3.2. Low frequency noise rating (LFNR) curves. Blue -
LFNR25, red - LFNR45, and green - LFNR65.

above 125 Hz then there is a potential for low frequency noise problem. Broner and

Leventhall (1983) suggested a penalty of 3 dB for a noise whose levels are fluctuating.

3.3 National Criteria for Low Frequency Noise

Many countries, for example Poland, Germany, Netherland, Denmark and Sweden

have developed criteria for assessment of low frequency noise problem. The levels

in frequency bands from 8 to 250 Hz for criteria curves for the above mentioned

countries are given in Table 3.1. The criteria curves are shown in Figure 3.3. None

of the methods have any provision for the assessment of fluctuating noises. The

methods are designed for the assessment of steady tones and may underrate the

subjective responses to fluctuations in the noise level which is the main concern in

low frequency noise sufferers complaints (Leventhall, 2003).
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Table 3.1 The low frequency noise problem assessment criteria de-
veloped by European countries. Levels above which constitute a low
frequency noise problem.

Frequency
(Hz)

Poland -
LA10

(dB)

Germany
- DIN
45680
(dB)

Netherland
- NSG
(dB)

Denmark
- (Night)
20dBA
(dB)

Sweden
(dB)

ISO 226
(dB)

8.00 - 103.00 - - - -
10.00 80.40 95.00 - 90.40 - -
12.50 83.40 87.00 - 93.40 - -
16.00 66.70 79.00 - 76.70 - -
20.00 60.50 71.00 74.00 70.50 - 74.30
25.00 54.70 63.00 64.00 64.70 - 65.00
31.50 49.30 55.50 55.00 59.40 56.00 56.30
40.00 44.60 48.00 46.00 54.60 49.00 48.40
50.00 40.20 40.50 39.00 50.20 43.00 41.70
63.00 36.20 33.50 33.00 46.20 41.50 35.50
80.00 32.50 28.00 27.00 42.50 40.00 29.80
100.00 29.10 23.50 22.00 39.10 38.00 25.10
125.00 26.10 - - 36.10 36.00 20.70
160.00 23.40 - - 33.40 34.00 16.80
200.00 20.90 - - - 32.00 13.80
250.00 18.60 - - - - 11.20

3.4 Low-Frequency Sound Level (LFSL)

Low-frequency sound level (LFSL) is the sum of the maximum noise level in each of

the one-third octave bands centered between 25 - 80 Hz and is a short term, single-

event noise metric which was described as a direct predictor of rattle (Fidell, Silvati,

Pearsons, Lind, and Howe, 1999; Fidell, Harris, and Sutherland, 2000a). While as-

sessing the low-frequency aircraft noise in city of Richfield, Minnesota, USA Lind,

Pearsons, and Fidell (1997) used LFSL and subsequently Fidell, Silvati, Pearsons,

Lind, and Howe (1999) applied it in the assessment of aircraft noise-induced rattle

problems at Los Angeles International Airport (LAX) and Minneapolis-St. Paul Air-

port (MSP). Although, proponents of LFSL claim that LFSL is a better predictor

(than other metrics) of rattle induced annoyance due to the aircraft noise, LFSL has
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Figure 3.3. National assessment criteria for low frequency noise prob-
lems. Blue - Poland, red - Germany, green - Netherland, magenta -
Denmark, cyan - Sweden, and black - ISO 226.

not been generally accepted by the broader environmental noise assessment commu-

nity. It is also generally considered that the limited frequency range 25 - 80 Hz used

in LFSL, does not necessarily fully account for the levels of structural vibration and

rattle that may result from aircraft noise (Sharp, Gurovich, and Albee, 2001b).

3.5 Low-Frequency Sound Pressure Level (LLF )

It is thought that rattle occurs when the sound pressure levels exceeds 70 to 80 dB

in the 16, 31.5 and 63 Hz octave frequency bands (ANSI S12.9-1996/Part 4, 1996).

In ANSI S12.9-1996/Part 4 (1996), a procedure is standardized to assess the noise

impacts due to low-frequency content. The low-frequency sound pressure level (LLF )

is based on the summation of the mean-square sound pressures in the 16, 31.5 and

63 Hz octave bands (ANSI S12.9-1996/Part 4, 1996).
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3.6 Adjusted Sound Exposure level (LNE)

Another metric used to predict rattle induced annoyance caused by sound pressure

level above 75 dB is LNE. The adjusted sound exposure level (LNE) , is defined from

the low-frequency sound pressure level (LLF ):

LNE = 2 (LLF − 65) + 55 + 10 log10

(
T

1

)
, (3.1)

where T is the time duration in consideration. The multiplication factor 2 in Equa-

tion (3.1) takes care of the rapid increase in annoyance when the low-frequency sound

pressure level exceeds 65 dB (ANSI S12.9-1996/Part 4, 1996).

3.7 Low Frequency Noise Thresholds

In the BS4727-3 (1995) and IEC 60050-801:1994 (1994) standards, 16 Hz (some 20

Hz) is considered to be the lower limit of the low frequency region. According to these

standards, sound becomes inaudible (infrasonic) below 20 Hz. However, Leventhall

(2007) objected to this notion. According to him, the equal loudness contours were

measured only down to 20 Hz and that is the reason that 20 Hz is considered to be the

low frequency limit. In the past, many researchers have measured hearing thresholds

below 20 Hz. For example, Nakamura and Tokita (1981) measured the detection, an-

noyance, displeasure, oppressiveness and vibration thresholds in the frequency range

from 5 to 700 Hz; Watanabe and Møller (1990) measured the hearing thresholds in

the frequency range from 4 to 125 Hz; and Yeowart, Bryan, and Tempest (1967)

measured the thresholds down to 1.5 Hz. Leventhall (2007) proposed that the low

frequency range should be considered from 10 to 100 Hz and possibly extended even

further to 5 to 200 Hz.
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3.7.1 Nakamura and Tokita’s Low Frequency Noise Thresholds

Nakamura and Tokita (1981) presented the results obtained from one of their low

frequency noise studies conducted in the laboratory environment, see Nakamura and

Tokita (1981) for experimental details. In this study they obtained five different

thresholds. The threshold curves obtained from two low and high frequency experi-

ments are shown in Figure 3.4.

In this research, the Nakamura and Tokita (1981)’s curves were parameterized so

that the sound pressure levels at each third-octave frequency bands from 5 to 700 Hz

could be obtained. The threshold levels beyond 700 Hz and up to 1000 Hz were ob-

tained by using a cubic spline extrapolation method. The newly generated curves were

combined together and six different regions of feelings, namely, “Detectable”, “Annoy-

ing”, “Displeasing”, “Oppressive/Detect Vibration”, “Very Annoying/Displeasing”,

and “Very Oppressive/Vibration” were identified. In Figure 3.5 are shown the finally

obtained Nakamura and Tokita (1981)’s low frequency noise threshold curves. Dif-

ferent color shades were used to discriminate between different regions of feelings. In

Figure 3.5, a vertical dashed line at 700 Hz is used to indicate that the thresholds

beyond 700 Hz and up to 1000 Hz are estimated by extrapolation. In Table 3.2 are

given Nakamura and Tokita (1981)’s low frequency noise thresholds.

3.7.2 Low Frequency Noise Hearing Thresholds and Acceptability Limits

Many other researchers performed experiments to find the lowest sound pressure level

which will be audible for an average normal hearing person. In addition, some of them

performed experiments to identify the low frequency noise acceptability limits. Some

of the experimental results are compared with Nakamura and Tokita (1981)’s low

frequency noise thresholds and are shown in Figures 3.6(a) and (b). It was observed

from Figure 3.6(a) that the hearing thresholds presented by Inukai et al. (2004),

Watanabe and Møller (1990), ISO 226 (2003) (50% of the otologically selected young

adults) and ISO 389-7 (1996) are almost identical to those found by Nakamura and
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Figure 3.4. Nakamura and Tokita (1981)’s low frequency noise thresh-
old curves: (a) detection, (b) annoyance, (c) displeasure, (d) oppres-
sive and (e) vibration. Red - third-octave band pure tones, and blue
- third-octave band noises.

Tokita (1981). There was not much difference seen in Figure 3.6(b) between Nakamura

and Tokita (1981)’s “Annoyance” thresholds and acceptability limits presented by

Inukai et al. (2000) and Inukai et al. (2004).
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Figure 3.5. Nakamura and Tokita (1981)’s low frequency noise thresh-
old curves with different regions of feelings. Vertical dashed line at
700 Hz is used to indicate that the thresholds beyond 700 Hz and up
to 1000 Hz are estimated by extrapolation.

In Figure 3.7, the equal loudness contours and thresholds of hearing presented in

ISO 226 (2003), ISO 226 (1987), and ISO 389-7 (1996) are shown together with Naka-

mura and Tokita (1981)’s low frequency noise threshold curves. It was observed from

the data shown in Figure 3.7 that the ISO 226 (2003) and ISO 389-7 (1996) hearing

thresholds were in good agreement with Nakamura and Tokita (1981)’s “Detection”

thresholds. The ISO 226 (1987) hearing thresholds were slightly lower than Nakamura

and Tokita (1981)’s “Detection” thresholds. The ISO 226 (2003) 10 phone curve was

parallel to “Annoyance” thresholds and the 20 phon curve in the frequency range from
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Table 3.2 Nakamura and Tokita (1981)’s low frequency noise thresholds.

Frequency
(Hz)

Detection
(dB)

Annoying
(dB)

Displeasing
(dB)

Oppressive/
Detect

Vibration
(dB)

Very An-
noying/
Displeas-

ing
(dB)

Very Op-
pressive/
Obvious
Vibration

(dB)

5.0 104.00 112.50 118.38 118.38 129.88 136.75
6.3 101.00 109.00 114.62 114.62 124.92 131.58
8.0 97.90 105.38 110.75 110.75 119.79 126.24
10.0 95.00 102.00 107.13 107.13 115.00 121.25
12.5 90.49 97.33 102.28 102.28 110.21 116.26
16.0 85.51 92.17 96.91 96.91 104.91 110.74
20.0 81.00 87.50 92.06 92.06 100.13 105.75
25.0 71.50 81.06 86.45 86.45 95.54 101.40
31.5 61.67 74.39 80.63 80.63 90.79 96.90
40.0 51.50 67.50 74.63 74.63 85.88 92.25
50.0 44.42 62.99 71.32 72.65 85.01 92.21
63.0 37.08 58.33 66.74 71.78 84.11 92.17
80.0 29.50 53.50 62.00 70.88 83.17 92.13
100.0 - 49.28 62.09 70.87 82.74 92.08
125.0 - 45.06 62.18 70.86 82.31 92.03
160.0 - 41.80 62.13 71.84 83.30 92.57
200.0 - 41.29 61.80 74.44 84.07 94.05
250.0 - 40.77 61.48 77.04 84.85 95.54
315.0 - 40.23 61.14 79.74 85.65 97.09
400.0 - 39.20 60.10 80.90 86.30 97.55
500.0 - 37.93 58.67 80.90 86.78 97.23
630.0 - 36.60 57.18 80.90 87.27 96.90
800.0 - 35.24 55.64 80.90 87.79 96.56
1000.0 - 33.96 54.20 80.90 88.27 96.24

20 to 125 Hz was very close to “Annoyance” thresholds. It was also observed that the

30 phon curve was very close to the “Oppressive/Detect Vibration” thresholds in the

frequency range from 20 to 40 Hz and almost identical to “Displeasing” thresholds in

the frequency range from 50 to 80 Hz.
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Figure 3.6. Other experimental results together with Nakamura and
Tokita (1981)’s low frequency noise thresholds: (a) Hearing thresh-
old: squares - Hong, Kim, Kim, and Lee (2007); pentagram - Moor-
house, Waddington, and Adams (2005); circles - Inukai, Taya, and
Yamada (2005); triangle (left) - Inukai, Yamada, Ochiai, and Tokita
(2004); triangle (up) - Inukai, Nakamura, and Taya (2000); diamonds
- Watanabe and Møller (1990); yellow pentagram - ISO 226 (2003)
(50% population); x-mark - ISO 226 (2003) (10% population); dash
dot line - ISO 226 (1987); and dashed line - ISO 389-7 (1996). (b)
Acceptability limit: squares - Hong, Kim, Kim, and Lee (2007); pen-
tagram - Moorhouse, Waddington, and Adams (2005); circles - Inukai,
Taya, and Yamada (2005); triangle (left) - Inukai, Yamada, Ochiai,
and Tokita (2004); and triangle (up) - Inukai, Nakamura, and Taya
(2000).

3.7.3 Outdoor to Indoor Noise Levels

Nakamura and Tokita (1981) determined the thresholds for indoor conditions. How-

ever, when it is difficult to measure the indoor noise levels then the measured outdoor
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Figure 3.7. Nakamura and Tokita (1981)’s low frequency noise thresh-
olds together with ISO 226 (2003), ISO 226 (1987) and ISO 389-7
(1996) hearing thresholds. Silver - ISO 226 (2003), maroon - ISO
389-7 (1996) and blue - ISO 226 (1987).

levels could be converted to indoor levels by using a frequency response function rep-

resenting the house transmission characteristics, for example, the one presented by

Stephens, Shepherd, Hubbard, and Grosveld (1982). This frequency response func-

tion is based on the data available from the previous investigations conducted from

1966 to 1976 to study the reduction of outdoor noise levels by using different housing

structures. Stephens et al. (1982) recommended the use of noise reduction data above

50 Hz because at frequencies below 50 Hz very few data were available. In Figure 3.8

is shown a frequency response magnitude presented by Stephens et al. (1982). It
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Figure 3.8. House noise reduction as a function of frequency for the
windows closed condition [Reproduced with permission from NASA
technical memorandum 83288 by Stephens, Shepherd, Hubbard, and
Grosveld (1982)].

is much easier to convert outdoor to indoor noise levels using the above mentioned

frequency response function rather than converting Nakamura and Tokita (1981)’s

thresholds. In contrast, in a study conducted by Sharp, Beeks, and Veerbeek (2001a)

at Schiphol Airport to investigate the complaints due to aircraft take-off noise, Sharp

et al. (2001a) predicted the human response to the outdoor noise levels using Naka-

mura and Tokita (1981)’s thresholds which were converted to outdoor conditions by

using the Stephens et al. (1982)’s transfer function.

3.7.4 Low Frequency Noise Thresholds: Sound Pressure Level to Loudness Level

Three algorithms, namely, Stevens’ Mark VII Loudness (Stevens, 1972), Moore and

Glasberg’s Time-varying Loudness (Glasberg and Moore, 2002), and Zwicker’s Loud-

ness (ISO 532B, 1975) were used to convert the Nakamura and Tokita (1981)’s low

frequency noise thresholds to loudness thresholds. To obtain the loudness levels, pure

tones at each third-octave frequency bands from 5 to 1000 Hz were created. The sound
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pressure levels of pure tones were adjusted to the corresponding threshold value at

each third-octave frequency band. The time duration of each pure tone signal was 20

seconds long. Twenty seconds was chosen because, it was the length of the stimuli in

Nakamura and Tokita (1981)’s tests.

Stevens’ Mark VII Loudness (Stevens, 1972) was calculated for every 3 seconds

data segment at time increments of 1 second. Moore and Glasberg’s Time-varying

Loudness (Glasberg and Moore, 2002) and Zwicker’s Loudness (ISO 532B, 1975)

were calculated using a 2-second data segment. Data after steady state was reached

after 3 seconds from stimuli onset was used in the subsequent calculations. Loud-

ness exceeded 5% of the time (N5) was chosen as the statistic to use. In all these

loudness algorithms the loudness was calculated by using third-octave band sound

pressure levels. Stevens’ Mark VII Loudness was calculated by using the sound pres-

sure levels at each third-octave frequency bands from 1 to 12500 Hz, Moore and

Glasberg’s Time-varying Loudness was calculated using sound pressure levels at each

third-octave frequency bands from 20 to 16000 Hz and Zwicker’s Loudness was calcu-

lated using third-octave data at each frequency band from 25 to 12500 Hz. Nakamura

and Tokita (1981)’s low frequency noise thresholds converted to loudness thresholds

using Stevens’, Moore and Glasberg’s, and Zwicker’s loudness algorithms are shown in

Figures 3.9(a), (b) and (c), respectively. The interval from 25 to 700 Hz for loudness

thresholds are shown by vertical dashed lines is the region where the original data

was and where the loudness algorithms are valid. The low frequency noise loudness

thresholds based on Stevens’, Moore’s, and Zwicker’s loudness algorithms are given

in Tables 3.3, 3.4, and 3.5, respectively. In general within the region of the original

data and above the 20 Hz limit of the loudness algorithms, shapes of contours are

similar though numbers corresponding to thresholds vary due to the differences in the

algorithms. In Zwicker’s loudness results, within the 20 - 700 Hz region, these con-

tours could be reasonably approximated by linear functions of frequency of increasing

gradients.
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Figure 3.9. Nakamura and Tokita (1981)’s low frequency noise thresh-
olds converted to loudness thresholds by using: (a) Stevens’ Mark VII
Loudness (Stevens, 1972), (b) Moore and Glasberg’s Time-varying
Loudness (Glasberg and Moore, 2002), and (c) Zwicker’s Loudness
(ISO 532B, 1975) algorithms. The interval from 25 to 700 Hz shown
by vertical dashed lines is the region where the original data was. The
loudness algorithms do not incorporate information below 25 Hz.

3.8 Concluding Comments

In this chapter a number of low frequency noise metrics or assessment methodologies

have been described. While vibration and rattle may be outcomes of low frequency

noise and even cause annoyance, it is not clear what is the relationship between

them occurring and overall noise annoyance intensity. Sounds with high levels of

high frequency noise are certainly annoying so it would not be appropriate to look

at low frequency levels in isolation. Ways to integrate responses to various sound

characteristics, including those arising from low frequency noise are still a subject for

further research. The contours developed by Tokita and Nakamura appear to be a

good tool for assessing the potential for problems due to the human body’s response

to low frequency noise. However, it should be noted that these were developed from
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Table 3.3 Low frequency noise loudness thresholds based on Stevens’
(Mark VII) loudness algorithm.

Frequency
(Hz)

Detection
(sones)

Annoying
(sones)

Displeasing
(sones)

Oppressive/
Detect

Vibration
(sones)

Very An-
noying/
Displeas-

ing
(sones)

Very Op-
pressive/
Obvious
Vibration
(sones)

5.0 0.05 0.13 0.34 0.34 6.94 31.38
6.3 0.04 0.08 0.62 0.62 6.46 24.66
8.0 0.00 0.16 0.66 0.66 4.99 18.38
10.0 0.04 0.28 0.84 0.84 4.42 14.87
12.5 0.10 0.36 0.92 0.92 4.10 12.36
16.0 0.14 0.45 1.04 1.04 3.94 10.49
20.0 0.19 0.52 1.09 1.09 3.78 8.96
25.0 0.10 0.45 1.00 1.00 3.75 8.59
31.5 0.04 0.39 0.93 0.93 3.67 8.25
40.0 0.00 0.34 0.88 0.88 3.67 8.05
50.0 0.00 0.39 1.09 1.29 5.63 13.15
63.0 0.00 0.46 1.19 2.15 8.29 19.44
80.0 0.00 0.51 1.28 3.32 12.04 26.24
100.0 - 0.47 1.78 4.24 13.82 29.77
125.0 - 0.43 2.33 5.28 15.48 33.50
160.0 - 0.43 2.96 7.04 19.18 39.57
200.0 - 0.56 3.54 10.46 23.06 50.20
250.0 - 0.73 4.21 14.99 27.70 63.87
315.0 - 0.91 4.93 21.02 33.24 81.23
400.0 - 1.05 5.34 25.75 39.05 94.39
500.0 - 0.97 4.82 25.99 41.02 92.86
630.0 - 0.87 4.35 26.09 42.64 90.76
800.0 - 0.78 3.90 26.16 44.51 88.51
1000.0 - 0.70 3.48 26.26 46.38 86.57

a very limited set of laboratory experiments and need further validation. Criteria

like those of Fidell and Hubbard could also be used to predict likelihood of rattle,

a further source of annoyance. At this stage of knowledge, they could be used as

supplemental metrics to other noise annoyance measures to indicate the likelihood

of an increased intensity in annoyance due to these additional issues caused by low

frequency noise.
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Table 3.4 Low frequency noise loudness thresholds based on Moore’s
loudness algorithm.

Frequency
(Hz)

Detection
(sones)

Annoying
(sones)

Displeasing
(sones)

Oppressive/
Detect

Vibration
(sones)

Very An-
noying/
Displeas-

ing
(sones)

Very Op-
pressive/
Obvious
Vibration
(sones)

5.0 0.06 0.37 0.92 0.92 3.81 7.08
6.3 0.03 0.20 0.56 0.56 2.40 4.52
8.0 0.02 0.13 0.34 0.34 1.35 2.87
10.0 0.02 0.10 0.25 0.25 0.83 1.86
12.5 0.01 0.08 0.18 0.18 0.59 1.31
16.0 0.01 0.07 0.16 0.16 0.50 1.04
20.0 0.02 0.09 0.19 0.19 0.57 1.09
25.0 0.02 0.12 0.28 0.28 0.86 1.63
31.5 0.01 0.18 0.43 0.43 1.36 2.54
40.0 0.01 0.23 0.57 0.57 1.86 3.40
50.0 0.01 0.32 0.82 0.94 2.95 5.58
63.0 0.01 0.40 0.96 1.53 4.29 8.35
80.0 0.00 0.38 0.92 1.97 5.22 10.48
100.0 - 0.35 1.23 2.49 6.08 12.26
125.0 - 0.35 1.70 3.28 7.48 15.18
160.0 - 0.37 2.17 4.34 9.60 18.73
200.0 - 0.48 2.52 6.08 11.75 24.35
250.0 - 0.58 2.85 8.14 13.86 30.46
315.0 - 0.68 3.21 11.01 16.62 39.00
400.0 - 0.75 3.43 13.54 19.80 46.50
500.0 - 0.79 3.43 14.70 22.21 48.42
630.0 - 0.82 3.52 16.32 25.46 52.10
800.0 - 0.76 3.31 17.17 27.94 53.53
1000.0 - 0.67 2.93 17.07 28.83 51.83
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Table 3.5 Low frequency noise loudness thresholds based on Zwicker’s
loudness algorithm.

Frequency
(Hz)

Detection
(sones)

Annoying
(sones)

Displeasing
(sones)

Oppressive/
Detect

Vibration
(sones)

Very An-
noying/
Displeas-

ing
(sones)

Very Op-
pressive/
Obvious
Vibration
(sones)

5.0 0.07 0.07 0.73 0.73 2.87 4.02
6.3 0.05 0.05 0.63 0.63 1.21 3.33
8.0 0.04 0.07 0.06 0.06 1.01 1.57
10.0 0.05 0.04 0.03 0.03 0.82 1.27
12.5 0.03 0.04 0.03 0.03 0.04 1.04
16.0 0.03 0.03 0.04 0.04 0.08 0.20
20.0 0.05 0.08 0.13 0.13 0.62 1.22
25.0 0.14 0.76 1.50 1.50 4.31 7.09
31.5 0.11 0.79 1.84 1.84 5.39 10.12
40.0 0.14 0.79 1.70 1.70 5.42 9.52
50.0 0.13 0.81 1.97 2.24 6.87 13.53
63.0 0.07 0.94 2.07 3.48 8.73 18.23
80.0 0.04 0.85 1.90 4.00 10.28 22.32
100.0 - 0.78 2.30 4.69 12.55 24.50
125.0 - 0.83 3.25 5.75 14.80 29.90
160.0 - 0.78 3.51 6.78 16.16 31.24
200.0 - 0.81 3.69 9.63 19.42 38.62
250.0 - 0.96 4.00 12.42 21.55 45.53
315.0 - 0.83 3.85 14.61 22.04 49.29
400.0 - 0.92 3.83 16.74 24.42 53.99
500.0 - 0.81 3.46 16.85 25.49 53.36
630.0 - 0.77 3.40 17.81 27.66 54.36
800.0 - 0.74 3.05 17.61 28.30 52.07
1000.0 - 0.63 2.73 17.21 28.60 49.71
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4. SOUND QUALITY METRICS

While considering aircraft noise induced annoyance, most often loudness is considered

to be the strongest noise attribute contributing to annoyance. The loudness models

of Stevens, Zwicker, and Glasberg and Moore were mentioned in Chapter 2. There

are also other sound attributes, such as sharpness, roughness (fast fluctuations in

loudness), fluctuation strength (slow fluctuations in loudness) and tonalness that can

also contribute to annoyance. Researchers, e.g., Aures (1985) and Zwicker and Fastl

(1999) have developed models of how people perceive these attributes and these are

described below, most are derived from the characteristics of Zwicker’s stationary or

time-varying loudness.

4.1 Loudness

Loudness is the subjective perception of the magnitude of a sound which can be

ordered on a semantic scale, extending from quiet to loud (Berglund and Lindvall,

1995; Moore, 2003). It is a function of intensity, frequency and duration (Glasberg and

Moore, 2002). It is a subjective perception and hence cannot be measured directly.

The magnitude of the loudness is determined experimentally: normally subjects are

asked to judge the magnitude of the sound on a numerical scale or asked to match

the loudness with some known stimulus (e.g., a pure tone of 1000 Hz). Compared

to monaural loudness, binaural loudness has a twofold difference in sound energy

(Berglund and Lindvall, 1995). Stevens who had developed the loudness scale, pro-

posed “sone” as the unit of loudness (Leatherwood and Sullivan, 1994; Moore, 2003).

Earlier in the twenties, Barkhausen introduced a loudness level measure for the char-

acterization of the loudness sensation of any sound (Zwicker and Fastl, 1999). Loud-
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ness level is determined in “phon”. Moore and Glasberg (2004) gave the relationship

between loudness in sones and loudness level in phons which is shown in Figure 4.1.
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Figure 4.1. The relationship between loudness in sones and loudness
level in phons. [Regenerated by using values from ANSI S3.4-2007
(2007).]

Zwicker’s model of loudness calculation for steady-state sounds was first published

in 1958 (Zwicker, 1977) and Zwicker and Scharf (1965) summarized the model in

English. It is based on the fundamental concept of distribution of specific loudness

along the critical band scale. This procedure is published in ISO 532B (1966). In

1972 a BASIC-program for calculating the loudness and loudness level of sounds

from their 1/3rd octave band spectra, which was based on the procedure mentioned

in ISO 532B (1975), was published (Zwicker, Fastl, and Dallamayr, 1982). Prior to

Zwicker’s proposal, Fletcher and Munson (1937) proposed a loudness model which

is based on the fundamental concept of sound energy distribution over the critical

frequency bands. Later on, most of the Loudness scale models developed by Moore

and co-workers were based on the same concept of summing the neural activity over
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the critical frequency bands (Glasberg and Moore, 2002; Moore, 2003; Moore and

Glasberg, 1996, 2004; Moore, Glasberg, and Baer, 1997; Zwicker and Fastl, 1999).

In Zwicker’s model the following equation is used to calculate critical bandwidth

(CBW):

CBW = 25 + 75

(
1 + 1.4

(
fc

1000

)2
)0.69

Hz, (4.1)

where fc is center frequency in Hz. The number of contiguous critical bands for a

frequency f can be calculated by using the following equation:

z = 13 arctan

(
0.76

f

1000

)
+ 3.5 arctan

(
f

7500

)2

Bark. (4.2)

In Zwicker’s model, the transfer function of the outer and middle ear are modeled

using a fixed filter. Further the output of this fixed filter is used for calculating the

excitation level (E) per critical band. Then the specific loudness N ′, can be calculated

by using the following equation:

N ′ = 0.08

(
ETQ

E0

)0.23
[(

0.5 + 0.5
E

ETQ

)0.23

− 1

]
sone/Bark, (4.3)

where ETQ is the excitation at threshold in quiet, and E0 is the excitation at the

reference intensity I0 = 10−12 W/m2. Eventually the overall loudness N is calculated

by integrating specific loudness N ′ over z:

N =

∫ 24Bark

0

N ′(z) dz. (4.4)

In the Moore and Glasberg (1996) model, the critical bandwidth which is referred

as the equivalent rectangular bandwidth (ERB) is calculated by using:

ERB = 24.7

(
4.37

fc

1000
+ 1

)
Hz, (4.5)
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where fc is center frequency in Hz. The number of contiguous critical bands below a

given frequency f (in Hz) can be calculated by using:

Number of ERBs = 21.4 log10

(
4.37

f

1000
+ 1

)
. (4.6)

The specific loudness is calculated by using:

N ′ = 0.081(E0.23 − E0.23
TQ ) sone/ERB. (4.7)

Finally, where E and ETQ are as described above, though their calculation differs in

detail, the overall loudness N is calculated by integrating specific loudness N ′ across

the critical band rate by using Equation (4.4). Moore’s loudness model is published

in ANS.

In real life situations most sounds are time-varying and their loudness may also

vary over time. Zwicker (1977) described a procedure for calculating the loudness

of these time-varying sounds and his model was built upon by Chalupper and Fastl

(2002) and is the basis for most of the time-varying loudness predictions provided in

commercial by available sound quality software. Glasberg and Moore (2002) also de-

veloped a model for time-varying loudness as an extension of their stationary loudness

algorithm. Within this algorithm instantaneous, short-term and long-term loudness

are calculated every 1 ms. A comparison of the performance of the two time-varying

loudness models is given in (Rennies, Verhey, and Fastl, 2010). The time-varying

models can be used for both steady and time-varying sounds where the steady state

values can be reported for stationary sounds. For non-stationary sounds, average

Loudness is not the best measure of how subjects will rate the overall loudness of a

time varying sound (Hastings, 2004). For example, Hellman and Zwicker (1989) ex-

amined the loudness of beating two-tone complexes. They determined that Loudness

exceeded 10% of the time (N10) was a good predictor of the perceived loudness of the

beating tones. For many sounds where loudness varies with time, it has been found

that the Loudness exceeded 5% of the time (N5) often is a reasonably good measure
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of perceived loudness (Zwicker and Fastl, 1999) and for more impulsive sounds, Loud-

ness exceeded 2 or 3% of the time has been found to have a high correlation with

subjects’ responses, see, for example, (Berry and Zwicker, 1986), though for isolated

single events “of the time” needs to be defined.

4.2 Sharpness (Spectral Balance)

A sound is considered to be sharper when it has more high frequency than low fre-

quency content. A model of sharpness is a modification to a normalized calculation

that would predict the critical band rate (frequency) location of the centroid of a

loudness spectrum. A unit used for sharpness measurement is the acum. The higher

frequency bands are weighted more heavily than lower frequency bands. A model

developed by von Bismark (1974) is given below:

S = c×
∫ 24

0
N ′(z) g(z) z dz

N
acum, (4.8)

where c is the constant which depends on normalization of the reference sound, N ′ is

the specific loudness at critical band, and g(z) is weighting factor which emphasizes

higher frequency content and z is the critical band rate in Bark. In Zwicker and

Fastl’s sharpness model c = 0.11 and the weighting factor g(z) is given below:

g(z) =





1 for z ≤ 16

0.066 e0.171 z for z > 16



 . (4.9)

A narrow band noise with 1 kHz center frequency and 160 Hz bandwidth and with a

sound pressure level of 60 dB would produce a Sharpness of 1 acum. Note research

to update this weighting function is underway (Fastl, 2006).
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4.3 Roughness (fast fluctuations in loudness)

Sound with fast loudness fluctuations (50 - 90 per second) is perceived to be rough.

The roughness sensation reaches a maximum when loudness fluctuations are at around

60 to 70 cycles per second. A model of roughness described by Zwicker and Fastl

(1999) is given below:

R = 0.3 fmod

∫ 24

0

∆L(z)dz asper, (4.10)

where z is critical band rate in Bark, fmod is the modulation frequency in kHz, and

∆L(z) is the modulation depth of the specific loudness at critical band rate z after

temporal filtering has been applied. For complex signals with varying modulation

depths, ∆L(z) is often estimated by using:

∆L(z) = 20 log10

(
FN ′

max
(z)

FN ′
min

(z)

)
or ∆L(z) = 20 log10

(
FN ′

1

FN ′
99

)
. (4.11)

A tone with a center frequency 1 kHz, sound pressure level 60 dB and a 100%, 70 Hz

amplitude-modulation, produces a Roughness of 1 asper. For an amplitude modulated

tone, this is straight forward to calculate. For complex signals determination of an

fmod is problematic and fmod may vary with critical band rate. How to combine

different modulations in a way that reflects roughness perception is still the subject

of research. In some software fmod is a function of z and appear within the integral.

4.4 Fluctuation Strength (slow fluctuations in loudness)

A listener can easily track slow fluctuations in loudness (1 to 16 cycles per second).

The perceived strength of these slow fluctuations is called the Fluctuation Strength

and this sensation is at a maximum at around 4 cycles per second. Units for Fluctua-

tion Strength are vacil. Zwicker and Fastl (1999) proposed two models for Fluctuation

Strength, one for broad-band noise and another for tones. The fluctuation strength
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models for sinusoidally amplitude-modulated broad-band noise and for amplitude or

frequency-modulated tones, respectively, are given below:

FBBN =
5.8 (1.25m− 0.25) (0.05LBBN − 1)

(fmod/5)2 + (4/fmod) + 1.5
vacil, (4.12)

where m is the modulation factor, LBBN is the level of the broad-band noise and fmod

is the modulation frequency, and

F =
0.008

∫ 24

0
(∆L (z) dz)

(fmod/4) + (4/fmod)
vacil, (4.13)

where ∆L(z) is the modulation depth. The problems mentioned in the Roughness

calculation for ∆L(z) and fmod are also present here and similar strategies are adopted

in this calculation including incorporation of the denominator within the integral with

fmod a function of z. A tone with sound pressure level 60 dB, 1 kHz center frequency

and with a 100% amplitude modulation at 4 Hz, produces a Fluctuation Strength of

1 vacil.

4.5 Sounds with Varying Roughness and Fluctuation Strength

The amplitude and frequency of aircraft noise both vary with time. For these types

of sounds Roughness and Fluctuation Strength exceeded P% of the time may be

a better predictor of annoyance than average Roughness and Fluctuation Strength.

A method was developed in this research to calculate Roughness and Fluctuation

Strength exceeded P% of the time for aircraft noise. Roughness was calculated over

1-second segments and Fluctuation Strength was calculated over 5-seconds segments,

both were calculated every 0.5 seconds throughout the time history. Roughness ex-

ceeded P% of the time (RP ) and Fluctuation Strength exceeded P% of the time (FP )

were derived from these results.
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4.6 Psychoacoustic Annoyance Model

The Psychoacoustic Annoyance model described in (Zwicker and Fastl, 1999, Chapter

16) is,

PA = N5

[
1 +

√
w2

s + w2
FR

]
, (4.14)

where,

ws =





0.25 (S − 1.75) log10 (N5 + 10) for S > 1.75

0 for S < 1.75



 , (4.15)

wFR =
2.18

(N5)0.4
(0.4F + 0.6R) . (4.16)

S is Sharpness, F is Fluctuation strength, R is Roughness and N5 is Loudness ex-

ceeded 5% of the time (N5). The Psychoacoustic Annoyance model incorporates

measures of loudness, roughness, fluctuation strength and sharpness but does not

include effects of tonalness.

4.7 Tonalness or Tonality

Tone-to-Noise Ratio and Prominence Ratio (ANSI S1.13-1995, 1995) are often used

to quantify the tonalness of a sound. They are relatively straightforward to calculate

from the spectrum of a sound. In both, tone locations are identified from narrow band

spectra and then the tonality calculation proceeds for each tone identified. Often only

the highest tonality component is reported. In contrast, in the tonality model of Aures

(Aures, 1985) there is a summation procedure over all identified components. Because

all three methods are based on spectral estimation they are challenging to apply to

non-stationary sounds composed of tones and random noise where the variance of the

spectral estimate may lead to mis-identification of noise components as tones. Use of

smaller segments to increase averaging (to reduce variance) and employment of larger

time segments (during which the tonal frequencies vary significantly) for spectral

estimation can both lead to spectral smoothing resulting in an underestimation of
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the tonalness of a sound. To apply the methods to non-stationary sounds there

needs to be some analysis to determine a satisfactory spectral estimation procedure

to enable robust calculation of the time-varying tonalness of a sound.

4.7.1 Tone-to-Noise Ratio

This is a summary of ANSI S1.13-1995 (1995). Tone-to-Noise Ratio is the ratio of

power contained in the tone to the power contained in the critical band centered on

that tone, but excluding that tone. The Tone-to-Noise Ratio can be calculated by

using:

T2NR = 10 log10(Wt/Wn) dB, (4.17)

where Wt is the power of the tone, and Wn is the masking noise power (excluding

tone power) which is determined by subtracting the power of the tone from the total

power in the critical band centered around that tone. The masking noise power Wn

can be determined from:

Wn = (Wtot −Wt)
∆fc

(∆ftot −∆ft)
, (4.18)

where Wtot is the total power in the critical band centered around the tone, ∆fc is

the bandwidth of the tonal component, and ∆ftot is the width of the frequency band

used to compute Wtot. The critical bandwidth ∆fc is given by:

∆fc = 25.0 + 75.0 [ 1.0 + 1.4(ft/1000)2 ]0.69 Hz. (4.19)

The cut-on and cut-off frequencies (f1 and f2) of the critical band are defined by the

following equations:

f1 = −∆fc

2
+

√
(∆fc)2 + 4f 2

t

2
(4.20)

and

f2 = f1 + ∆fc. (4.21)
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If there are several tones within the same critical band then their power must also be

subtracted from the masking power. A tone is considered prominent if its Tone-to-

Noise Ratio is greater than 6 dB (ANSI S1.13-1995, 1995).

4.7.2 Prominence Ratio

Bienvenue, Nobile, Corkery, and Miscedra (1989) proposed the Prominence Ratio

metric. It is the ratio of the power contained in the critical band centered on the tone

under investigation to the average power contained in the two adjacent critical bands

(ANSI S1.13-1995, 1995). The Prominence Ratio (PR) is calculated by using:

PR = 10 log10

(
WM

(WL + WU)/2

)
dB, (4.22)

where WM is the power in the critical band with the tone under investigation, WL and

WU are the terms for power in lower and upper adjacent critical bands respectively.

Equations (4.20) and (4.21) can be used to determine the critical bandwidth.

A tone is considered to be prominent if the Prominence Ratio exceeds 7 dB. If

there are multiple tones in a sound then the Prominence Ratio of each tone should

be calculated and recorded. The tone with highest Prominence Ratio should also be

reported.

4.7.3 Aures Tonality

Aures (1985) proposed a model for the Tonality of a sound. It is a function of four

components: the bandwidth, frequency, the prominence of the tonal component, and

the level of the tonal content relative to the level of the entire signal. The component

based on bandwidth is defined by:

w1 (∆z) =
0.13

∆z + 0.13
, (4.23)
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where ∆z is the bandwidth of the tonal component in Bark. The frequency depen-

dence component is:

w2 (f) =




1√
1 + 0.2

(
f

700
+ 700

f

)2




0.29

, (4.24)

where f is the center frequency of the tonal component in Hz. The prominence

component is:

w3 (∆L) =

(
1− exp

(−∆L

15

))0.29

, (4.25)

where ∆L is the excess level of the tonal component in dB. In Equation (4.25) the

excess level of the ith component with frequency fi is calculated by using:

∆Li = Li − log10





[
n∑

k 6=i

AEk (fi)

]2

+ EGr (fi) + EHs (fi)



 dB. (4.26)

The overall weighting wT of the tonal components which was contributed by w1, w2,

and w3 for each tone is calculated by using:

wT =

√√√√
n∑

i=1

[
w
′
1 (∆zi) w

′
2 (fi) w

′
3 (∆Li)

]2
, (4.27)

where w
′
1 = w

1/0.29
1 , w

′
2 = w

1/0.29
2 , and w

′
3 = w

1/0.29
3 and i denotes the ith identified

tonal component. The fourth component is based on the relative loudness of the tonal

content of the sound. It can be calculated by using:

wGr = 1− NGr

N
=

N −NGr

N
, (4.28)



67

where N is the Loudness of the total sound and NGr is the Loudness of the noise

components (in sones), i.e. the total sound with all the tonal components removed.

Aures Tonality (K) is then given by:

K = c.w0.29
T .w0.79

Gr , (4.29)

where c is a calibration factor which gives a tonality (K) of 1 for a pure tone of 1

kHz frequency at a level of 60 dB.

4.7.4 Tonal Audibility (Lta)

In the Joint Nordic Method, Tonal Audibility (Lta) is also calculated from a narrow-

band frequency spectrum. It measures the prominence of tones in the sounds. The

method is divided into three steps; in the first step, a narrow-band frequency analysis

is performed; then the sound pressure levels of different tones and the masking noise

in the critical band around the tones are determined, and then the Tonal Audibility

(Lta) is calculated by using the information obtained in first two steps. The total tone

level in any critical band is determined by adding the sound pressure levels of all the

tones in that critical band. The sound pressure levels of the tones are determined from

the narrow-band frequency spectrum. The following equation is used for calculating

the total sound pressure level of the discrete tones,

Lpt = 10 log10

[
M∑
i=1

(
10

Lpti
10

)]
dB, (4.30)

where, Lpti is the mean square sound pressure of the ith tone. The masking noise level

(Lpn) in a critical band is determined from the average sound pressure level within

that band using the following equation,

Lpn = Lpn,avg + 10 log10

(
CBW

EAB

)
dB, (4.31)
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where, EAB is the effective analysis bandwidth and is considered to be 1.5 times the

frequency resolution if a Hanning time window is used for estimating the narrow-band

frequency spectrum. CBW is the critical bandwidth and is dependent on the center

frequencies of the critical bands. For center frequencies in-between 50 to 500 Hz the

CBW is 100 Hz and for center frequencies above 500 Hz the critical bandwidth is

taken to be 20% of the center frequency. The Tonal Audibility (Lta) is measured in

units of dB and calculated by using the following equation,

Lta = Lpt − Lpn + 2 + log10

[
1 +

(
fc

502

)2.5
]

dB, (4.32)

where, fc is the center frequency of the critical band.

4.8 Tone Penalties

Earlier in Chapter 2 the method adopted by FAA for calculating tone penalties of

aircraft noise added to Perceived Noise Level (PNL) to obtain the Tone-corrected

Perceived Noise Level (PNLT ) was described. The tone penalties are dependent on

the strength and frequency of tones in a noise signal.

4.8.1 Joint Nordic Method

The Joint Nordic Method based Tone-corrected Average A-weighted Sound Pressure

Level (TdBA − JNM) is calculated by adding a tone penalty (k) to the Average

A-weighted Sound Pressure Level (LA). In the Joint Nordic Method the tone penalty
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(k) is calculated by using the Tonal Audibility (Lta). The following equation is used

to determine the tone penalty (k) which is measured in units of dB,

for Lta < 4, k = 0 dB,

for 4 dB ≤ Lta ≤ 10 dB, k = (Lta − 4) dB,

for Lta > 10 dB, k = 6 dB.

(4.33)

Finally the Joint Nordic Method based Tone-corrected Average A-weighted Sound

Pressure Level (TdBA− JNM) is calculated by using the following equation,

TdBA− JNM = k + 10 log10

(∑
i

p2
Ai

p2
ref

)
dB, (4.34)

where, pAi is the A-weighted sound pressure in the ith critical band and pref is the

reference pressure which is 20 µPa. The Joint Nordic Method based Tone-corrected

Average A-weighted Sound Pressure Level (TdBA − JNM) is measured in units of

dB.

