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PREFACE

The United States Environmental Protection Agency (EPA) was
charged by Congress in the Noise Control Act of 1972, as amended by
the Quiet Communities Act of 1978, to conduct or finance research
to investigate "...the psychological and physiological effects of noise
on humans and the effects of noise on domestic animals, wildlife, and
property, and the determination of dose/response relationships suitable
for use in decision making..." (Section 14(b}{(1)).

Pursuant to and as part of this mandate, EPA has undertaken investi-
gations to determine and quantify subjective reactions of individuals
and communities to different nofse environments and sources of noise. A
specific series of studies has been initiated to determine the best
methods for evaluating subjective magnitude and aversiveness to noise on
the basis of spectral and temporal properties, and to ascertain the impor-
tance of and means for including nonacoustical factors in the evajuation
of general aversion to noise. The overall purpose of this line of research
is to derive a more solid basis for assessing the aversiveness of noise and
the benefits of noise control.

The aim of the investigation described in this report was to perform
a detailed analysis of data pertaining to potential annoyance responses
that may be attributed te repetitive type impulsive noise. Specifically, a

program was undertaken {1} to review and evaluate the literature on

human subjective response to repetitive impulsive noise, and (2) to assess the




o T
S

need for and relative order of magnitude of a subjective impulse
adjustment factor that would better define effective level in terms of
annoyance reactions,

The report provides much useful information on the annoyance and
loudness of repetitive impulsive noise. Moreover, it is expected that
the results of the investigation will form the basis of future experi-
mental psychoacoustic work to derive, if appropriate, more precise correc-
tions factors or noise prediction metheds to effectively account for the
inherent annoyance associated with impulsive noise. EPA believes that
further research and evaluvation of data an the subjective effects of noise
will foster the development of technigues to demonstrate additional
benefits of noise control beyond that exhibited by currently used pro-
cedures, Fulfillment of this ohjective awaits further study within this
series. The results published in this report, however, do provide an
important step toward a more complete understanding of the phenomena of
human subjective response to noise.

The conclusions reached in this report regarding moderate level impulsive
noise are the authors' and do not necessarily reflect the opinions of the
individuals listed above. Moreover, the U. S. Environmental Protection Agency
does not endorse the findings of this investigation for use as a "correction
factor" applicable to impulsive type noise, nor have similar correction

factors been used by the Agency in past or current nofse impact analyses.
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ABSTRACT

This study was undertaken to evaluote subjective and objective ospects of moderate
levels of noise from impulsive sources. The study excluded evaluation of hearing damage
risk or annoyance from building vibration by high leve! impulsive noise, which were l
covered by recent recommendations of the National Research Council, Committee on
Hearing Bicacoustics and Biomechanics, Working Group 6%. While the study included
original investigations into some of the objective aspects of ;'mpulsive noise, a detailed
review of the literature on the subjective aspects was emphasized. Based on this available
literature, the annoyance and loudness from o wide variety of repetitive impulse noises
were evaluated  These results were applied to the evaluation of impulsive noise from
a number of specific noise sources. Based on the most pertinent literature, it s ten=
tatively concluded that a subjective impulse correction factor of +7 dB applied to the
A-weighted equivalent sound levels of these types of repetitive impulsive noise sources
would better define their effective level in terms of annoyance reactions. No additional
correction s identified at this time for crest level or repetition rate. Reseorch on sub-
jective correction factors for helicopter blade slap is also reviewed and potential
reasons for the smaller subjective correction factors {i.e., 0 to & dB) for annoyonce
response to this type of sound are discussed. 1t is recommended that refinements to this
subjective correction foctor be based on the use of standard loudness calculation methods
(Stevens Mark VIl or Zwicker) medified to include provision for a shorter time constant

to reflect subjective response to short duration impulsive sounds.

The study also included a brief experimental evaluation of the measurement of a
wide variety of simuloted repetitive impulsive~type signals varying in duty eycle, repeti-
tion rate, pulse frequency, and ratio of peak impulse signal level to continuous background
noise level. When repetitive impulses are measured using maximum values of A-weighted
(slow) readings on an Impulse Sound Level Meter, no objective correction is necessary in
order to measure, with an accuracy of £1.5 dB, the equivalent sound level (Leq) of the

wide variety of impulsive signals investigoted.
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1.0 INTRODUCTION

Under the mandate of the Neise Control Act of 1972, the Environmental
Protection Agency is charged with teking steps to abate sources of noise potentially,
detrimental to the public health and welfare, Implicit in this is the need to establish

the means for evaluating and monitoring the neise from impulsive noise sources.

This report excludes consideration of human response to’and measurement of
high level impulsive sounds such as sonic booms, weapons fire, or quarry blasts.  The
latter topic has been the subject of recent recommendations to the Federal Govern-
ment by Working Group 69 of the National Research Council, Committee on Hearing,
Bioacoustics and Biemechanics (CHABA). With this limitation in mind, a research
study was carried out to develop an interim method for the evaluation of moderate
levels of impulsive noise below hearing damage risk levels. The method was to be
compatible with the existing methodology currently in use by the Environmental
Pratection Agency (EPA) for evaluating community noise impact. The investigation

was divided into throe basic elements:

1. Selaction of a baseline metric for evaluating impulsive noise to

which subjective and objective correction factors* could be applied

as necessary.

