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Introduction

If noise is defined as sound that produces adverse effects, then aircraft are

a major source of noise affecting, at least to some extent, the work and leisure
activities of a large proportion of people in nearly all developed countries. Although

only a small percentage of the propulsion energy of an aircraft is converted into

sound, that percentage represents a large power source. The sources of aircraft
noise most responsible for community and ground crew effects are the high-velocity

jet exhausts, fans, internal turbomachinery, propellers, rotors, internal combustion

engine exhausts, and, for supersonic aircraft, sonic booms. Those sources most
responsible for passenger or flight crew effects are turbulent boundary layers,

propellers, helicopter gear boxes, jet exhausts, internal combustion engine exhausts,
and structureborne vibration from unbalanced rotational forces. However, there

is not a one-to-one relationship between sound energy and any given noise effect.

To effectively control the noise, that is, reduce those components that are most

responsible for adverse human effects, it is necessary to thoroughly understand the

physical characteristics of the sound and how each of those characteristics can affect

human response.
Adverse effects of aircraft noise include hearing loss, task performance degra-

dation, speech intelligibility reduction, sleep interruption, and general feelings of

annoyance. A number of nonauditory physiological effects that may adversely affect
health are claimed to result from noise exposure. It is not possible in the limited

space of this chapter to examine all the potential effects of aircraft noise in great
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detail. Since nearly all effects of noise on humans rely on the perception of sound

by the hearing mechanism, the human auditory system and the general perception

of sound are discussed. However, the major concentration of this chapter is on an-
noyance response and methods for relating physical characteristics of sound to those

psychosociological attributes associated with human response. Results selected from

the extensive laboratory and field research conducted on human response to air-
craft, noise over the past several decades are presented along with discussions of

the methodology commonly used in conducting that research. Finally, some of the

more common criteria, regulations, and recommended practices for the control or

limitation of aircraft noise are examined in light of the research findings on human
response.

Those readers with particular interest in the effects of noise on task performance,
sleep interruption, health, or other nonauditory physiological functions are referred
to the general reference texts of references 1 to 3.

Perception of Sound

The human auditory system is capable of sensing, analyzing, or interpreting
fluctuations in air pressure over an extremely wide range. The interested reader

can find more details of this fascinating sensory system in many modern textbooks

such as reference 4. The following sections, however, provide a brief overview of
hearing anatomy and theory and those attributes which are considered most critical
to human response to aeroacoustie noise sources.

Anatomy of the Ear and Hearing
Theory

The auditory system consists of the outer (pinna and ear canal, or external
meatus), middle (ossicular chain), and inner (cochlea) ears and the associated

pathways to the brain. A diagram of the internal hearing organs is shown in figure 1.
Air pressure fluctuations in the external meatus vibrate the tympanic membrane, or

eardrum, which is coupled mechanically to the fluid-filled inner ear through the

bones (malleus, incus, and stapes), tendons, ligaments, and nmscles which make up

the ossieular chain located in the middle ear. The mechanical linkage forms the
impedance-matching interface between air and the fluid-filled cochlea.

The tensor tympani and stapedius muscles in the middle ear are capable of

impeding the motion of the ossicular chain and are responsible for the acoustic,
or aural, reflex. This reflex, which is involuntary in most people, attenuates intense

sounds and thereby offers some protection to the sensory organs in the inner ear.

The vibratory motion of the stapes is coupled to the fluid-filled cavity of the

cochlea through the oval window. Pressure fluctuations cause a traveling wave to
pass along the cochlear partition, or basilar membrane, with the ultimate excitation

of the hair cells situated on the basilar membrane within the organ of Corti. The

mechanisms of nerve cell excitation and transmittal of neural signals to the brain

are beyond the scope of this review but. can be found in most texts on hearing such
as reference 4.

Since the cochlear partition decreases in stiffness from the stapes, it acts as a low-

pass filter, with the result that the end further from the stapes is more responsive
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Figure 1. Cross section of the human ear.

to low frequencies. This mechanism facilitates the frequency analysis capabilities of

the auditory system, particularly at higher frequencies, and forms the basis of the

"place" theory of hearing. In addition, the "volley" theory proposes that analysis is

performed by the central auditory nervous system, particularly at low frequencies,

and that frequency information is transmitted in volleys of neural discharges which

are phase locked to the pressure fluctuations. It is now generally accepted that

neither theory can fully explain the sensitivity and selectivity of the auditory system

over the total frequency range and that a better explanation is found in an interaction

of both mechanisms.