4.8.2 Air-conditioning and Refrigeration Institute (ARI)

In 1995, the Air-conditioning and Refrigeration Institute (ARI) standardized tone

penalties for the situations when tonal components with significant levels are present

in refrigeration system noise (ARI, 1995). Tone-corrected A-weighted Sound Pressure

Level is obtained by adding tone penalties from -1 to 6 dB, depending on the strength

of the annoying tonal components, to the A-weighted Sound Pressure Level (dBA) of

the refrigeration system noise. In this method, to determine the degree of tonalness

the Prominence Ratio (PR) calculation described in Section 4.7.2 is performed. The

method of obtaining Tone-corrected A-weighted Sound Pressure Level described in

ARI (1995) is very similar to the Joint Nordic Method described above.
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4.9 Summary

A number of loudness-based sound quality metrics and tonality metrics have been

described and a brief overview of the calculation procedure for each was given. In the

research described in Chapters 6-10, the metrics were calculated by using Brüel and

Kjær Sound Quality Type 7698 software or software developed with the research group

at Purdue. Unless otherwise stated, loudness calculations are based on Zwicker’s

Loudness and subsequent developments of it (Chalupper and Fastl, 2002). Time-

varying loudness and sharpness calculations were made every 4 ms, giving a loudness

and sharpness sampling rate of 250 samples per second.
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5. AIRCRAFT NOISE SIMULATION

A software program was developed to simulate aircraft noise. The approach in this

simulation was to choose an aircraft sound and decompose it into tonal and random

components with ground reflection effects removed. The noise part was then recreated

by passing white noise through a digital filter whose characteristics varied through

time. The characteristics were designed based on the spectral content of the origi-

nal signal’s random noise component. The frequency and amplitude variation of the

tones was modeled and the model was used to reconstruct the tonal components. The

delays due to ground reflection that cause attenuation of frequency components were

also modeled and used to design a time-varying finite impulse response (FIR) filter

to simulate ground reflections. The result of this decomposition was then used to

generate different aircraft sounds where various components could be adjusted inde-

pendently. A schematic diagram of the aircraft noise simulation approach is shown in

Figure 5.1. With this simulation approach it is possible to create aircraft-like sounds

Figure 5.1. Schematic diagram of aircraft noise simulation approach.

with controllable tonal and random contribution to create a range of test stimuli. It

also avoids the need to do a full-scale simulation of aircraft flyovers and to have to

understand how aircraft and aircraft operation changes affect sound attributes. For
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the control of roughness (fast loudness fluctuations) and fluctuation strength (slower

loudness fluctuations) additional procedures need to be employed. The methods for

controlling roughness and fluctuation strength are described in Sections 5.4 and 5.5,

respectively.

5.1 Simulating The Random Noise Component

The random noise component of the aircraft sound was recreated by passing white

noise through a time-varying finite impulse response (FIR) filter. The power spectral

density of overlapping segments of the signal were calculated and used to design a

sequence of finite impulse response filters. The design process is described below.

5.1.1 Finite Impulse Response Filter Design

If x(t) is white noise then the power spectral density of the response of a filter (y(t))

whose frequency response is G(j2πf) and whose input is x(t) is

Gyy = |G|2Gxx, (5.1)

where Gxx = constant is the power spectral density of the white noise input and Gyy

is the power spectral density of the output. The power spectral density of a segment

Si (ti−1 to ti), T seconds long is estimated by using segment averaging (Bendat and

Piersol, 1991). The subsegments (Ts seconds long) used in the spectral estimation are

windowed with a “Hann” window and 50% overlapping is employed in the estimation.

Because the signals are sampled, this results in the definition of a frequency response

function from 0 to half the sampling rate ( fs
2
);

GSi
k =

√√√√ |G̃yy(fk)|
|G̃xx(fk)|

, (5.2)
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where ∼ denotes an estimate, k = 0, 1,.....,N
2

and fk = k.fs
N

and N
fs

is the length (in

seconds) of the subsegment (Ts) used in the estimation of the power spectral density.

A complex conjugate image is generated for frequency components above fs

2
(which

corresponds to k = N
2
):

GSi

k+N
2

= GSi∗
N
2
−k

, k = 1, ....,
N

2
− 1. (5.3)

An inverse Discrete Fourier Transform then results in the impulse response (h(n∆))

of the finite impulse response filter. Subsegment lengths (Ts) were adjusted to make

sure that the FIR filter had decayed to zero at t = ±Ts

2
seconds. An example of

such a design is shown in Figure 5.2. The segment length (T ) and subsegment length

(Ts) were varied to determine appropriateness of those values for the aircraft sound

simulation. Appropriateness was judged by the realism of the playback. A sample

rate of 42,100 samples per second, T = 0.2 seconds and Ts = 0.024 seconds were

found to work well. Note that the finite impulse response filter was generated every

0.1 seconds.

5.1.2 Recreating Aircraft Noise Segments

For recreating the aircraft noise segments, a white noise signal was generated by us-

ing randn in MATLAB. This signal was also segmented into 0.2 seconds overlapping

segments and each segment was passed through a corresponding finite impulse re-

sponse filter. In Figure 5.3 is shown an illustration of the steps in recreating the

base recording segments in the aircraft noise simulation. The overlapping response

signals (0.224 seconds long) were added together and the result scaled. In Figure 5.4

is shown an illustration of this process. Several percentages of overlap were examined

in these simulations. It was found that an overlap of 50% (i.e. 0.5T = 0.1 seconds)

worked well. In Figure 5.5 are shown the spectrograms of the original recording and

the simulated aircraft noise signal without tonal components and ground reflections.
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(a)

(b) (c)

Figure 5.2. An illustration of the steps in the finite impulse response
filter design for the aircraft noise simulation. (a) Sound pressure time
history, where green and red lines indicate segments of data (S1 and
S2) used for frequency response estimation. Dotted lines indicate
segments used in power spectral density estimation. (b) A sample
estimated power spectral density. (c) The corresponding impulse re-
sponse.

5.2 Doppler Shifted Tones

From the time-frequency spectrum of the original recording, the amplitude and fre-

quency of a tonal component can be mapped. Amplitude and frequency points are
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(a) (b) (c)

Figure 5.3. Schematic of recreation using the base recording segments
in the aircraft noise simulation: (a) white noise for segment S1, (b)
the impulse response of the FIR filter for recreating segment S1, and
(c) the recreated segment S1.

selected by hand using a graphical interface. A polynomial is then fit through the

frequency data to determine the coefficients:

fi(t) = α0 + α1t + α2t
2 + ..... + αN tN . (5.4)

A cubic spline is used to interpolate the amplitude data in order to regenerate the

amplitude values at the sampling intervals (dt = 1
fs

seconds). The frequency data with

the polynomial and amplitude data with the cubic spline fit of the tonal component is

shown in Figure 5.6. This can be repeated independently for each component or, more

realistically, data from multiple harmonics can be collapsed onto one frequency vs.

time plot and the behavior of the fundamental tone modeled. The other harmonics

will have the same variation scaled by the harmonic number. The time history of

each tonal component is created by using:

yi(t) = Ai(t) sin Φi(t), (5.5)
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Figure 5.4. Recreated segments added in sequence: (a) segment S1,
(b) segment S2, (c) segment S3, and (d) segments S1, S2 and S3
overlapped and added.

where,

Φi(t) =

∫ t

0

fi(t)dt. (5.6)

Note that each harmonic amplitude (Ai(t)) is generated independently, directly from

the amplitude information for that component in the spectrogram. The obtained time

history (yi(t)) of each tonal component is then added to the previously simulated
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(a) (b)

Figure 5.5. Time-frequency spectrum: (a) original recording and (b)
simulated aircraft noise signal without tonal components and ground
reflections.

(a) (b)

Figure 5.6. (a) Frequency and (b) amplitude data of the tonal compo-
nent mapped from the time-frequency spectrum of the original record-
ing. Blue circles - actual data from the time-frequency spectrum of
the original recording, red line - polynomial fit in (a) and cubic spline
fit in (b).
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random component of the aircraft noise. In Figure 5.7 is shown a spectrogram of

simulated signal with random part and tonal components.

Figure 5.7. Time-frequency spectrum of the simulated signal with
random and tonal parts.

5.3 Ground Reflections

The ground reflections were modeled by first mapping the frequency separation (fsep)

of the spectral valleys from the original recording. The time delay (td = 1
fsep

) and

then the nearest sample delay (nd = nearest integer to fstd) were calculated from the

frequency separation. In Figure 5.8 are shown the steps to obtain sample delays from

frequency separations. The ground effects are simulated by using the time varying

finite impulse response filter whose difference equation is

dn = cn + γcn−nd
, (5.7)

where cn are the input samples (the result of summing the simulated random and

tonal components) and dn is the output signal. It was found that a value of γ = 0.25

substituted in Equation (5.7) recreated ground reflections close to those of the original

recording. In Figure 5.9 is shown the time-frequency spectrum of the simulated
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(a) (b) (c)

Figure 5.8. Sample delay obtained from spectral valleys mapped from
original recording: (a) spectral valleys, (b) time delay, and (c) sample
aligned delay.

aircraft noise signal with random noise component, tonal components, and ground

reflections.

Figure 5.9. The time-frequency spectrum of the simulated signal with
random noise component, tonal components and ground reflections.
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5.4 Roughness Control

Loudness fluctuations at the rate of 70 per second produce higher roughness than

those at other rates of fluctuations. The terms used in Zwicker and Fastl’s Roughness

model described in Equation (4.10) are illustrated in Figure 5.10. There are two

Figure 5.10. An illustration of terms used in Zwicker and Fastl’s
Roughness Model (Zwicker and Fastl, 1999).

approaches that could be used to vary the roughness of sounds: (1) by applying

frequency and amplitude modulations to the aircraft noise time history, and (2) by

intensifying the fast fluctuations (50 - 90 per second) in loudness present in the signal.

Sounds simulated by intensifying the fast fluctuations in loudness were found to be

more realistic sounding than those simulated by applying frequency and amplitude

modulations to the aircraft noise time history.

5.4.1 Frequency and Amplitude Modulations

The algorithm used to control the roughness of tests sounds by applying frequency

and amplitude modulations to the aircraft noise time history is described here. In this,

the amplitude and frequency modulations were applied to the previously simulated
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aircraft noise signal. The following equation was used to modulate the simulated

aircraft noise signal,

y(t) = m(t).d(t), (5.8)

where, m(t) is time history of modulation signal and d(t) is simulated aircraft noise

signal’s time history. The modulation signal time history was created by using fol-

lowing equation,

m(t) = 1 + γA sin(φ(t)), (5.9)

where, γA is the modulation depth and

φ(t) = 2πf0t + γ

∫ t

0

n(t)dt, (5.10)

where, f0 is the modulation frequency and n(t) is the uniformly distributed random

noise pass through a fourth order Butterworth low-pass filter with a cut-off frequency

fc = 25 Hz, t is the time vector and γ is given in Equation (5.12). In Figure 5.11

is shown the magnitude of the frequency response of low-pass filter. To make the

0 5 10 15 20
−500

−400

−300

−200

−100

0

Frequency − kHz

20
 lo

g 10
|H

| −
 d

B

Figure 5.11. Magnitude of the frequency response of the low-pass
filter with a cut-off frequency fc = 25 Hz and a sampling frequency
fs = 44, 100 Hz.
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simulated sounds more realistic, the frequency and amplitude modulations were ran-

domized. The amplitude modulations were randomized by using,

γA = γA + γB.n(t), (5.11)

where, γA is the modulation depth, γB is a constant and n(t) is uniformly distributed

random noise passed through a filter. Frequency modulations were randomized by

using γ given in the equation,

γ =
(q.f0)

max(n(t))
, (5.12)

where, q is a factor that controls the range of the frequency modulations. In Fig-

ures 5.12(a) and (b) are shown examples of amplitude modulations and modulations

applied to the original (base) signal, respectively.
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Figure 5.12. (a) Amplitude modulations (γA) time history with a
mean of 0.5 and a standard deviation close to 0.1, and (b) the mod-
ulation signal time history with a modulation depth of γA = 0.5, a
modulation frequency f0 = 70 Hz and q = 0.01.
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5.4.2 Intensifying Fast Fluctuations in Loudness

The second approach for roughness control is described here. In Figure 5.13 are

shown the loudness time histories of the original and the fast-fluctuation-in-loudness

intensified signal. Here, the idea is to determine a γ(t) amplification factor which will

Figure 5.13. Loudness time histories of the original signal and the
signal where fast fluctuations have been intensified.

be used to change the loudness value from No (original signal) to Nd (desired signal).

At any instant ts of time, if x(ts) is the time history of the original signal and No(ts)

is the corresponding loudness value, then by scaling x(ts) by γ(ts), the desired signal

whose loudness value Nd(ts) is obtained. This γ will be function of three variables,

namely, time (ts), loudness value of original signal (No(ts)), and loudness value of

desired signal (Nd(ts)).

The steps used to obtain the desired loudness time history from the original loud-

ness time history are illustrated in the schematic diagram shown in Figure 5.14. From

the original loudness time history (N(t)), the smoothed loudness time history (NS(t))

was obtained by using a smoothing filter which was a 12 points moving average filter

with sampling frequency fs = 250 Hz. The magnitude of the frequency response of
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Figure 5.14. A schematic diagram illustrating the steps used to obtain
the desired loudness time history.

this filter is shown in Figure 5.15. The average loudness time history was subtracted
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Figure 5.15. Magnitude of the frequency response of a 12-point mov-
ing average filter with a sampling frequency fs = 250 Hz.

from the original loudness time history (N(t)) and a residual loudness time history

(NR(t)) was obtained. The residue loudness time history (NR(t)) was then filtered by

using a band-enhancing digital filter whose band-pass frequencies were in the range

from 50 to 90 Hz, sampling frequency fs was 250 Hz and its order was 32. It was
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a 33-point linear-phase finite impulse response (FIR) filter, the firpm function in

MATLAB was used to design this filter. The frequency response of one of the filters

is shown in Figure 5.16. Here, the 50-90 Hz passband region was amplified by a factor
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Figure 5.16. Magnitude of the frequency response of a band-enhancing

filter. It is a 32nd order linear-phase finite impulse response (FIR)
filter with a 50 to 90 Hz passband and a sampling frequency fs = 250
Hz.

of 5, 30 Hz and 110 Hz are at the start of the stop band. In Figure 5.17 is shown

an example of a residue (NR(t)) and band-enhanced residual loudness time history.

The band-enhanced residual loudness time history was then added to the previously

created average loudness time history (NS(t)) and the desired loudness time history

(Nd(t)) was obtained. In Figure 5.18 is shown an example of original (No), averaged

or smoothed (NS), and desired (Nd) loudness time history.

The amplification factor γ was determined from every 1 second data segment at

time increments of 0.12 second (88% overlap). This was done because the amplifica-

tion factor will be dependent on the distribution of the energy in the spectrum and

the levels of the signals. That is to go from NS to Nd in one part of the signal will

require a different amplification to that going from NS to Nd in another part of the

signal where level and spectral content has changed. In this 1 second data segment,

the range of the original loudness time history from Nomin to Nomax and the range
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Figure 5.17. An example of a residue (blue) and a band-enhanced
residue (red) loudness time history.

of the desired loudness time history from Ndmin to Ndmax was determined. Ten dif-

ferent values of No and Nd in the ranges from Nomin to Nomax and from Ndmin to

Ndmax, respectively, were specified. The amplification factor γ for each combination

of desired loudness value and original loudness value was obtained. Hence, 100 am-

plification factors (γ) for each 1 second data segment are obtained. A continuous

quadratic function of the three variables was then fit through the data to determine

the coefficients:

γ(t, No, Nd) = α1 + α2No + α3Nd + α4t + α5No2 + α6Nd2 + α7t
2+

α8NoNd + α9tNd + α10tNo.
(5.13)

The surface fitted through this data with the data sets is shown in Figure 5.19 for two

time instances. The amplification factors (γ) at every 4 milli-seconds were obtained

by substituting time, original, and desired loudness values in Equation (5.13). In the

end the amplification factor time history was re-sampled and amplifications factors at
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Figure 5.18. An example of the original (No - blue), averaged or
smoothed (NS - red), and desired (Nd - green) loudness time history.

(a) (b)

Figure 5.19. Surface fitted through the required scaling factors plot-
ted against original Loudness (No) and desired Loudness (Nd) at
two time instances: (a) 4.5 seconds and (b) 22.5 seconds. Red dots
amplification data, gray surface generated from Equation (5.13).
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every 1
fs

seconds were obtained, where fs = 44100 samples per second. An example

of amplification factors (at every 1
fs

seconds) time history is shown in Figure 5.20.

By using the following equation the rougher signal was obtained,
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Figure 5.20. An example of an amplification factor time history used
for intensifying fast fluctuations in loudness for controlling roughness.

yo(t) = xo(t)γ(t), (5.14)

where, xo(t) is the original signal, γ(t) is the amplification factor, and yo(t) is the

obtained signal. In Figure 5.21(a) is shown an example of original (No), desired

(Nd), and obtained (Nobt) signal’s loudness time history; and in (b) are shown the

frequency spectra of the original (No), desired (Nd) and obtained (Nobt) signal’s loud-

ness time histories. It is observed from the frequency spectrums of the original (No)

and obtained (Nobt) signal’s loudness time history that the loudness fluctuations in

the frequency range from 50 to 90 Hz are intensified. However, with this program,

enhancement of the fluctuations for the frequency range beyond 80 Hz (as seen in

frequency spectrum of desired signal’s loudness time history (green)) were not ade-
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quately achieved. However, by adjusting the gain in the Roughness enhancing filter

further it was possible to obtain a desired range of roughness variations in test stimuli.

5.5 Fluctuation Strength Control

The program developed for Fluctuation Strength Control is similar to Roughness

control program described above except the frequency range being enhanced is 0 to
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Figure 5.21. Roughness control program results: (a) an example of
the original (No - blue), the desired (Nd - green), and the obtained
(Nobt - magenta) signals’ loudness time histories; (b) magnitude of the
frequency spectra for the original (No - blue), desired (Nd - green)
and obtained (Nobt - magenta) signals’ loudness time histories.
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16 Hz rather than 50 to 90 Hz. In this program, a 1250-point moving average filter

was used to smooth the original (No) loudness time history. The magnitude of the

frequency response of this filter is shown in Figure 5.22. A 2nd order infinite impulse
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Figure 5.22. Magnitude of the frequency response of a 1250-point
moving average filter with a sampling frequency fs = 250 Hz.

response (IIR) filter was designed to enhance the loudness fluctuations around 4 Hz.

The transfer function of this filter is:

H(z) =
[1− (2a cos (∆β) z−1 + a2z−2)]

[1− (2b cos (∆β) z−1 + b2z−2)]
. (5.15)

Evaluating H(z) around unit circle; z = ej2πf∆ gives the frequency response of the

digital filter. Where in this example, β = 2π(4) rad/s, a = 0.98, b = 0.99, and

∆ = 1
fs

= 1
250

= 4 ms. The magnitude of the frequency response of this 2nd order

IIR filter is shown in Figures 5.23.

The desired loudness time history (Ndesired) was obtained by adding the moving

averaged or smoothed loudness time history (Nsmooth) to the band-enhanced residual

loudness time history (Nresidue),

Ndesired(t) = Nsmooth(t) + {h(t) ∗Nresidue(t)}, (5.16)
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Figure 5.23. Magnitude of the frequency response of the fluctuation

enhancing filter, a 2nd order infinite impulse response (IIR) filter with
a loudness time history sampling frequency of fs = 250 Hz.

where, ∗ denotes convolution, Ndesired(t) is the desired signal’s loudness time history,

Nsmooth(t) is the loudness time history of the signal obtained after filtering the original

signal’s loudness time history by using 1250-point moving average filter, h(t) is the

impulse response of the fluctuation enhancing filter, and Nresidue(t) is the residual

signal’s loudness time history. However this led to a problem in the region around

the maximum loudness whereby N5 changed. To keep N5 the same as in the original

signal the residue loudness amplification factors were adjusted in a 10 second region

around the peak loudness to be close to ×1. Outside of this region the gain was

adjusted to create sounds with different fluctuation levels. Thus

NA−E =

[
(

NE

Nresidue

− 1)W (t) + 1

]
Nresidue, (5.17)

where W (t) is shown in Figure 5.24. The procedure is illustrated in Figure 5.25. The

desired loudness time history is Nsmooth + NA−E. An example of the loudness time

histories is shown in Figure 5.26.

The amplification factors (signal gain (s(t))) required to achieve the desired loud-

ness (Nd) from original loudness (No) were calculated using the same algorithm
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Figure 5.24. A scaling scheme used to adjust the amplification factors.
Levels are lower near peak loudness (W2) in order to not affect the
Loudness exceeded 5% of the time (N5). Dashed vertical line indicates
the time location of peak loudness. W1 is adjusted to produce signals
of different fluctuation strength.
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Figure 5.25. Schematic diagram used for illustrating the procedure
for obtaining the desired loudness time history.

described in Section 5.4.2 for roughness. An example of the amplification factors

time history (Gain(t)) is shown in Figure 5.27 (W1 = 0.5 and W2 = -0.035).
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The amplification factors were then applied to the original signal’s time history and

a signal with intensified slow (1 - 16 per second) fluctuations in loudness was obtained.

Example results obtained by using this Fluctuation Strength control program are

shown in Figures 5.28(a) and (b). It is observed from Figure 5.28(a) that by using

this program the slow fluctuations in loudness of obtained signal (red) compared to

those of base signal (blue) are intensified very well. However, it is also observed that
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Figure 5.26. (a) Loudness time history with very slow-time behavior
removed time histories, blue - baseline, red - band-enhanced, green -
desired; (b) Loudness time histories, blue - base signal, red - signal
with loudness fluctuations intensified around 4 Hz (band-enhanced),
green - desired signal, magenta - moving average filtered signal.
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Figure 5.27. An example of an amplification factor time history used
for intensifying slow fluctuations in loudness for controlling Fluctua-
tion Strength. Dashed vertical line indicates the time location of peak
loudness.

the amplitudes of obtained signal are lower than those of desired signal (green) at

various time locations. From the frequency spectra of the desired (green) and the

obtained (red) signals shown in Figure 5.28(b), it is observed that the magnitude

of the obtained signal’s frequency spectra did not match very well with that of the

desired signal’s frequency spectra around 4 Hz region.

5.6 Aircraft Noise Simulation Summary

With this simulation program, stimuli can be generated for subjective evaluation

in which levels of one or several aircraft noise characteristics can be varied in a

controlled manner while keeping levels of other remaining characteristics relatively

constant. Thus cause and effect relationships can be more easily examined when

conducting psychoacoustic tests, which is helpful in the construction of an aircraft

noise annoyance model.
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Figure 5.28. Example of Fluctuation Strength control program results
in a region just before peak loudness is attained: (a) Original (No -
blue), desired (Nd - green), and obtained (Nobt - red) signal’s loudness
time history; (b) magnitude of the frequency spectra of the loudness
from 24 to 27 seconds of the original (No − NS - blue), the desired
(Nd−NS - green) and the obtained (Nobt−NS - red) signals’ loudness
time histories.
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6. SPECTRAL BALANCE

Some aircraft sounds have more high frequency content than others. Also, at the

loudest part of most flyovers there is a spectral balance change with proportionally

more energy at higher frequencies. In the first of a series of tests that were conducted

in this research, the influence of spectral balance (how much high vs. low frequency

energy is present) on annoyance ratings was examined. Four sets of stimuli were

evaluated in these spectral tests: the first three sets were stimuli of varying sharpness

(as measured by using von Bismark’s/Zwicker’s model (Zwicker and Fastl, 1999)).

In the fourth test, recordings made at Dulles International Airport (IAD), Chantilly,

Virginia, USA were used; some of these sounds contained thrust reverser events which

produce high amplitude, low frequency noise.

Because spectral balance was the focus of the test it was deemed important that

when the spectral balance was varied the loudness of the event should not change.

However with single events where the loudness of the sound varies with time, it is

not obvious which statistic of loudness should be kept constant. In this case the

average Loudness during 20 seconds around the maximum Loudness was used. This

turned out to be a poor choice for normalization because it is possible, as will be

illustrated in the results section, that subjects perceived the stimuli with the same 20

seconds average Loudness as being of different loudness. However, this did facilitate a

better examination of the relationship between the annoyance ratings and level-based

metrics (statistics of Loudness, Sound Exposure Level, Average A-weighted Sound

Pressure Level, etc.) for this set of stimuli.
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6.1 Spectral Balance Test (Test 1) Stimuli

In designing this test, it was felt to be important to try and keep sound attributes,

other than loudness and spectral balance (which was deliberately varied) nearly con-

stant. The stimulus sets were based on two of the recordings and spectral balance

was varied by applying high-pass and low-pass filters. Three sets of test signals were

generated referred to here as Tests A, B and C. The duration of the signal playback

was limited to 40 seconds long, thus the stimulus contained mostly the aircraft event

with only very short periods of background noise before and after the event. This

was done because subjects in a preliminary pilot test found the background noise

distracting or were bored by the long periods before and after the aircraft event.

The two signals chosen as the base signals were recordings taken at two positions

close to Fort Lauderdale-Hollywood International Airport (FLL). The events were

flyover recordings from a Boeing-757 and a Beech 1900 aircraft. The signals were

filtered with three types of digital Butterworth low-pass filters of filter order 2 and

cut-off frequencies 2, 3.5, and 4 kHz and two types of digital Butterworth high-pass

filters of filter order 2 with cut-off frequencies 400 and 700 Hz. Three sets of five

sounds were generated. The digital filter characteristics (Butterworth filters) are

given in Table 6.1. The aim was to reproduce the range of spectral balance levels

found in recordings (as measured by using Zwicker/Von Bismark’s Sharpness (S)

metric), and also to span the threshold where Sharpness plays a role in Zwicker’s

Psychoacoustic Annoyance (S > 1.75 acum), the annoyance model proposed in the

2nd edition of (Zwicker and Fastl, 1999). Three sets of five sounds with Sharpness

exceeded 5% of the time (S5) in the range of 0.94 - 2.17 acum and Zwicker Loudness

exceeded 5% of the time (N5) in the range of 16.09 to 17.47 sones for Test A stimuli,

20.76 to 23.85 sones for Test B stimuli, and 25.15 to 28.84 sones for Test C stimuli

were generated. The two overall Loudness (N) levels, 11 and 17 sones were chosen so

that the levels of these sounds could represent 55 and 65 DNL levels, if these sounds

were repeated every 2 minutes throughout the day from 7 am to 10 pm.
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Table 6.1 Characteristics of filters used to produce stimuli with differ-
ent Sharpness. Table notations are: N - Loudness (20s around peak),
N5 - Zwicker Loudness exceeded 5% of the time (30s around peak), S5

- Zwicker Sharpness exceeded 5% of the time (30s around peak), LP
- Low-pass, HP - High-pass, B1900 - Beech 1900, B757 - Boeing-757.

Stimulus Based
on

Signal

Filter
Order

Type Cut-off
Frequency

(Hz)

N
(sones)

N5

(sones)
S5

(acum)

1A1 B1900 2 LP 2000 11.42 17.47 0.94
1B1 B757 2 LP 2000 17.86 23.85 0.98
1C1 B1900 2 LP 2000 18.07 28.84 1.00
1A2 B1900 2 LP 4000 10.90 16.46 1.21
1B2 B757 2 LP 3500 16.86 22.54 1.19
1C2 B1900 2 LP 4000 17.18 27.18 1.28
1A3 B1900 2 none - 11.07 16.60 1.66
1B3 B757 2 none - 16.53 22.17 1.42
1C3 B1900 2 none - 17.23 27.03 1.73
1A4 B1900 2 HP 400 11.29 16.26 1.82
1B4 B757 2 HP 400 16.06 21.28 1.68
1C4 B1900 2 HP 400 17.20 25.84 1.96
1A5 B1900 2 HP 700 11.36 16.09 2.00
1B5 B757 2 HP 700 15.85 20.76 1.84
1C5 B1900 2 HP 700 17.04 25.15 2.17

The filters chosen were low order to avoid creating highly unnatural sounding

stimuli. Higher order filters were tried but this led to much more artificial sounding

signals. Tests A and C were based on a measurement taken for flyover operation

of Beech 1900 aircraft noise signal, and in these tests sounds were normalized to

average Loudness levels of 11 and 17 sones, respectively. Test B signals were based

on a measurement taken for flyover operation of Boeing-757 aircraft, and the signals

were normalized to an average loudness of 17 sones. As noted earlier all the sounds

within a set were normalized to have an equal overall Loudness in a 20 second region

around the peak loudness level occurring in the signal. Loudness was calculated from

one-third octave data using ISO 532 B (Zwicker, Fastl, and Dallamayr, 1982). An

additional, low-level background noise signal was added to the stimuli so that in Tests
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A, B and C the background noise level was approximately the same in all stimuli.

This background noise signal was generated by taking a 11 second neutral sounding

background noise recording. Forty seconds of background noise was created. In this

process, a window shown in Figure 6.1 was applied to the 11 second neutral sounding

background noise segment. A 10 second segment was created by connecting the 9
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Figure 6.1. A window applied to a recorded background noise signal
to create segments that could be overlapped and added to create a
neutral sounding background noise signal of arbitrary length.

seconds of data (1 to 10 seconds) of the windowed segment to the 1 second segment

obtained by overlapping and adding the first 1 seconds and end 1 seconds of data of

the windowed segment. Four of these 10 second segments were joined to obtain forty

seconds of background noise. By using this procedure, it was made sure that there is

no discontinuity at the joining of any of the two segments.

Shown in Figures 6.2(a) and (b) are Zwicker Loudness as a function of time as

calculated by using the Brüel and Kjær Sound Quality Software (Type 7698) for

stimuli 1B3 and 1C3. Zwicker Loudness exceeded 5% of the time in the 30 seconds

around the peak Loudness (N5) for stimulus 1C3 is 27.03 sones and stimulus 1B3

is 22.17 sones. The spectrograms (time-frequency plots) of signal 1B3 and 1C3 are

shown in Figures 6.3(a) and (b). In Figures 6.4(a) and (b) are shown the A and
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Figure 6.2. Zwicker Loudness through time (N(t)): (a) stimulus 1B3,
based on a flyover operation of a Boeing-757 aircraft, (b) stimulus
1C3, based on a flyover operation of a Beech 1900 aircraft.

(a) (b)

Figure 6.3. Spectrograms: (a) from a stimulus 1B3, based on fly-
over operation of Boeing-757 aircraft, and (b) from a stimulus 1C3,
based on flyover operation of Beech 1900 aircraft. Window: Hann,
0.5 seconds; overlap: 75%.

C-weighted sound pressure level as a function of time for these two signals. Zwicker

Loudness exceeded 5% of the time and Sharpness exceeded 5% of the time (30 seconds
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Figure 6.4. Time-histories of A- and C-weighted sound pressure level:
(a) stimulus 1B3, based on flyover operation of Boeing-757 aircraft,
and (b) stimulus 1C3, based on flyover operation of Beech 1900 air-
craft. Light gray - A-weighted; black - C-weighted.

around the time of peak Loudness) values for the stimuli in Tests A, B and C are

shown in Figure 6.5. The metric calculations were done with Brüel and Kjær’s Sound

Quality Type 7698 software.

For Test D, the recordings were based on Dulles Airport (IAD) recordings taken

inside an unoccupied house close to the airport, by researchers from Pennsylvania

State University. Some of the six recordings contained thrust reverser noise. These

signals were edited to be 42 seconds long. Metric values were calculated over the 30

seconds in the region of the peak levels. Because results from Tests A - C were to

be compared with those from Test D, the same analysis time (30 seconds) was used.

Zwicker Loudness exceeded 5% of the time (N5) for Test D stimuli are in the range

of 3.02 - 16.93 sones and A and C-weighted sound pressure levels are in the range

of 36.32 - 62.41 dB and 58.46 - 70.02 dB, respectively. Shown in Figure 6.6(a) is

Zwicker Loudness through time for stimulus 1D6 used in the test; the corresponding

A and C-weighted sound pressure levels are shown in Figure 6.6(b). A time-frequency

spectrogram for stimuli 1D6 is shown in Figure 6.7.
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Figure 6.5. Sharpness exceeded 5% of the time (S5) plotted against
Zwicker Loudness exceeded 5% of the time (N5) both calculated over
30 seconds around maximum loudness. Red x-marks - Test A signals;
black asterisks - Test C signals, both based on a Beech 1900 aircraft;
and blue plus signs - Test B signals, based on the Boeing-757.
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Figure 6.6. (a) Zwicker Loudness through time (N(t)) for stimulus
1D6 (loudest, Dulles Airport recording), (b) time-histories of A- and
C-weighted sound pressure level of stimulus 1D6. Light gray - A-
weighted; black - C-weighted.
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Figure 6.7. Spectrogram of stimulus 1D6, Hann window was 0.5 sec-
onds long, overlap was 75%.

The ranges of sound quality metrics calculated for these stimuli over the 30 sec-

onds interval that include the peak value are given in Table 6.2. It was intended

Table 6.2 Metrics for Tests A, B, C, and D stimuli in Spectral Balance
Test. The data used in the calculations were from 30 seconds of the
sound around its peak loudness calculated by using Zwicker’s time-
varying loudness as programmed in the Brüel and Kjær Type 7698
Sound Quality Package.

Loudness
exceeded
5% of the
time (N5)
- sones

Sharpness
exceeded
5% of the
time (S5)
- acum

Roughness
exceeded
5% of the
time (R5)
- asper

Fluctuation
Strength
exceeded
5% of the
time (F5)

- vacil

Average
A-

weighted
Sound

Pressure
Level

(dBA) -
dB

Aures
Tonality
exceeded
5% of the
time (K5)

Test A 16.1 - 17.5 0.94 - 2.00 1.88 - 2.78 0.76 - 1.00 55.5 - 58.9 0.05 - 0.10
Test B 20.8 - 23.9 0.98 - 1.84 1.82 - 2.33 0.84 - 0.94 61.0 - 64.6 0.18 - 0.22
Test C 27.0 - 28.8 1.00 - 2.17 1.99 - 2.74 0.88 - 1.07 62.6 - 66.4 0.09 - 0.18
Test D 3.0 - 16.9 0.97 - 1.15 0.96 - 2.00 0.40 - 0.79 36.3 - 62.4 0.10 - 0.19

to vary sharpness of the stimuli used in Tests A, B and C and keep levels of other
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characteristics relatively constant. However, when sharpness across the stimulus set

was varied a significant variation in the levels of roughness was also seen. The metrics

for the individual stimuli are give in Appendix C and the Table 6.2.

6.2 Spectral Balance Test Procedure and Subjects

A test procedure described in Appendix A was used for each subject. A set of six

test stimuli taken from all 4 tests was used to familiarize the subjects with the types

of sounds they would hear, and then three stimuli were used in a practice test for the

subjects to get used to the evaluation procedure. Subjects took four tests in series.

Subjects completed Tests A, B and C in different orders (6 possible combinations)

and Test D at the end; the test orderings are given in Table 6.3. Within each test, each

subject heard the sounds in a different random order. The responses were averaged

over all subjects to reduce the influence of stimulus ordering effects.

Table 6.3 Ordering of Tests A, B, C and D used for different subjects.

Subject Number Color Test Sequence

91, 81, 71, 61 blue A B C D
92, 82, 72, 62 red B C A D
93, 83, 73, 63 green C A B D
94, 84, 74, 64 cyan A C B D
95, 85, 75, 65 magenta B A C D
96, 86, 76, 66 black C B A D

Twenty-four subjects took part in the test. Thirteen were males and 11 were

females. They were aged between 19 and 39 years. All subjects passed the hearing

test (less than 20 dB hearing loss in frequency bands 125 Hz - 8000 Hz). They were

recruited from the university population, 22 were students in various disciplines and

2 were staff.
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6.3 Spectral Balance Test Results

The responses of each subject were checked against the average response of the rest

of the subject pool by calculating the subject-to-group correlation coefficient (r). In

Figure 6.8 are shown the subject-to-group correlation coefficients. Subjects whose

responses yielded a subject-to-group correlation coefficient of less than 0.2 were re-

moved from the analysis; and hence only 21 subjects’ responses were retained for

analysis. The rational for this was that the subjects were näıve, i.e., untrained in

listening and the test was difficult to do. Thus the low r subjects were categorized

as not being able to do the test, which may, of course, be incorrect. The age range of

this subgroup was 19 to 39 years, and it contained 11 male and 10 female subjects.

0

0.2

0.4

0.6

0.8

1

91

92

93

94

95

96

81

82

83

84

85

86

71

72

73

74

75

76

61

62

63

64

65

66

Subject Number

su
bj

ec
t−

to
−g

ro
up

 c
or

re
la

tio
n 

(
r)

Figure 6.8. Each subject’s responses compared with mean of the rest
of the subject group for each signal. Refer to Table 6.3 to see test
ordering and color coding.

During the short break between each of the tests (A, B, C and D) subjects were

asked to write down words to describe the signals. Many of the responses were very

detailed. Most subjects were able to discriminate between high and low-frequency

characteristics of the noise signals. The comments are given in Table G.1 in Appendix

G. A few of the subjects wrote “metallic” and “buzziness” when describing the noise

signals, and some mentioned distance or closeness of the aircraft. A few subjects
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wrote that they do not want to live in the vicinity of an airport if they would hear

the sounds that they heard in some of the four tests. For most subjects Test D sounds

were less annoying than Test A, B and C sounds, which is not surprising because these

were from house interior noise measurements and thus quieter than the sounds in the

other tests.

The mean and standard deviation of the estimated mean of the annoyance ratings

for sounds in Tests A, B, C and D are plotted against Sharpness exceeded 5% of 30s,

(S5) in Figure 6.9(a) and in Figure 6.9(b) similar results for Tests A, B and C are

shown. It is clear from the results shown in Figure 6.9 that there is little variation in

annoyance with Sharpness in Tests A, B and C. The Thrust Reverser test (Test D)

results show no consistent trend of increasing annoyance with Sharpness; the signals

with the highest Sharpness yielded the lowest annoyance ratings, but the variation

in loudness for these Test D sounds was high (3 to 16.9 sones for N5) and loudness

was likely the main criterion used by subjects when judging the annoyance of these

sounds.

6.4 Other Metrics as Predictors of Annoyance

The means of the subjects’ responses are plotted in Figures 6.10(a) - (f) against

various metrics. Although the signals were normalized for average loudness for the 20

seconds around the peak Loudness, there were differences in N5 calculated over the

30 second period. In particular, for Test C signals the N5 values were higher than

those for Test B signals, and there was a corresponding increase in average annoyance

ratings. The average annoyance responses for Test D signals were more spread out

than the responses in each of Tests A, B and C, and this can be attributed to the

stronger variation in the Loudness in these Test D signals. As pointed out earlier,

these were actually interior recordings, though here subjects were asked to rate them

in terms of being a sound heard in their garden (to be consistent with the ratings
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Figure 6.9. Mean and standard deviation of the estimated mean of the
annoyance ratings for sounds in Tests A, B, C, and D plotted against
Sharpness exceeded 5% of 30s, (S5): (a) all stimuli, (b) Tests A, B and
C stimuli. Circles and diamonds - Beech 1900 aircraft based; squares
- B757 aircraft based; and triangles - Thrust Reverser test signals.

of Test A through C signals). One might expect a higher annoyance rating had the

context been described as being inside the house.

If the data from all four tests are examined, it can be seen that Psychoacoustic An-

noyance (PA) is a better predictor of the average annoyance response than the other

metrics considered (R2 = 0.94), although the improvement over N5 alone is quite

small (R2 = 0.93). When calculating the Psychoacoustic Annoyance (PA) metric,

e.g., to produce the results shown in Figure 6.10(d) Sharpness exceeded 5% of the time

(S5), Roughness exceeded 5% of the time (R5), and Fluctuation Strength exceeded

5% of the time (F5) was used rather than the mean value. N5 appears to explain the

differences between the responses in Test B and Test C, and Psychoacoustic Annoy-

ance appears to explain some of the differences in responses to signals within these

tests, but because the range of responses within each test is relatively small, the re-

sulting change in R2 value when using Psychoacoustic Annoyance instead of N5 alone

is small. A-weighted sound pressure level produces poorer predictions (R2 = 0.87)
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of annoyance than Psychoacoustic Annoyance or N5 (R2 = 0.94 and 0.93, respec-

tively). Predicting annoyance from the Average C-weighted Sound Pressure Level

yields the poorest results (R2 = 0.74). The performance of A-weighted Sound Ex-

posure Level (SELA) and Effective Perceived Noise Level (EPNL) was similar to

the performance of A-weighted sound pressure level. A summary of the R2 values for

each of the metrics shown in Figure 6.10 is given in Table 6.4.

Table 6.4 A summary of the R2 values for each of the metrics shown in Figure 6.10.

Metrics Tests
A B C D A, B & C All

dBA 0.29 0.13 0.26 0.95 0.69 0.88
dBC 0.14 0.36 0.64 0.92 0.14 0.75
SELA 0.24 0.08 0.23 0.96 0.71 0.86
N5 0.41 0.39 0.54 0.94 0.79 0.93
EPNL 0.22 0.22 0.55 0.89 0.63 0.89
PA 0.00 0.34 0.27 0.97 0.81 0.94

The large difference from N5 values (3 to 30 sones) to Psychoacoustic Annoyance

values (5 to 52), indicating that, if Psychoacoustic Annoyance model has validity,

these additional sound characteristics give rise to large increases in annoyance levels.

If there are no fast or slow Loudness fluctuations (F = 0 and R = 0) and Sharpness

is less than the threshold value (S < 1.75) then Psychoacoustic Annoyance = N5. In

a subsequent analysis, the influence of loudness, roughness, fluctuation strength and

sharpness on annoyance was examined. In this analysis, Psychoacoustic Annoyance

was recalculated by using the calculated metric values for N5 and one of Roughness,

Fluctuation Strength and Sharpness, and then setting the values of the remaining

two metrics to the average value of those metric over all stimuli in Tests A, B, C

and D. These results are shown in Figure 6.11. It is observed from Figure 6.11 that

when PA was calculated with varying Loudness (N5) and Roughness (R5) it yielded

similar results to those were observed when PA was calculated by using Loudness

(N5), Roughness (R5), Fluctuation Strength (F5) and Sharpness (S5).
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6.5 Spectral Balance Test Summary and Conclusions

Four tests were conducted to examine the influence of spectral balance on ratings of

aircraft noise. Over the Sharpness range selected no significant changes in annoyance

ratings was found as the Sharpness varied. The range of Sharpness was chosen to

reflect the range of Sharpness found when analyzing a variety of aircraft recordings.

Although the primary aim was to examine the effects of spectral balance on aircraft

noise ratings, the relationship between the sound pressure level and loudness-based

metrics and the annoyance ratings was also examined. Zwicker’s time-varying Loud-

ness exceeded 5% of the time (N5) determined from 30s of the recordings around the

peak loudness appears to be a better predictor of annoyance than A or C-weighted

sound pressure level derived metrics. The Psychoacoustic Annoyance model was also

examined and it was found as a better predictor of annoyance than any other metrics

examined in this study, but only slightly better than N5.
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Figure 6.10. Average annoyance ratings for sounds in Tests A, B, C
and D plotted against: (a) dBA; (b) N5; (c) dBC; (d) Psychoacoustic
Annoyance (PA); (e) SELA; and (f) EPNL. See Table 6.4 for R2

values. See Figure 6.9 caption for color-coding of data sets.
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Figure 6.11. Mean and standard deviation of the estimated mean
of the annoyance ratings for sounds in Tests A, B, C, and D plot-
ted against Psychoacoustic Annoyance (PA): (a) calculated by vary-
ing Loudness and Sharpness and keeping Roughness and Fluctuation
Strength constant, R2 = 0.94; (b) calculated by varying Loudness
and Roughness and keeping Sharpness and Fluctuation Strength con-
stant, R2 = 0.94; (c) calculated by varying Loudness and Fluctuation
Strength and keeping Roughness and Sharpness constant, R2 = 0.94;
and (d) calculated by varying all four variables, R2 = 0.94. See Fig-
ure 6.9 caption for color-coding of data sets.
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7. ROUGHNESS

It was found when analyzing a variety of aircraft noise recordings that roughness levels

can vary significantly depending on the aircraft and its mode of operation. Recall that

roughness is caused by rapid fluctuations in loudness most noticeable at fluctuation

rate of 50 - 90 times per second (Terhardt, 1974; Zwicker and Fastl, 1999). Roughness

can significantly affect noise quality. In Aures’ model of sensory pleasantness (Aures,

1985), increased roughness leads to lower pleasantness. Previously, researchers have

shown the effect of roughness on annoyance, see, for example, (Daniel and Weber,

1997). Roughness is a parameter in the Psychoacoustic Annoyance model described

in (Zwicker and Fastl, 1999, Chapter 16). In the Spectral Balance Test (Test 1), it

was found that inclusion of the Roughness metric in an annoyance model slightly

improved its predictive capability (More and Davies, 2007). In a set of 40 recordings

taken at two Florida airports, the Roughness metric values (R5) varied between 1.4

and 2.8 asper for jet aircraft and between 3.2 and 4.5 asper for propeller aircraft. The

Psychoacoustic Annoyance model output would change significantly if the Roughness

metric changed from 1.4 to 4.5 asper. While the Psychoacoustic Annoyance model

probably still needs to be validated for use in community noise impact evaluation, it

appears worthwhile to examine the influence of roughness given this wide variation

of metric values found in aircraft noise recordings.