2. Review and evaluation of the literature on subjective effects of
impulsive noise with emphasis on dato relating to annoyance,

naisiness, or loudness of repetitive types of Impulsive nolse,

*Throughout this report, the term "subjective correction factor" is used as a convenient
labe! for the diffarance batwean the subjectively effactive and objectively measured
value of loudness, noisiness or annoyance as dofined in the text. It is not intendsd
to imply that the values cited for these "correction" factors can be used without
careful consideration of their validity and applicability for practical evaluation of

real Impulsive sounds.
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3. Based on this review, the development of a suitable method te eccount
for subjective {annoyance) effects of impulsive noise utilizing suitable

measurement methods and currently available instrumentation.
This report presents the results of this investigation in the following sequence:

®  Section 2 discusses the selection of the baseline noise metric used
throughout the study.

&  Section 3, the heart of the report, reviews the literature in detail on
loudness, naoisiness, ond annoyance responses to impulsive sounds. Other

subjective effects are also briefly covered,

& Section 4 summarizes the overall findings in terms of the differential

subjective response between Tmpulsive and nonimpulsive sounds,
Three appendices are also included, covering:

¢ Appendix A - Objective factors invelved in the measurament of
impulsive noise. This includes presentation of results of a laboratory
test of various noise metrics obtained from a precision impulsive sound
level meter when applied to a wide range of artificinlly-generated

impulsive sounds,

s Appendix B = Summary of the results of an international Round Rabin
test on response to and measurement of impulsive sounds recently

conducted by the International Standards Organization.

8 Appendix C - Frequency spectra of repeated time bursts. This
appendix briefly illustrates the spectral content of various ideal

repetitive tone bursts which roughly opproximate some impulsive

sounds,
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2,0  SELECTION CF A BASELINE METRIC

2.1  Definition of Impulsive Noise

Sounds can be defined as impulsive when they exhibit some Form of rapid and
substantial variation in the envelope of the time history of the instantaneous peak
pressures. This envelope can be visualized as a line connecting the instantaneous
peaks of a noise signal as measured on a high-speed oscillograph. Examples of
envelopes of impulsive and nonimpulsive sounds, illustrating this qualitative definition,
are shown in Figure 1, Figure la shows the envelope of peak pressures for fairly
staady sounds from a stationary noise source such os an electric motor running at con-

stant speed. Figure 1b shows a noise with a noticeable fluctuation of the envelope. This

may simply be called an unsteady or fluctuating neise such as from a stream of highly

vatiable traffic.

The first step in defining a baseline metric for the impulsive sounds considered
in this report waos to classify all types of impulsive-like sounds into cotegories. As
illustrated in the figure, most types of impulsive sounds fit into two basic categories,
Figuwes 1¢c and 1d show envelopes of the time history for sounds in these two categories
that are clearly impulsive — Figure 1c illustrates a single impulse such as from a quarry

blast and Figure 1d shows a repetitive impulsive noise source such as from an unmuffled

rock drill or drop hammer. *

There are ¢learly other examples which fall somewhere in between the time
history characteristics shown hera. For example, the envelope representing the time
histery of an aircraft moy look quite similar to that of the single impulsive sound
except that the time scale is stratched out to many seconds instead of hundredths of
a second. However, in order to take advantage of any useful research that could be
related to impulsive noise, investigations on subjective reactions to all of the last
threa examplas illustrated in Figure 1 were grouped into three categories according to

the type of sound as follows:

*The latter is 0 wheelad vehicle aquipped with a hydraulically operated drop hammer
and 1s used for demo!Ttlon of rood surfaces.
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a) Steady Sound
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j—I sec. __|
b} Unsteady. or Fluctuating Sound

}_IO ms _I

¢) Single Impulsive Sound

I

{00m

d) Repetitive Impulsive Sound

Figurs 1. Examples of Time History Envelopes of Nonimpulsive (ses a, b)
and Impulsive (see c, d} Sounds
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I — Repetitive Impulsive Sounds
II = Single Impulsive Sounds

11 = Unsteady Sounds

This review of impulsive noises is necessarily broad and potentially applicable to
a wide range of moderate to low level impulsive sounds. To illustrate the concepts pre~-
sented in this report pertaining fo loudness and annoyance of repetitive impulsive noises,
four particular sources were selected as typical of impulsive community noise. These ore:

¢  Truck-Mounted Garbage Compaciors

1 o Drop Hommers

¢  Two-Cycle Motorcycles

®  Rack Drills

Clearly, some of these sources can generate impulsive noise levels which may
represent a hearing damoge risk to the equipment operator or an immediately adjacent

bystander, However, hearing domage aspects of impulsive noise ara not considered

in any detail in this review. Under certain operating conditions or with suitable noise

control features, these noise sources may not emit what would be called impulsive
noise according to our qualitative definition {i.e., rapid and substantial variation
in the envelope of the peak pressure time history). However, according to our three

categories above, all four of these sources, when generating impulsive sound, will

fall into Category 1, i.e., sources of repetitive impulsive sounds.

Typical time histories of the instantaneous signals for each of the above sources
are illustrated in Figure 2.* For garbage compactors, ignoring the steady noise of the
power source used for its operation, the impulsive nature of compactor noise will
consist of random or irregular impacts of metal against metal so that the term “fepetitive"
must, in this case, be interpreted as including such on aperiodic or random repetition .
For the other three sources, however, one can expect that under any given operating
condition, the repetition rate will be fairly constant so that the envelope will exhibit
a definite periodicity. [t should be pointed out that repetition rates of concem in

this report will fall below the auditory range, that is, below about 20 Hz.