Because of the complexity of the auditory system and the interfaces between

the acoustical, mechanical, and neurological systems, it is not surprising that the

response of the auditory system to sounds with differing spectral and temporal

characteristics is not easy to predict or measure. However, several generalities can

be stated:

1. The human auditory system is sensitive to a very wide range of air pressure

fluctuation. The pressure ratio of the threshold of pain to the threshold of

audibility is approximately 1 million.

2. The audible frequency range of hearing is normally considered to be 20 Hz to

20 kHz. However, the sensitivity is not uniform across the frequency range; lower

sensitivity occurs at both the high- and the low-frequency end of the range.

3. One sound can mask the perception of another sound of lower intensity. In

general, although the masking is most efficient if the frequency contents of the

two sounds are similar, a sound with lower frequency content than a given sound

is more efficient at masking the given sound than is a sound with higher frequency

content.
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, Sound at high sound pressure levels can cause both temporary and permanent

threshold shifts in hearing ability. Levels greater thm_ about 180 dB can rupture

the tympanic membrane, and levels greater than about 85 dB can cause significant

temporary or permanent loss of hearing acuity depending on the duration of the
noise exposure.

Auditory Phenomena Affecting
Perception of Sound

The following sections consider those auditory phenomena that have been found

to be important in predicting how people perceive and respond to a given sound in

a given situation. The scope of this discussion does not allow a complete treatment
of any of these important topics. The reader can find more information in a number

of general references including references 2 and 4.

Loudne88

Loudness is traditionally defined as the perceived intensity of a sound. Consid-

erable research has been conducted over the last 75 years to investigate how the
human auditory system integrates the temporal and spectral information contained

in sound waves arriving at the ear so that it may be quantified subjectively in terms of
a single overall intensity measure. The basic mechanisms and important parameters

have been known and studied for many years (ref. 5); however, the advent of modern

electronic and audio systems has resulted in improvements in and refinements to
loudness prediction models.

The curves of figure 2 represent the sound pressure levels of octave bands of noise

which produce the sensation of equal loudness (ref. 6). As can be seen, the auditory

system is neither uniform across frequency nor completely linear with amplitude.

Similar equal-loudness curves have been defined for sounds consisting of pure tones.

The basic shapes of the equal-loudness curves are similar, with the region of greatest
sensitivity occurring at about 3 kHz.

The question of how the auditory system sums the loudness of sounds comprised
of more than a single component has also been the subject of much research. The

model of loudness summation in reference 7 considers not only the loudness of the
individual components but also the concepts of critical bandwidths and mutual

masking, or inhibition, between the various sound components. Again the more

interested reader is referred to a more complete text (refs. 2-4).
The loudness of a sound has also been found to depend on its duration. The

loudness of a constant-amplitude tone increases with increasing duration up to a

duration of approximately 200 msee. This duration is commonly referred to as the

"integration time of the ear." This temporal summation is believed to take place

in the central nervous system rather than in the ear itself (ref. 8). Most research
in this area indicates that the loudness increases about 10 dB for a factor-of-10

increase in duration up to the integration time. This type of loudness increase is very
important for sounds of short duration such as impulses and is discussed at more

length in subsequent sections. There have also been studies that indicate a type

of loudness adaptation, or decrease in loudness, with increasing durations beyond

the integration time; however, the study of reference 9 suggests that the previously
measured adaptation may be an artifact of the test methods used.
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Figure 2. Equal-loudness contours. (From ref. 6.)

Pitch

Pitch can be defined as the perceived frequency of sound. High-frequency tones
or narrow bands of noise are heard as being "high" in pitch, and low-frequency

tones or narrow bands as being "low" in pitch. Although there has been much

research into the perception of pitch, there has been very little consideration of pitch

and some related phenomena, other than simple frequency content, in explaining

reaction of people to the noise of aircraft or other aeroacoustic noise sources.
The potential relevance of these phenomena may be of increasing importance for

some configurations of advanced turboprop aircraft which may have counterrotating

propellers with unequal numbers of blades.