7.1 Roughness Test (Test 3)

A test conducted to examine the influence of roughness on annoyance ratings of

aircraft noise is described. To study the effects of roughness on noise annoyance it is

desirable to keep other sound attributes such as loudness, sharpness and fluctuation

strength constant while roughness is varied (Zwicker and Fastl, 1999). To accomplish
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this, a simulation program described in Section 5.4.1 in Chapter 5 was used to generate

Roughness Test stimuli.

7.1.1 Roughness Test Stimuli

Two stimulus sets were generated based on aircraft recordings of an MD-80 and an

Airbus-310 flyover, each recorded at a Florida airport. Nine stimuli within each

stimulus set were generated, each stimulus with a different level of amplitude and

frequency modulation. Signal play-back duration was limited to 40 seconds long

which contained mostly the aircraft event and only a short period of background

noise. The calculated Roughness for these two sets of sounds ranged from 1.48 to

3.77 asper which spanned most of the range of roughness found with non-propeller

aircraft (1.4 - 2.8 asper) and propeller aircraft (3.2 - 4.5 asper) in a set of 40 aircraft

recordings. All the sounds within a set were normalized to have the same Zwicker

Loudness exceeded 5% of the time (N5), calculated from a 30 second region around

the peak Loudness of the signal. To facilitate this normalization, a program was

written that used one-third octave data every 1
2

second and ISO 532B (ISO 532B,

1975). The metrics properties of Set A (MD-80 based) and Set B (Airbus-310 based)

stimuli are given in Table 7.1. Metrics were calculated by using Brüel and Kjær’s

Type 7698 sound quality software. Roughness was calculated for 1-second segments

every 0.5 seconds throughout the 42 seconds time history and R5 was derived from

these results. Similarly, Fluctuation Strength (F5) was calculated, but the segment

length in this calculation was 5-seconds long. Aures’ Tonality (K5) for the simulated

signals in both the sets were very similar (around 0.1). However, K5 values for the

original signals (3A1 and 3B1) compared to that of simulated signals were quite high

(around 0.2). Loudness time histories of the nine test stimuli of Set A and Set B are

shown in Figures 7.1(a) and (b), respectively. Roughness time histories of Set A and

Set B stimuli are shown in Figures 7.2(a) and (b), respectively. In Figures 7.3(a) -
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Table 7.1 Metrics for Set A stimuli (3A1 & 3A2 - 3A9) and Set B
stimuli (3B1 & 3B2 - 3B9) in Roughness Test. The data used in
the calculations were from 30 seconds of the sound around its peak
loudness calculated by using Zwicker’s time-varying loudness as pro-
grammed in the Brüel and Kjær Type 7698 Sound Quality Package.

Loudness
(N5) -
sones

Sharpness
(S5) -
acum

Roughness
(R5) -
asper

Fluctuation
Strength
(F5) -
vacil

Average
A-

weighted
SPL

(dBA) -
dB

Aures
Tonality

(K5)

3A1 31.9 1.3 1.5 1.1 67.7 0.2
3A2-3A9 31.8-32.4 1.3-1.4 1.7-3.7 1.1-1.1 68.1-68.2 0.1-0.1

3B1 32.4 1.3 1.6 0.9 68.4 0.2
3B2-3B9 31.8-32.2 1.3-1.3 2.7-3.8 0.8-0.8 68.5-68.7 0.1-0.1

(d) are shown the spectrograms of simulated signals, from Sets A and B, which had

lowest (among simulated signals) and highest Roughness.
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Figure 7.1. Loudness time histories of: (a) Set A stimuli (based on
MD-80), colors vary from black - no modulation, R5 = 1.48 asper
(original recording) to pale gray - highest level of modulation, R5 =
3.68 asper; and (b) Set B stimuli (based on Airbus-310), colors vary
from black - no modulation, R5 = 1.57 asper (original recording) to
pale gray - highest level of modulation, R5 = 3.73 asper.
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7.1.2 Roughness Test Procedure and Subjects Comments

The test procedure described in Appendix A was used for each subject. Subjects

heard 4 test stimuli to familiarize themselves with the type of sounds that they would

hear. They practiced rating two stimuli. Two tests involving Set A and Set B sounds

were conducted in series. Half the subjects heard the stimuli in Set A first and half

heard the stimuli in Set B first.

Thirty subjects took part in the test, 19 were males and 11 were females, they

were between 20 and 33 years old. All subjects passed the hearing test. All of the

subjects were recruited from the University population and all were students.

After rating sounds in each set, subjects were asked to write down words or phrases

that describe the characteristics of the sounds that they heard in that set. Each

subject’s comments are given in Table G.2 in Appendix G.
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Figure 7.2. Roughness time histories of: (a) Set A stimuli (based on
MD-80), colors vary from black - no modulation, R5 = 1.48 asper
(original recording) to pale gray - highest level of modulation, R5 =
3.68 asper; and (b) Set B stimuli (based on Airbus-310), colors vary
from black - no modulation, R5 = 1.57 asper (original recording) to
pale gray - highest level of modulation, R5 = 3.73 asper.
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7.1.3 Roughness Test Results and Discussion

The responses of each subject were compared with the average of the responses of

the rest of the group by calculating the subject-to-group correlation coefficient (r).

Subject-to-group correlation coefficient for Set A and Set B stimuli are shown in

Figure 7.4. The data from subjects whose correlation coefficient was less than 0.2

(a) (b)

(c) (d)

Figure 7.3. Sample spectrograms of simulated signals from Set A and
Set B: (a) 3A3, lowest Roughness (among simulated sounds from Set
A), R5 = 1.67 asper; (b) 3A9, highest Roughness, R5 = 3.68 asper;
(c) 3B3, lowest Roughness (among simulated sounds from Set B), R5

= 2.74 asper; and (d) 3B8, highest Roughness, R5 = 3.77 asper.
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were removed from the analysis; and hence only 23 subjects’ responses in the case of

Set A and 20 subjects’ responses in case of Set B were retained for analysis. Four

subjects from Set A and eight subjects from Set B rated the sounds in a way opposite

to most of the other subjects (i.e. subject to group correlation was negative).
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Figure 7.4. Each subject’s responses in Roughness Test compared
with mean of the rest of the subject group for each signal. Circles -
Set A stimuli (based on MD-80); diamonds - Set B stimuli (based on
A-310).

Several statistics of the various metrics were examined. For example, in Figure 7.5

is shown the coefficients of determination (R2) obtained by examining the correlation

between mean of the subjects’ annoyance ratings for Sets A and B sounds and Rough-

ness exceeded 1 through 50% of the time. The best correlation was seen between the

mean of the subjects’ annoyance ratings and Roughness exceeded 10% (R10) of the

time (R2 = 0.91). The mean and standard deviation of the estimated mean of the

annoyance ratings for sounds in Sets A and B are plotted against Roughness exceeded

5% of the time (R5) and Roughness exceeded 10% of the time (R10) in Figures 7.6(a)

and (b), respectively. The sounds were rated from slightly annoying to very annoying.

It is seen that the annoyance ratings increase with increased Roughness, but there

are also large differences between the annoyance ratings for Set A and Set B, Set B

sounds consistently rated as being more annoying.
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Figure 7.5. Coefficients of determination (R2) plotted against P%
used in the percentile Roughness calculation for Sets A and B sounds.

1.5 1.8 2.1 2.4 2.7 3 3.3 3.6 3.9 4.2
3.5

4

4.5

5

5.5

6

6.5

3A1
3A2

3A3

3A4
3A5

3A63A7

3A8 3A9

3B1

3B2
3B3

3B4
3B5

3B6

3B7
3B8

3B9

Roughness
exceeded 5% of 30s, ( R

5
 ) − asper

A
ve

ra
ge

 A
nn

oy
an

ce
 R

at
in

gs

Slightly

Moderately

Very

1.5 1.8 2.1 2.4 2.7 3 3.3 3.6 3.9 4.2
3.5

4

4.5

5

5.5

6

6.5

3A1
3A2

3A3

3A4
3A5

3A63A7

3A83A9

3B1

3B2
3B3

3B4
3B5

3B6

3B7
3B8

3B9

Roughness
exceeded 10% of 30s, ( R

10
 ) − asper

A
ve

ra
ge

 A
nn

oy
an

ce
 R

at
in

gs

Slightly

Moderately

Very

(a) (b)

Figure 7.6. Mean and standard deviation of the estimated mean of
the annoyance ratings for sounds in Sets A and B plotted against:
(a) Roughness exceeded 5% of the time (R5), R2 = 0.87; and (b)
Roughness exceeded 10% of the time (R10), R2 = 0.91. Circles - Set
A stimuli (based on MD-80); diamonds - Set B stimuli (based on A-
310); and continuous line - regression model for combined sets A and
B.

The mean and standard deviation of the estimated mean of the annoyance ratings

for sounds in Sets A and B are plotted against Zwicker’s Loudness exceeded 5% of the
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time (N5) and Average A-weighted Sound Pressure Level are shown in Figures 7.7(a)

and (b), respectively. Reflecting the test design, it is seen that similar values of
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Figure 7.7. Mean and standard deviation of the estimated mean of
the annoyance ratings for sounds in Sets A and B plotted against:
(a) Zwicker’s Loudness exceeded 5% of the time (N5) and (b) average
A-weighted Sound Pressure Level (dBA). See Figure 7.6 caption for
color coding.

Average A-weighted Sound Pressure Level and Zwicker Loudness exceeded 5% of the

time (N5) were maintained within each test set, although levels within each set were

similar, around 32 sones, annoyance ratings varied from just “Slightly annoying” to

just below “Very annoying”. What would be the required change in loudness to evoke

a similar change in annoyance? The Psychoacoustic Annoyance (PA) model can be

used to help estimate this. In Figure 7.8(a) is shown the average annoyance ratings

plotted against Zwicker’s Psychoacoustic Annoyance (PA) calculated by using N5,

R5, F5, and S5. In Figure 7.8(b) is shown the similar results but in this case PA is

calculated by using R10 in place of R5. Setting N5 = 31.82 sones, S5 = 1.35 acum,

F5 = 1.08 vacil for Set A sounds, Roughness (R5) was varied from 1.48 to 3.68 asper

which resulted in a change from 54.97 to 77.64 in PA for Set A sounds. Keeping

Roughness (R5) at 1.48 asper and increasing Loudness (N5) from 31.82 to 48.20 sones
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Figure 7.8. Mean and standard deviation of the estimated mean of the
annoyance ratings for sounds in Sets A and B plotted against Psychoa-
coustic Annoyance metric calculated with Loudness (N5), Sharpness
(S5), Fluctuation strength (F5) and: (a) Roughness (R5), R2 = 0.78;
and (b) Roughness (R10), R2 = 0.84. See Figure 7.6 caption for color
coding.

resulted in the same change in PA. For this case to see the same change in PA, the

A-weighted Sound Pressure Level (dBA) was required to be increased from 67.7 to

74.3 dB, a 6.5 dB change. Setting N5 = 32 sones, S5 = 1.30 acum, F5 = 0.77 vacil

for Set B sounds and then varying Roughness (R5) from 1.57 to 3.77 asper results in

PA going from 55.02 to 76.82. Setting R5 to 1.57 asper and then varying N5 from

32.00 to 48.69 sones resulted in the same change in PA. For this case to have the

same change in PA, the A-weighted Sound Pressure Level (dBA) was required to be

increased from 68.4 to 74.9 dB, a 6.5 dB change.

7.2 Combined Spectral Balance and Roughness Test (Test 4)

While comparing the two tests (Spectral Balance Test and Roughness Test) results,

it was noticed that the average annoyance ratings of the Roughness Test (Test 3)

stimuli were lower than the Spectral Balance Test (Test 1) stimuli. In Figure 7.9 are
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shown the test results obtained from the Spectral Balance and Roughness Tests. In
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Figure 7.9. Average annoyance ratings of stimuli in the Spectral Bal-
ance Test (Test 1) and the Roughness Test (Test 3) plotted against
Psychoacoustic Annoyance (PA). Spectral Balance Test: triangles
(down) - Thrust Reverser Test signals: circles and diamonds - Beech
1900 based; and squares - Boeing-757 based stimuli. Roughness Test:
triangles (left) - MD-80 based; and triangles (right) - A-310 based
stimuli.

the Roughness Test, the Loudness exceeded 5% of the time (N5) was greater than that

for any of those sounds used in the Spectral Balance Test. The Loudness exceeded

5% of the time (N5) for the Spectral Balance Test stimuli was in the range from 3.02

to 28.84 sones, and of the Roughness Test stimuli ranged from 31.78 to 32.42 sones.

The Roughness exceeded 5% of the time (R5) of the Roughness Test stimuli ranged

from 1.48 to 3.77 asper and of the Spectral Balance Test stimuli ranged from 0.92

to 2.07 asper. As can be seen in Figure 7.9, where annoyance ratings are plotted

against the Psychoacoustic Annoyance model predictions, the subjects appear to be

using the scales differently in the Spectral Balance and the Roughness Test. From

this it might be expected that the Roughness Test stimuli ratings should have been

much higher, but perhaps subjects are reluctant to use part of the scale beyond

“very annoying” and, in a test where only one attribute is being varied and loudness

is almost constant, adjust the lower end of their ratings to accommodate this. To
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examine this issue further, a test was conducted to have subjects rate a mixture of

sounds taken from both the Spectral Balance Test and the Roughness Test.

7.2.1 Combined Spectral Balance and Roughness Test Stimuli

Ten test stimuli were used in the combined Spectral Balance and Roughness Test.

These stimuli were a subset of those used in Spectral Balance Test (Test 1) and

Roughness Test (Test 3). They are described in Table 7.2. In Figure 7.10 is shown

Table 7.2 Metric values for the 10 test stimuli used in the Spectral
Balance and Roughness Test Combined. Metric notation is: N5 -
Zwicker Loudness exceeded 5% of the time, S5 - Zwicker Sharpness
exceeded 5% of the time, R5 - Roughness exceeded 5% of the time and
F5 - Fluctuation Strength exceeded 5% of the time. All of the metrics
were calculated by using data from 30s around the peak loudness.
Other notations are: LP - Low-pass, B1900 - Beech 1900, B757 -
American Boeing-757.

Stimulus
Name

(Name in
Previous

Test)

Based
on

Filter
Order

Type Cut-off
Fre-

quency
(kHz)

N5 S5 R5 F5

4A1(1D1) - - - - 3.02 1.15 0.96 0.40
4A2(1D4) - - - - 7.66 0.97 1.17 0.48
4A3(1A1) B1900 2 LP 2 17.47 0.94 1.88 0.76
4A4(1B1) B757 2 LP 2 23.85 0.98 1.82 0.84
4A5(1C1) B1900 2 LP 2 28.84 1.00 1.99 0.88
4A6(3A1) MD-80 - - - 31.87 1.34 1.48 1.10
4A7(3A4) MD-80 - - - 32.28 1.35 2.43 1.08
4A8(3A6) MD-80 - - - 32.19 1.35 3.05 1.08
4A9(3A8) MD-80 - - - 31.86 1.36 3.36 1.07
4A10(3A9) MD-80 - - - 31.82 1.36 3.68 1.07

Psychoacoustic Annoyance (PA) plotted against Loudness exceeded 5% of the time

(N5).
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Figure 7.10. Psychoacoustic Annoyance (PA) plotted against Loud-
ness exceeded 5% of the 30 seconds (N5). Spectral Balance Test stim-
uli: triangles (down) - Thrust Reverser Test signals; pentagram and
hexagram - Beech 1900 based signals; and square - Boeing-757 based
signal. Roughness Test stimuli: circles - MD-80 based signals.

7.2.2 Combined Spectral Balance and Roughness Test Procedure

A test procedure described in Appendix A was used for each subject. Subjects heard

all test stimuli to familiarize themselves with the type of sounds that they would hear.

Each subject was asked to write a description of each sound that they just heard.

They then practised rating four stimuli. Subjects were asked to rate the sound by

making a mark on the annoyance scale and also on the four adjective scales (see

Figure 7.11). The 10 signals were played back in a different random order for each

subject. At the end, subjects were asked for comments about the sounds that they

had just heard (these are reported in Appendix G).
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Figure 7.11. One annoyance scale and four adjective scales used by
subjects to mark their estimates of loudness, roughness, sharpness
and fluctuation.

7.2.3 Combined Spectral Balance and Roughness Test Subjects

Thirty subjects took part in the test, 15 were male and 15 were female, they were

between 19 and 45 years old. All subjects passed the hearing test. All of the subjects

were recruited from the University population.

7.2.4 Combined Spectral Balance and Roughness Test Results and Discussion

The responses of each subject were compared with the average of the responses

of the rest of the group by calculating the subject-to-group correlation coefficient

(r). Subject-to-group correlation for annoyance ratings are shown in Figure 7.12. In
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Figure 7.12. Combined Spectral Balance and Roughness Test,
subject-to-group correlation for annoyance ratings.

Figures 7.13(a) - (d) are shown the subject-to-group correlation for Loudness (rN),

Roughness (rR), Sharpness (rS), and Fluctuation Strength (rF ) ratings, respectively.

Subjects whose correlation coefficient was less than 0.2 were removed from the anal-

ysis; and hence in annoyance and Loudness estimation scale case all 30 subjects data

was retained for analysis. In case of the roughness, sharpness and fluctuation esti-

mation scales only 29, 27 and 24 subjects’ responses, respectively, were retained for

further analysis. Two subjects’ responses on the fluctuation scale had a strong nega-

tive correlation to the rest of the group which may indicate some confusion with the

end points. Their responses were part of the group removed from the analysis.

The remaining subjects’ responses were checked for ordering effects. In Figure B.3

the mean of the responses and individual responses of each subject were plotted

against the stimulus order for the Annoyance ratings. Similarly, in Figures B.4(a) - (d)

are shown the mean of the responses and individual responses of each subject plotted

against the stimulus order for the adjective tests, Loudness, Roughness, Sharpness,

and Fluctuation Strength, respectively. Although no ordering effects were found in

annoyance scale data, one was found in case of adjective scales. While estimating

roughness, subjects ratings were increased after rating the first signal that they heard
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Figure 7.13. Combined Spectral Balance and Roughness Test,
subject-to-group correlation for markings on: (a) loudness, (b) rough-
ness, (c) sharpness, and (d) fluctuation scales.

during the test; this may be due to the particular random ordering selected for this

test (there were proportionally more smoother sounds presented first) or perhaps

people at first had difficulty using this scale. For the roughness estimation analysis

subjects’ responses to the first signal presented were not used.

In Figure 7.14 the mean annoyance ratings are plotted against Psychoacoustic

Annoyance (PA) for the Spectral Balance Test (Test 1) and Roughness Test (Test 3)

stimuli (open symbols) and the Combined Spectral Balance and Roughness Test (Test
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4) stimuli (filled-in symbols). It is seen that for this test the average sound ratings
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Figure 7.14. Mean annoyance ratings from the previously conducted
Spectral Balance Test (Test 1) and Roughness Test (Test 3) and cur-
rent test (Test 4) that includes a subgroup of stimuli from the Spec-
tral Balance and Roughness tests. Open symbols: triangles (down) -
Thrust Reverser Test signals; circle and diamond - Beech 1900 based
signal; square - Boeing-757 based signal, all from Spectral Balance
Test. Triangles (left) - MD-80 based signals from the Roughness Test.
Filled-in symbols are the stimuli used in the Combined Spectral Bal-
ance and Roughness Test (Test 4).

vary from “Not-at-all annoying” to “Very annoying”. Comparing the results from

previous and current tests it is observed that subjects gave almost similar annoyance

ratings for the subgroup of stimuli (1D1, 1D4, 1A1, 1B1 and 1C1) from the Spectral

Balance Test, while the annoyance ratings for the subgroup of stimuli (3A1 to 3A9)

from the Roughness Test are increased. There appears to be a saturation effect at

the “Very annoying” position on the scale, perhaps again caused by some reluctance

to use the “Extremely annoying” part of the scale by some subjects.

In Figure 7.15(a) is shown the mean and standard deviation of the estimated

mean of the annoyance ratings plotted against Loudness exceeded 5% of the time

(N5) showing a high correlation between the two. In Figures 7.15(b) - (d) the linear
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contribution of N5 has been removed from the annoyance ratings and the residual an-

noyance rating is plotted against Roughness exceeded 5% of the time (R5), Sharpness

exceeded 5% of the time (S5) and Fluctuation Strength exceeded 5% of the time (F5),

respectively. From these results it is not clear that any one of these three metrics
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Figure 7.15. The mean and standard deviation of the estimated mean
of the annoyance ratings plotted against: (a) Loudness exceeded 5%

of the time (N5), R2 = 0.97; Â = γ0 + γ1N5 (black line), γ0 = 1.66,
γ1 = 0.14. Residual annoyance = Annoyance - γ1N5 plotted against:
(b) Roughness exceeded 5% of the time (R5); (c) Sharpness exceeded
5% of the time (S5); and (c) Fluctuation Strength exceeded 5% of the
time (F5). See Figure 7.14 caption for color coding.
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alone explain any more of the output variance and that N5 dominates the responses.

In Figures 7.16(a) - (d) are shown the mean and standard deviation of the es-

timated mean of the loudness, roughness, sharpness, and fluctuation adjective test

scale ratings plotted against Loudness exceeded 5% of the time (N5), Roughness

exceeded 5% of the time (R5), Sharpness exceeded 5% of the time (S5), and Fluc-

tuation Strength exceeded 5% of the time (F5), respectively. It is observed from

Figures 7.16(a) and (b) that Zwicker Loudness exceeded 5% of the time is highly

correlated with subjects’ ratings of loudness. All subjects had strong agreement in

the loudness ratings. It was observed from the subjects’ adjective scale responses and

Figure 7.13(c) that subjects had difficulties rating sharpness or the model of sharp-

ness used does not match how subjects evaluate sharpness. Other statistics of Zwicker

Sharpness did not do any better predicting subjects’ responses. Subjects were able to

distinguish groups of stimuli as having different roughness but had difficulty distin-

guishing between different higher levels of roughness. Subjects’ rating of fluctuation

matched the Fluctuation Strength model well except for ratings of signal 4A6, the

signal from the Roughness test with the lowest roughness (that was included in this

test).

The correlations coefficients between the various metrics are given in Table 7.3

and the correlation between the subjective ratings are given in Table 7.4. From this

Table 7.3 Correlation coefficients between Loudness (N5), Roughness
(R5), Sharpness (S5) and Fluctuation Strength (F5) of the sounds
used in Combined Spectral Balance and Roughness Test.

N5 R5 S5 F5

N5 1.00 0.73 0.62 0.99
R5 0.73 1.00 0.72 0.75
S5 0.62 0.72 1.00 0.69
F5 0.99 0.75 0.69 1.00

it appears that loudness differences may have been factoring into the evaluations of
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Figure 7.16. Loudness, Roughness, Sharpness and Fluctuation
Strength estimates against: (a) Zwicker Loudness (N5), R2 = 0.99;
(b) Roughness (R5), R2 = 0.80; (c) Sharpness (S5), R2 = 0.38; and
(d) Fluctuation Strength (F5), R2 = 0.83; all exceeded 5% of the time.
See Figure 7.14 caption for color coding.

the other sound characteristics, perhaps leading to higher than expected correlations

between the ratings of different sound characteristics.
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Table 7.4 Correlation coefficients between average Loudness, Rough-
ness, Sharpness and Fluctuation Strength ratings obtained in the Ad-
jective Scale Test.

Loud Rough Sharp Fluctuatig

Loud 1.00 0.96 0.97 0.94
Rough 0.96 1.00 0.90 0.96
Sharp 0.97 0.90 1.00 0.89
Fluctuating 0.94 0.96 0.89 1.00

7.3 Combined Loudness and Roughness Test (Test 7)

In the Combined Spectral Balance and Roughness Test (Test 4) a saturation effect

was observed in the average annoyance ratings when R5 > 2, R5 was increased from

0.96 to 3.68 asper and Loudness exceeded 5% of the time (N5) was varied from

3.02 to 32.28 sones in this test. To investigate the saturation effect observed in

the Combined Spectral Balance and Roughness Test results, a test was conducted

in which the loudness levels were reduced in an attempt to avoid this saturation in

the annoyance ratings. This time the Roughness was varied by using the second

simulation (see Section 5.4.2 in Chapter 5), rather than by using the simpler method

of introducing an amplitude and frequency modulated signal envelope. This lead to

what was felt to be more realistic sounding stimuli. The stimuli for this test are based

on an Airbus-310 flyover after take-off event.

7.3.1 Combined Loudness and Roughness Test Stimuli

Two sets, each with 11 stimuli with a range of loudness and roughness variations

were generated. The roughness of the test sounds was varied by intensifying or de-

intensifying the fast fluctuations (50 - 90 per second) in loudness.

In Set A, only roughness was varied and other sound attributes such as, loudness,

tonalness, sharpness, and fluctuation strength were kept nearly constant. In Set

B, both loudness and roughness were varied and other remaining sound attributes

mentioned above were kept nearly constant. The range of metric values for sounds
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in Set A and Set B are given in Table 7.5 and the metric values for each sound are

given in Tables C.14 and C.15 in Appendix C. The duration of the base recording

Table 7.5 Metrics for Set A and Set B stimuli in the Combined Loud-
ness and Roughness Test. The data used in the calculations were from
30 seconds of the sound around its peak loudness calculated by us-
ing Zwicker’s time-varying loudness as programmed in the Brüel and
Kjær Type 7698 Sound Quality Package.

Loudness
exceeded
5% of the
time (N5)
- sones

Sharpness
exceeded
5% of the
time (S5)
- acum

Roughness
exceeded
5% of the
time (R5)
- asper

Fluctuation
Strength
exceeded
5% of the
time (F5)

- vacil

Average
A-

weighted
Sound

Pressure
Level

(dBA) -
dB

Aures
Tonality
exceeded
5% of the
time (K5)

Set A 24.9 - 24.9 1.26 - 1.28 2.20 - 3.52 0.75 - 0.76 64.9 - 65.1 0.10 - 0.11
Set B 18.7 - 32.6 1.26 - 1.28 2.23 - 3.46 0.75 - 0.76 60.7 - 69.2 0.10 - 0.11

was 60 seconds long. The playback duration of each simulated sound was limited

to 42 seconds the main aircraft event duration being almost 30 seconds long. There

was some background noise at the beginning and at the end. Zwicker Loudness time

histories for Set A and Set B stimuli are shown in Figures 7.17(a) and (b), respectively.

In Figures 7.18(a) and (b) are shown the Roughness metric time histories for the 11

stimuli in Set A and Set B. The variations in Roughness exceeded 5% of the time (R5),

Roughness exceeded 15% of the time (R15) and Zwicker’s Loudness exceeded 5% of

the time (N5) in Set A and Set B are shown in Figures 7.19(a) and (b). Metrics were

calculated by using Brüel and Kjær Type 7698 sound quality software. Roughness

was calculated from 1-second segments every 0.5 seconds throughout the 42 seconds

of the time history and R5 and R15 was derived from these results.
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Figure 7.17. Loudness time histories: (a) Set A stimuli, eleven Loud-
ness time histories are plotted, colors vary from black (lowest Rough-
ness (R5) = 2.20 asper, and Loudness (N5) = 24.91 sones) to pale
gray (highest Roughness (R5) = 3.52 asper, and Loudness (N5) =
24.86 sones); and (b) Set B stimuli, eleven Loudness time histories
are plotted, colors vary from black (Roughness (R5) = 2.25 asper,
and Loudness (N5) = 21.72 sones) to pale gray (Roughness (R5) =
3.36 asper, and Loudness (N5) = 28.20 sones).

7.3.2 Combined Loudness and Roughness Test Procedure

A test procedure described in Appendix A was used for each subject participated in

this test. The two tests were conducted in series. Half of the subjects rated Set A

sounds first and other half rated Set B sounds first. Before each test, three sounds

were played to familiarize the subjects with the type of sounds that they would rate

in the main test, and then the subjects practiced by rating two sounds.

7.3.3 Combined Loudness and Roughness Test Subjects

Forty-one subjects, 18 males and 23 females, were recruited to participate in this test.

They were aged between 18 and 56 years. They were all students and employees of

Purdue University. Thirty-seven, 16 males and 21 females, out of 41 subjects passed
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Figure 7.18. Roughness time histories: (a) Set A stimuli, eleven
Roughness time histories are plotted, colors vary from black (lowest
Roughness (R5) = 2.20 asper, and Loudness (N5) = 24.91 sones) to
pale gray (highest Roughness (R5) = 3.52 asper, and Loudness (N5)
= 24.86 sones); and (b) Set B stimuli, eleven Roughness time histories
are plotted, colors vary from black (Roughness (R5) = 2.25 asper, and
Loudness (N5) = 21.72 sones) to pale gray (Roughness (R5) = 3.36
asper, and Loudness (N5) = 28.20 sones).

the hearing test. They were aged between 18 and 35 years. The mean and median

ages of these groups were 22 and 21 years, respectively. Subjects who passed the

hearing test were allowed to participate in the test. Hence, responses were obtained

from 37 subjects.

7.3.4 Combined Loudness and Roughness Test Results and Discussion

Each subject’s responses were compared with the mean of the rest of the group’s re-

sponses by calculating subject-to-group correlation (r). In Figure 7.21 are shown the

subject-to-group correlation coefficients for Set A and Set B sounds. When loudness

varies subjects’ ratings tended to become more consistent with the rest of the group.

The correlation (rR) between the subject’s ratings and roughness was also calculated.
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Figure 7.19. (a) Roughness exceeded 5% of the time (R5) and (b)
Roughness exceeded 15% of the time (R15) plotted against Loudness
exceeded 5% of the time (N5). Red circles - Set A stimuli, blue dia-
monds - Set B stimuli. Sets A and B based on an Airbus - 310 flyover
after take-off operation.
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Figure 7.20. Subject-to-group correlation coefficients (r) for Set A
and Set B sounds. Red circles - Set A stimuli, blue diamonds - Set B
stimuli.

For Set A sounds, where Roughness varied and other sound attributes kept nearly

constant, subjects appeared to fall into three groups. In Figure 7.21 are shown the
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Figure 7.21. Subject-to-Roughness correlation coefficients (rR) for Set
A and Set B sounds. Red circles - Set A stimuli and blue diamonds -
Set B stimuli.

one subjects out of 37 (∼ 57%) tended to rate the rougher sounds as more annoying,

7 subjects did not appear to be sensitive to changes in roughness, and 9 subjects

out of 37 (∼ 24%) were less annoyed when roughness increased. This categoriza-

tion into three groups corresponded to subject-to-roughness correlations of r ≥ 0.2,

0.2 > r > −0.2, and r ≤ −0.2, respectively. When both loudness and roughness

varied simultaneously (Set B sounds), 34 subjects had subject-to-group correlations

(r) greater than 0.2. It should be noted that subjects were näıve, and this test was

difficult because of the duration and the non-stationary nature of the sounds. Also,

unlike loudness, subjects are less familiar with the concept of roughness, thus it is

likely that many would have difficulty rating the stimuli.

For these non-stationary sounds, several statistics of the various metrics were

examined. For example, in Figure 7.22 are shown the coefficients of determination

(R2) obtained by examining the correlation between mean of the subjects’ annoyance

ratings for Set A sounds and Roughness exceeded 1% to 90% of the time. The

best correlation was seen between the mean of the 21 roughness-sensitive subjects’

annoyance ratings and Roughness exceeded 15% (R15) of the time (R2 = 0.93). In
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Figure 7.22. Coefficients of determination (R2) plotted against P%
used in the percentile Roughness calculation for Set A sounds. Red
circles: from the 21 subjects with rR ≥ 0.2, orange circles: from all the
37 subjects, and green circles: from the 16 subjects with rR ≤ 0.2. rR

is the correlation between subject’s ratings and percentile Roughness.

Figures 7.23(a) and (b) are shown the mean and standard deviation of the estimated

mean of the 21 subjects’ annoyance ratings (subjects with r ≥ 0.2) for Set A stimuli

plotted against Roughness exceeded 5% (R5) and 15% of the time (R15). It is observed

from Figures 7.23(a) and (b) that the average ratings of the stimuli varied from just

below “Moderately annoying” to just below “Very annoying”. As expected, none of

the level or level-based metrics were able to explain the subjective responses to Set A

sounds, because the levels of stimuli in Set A were normalized to have nearly constant

Loudness (N5).

For Set B sounds, the average ratings of the sounds were from just below “Moder-

ately annoying” to “Very annoying”. In Figures 7.24(a) - (d) are shown the mean and

standard deviation of the estimated mean of 34 subjects’ annoyance ratings of Set

B sounds plotted against Loudness exceeded 5% of the time (N5), Perceived Noise

Level exceeded 5% of the time (PNL5), Effective Perceived Noise Level (EPNL),

and A-weighted Sound Exposure Level (SELA), respectively. These subjects were

the ones with a subject-to-group correlation r > 0.2 in Set B. This group contains
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Figure 7.23. Mean and standard deviation of the estimated mean of
the 21 subjects’ annoyance ratings of Set A sounds (roughness only
varies) plotted against: (a) Roughness exceeded 5% of the time (R5),
R2 = 0.91; and (b) Roughness exceeded 15% of the time (R15), R2 =
0.93.

a few subjects who were not sensitive to roughness in the test with Set A stimuli.

Subjects rated the sounds predominantly on the basis of loudness variations and thus

all the level and level based metrics examined in this study predicted the annoyance

reasonably well. However, there is a significant difference between stimuli 7B3 and

7B4, which are very close in loudness but are of different Roughness (see Figure 7.19),

the rougher sound being rated as more annoying. Signals 7B11 and 7B8 have sig-

nificantly different Roughness values but are similar in loudness and are some of the

louder sounds and were rated very similarly. Signal 7B9 is rated much below the

trend line, perhaps because of its very low roughness even though it is the loudest

signal.

In Figures 7.25(a) and (b) are shown the mean and standard deviation of the

estimated mean of the 21 subjects’ annoyance ratings of the combined sets A and

B stimuli plotted against Zwicker’s Psychoacoustic Annoyance and the annoyance

predicted from a two-term linear model involving R15 and N5, respectively. In the

two-term linear regression model shown in Figure 7.25(b), the variables are normal-
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Figure 7.24. Mean and standard deviation of the estimated mean of
the 34 subjects’ annoyance ratings of Set B stimuli (both roughness
and loudness varied) plotted against: (a) Loudness exceeded 5% of the
time (N5), R2 = 0.85; (b) Perceived Noise Level exceeded 5% of the
time (PNL5), R2 = 0.87; (c) Effective Perceived Noise Level (EPNL),
R2 = 0.88; and (d) A-weighted Sound Exposure Level (SELA), R2 =
0.90.

ized (zero mean, unit standard deviation) to give an idea about the relative contri-

butions of R15 and N5 to annoyance. In the linear model, N ′
5 = (N5 − µN5)/σN5 and

R′
15 = (R15−µR15)/σR15 ; where, respectively, µN5 and µR15 are the mean values of N5

and R15; and σN5 and σR15 are the standard deviations of N5 and R15 metrics values

for the combined groups of stimuli in Set A and Set B. For Set A sounds (Rough-

ness only varied), a strong correlation (R2 = 0.93) between 21 roughness-sensitive
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Figure 7.25. Mean and standard deviation of the estimated mean of
the 21 subjects’ (those subjects in Set A, who were found to be sensi-
tive to roughness (rR > 0.2)) annoyance ratings. (a) plotted against
Zwicker’s Psychoacoustic Annoyance (Set A, R2 = 0.93; Set B, R2 =
0.82; combined Sets A and B, R2 = 0.85) and (b) plotted against Pre-
dicted Annoyance by using two-term linear model involving Loudness
(N5) and Roughness (R15) (Set A, R2 = 0.93; Set B, R2 = 0.81; and
combined Sets A and B, R2 = 0.81). Red circles - Set A stimuli and
blue diamonds - Set B stimuli.

subjects’ average annoyance ratings and Psychoacoustic Annoyance was observed. In

Figures 7.26(a) and (b) are shown the mean and standard deviation of the estimated

mean of the 21 subjects’ annoyance ratings who were found to be roughness sensitive

in Set A and the mean of the other remaining 16 subjects’ annoyance ratings plotted

against N5, respectively. From Figure 7.26(a) it was observed that those 21 subjects

rated the Set B sounds strongly based on loudness variations but their annoyance

ratings were also influenced by roughness variations. The average annoyance ratings

from the 21 subjects of signals 7A6 and 7B6 are very consistent (7A6: 5.84 and 7B6:

5.89). These are the same signals. The coefficient of determination (R2) between

average annoyance ratings and Zwicker Loudness (N5) for these roughness-sensitive

subjects was 0.68 and for Psychoacoustic Annoyance was 0.82. Recall that in Set

B sounds, both loudness and roughness were varied simultaneously and other sound

attributes were kept nearly constant.



141

18 20 22 24 26 28 30 32 34

4.5

5

5.5

6

6.5

7

7B17B2 7B3

7B4
7B5

7B6
7B7

7B8
7B97B10

7B11

Loudness
exceeded 5% of 30s, ( N

5
 ) − sones

A
ve

ra
ge

 A
nn

oy
an

ce
 R

at
in

gs

Moderately

Very

18 20 22 24 26 28 30 32 34

4.5

5

5.5

6

6.5

7

7B1

7B2

7B3
7B4

7B5
7B6

7B7 7B8

7B9

7B10
7B11

Loudness
exceeded 5% of 30s, ( N

5
 ) − sones

A
ve

ra
ge

 A
nn

oy
an

ce
 R

at
in

gs

Moderately

Very

(a) (b)

Figure 7.26. Mean and standard deviation of the estimated mean
of the annoyance ratings for Set B sounds plotted against Loudness
exceeded 5% of the time (N5). (a) Calculated from the responses of
the 21 subjects who were found to be sensitive to roughness (r ≥ 0.2)
when exposed to Set A sounds, R2 = 0.68. (b) Similarly but for the
other 16 subjects who were not found to be sensitive to roughness
(r ≤ 0.2) when exposed to Set A sounds, R2 = 0.94.

In Figure 7.27 are shown the mean and standard deviation of the estimated mean

of the 16 subjects’ (rR < 0.2) annoyance ratings plotted against Zwicker’s Psychoa-

coustic Annoyance, and the output of a linear model of N5 and R15. Average ratings

of Set A stimuli (red circles) when R5 < 2.9 (7A1 to 7A5) show no pattern and are

generally rated as more annoying than stimuli 7A6 to 7A11 (R5 > 2.9). For Set B

sounds, a strong correlation (R2 = 0.94) was observed between these 16 subjects’ av-

erage annoyance ratings and Zwicker Loudness (N5) which is seen in Figure 7.26(b),

R15 contributes very little to the output of this model because these 16 subjects were

not sensitive to this sound characteristic.

7.4 Roughness Tests Summary and Conclusions

The Roughness of the stimuli used in the tests (Test 3, 4 and 7) described in this

chapter ranged from 1.5 to 3.8 asper, a range of values that had been found when
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Figure 7.27. Mean and standard deviation of the estimated mean of
the other 16 subjects’ annoyance ratings (r ≤ 0.2) plotted against:
(a) Zwicker’s Psychoacoustic Annoyance; Set A, R2 = 0.21; Set B,
R2 = 0.78; combined sets A and B, R2 = 0.22; and (b) Predicted
Annoyance by using two-term linear model involving Loudness (N5)
and Roughness (R15): Set A, R2 = 0.20; Set B, R2 = 0.91; combined
sets A and B, R2 = 0.67. Red circles - Set A stimuli and blue diamonds
- Set B stimuli.

analyzing a variety of aircraft noise signatures. Over this range of Roughness values,

the average of the subjects’ ratings varied from “Slightly annoying” to “Very annoy-

ing”. In the first Roughness Test (Test 3), some differences between how subjects

rated the signals generated from two types of aircraft recordings was observed. In the

absence of loudness variations subjects easily based their annoyance judgments on

roughness variations. In the Combined Spectral Balance and Roughness Test (Test

4), a saturation of the annoyance ratings was observed. In the Combined Loudness

and Roughness Test (Test 7), the range of Roughness was smaller than that used in

the Roughness Test (Test 3), but was representative of variations found in 40 record-

ings close to 2 Florida airports. Over half of the subjects’ annoyance ratings increased

with an increase in roughness levels when roughness only was varied and other sound

attributes were kept nearly constant. Loudness significantly influenced the annoy-

ance ratings when both loudness and roughness were varied simultaneously and other
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sound attributes kept nearly constant. Those metrics, which accounted for both loud-

ness and roughness variations, for example, Zwicker’s Psychoacoustic Annoyance, and

a linear regression model that incorporated both loudness and roughness measures,

predicted the annoyance reasonably well, and much better than level, level-based or

roughness metrics alone.
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8. FLUCTUATION STRENGTH

Fluctuations in loudness at the rate of 1 - 16 per second which are easily trackable

produce a hearing sensation that is referred to as fluctuation strength. Fluctuation

strength is at a maximum when loudness fluctuations are at the rate of 4 per second

(Zwicker and Fastl, 1999). The model of fluctuation strength is such that a 1 kHz

pure tone with 60 dB sound pressure level and with a 100% amplitude modulation

at 4 Hz, Fluctuation Strength is 1 vacil.

A wide variation in Fluctuation Strength was found in 40 recordings of aircraft

at two Florida airports. Fluctuation Strength exceeded 5% of the time (F5) for

these sounds varied in the range from 0.77 to 1.29 vacil. Fluctuation Strength was

calculated for 5 second segments every 1 second and the level exceeded 5% of the

time was calculated from the Fluctuation Strength time histories. For jet aircraft it

was from 0.9 to 1.29 vacil and for propeller aircraft it was from 0.77 to 1.14 vacil.

Although, the range of Fluctuation Strength (F5) variation for aircraft noise was from

0.77 to 1.29 vacil, the Fluctuation Strength (F5) of the test sounds was varied in the

range from 0.78 to 1.15 vacil. It was difficult to increase the Fluctuation Strength

(F5) beyond 1.15 vacil because of the limitations of the program that was developed

for Fluctuation Strength control in this research. For these sounds, while intensifying

the slow fluctuations (1 - 16 per second) in loudness, the loudness levels of some of

the slow fluctuations was reaching the levels lower than the noise floor. Hence, at

that time the aircraft noise (simulated signal) was almost inaudible for 1 or 2 seconds

which would be unusual in an actual recording. Thus, to avoid this problem in the test

sounds, it was decided to vary the Fluctuation Strength (F5) from 0.78 to 1.15 vacil.

In Figure 8.1 is shown a loudness time history of a flyover operation of an aircraft. In

the enlarged view, slow fluctuations in loudness can be seen. A psychoacoustic test

was designed to investigate how these slow fluctuations in loudness affect annoyance
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Figure 8.1. A loudness time history of a flyover operation of an aircraft.

ratings of aircraft noise. The other objective of this test was to examine effects of

slow fluctuations in loudness on annoyance ratings when loudness levels were varied

simultaneously.