*The time histories shown in Figure 2 were obtained from a small sample within each source
category. They ore not necessarily representative of all equipment rl)ar fall within those
catagories,
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a) Commercial Garbage Truck with Compactor

Figure 2. Examples of Time Histories of the Instantaneous Pressure
from Impulsive Sources
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b) Drop Hommer

Figure 2 (Continued)




c) Twa=Stroke Motoreycle

Figure 2 (Confinued)
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d) Reck Drill

Figure 2 (Concluded)
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A typical train of impulsive sounds is illustrated in Figure 3. The five physical
paramelers impartant for describing impulsive sound are defined for purposes of this
report as follows;

® Crest Level - The difference in sound pressure level between the peak

and rms level of the noise. For a background noise with @ noarmal
(Gaussian) distribution of instantaneocus pressure, the peak pressure
may be considered as the valve at about three standard deviations
above the rms value. This peak, which ideally is exceeded only 1
percent of the time for Gaussian noise, will be about 10 dB higher
than the rms value. Thus, the crest level should normally exceed

about 10 dB before a noise is considered impulsive.

¢  Duration ~ The amount of time that the envelope of the instanmnecus

pressure exceeds the rms value.

o Period (if repetitive) = The time duration between two successive

impulses in a train of impulses.
® Spectrym ~ The frequency distribution of acoustic energy in the impulse.

® Rise Time - The time required for the impulse to rise from the back-

ground noise to the peak.

Crast Level

me

Rise Time —— D¢ Duration
P: Period

= p

Figure 3. Physical Parameters of a Typical Impulsive Sound
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Representative values for these impulsive noise parameters for the two-stroke motor-

cycle, the drop hammer, rock drill, and truck=mounted gorbage compactor are listed
in Table 1% For these sources of impulsive noise, the crest level lies between 13 and 30 dB,
the duration varies from several milliseconds to half & second, and the period varies from 10
milliseconds to 1-1/2 seconds. A frequency range of 200 Hz to 2 kHz covers most of the
ocoustic energy of the impulsive noise. This table provides a general indication of the
magnitude of the parometers which define the general physical characteristics of the impul-
sive noise sources considered in this report. However, this range of parameters, in fact,

N includes many other impulsive noises so that research into subjective response to all of these

con be cpplied, in part, to the evaluation of subjective response to the four particular

sources identified in Table 1.

Table 1
Typical Physical Parameters of Four Real Sources of Impulsive Noise
Peaks in
Impulsive Crest Pulse Repetitian Frequency Typical

Noise Level | Duration Period Spectrum Rise Times

Source db ms ms kHz ms
Two=5Stroke 13 2~20 30-100 0,30 -2 2
Motorcycle
Drop 30 300 1500 0,25 ~1 10
Hammer
Rack Drill 19 10 50 0.040 - 0.400 2
Truck~Mounted| 19 500 5000 0,200 -1 50
Garbage
Compaclor

*The values listed in Table 1 were measured from a small sample within each source
category, Although there is no reason to suspect that the values listed are atypicsl,
the reader should apply caution in generalizing the conclusions of this study as
necessarily representative of all equipment that fall within eoch source category.

**Although selected as a repetitive impulsive noise source for purposes of this analysis,
racent information as presented in EPA Report No. 550/9%-79-257, Regulatory Analysis
of the Noise Emission Regulation for Truck-Mounted Selid Waste Compactors, indicates
that this feature may not be necessarily characteristic of the majority of truck=-mounted

solid waste compaction units,

2-9
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2.2 Baseline Noise Melric

Some sort of baseline noise metric is necessary for evaluating these various
impulsive sounds. This baseline metric should be: (1) reasonably unambiguous, (2)
measurable with precision laboratory equipment, (3) measvrable with standard sound
level meters in the field with suitable correction factors, (4) compatible with the
day=night sound level (Ldn) ot the equivalent (energy average) sound level
(Leq) metric, and {5) able to provide a foundation for application of subjective
impulsive noise corrections to allow comparison of the subjective response to impulsive
and nonimpulsive sounds. The baseline metrics applicable to the Category I impulsive

sounds could take one of the following alternate forms.
¢ Sound Exposure Level ~ The time-integrated measure of the A-waighted

sound level s identified by the symbol Lg.
¢ FEguivalent Sound Level - The equivalent sound level is the energy-

average of the integrated A-weighted sound level over o specified

obsarvation time T and is identified by the symbol Leq.

¢ Pegk Sound Level - The maximum instantaneous A-weighted sound

prassure level during a given observation time is identified by the
symbol LApk'

¢  Peak Sound Pressure Level - The maximum instantaneous unwaighted
(Yinear) sound pressure level during a given observation tima is

identified by the symbol ka.

All of these metrics are essentially unambiguous quantities measurable in the
laberatery and potentially measurable by some of the advanced integrating sound level

meters, Measurement of the peok levels “‘Apk or ka) with sound level meters

squipped with a peak-hold position is stralghtforward, providing the rise~tme of




the signal is greater than 50 psecs. This corresponds to an upper frequancy limit of

20,000 Hz for significant energy in the spectrum of the impulsive sound.