The relationship of pitch and consonance or dissonance of multiple tones is
described in the model of reference 10. A concept of virtual pitch is described which

accounts for many psychoacoustic and musical phenomena related to combination
and residue tones. A historical review and the determination of the detectability of

combination tones which result when two (or more) tones at different frequencies, fl

and ]'2, are heard simultaneously are presented in reference 11. These combination
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Figure 3. Equal-noisiness contours. (From ref. 14.)

tones include not only the summation (fl + f2) and difference (f2 - fl) tones but
also the cubic difference (2fl - f2) tone and higher order tones. The "residue" is
the pitch produced by a set of frequency components rather than by any of the
single components (ref. 12). The low pitch tone associated with large high-bypass-
ratio turbofan aircraft engines, commonly called "buzz saw," is one such example.
This pitch results from the difference in frequency of the many harmonically related
components of the fail shaft frequency rather than from the fundamental itself.
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Noisiness

Noisiness was suggested in reference 13 to refer to the characteristic or attribute

of a sound which makes it unwanted, unacceptable, disturbing, objectionable, or

annoying and which may be distinguishable from loudness. Through extensive
laboratory tests a set of equal-noisiness contours were determined (ref. 14). As

indicated in figure 3, these curves have the same general shape as the equal-
loudness contours of figure 2 although there are some differences particularly at

high frequencies.

The temporal summation of noisiness has been shown to be very similar to that
of loudness for durations less than the integration time of the ear. However, the

summation for noisiness continues for durations considerably in excess of that time.

Based on analysis of data from many studies, 3 dB per doubling of duration, or 10 dB

for a factor-of-10 change in duration, seems appropriate as a temporal summation
factor for noisiness.

Localization and Precedence

The ability to determine the location of sound sources is one of the major benefits

of having a binaural hearing system. Localization has been studied nearly as long
as has loudness. It is generally recognized that the human auditory system uses

both interaural intensity and interaural temporal differences between the ears as

cues which are processed in the central auditory nervous system. At low frequencies,

temporal or phase differences at the ears are thought to provide the dominant cues,

whereas at higher frequencies, intensity differences are thought to provide more useful

information. Typical examples from the work of reference 15 on the error in ability
to locate a sound source are shown in figure 4. As indicated, the error is greatest in

the frequency region about 3 kHz where the localization cues are more ambiguous.
The localization errors are minimal directly in front of the head, and with head

movement most people can locate the origin of a sound within 1° or 2°.
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Figure 4. Error in localization as a function of frequency. (From ref. 15.)

Another phenomenon related to binaural hearing is commonly called the Haas,

or precedence, effect (ref. 16). This refers to the ability to hear as a single acoustic
event the sound from two or more sources radiating nearly identical acoustic signals

provided that the signals arrive at the listener's ears with a delay not exceeding
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50 msec. In addition the sound appears to originate at the nearer source or that
source from which the first signal arrives. Although neither localization nor the

precedence effect is as significant in determining human response to aeroacoustic

sources as is loudness or noisiness, they may be significant modifiers to that response

if the sound is perceived to be too close or in some location where safety is
compromised.

Noise Metrics for Predicting Human

Response

Considerable research has gone into developing methods to predict the loudness,

noisiness, and annoyance of sounds on the basis of measurable physical characteristics

of the sounds. In the following sections some of the procedures developed to predict

human response to noise from aeroacoustic sources arc discussed. Complete details

of the calculation procedures can be found in a number of references (e.g., refs. 17
and 18).