8.1 Combined Loudness and Fluctuation Strength Test (Test 6)

The simulation program described in Section 5.5 in Chapter 5 was used to control

the slow fluctuations in loudness while leaving other sound attributes relatively un-

changed. This program is similar to the one that controls roughness except the

frequency range being enhanced is 0 - 16 Hz rather than 50 - 90 Hz. In this test,

subjects rated the three sets of sounds in series. After completing each set, subjects

were asked to describe the characteristics of the sounds that they heard. Some of the

subjects (6 out of 33) mentioned fluctuations in loudness. Also, some of the subjects

(5 out of 33) mentioned pulsation in the sounds. The range chosen for the Fluctua-

tion Strength variation was based on a range that was observed in a set of 40 aircraft

recordings.
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8.1.1 Combined Loudness and Fluctuation Strength Test Stimuli

The Fluctuation Strength of the test sounds was varied by intensifying the slow

fluctuations (1 - 16 per second) in loudness. Nineteen sounds were generated for

this test. The five sounds in Set A and five sounds in Set B were simulated from

recordings of two flyover after take-off operations, one was an Airbus-310 and the

other an Airbus-320 aircraft. The nine sounds in Set C were based on the same

recording of a flyover after take-off operation of an Airbus-320, i.e., Set B and Set C

sounds were based on the same recording. Set A and Set B sounds were normalized

to have similar values of Loudness exceeded 5% of the time (N5) close to 32 sones.

Fluctuation Strength exceeded 5% of the time (F5) for Set A and Set B stimuli were

varied from 0.78 to 1.15 and from 0.79 to 1.11 vacil, respectively. For Set C sounds

both loudness and fluctuation strength was varied simultaneously. Loudness exceeded

5% of the time (N5) for these sounds were in the range from 27.14 to 37.58 sones and

Fluctuation Strength exceeded 5% of the time (F5) was varied from 0.78 to 1.13 vacil.

The range of metric values of the stimuli in the three sets are given in Table 8.1 and

metric values for specific signals are given in Tables C.11 , C.12 and C.13 in Appendix

C. Loudness-time histories of Set A, Set B, and Set C stimuli are shown in Figures 8.2

(a) - (c). An expanded plot (10 to 20 seconds) of results shown in Figure 8.2(b) is

shown in Figure 8.2(d). Fluctuation Strength time histories for Set A, Set B, and

Set C stimuli are shown in Figures 8.3(a) - (c), respectively. For these test sounds,

Fluctuation Strength was kept constant for 10 seconds around the peak loudness, i.e.,

5 seconds on each side of the peak loudness. For example, 18 seconds to 28 seconds

for Set A sounds which have peak loudness at 23 seconds (see Figure 8.3(a)). It was

kept constant to not affect Loudness exceeded 5% of the time (N5) (see Figure 8.2(a)).

In Figure 8.4 is shown Fluctuation Strength exceeded 5% of the time (F5) plotted

against Zwicker Loudness exceeded 5% of the time (N5) for three sets of sounds.

The playback duration of the stimuli was limited to 42 seconds long, in which the

main event was almost 30 seconds long and there was some background noise at the

beginning and at the end.
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Table 8.1 Metrics for Set A, Set B and Set C stimuli in the Combined
Loudness and Fluctuation Strength Test. The data used in the cal-
culations were from 30 seconds of the sound around its peak loudness
calculated by using Zwicker’s time-varying loudness as programmed
in the Brüel and Kjær Type 7698 Sound Quality Package.

Loudness
exceeded
5% of the
time (N5)
- sones

Sharpness
exceeded
5% of the
time (S5)
- acum

Roughness
exceeded
5% of the
time (R5)
- asper

Fluctuation
Strength
exceeded
5% of the
time (F5)

- vacil

Average
A-

weighted
Sound

Pressure
Level

(dBA) -
dB

Aures
Tonality
exceeded
5% of the
time (K5)

Set A 32.0 - 32.2 1.26 - 1.26 2.02 - 2.12 0.78 - 1.15 68.6 - 68.7 0.09 - 0.10
Set B 32.3 - 32.4 1.20 - 1.20 2.00 - 2.15 0.79 - 1.11 70.0 - 70.2 0.13 - 0.14
Set C 27.1 - 37.6 1.19 - 1.20 1.96 - 2.18 0.78 - 1.13 67.3 - 72.5 0.13 - 0.14

8.1.2 Combined Loudness and Fluctuation Strength Test Procedure

A test procedure described in Appendix A was used for each subject participated in

this test. The three tests were conducted in series. Half of the subjects rated the Set

A sounds first and other half rated the Set B sounds first. All the subjects rated the

Set C sounds last. Before rating Set A and Set B sounds, two sounds from Set A and

two sounds from Set B were played to subjects for familiarization and two were then

played for subjects to practice rating the sounds. Before rating Set C sounds, three

of the sounds were played to subjects for familiarization and then two sounds were

used so subjects could practice rating the sounds.

8.1.3 Combined Loudness and Fluctuation Strength Test Subjects

Thirty-four subjects took part in this test, 17 were males and 17 were females, aged

between 18 to 34 years. All subjects but one who volunteered to take this test

passed the hearing test. Only subjects who passed the hearing test were allowed to

participate in the test. Hence, responses were obtained from 33 subjects.
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Figure 8.2. Loudness time histories: (a) Set A, F5: 0.78 - 1.15 vacil,
N5 = close to 32 sones; (b) Set B, F5: 0.79 - 1.11 vacil, N5 = close to
32 sones; (c) Set C, F5: 0.78 - 1.13 vacil, N5: 27 - 37 sones; and (d) ex-
panded plot (10 to 20 seconds) of results shown in Figure 8.2(b). Dark
gray - highest Fluctuation Strength to pale gray - lowest Fluctuation
Strength.

8.1.4 Combined Loudness and Fluctuation Strength Test Results and Discussion

Each subjects’ responses were compared with the mean of the rest of the subject

group’s responses by calculating subject-to-group correlation coefficient (rG). In Fig-

ure 8.5 are shown the subject-to-group correlation coefficients for Set A, Set B, and

Set C sounds. When only Fluctuation Strength was varied (Set A and Set B sounds)
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Figure 8.3. Fluctuation Strength time histories, line colored from dark
gray (highest Fluctuation Strength) to pale gray (lowest Fluctuation
Strength). (a) Set A, F5: 0.78 - 1.15 vacil, N5 = close to 32 sones;
(b) Set B, F5: 0.79 - 1.11 vacil, N5 = close to 32 sones; (c) Set C, F5:
0.78 - 1.13 vacil, N5: 27 - 37 sones.

only 14 and 7 subjects’ responses in Set A and Set B, respectively, were found to

be consistent with each other. Some of the subjects showed little discrimination for

changes in Fluctuation Strength and many rated opposite to the average of the rest

of the subjects, particularly for Set B sounds. In the Set C, when both Loudness



150

26 28 30 32 34 36 38 40

0.8

0.9

1

1.1

1.2

6A1

6A2

6A3

6A4

6A5

6B16B2

6B3

6B4

6B5

6C1

6C2

6C3

6C4

6C5

6C6

6C7

6C8

6C9

Zwicker Loudness
exceeded 5% of 30s, (N

5
 ) − sones

F
lu

ct
ua

tio
n 

S
tr

en
gt

h
ex

ce
ed

ed
 5

%
 o

f 3
0s

, (
F

5 )
 −

 v
ac

il

Figure 8.4. Fluctuation Strength exceeded 5% of the time (F5) plotted
against Zwicker Loudness exceeded 5% of the time (N5). Red circles
- Set A, blue diamonds - Set B, and green squares - Set C stimuli.
Set A based on an Airbus-310, and Set B and Set C based on an
Airbus-320. Both were flyover after take-off operations.
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Figure 8.5. Subject-to-group correlation coefficients (rG) for Set A
(red circles), Set B (blue diamonds), and Set C (green squares) sounds.

and Fluctuation Strength were varied, 26 subjects’ responses were found to be more

consistent with each other.

Each subjects’ responses were also compared with Fluctuation Strength varia-

tions by calculating subject-to-Fluctuation Strength correlation coefficient (rF ). In
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Figure 8.6 are shown the subject-to-Fluctuation Strength correlation coefficients (rF )

for Set A, Set B and Set C sounds. For Set A and Set B where Fluctuation Strength
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Figure 8.6. Subject-to-Fluctuation Strength correlation coefficients
(rF ) for Set A (red circles), Set B (blue diamonds), and Set C (green
squares) sounds.

varied and other sound attributes kept nearly constant, subjects appeared to fall into

three groups. Twelve subjects in Set A and 14 subjects in Set B tended to rate the

sounds with higher Fluctuation Strength as more annoying, 10 subjects in Set A and

9 subjects in Set B did not appear to be sensitive to changes in Fluctuation Strength,

and 11 subjects in Set A and 10 subjects in Set B were less annoyed when Fluctua-

tion Strength increased. These three groups corresponded to subject-to-Fluctuation

Strength correlations of rF ≥ 0.2, 0.2 > rF > −0.2, and rF ≤ −0.2, respectively.

In Set C, where both loudness and Fluctuation Strength varied simultaneously, 15

subjects (whose rF was greater than 0.2) tended to rate the sounds with higher Fluc-

tuation Strength as more annoying, 13 subjects (0.2 > rF > −0.2) did not show any

sensitivity to changes in Fluctuation Strength, and 5 subjects (rF ≤ −0.2) were less

annoyed when Fluctuation Strength increased. In Figure 8.7 are shown the subject-to-

Loudness correlation coefficients (rN) for Set C sounds. It is observed from Figure 8.7

that almost 70% (23 out of 33 subjects) of the subjects tended to rate louder sounds
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Figure 8.7. Subject-to-Loudness correlation coefficients (rN) for Set C sounds.

as more annoying (rN > 0.2). In Table 8.2 is shown a summary of the number of

subjects in each category for Sets A, B and C.

Table 8.2 Summary of subjects-to-group correlation coefficient group-
ings for the 33 test subjects.

r < −0.2
(reverse trend)

#SetA:#SetB:#SetC

−0.2 < r < 0.2
(no trend)

#SetA:#SetB:#SetC

r > 0.2

#SetA:#SetB:#SetC

rG 10:17:4 9:9:3 14:7:26
rF 11:10:5 10:9:13 12:14:15
rN –:–:4 –:–:6 –:–:23

In the subsequent text, “consistent subjects” refers to the group of subjects who

had a correlation ≥ 0.2 with the average of the rest of the group. For Set A and Set

B sounds a group is defined where rG > 0.2 for either Set A or Set B or both. For

Set C sounds a “consistent subjects” group is defined as those subjects whose rG >

0.2. Similarly, groups are defined as “Fluctuation Strength sensitive” or “loudness

sensitive” for Sets A and B or Set C sounds.

In Figure 8.8 (a) are shown the mean and standard deviation of the estimated

mean ratings of the 14 subjects that gave consistent ratings for Set A sounds, plotted
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against Fluctuation Strength exceeded 5% of the time (F5). In Figure 8.8 (b) are

shown the mean and standard deviation of the estimated mean of the “fluctuation

strength sensitive” subjects’ annoyance ratings of Set A and Set B sounds, plotted

against Fluctuation Strength exceeded 5% of the time (F5). In Figures 8.8(c) and

(d) are shown the mean and standard deviation of the estimated mean of the Set C

stimulus ratings of the 26 “consistent subjects” and 15 “fluctuation strength sensitive”

subjects, respectively, plotted against Fluctuation Strength exceeded 5% of the time

(F5). It is observed from Figure 8.8 that in the case of the “consistent subjects” there

is no clear evidence of an increase in annoyance ratings with increased fluctuation

strength. However, for Set B and Set C sounds the average of the “fluctuation strength

sensitive” subjects’ ratings show a weak trend of an increase in annoyance ratings with

increased Fluctuation Strength. For Set A sounds (red circles) the signal with the

highest F5 is rated on average much higher than the other sounds in that set.

In Figures 8.9(a) - (c) are shown the mean and standard deviation of the estimated

mean of the annoyance ratings for, respectively, the 26 “consistent”, the 15 “fluctu-

ation strength sensitive”, and the 23 “loudness sensitive” subjects rating for Set C

sounds, plotted against Loudness exceeded 5% of the time (N5). In Figure 8.9(d)

are shown the Loudness and Fluctuation Strength values for these Set C sounds. In

Set C, where both loudness and fluctuation strength were varied simultaneously, sub-

jects’ annoyance ratings were significantly affected by loudness variations across the

stimulus set. It is observed from Figures 8.9 (a) and (c) that subjects’ annoyance

ratings increased with increases in loudness. Some effect of variations in fluctuation

strength for Set C sounds is seen in Figure 8.9, particularly in part (b), where the

annoyance ratings increase with Fluctuation Strength at each level of Loudness (refer

to Figure 8.9(d) for signal characteristics).

The mean and standard deviation of the estimated mean of the “consistent” sub-

jects’ annoyance ratings of Set C sounds, plotted against Zwicker’s Psychoacoustic

Annoyance are shown in Figure 8.10 (a). In Figure 8.10 (b) are shown the mean

and standard deviation of the estimated mean of the “fluctuation strength sensitive”
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Figure 8.8. Mean and standard deviation of the estimated mean of
the annoyance ratings of Sets A, B, and C sounds plotted against
Fluctuation Strength exceeded 5% of the time (F5). (a) Results for
14 “consistent subjects” for Set A: Set A, R2 = 0.05, Set B, R2 = 0.02.
(b) Results for 12 “fluctuation strength sensitive” subjects for Set A:
Set A, R2 = 0.39, Set B, R2 = 0.31. (c) Results for 26 “consistent
subjects” for Set C, R2 = 0.17. (d) Results for 15 “fluctuation strength
sensitive” subjects for Set C, R2 = 0.48. Red circles - Set A, blue
diamonds - Set B and green squares - Set C stimuli.

subjects’ annoyance ratings of Set C sounds, plotted against Zwicker’s Psychoacous-

tic Annoyance and in Figure 8.10 (c) are shown the mean and standard deviation of

the estimated mean of the “loudness sensitive” subjects’ annoyance ratings of Set C

sounds plotted against Zwicker’s Psychoacoustic Annoyance. Zwicker’s Psychoacous-
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Figure 8.9. Mean and standard deviation of the estimated mean of the
annoyance ratings of Set C sounds plotted against Loudness exceeded
5% of the time (N5). (a) Results for 26 consistent with average of
rest of group subjects rating Set C sounds, R2 = 0.79. (b) Results
for 15 “fluctuation strength sensitive” subjects rating Set C sounds,
R2 = 0.45. (c) Results for 23 “loudness sensitive” subjects rating Set
C sounds, R2 = 0.88. (d) Fluctuation Strength (F5) plotted against
Loudness (N5) rating Set C sounds.

tic Annoyance calculated by using Loudness (N5), Sharpness (S5), Roughness (R5),

and Fluctuation Strength (F5) strongly predicted the average of the “consistent” and

“loudness sensitive” subjects’ annoyance ratings of Set C sounds.

The “fluctuation strength sensitive” group respond more strongly to fluctuation

than is accounted for in the Psychoacoustic Annoyance model. In Figure 8.10(b)
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Figure 8.10. Mean and standard deviation of the estimated mean of
the annoyance ratings plotted against Zwicker’s Psychoacoustic An-
noyance: (a) based on “consistent” subjects’ annoyance ratings of Set
C sounds, R2 = 0.92; (b) based on “fluctuation strength sensitive”
subjects’ annoyance ratings of Set C sounds, R2 = 0.66; (c) “loud-
ness sensitive” subjects’ annoyance ratings of Set C sounds; R2 =
0.96. (d) Mean and standard deviation of the estimated mean of the
annoyance ratings of “loudness sensitive” subjects plotted against an-
noyance predicted by using two-term linear model involving Loudness
(N5) and Fluctuation Strength (F5), R2 = 0.96. Green line - linear
regression model; black line - the trend line from Figure 8.10(c).

it is shown that Fluctuation Strength increases lead to much higher annoyance dif-

ferences with this group than is seen with the “loudness sensitive” group shown in

Figure 8.10(c). The trend line in Figure 8.10(c) is reproduced in Figure 8.10(b) to
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show that the “fluctuation strength sensitive” group also tend to rate the sounds

lower (see also Figures 8.9(b) and (c)). For the “loudness sensitive” group, the Psy-

choacoustic Annoyance appears to account for Fluctuation Strength effects very well

(Figure 8.10(c)). The performance of a linear combination of N5 and F5 in case of

“loudness sensitive” subjects is shown in Figure 8.10(d).

8.2 Combined Loudness and Fluctuation Strength Test Summary and Conclusions

Over the range of Fluctuation Strength variation, the range that was relatively small

but typical of those that we found in a set of around 40 aircraft recordings taken at two

Florida airports. For Set A and Set B sounds where Fluctuation Strength was varied

and other sound attributes kept nearly constant, no clear evidence of increased an-

noyance with increases in Fluctuation Strength was observed. For Set C sounds where

Loudness and Fluctuation Strength both varied simultaneously across the stimulus

set, subjects’ annoyance ratings were strongly affected by loudness variations and at

any Loudness level, signals with a higher degree of fluctuation tended to be rated as

more annoying. The group of subjects who were most sensitive to fluctuation changes

tended to yield lower average annoyance ratings than the group of subjects who were

“loudness sensitive”. Zwicker’s Psychoacoustic Annoyance which incorporated mea-

sures of both loudness and fluctuation strength, predicted average annoyance ratings

for Set C sounds well, particularly the average ratings of the “loudness sensitive”

group. The R2 value for N5 alone was 0.88 and for Psychoacoustic Annoyance was

0.96 for the Set C ratings from this “loudness sensitive” group, showing that signif-

icant improvements in predictability are possible by including Fluctuation Strength

into an annoyance model with loudness.
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9. TONALNESS

In aircraft noise, tones, whose frequency and amplitude vary with time are present

and they can significantly affect noise quality (Berckmans, Janssens, Sas, and Desmet,

2008). Two sounds with similar loudness levels but with different levels of tonalness

will sound significantly different (Västfjäll and Kleiner, 2002). In many machinery

noise studies conducted in the past researchers have shown that annoyance is nega-

tively affected by the presence of tones (Hastings, Lee, Davies, and Surprenant, 2003;

Kryter and Pearsons, 1963; Lee, Davies, and Surprenant, 2005; Patsouras, Fastl, Wid-

mann, and Holzl, 2002). One way to quantify this effect is to add a tone correction to

a level-based metric, such as average A-weighted sound pressure or Perceived Noise

Level, that is being used to quantify annoyance (ARI, 1995; FAA, 2002; Pedersen,

Søndergaard, and Andersen, 2000). For example, the FAA in 1978 adopted the Tone-

corrected Perceived Noise Level (PNLT ) metric in which tone corrections, which are

dependent on the strength and the frequency of the tonal components in noise signal,

are added to the Perceived Noise Level (PNL) (FAA, 2002). In the Joint Nordic

Method a 0 to 6 dB penalty is added to the Average A-weighted Sound Pressure

Level (dBA) (Pedersen et al., 2000). Tone penalties are also used in assessment of

refrigeration equipment (ARI, 1995).

While tonalness is considered during aircraft certification through use of PNLT

and EPNL (FAA, 2002), tonalness is not incorporated into environmental noise met-

rics such as DNL. So the main question arises, should tonalness be included in a

metric used to quantify environmental noise impact due to aircraft. In Figures 9.1(a)

and (b) are shown the spectrograms of a flyovers after take-off operations of a Boeing-

757 and an Airbus-320, respectively. In both spectrograms several tones are observed

in the low and high frequency ranges; the most significant tone is seen in the fre-

quency range from 2000 to 4000 Hz. If these sound recordings are played back to
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(a) (b)

Figure 9.1. The spectrograms of flyover after take-off operations of
(a) a Boeing - 757 and (b) an Airbus - 320.

subjects, they can easily detect the tones embedded in the broadband aircraft noise.

In the Roughness Test (Test 3), which was not focused on tonalness issues, when sub-

jects were asked to describe the characteristics of the aircraft noises that they heard

in the test, many subjects described the tonal characteristics. One subject wrote

“Rumbling, Doppler, Annoying, Disruptive, Crescendo, Intense, Irritating, Varying

pitches, Varying loudness, Not soothing or calming, Sounds like I am standing on the

flight line: not safe!”, while another wrote “Rumbling, whining, metallic. The harsh

metallic tonal sounds are most annoying, especially at high pitches. Low, rumbling

sounds (resembling thunder) are much less annoying.” In fact, 13 out of 30 subjects

mentioned tonal or pitch issues, and 21 of 30 mentioned sound characteristics other

than level.

Tonalness can be defined as the degree to which a sound is perceived to be tonal.

Several noise sources such as those caused by turbines, compressors, and fans in

the aircraft engine; airflow over the cavities of landing gear and non-aerodynamic

components are responsible for producing the tonal components. The tonal com-

ponents embedded in the broadband noise can significantly affect the aircraft noise
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quality and increase annoyance (Angerer, McCurdy, and Erickson, 1991; Berckmans,

Janssens, Sas, and Desmet, 2008). The characteristics of the tonal components such

as level, center-frequency, and number of the tonal components affect the annoyance

judgments (Berckmans et al., 2008). Tonal components have also been found to affect

annoyance judgments of rail (Patsouras et al., 2002), traffic, and industrial and ma-

chinery noise (Lee et al., 2005) such as that from wind turbines (Waye and Öhrström,

2002), steel plants (Trapenskas and Johansson, 2003), diesel engines (Hastings et al.,

2003), HVAC systems (Khan and Högström, 2001), generator sets (Kato, Seidlitz,

and Cheah, 2007), and electronic devices (Olsen, 2005).

As mentioned earlier, the additional annoyance caused by the tonal content over

the broadband noise is sometimes quantified by adding a tone correction or a penalty

factor to a level based metric. Early in the 1960s, while investigating the human

responses related to the jet engine noises, Little (Little, 1961) found that the judged

noisiness of the aircraft noises containing tonal components, whose level exceeds the

background noise level by 8 to 10 dB, is greater than that predicted by the Perceived

Noise Level (PNL) metric. Based on the results Little (Little, 1961) proposed that a

correction factor to account for strong pure-tone components be added to Perceived

Noise Level (PNL). Building on Little’s findings, Kryter and Pearsons (1963) con-

ducted tests in which they included the pairs of octave band sounds with and without

steady-state pure-tones component in them. Although, the results obtained by Kry-

ter and Pearsons (1963) were different from Little’s, they also expressed a need to

add a pure-tone noisiness correction factor to Perceived Noise Level (PNL). Later,

Kryter and Pearsons (1965) proposed a method, which was similar to Little’s pro-

cedure proposed earlier for computing the pure-tone correction factors added to the

measured sound pressure level. In 1967, Little and Mabry investigated the appropri-

ateness of 15 different metrics, for example; Perceived Noise Level (PNL), Perceived

Noise Level with tone corrections, Effective Perceived Noise Level (EPNL), Stevens’

phons, Stevens’ phons with a pure tone correction etc., for prediction of annoyance

due to the flyovers of jet aircraft. They found that Stevens’ phons with a pure tone
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correction predicted the annoyance better than any other metrics used in the study.

In 1978, the FAA adopted the Tone-corrected Perceived Noise Level (PNLT ) metric

for use in aircraft certification. In this metric tone corrections, which are dependent

on the strength and the frequency of the tonal components in aircraft noise signal,

are added to the Perceived Noise Level (PNL) (FAA, 2002). Before FAA’s adop-

tion of PNLT , the USEPA (1974), considered adjustment factors to normalize DNL

(Schomer, 2005). The USEPA (1974) recommended a 5 dB adjustment to be added

to the measured DNL for the tonal or impulsive sounds. The ISO (ISO 1996-1:2003,

2003) standardized a 3 to 6 dB adjustment to be added to the DNL for the sounds

containing prominent tones (Schomer, 2005). In the Joint Nordic Method proposed

by Pedersen, Søndergaard, and Andersen, a 0 to 6 dB penalty which is calculated

on the basis of Tonal Audibility (Lta) is applied to the Average A-weighted Sound

Pressure Level (dBA) so that the resulting level can be used as the predictor of the

annoyance due to the tonal sounds. Similarly, the Air-Conditioning and Refrigeration

Institute (ARI) also advocate the use of tone penalties for assessment of refrigeration

and air-conditioning equipment noise (ARI, 1995).

Apart from tone correction there is another approach to quantify annoyance caused

by the tonalness of sound, that is, to predict perceived tonalness strength and loudness

separately. They can be used independently or they can be combined in an annoyance

model. Tone-corrected levels are one example of such a model. The most popular and

simple metrics currently used in industry to assess tonalness are Tone-To-Noise Ratio

(TNR) and Prominence Ratio (PR) which are based on the shape of the estimated

spectra of the sound (ANSI S1.13-1995, 1995). Similarly, the Tonal Audibility (Lta)

metric, which is similar to Tone-To-Noise Ratio, is used to measure the prominence

of the tones in the sound (Pedersen et al., 2000). Other application specific measures

of tonality have also been developed (Khan and Dickson, 2002; Khan and Högström,

2001) and in the tone penalty methods described above, the tone strength is quantified

in various ways by using methods similar to that used in the Tone-To-Noise Ratio

calculation (Pedersen et al., 2000) or methods based on differences in adjacent third-
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octave bands (ARI, 1995; FAA, 2002). Earlier in 1980s, Terhardt, Stoll, and Seewan

developed the pitch extraction algorithm, but this is not widely used in engineering

applications. It was based on a principle that the perception of pitch is dependent on

spectral pitch and on virtual pitch, and the output of the model are predicted pitch

strengths. Another metric developed by Aures (1985) includes more characteristics of

the tonal components than the tonalness metrics mentioned above. In Aures’ Tonality

model, described in Chapter 4, there are four weighting functions used to account for

the effect of bandwidth, center frequency, excess level, and the additional loudness

caused by the tonal components.

A two term linear regression model involving loudness and tonality was developed

by Angerer et al. (1991) was based on the results of their study on aircraft interior

noise. They found this to be a better predictor of annoyance than loudness or tonality

alone or other metrics such as A-weighted (LA) or Overall Sound Pressure Level

(OASPL). Researchers have also used this approach to modeling for car interior

noise. For example, Shin, Ih, Hashimoto, and Hatano (2009) developed a Booming

Strength (BS) model in which they combined specific loudness and spectral pitch

strength to predict the booming sensation inside a car. The spectral pitch strength

used in this model was determined by using a modified version of Terhardt et al.

(1982)’s spectral pitch strength model. The Booming Strength model was found to

be a good predictor of booming sensation in their tests.

9.1 Combined Loudness and Tonalness Test (Test 5)

The objectives of the Combined Loudness and Tonalness Test described in this chapter

were to examine the influence of tonalness on annoyance ratings of aircraft noise, and

to determine whether a function of Zwicker Loudness (N) and Aures Tonality (K)

could be used to predict the annoyance ratings, and how this approach compared to

the use of the tone penalty approaches described above.
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9.1.1 Combined Loudness and Tonalness Test Stimuli

Test stimuli were simulated by using a base recording of an Airbus-310 aircraft. It

was a flyover after take-off event and was selected from a set of around 40 recordings

taken at Fort Lauderdale-Hollywood International Airport (FLL) and Orlando San-

ford International Airport (SFB). The base recording selected to simulate the test

stimuli had 5 to 6 harmonically related distinct tonal components. The duration of

the base recording was 60 seconds long with background noise at the start and at the

end of the event. The length of the simulated stimuli was limited to be 42 seconds

long in which the aircraft event was almost 30 seconds long and there were short

durations of background noise at the start and the end of the stimuli. The variations

in stimuli were generated by precisely varying the tonalness and loudness levels from

stimulus to stimulus.

Tonalness of these stimuli was predicted by using Aures’ Tonality model (Aures,

1985). For these time-varying sounds Tonalness metric values were calculated for each

1 second of the sound at time increments of 0.2 seconds (80% overlap). In the begin-

ning, it was unclear which statistic of tonalness is appropriate to use. Aures Tonality

exceeded 5% of the time (K5) was chosen as the statistic to vary over the stimulus

set and its appropriateness was examined when the test results were analyzed. The

K5 values of the stimuli used in this test ranged from 0.01 to 0.40 which was broader

than the range from 0.03 to 0.25 which we found in a set of around 40 noise recordings

from two Florida airports. A 1000 Hz tone at 60 dB with no background noise would

yield a tonality value of 1.

Two 11 sound sets, Set A and Set B, were generated by using the simulation

program described in Chapter 5. All the sounds in Set A were normalized to have

very similar values of Zwicker Loudness exceeded 5% of the time (N5) which was

calculated from 30 seconds of data around the peak loudness of the sound. N5 values

for Set A sounds were very close to 32 sones (within 31.40 to 32.25 sones). In Set B,

Zwicker Loudness exceeded 5% of the time (N5) varied from stimulus to stimulus and

ranged from 26.89 to 36.99 sones. Aures Tonality exceeded 5% of the time (K5) of the
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stimuli in both sets was varied from 0.01 to 0.40. The tonalness of the corresponding

stimuli in Set A and Set B had very similar values of K5. Stimulus 5A6 was common

in both sets; it is labeled 5B6 in Set B. Loudness-time histories of Set A (relatively

constant N5) and Set B (range of N5) stimuli are shown in Figures 9.2(a) and (b),

respectively. The range of metric values of stimuli in the two sets are given in Table 9.1
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Figure 9.2. Eleven Loudness time histories in (a) Set A and (b) Set
B. In Set A colors vary from black (lowest tonalness K5 = 0.01, N5

= 32.25 sones) to pale gray (highest tonalness K5 = 0.40, N5 = 31.40
sones). In Set B colors vary from black (lowest tonalness K5 = 0.01,
N5 = 36.99 sones) to pale gray (highest tonalness K5 = 0.40, N5 =
26.89 sones).

and the metric values for each sound are given in Tables C.9 and C.10 in Appendix

C. In Figure 9.3 is shown Aures Tonality exceeded 5% of the time (K5) plotted

against Zwicker Loudness exceeded 5% of the time (N5). In Figure 9.4(a) are shown

the frequencies of the strongest tonal component identified in the Aures Tonality

calculation and in Figure 9.4(b) the Aures Tonality (K) time history is shown. In

Figure 9.4(c) are shown the frequencies of the tonal component used in the Tone-

To-Noise Ratio (TNR) calculation and in Figure 9.4(d) is shown the Tone-To-Noise

Ratio (TNR) time history.



165

Table 9.1 Metrics for Set A and Set B stimuli in the Combined Loud-
ness and Tonalness Test. The data used in the calculations were from
30 seconds of the sound around its peak loudness calculated by us-
ing Zwicker’s time-varying loudness as programmed in the Brüel and
Kjær Type 7698 Sound Quality Package.

Loudness
exceeded
5% of the
time (N5)
- sones

Sharpness
exceeded
5% of the
time (S5)
- acum

Roughness
exceeded
5% of the
time (R5)
- asper

Fluctuation
Strength
exceeded
5% of the
time (F5)

- vacil

Average
A-

weighted
Sound

Pressure
Level

(dBA) -
dB

Aures
Tonality
exceeded
5% of the
time (K5)

Set A 31.4 - 32.3 1.26 - 1.33 1.57 - 2.02 0.77 - 0.96 68.6 - 69.7 0.01 - 0.40
Set B 26.9 - 36.9 1.26 - 1.33 1.60 - 2.02 0.77 - 0.95 66.7 - 71.3 0.01 - 0.40
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Figure 9.3. Aures Tonality exceeded 5% of the time (K5) plotted
against Loudness exceeded 5% of the time (N5). Red circles - Set A
stimuli, blue diamonds - Set B stimuli. Both sets are based on an
Airbus-310 flyover after take-off operation.

9.1.2 Combined Loudness and Tonalness Test Procedure

A procedure described in Appendix A was used for each subject who participated

in this test. Two tests involving Set A and Set B sounds were conducted in series.
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Figure 9.4. Stimuli 5A6 in Set A: (a) Aures Tonality (K) time history,
(b) Aures Tonality, frequency of strongest tonal component, (c) Tone-
To-Noise Ratio (TNR) time history, and (d) Tone-To-Noise Ratio
(TNR), frequency of maximum contribution. Red circles - Aures
Tonality; blue circles - Tone-To-Noise Ratio (TNR); continuous line -
Tonality or Tone-To-Noise Ratio (TNR) time histories smoothed by
using a first order digital Butterworth filter with a cut-off frequency
= 1.5 Hz (sample rate was 5 Hz).

Within each set, three test stimuli were used to familiarize the subjects with the types

of sounds they would hear, and then two stimuli were used in a practise test for the

subjects to get used to the evaluation procedure. Fifty percent of the subjects took
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Set A first and other fifty percent subjects took Set B first. Eleven sounds within

each set were played back in a different random order for each subject.

9.1.3 Combined Loudness and Tonalness Test Subjects

Among 40 subjects who participated in this test, 26 were males and 14 were females;

28 were Asian, 11 were White/Caucasian, and one subject was Hispanic. Subjects

were nationals of 12 different countries, ten were from the United States of America

(USA), 12 were from India, six were from China, two each from South Korea, Japan,

and Pakistan, and one each from Romania, Chile, Indonesia, Taiwan, Malaysia, and

Australia. They were recruited from the university population and were majoring in

different fields: chemical, industrial, computer, and mechanical engineering, speech

language and hearing science, nursing, fisheries, agriculture, entomology, math, psy-

chology, physics, chemistry, and botany. They were aged between 19 and 33 years.

The mean and median ages of this group were 25 and 24 years, respectively.

9.1.4 Combined Loudness and Tonalness Test Results and Discussion

All subjects who participated in this test passed the hearing test (less than 20 dB

hearing loss in octave bands from 125 to 8000 Hz). After completing the test, each

subject’s ratings were compared with the mean of the rest of the subject group for

each signal by calculating the subject-to-group correlation coefficient (rG). Each sub-

jects’ ratings were correlated with Aures Tonality exceeded 5% of the time (K5) and

Loudness exceeded 5% of the time (N5) by calculating subject rating-to-Aures Tonal-

ity (rK) and subject rating-to-Loudness (rN) correlation coefficients. In Figure 9.5

are shown the subject-to-group correlation coefficients for each of the 40 subjects

who participated in this test. In Figures 9.6 and 9.7 are shown the subject-to-Aures

Tonality and subject-to-Loudness correlation coefficients for each of the 40 subjects

who participated in this test, respectively. Subjects whose subject-to-group correla-

tion coefficient (rG) was greater than 0.2 were deemed as being consistent with most



168

−1.2
−1

−0.8
−0.6
−0.4
−0.2

0
0.2
0.4
0.6
0.8

1
1.2 22 38 12 1 6 35 29 5 31 28

18 20 39 3 32 11 7 10 13 24

34 23 25 26 8 9 19 30 27 17
16 40 15 4 2 36 37 14 33 21

Subject Number

su
bj

ec
t−

to
−g

ro
up

 c
or

re
la

tio
n 

(
r G

)

Figure 9.5. Correlation between each subject’s responses and the
mean of the rest of the subject group for each signal. Circles - Set A
results and diamonds - Set B results.
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Figure 9.6. Correlation between each subject’s responses and Aures
Tonality exceeded 5% of the time (K5). Circles - Set A results and
diamonds - Set B results.

of the other subjects. In ratings of Set A sound, 30 out of the 40 subjects whose rG

value was greater than 0.2 were found to be more annoyed with increased tonalness,

the 5 subjects whose rG was in-between -0.2 to 0.2 showed little discrimination of

tonal presence and the 5 subjects whose rG was less than -0.2 appeared to find tones

more pleasing than the broadband noise. Note that sounds were normalized to be
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Figure 9.7. Correlation between each subject’s responses in Set B and
Zwicker Loudness exceeded 5% of the time (N5).

equally loud so a decrease in tonalness meant that the background random noise,

which might be described as being rough or harsh, became slightly more prominent.

The responses of the subjects, who showed little or no discrimination in tonal pres-

ence and the subjects, or who found tonalness more pleasant than the noise, were not

used in the analysis described here. Hence only 30 and 31 subjects’ responses in Set A

and Set B, respectively, were retained for analysis. So for about 75% of the subjects,

tonality appeared to negatively affect the ratings. Including all subjects would result

in a weakening of the influence of tonalness.

The mean and the standard deviation of the estimated mean for the stimuli were

calculated from the ratings of subjects whose subject-to-group correlation coefficient

(rG) was greater than 0.2. The average values ranged from just below “Moderately an-

noying” to “Very annoying”. Several statistics of Aures Tonality metrics were checked

for their appropriateness in predicting subjective responses. In Figures 9.8(a) - (d)

are shown the mean and standard deviation of the estimated mean of the annoyance

ratings for sounds in Set A plotted against the Aures Tonality exceeded 1% of the time

(K1), Aures Tonality exceeded 5% of the time (K5), Aures Tonality exceeded 10% of

the time (K10), and Aures Tonality exceeded 50% of the time (K50), respectively. It is
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Figure 9.8. Mean and standard deviation of the estimated mean of the
annoyance ratings for sounds in Set A (tonality only varies) against:
(a) Aures Tonality exceeded 1% of the time (K1), R2 = 0.81; (b)
Aures Tonality exceeded 5% of the time (K5), R2 = 0.89; (c) Aures
Tonality exceeded 10% of the time (K10), R2 = 0.88; and (d) Aures
Tonality exceeded 50% of the time (K50), R2 = 0.85.

observed that the Aures Tonality exceeded 5% of the time (K5) predicted subjective

responses better than any other statistics of Aures Tonality shown in Figure 9.8. For

these Set A sounds other tonalness metrics were checked for their predictive capability

of aircraft noise annoyance. In Figures 9.9(a) - (c) are shown the mean and standard

deviation of the estimated mean of the annoyance ratings for sounds in Set A plotted



171

against the Tone-To-Noise Ratio exceeded 10% of the time (TNR10), Prominence

Ratio exceeded 5% of the time (PR5), and Tonal Audibility exceeded 10% of the

time (Lta10), respectively. From Figures 9.8 and 9.9 it is seen that annoyance rat-
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Figure 9.9. Mean and standard deviation of the estimated mean of the
annoyance ratings for sounds in Set A (tonality only varies) against:
(a) Tone-To-Noise Ratio exceeded 10% of the time (TNR10), R2 =
0.98; (b) Prominence Ratio exceeded 5% of the time (PR5), R2 =
0.97; and (c) Tonal Audibility exceeded 10% of the time (Lta10), R2

= 0.97.

ings increased with an increase in tonalness. None of the level metrics predicted the

subjects’ responses better than the tonalness metrics for Set A sounds, which is not
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surprising because the Set A stimuli were normalized to have nearly equal N5 values.

Note that several statistics of the various metrics were examined and the ones shown

in figures in this chapter were the ones that yielded either the best results or close to

the best results.

In Figures 9.10(a) - (d) are shown the mean and standard deviation of the esti-

mated mean of the annoyance ratings for sounds in Set B plotted against Zwicker

Loudness exceeded 5% of the time (N5), Perceived Noise Level exceeded 5% of the

time (PNL5), A-weighted Sound Exposure Level (SELA), and C-weighted Sound

Exposure Level (SELC), respectively. It is observed from results shown in Fig-

ure 9.10 that when both loudness and tonalness increased, e.g., in the sequence of

stimuli 5B2, 5B4, 5B6, 5B8, and 5B10, subjects rated sounds as progressively more

annoying. However, when the loudness and tonalness of stimuli varied in opposite

direction (consider set 5B1, 5B3, 5B5, 5B6, 5B7, 5B9, and 5B11) i.e., loudness was

decreased and tonalness was increased in that order, subjects did not base their an-

noyance ratings on loudness or tonalness alone. None of the level or tonalness metrics

alone were able to explain fully the subjects’ responses to Set B stimuli.

Three tone corrected metrics: Tone-corrected Perceived Noise Level (PNLT ),

Effective Perceived Noise Level (EPNL), and the Joint Nordic Method based Tone-

corrected Average A-weighted Sound Pressure Level (TdBA − JNM), were exam-

ined for their predictive capability of aircraft noise annoyance. In Figures 9.11(a) -

(d) are shown the mean and standard deviation of the estimated mean of the an-

noyance ratings for sounds in Set A and Set B plotted against PNLT5, EPNL,

TDBA − JNM and annoyance predicted using a linear regression model that in-

corporated both Zwicker Loudness (N5) and Aures Tonality (K5) both exceeded 5%

of the time. It is observed from the results shown in Figure 9.11 that among these

three tone correction metrics, the performance of PNLT5 is best. After adding the

tone correction factors (C) to the Perceived Noise Level exceeded 5% of the time

(PNL5) the performance of this metric significantly improved (from R2 = 0.56 to R2

= 0.74). EPNL, which accounts for both presence of discrete tones and duration of
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Figure 9.10. Mean and standard deviation of the estimated mean of
the annoyance ratings for sounds in Set B (both loudness and tonality
varying) against: (a) Zwicker Loudness exceeded 5% of the time (N5),
R2 = 0.05; (b) Perceived Noise Level exceeded 5% of the time (PNL5),
R2 = 0.53; (c) A-weighted Sound Exposure Level (SELA), R2 = 0.17;
and (d) C-weighted Sound Exposure Level (SELC), R2 = 0.02.

flyover of aircraft, performed only moderately well. After adding the tone penalty (k),

which was calculated by using the Joint Nordic Method described in Chapter 4, to

the Average A-weighted Sound Pressure Level (dBA), performance of TdBA−JNM

was improved significantly (from R2 = 0.22 to R2 = 0.71). It was found that the

correlation between the subjective responses and responses predicted with the linear

regression model was better than the correlation between the subjective responses
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Figure 9.11. Mean and standard deviation of the estimated mean
of the annoyance ratings for sounds in Sets A and B against various
metrics. (a) Tone-corrected Perceived Noise Level exceeded 5% of
the time (PNLT5), Set A: R2 = 0.92; Set B: R2 = 0.73; combined
Sets A and B: R2 = 0.74; continuous line - regression model. (b)
Effective Perceived Noise Level (EPNL), Set A: R2 = 0.81; Set B:
R2 = 0.50; combined Sets A and B: R2 = 0.50. (c) Joint Nordic
Method based Tone-corrected Average A-weighted Sound Pressure
Level (TdBA−JNM), Set A: R2 = 0.74; Set B: R2 = 0.77; combined
Sets A and B: R2 = 0.71. (d) Annoyance predicted by a linear model
of Loudness (N5) and Aures Tonality (K5) both exceeded 5% of the
time, Set A: R2 = 0.89; Set B: R2 = 0.92; combined Sets A and B: R2

= 0.87. Red circles - Set A stimuli; blue diamonds - Set B stimuli.

and Tone-corrected Perceived Noise Level (PNLT ), Effective Perceived Noise Level

(EPNL), and the Joint Nordic Method based Tone-corrected Average A-weighted
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Sound Pressure Level (TdBA − JNM). However, because this model’s coefficients

were estimated by fitting it to this data, it is probably performing better than it would

when used to predict responses to other stimuli, i.e., it is potentially over-optimized

for this data set.

The performance of Joint Nordic Method based Tone-corrected Average A-weighted

Sound Pressure Level (TdBA−JNM) can be improved if a different penalty scheme

is considered. In Figure 9.12 are shown the two penalty schemes, one is the Joint

Nordic Method penalty scheme and the other is a revised penalty scheme which is

proposed based on the results of this study. The revised penalty scheme proposed is:
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Figure 9.12. Joint Nordic Method based Tonal Audibility penalty
scheme (red) and revised penalty scheme (blue).

for Lta < P1 = 1 dB, k = 0 dB,

for P1 = 1 dB ≤ Lta ≤ P2 = 22 dB, k = 0.3(Lta − 1) dB,

for Lta > P2 = 22 dB, k = 6 dB.