Intentionally excluded from the candidate baseline metrics are the other
quantities measurable on a sound level meter. Those which will be considered later

for application to measurement of impulsive sounds include:

¢  SlowSound Level - The exponential-averaged A-weighted sound level
measured with o nominal effective (squared pressure} time constant of

| second, identified, for this report, by the symbol LAS'

®  Sound Level or Fast Sound Level - The exponential-averaged
A-weighted sound level measured with a nominal effective time

constant of 125 ms, identified, for this report, by the symhol LAF'

8  Impulse Sound Level = The exponential-averaged sound level measured
with o nominal effective time constant of 35 ms, identified by the

symbol L, ..

Other noise matrics could have been considered, such as measures
of statistical distribution, Lx' where x is the percent exceedence level, or noise
pollution level (LNP)which attempls to account for subjective reaction to fluctuation
of a noisa, These wera rejected as not being directly compatible with current EPA noise

metrics and are not readily measurable on standard sound level meters.

Returning to the four candidate baseline mairics, the last two measures of
peak lavel may be rejected at the outset as unsuitable because they fail to fit directly
into EPA's time integrated measures of noise, namely, day-night sound lavel Ldn
and equivalent level (Lo ). In order to make a final choice, it is necessary to consider
the general nature of the noise signatures that may be invelved. For example, the
typical noise exposure of an individual at any one place to garbage compactor noise
might consist of several minutes of exposure to a relatively random series of impulses
generated by the clanking together of garbage materials as they are compacted, super-

imposad over the rising and falling hum of noise from the engine which drives the compactor,
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The duration of the exposure can only be roughly estimated and will vary widely from
one site to ancther and from one day to the next, The sound exposure level of such
a varying noise exposure would also vary accordingly, making it difficult to utilize
for reallstic noise evaluation or certification unless one observation time were arbi~
trarily fixed. In this case, however, an equally useful measure would simply be the

equivalent {or energy average) sound level (Leq) during the measurement period.

In contrast, during o passby of a motorcycle, the only unambiguous energy-
related measure of the noise signature received by & nearby observer would be the
sound exposure level (LS). It would be possible to normalize the sound expo-
sure level by a standard duration of, say 10 seconds to provide what would
amount to the equivalent sound level over 10 secends {i.e., Leq {10 sec)) with the
same energy as the actual event. On the other hand, if noise certification tesks of
motorcycles were to be opplied to stationary vehicles, the equivalent sound level (Leq)

during the observation period would be o logical baseline metric.

For the drop hammer or rock drill, a typical noise signature could consist
of a relatively long period of exposure, on the order of an hour or more with many
periods of more or less continuous exposure to the repetitive impulsive sound. In this
case, again, the equivalent sound level (Leq) during the chservation period appears

suitable as the baseline metric.

Thus, with the one exception of noise exposure to single events, which are
conveniently defined by the sound exposure level, it appears that the equivalent sound
lavel (Leq) is the logical choice for a baseline meiric for the impulsive sources con-
sidered in this study.

The A-weighting inherently incorporated in this metric is expected to provide
a more accurate or a more consistent correlation with human response to low level
impulsive sounds than wauld be provided by a nonweighted (linear) sound prassure leval.
As will be discussed later, this observation is olso consistent with the observad loudness

or nolsiness of low level sonic boom sounds. These have been shown to correlate best




with frequency-weighted measures {i.e., loudness in phons) of the sonic boom energy
: 4 40
spectrum which deemphasizes the low fraquencies as does A-weighting. * 6, 35,

It remained only to define the observation time upon which the average sound

level will be based. For the general case, the equivalent sound level (Leq) over an

observation time T will be defined as

! T
1 2
v Leq =10 Iogm [?f( PA (r)/poz) dt] , dB (n
0 -

where

PA(r) = instantaneous A-weighted sound pressure at time t, Pa

reference pressure (20 pPa), and

B
i

]

observation period, sec

For prediction of the day-night sound level (Ldn), the Le for the impulsive
sound is eveluated for the daytime (Ld) ~ 0700-2200, and for nighttime (Ldn) -2200 to
0700 hours. The normal 10 dB penalty factor would be imposed on Ldn for the baseline
mefric, but the possibility of increasing this for the potentially even greater annoyance
at night of impulsive sounds can be left as an option to be defined upon the basis of

axamining the available information on sleep interference from impulsive sounds.

For application to defining the Leq of repeated single events, the same tech=

nique employed for specifying aircraft sound exposure will be used in the form

"eq=‘-s“° logN=-10log [T/t] , dB (2)

*Note that for high level impulsive sounds, such as from quarry blasts or artil lery,
C-weighted levels appear to predict community response quite well 21, 147
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where
Lg = sound exposure level of one event, dB re 20 Pa - sec
N = number of events during the time T
T = observation period in seconds
= reference time of 1 second

The observation time T to apply in the measurement of the equivalent sound
level will depend o'n the application, ranging from o minimum of 1 second (corre-
sponding to the duration of reference sounds often used in loboralory evaluation of
impulsive sounds), to 1 hour for an hourly equivalent sound level (Le {h)), to 15 hours

for the day sound level (Ld) - the energy average during the hours 0700 to 2200,

In summary, then, the baseline metric used in this study for evaluation of «
impulsive noise will be the A-weighted equivalent sound level (Leq) measured over
o time to be specified as appropriate for each source. This provides a baseline noise
metric that is compatible with the existing methods developed by EPA for evaluation
of noise impact.* By providing adjustment factors {(nominally identified herein as
corraction factors) to the L, fo account for any subjective effects and measurement
errors for impulsive noise, it will be possible to properly include impulsive noises in
EPA's evaluation of environmental impact of impulsive ﬁoisa sources, This metric is
also considered appropriate for application to each of the three categories of sounds
defined earlier: (a) Category ! ~ Repetitive Impulsive Sounds, (b) Calegory II - Single
Impulsive Seunds, and {c) Category Il = Unsteady or Fluctuating Nonimpulsive Sounds.