Single Events

Loudneos Level

Metrics developed to predict loudness have, in general, incorporated various

means to account for the human sensitivity to frequency and sound level and the

summation of the different frequency components of sound. The most commonly

used metric is based on a simple frequency filter (defined as the A-weighting filter)

for weighting the spectral content of a possibly complex sound. Although originally

intended to approximate the loudness level of sounds with sound pressure level

(SPL) between 24 and 55 dB, the A-weighted sound level (SLA) has been found
to correlate very well with noisiness and loudness of many sounds with broadband

spectra regardless of level. The relative response of the A-weighting filter is indicated

in figure 5. The summation of different frequency components is a simple energy
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response,
dB

l0

-10

-2O

3O I I I I
50 100 200 500 1000 2(}00 5000 10000

Frequency, Hz

Figure 5. Relative response o,f the A-weighting filter.
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summation after frequency weighting. If the weighting is incorporated in a sound

level meter, the root-mean-square (rms) circuitry in the meter performs the necessary

summation. If the A-weighting is applied to octave or 1/3-octave band SPL's, the

resulting weighted SPL's are summed on an energy basis:

n

L A = 10lOgl0 10LA(i)/IO (1)

where LA(i ) are the weighted SPL's of the frequency bands.
A somewhat more complicated procedure for predicting loudness level (LLs)

was developed by Stevens (ref. 19) and called Mark VI. It accounts for frequency

characteristics including nonlinear level effects and in a simplified way for masking
and inhibition between frequency components. The unit of loudness, sone, is defined

as the loudness of a 1-kHz pure tone with a sound pressure level of 40 dB. The

loudness in sones thereby represents a ratio scale with the property that twice as

many sones indicate twice the loudness.
The frequency and level characteristics of the Mark VI loudness procedure are

shown in figure 6. The loudness in sones S(i) of each octave or 1/3-octave band is

determined from the figure or a calculation algorithm. The total loudness is then
found from the summation

st = sm + F S(i) - S,.,, (2)

where Sm is the loudness of the loudest band and F is a masking factor, 0.15 for
1/3-octave band data or 0.30 for octave band data. The loudness level in phons is

then calculated by
L L = 40 + 10 log 2 St (3)

The phon scale has decibel-like properties and a factor of 10 phons represents an

approximate doubling of loudness.

Another prediction scheme for loudness level (LLz) has been developed by

Zwicker (ref. 20) and accounts for more of the complexities of the human auditory

system, such as widening of "critical bandwidth" at low frequencies, "remote
masking," and different sensitivities to different types of sound fields. In the original

formulation of the method, only loudness of stationary sound fields or of time-varying

sound fields at a limited number of instants was easily calculated because the method

relied on the plotting of 1/3-octave band sound levels and integration under the curve

with a planimeter. The development of relatively inexpensive computer systems,

however, allows this method to be easily applied to nonstationary sounds. After
calculation of the total loudness of the sound in sones St using the graphical or

computer method, the loudness level LLz, in phons, is calculated using the same

type of relationship as equation (3).

Perceived Noisine88

The noise metric which is most commonly used to predict the noisiness level

of sounds is the perceived noise level (PNL). This metric, which was developed to

predict the reported annoying quality of jet aircraft sounds (ref. 13), is calculated
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(from r@ 19.)

very similarly to the loudness level LL s (ref. 19). The unit of perceived noisiness,
noy, is defined as the noisiness of an octave band of noise centered at 1 kHz with a

sound pressure level of 40 dB. A sound which is subjectively twice as noisy as the

reference sound has therefore a perceived noisiness of 2 noys.

The noisiness of each 1/3-octave band N(i), expressed in noys, is determined by
using curves such as those in figure 3, by using a set of tables based on those curves,

or by using a computerized algorithm. The noisiness of the total sound at any instant

10
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is given by

Nt = Nm + F N(i) - Nm (4)

where Nm is the noisiness of the noisiest band and F is the masking factor in

equation (2) for the Stevens loudness calculation. The PNL is then given by

LpN = 40 + 10 log 2 Nt (5)

The PNL scale is thereby similar to the phon scale for loudness in that it has decibel-

like properties, and a factor of 10 in PNL represents an approximate doubling of

noisiness.