(9.1)

We examined the effects of different lower (P1) and upper (P2) limits for the calcula-

tion of penalty factors (k) and the R2 values improved significantly (from R2 = 0.71
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to R2 = 0.91) when the penalty factors are increased more gently over the broader

range of Lta. It was also observed that the TdBA − JNM metric’s performance is

more sensitive to the position of the upper (P2) limit than the position of the lower

limit (P1) of Lta. In Figures 9.13(a) and (b) are shown the mean and standard de-

viation of the estimated mean of the annoyance ratings for sounds in sets A and

B plotted against the Average A-weighted Sound Pressure Level (dBA) and Joint

Nordic Method based Tone-corrected Average A-weighted Sound Pressure Level with

revised penalties (TdBA−REV ), respectively. After adding the penalty factors cal-
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Figure 9.13. Mean and standard deviation of the estimated mean of
the annoyance ratings for sounds in sets A and B against: (a) A-
weighted Sound Pressure Level (dBA), Set A: R2 = 0.75, Set B: R2

= 0.26, and combined Sets A and B: R2 = 0.22; and (b) Joint Nordic
Method based Average A-weighted Sound Pressure Level with revised
tone penalties (TdBA− REV ), Set A: R2 = 0.97, Set B: R2 = 0.95,
and combined Sets A and B: R2 = 0.91. Red circles - Set A stimuli;
blue diamonds - Set B stimuli.

culated by using the revised penalty scheme to Average A-weighted Sound Pressure

Levels (dBA), the correlation between average annoyance ratings and TdBA−REV

increased; R2 went from 0.22 to 0.91. This was the highest R2 value for any of those

tonalness, level, and tone correction metrics or the best-fit linear regression model

that is based on both Zwicker Loudness (N5) and Aures Tonality (K5) both exceeded
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5% of the time. Again, it should be noted that the tone penalty was adjusted to fit

this particular data set and further testing is necessary to determine if this is the

most appropriate weighting for a broader range of tonal aircraft sounds.

9.2 Combined Loudness, Tonalness and Roughness Test (Test 8)

In the Roughness Test (Test 3), Combined Loudness and Roughness Test (Test 7),

and Combined Loudness and Tonalness Test (Test 5), some evidence of increases

in annoyance ratings with increased tonalness and roughness was found when loud-

ness was kept constant and only tonalness or roughness was increased. One of the

objectives of this test was to examine how the aircraft noise ratings change when

loudness across the stimulus set is kept constant and tonalness and roughness vary

simultaneously. The other objective was to investigate the combined effects of loud-

ness, tonalness, and roughness on annoyance ratings of aircraft noise. A simulation

program described in Chapter 5 was used to generate two sets of stimuli based on

flyover after take-off events of an Airbus-310, a Boeing-757, and an MD-80 aircraft.

Two tests involving two sets of sounds were conducted in series. Subjects rated these

sounds on the same annoyance scale used in all the tests.

9.2.1 Combined Loudness, Tonalness, and Roughness Test Stimuli

Two sets of stimuli with range of loudness, tonalness, and roughness variations were

generated. The tonalness of the test sounds was increased by increasing or decreasing

the levels of tonal components present in the base recording. The roughness of these

test sounds was varied by intensifying the fast fluctuations (50 - 90 per second) in

loudness. Please refer the method of roughness control described in detail in the

Section 5.4.2 in Chapter 5 on roughness control.

Twenty-one sounds were generated in two stimulus sets. Nine sounds were in one

set and 12 sounds were in the other set. In Set A, tonalness and roughness were varied

and other sound attributes such as loudness, fluctuation strength, and sharpness were
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kept nearly constant. For Set A and Set B sounds, correlation coefficients (ρ) between

Zwicker’s Loudness exceeded 5% of the time (N5), Aures’ Tonality exceeded 5% of

the time (K5), and Roughness exceeded 5% of the time (R5) are given in Table 9.2

and 9.3, respectively.

Table 9.2 Correlation coefficients (ρ) for Set A sounds between
Zwicker’s Loudness exceeded 5% of the time (N5), Aures’ Tonality
exceeded 5% of the time (K5), and Roughness exceeded 5% of the
time (R5).

N5 K5 R5

N5 1.00 -0.02 0.09
K5 -0.02 1.00 -0.06
R5 0.09 -0.06 1.00

Table 9.3 Correlation coefficients (ρ) for Set B sounds between
Zwicker’s Loudness exceeded 5% of the time (N5), Aures’ Tonality
exceeded 5% of the time (K5), and Roughness exceeded 5% of the
time (R5).

N5 K5 R5

N5 1.00 -0.02 -0.13
K5 -0.02 1.00 -0.02
R5 -0.13 -0.02 1.00

In Set B, loudness, tonalness, and roughness were varied simultaneously and fluc-

tuation strength and sharpness were kept nearly constant. The ranges of metric values

of test sounds in two sets are given in Table 9.4. The metrics for specific signals are

given in Tables C.16 and C.17 in Appendix C. The variations in Zwicker’s Loudness

exceeded 5% of the time (N5), Aures’ Tonality exceeded 5% of the time (K5), and

Roughness exceeded 5% of the time (R5) in sets A and B are shown in Figures 9.14

and 9.15, respectively. The base recording was 60 seconds long, however the playback

duration of the test sounds was limited to 42 seconds and the aircraft noise event was

almost 30 seconds long. There was some background noise at the beginning and at

the end. In Figure 9.16 are shown the Loudness time histories for Set A and Set B
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Table 9.4 Metrics for Set A and Set B stimuli in the Combined Loud-
ness, Tonalness, and Roughness Test. The data used in the calcu-
lations were from 30 seconds of the sound around its peak loudness
calculated by using Zwicker’s time-varying loudness as programmed
in the Brüel and Kjær Type 7698 Sound Quality Package. Loudness
was calculated every 4 ms.

Loudness
exceeded
5% of the
time (N5)
- sones

Sharpness
exceeded
5% of the
time (S5)
- acum

Roughness
exceeded
5% of the
time (R5)
- asper

Fluctuation
Strength
exceeded
5% of the
time (F5)

- vacil

Average
A-

weighted
Sound

Pressure
Level

(dBA) -
dB

Aures
Tonality
exceeded
5% of the
time (K5)

Set A 26.9 - 27.0 1.59 - 1.88 1.52 - 3.32 0.79 - 0.98 64.5 - 65.1 0.01 - 0.43
Set B 15.9 - 35.9 1.55 - 1.91 1.63 - 3.20 0.79 - 1.08 56.5 - 71.5 0.01 - 0.42

stimuli. The Aures’ Tonality time histories for the Set A and Set B sounds are shown

in Figure 9.17. The Roughness time histories for Set A and Set B sounds are shown

in Figure 9.18. The psychoacoustic metrics were calculated by using Brüel and Kjær

Type 7698 sound quality software. The Roughness and Aures’ Tonality was calcu-

lated for 1 second segments every 0.5 seconds throughout the 42 second time histories

and R5 and K5 were derived from those results.

9.2.2 Combined Loudness, Tonalness, and Roughness Test Procedure

The procedure described in Appendix A was used for each subject who participated

in this test. Subjects took the two tests in series. Half rated Set A sounds first and

the other half rated Set B sounds first. Two sounds in Set A and three sounds in Set

B were played to familiarize the subjects with the sounds. Subjects practised rating

the sounds by rating two sounds in each set.
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Figure 9.14. For Set A sounds: (a) Zwicker’s Loudness exceeded
5% of the time (N5) plotted against Aures’ Tonality exceeded 5%
of the time (K5), (b) Zwicker’s Loudness exceeded 5% of the time
(N5) plotted against Roughness exceeded 5% of the time (R5), and
(c) Roughness exceeded 5% of the time (R5) plotted against Aures’
Tonality exceeded 5% of the time (K5). Set A sounds are based on
an Airbus - 310 flyover after take-off operation.

9.2.3 Combined Loudness, Tonalness, and Roughness Test Subjects

Forty-one subjects were recruited to participate in this study. Twenty-four subjects

were males and 17 subjects were females. They were aged between 17 and 35 years.

They were all students of the university. One out of 41 subjects failed the hearing
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Figure 9.15. For Set B sounds: (a) Zwicker’s Loudness exceeded 5% of
the time (N5) plotted against Aures’ Tonality exceeded 5% of the time
(K5), (b) Zwicker’s Loudness exceeded 5% of the time (N5) plotted
against Roughness exceeded 5% of the time (R5), and (c) Roughness
exceeded 5% of the time (R5) plotted against Aures’ Tonality exceeded
5% of the time (K5). Red squares - Airbus-310, blue diamonds -
Boeing-757, and green triangles - MD-80 based sounds.

test. Hence, 40 subjects, 24 males and 16 females, were allowed to continue and

take the test. The mean and median ages of this group were 22.4 and 20.5 years,

respectively.
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Figure 9.16. Loudness time histories for the 9 sounds in Set A and
12 sounds in Set B. (a) Set A stimuli, colors vary from pale gray (N5

= 26.95 sones, K5 = 0.01, and R5 = 1.65 asper) to dark gray (N5

= 26.97 sones, K5 = 0.41, and R5 = 3.26 asper). (b) Set B stimuli,
shades of red - Airbus-310, shades of blue - Boeing-757, and shades
of green - MD-80 based stimuli.

9.2.4 Combined Loudness, Tonalness, and Roughness Test Results and Discussion

The responses of each subject who participated in this test were compared with the

mean of the rest of the group’s responses by calculating subject-to-group correlation

(rG). In Figure 9.19 are shown the subject-to-group correlation coefficients for each

of the 40 subjects who participated in this test. Subjects whose subject-to-group

correlation coefficient (rG) was greater than 0.2 were deemed to have good agreement

with most of the rest of the group. There were 33 and 40 subjects’ responses for Set

A and Set B sounds, respectively, were found to be somewhat consistent with each

other.

The correlation between the subject’s ratings and tonalness and roughness was

also checked by calculating subject-to-Aures Tonality correlation (rK) and subject-to-

Roughness correlation (rR). In Figures 9.20 and 9.21 are shown the subject-to-Aures

Tonality and subject-to-Roughness correlation coefficients for each of the 40 subjects

who participated in this test, respectively. The number of subjects from Set A and
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Figure 9.17. (a) Set A sounds where Aures Tonality (K5) varies from
0.01 to 0.43, Roughness varies from 1.52 to 3.32 asper, and Loudness
(N5) was keep close to 27 sones. (b) Set B sounds based on an Airbus-
310 recording. (c) Set B sounds based on a Boeing-757 recording. (d)
Set B sounds based on a MD-80 recording. In Set B, N5 range from
15.97 to 35.99 sones; K5 range from 0.01 to 0.42; and R5 range from
1.63 to 3.20 asper.

Set B found to be sensitive, indifferent, and negatively sensitive to tonalness and

roughness based on subject-to-Aures Tonality and subject-to-Roughness correlation

are given in Table 9.5.
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Figure 9.18. Roughness time histories for the 9 sounds in Set A and
12 sounds in Set B: (a) Set A stimuli, colors vary from pale gray (N5

= 26.95 sones, K5 = 0.01, and R5 = 1.65 asper) to dark gray (N5

= 26.97 sones, K5 = 0.41, and R5 = 3.26 asper). (b) Set B stimuli,
shades of red - Airbus-310, shades of blue - Boeing-757, and shades
of green - MD-80 based stimuli.
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Figure 9.19. Correlation (rG) between each subject’s responses and
the mean of the rest of the subject group for each signal. Circles - Set
A results and diamonds - Set B results.

In Figures 9.22(a) and (b) are shown the mean and standard deviation of the

estimated mean of the 33 “consistent” subjects’ annoyance ratings of Set A sounds
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Figure 9.20. Correlation (rK) between each subject’s responses and
Aures Tonality exceeded 5% of the time (K5). Circles - Set A results
and diamonds - Set B results.
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Figure 9.21. Correlation (rR) between each subject’s responses and
Roughness exceeded 5% of the time (R5). Circles - Set A results and
diamonds - Set B results.

plotted against Aures’ Tonality exceeded 5% of the time (K5) and Roughness exceeded

5% of the time (R5), respectively. In Figures 9.22(c) and (d) are shown the mean

and standard deviation of the estimated mean of the 31 “tonalness sensitive” and

11 “roughness sensitive” subjects’ annoyance ratings of Set A sounds plotted against

Aures’ Tonality exceeded 5% of the time (K5) and Roughness exceeded 5% of the time
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Table 9.5 Number of subjects from Set A and Set B found to be sensi-
tive, indifferent, and negatively sensitive to tonalness and roughness.

subject-to-Aures Tonality Correlation subject-to-Roughness Correlation
rK >
0.2

−0.2 <
rK < 0.2

rK <
−0.2

rR >
0.2

−0.2 < rR <
0.2

rR <
−0.2

Set A 31 5 4 11 21 8
Set B 21 18 1 6 26 8

(R5), respectively. With the 33 “consistent” subjects there is significant increase

in annoyance ratings with increased tonalness. There is also some evidence of an

increase in annoyance ratings with increased roughness but this is much weaker. In

Set A, when both tonalness and roughness was varied and loudness was kept nearly

constant, more than 75% of the subjects rated these sounds predominantly on the

basis of tonalness variations. However, more than 25% of the subjects also found

increased roughness more annoying. Note that for Set A sounds loudness was kept

nearly constant across the stimulus set and hence, not surprisingly, none of the level

or level-focused metrics performed well in predicting annoyance for these sounds.

The ratings of Set B sounds by the 31 and 11 subjects who, respectively, were

found to be “tonalness sensitive” and “roughness sensitive”, when responding to Set

A sounds were examined. They are plotted in Figures 9.23(a) and (b), against Aures’

Tonality exceeded 5% of the time (K5) and Roughness exceeded 5% of the time (R5),

respectively. The responses of the same two groups of subjects is plotted against

Loudness exceeded 5% of the time (N5) in Figures 9.23(c) and (d), respectively. It

is clear that even with these groups loudness is the dominant factor affecting their

responses to Set B sounds.

In Figures 9.24(a) and (b) are shown the annoyance results when including all

subjects who took part in rating Set B sounds. In Figure 9.24(c) are shown the

mean and standard deviation of the estimated mean of the 21 subjects who found

to be still “tonalness sensitive” in the presence of loudness variations. Similarly in
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Figure 9.22. Mean and standard deviation of the estimated mean of
the 33 subjects’ annoyance ratings of Set A sounds plotted against:
(a) Aures’ Tonality exceeded 5% of the time (K5), R2 = 0.92; (b)
Roughness exceeded 5% of the time (R5), R2 = 0.01. Mean and stan-
dard deviation of the estimated mean of the 31 “tonalness sensitive”
and 11 “roughness sensitive” subjects’ annoyance ratings of Set A
sounds plotted against: (c) Aures’ Tonality exceeded 5% of the time
(K5), R2 = 0.95; and (d) Roughness exceeded 5% of the time (R5),
R2 = 0.48.

Figure 9.24(d) are the results for the 6 subjects who were “roughness sensitive” when

rating Set B sounds.

A large number of level and level-focused metrics were examined in this study

to check their predictive capability of subjective responses to the aircraft noise. In
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Figure 9.23. Mean and standard deviation of the estimated mean of
annoyance ratings of Set B sounds plotted against tonalness, rough-
ness, and loudness metrics. Based on responses of the 31 subjects
whose rK > 0.2 (a) R2 = 0.12 and (c) R2 = 0.74; and based on re-
sponses of the 11 subjects whose rR > 0.2 for Set A sounds (b) R2 =
0.00 and (d) R2 = 0.84. Red squares - Airbus-310, blue diamonds -
Boeing-757, and green triangles - MD-80 based sounds.

Figures 9.25(a) - (d) are shown the average annoyance ratings of all subjects for Set B

sounds plotted against Zwicker Loudness exceeded 15% of the time (N15), Perceived

Noise Level exceeded 15% of the time (PNL15), A-weighted Sound Exposure Level

(SELA) and C-weighted Sound Exposure Level (SELC), respectively. Note that

several statistics of the various metrics were examined in this study and the ones that
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Figure 9.24. Mean and standard deviation of the estimated mean
of the 40 “consistent” subjects’ annoyance ratings of Set B sounds
plotted against: (a) Aures’ Tonality exceeded 5% of the time (K5), R2

= 0.08; (b) Roughness exceeded 5% of the time (R5), R2 = 0.00. Mean
and standard deviation of the estimated mean of the 21 “tonalness
sensitive” and 6 “roughness sensitive” subjects’ annoyance ratings of
Set B sounds plotted against: (c) Aures’ Tonality exceeded 5% of the
time (K5), R2 = 0.25; and (d) Roughness exceeded 5% of the time
(R5), R2 = 0.16. See Figure 9.23 caption for color coding.

yielded either the best results or close to the best results are shown in the figures.

Most of the subjects in this group based their annoyance judgments on the basis of

loudness variations and hence most of the level-focused metrics used in this study

predicted the subjects’ annoyance responses reasonably well. Among all the level and
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Figure 9.25. Mean and standard deviation of the estimated mean
of the 40 “consistent” subjects’ annoyance ratings of Set B sounds
plotted against: (a) Loudness exceeded 15% of the time (N15), R2 =
0.87; (b) Perceived Noise Level exceeded 15% of the time (PNL15),
R2 = 0.91; (c) A-weighted Sound Exposure Level (SELA), R2 = 0.88;
and (d) C-weighted Sound Exposure Level (SELC), R2 = 0.80. See
Figure 9.23 caption for color coding.

level-focused metrics, Perceived Noise Level exceeded 15% of the time (PNL15) was

found to be the best predictor of annoyance ratings of Set B sounds. It is observed

from Figure 9.25 that the tonalness and roughness did affect subjects’ annoyance

ratings. For example, in case of stimuli 8B3B and 8B6B, although the stimulus 8B3B

was louder than 8B6B, it was rated at a slightly lower level than 8B6B; 8B6B was more
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tonal than 8B3B and also it was rougher than 8B3B. Similar results were observed

in the case of stimulus pair 8B5M and 8B8M. The C-weighted Sound Exposure Level

(SELC) was found to be the poorest predictor of subjects’ responses.

In Figures 9.26(a) - (d) are shown the average annoyance ratings for all participants

of Set B sounds plotted against various metrics that include tone corrections. The

metrics that incorporated both loudness and tonalness measures predicted subjective

responses better than level-focused metrics alone. It is observed from Figure 9.26 that

after adding tone penalties to the Perceived Noise Level exceeded 15% of the time

(PNL15) the performance of Tone-corrected Perceived Noise Level exceeded 15% of

the time (PNLT15) was improved. It was also observed that the Joint Nordic Method

based Tone-corrected Average A-weighted Sound Pressure Level calculated by using

revised penalty scheme (TdBA − REV ) described in Section 9.1.4 of this chapter

performed better than the Joint Nordic Method based Tone-corrected Average A-

weighted Sound Pressure Level (TdBA − JNM) metric, R2 improved from 0.85 to

0.91. The Effective Perceived Noise Level (EPNL) which accounts for both loudness

and tonalness performed best over all (R2 = 0.97).

In Figures 9.27(a) - (d) are shown the annoyance results plotted against Zwicker’s

Psychoacoustic Annoyance (PA), Modified Psychoacoustic Annoyance (PAmod), Pre-

dicted Annoyance by using two-term linear model involving Loudness (N15) and

Roughness (R5), and Predicted Annoyance by using a three-term linear model in-

volving Loudness (N15), Aures Tonality (K5), and Roughness (R5), respectively. The

main attribute that influenced the subjects’ annoyance judgments was loudness and

next to loudness was tonalness. Hence, the metrics that incorporated both loudness

and tonalness measures predicted subjective responses better than level-focused met-

rics alone. Zwicker’s Psychoacoustic Annoyance does not account for the effect of

tonalness and hence did not do well (R2 = 0.81). A modified version of Psychoa-

coustic Annoyance was developed in this research which incorporated a term based

on Aures Tonality. The development of Modified Psychoacoustic Annoyance is de-

scribed in Chapter 10. The linear model that predicted annoyance by incorporating
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Figure 9.26. Mean and standard deviation of the estimated mean
of the 40 “consistent” subjects’ annoyance ratings of Set B sounds
plotted against: (a) Tone-corrected Perceived Noise Level exceeded
15% of the time (PNLT15), R2 = 0.96; (b) Effective Perceived Noise
Level (EPNL), R2 = 0.97; (c) the Joint Nordic Method based Tone-
corrected Average A-weighted Sound Pressure Level (TdBA−JNM),
R2 = 0.85; and (d) the Joint Nordic Method based Tone-corrected
Average A-weighted Sound Pressure Level with revised penalties
(TdBA−REV ), R2 = 0.91. See Figure 9.23 caption for color coding.

loudness, tonalness, and roughness measures of Set B sounds performed well (R2 =

0.96) compared with the performance of EPNL. A significant improvement (from

R2 = 0.88 to 0.96) in prediction of subjective responses was seen after the tonalness

measure was incorporated into the two term linear regression model that previously
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Figure 9.27. Mean and standard deviation of the estimated mean
of the 40 “consistent” subjects’ annoyance ratings of Set B sounds
plotted against: (a) Zwicker’s Psychoacoustic Annoyance (PA), R2 =
0.81; (b) Modified Psychoacoustic Annoyance (PAmod), R2 = 0.98; (c)
Predicted Annoyance by using two-term linear model involving Loud-
ness (N15) and Roughness (R5), R2 = 0.88; and (d) Predicted An-
noyance by using three-term linear model involving Loudness (N15),
Aures Tonality (K5), and Roughness (R5), R2 = 0.96. See Figure 9.23
caption for color coding. Primes on variables indicate normalization
(see text).

incorporated only the measures of loudness and roughness. In the linear models,

N ′
15 = (N15 − µ̂N15)/σ̂N15 , K ′

5 = (K5 − µ̂K5)/σ̂K5 , and R′
5 = (R5 − µ̂R5)/σ̂R5 ; where,

µ̂N15 , µ̂K5 , and µ̂R5 are the mean values of N15, K5, and R5 for Set B sounds; and
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σ̂N15 , σ̂K5 , and σ̂R5 are the standard deviations of N15, K5, and R5 metrics values for

the stimuli in Set B.

9.3 Tonalness Tests Summary and Conclusions

Over the range of tonalness, the average of the subjects’ ratings varied from just below

“Moderately annoying” to “Very annoying”. A significant percentage of the subjects

who participated in this study were more annoyed when the tonalness of the aircraft

noise increased. In the Combined Loudness and Tonalness Test (Test 5), subjects’

responses to Set A (tonalness only varied) stimuli were highly correlated with all of

the three tonalness metrics examined: Tone-To-Noise Ratio, Prominence Ratio, and

Aures Tonality. In the stimuli presented, and in the original recording on which they

were based, the tones were well separated in frequency. With sounds, containing more

closely spaced tones there may not be so much consistency in performance of the three

metrics. It was observed that the tonalness level exceeded 5% or 10% of the time

works better than other statistics of the tonalness metrics. Even when both loudness

and tonalness varied, a strong sensitivity to tonalness persisted. Level-based metrics

that included tone corrections improved level-based metric predictions of annoyance.

A significant improvement in the performance of Joint Nordic Method based Tone-

corrected Average A-weighted Sound Pressure Level (TdBA−JNM) was found when

the tone penalties (0 to 6 dB) were increased more gently over a broader range of

Tonal Audibility (Lta), (Lta: 4 to 10 dB original; Lta: 1 to 22 dB modified).

In the Combined Loudness, Tonalness and Roughness Test (Test 8), in Set A when

tonalness and roughness was varied simultaneously and loudness was kept nearly con-

stant, most of the subjects were found to be more annoyed because of tonalness rather

than roughness. However, in this test in Set A, a subset of the subjects (11 i.e. 27.5%)

were found to be “roughness sensitive”. With Set B sounds, where loudness, tonalness,

and roughness were varied simultaneously, loudness strongly influenced the subjects’

annoyance ratings. Tonalness was found to be the next dominant factor in annoyance.
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In Set B, more than 50% of the subjects were “tonalness sensitive” and very few (6

i.e. 15%) were “roughness sensitive” when loudness, tonalness, and roughness were all

varying. Again a significant improvement in the performance of level-focused metrics

was seen when tone-correction factors were added to them. Metrics that accounted

for loudness, tonalness, and roughness predicted subjective responses better than any

of the level, tonalness, and roughness metrics alone. Zwicker’s Psychoacoustic An-

noyance model was also examined but was not able to predict the subjects’ responses

because the model does not account for the tonalness of noise.

The results of this research support the idea of including a measure of tonalness in

metrics used to quantify environmental noise impact. As mentioned earlier, this is an

idea proposed in the US Environmental Protection Agency (USEPA) report in 1974.

While the range of tonalness examined here may exceed the range found in most

commercial aircraft, the responses to stimuli in the range of tonalness found in over

40 recordings still show a strong trend of increased annoyance with increased tonality.

While EPNL used in aircraft noise certification certainly includes a tonal penalty,

there still appears to be a need to consider it in metrics used in environmental noise

evaluation.
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10. DEVELOPMENT OF AN IMPROVED ANNOYANCE MODEL

In several studies that we have conducted in this research to investigate the influ-

ence of sound characteristics such as sharpness, fluctuation strength, tonalness, and

roughness on aircraft noise ratings it was found that loudness significantly affected

subjects’ annoyance ratings. Some evidence of an increase in annoyance ratings with

increased tonalness and roughness was also found.

None of the metrics that are currently used for quantifying aircraft noise in-

duced annoyance incorporate the measures of loudness, tonalness, and roughness

together. For example, Zwicker and Fastl’s Psychoacoustic Annoyance model de-

scribed in (Zwicker and Fastl, 1999, Chapter 16) takes into account effects of noise

characteristics such as loudness, roughness, sharpness, and fluctuation strength but

does not include an effect of tonalness. The Federal Aviation Administration’s (FAA)

Effective Perceived Noise Level (EPNL) metric accounts for level, tonalness, and du-

ration of aircraft noise but does not include an effect of roughness (FAA, 2002). The

Joint Nordic’s Tone-corrected Average A-weighted Sound Pressure Level incorporates

measures of level and tonalness but does not account for roughness (Pedersen et al.,

2000). Similarly, a metric developed by Air-conditioning and Refrigeration Insti-

tute that used for quantifying annoyance caused by air-conditioning system’s noise,

accounts for level and tonalness but does not include an effect of roughness (ARI,

1995). From the results that were obtained from the studies that we conducted to

examine effects of noise characteristics on aircraft noise annoyance ratings, it was re-

alized that for quantifying aircraft noise induced annoyance precisely it is important

to combine the effects of loudness, tonalness, and roughness together in an annoy-

ance model. Future aircraft and engine designs and aircraft operations may result in

aircraft sounds with a wider range of sharpness and fluctuation strength variations
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that may influence annoyance, but over the range of values studied in this research

sharpness and fluctuation strength did not significantly affect annoyance ratings.

The objective of this work was to develop a model that combines measures of

loudness, tonalness and roughness together to predict annoyance due to aircraft noise.

The data used in the annoyance model development was those obtained all from the

psychoacoustic tests that are described in Chapters 6, 7, 8, and 9.

10.1 Combining Results From Different Tests

In this research, seven psychoacoustic tests were conducted to examine effects of noise

characteristics on the annoyance ratings of aircraft noise. In these tests, subjects may

have used the annoyance scales differently depending on the variation in the sounds

within the particular test. Perhaps the most clear evidence that may be happening

is shown in Figure 7.14 where the results for Spectral Balance Test (Test 1) and

Combined Spectral Balance and Roughness Test (Test 4) align quite well but the

results for Roughness Test (Test 3) are consistently lower but lie along line with

the same gradient. A method was used to adjust the ratings to be on a common

annoyance scale. The adjustment was the addition of a constant to the annoyance

ratings within a particular test. The adjustment constant could vary from test to

test, but was the same for all ratings within a test. A scaling which was common for

all the tests (seven tests) was also applied to the ratings. The annoyance ratings were

compared to a prediction from a particular metric. Thus a set of linear equations of

the form: y = Ax + ε can be constructed. So, for example, if Zwicker and Fastl’s
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Psychoacoustic Annoyance (PA) was being considered as the metric, the terms in the

equation would be:

A =




AR1,1 1 0 · · · · · · 0
...

...
... · · · · · · ...

AR1,n1 1 0 · · · · · · ...

AR2,1 0 1 · · · · · · ...
...

...
... · · · · · · ...

AR2,n2

... 1 · · · · · · ...

AR3,1
... 0 · · · · · · ...

...
...

... · · · · · · ...

ARk,1
...

... · · · · · · 1
...

...
... · · · · · · ...

ARk,nk
0 0 · · · · · · 1




, x =




S

x1

...

xk




,y =




PA1,1

...

PA1,n1

PA2,1

...

PA2,n2

PA3,1

...

PAk,1

...

PAk,nk




.

S is the scaling that accounts for the differences in the sizes of the numbers used

in the ratings of annoyance and the sizes of the numbers coming from the metric

calculation. x1 to xk are the k constants, one for each of the tests. ARi,j is the

Annoyance Rating for signal j in test i, where j = 1, 2, 3, ..., ni and i = 1, 2, 3, ..., k.

m =
∑

ni is the total number of sounds and ni is the number of sounds used in each

test. k is the total number of psychoacoustic tests, and PAi,j are the Zwicker and

Fastl’s Psychoacoustic Annoyance metric values. ε is the error between the model

and the data. A least squares solution was determined by minimizing εT ε. From this

an adjustment constant to the annoyance ratings for each test was derived by using

following equation,

αi =
(x̃i − x̃1)

S̃
, (10.1)

where i is the test number and ∼ denotes an estimate. Adjustment constants were

then added to each test rating to obtain new (adjusted) Annoyance Ratings,

ARi,jnew = ARi,jold + αi, (10.2)
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where, ARi,jold is the original (before adjustment) annoyance rating for sound j in

test i.

The annoyance ratings in Spectral Balance Test (described in Chapter 6) were con-

sidered to be the baseline set and the other test ratings were adjusted around Spectral

Balance Test ratings. That is why x̃1 is subtracted from x̃i in Equation (10.1). A

wide range of subjective responses (from “Not-at-all Annoying” to “Very Annoying”)

were obtained for the Spectral Balance Test sounds where Loudness exceeded 5% of

the time (N5) of the stimuli was varied over a wide range (from 3.02 to 28.84 sones).

These responses covered nearly all of the annoyance scale that was used in the tests

conducted in this research.

The adjustment constants obtained by using the above mentioned procedure for

various candidate annoyance metrics are shown in Table 10.1. Note that subjects who

Table 10.1 Annoyance ratings adjustment constants for the Spectral
Balance (Test 1); Roughness (Test 3); Combined Spectral Balance
and Roughness (Test 4); Combined Loudness and Tonalness (Test 5);
Combined Loudness and Fluctuation Strength (Test 6); Combined
Loudness and Roughness (Test 7); and Combined Loudness, Tonal-
ness and Roughness Test (Test 8). ∗PAmod is a Modified Psychoa-
coustic Annoyance model explained later in this Chapter.

Metrics S Test 1 Test 3 Test 4 Test 5 Test 6 Test 7 Test 8
(α1) (α3A) (α3B) (α4) (α5) (α6) (α7) (α8)

PA 11.58 0.00 2.29 1.73 0.61 0.66 0.71 0.56 1.06
N5 5.37 0.00 2.08 1.32 0.48 1.26 1.08 0.01 0.93
PNL15 3.68 0.00 1.94 1.54 0.47 1.65 1.56 0.20 1.14
dBA 1.18 0.00 2.19 1.63 0.65 1.82 2.04 0.32 0.86
dBC 1.35 0.00 2.01 2.84 0.72 2.46 3.56 0.86 -0.80
SELA 3.44 0.00 2.17 1.93 0.62 2.02 2.64 0.64 0.37
SELC 3.84 0.00 2.27 3.18 0.87 3.08 4.11 1.18 -1.21
PNLT15 4.45 0.00 1.47 1.00 0.28 1.51 1.20 -0.13 1.18
EPNL 4.43 0.00 1.46 1.29 0.30 1.72 1.78 0.17 1.38
TdBA−JNM 1.66 0.00 1.21 0.64 0.34 2.49 3.22 0.67 1.32
TdBA−REV 1.62 0.00 1.31 0.93 0.29 2.31 2.22 0.21 1.01
∗PAmod 13.09 0.00 1.73 1.12 0.39 0.62 0.43 0.13 0.99

participated in the Roughness Test (Test 3) used the annoyance scale differently for
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two sets of sounds which were based on the original recordings of flyover after take-

off events of an MD-80 and an Airbus-310 aircraft. Hence, two annoyance ratings

adjustment factors, α3A and α3B were used to obtain the adjusted annoyance ratings

for Roughness Test sounds. It should be noted that the adjustment constants for

each test vary depending on which metric is being considered. The differences in S

are just due to the different range of metric values for each metric. A value of 1.5 for

an α represents a change in adjective, e.g., “Moderately” to “Very”.

For metrics that are on a dB scale, they were converted to a “loudness” (linear)

annoyance scale by using,

Nest = 2
SPL−40

10 sones, (10.3)

(ISO/R-131-1959(E), 1959). We examined the results with and without this con-

version and results were better when employing this transformation. An example

of this conversion from a logarithmic scale to a linear scale for the case of Average

A-weighted Sound Pressure Level (dBA) is shown in Figure 10.1. In Figures 10.2(a)

and (b) are shown the results for the Psychoacoustic Annoyance model output and

in Figures 10.2(c) and (d) are similar results for A-weighted Sound Exposure Level

(SELA).

10.2 Modified Psychoacoustic Annoyance Model

The annoyance model that was developed was a modified version of Zwicker and

Fastl’s Psychoacoustic Annoyance model in which a term that is a function of Aures’

Tonality (Aures, 1985) is included. This model’s performance is compared to the

performance of other annoyance models which were examined in this research. Please

refer Zwicker and Fastl’s (Zwicker and Fastl, 1999, Chapter 16) for details of the

various terms in Psychoacoustic Annoyance (PA) model. The forms of Psychoacoustic

Annoyance (PA) and Modified Psychoacoustic Annoyance (PAmod) model are given

below,

PA = N5

(
1 +

√
w2

S + w2
FR

)
, (10.4)
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Figure 10.1. Mean and standard deviation of the estimated mean
of the adjusted annoyance ratings of sounds in seven tests plotted
against Average A-weighted Sound Pressure Level (dBA): (a) loga-
rithmic scale, R2 = 0.82; (b) loudness scale, R2 = 0.87. Red - Spectral
Balance (Test 1), blue - Roughness (Test 3), green - Combined Spec-
tral Balance and Roughness (Test 4), magenta - Combined Loudness
and Tonalness (Test 5), yellow - Combined Loudness and Fluctuation
Strength (Test 6), Brown - Combined Loudness and Roughness (Test
7), and cyan - Combined Loudness, Tonalness, and Roughness (Test
8) Tests.

and

PAmod = N5

(
1 +

√
γ0 + γ1w2

S + γ2w2
FR + γ3w2

T

)
, (10.5)

where w2
FR is the term that accounts for Fluctuation Strength and Roughness varia-

tions, and w2
S is the Sharpness term. w2

T is the tonalness term that was introduced

in the modified version. The tonalness term (w2
T ) is of the form:

w2
T =

[(
1− e−γ4N5

)2 (
1− e−γ5K5

)2
]
. (10.6)

While analyzing subjects’ ratings in the Combined Loudness and Tonalness Test (Test

5), it was observed that the subjects’ annoyance ratings started to saturate for sounds

whose Aures Tonality (K5) was greater than 0.25 and annoyance responses changed
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Figure 10.2. Mean and standard deviation of the estimated mean of
the annoyance ratings and adjusted annoyance ratings for two differ-
ent metrics. (a) R2 = 0.64 and (b) R2 = 0.86, results for Psychoa-
coustic Annoyance (PA). (c) R2 = 0.61 and (d) R2 = 0.88, results
for A-weighted Sound Exposure Level (SELA). See Figure 10.1 cap-
tion for color-coding. See Equation (10.3) for how dB values were
converted to “sones”.

very little for K5 > 0.3 if other metrics did not change very much (More and Davies,

2008). In Figure 10.3 are shown the mean and standard deviation of the estimated

mean of the annoyance ratings for sounds in Set A and Set B of the Combined Loud-

ness and Tonalness Test (Test 5). In this test, when both tonalness and loudness
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Figure 10.3. Mean and standard deviation of the estimated mean of
the annoyance ratings for sounds in Set A and Set B in the Combined
Loudness and Tonalness Test (Test 5) plotted against Aures Tonality
(K5). Red circles - Set A and blue diamonds - Set B sounds.

were varied simultaneously (blue symbols in Figure 10.3), loudness significantly af-

fected subjects’ annoyance ratings but tonalness also played a strong role (More and

Davies, 2008). The form of the structure of the tonalness term was developed from

observations of the data from tests where the tonalness saturation effect was present.

The Modified Psychoacoustic Annoyance (PAmod) model was fitted to this data to

estimate the model parameters: γi where i = 0, 1, 2, ..., 5. The nonlinear least square

program lsqnonlin in the MATLAB software was used to do this parameter estima-

tion. The coefficients of the model were estimated by using all of the responses from

247 different subjects who participated in one or more of the seven tests, 123 aircraft

noises were used in these seven tests. Between 24 and 41 subjects participated in

each test. The adjustments to the annoyance ratings αk, k = 1, 3, ...., 8 depend on

whether PAmod or PA is being used to determine the adjustments. The results for

both are given in Table 10.2. In Figure 10.4(a) is shown the variation in tonalness

term (w2
T ) with respect to the Aures Tonality exceeded 5% of the time (K5) and

Loudness exceeded 5% of the time (N5) and in Figure 10.4(b) is shown the variation

in tonalness term (w2
T ) plotted against Aures Tonality exceeded 5% of the time (K5).
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Table 10.2 Estimates for the Modified Psychoacoustic Annoyance
model parameters estimated by using the data from Test 1 to Test 8.

Annoyance Adjustments γ̃0 γ̃1 γ̃2 γ̃3 γ̃4 γ̃5

Based on adjusted PA -0.30 -0.81 0.89 1.11 0.22 3.87
Based on adjusted PAmod -0.16 11.48 0.84 1.25 0.29 5.49

The combined effect of loudness and tonalness was also considered, though there is

not much data at the lower loudness levels.

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

1.2

Aures Tonality
exceeded 5% of the time ( K

5
 )

W
T2

(a) (b)

Figure 10.4. (a) Variation in tonalness term (w2
T ) with respect to the

Aures Tonality exceeded 5% of the time (K5) and Loudness exceeded
5% of the time (N5). (b) Variation in tonalness term (w2

T ) plotted
against Aures Tonality exceeded 5% of the time (K5) with test data
sets for four loudness levels; pale gray - N5 = 3, medium gray - N5 =
4, semi-black - N5 = 8, and black - N5 = 32 sones. See Figure 10.1
caption for color-coding of data sets shown in Figure 10.4(b).

For estimating the coefficients of the Modified Psychoacoustic Annoyance model,

it was hypothesized that the differences in the subjects’ annoyance ratings and the

annoyance ratings predicted by Zwicker’s Psychoacoustic Annoyance were due to the

tonalness effects. First, a linear regression model with the adjusted annoyance rat-

ings as the input and Psychoacoustic Annoyance as the output was fitted to the data.
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The regression coefficients were then used to calculate the Transformed Annoyance

Ratings (TAR′) so that the adjusted annoyance ratings were put on a scale of values

similar to the scale of values of Psychoacoustic Annoyance. To obtain the Modi-

fied Psychoacoustic Annoyance model coefficients, the following cost function was

minimized by using the nonlinear least square program lsqnonlin in the MATLAB

software mentioned earlier,

F =
NSIG∑
i=1

[(
TAR′

i

N5i

− 1

)2

− (
γ0 + γ1w

2
Si

+ γ2w
2
FRi

+ γ3w
2
T

)
]2

, (10.7)

where, w2
T is given in Equation (10.6). This Modified Psychoacoustic Annoyance

model was now used as the starting point and the following steps repeated:

1. Use current Modified Psychoacoustic Annoyance (PAmodk) model to determine

test ratings adjustment constants. αi : ARadi,j = ARi,j +αi (at the start k = 0

and PAmod0 = PA; γ0 = 0, γ3 = 0, γ1 = 1, γ2 = 1).

2. A linear regression model is fitted to the adjusted annoyance ratings and Psy-

choacoustic Annoyance (PAmodk) to determine coefficients γ0 and γ1: PAmodk =

γ0 + γ1.ARad.

3. The regression coefficients used to calculate the Transformed Annoyance Rat-

ings (TAR′). TAR′
i = γ̃0 + γ̃1.ARadi

4. To obtain the Modified Psychoacoustic Annoyance (PAmodk+1) model coeffi-

cients, the cost function (F ) was minimized (lsqnonlin in MATLAB).

5. This modified PAmodk+1 model was now used as the starting point and the steps

1 to 4 repeated.

These steps were performed until the model parameter estimates converged. The

resulting estimates are given in the last row of Table 10.2.
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10.3 Comparison of the Performances of the Annoyance Models

The Modified Psychoacoustic Annoyance (PAmod) model’s performance was com-

pared to Zwicker and Fastl’s Psychoacoustic Annoyance (PA) model to see the im-

provement in predictability of subjects’ responses. In Figure 10.5 are shown the mean

and standard deviation of the estimated mean of the adjusted annoyance ratings for

sounds in the seven psychoacoustic tests plotted against the Modified Psychoacous-

tic Annoyance (PAmod) predictions. When all tests results were combined together
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Figure 10.5. Mean and standard deviation of the estimated mean of
the adjusted annoyance ratings for sounds in seven psychoacoustic
tests plotted against Modified Psychoacoustic Annoyance (PAmod),
R2 = 0.93. See Figure 10.1 caption for color-coding.

and the annoyance ratings obtained for tests sounds in all the tests were adjusted

by adding adjustment constants calculated by using the method described in Sec-
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tion 10.1, the overall coefficient of determination (R2) between the adjusted average

annoyance ratings and Modified Psychoacoustic Annoyance (PAmod) was 0.93. The

only outlier was a signal (3A1) from Roughness Test (Test 3) which was an original

recording, the other signals in this test were simulations. As was mentioned earlier,

its annoyance rating was much lower than predicted.

10.3.1 Psychoacoustic Annoyance and Modified Psychoacoustic Annoyance Time Histories

When people are annoyed by sounds, do they continually adjust their annoyance as

the sound changes and report some statistic of that time varying annoyance or do

they recall the worst effects of different sound characteristic (which may occur at

different times) and combine those. The latter approach has been adopted thus far

and N5, K5, R5, F5 and S5 have been used in the model. To investigate this fur-

ther, Psychoacoustic Annoyance modified and unmodified were calculated through

time every 0.5 seconds. In this calculation Roughness (R) and Tonalness (K) were

calculated for 1-second segments every 0.5 seconds throughout the 42 seconds time

history. Fluctuation Strength (F ) was calculated for 5-second segments every 0.5

seconds throughout the 42 seconds time history. Loudness (N) and Sharpness (S)

were calculated from previously calculated Loudness and Sharpness time histories

by using Brüel and Kjær’s Sound Quality software. Loudness and Sharpness were

calculated at every 0.004 seconds. To calculate Loudness and Sharpness every 0.5

seconds, 1-second segments were used from the Loudness and Sharpness time histo-

ries. A 5% of the time statistic was employed to estimate the overall judgements of

loudness and sharpness during the 1-second data segment. This calculation was re-

peated for 1-second segments every 0.5 seconds throughout the 42 seconds Loudness

and Sharpness time history. Examples of Psychoacoustic Annoyance and Modified

Psychoacoustic Annoyance time histories calculated by using this procedure for three

sounds from the Combined Loudness, Tonalness, and Roughness Test (Test 8) are

shown in Figures 10.6(a) and (b), respectively. PA5% and PAmod5%
are indicated by
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the solid lines. Also shown are the values calculated using the N5, K5, R5, F5 and S5

metrics (dotted lines).
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Figure 10.6. (a) Psychoacoustic Annoyance and (b) Modified Psy-
choacoustic Annoyance time histories for three sounds from Combined
Loudness, Tonalness, and Roughness Test (Test 8). Red - Airbus-310,
blue - Boing-757, and green - MD-80 aircraft based sound. Dashed
lines PA and PAmod calculated by using “exceeded 5% of the time”
metrics.