*J.S. Environmental Protection Agency, "Information on Levels of Environmental
Noise Requisite to Protect Public Health and Welfare with an Adequate Margin
of Safety." EPA Roport No, 550/9-74-004, March 1974,
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3.0  SUBJECTIVE RESPONSES TO IMPULSIVE NOISE

Subjective responses of paople to noise can be conveniently grouped into three

general (and overlopping) cotegories:
¢ Health~Critical Responses

- Hearing damage
- Llong-term medical or psychological effects other than heoring

damage
&  AcHvity or Behavioral-Influence Responsas

~ Speech interference
- Sleep interference

~ Task interference
®  Attitudinal or Judgment-Influence Responses

~ Annoyance responses

~ Laudness {or noisiness) judgments

The primary concern for subjective responses in this report is In the last category

(i.e., attitudinal or judgment resp'onses), and therefore that category is the only category
that has been reviewed in depth, An extensive bibliogrophy has bean compiled, however,
on most of the above categories and is included in the Reference section at the end of
this report. For convenience, the bibliography is arranged chronologically within

each of five general subjects: Part A, Annoyance of Impulsive or Fluctuating Sounds;
Part B, Loudness or Nolsiness of Impulsive or Fluctuating Sounds; Part C, Detection or
Perception of Impulsive Sounds; Part D, Speech Interferance; Part E, Sleap Interferance;
and Port F, Hearing Damage . An additional subdivision Part G, for the references on
measurement of impulsive sound,is also included in this bibliegraphy. While all of the
sources are {isted in the bibliography, for convenience, only the principal ones of con-

cern for this report are cited as references in the main body of the text.
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3.1 Loudness or Noisiness of Impulsive Sounds

As will be shown later in Section 3.2, o correction to Le to account for the
annoyance of impulsive sounds can range from approximately & to 15 dB, depending on
the correction method. Clearly, such a wide range of correction factors is of little
value so that a more precise method for selecting a subjective correction factor is
desired. The extensive literature on loudness or noisiness of impulsive sounds was
therefore reviewed emphasizing experimental results as a more reliable basis, ot this
point, for assisting in the selection of ¢ subjective correction foctor. In eddition,
these basic experimental results on response to transient sounds are expected to assist
in defining optimum ways to monitor impulsive noise. Following the review in this
section of the available experimental results on {oudness and noisiness of impulsive
sounds, information related to the annoyance of such sounds and compa rison of
annoyance and loudness or noisiness is considered in the next section. First, however,
it is helpful to consider a simplified model for the auditory process as a fromework for

examining the data relative to impulsive noise response.

3.1.1 A Model for the Hearing Process

A simplified conceptual diagram of the auditory system is illustrated in Figure
4 to assist in defining the principal features significant in this study. As indicated in
the figure, characteristic response times for the "acoustic" parts of the auditery chain
(i.e., up to the point in the inner ear where spectrum analysis occurs) are much less
than the "RC" time=-constant inside the last box where the ovarall detection, integration,
and recognition of sound signals is assumed to occur, 146 Even considering the lowest
raported value for this time=constant, it is still more than two orders of magnitude
greater than for the earlier parts of the auditory chain which must be able 16 respond
to instantansous pressure changes at rates up to 20,000 times per second (7 = 50 psec),
The "RC" time-constant, on the other hand, only limits the ability to track the
anvalope of o sound. Thus, experimental studies on response of humans to transient
sounds have focused more attention on this part of the hearing process and have
utilized tha RC smoothing filter concept illustrated as one of the ways to empirically

mode| the results. We will consider the implications of the model illustrated in
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Figure 4 again later, but first let us examine the experimental data on loudness and

noisiness,

3.1.2 Experimentcl Pata

The independent and dependent variakles involved in the noisiness of impulsive

sounds may be categorized as follows:

Independant Variables (The Stimulus)

- Signal Format

Repetition, Single or Multiple Impulses

Signal Spectrum Tone, Narrow Band Noise, Complex or Wide Band
Impulsive Noise (the complex impulse includes the type of real

impulsive sounds of concern in this report)

- Signal Characteristics Varied

Pulse Duration

Pulse Fraquency

Pulse Repetition Rate (for Repeated Impulse)
Spectrum of Total Signal

Rise and Decay Time of Pulse

Phase of Signal Companents

Ratio of Pulse Signal Level to any Background Noise
Duration of Total Exposure

Method of Signal Presentution (including sound field characteristics

for loudspeaker presentation)
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Dependent Variables (The Response)