In much the same way that SLA has been used as a simplified method to

approximate the loudness of sounds, another frequency-weighted metric has been

used to approximate the noisiness of sounds. The D-weighted sound level (SLD)

uses the frequency weighting shown in figure 7, which is comparable to the inverse of

the 40-noy contour of equal noisiness (fig. 3). The summation of different frequency

components is an energy summation after frequency weighting. The D-weighting
filter is also incorporated in some sound level meters which provide the necessary

rms circuitry for the summation. If the D-weighting is applied to octave or 1/3-octave

SPL's, the resulting weighted SPL's LD(i) are summed on an energy basis:

n

L D = lOloglo 10 LD(i)/IO (6)

The similarity of the equal-noisiness and equal-loudness contours is obvious by

comparing figures 2 and 3. Because of the similarity and reanalysis of data of many
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Figure 7. Relative response of the D-weighting filter.
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noisiness and loudness experiments, it was proposed in reference 21 that loudness and

noisiness were actually manifestations of the same auditory response and could be

predicted using a slightly modified set of response curves. This calculation procedure

was called Mark VII, perceived level (PL). The unit of perception for PL is based,

however, on the perception of a 1/3-octave band of noise centered at 3.15 kHz with

a sound pressure level of 32 dB as a reference sound. The frequency weighting for

this procedure is given in figure 8. The magnitude of each octave or 1/u-octave band

S(i) is determined from the curves in the figure or from a calculation algorithm. The

total perceived level of a sound is then calculated using the summation relationship

of equation (2). The masking factor F for this newer procedure was proposed to be

a function of Sm as indicated in figure 9. The perceived level of the sound is given
by the relation

Lp = 32 + 9 log 2 St (7)

which is based on a doubling of perceived magnitude being equivalent to a 9-dB

change in sound level.

A simplified method of approximating the perceived level of a sound was also

proposed in reference 21. This metric, analogous to the A-weighted and D-weighted

sound levels, is called the E-weighted sound level (SLE) and is computed using the
frequency weighting of figure 10.

Tone and Duration Correction8

The advent of fan-jet engines on commercial airplanes was accompanied by a

concern of whether the tonal nature of the sound was adequately accounted for
by the PNL metric. A number of tone correction procedures were developed and

one procedure was incorporated into the noise metric for noise certification of new

transport aircraft. It was also proposed that sounds of longer duration were more

annoying than those of shorter duration. Therefore a duration correction procedure

was also incorporated into the certification noise metric. The certification noise

metric developed for large jet airplanes was based on the PNL metric (ref. 13) to

account for the basic frequency characteristics and sound pressure levels of the noise

which the airplanes made in airport communities. The certification noise metric,

effective perceived noise level (EPNL), requires that the PNL be calculated and

corrected for significant tones every 0.5 sec and energy summed over the effective

duration of the flyover noise (ref. 22). The tone correction procedure consists of
identifying tones contained in the spectra, estimating the level differences between

the tones and the broadband noise in the 1/3-octave bands containing the tones,

determining the value of the tone correction, and adding that value to the PNL to

obtain the tone-corrected perceived noise level (TPNL) for each 0.5-see interval. If

the frequency of the tone is less than 500 Hz or greater than 5000 Hz, the correction

for that band is one-sixth the level difference (in dB) between the tone and broadband

noise; if between 500 Hz and 5000 Hz, the correction is one-third the level difference.

The corrections for the bands, however, are limited to 3.3 dB and 6.7 dB, respectively.
The overall correction for the time interval is the maximum of the corrections for

the individual bands. The EPNL for the flyover is then given by

n

LEp N = 101ogl0 10 LTPN(i)/IO - 13 (8)

12
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where LTp N (i) is the value of the TPNL in the ith 0.5-see interval of the flyover. The

summation is over the duration when the LTPN(i ) are within 10 dB of the maximum
TPNL of the flyover. The factor of 13 dB is subtracted to account for the difference
in the 0.5-see time increments and a reference duration of 10 sec.

Another duration-corrected noise metric commonly used to predict the annoyance

of single aircraft and other noise events is the sound exposure level (SEL). This metric
is the energy average over the duration of a noise event referenced to a duration of

1 sec. If the noise level is sampled with period t between samples, the calculation

14
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formula is

LAE = 10lOgl0 lOLA(i)/lOt (9)

where LA(i) is the instantaneous A-weighted sound level for the ith sample. For

practical purposes the summation is normally limited to the duration for which the
instantaneous level exceeds a level 10 dB below the maximum level.