In Figures 10.7(a) and (b) are shown the mean and standard deviation of the

estimated mean of the adjusted annoyance ratings for sounds in the seven psychoa-

coustic tests plotted against the Psychoacoustic Annoyance exceeded 15% of the time

(PA15) and Modified Psychoacoustic Annoyance exceeded 15% of the time (PAmod15),

respectively. Several statistics of the Psychoacoustic Annoyance and Modified Psy-

choacoustic Annoyance model predictions were examined and the ones shown in Fig-

ures 10.7(a) and (b) were the ones that yielded the best results. Not much difference

is seen in the performance of PA15 calculated from Psychoacoustic Annoyance time

history and that based on using N5, K5, R5, F5 and S5 in Psychoacoustic Annoyance

(PA). When annoyance responses in seven tests were predicted by PAmod15 which

was calculated from Modified Psychoacoustic Annoyance time histories, the perfor-
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Figure 10.7. Mean and standard deviation of the estimated mean of
the adjusted annoyance ratings for sounds in seven psychoacoustic
tests plotted against: (a) Psychoacoustic Annoyance exceeded 15% of
the time (PA15), R2 = 0.88; and (b) Modified Psychoacoustic Annoy-
ance exceeded 15% of the time (PAmod15), R2 = 0.93. Red - Spectral
Balance (Test 1), blue - Roughness (Test 3), green - Combined Spec-
tral Balance and Roughness (Test 4), magenta - Combined Loudness
and Tonalness (Test 5), yellow - Combined Loudness and Fluctuation
Strength (Test 6), Brown - Combined Loudness and Roughness (Test
7), and cyan - Combined Loudness, Tonalness, and Roughness (Test
8) Tests.

mance of this metric was found to be very similar to that of Modified Psychoacoustic

Annoyance (PAmod).

10.3.2 Performance of other Metrics and Models

The performances of metrics or models that were compared with the performance of

Modified Psychoacoustic Annoyance (PAmod) in this investigation can be divided into

two categories. In the first category are metrics that measure, the level of a sound

such as Zwicker’s Loudness exceeded 5% of the time (N5), Perceived Noise Level

exceeded 15% of the time (PNL15), Average A and C-weighted Sound Pressure Level

(dBA and dBC), A and C-weighted Sound Exposure Level (SELA and SELC). The
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results for those metrics are shown in Figures 10.8(a) - (f). In the second category

were metrics that measured both level and tonalness: Tone-corrected Perceived Noise

Level exceeded 15% of the time (PNLT15), Effective Perceived Noise Level (EPNL),

Joint Nordic Method based Tone-corrected Average A-weighted Sound Pressure Level

(TdBA−JNM), and Joint Nordic Method based Tone-corrected Average A-weighted

Sound Pressure Level with revised tone penalties (TdBA − REV ). The results for

those metrics are shown in Figures 10.9(a) - (d).

Although, most of these level and level-focused metrics predicted annoyance rat-

ings well for these sounds but their performance was not as good as that of the

Modified Psychoacoustic Annoyance model predictions. In the tests where tonalness

(Test 5 and Test 8) and roughness (Test 3, Test 7, and Test 8) was varied over a wide

range and loudness did not vary very much, these level and level-focused metrics pre-

dicted annoyance responses very poorly. In these tests, the tonalness of the stimuli

varied across wide range which was a little wider than the range that we found in a

set of around 40 aircraft recordings around two Florida airports. The roughness of

the stimuli was varied over the range that is typically observed in jet and propeller

types of aircraft. Among these level and level-focused metrics, performances of Aver-

age C-weighted Sound Pressure Level (dBC) and C-weighted Sound Exposure Level

(SELC) were found to be the poorest performers in this group of level-based metrics.

PNLT15 is much better predictor of annoyance than PNL15 for sounds in Test 5

(Combined Loudness and Tonalness Test) and Test 8 (Combined Loudness, Tonalness,

and Roughness Test). However, there was not much improvement in the R2 value

over all tests using PNLT : PNL15 R2 = 0.88, and for PNLT15 R2 = 0.88. PNLT15

and EPNL did very well for data from Test 8. Not surprisingly, none of the level

and tonalness based metrics do well for data from Test 3 (Roughness Test) and Test

7 (Combined Loudness and Roughness Test) where the roughness of the stimuli was

varied over a wide range. TdBA−JNM was calculated by adding the tone penalties

calculated by using Joint Nordic’s method. TdBA − JNM predicted the subjective

responses poorly in most of the seven psychoacoustic tests. Although, both level and
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tonalness was accounted for in TdBA−JNM , its performance did not improve much

over dBA. TdBA−REV , calculated by using the revised penalty scheme described

in Chapter 9, performed better than TdBA − JNM but its performance was still

poorer than Modified Psychoacoustic Annoyance (PAmod). A summary of the R2

values for each of the metrics is given in Table 10.3.

Table 10.3 R2 values for all tests, adjustments optimized for each metric.

Metrics Tests
1 3 4 5 6 7 8 All

dBA 0.87 0.14 0.98 0.22 0.78 0.57 0.63 0.87
dBC 0.66 0.53 0.90 0.15 0.78 0.58 0.36 0.79
SELA 0.85 0.24 0.97 0.05 0.90 0.62 0.63 0.88
SELC 0.62 0.59 0.92 0.16 0.79 0.62 0.31 0.82
N5 0.93 0.50 0.97 0.01 0.79 0.55 0.57 0.83
PNL15 0.91 0.22 0.99 0.17 0.79 0.57 0.77 0.88

PNLT15 0.88 0.02 0.97 0.63 0.78 0.57 0.90 0.88
EPNL 0.85 0.14 0.95 0.49 0.79 0.57 0.90 0.88
TdBA−JNM 0.68 0.00 0.78 0.73 0.78 0.52 0.76 0.86
TdBA−REV 0.81 0.16 0.92 0.90 0.78 0.56 0.76 0.89

PA 0.94 0.89 0.93 0.00 0.92 0.80 0.49 0.86
PAmod 0.94 0.70 0.96 0.84 0.90 0.82 0.81 0.93

10.4 Summary

Several psychoacoustic tests were conducted in this research. By looking at the an-

noyance ratings for the sounds in each tests, it could be hypothesized that subjects

may have used the annoyance scale differently from one test to the other depending

on the variation in the sounds within the particular test. In order to combine results

from multiple tests a method was devised to add a different constant to the annoyance

ratings for each set of test sounds. A tonalness term was added to Zwicker and Fastl’s

Psychoacoustic Annoyance Model and its parameters estimated by iteratively using

the adjusted annoyance ratings from the seven tests, i.e., adjustments were modified

by using the new model and parameters re-estimated. This iteration continued until



212

convergence was achieved. The performance of the model was improved significantly

by incorporating the tonalness term. The performance of this model was better than

any of the other annoyance models or metrics investigated in this research, even

though those metrics included some assessment of tonalness in addition to level.
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Figure 10.8. Adjusted annoyance ratings for sounds in seven psy-
choacoustic tests plotted against: (a) Zwicker’s Loudness (N5), R2

= 0.83; (b) Perceived Noise Level (PNL15), R2 = 0.88; (c) Aver-
age A-weighted SPL (dBA), R2 = 0.87; (d) Average C-weighted SPL
(dBC), R2 = 0.79; (e) A-weighted Sound Exposure Level (SELA),
R2 = 0.88; and (f) C-weighted Sound Exposure Level (SELC), R2 =
0.82. See Figure 10.1 caption for color-coding. See Equation (10.3)
for how dB values were converted to “sones”.
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Figure 10.9. Mean and standard deviation of the estimated mean
of the adjusted annoyance ratings for sounds in seven psychoacous-
tic tests plotted against: (a) Tone-corrected Perceived Noise Level
(PNLT15), R2 = 0.88; (b) Effective Perceived Noise Level (EPNL),
R2 = 0.88; (c) Joint Nordic’s Tone-corrected Average A-weighted
Sound Pressure Level (TdBA − JNM), R2 = 0.86; (d) Joint Nordic
Method based Average A-weighted Sound Pressure Level with revised
tone penalties (TdBA−REV ), R2 = 0.89. See Figure 10.1 caption for
color-coding. See Equation (10.3) for how dB values were converted
to “sones”.
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11. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE

WORK

Research described in this thesis was focused on the development of a deeper under-

standing of how aircraft noise affects annoyance. The ultimate goal was to develop

an annoyance model which could be used to predict aircraft noise induced annoyance

in communities around airports more accurately than that predicted by using the

metrics and or models that are currently used.

In this research several aircraft noise recordings related to take-off, flyover, and

landing operations of jet and propeller types of aircraft were taken at and around sev-

eral airports in the United States of America (USA). By analyzing these recordings,

several aircraft noise characteristics were identified that may influence annoyance.

Several psychoacoustic tests were conducted to examine the effect of noise charac-

teristics such as loudness, sharpness, roughness, fluctuation strength and tonalness

on annoyance ratings of aircraft noise. It was necessary to vary level of one char-

acteristic while levels of others were kept relatively unchanged so that the effect of

that characteristic on aircraft noise annoyance ratings could be identified. Because of

this need, a simulation program was developed in this research to generate realistic

sounding aircraft noise stimuli which were used in the psychoacoustic tests. By using

this program, levels of certain sound attributes could be finely varied while levels of

others left relatively unchanged.

Seven psychoacoustic tests were conducted to examine effects of noise charac-

teristics on aircraft noise ratings when loudness did not vary very much and when

loudness and the noise characteristic under investigation varied simultaneously. An

annoyance model was developed which was based on the results of the psychoacoustic

tests conducted in this research. The annoyance model was a modified version of

Zwicker and Fastl’s Psychoacoustic Annoyance model in which a tonalness term was
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included. In the Modified Psychoacoustic Annoyance, a term that was a function of

Aures’ Tonality and Loudness was used to account for increased annoyance due to the

tonalness of aircraft noise. Performance of the Modified Psychoacoustic Annoyance

Model was compared to the performance of other metrics or models that are currently

used or are candidates for quantifying aircraft noise annoyance. It was found that the

Modified Psychoacoustic Annoyance Model predicted aircraft noise annoyance more

accurately than any of the other models investigated in this research.

11.1 Conclusions

Over the range of sharpness variations, which was little broader than was found in

a set of around 40 aircraft recordings taken at two Florida airports, no significant

contribution to annoyance ratings was found. In this Spectral Balance Test (Test

1), along with Spectral Balance effects on annoyance ratings of aircraft noise, the

relationship between aircraft noise ratings and level-focused metrics was also exam-

ined. Zwicker’s time-varying Loudness exceeded 5% of the time (N5) determined from

30 seconds of the data around peak loudness was found to be a better predictor of

annoyance than any of the other level-focused metrics examined.

Over the range of roughness variations, the range that is typically found in jet

and propeller types of aircraft, there was some evidence of an increase in aircraft

noise annoyance ratings with increases in roughness. It was observed that when

loudness did not vary very much, subjects easily based their annoyance judgments

on the strength of roughness variations. When loudness and roughness both were

varied simultaneously, loudness significantly affected subjects’ annoyance ratings and

roughness affected ratings to a much smaller extent. In this Roughness Test (Test

7), Zwicker’s Psychoacoustic Annoyance and a two term linear regression model that

incorporated measures of both loudness and roughness were found to be better pre-

dictors of annoyance ratings than other metrics examined.
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In a Combined Loudness and Fluctuation Strength Test (Test 6), over the range

of Fluctuation Strength variation, a range that was relatively small but spanned

the values that were found in a set of around 40 aircraft recordings taken at two

Florida airports, no clear evidence of increased annoyance with increases in Fluctua-

tion Strength was observed. Loudness strongly affected subjects’ ratings when both

loudness and fluctuation strength varied simultaneously. Although, no clear evidence

of fluctuation strength affecting subjects’ ratings was found, many of the subjects in

their descriptions of aircraft noise characteristics wrote about variations in level.

Tonalness was found to significantly affect subjects’ annoyance ratings when only

tonalness was varied over a range that was little wider than the range that was found in

a set of around 40 aircraft noise recordings of jet and propeller types of aircraft. Even

when loudness and tonalness varied simultaneously, a strong sensitivity to tonalness

was observed in subjects’ annoyance ratings. Metrics that incorporated measures of

both loudness and tonalness predicted subjects’ responses better than tonalness or

level based metrics alone. Tone corrections or tone penalty factors added to the level

improved the metrics’ performance in predicting annoyance.

From the psychoacoustic tests conducted it was found that loudness is the most

dominant factor and tonalness is the next dominant factor in annoyance due to the

aircraft noise. Roughness was found to contribute slightly to the annoyance. The

importance of tonalness and roughness increased when loudness did not vary very

much. Given the importance of tonalness in annoyance, it is important to include a

measure of tonalness in metrics used to quantify environmental noise impact on com-

munities. None of the metrics or models that are currently used to quantify aircraft

noise annoyance incorporate measures of loudness, tonalness, and roughness together.

A Modified Psychoacoustic Annoyance model developed in this research includes ef-

fects of loudness, tonalness, and roughness together. The Modified Psychoacoustic

Annoyance Model performed very well when compared to the performance of other

annoyance models or metrics that are currently used for quantifying aircraft noise

annoyance.
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11.2 Recommendations for Future Work

Recommendation for future work are listed here.

1. Validation of the Modified Psychoacoustic Annoyance Model: The Modified Psy-

choacoustic Annoyance model was based on a data set that included only very

few examples of sounds with low loudness (N5) and higher tonalness (K5). This

model should be further refined using a much more varied set of signals. In

addition the sounds and the corresponding ratings were all used in the model

development. A follow-on study is required to more fully validate the proposed

model.

2. Cumulative Effects of Aircraft Noise: The studies reported here are related to

responses to single noise events. Living around an airport, people are exposed

to multiple aircraft events each with its own set of sound characteristics. What

is not addressed in this research is how to sum up the cumulative effect of many

individual events. Related to this issue are the noise level and number of events

influences on annoyance, which has been studied previously, see, for example,

(Rice, 1977; Rylander, Björkman, Ahrlin, Sörensen, and Berglund, 1980) and

the results of the ANIS (Brooker, Critchley, Monkman, and Richmond, 1985)

and the ANASE (Masurier, Bates, Taylor, Flindell, Humpheson, Pownall, and

Wolley, 2007) studies in the UK. DNL is based on an energy summation ap-

proach, but how could that approach be used with a metric such as Modified

Psychoacoustic Annoyance that accounts for multiple sound attributes’ influ-

ence on annoyance? Should a Modified Psychoacoustic Annoyance and number

of events approach be adopted. All of these are interesting topics for future

research.

3. Propeller Aircraft Noise Issues: Research described in this thesis was mostly

focused on sound quality issues of jet aircraft noise. Recordings of propeller

aircraft were also taken at the two Florida airports. The recordings were only

used to find the ranges of variation of noise characteristics. These ranges were
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used when the psychoacoustic tests stimuli were generated. While listening to

these recordings in a quite chamber, many characteristics of propeller aircraft

noise for example, roughness and tonalness, were identified as potential con-

tributors to noise annoyance. It will be very interesting to compare the results

of propeller aircraft noise annoyance investigations with the results that are

described in this thesis. Responses to both types of noise should be used to

further refine the Modified Psychoacoustic Annoyance model, in particular, the

tonalness term, so that it is applicable to both jet and propeller aircraft noise.

4. Tokita Nakamura’s Low Frequency Noise Threshold Curve Validation: The low

frequency noise threshold curves developed by Nakamura and Tokita (1981)

were investigated in this research. Five different types of threshold curves de-

veloped by Nakamura and Tokita (1981) were synthesized together and six dif-

ferent regions of low frequency noise sensation such as “Detection”, “Annoying”,

“Displeasing”, “Oppressive/ Detect Vibration”, “Very Annoying/ Displeasing”,

and “Very Oppressive/ Obvious Vibration”, were identified. These synthesized

curves were compared with the low frequency annoyance thresholds and ac-

ceptability limits proposed by many researchers who investigated low frequency

noise problems. The low frequency noise thresholds measured in units of dB

were converted to loudness levels in sones by using three different loudness al-

gorithms, namely, Zwicker’s time-varying, Moore and Glasberg’s time-varying,

and Stevens’ loudness algorithm. On the loudness scales, the detection, annoy-

ance etc. thresholds follow linear trends increasing with increasing frequency

above 25 Hz. No psychoacoustic test with aircraft noise was conducted to val-

idate the synthesized curves for their appropriateness in identifying types of

human reactions to low frequency noise.

5. Rattle and Vibrations: It is well know that a lot of the energy in aircraft noise

is at low frequencies. High levels of low frequency noise can more easily pass

through building structures than high frequency noise, and it can high displace-
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ments resulting in, e.g., rattling of windows and doors and vibration of housing

structures. Collaborative researchers at Purdue University (Robinson, 2007)

investigated the mechanism of rattle and vibrations of housing structures due

to the aircraft noise and produced a handbook (Robinson, Bernhard, and Mon-

geau, 2008). However, increased annoyance due to the rattling of structures and

noise is not yet quantified.
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Appendix A: Test Procedure

Before starting the main test, a subject was asked to read and sign the consent

form approved by Institutional Review Board (IRB Protocol Number: 0503001794).

Then the subject completed a questionnaire about their background and previous

noise exposure. Hearing tests were performed on each subject. The test and hearing

test were conducted in an IAC sound chamber. Each subject’s hearing threshold was

checked in the frequency bands from 125 Hz to 8 kHz by using pure tones at the center

of those bands. Subjects whose hearing threshold was no greater than 20 dB above

the no hearing loss threshold in all of the frequency bands measured were retained

for the test. Subjects who failed the hearing test were given further information

about the hearing clinic at the university where a detailed hearing check-up can be

performed without any cost. Those subjects were paid $5 for participating in the

test. Subjects who passed the hearing test were given the following scenario to read.

Imagine that you are in the garden of your home and that you are sitting down

reading a book or gardening. You will hear the background noise for few seconds

followed by aircraft noise and we would like you to rate the aircraft noise in terms of

how annoying you would imagine it to be in this context. There is no right or wrong

answer; we are just interested in your opinion.

A few test stimuli within each set were used to familiarize the subjects with the

types of sounds that they would rate in the main test. Then a few test stimuli

from each set were used in a practice test for the subjects to get used to the rating

procedure. The tests involving a number of sets of sounds were conducted in series.



232

For each subject, signals within each set were played back in a different random order.

After hearing each sound, subjects were asked to rate the sound on an annoyance

scale which was marked from “Not-at-all annoying” to “Extremely annoying”. The

annoyance scale is shown in Figure A.1. On this scale, some extra space was provided

Figure A.1. Annoyance scale used for rating the test sounds in seven
psychoacoustic tests.

at the beginning and at the end so that the subjects can rate the sounds, which they

think less than “Not-at-all annoying” or more than “Extremely annoying” ratings

they may have given to other sounds in the test. During post-processing of the data

numbers were assigned to the scale; “Not-at-all annoying” was assigned 2, “Extremely

annoying” was assigned 8. After each sound was played, the question, “How annoying

is the sound that you heard?” appeared on the computer screen. Just below the

question, there was the annoyance scale. Subjects moved the slider on the annoyance

scale as per their judgment and clicked “OK” to rate the sound and to start the

play back of next sound. After completing each set, the subject took a mandatory

break of three minutes. During this break, each subject was asked to write down

words or phrases that describe the characteristics of the sounds that they had just
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heard. After completing each stimulus set and writing down the description of the

characteristics of sounds, subjects were asked for overall comments about the test. In

the end, subjects were paid $10 for participating in the test.
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Appendix B: Ordering Effects

Ordering effects analysis was performed on data from seven psychoacoustic tests

conducted in this research. After removing the non-confirming subjects from the

analysis the remaining subjects’ responses were checked for ordering effects. Mental

or physical fatigue is one causes of ordering effects. Another is that subjects may

be learning and adapting their judgements at the start of the test or they may be

acclimatizing to the sounds as the test progresses. In following Figures, the mean of

the responses and individual annoyance responses of each subject were plotted against

the stimulus presentation order. Stimuli were presented in a different random order

for each subject, so the average response for the ith presentation should not differ

significantly from that at other presentation times, if no ordering effects are present.
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Figure B.1. Spectral Balance Test, ordering effects: (a) Thrust Re-
verser Test signals, (b) Set A sounds based on a Beech 1900, (c) Set
B sounds based on a Boeing-757, and (d) Set C sounds based on a
Beech 1900.
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Figure B.2. Roughness Test, ordering effects: (a) Set A sounds based
on an MD-80, and (b) Set B sounds based on an Airbus-310.
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Figure B.3. Combined Spectral Balance and Roughness Test annoy-
ance ratings illustrating any ordering effects that may be present.
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Figure B.4. Combined Spectral Balance and Roughness Test adjective
scale response data: (a) loudness, (b) roughness, (c) sharpness, and
(d) fluctuation ordered by presentation order.
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Figure B.5. Combined Loudness and Tonalness Test annoyance rat-
ings for (a) Set A and (b) Set B ordered by presentation order. Sounds
from both sets were based on an Airbus-310.
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Figure B.6. Combined Loudness and Fluctuation Strength Test an-
noyance ratings: (a) Set A, (b) Set B, and (c) Set C plotted against
presentation order. Sounds from Set A were based on an Airbus-310
and sounds from Set B and Set C were based on an Airbus-320.
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Figure B.7. Combined Loudness and Roughness Test annoyance rat-
ings: (a) Set A and (b) Set B plotted against presentation order.
Sounds from both sets were based on an Airbus-310.
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Figure B.8. Combined Loudness, Tonalness and Roughness Test an-
noyance ratings for (a) Set A and (b) Set B plotted against presen-
tation order. Sounds from Set A were based on an Airbus-310 and
sounds from Set B were based on an Airbus-310, a Boing-757, and an
MD-80 aircraft.
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Appendix C: Metrics Calculated For Test Stimuli

In this appendix, metrics values for the test stimuli that were used in the seven psy-

choacoustic tests are given. The data used in the calculations were from 30 seconds of

the sound around its peak loudness. Some metrics were calculated by using Zwicker’s

time-varying loudness as programmed in the Brüel and Kjær Type 7698 Sound Qual-

ity Package and other metrics were calculated by using MATLAB codes written in

this research or by using MATLAB codes written by collaborative researchers from

Herrick Laboratories of Purdue University.

The notations used for the metrics are given in Table C.1.

Table C.1 Metrics notations and descriptions.

Metrics Notations Metrics Descriptions

N5 Zwicker’s Loudness exceeded 5% of the time
S5 Sharpness exceeded 5% of the time
R5 Roughness exceeded 5% of the time
F5 Fluctuation Strength exceeded 5% of the time
K5 Aures’ Tonality exceeded 5% of the time
PNL5 Perceived Noise Level exceeded 5% of the time
PNLT5 Tone-corrected Perceived Noise Level exceeded 5% of the

time
EPNL Effective Perceived Noise Level
dBA Average A-weighted Sound Pressure Level
dBC Average C-weighted Sound Pressure Level
SELA A-weighted Sound Exposure Level
SELC C-weighted Sound Exposure Level
TNR5 Tone-To-Noise Ratio exceeded 5% of the time
PR5 Prominence Ratio exceeded 5% of the time
Lta5 Tonal Audibility exceeded 5% of the time
TdBA− JNM Joint Nordic’s Tone-corrected Average A-weighted Sound

Pressure Level
TdBA−REV Joint Nordic Method based Average A-weighted Sound

Pressure Level with revised tone penalties
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Table C.2 Metrics for Test A stimuli in the Spectral Balance Test (Test 1).

Metrics Test A Sounds
1A1 1A2 1A3 1A4 1A5

N5 17.47 16.46 16.60 16.26 16.09
S5 0.94 1.21 1.66 1.82 2.00
R5 1.59 1.72 1.89 1.88 2.07
F5 0.76 0.87 0.96 1.00 0.99
K5 0.10 0.05 0.07 0.07 0.08
PNL5 77.54 75.82 75.52 75.10 73.78
PNLT5 79.72 77.88 77.49 75.69 74.72
EPNL 74.83 73.35 73.14 72.78 71.94
dBA 58.92 56.87 55.91 56.21 55.53
SELA 74.14 72.15 70.91 71.41 70.48
dBC 70.41 69.69 69.38 68.99 68.80
SELC 86.18 84.76 84.34 83.87 83.64
TNR5 4.11 2.70 1.77 0.00 0.00
PR5 4.94 4.29 3.65 1.41 1.07
Lta5 5.74 4.32 3.55 1.86 2.91
TdBA−JNM 60.66 57.19 55.91 56.21 55.53
TdBA−REV 60.27 57.82 56.64 56.46 56.08
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Table C.3 Metrics for Test B stimuli in the Spectral Balance Test (Test 1).

Metrics Test B Sounds
1B1 1B2 1B3 1B4 1B5

N5 23.85 22.54 22.17 21.28 20.76
S5 0.98 1.19 1.42 1.68 1.84
R5 1.54 1.52 1.52 1.63 1.65
F5 0.84 0.89 0.93 0.94 0.94
K5 0.22 0.21 0.20 0.18 0.18
PNL5 82.16 80.41 79.59 79.13 79.46
PNLT5 84.83 82.20 81.59 80.87 81.40
EPNL 83.18 81.11 80.08 78.86 78.95
dBA 64.58 62.50 61.30 61.18 61.03
SELA 80.42 78.29 77.06 77.48 77.22
dBC 76.26 74.40 73.37 69.92 69.55
SELC 91.99 90.53 89.20 84.98 84.52
TNR5 2.57 2.32 2.32 2.32 2.32
PR5 8.78 8.99 8.77 8.78 8.78
Lta5 4.75 4.77 4.50 4.51 4.51
TdBA−JNM 65.33 63.27 61.80 61.69 61.54
TdBA−REV 65.65 63.58 62.30 62.18 62.03



244

Table C.4 Metrics for Test C stimuli in the Spectral Balance Test (Test 1).

Metrics Test C Sounds
1C1 1C2 1C3 1C4 1C5

N5 28.84 27.18 27.03 25.84 25.15
S5 1.00 1.28 1.73 1.96 2.17
R5 1.58 1.77 1.97 1.84 1.86
F5 0.88 1.00 1.05 1.07 1.07
K5 0.18 0.17 0.17 0.08 0.09
PNL5 85.96 84.30 83.80 82.55 80.97
PNLT5 87.84 86.08 85.51 83.43 82.10
EPNL 82.75 81.18 80.76 79.99 78.78
dBA 66.42 64.14 62.90 63.47 62.60
SELA 82.24 79.85 78.53 79.04 78.59
dBC 74.63 72.96 72.12 70.60 69.97
SELC 88.87 87.46 89.15 86.40 85.07
TNR5 6.44 6.06 5.70 0.00 0.00
PR5 7.84 7.35 6.83 1.38 0.97
Lta5 9.14 8.47 7.92 0.21 1.86
TdBA−JNM 71.56 68.61 66.82 63.47 62.60
TdBA−REV 68.75 66.27 64.88 63.47 62.85
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Table C.5 Metrics for Test D stimuli in the Spectral Balance Test (Test 1).

Metrics Test D Sounds
1D1 1D2 1D3 1D4 1D5 1D6

N5 3.02 3.89 5.72 7.66 12.33 16.93
S5 1.15 1.13 1.03 0.97 1.08 1.01
R5 0.92 1.05 1.08 0.98 1.63 1.41
F5 0.40 0.40 0.42 0.48 0.78 0.79
K5 0.10 0.14 0.10 0.19 0.17 0.19
PNL5 50.52 53.82 60.45 65.83 70.60 76.60
PNLT5 51.34 55.04 61.80 66.89 71.15 77.47
EPNL 48.61 52.62 61.72 65.23 70.45 74.94
dBA 36.32 39.02 46.64 50.42 58.58 62.41
SELA 51.23 54.20 62.55 66.58 76.53 78.83
dBC 58.95 58.46 60.91 64.03 70.02 67.76
SELC 75.39 73.90 76.49 80.93 85.70 83.61
TNR5 0.00 1.99 5.26 6.62 7.63 4.10
PR5 2.19 3.03 6.75 7.56 13.76 4.34
Lta5 0.60 1.16 6.47 9.52 4.84 5.29
TdBA−JNM 36.32 39.02 49.11 55.94 59.42 63.70
TdBA−REV 36.32 39.07 48.20 52.85 59.68 63.64
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Table C.6 Metrics for Set A stimuli in the Roughness Test (Test 3).

Metrics Set A Sounds
3A1 3A2 3A3 3A4 3A5 3A6 3A7 3A8 3A9

N5 31.87 32.42 32.32 32.28 32.20 32.19 31.97 31.86 31.82
S5 1.34 1.34 1.34 1.35 1.34 1.35 1.35 1.36 1.36
R5 1.48 1.85 1.67 2.43 2.78 3.05 3.19 3.36 3.68
F5 1.10 1.08 1.07 1.08 1.08 1.08 1.07 1.07 1.07
K5 0.21 0.08 0.10 0.08 0.08 0.08 0.08 0.08 0.08
PNL5 86.81 86.46 86.42 86.41 86.44 86.40 86.40 86.42 86.46
PNLT5 87.68 86.58 86.55 86.52 86.49 86.50 86.42 86.44 86.49
EPNL 84.14 83.86 83.74 83.83 83.78 83.86 83.77 83.77 83.80
dBA 67.71 68.16 68.09 68.13 68.13 68.15 68.10 68.11 68.15
SELA 83.24 83.73 83.69 83.70 83.72 83.73 83.73 83.76 83.81
dBC 75.43 75.04 74.95 75.02 74.99 75.06 74.95 74.96 75.00
SELC 91.18 90.91 90.91 90.92 90.66 91.00 90.63 90.65 90.69
TNR5 3.17 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PR5 7.06 1.46 1.47 1.46 1.46 1.44 1.43 0.82 0.69
Lta5 6.44 0.61 0.45 0.54 0.55 0.59 0.47 0.37 0.29
TdBA−JNM 70.15 68.16 68.09 68.13 68.13 68.15 68.10 68.11 68.15
TdBA−REV 69.26 68.16 68.09 68.13 68.13 68.15 68.10 68.11 68.15
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Table C.7 Metrics for Set B stimuli in the Roughness Test (Test 3).

Metrics Set B Sounds
3B1 3B2 3B3 3B4 3B5 3B6 3B7 3B8 3B9

N5 32.37 32.14 32.24 32.11 32.08 32.13 31.78 32.00 31.87
S5 1.30 1.29 1.29 1.29 1.29 1.29 1.30 1.30 1.29
R5 1.57 2.77 2.74 3.00 3.04 3.23 3.40 3.77 3.73
F5 0.87 0.77 0.77 0.77 0.77 0.77 0.78 0.77 0.77
K5 0.22 0.07 0.07 0.09 0.08 0.08 0.06 0.07 0.09
PNL5 85.73 85.12 85.14 85.14 85.14 85.10 85.12 85.15 85.13
PNLT5 87.10 85.65 85.68 85.70 85.67 86.20 85.63 86.28 85.69
EPNL 85.88 85.46 85.49 85.46 85.43 85.61 85.40 85.68 85.40
dBA 68.35 68.57 68.58 68.56 68.52 68.61 68.51 68.68 68.56
SELA 84.80 84.86 84.89 84.85 84.88 84.93 84.90 84.99 84.81
dBC 78.27 77.43 77.43 77.41 77.39 77.47 77.40 77.56 77.42
SELC 93.68 93.28 93.28 93.24 93.23 93.32 93.24 93.41 93.24
TNR5 3.14 3.82 3.97 4.01 3.73 3.77 3.33 3.45 3.89
PR5 6.42 2.83 2.84 2.78 2.76 2.77 2.65 2.65 2.65
Lta5 0.75 4.51 4.74 4.74 4.41 4.57 4.15 4.23 4.59
TdBA−JNM 68.35 69.08 69.32 69.30 68.93 69.18 68.66 68.91 69.15
TdBA−REV 68.35 69.57 69.65 69.63 69.49 69.63 69.41 69.60 69.59
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Table C.8 Metrics for stimuli in the Combined Spectral Balance and
Roughness Test (Test 4).

Metrics Test Signals
4A1 4A2 4A3 4A4 4A5 4A6 4A7 4A8 4A9 4A10

N5 3.02 7.66 17.47 23.85 28.84 31.87 32.28 32.19 31.86 31.82
S5 1.15 0.97 0.94 0.98 1.00 1.34 1.35 1.35 1.36 1.36
R5 0.92 0.98 1.59 1.54 1.58 1.48 2.43 3.05 3.36 3.68
F5 0.40 0.48 0.76 0.84 0.88 1.10 1.08 1.08 1.07 1.07
K5 0.10 0.19 0.10 0.22 0.18 0.21 0.08 0.08 0.08 0.08
PNL5 50.52 65.83 77.54 82.16 85.96 86.81 86.41 86.40 86.42 86.46
PNLT5 51.34 66.89 79.72 84.83 87.84 87.68 86.52 86.50 86.44 86.49
EPNL 48.61 65.23 74.83 83.18 82.75 84.14 83.83 83.86 83.77 83.80
dBA 36.32 50.42 58.92 64.58 66.42 67.71 68.13 68.15 68.11 68.15
SELA 51.23 66.58 74.14 80.42 82.24 83.24 83.70 83.73 83.76 83.81
dBC 58.95 64.03 70.41 76.26 74.63 75.43 75.02 75.06 74.96 75.00
SELC 75.39 80.93 86.18 91.99 88.87 91.18 90.92 91.00 90.65 90.69
TNR5 0.00 6.62 4.11 2.57 6.44 3.17 0.00 0.00 0.00 0.00
PR5 2.19 7.56 4.94 8.78 7.84 7.06 1.46 1.44 0.82 0.69
Lta5 0.60 9.52 5.74 4.75 9.14 6.44 0.54 0.59 0.37 0.29
TdBA−JNM 36.32 55.94 60.66 65.33 71.56 70.15 68.13 68.15 68.11 68.15
TdBA−REV 36.32 52.85 60.27 65.65 68.75 69.26 68.13 68.15 68.11 68.15
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Table C.9 Metrics for Set A stimuli in the Combined Loudness and
Tonalness Test (Test 5).

Metrics Set A Sounds
5A1 5A2 5A3 5A4 5A5 5A6 5A7 5A8 5A9 5A10 5A11

N5 32.25 32.10 32.13 32.13 32.16 31.71 31.94 31.82 31.78 31.53 31.40
S5 1.26 1.26 1.26 1.26 1.26 1.27 1.28 1.29 1.31 1.32 1.33
R5 1.88 1.90 1.92 1.97 1.90 2.02 1.95 1.75 1.78 1.73 1.57
F5 0.77 0.77 0.78 0.79 0.79 0.84 0.87 0.88 0.91 0.94 0.96
K5 0.01 0.04 0.08 0.11 0.13 0.20 0.24 0.26 0.32 0.37 0.40
PNL5 85.45 85.37 85.70 86.09 86.43 87.03 87.33 87.38 87.50 87.55 87.45
PNLT5 86.55 86.45 86.42 86.90 87.45 88.54 89.06 89.20 89.56 89.76 89.71
EPNL 85.90 85.79 85.86 85.95 86.09 86.66 87.02 87.18 87.55 87.90 88.09
dBA 68.70 68.63 68.69 68.75 68.82 68.92 69.13 69.18 69.39 69.59 69.73
SELA 85.16 85.10 85.20 85.13 85.30 84.37 84.82 84.92 85.26 85.70 85.53
dBC 78.07 77.97 77.93 77.86 77.74 77.08 76.71 76.52 75.97 75.54 75.34
SELC 94.26 94.17 94.17 94.15 94.07 93.02 92.83 92.68 92.18 91.74 91.93
TNR5 0.00 1.07 6.75 9.90 12.10 15.93 17.13 17.78 18.72 19.63 20.38
PR5 0.00 1.47 5.75 8.83 11.15 15.90 18.08 18.95 21.23 23.09 24.07
Lta5 0.00 2.86 8.80 12.17 14.40 18.19 19.86 20.79 22.45 23.58 24.84
TdBA−JNM 68.70 68.63 73.49 74.75 74.82 74.92 75.13 75.18 75.39 75.59 75.73
TdBA−REV 68.70 69.16 70.92 71.94 72.65 73.83 74.52 74.83 75.39 75.59 75.73
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Table C.10 Metrics for Set B stimuli in the Combined Loudness and
Tonalness Test (Test 5).

Metrics Set B Sounds
5B1 5B2 5B3 5B4 5B5 5B6 5B7 5B8 5B9 5B10 5B11

N5 36.99 28.40 35.08 30.31 33.12 31.71 30.99 33.60 28.93 35.18 26.89
S5 1.26 1.26 1.26 1.26 1.26 1.27 1.28 1.29 1.30 1.32 1.33
R5 1.83 2.02 1.85 1.99 1.93 2.02 1.92 1.81 1.77 1.76 1.60
F5 0.78 0.77 0.78 0.79 0.79 0.84 0.87 0.88 0.91 0.94 0.95
K5 0.01 0.04 0.08 0.11 0.13 0.20 0.24 0.26 0.32 0.37 0.40
PNL5 87.74 83.38 87.15 85.14 86.90 87.03 86.84 88.25 86.03 89.29 84.98
PNLT5 88.82 84.42 87.90 85.96 87.92 88.54 88.57 90.08 88.09 91.51 87.24
EPNL 88.17 83.78 87.32 85.00 86.57 86.66 86.53 88.05 86.07 89.65 85.61
dBA 70.85 66.73 70.07 67.85 69.28 68.92 68.66 70.03 67.95 71.29 67.33
SELA 87.31 83.19 86.59 84.22 85.76 84.37 84.34 85.76 83.83 87.40 83.12
dBC 80.22 76.06 79.32 76.95 78.20 77.08 76.24 77.36 74.54 77.24 72.93
SELC 96.41 92.26 95.56 93.24 94.53 93.02 92.35 93.52 90.75 93.44 89.52
TNR5 0.00 1.09 6.75 9.90 12.13 15.93 17.15 17.78 18.73 19.63 20.39
PR5 0.00 1.48 5.75 8.83 11.15 15.90 18.08 18.95 21.23 23.12 24.08
Lta5 0.00 2.81 8.80 12.17 14.41 18.19 19.89 20.79 22.45 23.60 24.84
TdBA−JNM 70.85 66.73 74.87 73.85 75.28 74.92 74.66 76.03 73.95 77.29 73.33
TdBA−REV 70.85 67.25 72.30 71.04 73.11 73.83 74.06 75.68 73.95 77.29 73.33
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Table C.11 Metrics for Set A stimuli in the Combined Loudness and
Fluctuation Strength Test (Test 6).

Metrics Set A Sounds
6A1 6A2 6A3 6A4 6A5

N5 32.23 32.24 32.20 32.08 32.03
S5 1.26 1.26 1.26 1.26 1.26
R5 2.12 2.02 2.09 2.04 2.06
F5 0.78 0.86 0.97 1.10 1.15
K5 0.09 0.09 0.09 0.09 0.10
PNL5 86.13 86.13 86.04 85.98 85.94
PNLT5 86.94 86.94 86.84 86.78 86.75
EPNL 85.91 85.95 85.96 85.97 86.00
dBA 68.68 68.73 68.68 68.66 68.64
SELA 82.63 82.66 82.59 82.53 82.48
dBC 77.92 77.93 77.85 77.78 77.74
SELC 94.08 94.35 94.28 94.29 94.28
TNR5 3.18 4.64 4.51 4.62 4.64
PR5 4.03 4.19 4.19 4.20 4.37
Lta5 5.44 5.67 5.65 4.32 4.09
TdBA−JNM 70.12 70.40 70.33 68.98 68.73
TdBA−REV 69.95 70.06 70.01 69.61 69.52
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Table C.12 Metrics for Set B stimuli in the Combined Loudness and
Fluctuation Strength Test (Test 6).

Metrics Set B Sounds
6B1 6B2 6B3 6B4 6B5

N5 32.41 32.30 32.35 32.37 32.28
S5 1.20 1.20 1.20 1.20 1.20
R5 2.03 2.00 2.08 2.15 2.13
F5 0.79 0.80 0.91 1.02 1.11
K5 0.13 0.13 0.13 0.14 0.14
PNL5 85.33 85.27 85.27 85.27 85.21
PNLT5 87.08 87.50 87.02 87.02 87.46
EPNL 87.55 87.50 87.45 87.48 87.49
dBA 70.17 70.12 70.09 70.08 70.03
SELA 84.39 84.33 84.27 84.25 84.07
dBC 79.00 78.95 78.91 78.90 78.83
SELC 94.96 94.95 94.86 94.91 94.89
TNR5 10.21 10.37 10.95 11.14 11.29
PR5 11.35 11.49 12.07 12.27 12.40
Lta5 12.94 13.16 13.89 14.07 12.63
TdBA−JNM 76.17 76.12 76.09 76.08 76.03
TdBA−REV 73.58 73.59 73.77 73.81 73.35
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Table C.13 Metrics for Set C stimuli in the Combined Loudness and
Fluctuation Strength Test (Test 6).

Metrics Set C Sounds
6C1 6C2 6C3 6C4 6C5 6C6 6C7 6C8 6C9

N5 27.26 27.25 27.14 32.41 32.35 32.28 37.58 37.49 37.37
S5 1.20 1.20 1.20 1.20 1.20 1.20 1.20 1.19 1.20
R5 2.02 2.12 2.18 2.03 2.08 2.13 1.96 2.07 2.16
F5 0.78 0.90 1.09 0.79 0.91 1.11 0.79 0.92 1.13
K5 0.13 0.13 0.14 0.13 0.13 0.14 0.13 0.13 0.14
PNL5 82.50 82.46 82.37 85.33 85.27 85.21 87.77 87.70 87.62
PNLT5 84.25 84.21 84.60 87.08 87.02 87.46 89.52 89.45 89.89
EPNL 84.70 84.65 84.61 87.55 87.45 87.49 90.00 89.89 89.91
dBA 67.46 67.40 67.32 70.17 70.09 70.03 72.50 72.41 72.34
SELA 81.68 81.59 81.36 84.39 84.27 84.07 86.72 86.59 86.37
dBC 76.29 76.22 76.12 79.00 78.91 78.83 81.33 81.23 81.14
SELC 92.25 92.17 92.18 94.96 94.86 94.89 97.29 97.18 97.20
TNR5 10.21 10.95 11.28 10.21 10.95 11.29 10.21 10.95 11.30
PR5 11.34 12.07 12.39 11.35 12.07 12.40 11.35 12.08 12.40
Lta5 12.94 13.89 12.63 12.94 13.89 12.63 12.94 13.89 12.63
TdBA−JNM 73.46 73.40 73.32 76.17 76.09 76.03 78.50 78.41 78.34
TdBA−REV 70.87 71.08 70.64 73.58 73.77 73.35 75.91 76.09 75.66
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Table C.14 Metrics for Set A stimuli in the Combined Loudness and
Roughness Test (Test 7).