= Thresholds
& Absolute Detection (absence of noise)
*  Masked Detection (in presence of noise)

e  Flutter or Fluctuation Detection

-~ Magnitude
&  Loudness
o Noisiness

Although noisiness and loudness are listed as separate dependent variables for

subjective response to impulsive sounds, it will be shown that they may be taken as

essentially identical. However, as shown later in Section 3.2.3, the annoyance response
to impulsive sounds may, in some cases, be significantly different from o loudness or
noisiness magnitude response,

Utilizing the above fraomework of independent and dependent variables on
loudness or noisiness of impulsive {or Fluctuating) sounds, an index of the pertinent
available literature is presented in Tahie 2 which covers most of the major experimental
studies of subjective response to impulsive or fluctucting sounds. It will be convenient
to briefly review the pertinent findings of these experimental studies by three general

groups according to the type of stimulus,
® Pyre Tones
® Bursts of Noise

¢ Complex Sounds (real or simulated impulsive neise including

helicopter blade slap)
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Table 2

Index of Experimental Studies on Loudness/Noisiness of Impulsive or Fluctuating Sounds
Indicating Experimental Variables Investigated

Folerences Single lm;mlsl(” Multiple (Reponted) Impuliac (N
Narrew |Bnnd Wida .Bund (2) Nurrnw‘ﬁund Wida 'Bund (2

Nod _Author Yror Tanes af Naia Camplax Moise Maetsurad Tones of Noise Complax Noirg Mgosured
25 | Hughes {1948) 0,F AT
26| Goroar & | t9azy | 0,F.L M
27 { Munson (1947) o,FL LL
28 | Garner {1947) D,F D MI, AT
2% | Garner {1947} b,F AT, MT
30 | Miller (1948} ‘o,L AT, LL
31 | Garner {1948} D,F,.R, L LL
32 | Garnar {1942) o,L LL
33 | Niesa (1958) O,F 1L
M | Green + {1957} D MT
35 | Homilton (1957) D MT
38 | Pollock {1958) D LL
37 | Plomp + {1959} O, F M
38 § M<Fodor {1960) a] D LL
39 | Mleta {1960) | O,L LL
411 Small + {1982} ol L
42 | Port + (1943) D,L LL
41 | Shaaley + (1944} | D MT
44 | Cartar (1965) R LL
45 | Zwicker {1965) +] +] LL, MT
46 | Zeplar + {1965} L] LL
47 | Gorratt (1985) D,R DR LL
48 | Ekman + {1958) | D LL
50| Stavans + (1945} o] L
51| Zwicker {1768) D LL
52| Pscnons {1967) AC, HBS N
53] Psarsors + (1962} L N
54| Dubcawakll + [ (1963) AM, R FT
431 Johnson + {1967} so.L LLA
36| Baver + {1947 D LL D LL




Table 2 {Concluded)

Erforanrms Single lmpulies Multiple [Repealed) Impulses
MNarraw fond Vide Band Norrow Band Wide Band

No.|  Aurhor Year Tones of Naitn Complex Naite Meajured Tonas af Naite Comrﬂg’_ Noita Mensurad

57 [ Horbert + {1948) R, RT R.RT FT

58 | Shepherd + {1968) £a LLA

59 | Rothausen + | (1946) R LLA

4C { Johnsan + (1969) 5B LL

6] | Reichardt + | {1970} D LL

82 | Raichardt {1970} o LL >} LL
&3 &4 | Fidell + {1970) o D N,A b, R F DR D.R NA

65 | Ollarhead {1921) L.AC LL

& | Shiptan + {9} | o D kL s} [} L

&7 [ Thompson {1971} | D b i D D LL

70 [Levartan {1972} Has LL,A

71 |Fuchs (1972) F LL, A

72 |Carter (1972) R,RT LL

73 | Stephars (1973} |0 D LL

74 |Cartar {1923) R, RT AT

75 |doana (1973} 2} D LL

74 |Leverion {1974) HBS Lt

77 | Paderson {1974} D LL

70 | Gustafion (1974} . B,F,R,L LL D,F,R,L LL

79 [Tarhardr {1974) AM, R T

80 Fuller + {1975) o A

n 2 Dependant varlable mecsured identified by abbraviatad cods.

Independent variable idantified by abbirevicted code under calumn headings
which dufine type of signal: pure tens, nortow band of naise, complax signol,
or wlde hand nolss,

mroag

= Duratlon
= Pulse Fraquancy
= Signal Level

Repativion Rare

Indaglnﬁcm Variables

AT « Rise {and Dacay) Tima

{+: atal)

SB = Sonic Boom Signal

AT G

HBS ~ Halicoptar Blade Slap
AM < Amplirude Modulction

AC .

Afrcraft Sound

Dependent Vorlables
A = Annoyanca
AT - Abssluta Thrashold
FT = Flutter Theashald
LL - Loudness Lavel
Ml = Maikad Thrashald
N = Naisinas




3.1.3 Subjective Response to Impulsive Pure Tone Sounds

Follawing picneering work by Bekesy in 1929 on the effects of duration on
loudness of tones, Hughes, 25 Garner and M‘rller,ztS Munson,27 and Gurnerza’ 22,31, 32
laid the groundwork for subsequent studies on loudness of single or multiple tone bursts.
Typical results of this early work are represented by the data of Garner and Miller,26
shown in Figure 5. Figure 5a shows the measured signal-to~noise ratio at detection
threshold for a single tone burst of varying duration presented in the presence of a
wide band masking noise. Figure 5b shows these same results normalized accc;rding to
a simple empirical model for the auditery detection process corresponding to the output
of a resistance-capacitance (RC) circuit. The latter is driven by a signal (E‘) which
is assumed to represent the detected envelope of the tone burst, If we assume that the
tone is just detected when the peak output of the RC network reaches some fixed thresh-
‘ old detection level (EO), then it can be shown that for burst durations (T}, much less
than the time constant, 7 =RC {analogous to the ear's time constant), the required

signal level increases inversely as the pulse duration decreases, or

(Required Signal Level, El) = (/1) (Detection Threshald, Eo) {3)