@eech Interference

A number of metrics have been developed to predict the effect that a given

noise environment will have on the intelligibility of speech. Several of the methods,

including articulation index (AI) and speech transmission index (STI), require more

detail to adequately describe the calculation procedures than can be given in this
review. The more interested reader is referred to the original work in reference 23 and

the suggested modifications in reference 24 for the procedures involved in calculating

AI, which predicts how much of the speech spectrum is masked by the noise signal.

Because of its wide acceptance and usage, the calculation procedure is covered by

ANSI standard $3.5-1969(R1971) (ref. 25). The newer STI method of reference 26

considers the effective signal-to-noise ratio produced by the modulated speech signal
and includes the effects of reverberation.

The speech interference level (SIL) is a simpler method for predicting speech
interference effects of noise of essentially constant level and is frequently used to

quantify aircraft interior noise (ref. 27). The calculation of SIL is the simple
numerical average of the unweighted SPL in the four octave bands from 500 Hz

to 4000 Hz as defined in ANSI standard $3.14-1977 (ref. 28). Initially the average
was defined over the three octave bands which encompassed the frequency range

from 600 Hz to 4800 Hz. After the introduction of the "preferred" frequencies for

octave bands, the range was modified to include the three newly defined octave bands

centered at 500 Hz, 1000 Hz, and 2000 Hz, and the procedure was called preferred

speech interference level for a short period. The method has its greatest applicability

if the noise is relatively steady, has a smooth spectrum, and is in an environment

which is not highly reverberant.

Multiple Events and Total Noise

Exposure

Many different noise indices have been suggested to quantify the annoyance

potential of time-varying continuous and multiple-discrete-event noises. Those most

commonly used for aircraft noise have been based either on the A-weighted level or
on the perceived noise level to account for the basic frequency characteristics. The

following sections describe several of the more commonly used indices.

A- Weighted Indices

Tile continuous or multiple-event character of noise is accounted for ill the

A-weighted indices through energy averaging or summation. The basic index is

called the equivalent continuous sound level (LEQ) and is defined as the level of the

time-averaged A-weighted sound energy for a specified period of time. The most
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common periods for averaging are 1 hour, 8 hours, and 24 hours. The LEQ for a

given period can be calculated from temporal samples of the A-weighted sound level
by

Leq 101og10 1 [/=_1 ]
= -- 10 LA(i)/IO (10)

n

where n is the number of samples and LA(i) is the level of the ith sample. In

addition to its wide use to assess people's reaction to aircraft community noise, LEQ
is widely and effectively used to assess reaction to other community noises and to

predict hearing loss for long-term noise exposure.

In an effort to account for the possibility that noise occurring when most people

are asleep is more annoying than during the day, the U.S. Environmental Protection

Agency (EPA) developed noise criteria based on a modified LEQ with a 10-dB
penalty for the period between 10:00 p.m. and 7:00 a.m. The index is called the

day-night average sound level (DNL) and can be calculated in a number of ways

depending on the sound level information available for the day and night periods. If
the LEQ is known for both periods, DNL is given by

Ldn = lOloglo{1 [15(lOLd/lO) + 9(loLn/lO)]} (11)

where Ld is the LEQ for the day period (7:00 a.m. to 10:00 p.m.) and Ln is the LEQ

for the night period (10:00 p.m. to 7:00 a.m.).

Another variant on the equivalent continuous sound level applies not only the

10-dB night penalty but also a 5-dB evening penalty. This index is primarily used
in California for airport community noise. The community noise equivalent level

(CNEL) is calculated by

Lden = lOloglo{ _--_ [12(lOLd/lO) + 3(loLe/lO) + 9(loLn/lO)]} (12)

where L d is the LEQ for the day period (7:00 a.m. to 7:00 p.m.), Le is the LEQ for

the evening period (7:00 a.m. to 10:00 p.m.), and Ln is the LEQ for the night period
(10:00 p.m. to 7:00 a.m.).