Metrics Set A Sounds
7A1 7A2 7A3 7A4 7A5 7A6 7A7 7A8 7A9 7A10 7A11

N5 24.91 24.94 24.93 24.95 24.91 24.89 24.92 24.96 24.92 24.89 24.86
S5 1.26 1.26 1.26 1.27 1.27 1.27 1.27 1.28 1.28 1.28 1.28
R5 2.20 2.35 2.38 2.49 2.84 2.96 3.17 3.27 3.35 3.41 3.52
F5 0.76 0.76 0.75 0.76 0.75 0.75 0.76 0.76 0.76 0.76 0.76
K5 0.11 0.11 0.11 0.11 0.11 0.10 0.10 0.10 0.10 0.10 0.10
PNL5 82.00 81.99 81.98 81.99 81.94 81.93 81.95 81.98 81.96 81.94 81.92
PNLT5 82.81 82.80 82.78 82.79 82.73 82.71 82.72 82.75 82.72 82.70 82.67
EPNL 81.93 81.98 81.97 82.00 81.95 81.96 82.01 82.06 82.06 82.06 82.07
dBA 64.96 64.97 64.96 64.99 64.97 64.98 65.02 65.08 65.08 65.08 65.09
SELA 81.42 81.43 81.43 81.45 81.42 81.76 81.79 81.83 81.82 81.81 81.79
dBC 74.21 74.22 74.22 74.25 74.23 74.24 74.29 74.35 74.35 74.35 74.35
SELC 90.05 90.06 90.06 90.09 90.07 90.07 90.37 90.42 90.42 90.43 90.44
TNR5 7.65 7.36 7.22 6.99 6.52 6.24 5.81 5.44 5.15 4.87 4.57
PR5 6.35 6.33 6.32 6.29 6.32 6.35 6.39 6.44 6.48 6.50 6.54
Lta5 8.50 8.33 8.25 8.12 7.82 7.64 7.36 8.47 8.35 8.23 8.10
TdBA−JNM 69.46 69.30 69.21 69.11 68.79 68.62 68.38 69.55 69.43 69.31 69.19
TdBA−REV 67.10 67.06 67.03 67.02 66.92 66.88 66.84 67.21 67.18 67.15 67.12
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Table C.15 Metrics for Set B stimuli in the Combined Loudness and
Roughness Test (Test 7).

Metrics Set B Sounds
7B1 7B2 7B3 7B4 7B5 7B6 7B7 7B8 7B9 7B10 7B11

N5 21.72 18.70 22.45 21.94 23.40 24.89 26.48 28.37 32.62 27.41 28.20
S5 1.26 1.28 1.27 1.27 1.27 1.27 1.27 1.26 1.26 1.27 1.28
R5 2.25 3.46 2.63 3.28 3.09 2.96 2.84 2.58 2.23 3.21 3.36
F5 0.75 0.75 0.75 0.75 0.75 0.75 0.76 0.76 0.76 0.76 0.76
K5 0.11 0.10 0.11 0.10 0.10 0.10 0.10 0.10 0.11 0.10 0.10
PNL5 79.74 77.34 80.26 79.90 80.94 81.93 82.95 84.07 86.36 83.50 83.95
PNLT5 80.55 78.09 81.06 80.67 81.71 82.71 83.74 84.87 87.17 84.27 84.71
EPNL 79.68 77.41 80.25 79.97 80.98 81.96 82.97 84.10 86.38 83.58 84.08
dBA 62.81 60.66 63.34 63.08 64.04 64.98 65.94 66.98 69.16 66.53 67.00
SELA 79.28 77.38 79.80 79.83 80.81 81.76 82.39 83.45 85.62 83.29 83.74
dBC 72.07 69.93 72.60 72.35 73.31 74.24 75.20 76.24 78.42 75.79 76.27
SELC 87.91 86.01 88.44 88.42 89.39 90.07 91.03 92.08 94.25 91.87 92.34
TNR5 7.29 4.81 6.78 5.39 5.95 6.24 6.51 7.04 7.49 5.67 5.09
PR5 6.32 6.50 6.29 6.44 6.38 6.35 6.31 6.30 6.34 6.41 6.48
Lta5 8.29 8.20 7.99 7.01 7.46 7.64 7.82 8.14 8.40 7.26 8.32
TdBA−JNM 67.10 64.86 67.33 66.09 67.50 68.62 69.76 71.12 73.56 69.79 71.32
TdBA−REV 64.89 62.72 65.34 64.80 65.89 66.88 67.89 69.02 71.27 68.32 69.09
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Table C.16 Metrics for Set A stimuli in the Combined Loudness,
Tonalness, and Roughness Test (Test 8).

Metrics Set A Sounds
8A1 8A2 8A3 8A4 8A5 8A6 8A7 8A8 8A9

N5 26.95 27.03 27.03 27.01 26.95 26.98 27.02 27.04 26.97
S5 1.59 1.69 1.87 1.60 1.73 1.89 1.62 1.72 1.88
R5 1.65 1.66 1.52 2.34 2.30 2.30 3.32 3.19 3.26
F5 0.79 0.89 0.98 0.79 0.91 0.98 0.79 0.90 0.98
K5 0.01 0.23 0.42 0.01 0.26 0.43 0.01 0.23 0.41
PNL5 83.24 85.04 86.46 83.32 85.41 86.46 83.45 85.30 86.42
PNLT5 83.90 89.03 91.47 83.98 89.78 91.50 84.02 89.48 91.38
EPNL 82.67 84.88 86.54 82.75 85.34 86.56 83.06 85.42 86.56
dBA 64.60 64.50 65.10 64.70 64.60 65.10 64.80 64.80 65.10
SELA 78.83 78.67 79.31 78.89 78.76 79.33 79.04 78.88 79.35
dBC 70.90 69.50 67.90 71.00 69.20 67.80 71.00 69.60 68.10
SELC 85.51 84.12 81.88 85.61 83.75 81.90 85.64 84.15 82.24
TNR5 0.00 8.46 14.94 0.00 9.67 13.70 0.00 7.62 11.90
PR5 0.00 9.46 16.69 0.00 11.05 16.54 0.00 9.96 15.99
Lta5 0.00 10.85 18.91 0.00 12.15 18.00 0.00 10.47 15.84
TdBA−JNM 64.60 70.50 71.10 64.70 70.60 71.10 64.80 70.80 71.10
TdBA−REV 64.60 67.31 70.22 64.70 67.79 69.96 64.80 67.51 69.34
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Table C.17 Metrics for Set B stimuli in the Combined Loudness,
Tonalness, and Roughness Test (Test 8).

Metrics Set B Sounds
8B1B 8B1M 8B2A 8B3B 8B4A 8B4M 8B5M 8B6B 8B7A 8B8M 8B9A 8B9B

N5 15.97 15.98 19.96 24.66 26.96 27.00 33.77 22.50 29.12 31.86 35.99 35.96
S5 1.56 1.64 1.67 1.55 1.60 1.57 1.57 1.58 1.67 1.61 1.91 1.61
R5 2.36 2.43 1.94 1.63 2.67 2.60 1.72 3.20 2.97 2.87 2.11 2.10
F5 0.86 0.85 0.88 0.79 0.79 0.91 0.90 0.88 0.84 0.91 1.08 0.92
K5 0.34 0.34 0.21 0.25 0.01 0.01 0.10 0.38 0.17 0.29 0.42 0.42
PNL5 74.84 74.86 79.94 81.41 83.32 83.24 86.87 80.77 85.51 85.98 90.89 88.71
PNLT5 76.17 75.22 83.71 82.37 83.98 83.59 87.23 82.32 88.87 86.32 95.89 90.44
EPNL 75.94 73.02 79.93 82.01 82.75 80.30 83.95 82.34 85.72 84.04 91.07 90.31
dBA 57.90 56.50 59.80 64.10 64.70 64.20 67.70 63.80 65.80 67.30 69.50 71.50
SELA 72.52 70.04 73.98 78.58 78.90 78.24 81.73 78.18 79.96 80.97 83.70 85.93
dBC 63.30 60.70 65.00 69.90 71.00 68.20 71.80 68.70 71.30 71.50 72.30 75.90
SELC 78.09 74.52 79.67 84.45 85.61 82.76 86.20 83.46 85.96 85.45 86.37 90.71
TNR5 12.86 12.91 7.47 11.26 0.00 0.00 0.74 11.79 5.20 11.73 13.99 15.01
PR5 13.33 14.50 8.61 11.09 0.00 0.00 5.41 14.35 6.79 12.59 16.26 14.90
Lta5 15.58 14.90 9.83 13.65 0.00 0.00 1.83 15.88 6.98 13.85 18.15 19.40
TdBA−
JNM

63.90 62.50 65.63 70.10 64.70 64.20 67.70 69.80 68.78 73.30 75.50 77.50

TdBA−
REV

62.07 60.47 62.32 67.71 64.70 64.20 67.94 68.05 67.51 70.97 74.40 76.76
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Appendix D: Software Programs Written In MATLAB

The programs written in MATLAB for simulating the aircraft noise and for calculating

various metrics from the sounds used in psychoacoustic tests are given below.

D.1 Aircraft Noise Simulation

A software program based on the algorithm described in Chapter 5 was written in

MATLAB to simulate aircraft noise. Aircraft noises based on original recordings of

several aircraft, for example, Airbus-310, Airbus-320, Boing-757, and MD-80 etc. were

simulated. By using this program we were able to vary levels of one or several noise

characteristics while keeping the levels of other characteristics relatively unchanged.

D.1.1. Main Program

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% THIS PROGRAM IS THE MAIN PROGRAM FOR SIMULATING AIRCRAFT NOISE WITH
%%% ROUGHNESS CONTROL

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% DATE: 2006
%%% AUTHOR: SHASHIKANT MORE, HERRICK LABS, PURDUE UNIVERSITY
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%% THIS PROGRAM CALLS THE FOLLOWING FUNCTIONS
%%% 1. [y,fs,nbits] = wavread(fname)
%%% 2. [y, err] = calibrate(y,SPLwant)
%%% 3. [yr] = FUNC_RANDOMPART(fname,y,fs,nbits,SPLwant,R)
%%% 4. [yall] = FUNC_CREATE_TONEFAMILY_BASE(fs,yduration)
%%% 5. [yrtg] = FUNC_GROUNDEFFECTS_BASE(fname,y,fs,nbits,SPLwant,yrt)
%%% 6. [T,F,Pxx_dB] = TimeFreq(y,fs,overlap,LOGSPACE)
%%% 7. [yshashi] =
%%% FUNC_ROUGHNESSCNT_BASE(fname,yrtg,fs,nbits,ENL,CutStart)
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% CONSTANTS
TSF = 2.81; %%% TONE SCALING FACTOR
ENL = 3.05; %%% ROUGHNESS CONTROL FACTOR
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% BASE SOUND
fname = ’170_Ch1_52.0dB_464Hz_50sone.wav’; %%% ORIGINAL AIRCRAFT NOISE
%%% RECORDING FILE NAME
SPLwant = 81; %%% AVERAGE UN-WEIGHTED SOUND PRESSURE LEVEL OF ORIGINAL
%%% RECORDING
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% CREATE RANDOM PART
%%% READ THE .WAV FILE
[y,fs,nbits] = wavread(fname);
%%% CALIBRATE THE AVERAGE UN-WEIGHTED SPL
[y, err] = calibrate(y,SPLwant);
T = 60; %%% TIME LENGTH OF THE ORIGINAL RECORDING
t = 0:1/fs:10*T-1/fs; %%% TIME VECTOR
%%% WHITE NOISE (NORMALLY DISTRIBUTED NOISE WITH MEAN = 0 AND STANDARD
%%% DEVIATION = 1)
R = randn(size(t));
%%% CALL FUNCTION FOR SIMULATING RANDOM PART OF AIRCRAFT NOISE USING WHITE
%%% NOISE
[yr] = FUNC_RANDOMPART(fname,y,fs,nbits,SPLwant,R);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% CREATE DOPPLER SHIFTED TONE FAMILY
%%% CALL TONE FAMILY SIMULATING FUNCTION
[yall] = FUNC_CREATE_TONEFAMILY_BASE(fs,60);
yall = yall * TSF; %%% SCALE THE TONE FAMILY
yrt = yr + yall’; %%% ADD THE TONE FAMILY TO THE PREVIOUSLY CREATED RANDOM
%%% NOISE COMPONENT
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% GROUND REFLECTIONS
%%% CALL GROUND EFFECT SIMULATING FUNCTION
[yrtg] = FUNC_GROUNDEFFECTS_BASE(fname,y,fs,nbits,SPLwant,yrt);
TimeFreq(yrtg,fs,50,’yes’); %%% TIME-FREQUENCY SPECTROGRAM OF THE SIMULATED
%%% AIRCRAFT NOISE
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% ROUGHNESS CONTROL
CutStart = 1; %%% TIME FROM WHERE THE TEST STIMULI TIME HISTORY STARTS WITH
%%% TOTAL DURATION OF 42 SECONDS
%%% CALL ROUGHNESS CONTROL FUNCTION
[yshashi] = FUNC_ROUGHNESSCNT_BASE(fname,yrtg,fs,nbits,ENL,CutStart);
%%% yshashi IS THE SIMULATED AIRCRAFT NOISE WITH ROUGHNESS VARIED
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
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D.1.1.1. Calibrate the Signal

% Copyright 2003 Aaron Hastings, Ray W. Herrick Laboratories and Purdue University
% This program is distributed WITHOUT ANY WARRANTY; without even the implied warranty of
% MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE
% Syntax:
% [ycal, err]=calibrate(y,SPLwant)
% Methodology:
% Determine SPL of uncalibrated signal
% Determine correction coefficient
% Variables:
% INPUT
% y = Time Vector (Pascals)
%
% WORKING
% Pref = Reference Pressure (Pascals)
% RMS = RMS of Time Vector
% SPLcalc = SPL calculated
% SPLwant = SPL which the sound should have
% c = Calibration Coefficient
% ycal = Calibrated Time Vector
%
% OUTPUT
% ycal = calibrated time vector
% err = Value for an error return
% 0 = No error
% 1 = Unkown error

% Author: Aaron Hastings, Herrick Labs, Purdue University
% Date Started: 15 July 00
% Last Revision: 29 Nov 01 --> Changed name of some variables
% Status: No Known Bugs

function[ycal, err]=calibrate(y,SPLwant)

%% Begin function

err=1;
Pref = 20e-6; %% Ref Pressure
RMS=sqrt(mean(y.^2)); %% RMS
SPLcalc=20*log10(RMS/Pref); %% SPLmax as calculated by Matlab
disp([10,’The RMS SPL, calculated as SPLmax=20*log10(RMS(y)/Pref), is: ’...

num2str(SPLcalc)]);
%SPLwant=input(’Please enter the RMS SPL as determined during the measurment ’);
c=10^((SPLwant-SPLcalc)/20);
ycal=c*y;
err=0;
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D.1.1.2. Time-Frequency Spectrogram

function [T,F,Pxx_dB] = TimeFreq(y,fs,overlap,LOGSPACE)
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% THIS PROGRAM IS USED TO PLOT A TIME-FREQUENCY SPECTROGRAM

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% DATE: 2006
%%% AUTHOR: SHASHIKANT MORE, HERRICK LABS, PURDUE UNIVERSITY
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%% INPUT:
%%% y: TIME HISTORY OF ORIGINAL RECORDING
%%% fs: SAMPLING RATE
%%% Overlap: %OVERLAP OF THE TWO SEGMENTS
%%% LOGSPACE: FREQUENCY AXIS OF THE SPECTROGRAM CAN BE CONVERTED FROM
%%% LINEAR TO LOG AXIS

%%% OUTPUT:
%%% T: TIME VECTOR
%%% F: FREQUENCY VECTOR
%%% Pxx_dB: POWER SPECTRAL DENSITY IN dB
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
dBref = 20*log10(20e-6);
%%% PSD E LEVEL
segl =0.5;% Nfft/fs;
N = length(y);
% Nblock = round(Nfft/fs*fs); % Number of samples per record.
Nblock = round(segl*fs); % Number of samples per record.
Nstep = round(Nblock*(1-overlap/100)); % Step size
Nrec = floor((N-Nblock)/Nstep) + 1; % Number of records

w = hann(Nblock);
ptable = zeros(Nblock, Nrec);
for k = 0:Nrec-1

ptable(:,k+1) = y(k*Nstep+1:k*Nstep+Nblock);
end

NFFT=4096;
for ink=1:size(ptable,2)
[Yxx,F] = psd(ptable(:,ink),NFFT,fs,NFFT,1/2*NFFT);
Yxx=2*Yxx/NFFT; %% Scale to get the power spectrum correct
Pxx(:,ink)=Yxx;
end

T = segl/2 + (0:Nrec-1)*Nstep/fs;
Pxx_dB = 10*log10(abs(Pxx)) - dBref;

YT = 0:1000:14000;
XT = 0:5:60;
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figure
surf(T,F,Pxx_dB,’EdgeColor’,’none’);
shading interp

axis xy;
axis tight;
caxis([0 80]);

colormap(jet);
view(0,90);
colorbar;

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
if (LOGSPACE == ’yes’);

set(gca,’yscale’,’log’);
set(gca,’YTick’,logspace(0,4,5));
axis([0 (length(y)/fs) 10 10000]);

end
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
if (LOGSPACE == ’no ’);

axis([0 (length(y)/fs) 10 7000]);
set(gca,’YTick’,YT);

end
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
set(gca,’XTick’,XT);
xlabel(’Time - seconds’);
ylabel(’Frequency - Hz’);
vivid(20,1.5);
% print(gcf,’-djpeg’,[fname_e(1:end-4) ’_spect.jpeg’]);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
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D.1.2. Random Noise Component

function [yshashi] = FUNC_RANDOMPART(fname,yact,fs,nbits,R)
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% THIS PROGRAM IS USED TO SIMULATE THE RANDOM NOISE COMPONENT OF AIRCRAFT
%%% NOISE

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% DATE: 2006
%%% AUTHOR: SHASHIKANT MORE, HERRICK LABS, PURDUE UNIVERSITY
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%% INPUT:
%%% fname: SOUND FILE NAME
%%% yact: TIME HISTORY OF ORIGINAL RECORDING
%%% fs: SAMPLING RATE
%%% nbits: NUMBER OF BITS
%%% R: WHITE NOISE

%%% OUTPUT:
%%% yshashi: RANDOM NOISE COMPONENT OF THE SIMULATED AIRCRAFT NOISE
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% Program for N% overlap
dBref=20*log10(20e-6);
pref=20e-6;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
t=0:1/fs:(length(yact)/fs)-(1/fs);
T=length(yact)/fs; % Total time history (length in seconds)
del=1/fs;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% Input the following information
st= 0;
en=60;
segl=0.2; %%% Segment Length
tlead=0.1; %%% Filters are changing every after tlead seconds
Nfft=512; %%% Enter filter length (IMPORTANT: No of averages, Navg > 5.5,
%%% i.e. (segl*fs)/Nfft > 5.5)
Navg=(segl*fs)/Nfft; %%% No of averages
Overlap=((segl-tlead)/segl)*100; %%% Filters are generated with %Overlap
%%% of time segments
disp([’Segment length for filter design = ’ num2str(segl) ’s’]);

disp([’Next filter design every after ’ num2str(tlead) ’s’]);
disp([’Number of filter points = ’ num2str(Nfft)]);
disp([’Number of averages = ’ num2str(Navg)]);
disp([’Percent Overlap = ’ num2str(Overlap)]);

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
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%%% SEGMENTING THE TIME HISTORY AND USING METHOD-2 FIR FILTER DESIGN TO
%%% SIMULATE RANDOM PART FROM EACH BASE SEGMENT
Start=st:tlead:en;
Start(1)=1/fs;
End=Start+segl;
ind=find(End > en);
End(ind)=en;

for ii=1:(length(Start)-1)

t1 = Start(ii);%input(’Enter Start Time = ’);
t2 = End(ii);%input(’Enter End Time = ’);

y = yact(round(t1*fs):round(t2*fs)-1);

[hn] = Method2_FilterDesign(y,fs,Nfft);
hn1(ii,:)=hn;
end
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% CONNECTING ALL THE NEWLY CREATED SEGMENTS USING LONG CONVOLUTION
%%% ALGORITHM
WHITE_NOISE=exist(’R’);

if (WHITE_NOISE == 0)
T=en-st;
t=0:1/fs:10*T-1/fs;
R = randn(size(t));
end

[yshashi] = LongConv_SegAdd(segl,Overlap,st,en,fs,Nfft,hn1,R);

yshashi=yshashi(1,((en-st)*fs+1):end);

yshashi=yshashi((Nfft/2)+1:end-(Nfft/2-1));
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
SF = max(yshashi) + 0.5;
wavwrite(yshashi/SF,fs,nbits,[’.\RandPartSound\’ fname(1:3) ’_fltlen’ ...

num2str(N) ’_sglen’ num2str(segl) ’_tld’ num2str(tlead) ’_SF’ ...
num2str(SF) ’.wav’]);

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%



265

D.1.2.1. Finite Impulse Response (FIR) Filter Design

function [hn] = Method2_FilterDesign(y,fs,Nfft)
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% THIS PROGRAM IS USED TO CREATE THE FINITE IMPULSE RESPONSE FILTER BANK

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% DATE: 2006
%%% AUTHOR: SHASHIKANT MORE, HERRICK LABS, PURDUE UNIVERSITY
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%% INPUT:
%%% y: TIME HISTORY OF ORIGINAL RECORDING
%%% fs: SAMPLING RATE
%%% Nfft: NUMBER OF FFT POINTS

%%% OUTPUT:
%%% hn: IMPULSE RESPONSE OF THE FIR FILTER
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
del=1/fs;
dBref=20*log10(20*10^(-6));
[Pyy,F] = pwelch(y,Nfft,1/2*Nfft,Nfft,fs);
psdBx = 10*log10(Pyy)-dBref;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
tr = 0:del:(length(y)/fs)-del;
R = randn(1,length(tr));
[Pxx,F] = pwelch(R,Nfft,1/2*Nfft,Nfft,fs);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
H0=sqrt(Pyy./Pxx)’;

%%% Conjugate of the first half of the PSD
ii=length(H0);
for n=1:length(H0)-2;
H1(n)=H0(ii-n);
end

%%% Augmented PSD and its conjugate
H=[H0 H1];

%%% Observe the modified FRF
f=(0:Nfft-1)*fs/Nfft;
% figure
% plot(f,(H));
% grid on
% xlabel(’Frequency - Hz’);
% ylabel(’Magnitude’);
% vivid(14,1.5);
% print(gcf,’-djpeg’,’Fig1.jpeg’);
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%%% Inverse Fourier Transform
ht=(real(ifft(H)));

%%% Rearrengment and examination of the impulse response function (must
%%% decay at the ends)
hn=ifftshift(ht);
w=hann(length(hn));
hn=hn.*w’;

N=-(length(hn))/2:(length(hn)-1)/2;
t=N*del;

%%% Observe Impulse Response Function
% figure
% plot(t, real(hn));
% grid on
% xlabel(’Time - seconds’);
% ylabel(’Amplitude (units)’);
% vivid(14,1.5);
% print(gcf,’-djpeg’,’Fig2.jpeg’);

Hsf=fft(hn,Nfft*4);
f1=(0:Nfft*4-1)*fs/(Nfft*4);

% figure
% plot(f1,abs(Hsf));
% grid on
% hold on
% plot(f,real(H),’r’);
% xlabel(’Frequency - Hz’);
% ylabel(’Magnitude’);
% vivid(14,1.5);
% print(gcf,’-djpeg’,’Fig3.jpeg’);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
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D.1.2.2. Overlapping and Adding Segments

function [yshashi] = LongConv_SegAdd(segl,Overlap,st,en,fs,Nfft,hn1,R)
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% THIS PROGRAM IS USED TO ADD SEGMENTS AND CREATE AIRCRAFT NOISE SIGNAL

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% DATE: 2006
%%% AUTHOR: SHASHIKANT MORE, HERRICK LABS, PURDUE UNIVERSITY
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%% INPUT:
%%% segl: SEGMENT LENGTH
%%% Overlap: %OVERLAP OF THE TWO SEGMENTS
%%% st: STARTING TIME
%%% en: END TIME
%%% fs: SAMPLING RATE
%%% Nfft: NUMBER OF FFT POINTS
%%% hn1: FIR FILTER BANK
%%% R: WHITE NOISE

%%% OUTPUT:
%%% yshashi: TIME HISTORY OBTAINED AFTER ADDING ALL THE SEGMENTS CREATED BY
%%% USING FIR FILTER BANK
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
Nseg=segl*fs;
nh2=Nfft/2;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
NFFT=2^18;%length(hn)+length(R)-1;
yshashi=zeros(1,((en-st)*fs+(Nfft-1)));
for j=1:(length(hn1(:,1)))
nd=((j-1)*Nseg:(j*Nseg)-1);
xnd=R(1,nd(1)+1:nd(end)+1);
Xnd=fft(xnd,NFFT); % Fourier Transform on xn
Hn=fft(hn1(j,:),NFFT);%length(t)); % Fourier Transform on yn
Yd=Xnd.*(Hn);
ynnd=real(ifft((Yd)));%Inverse Fourier transform of the product
Kd=((j-1)*Nseg-nh2):((j*Nseg-1)+(nh2-1));
ynd=ynnd(1,1:length(Kd));
yshashi=[yshashi(1,1:end-(Nfft-1)- (Nseg*(Overlap/100))) ...

((yshashi(1,end-(Nfft-1)-(Nseg*(Overlap/100))+1:end)) ...
+ (ynd(1,1:(Nfft-1)+Nseg*(Overlap/100)))) ...
ynd(1,(Nfft)+(Nseg*(Overlap/100)):end)];

end
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
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D.1.3. Doppler Shifted Tones

function [yall] = FUNC_CREATE_TONEFAMILY_BASE(fs,yduration)
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% THIS FUNCTION IS USED TO CREATE TONE FAMILY

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% DATE: 2006
%%% AUTHOR: SHASHIKANT MORE, HERRICK LABS, PURDUE UNIVERSITY
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%% INPUT
%%% fs = SAMPLING RATE
%%% yduration = TIME DURATION OF THE ORIGINAL RECORDING

%%% OUTPUT
%%% yall: TIME HISTORY OF THE TONE FAMILY

%%% VARIABLES:
%%% DIR_NAME: DIRECTORY IN WHICH EACH .MAT FILE CONTAINS TIME-FREQUENCY
%%% INFORMATION OF EACH INDIVIDUAL TONE FROM THE ORIGINAL RECORDING
%%% Tname: NAME OF THE .MAT FILE
%%% yall: TIME HISTORY OF THE TONE FAMILY
%%% cwd: CURRENT DIRECTORY
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
cwd = pwd;
dt = 1/fs;
T = 0:dt:yduration-dt;
yall=zeros(1,size(T,2));
DIR_NAME = [’C:\Documents and Settings\VibhaShashi\My Documents\’ ...
’Research\I_Drive\T8_NKR_June2009\SoundSimulation\Step2_ToneFamily\’ ...
’ToneHist_IndTone_170’];
cd(DIR_NAME);

DirectoryPath=’.\’;

DirectoryContents=dir([DirectoryPath ’*.mat’]);

for ink=1:size(DirectoryContents,1)
Tname=DirectoryContents(ink,1).name(:)’;
disp([Tname]);
cd(cwd);
[yy,TT] = FUNC_INDIVIDUAL_TONE_BASE170(Tname,DIR_NAME);
cd(DIR_NAME);
yall = yall + yy;

end
cd(cwd);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
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D.1.3.1. Individual Tones

function [yy,TT] = FUNC_INDIVIDUAL_TONE_BASE(Tname,DIR_NAME)
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% THIS FUNCTION IS USED TO CREATE THE TIME HISTORY OF INDIVIDUAL TONES IN
%%% THE TONE FAMILY

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% DATE: 2006
%%% AUTHOR: SHASHIKANT MORE, HERRICK LABS, PURDUE UNIVERSITY
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%% INPUT
%%% Tname: NAME OF THE .MAT FILE
%%% DIR_NAME: DIRECTORY IN WHICH EACH .MAT FILE CONTAINS TIME-FREQUENCY
%%% INFORMATION OF EACH INDIVIDUAL TONE FROM THE ORIGINAL RECORDING

%%% OUTPUT
%%% yy: TIME HISTORY OF INVIDUAL TONES
%%% TT: TIME VECTOR
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
cwd = pwd;
dBref=20*log10(20e-6);
pref=20e-6;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
fname=’170_Ch1_52.0dB_464Hz_50sone.wav’;
[y,fs,nbits]=wavread(fname);
SPLwant = 81;
[y,err]=calibrate(y,SPLwant);
del=1/fs;
Nfft=8192;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% LOAD TONE TIME HISTORY
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% MAPPED TONE USING GINPUT
cd(DIR_NAME);
load(Tname);
cd(cwd);
Tf = Tg;
Ft = Fg;
clear Tg Fg TN;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
T=Tf(1):del:Tf(end)-del;
[yy]= Tone_TimeHist_Randomize_ToneFreqAmp_Spline(Tf,Ft,y,fs);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
TT = 0:del:length(y)/fs - del;
IND1 = find(TT >= T(1));
IND1 = IND1(1);
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IND2 = find(TT <= T(end));
IND2 = IND2(end);
Tnew = TT(IND1:IND2);
YY = interp1(T,yy,Tnew,’spline’,’extrap’);

AA = zeros(1,IND1-1);
BB = zeros(1,length(IND2+1:length(TT)));
yy = [AA YY BB];

clear AA BB YY;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
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D.1.3.2. Tone Time History and Randomization of Its Frequency and Amplitude

function [yy]= Tone_TimeHist_Randomize_ToneFreqAmp_Spline(Tf,Ft,y,fs)
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% THIS FUNCTION IS USED TO CREATE THE TIME HISTORY OF INDIVIDUAL TONES
%%% AND THEIR FREQUENCY AND AMPLITUDE ARE RANDOMIZED TO MAKE THEM MORE
%%% REALISTIC

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% DATE: 2006
%%% AUTHOR: SHASHIKANT MORE, HERRICK LABS, PURDUE UNIVERSITY
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%% INPUT
%%% Tf: TIME VECTOR OF THE TONE
%%% Ft: FREQUENCY VECTOR OF THE TONE
%%% y: TIME HISTORY OF ORIGINAL RECORDING
%%% fs: SAMPLING RATE

%%% OUTPUT
%%% yy: TIME HISTORY OF INVIDUAL TONES
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
dBref=20*log10(20*10^(-6));
pref=20e-6;
Nfft=8192;
del=1/fs;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% TIME-FREQUENCY SPLINE FIT
dta = Nfft/(10*fs);
TT=Tf(1):dta:Tf(end);
fn=spline(Tf,Ft,TT);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% AMPLITUDE MAPPING
%%% Aircraft Noise Amplitude from spectrogram
[B,F,T1]=specgram(y,Nfft,fs,hann(Nfft),3/4*Nfft);
Wcomp=sum(hann(Nfft).^2)/Nfft; % Window compensation
P = 2*(abs(B).^2)/(Nfft*fs);
P=P/Wcomp;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
for ii=1:length(TT)

indt= find(T1 <= TT(ii));
INDT(ii)=indt(end);

indf= find(F <= fn(ii));
INDF(ii)=indf(end);

AsqByTwo1 = sum(P(INDF(ii)-2:INDF(ii)+2,INDT(ii)))*fs/Nfft;
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ScFact1(ii) = sqrt(2*AsqByTwo1);
end

T=Tf(1):del:(Tf(end))-del; % Time vector with sampling frequency ’fs’
At=spline(TT,ScFact1,T);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
clear(’B’,’F’,’T1’,’P’,’indt’,’indf’,’INDT’,’INDF’,’ScFact1’,’f’,’Pxx_dB’);
close all;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% CREATE TONE
N = 9;
TN=[(1+zeros(1,length(T)))’];
for ii=1:N+2

TN=[TN T.^(ii)’];
end
clear(’T’);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
Ptf = polyfit(TT,fn,N);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
for ii=1:N+1
PTF(ii)=Ptf((N+2)-ii)/ii;
end
PHI=PTF*TN(:,2:N+2)’;
clear(’TN’);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% RANDOMIZE TONE FREQUENCY AND AMPLITUDE
Q = 1; %%% PERCENT VARIATION IN FREQUENCY
q = Q/100;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% GENERATE NOISE WITH UNIFORM DISTRIBUTION FOR FREQUENCY VARIATION
%%% CONTROL
t=Tf(1):del:(Tf(end))-del; % Time vector with sampling frequency ’fs’
Nt = ((rand(1,2*size(t,2)))-0.5)*2;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% LOW-PASS BUTTERWORTH FILTER
%%% Filtered Uniform Noise for Frequency Variation Control
fcut = 25; %%% CUT-OFF FREQUENCY
N = 4; %%% FILTER ORDER
%%% Design Butterworth filter
[b,a]=butter(N,fcut/(fs/2),’low’);
%%% Filter the signal
nt = filter(b,a,Nt);
nt = nt(size(t,2)+1:2*size(t,2));
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
clear(’t’);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% INTERGRATE nt
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Pn = zeros(1, size(nt,2));
for ink = 2:size(Pn,2)

Pn(ink) = Pn(ink - 1) + (del/2) * nt(ink) + (del/2)*(nt(ink-1));
end
gamma = (q .* 100) / (max(abs(nt)));
yy = (At .* sin((2*pi*PHI) + (gamma .* Pn)));
close all;
clear(’PHI’);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
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D.1.4. Ground Reflections

function [yshashi] = FUNC_GROUNDEFFECTS_BASE(fname,y,fs,nbits,SPLwant,xn)
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% THIS PROGRAM IS USED TO INTRODUCE GROUND REFLECTIONS IN TONE FAMILY
%%% ADDED RANDOM NOISE COMPONENT OF AIRCRAFT NOISE

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% DATE: 2006
%%% AUTHOR: SHASHIKANT MORE, HERRICK LABS, PURDUE UNIVERSITY
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%% INPUT:
%%% fname: ORIGINAL RECORDING NAME
%%% y: TIME HISTORY OF ORIGINAL RECORDING
%%% fs: SAMPLING RATE
%%% nbits: NUMBER OF BITS
%%% SPLwant: SPL which the sound should have
%%% xn: TIME HISTORY OF TONE FAMILY ADDED RANDOM NOISE COMPONENT

%%% OUTPUT:
%%% yshashi: TIME HISTORY OF SIMULATED AIRCRAFT NOISE SIGNAL WITH TONE
%%% FAMILY AND GROUND REFLECTIONS

%%% VARIABLES:
%%% Start: TIME VALUE OF THE START OF GROUND REFLECTION EFFECTS
%%% End: TIME VALUE OF THE END OF GROUND REFLECTION EFFECTS
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
dBref=20*log10(20e-6);
pref=20e-6;
del=1/fs;
Nfft=8192;
Start=15;
End=37;
clear y;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% LOADING MAPPED GROUND EFFECTS
load(’170_GE301.19Hz_T15.11to44.89s_TFHist.mat’);

Tg1=Tg;
Fg1=Fg;

load(’170_GE901.63Hz_T14.60to45.14s_TFHist.mat’);

Tg2=Tg;
Fg2=Fg;

load(’170_GE1095.68Hz_T14.79to45.27s_TFHist.mat’);
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Tg3=Tg;
Fg3=Fg;

figure
plot(Tg1,Fg1,’-or’);grid on
hold on
plot(Tg2,Fg2,’-dg’);
plot(Tg3,Fg3,’-<b’);
xlabel(’Time - seconds’);
ylabel(’Frequency - Hz’);
title(’MAPPED GROUND EFFECTS’);
vivid(16,1.5);
% print(gcf,’-djpeg’,[’.\T8_NKR\’ fname(1:end-4) ’_MAPPED_GE.jpeg’]);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% SPLINE MAPPED GROUND EFFECTS
% Ts = 4+st:0.1:45+st;
Ts = Start:0.1:End;

Fgs1 = spline(Tg1,Fg1,Ts);
Fgs2 = spline(Tg2,Fg2,Ts);
Fgs3 = spline(Tg3,Fg3,Ts);

figure
plot(Tg1,Fg1,’-or’);grid on
hold on
plot(Tg2,Fg2,’-dg’);
plot(Tg3,Fg3,’-<b’);
plot(Ts,Fgs1,’k’);
plot(Ts,Fgs2,’k’);
plot(Ts,Fgs3,’k’);
xlabel(’Time - seconds’);
ylabel(’Frequency - Hz’);
title(’SPLINE TO MAPPED GROUND EFFECTS’);
vivid(16,1.5);
% print(gcf,’-djpeg’,[’.\T8_NKR\’ fname(1:end-4) ’_SPLINE_GE.jpeg’]);

clear(’Ts’,’Fgs1’,’Fgs2’,’Fgs3’);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% POLYNOMIAL FITTING TO MAPPED GROUND EFFECTS
stg=Start;
eng=End;
T=stg:del:eng-del;
N=6; %%% Polynomial order for Frequency POLYNOMIAL FIT

Ptf1=polyfit(Tg1,Fg1,N); % TIME-FREQUENCY POLY FIT COEFFICIENTS
Fgp1=polyval(Ptf1,T);

Ptf2=polyfit(Tg2,Fg2,N); % TIME-FREQUENCY POLY FIT COEFFICIENTS
Fgp2=polyval(Ptf2,T);
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Ptf3=polyfit(Tg3,Fg3,N); % TIME-FREQUENCY POLY FIT COEFFICIENTS
Fgp3=polyval(Ptf3,T);

figure
plot(Tg1,Fg1,’-or’);grid on
hold on
plot(Tg2,Fg2,’-dg’);
plot(Tg3,Fg3,’-<b’);
plot(T,Fgp1,’k’);
plot(T,Fgp2,’k’);
plot(T,Fgp3,’k’);
xlabel(’Time - seconds’);
ylabel(’Frequency - Hz’);
title(’POLY FIT MAPPED GROUND EFFECTS’);
vivid(16,1.5);
% print(gcf,’-djpeg’,[’.\T8_NKR\’ fname(1:end-4) ’_POLYFIT_GE.jpeg’]);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% AVERAGE FREQUENCY DIFFERENCE
close all;

FD=[(Fgp2-Fgp1);(Fgp3-Fgp2)];

fd = mean(FD,1);

figure
plot(T,fd);grid on
xlabel(’Time - seconds’);
ylabel(’Frequency - Hz’);
title(’POLY FIT AVG. GROUND EFFECT’);
vivid(16,1.5);
% print(gcf,’-djpeg’,[’.\T8_NKR\’ fname(1:end-4) ’_POLYFIT_AVG_GE.jpeg’]);
clear(’Fgp1’,’Fgp2’,’Fgp3’,’FD’);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% TIME DELAY
td = 1./fd;

p = round(td.*fs);

tdr = p./fs;

figure
orient tall;
subplot(2,1,1)
plot(T,td);grid on
hold on
plot(T,tdr,’r’);
xlabel(’Time - seconds’);
ylabel(’Time Delay - seconds’);
title(’TIME DELAY’);
vivid(16,1.5);
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% print(gcf,’-djpeg’,[’.\T8_NKR\’ fname(1:end-4) ’_TIME_DELAY_GE.jpeg’]);

subplot(2,1,2)
plot(T,p);grid on
hold on
xlabel(’Time - seconds’);
ylabel(’Sample Delay’);
title(’SAMPLE DELAY’);
vivid(16,1.5);
% print(gcf,’-djpeg’,[’.\T8_NKR\’ fname(1:end-4) ’_SAMPLE_DELAY_GE.jpeg’]);
close all;

clear(’td’,’tdr’,’fd’);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% SAMPLE DELAY TIME HISTORY
[xn] = FUNC_VAR_SIZE_CHANGE(xn);

[xn,err]=calibrate(xn,SPLwant);

gamma=0.2;

Xn = xn(stg*fs:eng*fs-1);

n=1:length(p);
ink=stg*fs+n;
ind=ink-p(n);
yn= Xn + gamma * xn(ind);

clear(’n’,’ink’,’ind’,’T’);

yshashi = [xn(1:stg*fs)’ yn’ xn(((length(yn)/fs)+stg)*fs+1:end)’];
[yshashi,err]=calibrate(yshashi,SPLwant);

clear(’xn’,’Xn’,’p’,’yn’);

% TimeFreq_linear(yshashi,fs,50);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
return
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D.1.5. Roughness Control

function [yshashi] = FUNC_ROUGHNESSCNT_BASE(fname,y,fs,nbits,ENL,CutStart)
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% THIS FUNCTION IS USED TO VARY THE ROUGHNESS OF THE AIRCRAFT NOISE BY
%%% INTENSIFYING THE FAST FLUCTUATIONS IN LOUDNESS

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% DATE: 2009
%%% AUTHOR: SHASHIKANT MORE, HERRICK LABS, PURDUE UNIVERSITY
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%% INPUT
%%% fname: SOUND FILE NAME
%%% y: TIME HISTORY OF ORIGINAL RECORDING
%%% fs: SAMPLING RATE
%%% nbits: NUMBER OF BITS
%%% ENL: LOUDNESS TIME HISTORY ENLARGEMENT FACTOR
%%% CutStart: STARTING TIME FOR CREATING PSYCHOACOUSTIC TEST SIGNAL WITH
%%% DURATION OF 42 SECONDS

%%% OUTPUT
%%% yshashi: TIME HISTORY PSYCHOACOUSTIC TEST SIGNAL WITH ROUGHNESS VARIED
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
FONT = 20;
LW = 1.5;
LEGEND = 10;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% GLOBAL VARIABLE DEFINITION
pref=20e-6;
XT1 = 0; XT2 = 60; YN1= 5; YN2 = 70;SF = 15;MARKER = 5;
LoudTimeDelay = 1;
twin=0.05;
treso = 0.004;
Nper = 1; %%% LOUDNESS EXCEEDED PERCENT OF TIME
segl = 1;
tlead = 0.12;
Overlap=((segl-tlead)/segl)*100; %%% Overlap of time segments
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% FILTER CHARACTERISTICS
aa = 0.9;
bb = 8;
N = 32;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% LOUDNESS FLUCTUATION INFORMATION FROM ORIGINAL LOUDNESS TIME HISTORY
AircraftNum = ’170’;
Lfname = ’170_Ch1_52.0dB_464Hz_50sone_Simu_SF15_LT.m’;
LT = load(Lfname);
Ld = LT(:,3);
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T = LT(:,2);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% LOUDNESS CONSIDERATION
Lst = round(T(1)+LoudTimeDelay);
Len = round(T(end)-LoudTimeDelay);
Ist=find(T == Lst);
Ien=find(T == Len);
T = T(Ist:Ien);
Ld = Ld(Ist:Ien);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
fs = 1/treso;
Window = fs*twin; %%% ’twin’ seconds window for moving average
yout = MovingAve(Ld,Window);yout=yout’;
Resd = Ld - yout;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% FREQ ANALYSIS
del = 1/fs;
NFFT = length(Resd);
f = (0:NFFT-1)*fs/NFFT;
Y1 = fft(Resd,NFFT);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% FIRPM FILTER DESIGN
F=[0 30 50 90 110 fs/2]/(fs/2); %%% FILTER DESIGN 1
A=[aa aa bb bb aa aa];
b = firpm(N,F,A);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% FREQUENCY RESPONSE OF FIRPM FILTER
nfft = 1024;
B = fft(b,nfft);
ff = (0:nfft-1)*fs/nfft;