Thus, the product of the signal magnitude El and the pulse duration T is a constant,
as given by

E] «-T=E T = constant (4)
o

Since the product of the signal magnitude and pulse duration is a measure of the "energy"
in the sfgnal, this relotionship is simply anether way to dafine the so-called “constant
energy" low normally invoked fo explain why, for pure tone bursis with a short duration
telative to the ear's time=constant, the required signal level for detection increases

3 dB for every halving of the burst duration. This very same result was olso obtained by
Munson27 when a tone burst was adjusted in level to equal the loudness of & fixed
duration reference tone longer than about 50 msec. However, as suggestad by Munson27
and many others subsequently, a simple "RC" circuit model for the ear's response to

transient sounds has a limited application.
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The practical implication of this model for impulsive noise is that it could offer
a way to select an optimum procedure for measurement of impulsive sounds by dupli-
cating, electronically, the ear's internal time-constant. Such a rationale is the basis
for the 35 ms time-constant selected for impulse precision sound level meters (see

Appendix A}, Unfortunately, there are several complications in this simplistic model which

are brought out by the experimental data,

Reichardt and Niese,"Sl employing a subject panel of 50 people, found that the
loudness matching of a tone burst of variable duration against a fixed duration reference
tone, usually of the order of 1 secend long, was a very difficult experimental task for the
average subject when the two burst durations were substantially different and led to a
great deal of data scatter not indicated by the smaller subject panels (faur to six)} ia most
other studies. By using reference tone durations near the middle of the range evaluated
for the test tone, they found much less scatter in the loudness balances. On the basis of

their refined technique, therefore, they measured o time-constant of 30 milliseconds.

These refinements also included a careful selection of the temporal spacing and
duration of the test and reference signals to aveid possible masking or memory errors in
comparing a test and reference tone or to avoid what they termed “"roughness" which was
observed when o rhythmically repeated pattern was used for the test or reference signal,
particularly ot pulse repetition rates on the order of 3 to 50 Hz (Reichnrdtéz). This

qualitative measure, "roughness, " may be important in the evaluation of impulsive

Other factors which can cause variation in the observed trade-off between
signal fevel and duration ara: (1) the "energy law" fails either when the signal duration
T is 40 short that a substontial portion of ifs frequency spectrum falls outside the critical
band centered on the pulse frequency (Gurnerzg), or the signal duration is much longer
than the ear's time=-constant, {2} the apparent time=constant increases as the signal
level approaches the threshold of hearing (Garner and Miller,26 Boone75), and (3)

the time=constant apparently varies with frequency, as implied by the date shown in




Figure 5. It has generally been accepted practice, however, to assume that the time-

constant does not vary with frequency.

The lack of agreement between investigators on the time-constant still con-
tinves. A recent study by Boone75 on loudness of repeated short tone bursts in noise,
using 20 subjects, produced a value for the time=constant of about 110 ms. Terhc:rcit79
has suggested an RC time-constant of 13 msec to fit his unique measurements of the
detection of periodic sinusoidal modulation (which he calls roughness) of pure tones,

In summary, there is substantial evidence to support values for the time-constant
ranging from 13 ms to over 200 ms {see Figure 6). Because there is no apparent way to
resolve this issue unequivocally for this report, the only practical choice appears
to be to work with the existing recommendations or practice for the choice of time-~

constraints in impulse precision sound level meters.

This lack of agreement on the auditory time-constant is most unfortunate for it
implies the potential for conflicting evidence about a subjective correction factor for
impulsive sounds. This point is iliustrated in Figure 6 which shows the potential range
of the time-constant based on the range of experimental data relating perceived loud-
ness of an impulsive sound versus ifs duration. Thus, for a given duration of an impulsive
sound, Ihe potential increase in the signal level to achieve a loudness equal to that of
a reference (nonimpulsive) tone can be substantial, Clearly, any correction factor
for impulsive noise must be based as much as possible on experimental data for subjec-

tive response to real impulsive sounds.
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Pulse Repetition Rate

Another major variable studied in loudness tests of repeated tone bursts is the
repetition rate. A very definitive study in this area was reported by Gamer.m From
these results on repetitive tone bursts, a subjective correction factor for real
impulsive noises can be inferred, His experimental procedure consisted of
presenting, through monaural earphones to six subjects, a continually repeated pattem
of a steady 1 second reference tone, 1/4 second silence, a 1 second cycle of repeated
tone bursts, a 1/4 second silence, 1second reference tone and so on, The repetition
rate of the repeated tone burst group was varied from 5 to 100 pulses per second, the
puise duration varied from 1 to 50 ms, the pulse frequency varied from 125 to 8000 Hz

and the intensity level of the pulse varied from 20 to 100 dB. The subject varied
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the intensity of the tone bursts until he obtained equal loudness to the reference tone. In
most cases, the energy in each tone burst group was less than that of the equally loud steady
reference tone, The subjective correction As for equal loudness for these tone bursts is simply
the positive difference between the sound exposure levels of the reference and test signals.
Since the tone burst group ond the reference tone each lasts for 1second, the difference in
sound exposure levels is also the difference in equivalent sound. levels (Leq). This subjective
correction factor is shown in Figure 7 for 1000 Hz tone bursts and covers the repetition

rate and pulse duration range indicated. The intensity of the reference level was 80 dB.