PNL-Based Indices

Before the EPA adopted DNL for assessment of all community noise, the most

widely used index for assessing airport community noise was the noise exposure
forecast (NEF). This index was based on EPNL for assessing the impact of each

aircraft operation with adjustments for the time and number of occurrences during

the 24-hour period. The nighttime adjustment was based on a 10-dB penalty if the

average number of aircraft operations per hour during the day and night were the

same. If, however, EPNL is known for each event (LEPN(i)) at some location, the
NEF is given by

LNE F = 101oglo 10 LEPN(i)/IO + 16.67 Z IoLEPN(i)/10

i=1

- 88 (13)
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where n is the number of events occurring during the day (7:00 a.m. to 10:00 p.m.)

and m is the number occurring during the night (10:00 p.m. to 7:00 a.m.). The factor

of 16.67 is the night correction factor which applies an effective penalty of 12.2 dB

to each event occurring during the night period.
Another PNL-based index is frequently used in the United Kingdom to assess the

effects of aircraft noises on communities. The noise and number index (NNI) is based

on the average (energy basis) PNL of aircraft noise events "heard" at a location in

the community and an adjustment for the number of events occurring during a given

period. The calculation formula is

LNNI = LpN, peak -'1-15 log10 N - 80 (14)

where LpN ' peak is the energy average of the peak PNL's of all events which exceed
80 dB during the period, and N is the number of those events. It is interesting to

note that the number correction, 15, is greater than a correction based on equivalent

energy principles, 10. This results in a correction of 4.5 dB for a doubling or halving

of the number of operations rather than the correction of 3 dB for indices such as

LEQ or NEF.

Laboratory Assessment of Human

Response

Many laboratory experiments have been conducted over the last three decades

to determine various aspects of human response to aircraft noise as heard in the

airport community and within the aircraft. In most of these experiments, test

subjects have judged or rated the annoyance of noise stimuli that the experimenter

reproduced in the laboratory. Since the noise stimuli rarely interfere with an activity

that the subject prefers or has to do, it is questionable whether true annoyance is
involved in the laboratory situation. There has been, however, limited validation of

laboratory findings through carefully controlled field studies of response to specific

physical characteristics of aircraft noise. Thus it is generally accepted that laboratory

testing can play a major role in the assessment of the physical characteristics of

noise that can cause true annoyance in real-life situations. The major advantages of

laboratory experimentation are the cost savings and experimental control relative to

field experimentation. The following sections present some aspects of methodology

and findings of laboratory experiments of aircraft community and interior noise which
deal with noisiness or the potential for causing annoyance in a real-life situation.

Methodology

Facilities and Stimuli Presentation Systems

The use of modern high-quality headphones to reproduce aircraft or other

noises that are used as stimuli in psyehophysical tests circumvents several potential

problems of facilities and stimuli presentation systems. First, very little considera-

tion need be given to the facility other than providing a measure of creature comfort

and a relatively low background noise condition. Normal office or home environments

are generally satisfactory. Second, headphones are generally capable of reproducing
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aircraft-type noises with lower distortion, over a wider frequency range, and at higher

intensity levels than are most normal loudspeaker systems. Their major disadvan-

tages are slight discomfort over long periods of time, difficulty of calibration, and

variability in stimuli between subjects and tests due to variations in placement on the

head. A direct comparison of results of noisiness tests conducted under headphone,

anechoic, and semireverberant listening conditions is reported in reference 29. Very
little difference in subjective results was found between the three methods.

Although loudspeaker systems suffer from a number of shortcomings, they have

been used extensively to reproduce noise stimuli for most subjective tests involving
aircraft noise. Loudspeaker systems of all levels of sophistication have been used.

Since the efficient response range of a loudspeaker system is related to the physical
size of the drivers, most modern systems use multiple drivers of different sizes. As a

consequence some reinforcement and cancellation occur at various locations for some

frequencies. This can result in less than ideal or flat frequency response in the direct

field of even the most expensive and reportedly smooth response systems. Another

problem which plagues loudspeaker systems is harmonic distortion at high intensity

levels. Loudspeaker systems are, at best, low-efficiency devices; therefore, aircraft

noises at realistic outdoor levels are difficult to reproduce, particularly if they contain

much low-frequency energy. Loudspeaker systems also have considerable phase
distortion. While such distortion is not normally considered important for most

broadband noises, it does prevent the realistic reproduction of the time signature of

impulsive noises such as blade slap produced by some helicopter operations. It is

possible, in some cases, to electronically predistort the phase of different frequency

components so that the pressure field at the listener location has the proper phase
relationships (ref. 30).