XT = 0:10:(fs/2);
figure
plot(F*(fs/2),A);hold on;grid on;
plot(ff(1:(nfft/2)+1),abs(B(1:(nfft/2)+1)),’r’);hold on;grid on;
axis([0 fs/2 min(abs(B))-0.1 max(abs(B))+0.1]);
set(gca,’XTick’,XT);
xlabel(’Frequency - Hz’);
ylabel(’|H|’);
set(gca,’XTick’,XT);
LG=legend(’Ideal’,’firpm Design’,2);
vivid(18,1.5);
set(LG,’FontSize’,14);
% print(gcf,’-djpeg’,[’FIRPM_Filter_FreqResp.jpeg’]);
clear B ff;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% PERFORM CONVOLUTION USING THE IMPULSE RESPONSE OBTAINED FROM THE
%%% FIRPM FILTER DESIGN
Resd_filt=conv(Resd,b);
Resd_filt=Resd_filt((N/2)+1:end-(N/2));
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Yfilt = fft(Resd_filt,NFFT);
Ld1 = yout + Resd_filt;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
XT = 0:10:fs/2;
figure
plot(f(1:(NFFT+1)/2),abs(Y1(1:(NFFT+1)/2))/NFFT);hold on;grid on;
plot(f(1:(NFFT+1)/2),abs(Yfilt(1:(NFFT+1)/2))/NFFT,’r’);hold on;grid on;
axis([0 fs/2 0 2.5]);
LG = legend(’Actual’,’Filtered’);
xlabel(’Frequency - Hz’);
ylabel(’X_{k}/N’);
axis([0 fs/2 0 ((max(abs(Yfilt)))/NFFT)+0.1]);
set(gca,’XTick’,XT);
vivid(18,1.2);
set(LG,’FontSize’,10);
% print(gcf,’-djpeg’,[Lfname(1:end-2) ’_ActFilt_Resd_FR.jpeg’]);

figure
plot(T,Resd_filt,’r’);hold on;grid on;
plot(T,Resd);hold on;grid on;
LG = legend(’Filtered’,’Actual’);
xlabel(’Time - seconds’);
ylabel(’Loudness - sones’);
axis([XT1 XT2 min(Resd_filt)-0.5 max(Resd_filt)+0.5]);
vivid(18,1.2);
set(LG,’FontSize’,10);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% close all;
NFFT = 8192;
f = (0:NFFT-1)*fs/NFFT;
YLd = fft((Ld-mean(Ld)),NFFT);
YLd1 = fft((Ld1-mean(Ld1)),NFFT);

figure
orient tall
subplot(3,1,1)
plot(T,Ld1,’-g’);hold on;grid on;
plot(T, Ld);hold on;grid on;
MA = plot(T,yout,’r’);hold on;grid on;
LG = legend(’Ndes’,’Nact’,’Navg’);
xlabel(’Time - seconds’);
ylabel(’Loudness - sones’);
axis([XT1 XT2 min(Ld1)-1 max(Ld1)+1]);
vivid(18,1);
set(MA,’LineWidth’,2);
set(LG,’FontSize’,10);

XT = 0:10:fs/2;
subplot(3,1,2)
plot(f(1:(NFFT)/2),abs(YLd1(1:(NFFT)/2))/NFFT,’g’);hold on;grid on;
plot(f(1:(NFFT)/2),abs(YLd(1:(NFFT)/2))/NFFT,’b’);hold on;grid on;
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LG = legend(’Ndes’,’Nact’);
xlabel(’Frequency - Hz’);
ylabel(’X_{k}/N’);
axis([0 fs/2 0 ((max(abs(YLd1)))/NFFT)+0.5]);
set(gca,’XTick’,XT);
vivid(18,1);
set(LG,’FontSize’,10);

XT = 0:10:fs/2;
subplot(3,1,3)
plot(f(1:(NFFT)/2),abs(YLd1(1:(NFFT)/2))/NFFT,’g’);hold on;grid on;
plot(f(1:(NFFT)/2),abs(YLd(1:(NFFT)/2))/NFFT,’b’);hold on;grid on;
LG = legend(’Ndes’,’Nact’);
xlabel(’Frequency - Hz’);
ylabel(’X_{k}/N’);
axis([0 fs/2 0 0.25]);
set(gca,’XTick’,XT);
vivid(18,1);
set(LG,’FontSize’,10);
% print(gcf,’-djpeg’,[Lfname(1:end-2) ’_LTandFR.jpeg’]);
clear YLd YLd1;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
figure
Y1 = plot(T,Ld1,’-g’);hold on;grid on;
plot(T, Ld);hold on;grid on;
MA = plot(T,yout,’r’);hold on;grid on;
LG = legend(’Ndes’,’Nact’,’Navg’);
xlabel(’Time - seconds’);
ylabel(’Loudness - sones’);
axis([XT1 XT2 YN1 YN2]);
vivid(18,1);
set(MA,’LineWidth’,2);
set(LG,’FontSize’,10);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
clear t Start End
clear y1 yout f Yfilt
clear LT H
clear Resd Resd_filt
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
Namp = Ld1./Ld;

XT = 0:5:60;
figure
orient tall;
subplot(3,1,1)
plot(T,Ld1,’g’);hold on;grid on;
xlabel(’Time - seconds’);
ylabel(’Loudness - sones’);
% set(gca,’XTick’,XT);
axis([XT1 XT2 0 70]);
vivid(18,1);
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subplot(3,1,2)
plot(T,Namp,’-r’);hold on;grid on;
xlabel(’Time - seconds’);
ylabel(’Loudness Scale’);
% set(gca,’XTick’,XT);
axis([XT1 XT2 min(Namp)-0.01 max(Namp)+0.01]);
vivid(18,1);

subplot(3,1,3)
plot(T,Ld,’b’);hold on;grid on;
xlabel(’Time - seconds’);
ylabel(’Loudness - sones’);
% set(gca,’XTick’,XT);
axis([XT1 XT2 0 70]);
vivid(18,1);
% print(gcf,’-djpeg’,[Lfname(1:end-2) ’_Ndes_Namp_Nact.jpeg’]);

% close all;
clear Namp;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
st=T(1);
en=T(end);
dt = 1/fs;
Delay = -0.005;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% load([’170_Ch1_52.0dB_464Hz_50sone_Simu_SF15_Segl1s_Incre0.12s_NP1’ ...
% ’_FiltAmp40_NumLev10_Nact_Ndes_Kscale_serv.mat’]);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
y1 = y(round((st-Delay)*fs):round((en-Delay)*fs)-1);
clear y;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
st=0;
en=length(y1)/fs;
Start=st:tlead:en;
Start(1)=1/fs;
End=Start+segl;
ind=find(End > en);
End(ind)=en;
Tseg=((segl/2):tlead:T(end)-(segl/2))+LoudTimeDelay;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% COMPUTE THE SCALING FACTORS FOR SIGNAL TIME HISTORY
Num_Lev = 10;
a = 0.1;
b = 4;
tsec = 1;
for ii= 1:(length(Start)-(ceil(segl/tlead)))

t1 = Start(ii);%input(’Enter Start Time = ’);
t2 = End(ii);%input(’Enter End Time = ’);
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% LOUDNESS RANGE FOR THE CURRENT SEGMENT (t1 TO t2 SECONDS)
if (ii == 1)

t11 = 1;
t22 = t11 + segl;

t111 = num2str(t11,’%6.2f’);
t11 = str2num(t111);

t222 = num2str(t22,’%6.2f’);
t22 = str2num(t222);

else
t11 = (t1 + LoudTimeDelay);
t22 = (t2 + LoudTimeDelay);

t111 = num2str(t11,’%6.2f’);
t11 = str2num(t111);

t222 = num2str(t22,’%6.2f’);
t22 = str2num(t222);

end
IND1 = find(T == t11);
IND2 = find(T == t22);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
Nact_Range = Ld(IND1:IND2);
Nact_min = min(Nact_Range);
Nact_max = max(Nact_Range);
Nact_Lev = linspace(Nact_min,Nact_max,Num_Lev);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
Ndes_Range = Ld1(IND1:IND2);
Ndes_min = min(Ndes_Range);
Ndes_max = max(Ndes_Range);
Ndes_Lev = linspace(Ndes_min,Ndes_max,Num_Lev);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% yseg = y1(round(t1*fs):round(t2*fs)-1);
yseg = y1(round(t1*fs):round(t2*fs)-1);

X = 0;Y=0;KK=0;
for ink = 1:length(Nact_Lev)

Nscl_act = Nact_Lev(ink);
[yscl_act,K_act] = N_Scaling_RoughnessVersion_Nact_Ndes_K_ver2(yseg ...

,fs,Nscl_act,0,a,b,Nper,tsec);
for chalk = 1:length(Ndes_Lev)

disp([’SEGMENT: ’ num2str(t11) ’ to ’ num2str(t22) ’ seconds’]);
Nscl_des = Ndes_Lev(chalk);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
[ynew,K_des(ink,chalk)] = ...

N_Scaling_RoughnessVersion_Nact_Ndes_K_ver2 ...
(yscl_act,fs,Nscl_des,0,a,b,Nper,tsec);

x(chalk) = Nscl_act;
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y(chalk) = Nscl_des;
kk(chalk) = K_des(ink,chalk);

end
X = [X x];
Y = [Y y];
KK = [KK kk];

end
X = X(2:end);
Y = Y(2:end);
KK = KK(2:end);
Nact_Lev_Seg(ii,:)=X;
Ndes_Lev_Seg(ii,:)=Y;
ScaleFact_Seg(ii,:)=KK;
Tseg1(ii,:)= Tseg(ii) .* ones(1,length(Nact_Lev_Seg(1,:)));

end
toc
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% COMPUTE THE COEFFICIENTS OF THE SURFACE FIT
X = 0; Y = 0; Tz = 0; KK = 0;
for ink = 1:length(Nact_Lev_Seg(:,1))

X = [X Nact_Lev_Seg(ink,:)];
Y = [Y Ndes_Lev_Seg(ink,:)];
Tz = [Tz Tseg1(ink,:)];
KK = [KK ScaleFact_Seg(ink,:)];

end
X = X(2:end);
Y = Y(2:end);
Tz = Tz(2:end);
KK = KK(2:end);

clear Nact_Lev_Seg Ndes_Lev_Seg Tseg1 ScaleFact_Seg
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% THREE VARIABLE
ORD = 2;
[a,Kp,Rsq]=FUNC_2D_SurfacePlot_Nact_Ndes_Time_K(X,Y,Tz,KK,ORD);

I1 = find(T == min(Tz));
I2 = find(T == max(Tz));
Nactf = Ld(I1:I2);
Ndesf = Ld1(I1:I2);
Tf = T(I1:I2);

for ink=1:length(Nactf)
[Ks(ink)]=FUNC_3Variable_ScaleFact(Nactf(ink),Ndesf(ink),Tf(ink),a,ORD);

end

clear X Y Z Tz KK Kp Nactf Ndesf;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% FILTER DESIGN FOR ENLARGING THE SCALING FACTORS
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fs = 250;
N = 32;
aa=1;
bb = ENL;
A=[aa aa bb bb aa aa];
F=[0 45 65 75 95 fs/2]/(fs/2); %%% FILTER DESIGN 4
b = firpm(N,F,A);
nfft = 1024;
B = fft(b,nfft);
ff = (0:nfft-1)*fs/nfft;

XT = 0:10:(fs/2);
figure
plot(F*(fs/2),A);hold on;grid on;
plot(ff(1:(nfft/2)+1),abs(B(1:(nfft/2)+1)),’r’);hold on;grid on;
% axis([0 fs/2 aa-0.1 bb+0.1]);
set(gca,’XTick’,XT);
xlabel(’Frequency - Hz’);
ylabel(’|H|’);
set(gca,’XTick’,XT);
LG=legend(’Ideal’,’firpm Design’,2);
vivid(18,1.5);
set(LG,’FontSize’,10);
print(gcf,’-djpeg’,[fname(1:end-4) ’_FiltEnlSF_aa’ num2str(aa) ’_bb’ ...

num2str(bb) ’.jpeg’]);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% SCALING FACTORS PRE-PROCESSING
DC = mean(Ks);
Ks1e= Ks-DC;
Ks1e=conv(Ks1e,b);
Ks1e=Ks1e((N/2)+1:end-(N/2));
Ks1e = Ks1e + DC;

NFFT = length(Ks);
f = (0:NFFT-1)*fs/NFFT;
Y1 = fft((Ks-mean(Ks)),NFFT);
Yfilt = fft((Ks1e-mean(Ks1e)),NFFT);

figure
plot(f(1:(NFFT+1)/2),abs(Yfilt(1:(NFFT+1)/2))/NFFT,’r’);hold on;grid on;
plot(f(1:(NFFT+1)/2),abs(Y1(1:(NFFT+1)/2))/NFFT);hold on;grid on;
axis([0 fs/2 0 max(abs(Yfilt)/NFFT)+0.01]);
LG = legend([’Enl SF ’ num2str(bb) ’ times’],’Initial SF’);
xlabel(’Frequency - Hz’);
ylabel(’X_{k}/N’);
vivid(18,1.2);
set(LG,’FontSize’,10);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% RESAMPLING
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
p = 441000;
q = 250;
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Ks11 = Ks1e(1:end-1);
Ksr = resample(Ks11,p,q);
N1 = zeros(1,length(Ksr));
for ii=10:10:length(N1)
N1(ii) = 1;
end

Ksr = Ksr .* N1;
clear N1 Ks11;
IKsr = find(Ksr ~= 0);
Ksr = Ksr(IKsr);
clear IKsr;

NFFT = length(Ksr);
fs = 44100;
f = (0:NFFT-1)*fs/NFFT;
YKsr = fft((Ksr-mean(Ksr)),NFFT);

figure
plot(f(1:NFFT/2+1),abs(YKsr(1:NFFT/2+1))/NFFT);hold on;grid on;
xlabel(’Frequency - Hz’);
ylabel(’X_{k}/N’);
TIT = title([’FFT of Time History Scaling Factors, Enlargement ’ num2str(bb)]);
axis([0 125 0 max(abs(YKsr)/NFFT)+(max(abs(YKsr)/NFFT))*0.1]);
vivid(18,1.5);
set(TIT,’FontSize’,10);
% print(gcf,’-djpeg’,[fname(1:end-4) ’_FFT_SclFact_ScEnl’ num2str(bb) ’.jpeg’]);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
dt = 1/44100;
tt=Tf(1):dt:Tf(end)-dt;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
I = find(Ksr <= 0);
for ii = 1:length(I)

Ksr(I(ii)) = 0.0001;
end
tt(I);
clear I;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
figure
plot(tt(1:2502676),Ksr(1:2502676),’r’);hold on;grid on;
xlabel(’Time - seconds’);
ylabel(’Scaling Factor’);
TIT = title([’Time History of Scaling Factors, Enlargement ’ num2str(bb)]);
XT = 0:5:60;
set(gca,’XTick’,XT);
axis([0 60 -0.5 2.5]);
vivid(18,0.5);
set(TIT,’FontSize’,10);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
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fs = 44100;
Delay = -0.005;
dt = 1/44100;
tt=Tf(1):dt:Tf(end)-dt;
y1 = y(round((tt(1)-Delay)*fs):round((tt(end)-Delay)*fs));
yshashi = y1’ .* Ksr;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% CREATE 42 SECONDS SEGMENTS
CutEnd = CutStart + 42;
y1 = y1(CutStart*fs+1:CutEnd*fs);
yshashi = yshashi(CutStart*fs+1:CutEnd*fs);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
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D.2 Sound Exposure Level

function [LAmax,SEL] = FUNC_SEL_CALCULATION(DBA,T)
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% THIS PROGRAM IS USED FOR CALCULATING SOUND EXPOSURE LEVELS
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% DATE: 2008
%%% AUTHOR: SHASHIKANT MORE, HERRICK LABS, PURDUE UNIVERSITY
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% INPUT
%%% DBA: VECTOR OF A-WEIGHTED SOUND PRESSURE LEVELS
%%% T: TIME VECTOR

%%% OUTPUT
%%% LAmax: MAXIMUM A-WEIGHTED SOUND PRESSURE LEVEL
%%% SEL: SOUND EXPOSURE LEVEL
%%% NOTE
%%% BY USING THIS PROGRAM ONE CAN ALSO CALCULATE C-WEIGHTED SOUND EXPOSURE
%%% LEVEL BY REPLACING A-WEIGHTED SOUND PRESSURE LEVEL (DBA) BY C-WEIGHTED
%%% SOUND PRESSURE LEVEL; THEN LAmax WILL BECOME LCmax
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
pref = 20e-6;
dBref=20*log10(20*10^(-6));
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% MAXIMUM OF A-WEIGHTED SPL
LAmax = max(DBA);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% FIND TIME AT WICH A-WEIGHTED SPL IS MAXIMUM
Imax = (find(DBA == LAmax));
Tmax = T(Imax);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% 10 dB DOWN INTERVAL
L10dBDown = (LAmax - 10);
I = find(DBA >= L10dBDown);
I1 = I(1); %%% INTERVAL START INDEX
I2 = I(end); %%% INTERVAL END INDEX
t1 = T(I1); %%% INTERVAL START TIME
t2 = T(I2); %%% INTERVAL END TIME
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% A-WEIGHTED SOUND PRESSURE SQUARE
at = DBA(I1:I2);
for ink = 1:length(at)

PAsq(ink)= 10^(at(ink)/10) * (pref^2);
end
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
sumA=0;
for ii=1:length(at),

sumA=sumA+PAsq(ii);
end
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% Sound Exposure Level
SEL = 10*log10((sumA)/(length(at)*pref^2)) + 10*log10(t2-t1);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
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D.3 Perceived Noise Level

function [PNL] = PerceivedNoiseLevel(Lt_parent);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% DATE: 01/30/2008
%%% AUTHOR: SHASHIKANT MORE
%%% TITLE: PERCEIVED NOISE LEVEL (PNL)
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% Program to calculate PERCEIVED NOISE LEVEL (PNL)
% Based on the algorithm Published in Federal Aviation Regulations, 14
% CFR Parts 36 and 91, Docket No. FAA-2003-16526; Amendment No. 36-26,
% 91-288, (2005).

% This file is part of a program for calculating EFFECTIVE PERCEIVED
% NOISE LEVEL

% Date Started: 30 January 2008
% Last Modified: 01 February 2008

% Syntax:
% [PNL] = PerceivedNoiseLevel(Lt_parent)

% Input
% Lt_parent: One-Third Octave Data in the frequency bands from 50 Hz to
% 10000 Hz

% Output
% PNL: Perceived Noise Level
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% READ TABLE A36-3. CONSTANTS FOR MATHEMATICALLY FORMULATED NOY VALUES
noy_tab = load(’NOY_FORMULATING_TABLE.m’);
BAND = noy_tab(:,1);
f = noy_tab(:,2);
SPLa = noy_tab(:,3);
SPLb = noy_tab(:,4);
SPLc = noy_tab(:,5);
SPLd = noy_tab(:,6);
SPLe = noy_tab(:,7);
Mb = noy_tab(:,8);
Mc = noy_tab(:,9);
Md = noy_tab(:,10);
Me = noy_tab(:,11);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% STEP 1: CONVERT SPL(i,k) TO PERCEIVED NOISINESS n(i,k)
%%% DEFINATION
%%% i ==== octave band
%%% k ==== instant of time
for i = 1:length(Lt_parent(1,:))

for k = 1:length(Lt_parent(:,1))
SPL = Lt_parent(k,i);
if (SPL >= SPLa(i))
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nn(k,i) = 10^(Mc(i) * (SPL - SPLc(i)));
elseif (SPL >= SPLb(i) && SPL < SPLa(i))

nn(k,i) = 10^(Mb(i) * (SPL - SPLb(i)));
elseif (SPL >= SPLe(i) && SPL < SPLb(i))

nn(k,i) = 0.3 * 10^(Me(i) * (SPL - SPLe(i)));
elseif (SPL >= SPLd(i) && SPL < SPLe(i))

nn(k,i) = 0.1 * 10^(Md(i) * (SPL - SPLd(i)));
end

end
end
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% STEP 2: COMBINE THE PERCEIVED NOISINESS VALUES n(i,k), DETERMINED IN
%%% STEP 1 BY USING THE FOLLOWING FORMULA
for k = 1:length(Lt_parent(:,1))

nmax(k) = max(nn(k,:));

N(k) = 0.85 * nmax(k) + 0.15 * (sum(nn(k,:)));

%%% STEP 3: CONVERT THE TOTAL PERCEIVED NOISINESS, N(k), DETERMINED IN STEP
%%% 2 INTO PERCEIVED NOISE LEVEL, PNL(k), USING THE FOLLOWING FORMULA
PNL(k) = 40 + (10/log10(2)) * log10(N(k)); %%% Unit is PNdB
end
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
return
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D.3.1. Mathematically Formulated NOY Values

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% The following NOY value table is required for calculating Perceived
% Noise Level (PNL)

% This file is part of Federal Aviation Regulations, 14 CFR Parts 36 and
% 91, Docket No. FAA-2003-16526; Amendment No. 36-26, 91-288, (2005).

% "Re-Author": Shashikant More, Herrick Labs, Purdue University
% Date Started: January 30, 2008
% Last Modified: January 30, 2008
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% BAND(i) f(Hz) SPL(a) SPL(b) SPL(c) SPL(d) SPL(e) M(b) M(c) M(d) M(e)
1 50 91 64 52 49 55 0.043478 0.030103 0.07952 0.058098
2 63 85.9 60 51 44 51 0.04057 0.030103 0.06816 0.058098
3 80 87.3 56 49 39 46 0.036831 0.030103 0.06816 0.052288
4 100 79.9 53 47 34 42 0.036831 0.030103 0.05964 0.047534
5 125 79.8 51 46 30 39 0.035336 0.030103 0.053013 0.043573
6 160 76 48 45 27 36 0.033333 0.030103 0.053013 0.043573
7 200 74 46 43 24 33 0.033333 0.030103 0.053013 0.040221
8 250 74.9 44 42 21 30 0.032051 0.030103 0.053013 0.037349
9 315 94.6 42 41 18 27 0.030675 0.030103 0.053013 0.034859
10 400 inf 40 40 16 25 0.030103 0 0.053013 0.034859
11 500 inf 40 40 16 25 0.030103 0 0.053013 0.034859
12 630 inf 40 40 16 25 0.030103 0 0.053013 0.034859
13 800 inf 40 40 16 25 0.030103 0 0.053013 0.034859
14 1000 inf 40 40 16 25 0.030103 0 0.053013 0.034859
15 1250 inf 38 38 15 23 0.030103 0 0.05964 0.034859
16 1600 inf 34 34 12 21 0.02996 0 0.053013 0.040221
17 2000 inf 32 32 9 18 0.02996 0 0.053013 0.037349
18 2500 inf 30 30 5 15 0.02996 0 0.047712 0.034859
19 3150 inf 29 29 4 14 0.02996 0 0.047712 0.034859
20 4000 inf 29 29 5 14 0.02996 0 0.053013 0.034859
21 5000 inf 30 30 6 15 0.02996 0 0.053013 0.034859
22 6300 inf 31 31 10 17 0.02996 0 0.06816 0.037349
23 8000 44.3 37 34 17 23 0.042285 0.02996 0.07952 0.037349
24 10000 50.7 41 37 21 29 0.042285 0.02996 0.05964 0.043573
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
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D.4 Tone-corrected Perceived Noise Level

function [PNLT,Cmax] = ToneCorrectedPerceivedNoiseLevel(SPL,PNL);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% DATE: 01/30/2008
%%% AUTHOR: SHASHIKANT MORE
%%% TITLE: TONE-CORRECTED PERCEIVED NOISE LEVEL (PNLT)

%%% INPUT
%%% SPL: One-Third Octave Data in the frequency bands from 50 Hz to 10 kHz
%%% PNL: Perceived Noise Level

%%% OUTPUT
%%% PNLT: TONE-CORRECTED PERCEIVED NOISE LEVEL
%%% Cmax: THE LARGEST OF THE TONE CORRECTION FACTORS
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% STEP 1: START WITH THE SOUND PRESSURE LEVEL IN THE 80 Hz 3RD OCTAVE
%%% BAND (BAND NUMBER 3), CALCULATE THE CHANGES IN SOUND PRESSURE LEVEL (OR
%%% "SLOPES") IN THE REMAINDER OF THE 3RD OCTAVE BANDS AS FOLLOWS

%%% DEFINATION
%%% i ==== octave band
%%% k ==== instant of time

S = zeros(length(SPL(:,1)),length(SPL(1,:)));

for k = 1:length(SPL(1,:))
for i = 4:length(SPL(:,1))

S(i,k) = SPL(i,k) - SPL(i-1,k);
end

end
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% STEP 2: ENCIRCLE THE VALUE OF THE SLOPE,S(i,k), WHERE THE ABSOLUTE
%%% VALUE OF THE CHANGE IN SLOPE IS GREATER THAN FIVE; THAT IS WHERE:
delS = zeros(length(SPL(:,1)),length(SPL(1,:)));
SPLs = zeros(length(SPL(:,1)),length(SPL(1,:)));

for k = 1:length(SPL(1,:))
for i = 3:length(SPL(:,1))

diff = abs(S(i,k) - S(i-1,k));
if (diff > 5)

delS(i,k) = S(i,k);
%%% STEP 3(1): IF THE ENCIRCLED VALUE OF THE SLOPE S(i,k) IS POSITIVE AND
%%% ALGEBRAICALLY GREATER THAN THE SLOPE S(i-1,k) ENCIRCLE SPL(i,k)

if (S(i,k) > 0 && (S(i,k) > S(i-1,k)))
SPLs(i,k) = SPL(i,k);

%%% STEP 3(2): IF THE ENCIRCLED VALUE OF THE SLOPE S(i,k) IS ZERO OR
%%% NEGATIVE AND THE SLOPE S(i-1,k) IS POSITIVE, ENCIRCLE SPL(i-1,K)

elseif (S(i,k) <= 0 && (S(i-1,k) > 0))
SPLs(i-1,k) = SPL(i-1,k);

end



293

end
end

end
%%% STEP 3(3): FOR ALL OTHER CASES, NO SOUND PRESSURE LEVEL VALUE IS TO BE
%%% ENCIRCLED
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% STEP 4: COMPUTE NEW ADJUSTED SOUND PRESSURE LEVELS SPLP(i,k) AS
%%% FOLLOWS:
SPLP = zeros(length(SPL(:,1)),length(SPL(1,:)));

for k = 1:length(SPL(1,:))
for i = 1:length(SPLs(:,1))-1

%%% STEP 4(1): FOR NON-ENCIRCLED SOUND PRESSURE LEVELS, SET THE NEW SOUND
%%% PRESSURE LEVELS EQUAL TO THE ORIGINAL SOUND PRESSURE LEVELS, SPLP(i,k)
%%% = SPL(i,k)

if (SPLs(i,k) == 0)
SPLP(i,k) = SPL(i,k);

%%% STEP 4(2): FOR ENCIRCLED SOUND PRESSURE LEVELS IN BANDS 1 THROUGH 23
%%% INCLUSIVE, SET THE NEW SOUND PRESSURE LEVEL EQUAL TO THE ARITHMATIC
%%% AVERAGE OF THE PRECEDING AND FOLLOWING SOUND PRESSURE LEVELS AS SHOWN
%%% BELOW:

elseif (SPLs(i,k) > 0)
SPLP(i,k) = (1/2) * (SPL(i-1,k) + SPL(i+1,k));

%%% STEP 4(3): IF THE SOUND PRESSURE LEVEL IN THE HIGHEST FREQUENCY BAND IS
%%% ENCIRCLED, SET THE NEW SOUND PRESSURE LEVEL IN THAT BAND EQUAL TO:

end
end

end

for k = 1:length(SPL(1,:))
if (SPLs(end,k) > 0)

SPLP(end,k) = SPL(end-1,k) + S(end-1,k);
else

SPLP(end,k) = SPL(end,k);
end
end
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% STEP 5: RECOMPUTE NEW SLOPE SP(i,k), INCLUDING ONE FOR AN IMAGINARY
%%% 25TH BAND, AS FOLLOWS
SP = zeros(length(SPL(:,1))+1,length(SPL(1,:)));

for k = 1:length(SPL(1,:))
for i = 4:length(SPL(:,1))-1

SP(i,k) = SPLP(i,k) - SPLP(i-1,k);
end
SP(3,k) = SP(4,k);
SP(24,k) = SPLP(24,k) - SPLP(23,k);
SP(25,k) = SP(24,k);

end
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% STEP 6: FOR i, FROM 3 THROUGH 23, COMPUTE THE ARITHMETIC AVERAGE OF THE
%%% THREE ADJACENT SLOPES AS FOLLOWS:
SB = zeros(length(SPL(:,1))+1,length(SPL(1,:)));

for k = 1:length(SPL(1,:))
for i = 3:length(SPL(:,1))-1

SB(i,k) = (1/3) * (SP(i,k) + SP(i+1,k) + SP(i+2,k));
end

end
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% STEP 7: COMPUTE FINAL ONE-THIRD OCTAVE BAND SOUND PRESSURE LEVELS,
%%% SPLPP(i,k), BY BEGINNING WITH BAND NUMBER 3 AND PROCEEDING TO BAND
%%% NUMBER 24 AS FOLLOWS:

SPLPP = zeros(length(SPL(:,1)),length(SPL(1,:)));

for k = 1:length(SPL(1,:))
SPLPP(3,k) = SPL(3,k);
for i = 4:length(SPL(:,1))-1

SPLPP(i,k) = (SPLPP(i-1,k) + SB(i-1,k));
end
SPLPP(24,k) = SPLPP(23,k) + SB(23,k);

end
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% STEP 8: CALCULATE THE DIFFERENCES, F(i,k), BETWEEN THE ORIGINAL SOUND
%%% PRESSURE LEVEL AND THE FINAL BACKGROUND SOUND PRESSURE LEVEL AS
%%% FOLLOWS:
F = zeros(length(SPL(:,1)),length(SPL(1,:)));

for k = 1:length(SPL(1,:))
for i = 3:length(SPL(:,1))

F(i,k) = (SPL(i,k) - SPLPP(i,k));
end

end
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% STEP 9: FOR EACH OF THE RELEVANT ONE-THIRD OCTAVE BANDS (3 THROUGH 24
%%% i.e. 80 Hz THROUGH 10 kHz), DETERMINE TONE CORRECTION FACTORS FROM THE
%%% SOUND PRESSURE LEVEL DIFFERENCES F(i,k) AND TABLE A36-2.

f = [50,63,80,100,125,160,200,250,315,400,500,630,800,1000,1250,1600,...
2000,2500,3150,4000,5000,6300,8000,10000];

C = zeros(length(SPL(:,1)),length(SPL(1,:)));

for k = 1:length(SPL(1,:))
for i = 3:length(SPL(:,1))

if (f(i) >= 50 && f(i) <= 500 && F(i,k) >= 3/2 && F(i,k) < 3)
C(i,k) = (F(i,k)/3 - 1/2);
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elseif (f(i) >= 50 && f(i) <= 500 && F(i,k) >= 3 && F(i,k) < 20)
C(i,k) = (F(i,k)/6);

elseif (f(i) >= 50 && f(i) <= 500 && F(i,k) >= 20)
C(i,k) = 10/3;

elseif (f(i) >= 500 && f(i) <= 5000 && F(i,k) >= 3/2 && F(i,k) < 3)
C(i,k) = ((2 * F(i,k)/3) - 1);

elseif (f(i) >= 500 && f(i) <= 5000 && F(i,k) >= 3 && F(i,k) < 20)
C(i,k) = (F(i,k)/3);

elseif (f(i) >= 500 && f(i) <= 5000 && F(i,k) >= 20)
C(i,k) = (20/3);

elseif (f(i) >= 5000 && f(i) <= 10000 && F(i,k) >= 3/2 && F(i,k)<3)
C(i,k) = (F(i,k)/3 - 1/2);

elseif (f(i) >= 5000 && f(i) <= 10000 && F(i,k) >= 3 && F(i,k) <20)
C(i,k) = (F(i,k)/6);

elseif (f(i) >= 5000 && f(i) <= 10000 && F(i,k) >= 20)
C(i,k) = (10/3);

end
end
Cmax(k) = max(C(:,k));

end
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% STEP 10: DESIGNATE THE LARGEST OF THE TONE CORRECTION FACTORS,
%%% DETERMINED IN STEP 9, AS Cmax(k). TONE-CORRECTED PERCEIVED NOISE LEVELS
%%% PNLT(K) MUST BE DETERMINED BY ADDING THE Cmax(k) VALUES TO
%%% CORRESPONDING PNL(k) VALUES, THAT IS:

for k = 1:length(SPL(1,:))
PNLT(k) = PNL(k) + Cmax(k); %%% Unit is TPNdB

end
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
return
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D.5 Effective Perceived Noise Level

function [EPNL,PNLTM,D] = EffectivePerceivedNoiseLevel(PNLT,T);
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% DATE: 02/01/2008
%%% AUTHOR: SHASHIKANT MORE
%%% TITLE: EFFECTIVE PERCEIVED NOISE LEVEL (PNL)

%%% INPUT
%%% PNLT: TONE-CORRECTED PERCEIVED NOISE LEVEL
%%% T: TIME VECTOR

%%% OUTPUT
%%% EPNL: EFFECTIVE PERCEIVED NOISE LEVEL
%%% PNLTM: MAXIMUM TONE-CORRECTED PERCEIVED NOISE LEVEL
%%% D: DURATION CORRECTION
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% MAXIMUM TONE-CORRECTED PERCEIVED NOISE LEVEL (PNLTM)
PNLTM = max(PNLT(:));
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% DURATION CORRECTION
%%% STEP 1: FIND THE PNLTM-10 DOWN POINTS (t1 AND t2)
Down10 = PNLTM - 10;

IND = find(PNLT >= Down10);

t1 = T(IND(1));
t2 = T(IND(end));

D = 10 * log10(sum(10.^(PNLT(IND)/10))) - PNLTM - 13;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% EFFECTIVE PERCEIVED NOISE LEVEL
%%% THE EFFECTIVE PERCEIVED NOISE LEVEL, EPNL, IS EQUAL TO THE ALGEBRAIC
%%% SUM OF THE MAXIMUM VALUE OF THE TONE CORRECTED PERCEIVED NOISE LEVEL,
%%% PNLTM, AND THE DURATION CORRECTION D. THAT IS:

EPNL = PNLTM + D; %%% Unit is EPNdB
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
return
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Appendix E: Modified and Un-modified Psychoacoustic Annoyance Models Results

The Modified Psychoacoustic Annoyance Model’s performance was compared to the

performance of Zwicker and Fastl’s Psychoacoustic Annoyance model. Results for

each tests are shown in the following figures.

In Figures E.1 (a)-(f) are shown the mean and standard deviation of estimated

mean of the annoyance ratings for Spectral Balance (Test 1), Roughness (Test 3), and

Combined Spectral Balance and Roughness (Test 4) Tests sounds plotted against

Zwicker and Fastl’s Psychoacoustic Annoyance (PA) and Modified Psychoacoustic

Annoyance (PAmod). In Figures E.2 are shown the similar results for Combined

Loudness and Tonalness (Test 5), Combined Loudness and Fluctuation Strength (Test

6), and Combined Loudness and Roughness (Test 7) Tests. Results for Combined

Loudness, Tonalness, and Roughness Test (Test 8) are shown in Figure E.3. In

Table E.1 are given the R2 values for individual tests for the un-modified and modified

Psychoacoustic Annoyance models.
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Table E.1 R2 values for individual tests for the un-modified and mod-
ified Psychoacoustic Annoyance models, PA and PAmod. Data shown
in Figures E.1, E.2 and E.3.

Test Test Name PA PAmod Figure Comments (out-
lier etc.)

Test 1 Spectral Balance 0.94 0.94 E.1(a)-(b)
Test 3 Roughness 0.78 0.65 E.1(c)-(d) sounds 3A1 and

3B1 are origi-
nal recordings.
Other sounds are
simulations.

Test 4 Combined Spec-
tral Balance and
Roughness

0.93 0.96 E.1(e)-(f)

Test 5 Combined Loud-
ness and Tonal-
ness

0.00 0.84 E.2(a)-(b)

Test 6 Combined Loud-
ness and Fluctua-
tion Strength

0.92 0.91 E.2(c)-(d)

Test 7 Combined Loud-
ness and Rough-
ness

0.80 0.82 E.2(e)-(f)

Test 8 Combined Loud-
ness, Tonalness,
and Roughness

0.49 0.81 E.3(a)-(b)

All tests with-
out adjustment

0.64 - 10.2(a)

All tests with
adjustment

0.86 0.93 10.2(b),
10.5

Time-varying
PA approach

0.88 0.93 10.7(a)-(b) PA and PAmod

exceeded 15% of
the time. Each
calculated every
0.5 second using
1 second of data
about that time.
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Figure E.1. Results for the Spectral Balance Test (Test 1): (a) PA,
R2 = 0.94; and (b) PAmod, R2 = 0.94. Results for the Roughness
Test (Test 3): (c) PA, R2 = 0.78; and (d) PAmod, R2 = 0.65. Results
for the Combined Spectral Balance and Roughness Test (Test 4): (e)
PA, R2 = 0.93; and (f) PAmod, R2 = 0.96.
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Figure E.2. Results for the Combined Loudness and Tonalness Test
(Test 5): (a) PA, R2 = 0.00; and (b) PAmod, R2 = 0.84. Results for
the Combined Loudness and Fluctuation Strength Test (Test 6): (c)
PA, R2 = 0.92; and (d) PAmod, R2 = 0.91. Results for the Combined
Loudness and Roughness Test (Test 7): (e) PA, R2 = 0.80; and (f)
PAmod, R2 = 0.82.
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Figure E.3. Results for the Combined Loudness, Tonalness, and
Roughness Test (Test 8): (a) PA, R2 = 0.49; and (b) PAmod, R2

= 0.81.
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Appendix F: IRB Consent Form and Advertisement

The consent form showed in Figures F.1 and F.2 was approved by Institutional

Review Board (IRB Protocol Number: 0503001794). This consent form was signed

by every subject participated in the psychoacoustic tests conducted in this research.

Figure F.1. Institutional Review Board (IRB) consent form page 1.
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Figure F.2. Institutional Review Board (IRB) consent form page 2.

The advertisement that was displayed on bulletin boards for notifying to the

general public about the psychoacoustic tests conducted is shown in Figure F.3.
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Figure F.3. Advertisement displayed on bulletin boards for recruiting
subjects for psychoacoustic tests.
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Appendix G: Psychoacoustic Test Participants Comments

The subjects who participated in various tests were asked to describe the char-

acteristics of the test sounds. Each subject’s comments for each test are given in

following tables.
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n
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u
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u
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p
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n
d
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d
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p
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b
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p
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p
la

n
e

co
m

in
g

to
-

w
a
rd

s
y
o
u
,

th
en

th
e

so
u
n
d

o
f

th
e

en
g
in

e
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a
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b
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v
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v
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.
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u
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p
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d
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b
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n
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b
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p
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p
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u
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ra
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p
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th
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g
o
v
er

m
y

h
ea

d
fo

r

a
sh

o
rt

p
er

io
d

o
f
ti

m
e.

T
h
ey

w
er

e

a
b
it

lo
u
d
er

a
n
d

I
fo

u
n
d

th
a
t

to
b
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.
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p
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n
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u
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.
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n
d
s.

D
is

tr
a
ct

ed
,

a
s

if
li
st

en
in

g
to

th
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b
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b
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.
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th

e

h
ig

h
er

fr
eq

u
en

cy
co

n
te

n
t.

B
ec

a
u
se

o
f

th
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re
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u
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b
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b
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u
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u
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b
u
t

n
o
t

so
a
w

fu
l

if

th
ey

a
re

sh
o
rt

.

T
h
e

so
u
n
d
s

w
er

e
a
n
n
o
y
in

g
,

a
l-

th
o
u
g
h

I
fe

el
I

w
o
u
ld

b
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b
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u
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n
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p
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g
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p
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n
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p
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p
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v
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d

n
o
is

e.
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w
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h
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w
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u
n
d
.
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g
u
sh
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n
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b
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d
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h
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g
ro

u
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.
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o
th

e
a
ir

g
u
sh

w
a
s
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re

st
ro

n
g
/

fo
rc

ef
u
l.

5
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0
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h
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e
w
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s
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p
u
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,
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f
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ll
o
w

so
u
n
d
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u
tt
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o
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th
e
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ck
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ro

u
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d
.
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h
er

e
w

a
s

w
h
in

in
g

n
o
is
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a
v
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th
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t
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d

in
p
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ch
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t
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in
g
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te
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ti
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.
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e
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e
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u
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b
e
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y
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n
e.
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e

so
u
n
d
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n
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e
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u
n
d

th
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t

p
u
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ig
h
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b
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g
ro

u
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d
.
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e
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o
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h
p
it
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b
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h
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h
e
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n
g
in
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p
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w
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o
a
n
n
o
y
in

g
.
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1
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o
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u
n
d
.
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m

b
in
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n

o
f
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a
n
d
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u
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so
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n
d
s.
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2
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h
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u
p
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re
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t
g
ro

u
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.
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u
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b
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.
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.
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b
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.
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h
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.
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h
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.
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h
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ra
n
g
es
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h
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.
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d
o
es
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h
a
v
e
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h
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d
o
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e.
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h
is
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e
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v
e.
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h
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.
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p
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b
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c.
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1
5

T
h
er

e
w
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s

a
sh

ri
ll

w
h
in

in
g

n
o
is

e,
th

er
e

w
a
s

w
h
o
o
sh

in
g

st
a
ti

c
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o
is

e.
I
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’t
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e

th
e
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o
o
m

in
g

n
o
is

e
to

w
a
rd
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th

e
en

d
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o
r

th
e

li
n
g
er

in
g

n
o
te
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er
th

e
re
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f
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e
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o
is

e
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d
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.
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th
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e
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d
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th

er
e
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b
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o
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u
d
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b
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t.

T
h
e

st
a
ti

c
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e
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d
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in
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.
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e
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e
n
o
is

e
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o
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so
u
n
d
s
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e

a

h
el
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o
p
te
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w

h
ic

h
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o
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in
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n
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g
w

it
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ea

ri
n
g
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so
u
n
d
s
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g
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b
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b
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w

h
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ri
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g
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u
n
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s.
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u
p
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b
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.
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o
u
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e
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ig
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b
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g
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e
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.
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h
a
rp

,
a
n
n
o
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in
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,
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b
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o
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e
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in
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so
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th
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b
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o
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.
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k
e

w
a
r

(n
o
t

p
ea

ce
fu

ll
).

A
n
n
o
y
-

in
g
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e
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b
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v
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g
h
t
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e.
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o
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th
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in
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e.
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w
a
r

o
f

so
m

e

so
rt
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n
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u
n
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p
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d
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p
la

n
e

d
es

ce
n
d
in

g
fr

o
m

d
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.
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b
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th
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e
w
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e.
O

th
er
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.
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I
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a
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g

o
u
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b
o
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o
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m
a
k
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e
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o
p
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n
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b
u
t

n
o
t
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o
u
g
h
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m
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e

m
e
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p
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.
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h
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v
el

o
f

a
n
n
o
y
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n
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a
te
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a
t

th
e
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h
e
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b
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n
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th
e
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p
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e
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b
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b
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o
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.
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ra
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n
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b
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b
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b
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b
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p
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n
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e
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/
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p
it
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so
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b
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b
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n
d
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in
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h
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e
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u
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e
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n
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so

u
n
d
s

th
a
t

so
u
n
d
ed

li
k
e

a
p
it

ch
ed

sq
u
ea
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a
n
d
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th

er
s

th
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t
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er

e
m
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re
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k
e

h
ig

h
p
it

ch
ed
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u
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g
”
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n
d
s.

T
h
er

e
w

er
e

a
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o
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a
sh

in
g

(n
o
t

a
n
n
o
y
in

g
)

so
u
n
d
s

th
a
t

re
a
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y
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st

so
u
n
d
ed

li
k
e

th
u
n
d
er

st
o
rm

s
m

o
re

th
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n
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th

in
g
.

5
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2
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h
e

so
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th

e
w
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d
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h
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n
d
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d
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re
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in

d
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w

er
e
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ch
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re
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n
n
o
y
in

g
th
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t

th
e

o
th

er
s.

T
h
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h
a
d

sh
a
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n
d
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u
d

n
o
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e
a
n
d
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’t
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k
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b
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b
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e

w
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so
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n
d
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b
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ck

g
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h
e

lo
u
d
er

th
e

so
u
n
d
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f
th

e
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g
in
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w
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w
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n
g
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ed

b
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it
.
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o
f
th
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d
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e
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re
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in
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.
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3
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er

p
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.
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e

lo
u
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.
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”
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.
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th
a
n

o
th

er
s.
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b
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b
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p
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m
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.
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ll
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u
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d
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.
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n
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.
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t
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.
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b
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p
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h
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p
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p
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p
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n
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p
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