In order to better control loudspeaker-reproduced stimuli and to simulate outdoor

listening conditions, many subjective listening tests have been conducted in anechoic

chambers. In addition, a limited number of tests have been conducted in progressive

wave facilities (ref. 31). These types of facilities have the obvious advantages of
reducing the effects of reflected sound and of generally having low background noise

levels. However, such facilities have a potential disadvantage of poor visual realism

and may cause anxiety in some subjects during tests of long duration.

Many subjective aircraft noise tests have been conducted under semireverberant

conditions such as in normal office environments or in special quiet facilities such

as audiometric booths. As indicated in reference 29, little difference in results of

noisiness tests is anticipated provided that the frequency response characteristics

and room acoustics effects on those characteristics are accounted for in the analysis

of results or, better yet, by the electronic filtering of the input signals to the sound
reproduction system.

A number of special purpose facilities have been built to provide a realistic

visual environment in addition to the required acoustic environment (refs. 32-34).

The Interior Effects Room located at the NASA Langley Research Center (ref. 35)
produced the visual simulation of a living room as well as the acoustic simulation of a

typical house structure. Multiple loudspeaker systems were located outside the room

structure, and realistic aircraft and other environmental noises were transmitted

through the structure. While such attention to detail is most probably unwarranted

on purely acoustic grounds, numerous tests were conducted in the facility where both

visual and acoustic simulation was required for long-duration, multiple-event, and
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multiple-noise-source studies. The Passenger Ride Quality Apparatus also located
at the NASA Langley Research Center (ref. 36) provided both the visual simulation
and the vibration simulation of an aircraft interior as well as acoustic simulation for

many passenger annoyance studies.

Psychoacoustic Procedures

The purposes of most laboratory aircraft annoyance studies have been to deter-
mine how different physical characteristics of aircraft sounds affect reported annoy-

ance response, how the sounds of different aircraft types will be accepted in commu-
nities, or how well different noise metrics predict annoyance or noisiness. Since it is

generally recognized that these types of laboratory assessments are not absolute but
rather are relative to either the whole set of sounds or to a specific sound used in the

tests, comparative types of psychoacoustic test procedures and/or analyses are most

often used. Frequently the goal of the tests is to determine noise levels for a set of

stimuli which produce equal annoyance or noisiness response. The most commonly

used procedures are described in the following paragraphs. Additional information
on the various psychometric methods and analysis of data obtained can be found in
references 37 and 38. In reference 39 the different procedures for determining human

response to aircraft noise were evaluated using a standardized set of test conditions
and noise stimuli.

In the method of adjustment (MOA), or method of average error as it is sometimes

called, the task of the test subjects is to adjust the intensity of one of a pair of sound
stimuli so that each has equal noisiness or some other attribute. Subjects are typically

instructed (ref. 14)

Your job is to listen to the standard noise ... then ... the comparison noise ... and
adjust the intensity of the comparison noise until it sounds as acceptable to you as the
standard.

Subjects can usually make the adjustment and comparison as many times as

necessary for convergence. The experimenter then records the sound level of the

variable stimulus for comparison with the level of the fixed stimulus. Both orders

of presentation of the fixed and variable stimuli are usually given in the tests to

prevent an order bias. By averaging over the reported points of equality for all test

subjects or repeated trials for single subjects, the experimenter obtains a statistical
estimate of sound levels which produce responses of equal noisiness (or some other

attribute) for the two stimuli. These noise levels will be referred to as "levels of
subjective equality" (LSE) in subsequent discussions. The exact application of this

methodology has been varied between different laboratories and experimenters. In
some cases the level of the standard sound is varied and in others the level of the

comparison sound is varied. While intuitively MOA has many virtues, it is perhaps
the most time-consuming and difficult test procedure for the subject and is therefore

rarely used for tests involving many stimuli.
Another frequently used psychometric test method is also based on direct

comparisons of pairs of sounds. This method has been called paired comparisons

by some experimenters but is more properly called the method of constant stimulus

differences (CSD). In this procedure many pairs of noise stimuli, comprised of a
standard and a comparison stimulus, are presented to the test subjects who judge
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