The typical variation of As with reference level and frequency is shown in Figure 8.

16 T T T l
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Figure 7. Subjective Correction & for Rapeated 1000 Hz Tone Bursts
{from Garnerm) s
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As exhibited in Figures 7 and 8, the subjective correction factor behaves in a
complex fashion, even for simple tone bursts, These figures indicate the potential
difficulty of developing any simpie, general method for predicting a subjective correction
factor for more complex impulsive noises which have different specira, rales of attack
or decay, or amplitudes. Nevertheless, Garner was able to readily predict his expari~
mental results, such as those illustrated in Figures 7 and 8, on the basis of two basic

fac rors:3]

- 1. The spreading cut of the frequency specirum of repeated tone bursts.

As a result, the side band frequency components of the repetitive

tone burst can fall inte critical bands outside the one centered on

the tone burst carrier frequency,

2. The shape of the loudness growth function. Due to this unique shape,

the loudness of the side band components in each of the several eritical
bands involved in this broader spectrum of repeated tone bursts can add

up to a greater loudness than the sum of their energies because, at noise
levels well above threshold, the relative loudness of o sound changes much
mare slowly than the relative intensity (i,e., 2-to-1 change in loudness for
a 10-to~1 (10 dB) change in intensity). That is, the loudness of sounds is
roughly preportional to the sum of the loudness in eritical bands and the sum
of these Toudness values in the side band components will not decrease as
rapidly at frequencies removed from the tone frequency as the physical

energies in these side band frequency components of repeated tone bursts.

There is really nothing new here, of course; it is simply the basic concept of loudness
summation of complex sounds which has been developed into a fine art by Stevens, " ~,
Zwicker,89 and Nl'ese.86 However, application of these well-developed concepts

for loudness of sounds has had only limited applicafion to impulsive sounds.

It is important to recognize that the concept of "startle” is not involyed in o
prediction that a weaker impulsive sound can sound louder than o stronger steady-state

|
s sound. This simply results from the accepted concepts for simulating the loudness
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perception of sounds. [t remains to he shown that there may indeed be an additional

effect that mokes impulsive sounds more annoying than indicated by their loudness,

Frequency Spectra of Repetitive Tone Bursts

A brief consideration of the frequency spectra of repeated tone bursts is in order
here since this plays such o primary role in the concept just outlined. As Figure 9 shows,
repaated fone bursts produce a spectrum centered at the frequency of the tone with side

bands above and below this frequency.

o t
1

Repeated Tone Burst

ERRZ:
7 |

e T

Figure 2. Time History and Fourier Spectrum of a Typical Impulsive Signal

In Appendix C, it is shown that the inverse of the duty cycle of the pulse (T/T)
provides a qualitative indication of the number {(N) of side band harmonics within the
nominal "1/2 power" spectrc;l bandwidth. The more the repetition rate increases, the louder
the pulse train will be, if the total energy stays r.cmstc:nt.31 With a very {ong
duration, and a very slow repetition rate, all the energy of the signal is concentrated in
a narrow range of frequencies, IF this range falls within a critical boandwidth, then the
loudness vories as the signal enargy within this band. On the other hand, if this signal
spactrum bandwidth is much greater than the critical bandwidth, then loudness of the signal
will add approximately as the loudness of energy in each critical band but with emphasis

on the loudest band.

The broadening of the spactrum of fone bursts beyond the frequency of the tons
itself intraduces an inherent complication in evaluating suhjective response to inter=
mittent sounds. This complication is overcome, in @ sense, by using a test signal -

broadband random noise, which alteady has a broad spectrum. Thus, the spactrum of
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repeated bursts of wide band random noise differs from the spectrum of the uninterrupted
noise only at frequencies, which are generally infrasonic, correspanding to the burst
repetition rate. Spectra of single bursts of broadhand noise are not significantly differ-

ent from the spectrum of the steady noise itself.

3.1.4  Subjective Response to Bursts of Noise

Although Gumer28 and Miller30 carried out initial studies on response to
bursts of broadband noise, Po”«:u:l-c:36 presented the first extensive study utilizing pulses
of wide band noise, For our purposes, his results may be summarized as showing that
the difference between the Le of a continuous noninterrupted broadband reference noise
and the Le of equally loud pulses of the same naise increased from 0 fo +10 dB as the
duty cycle of the bursts decreased from | to 0.1, For duty cycles below 0.1, the
difference remained approximately constant at +10 dB. Thus, the subjective correction

factor As would be +10 dB for duty cycles less than 0.1,

Small, er ul,“ used a more conventional procedure of baloncing loudness of
repeated bursts of noise of various durations against interspersed 1/2 second bursts of a
constant level reference noise. They found that when the sensation level of the reference
noise burst was 60 dB (a typical listening level), the level of an equally loud veriable
duration tast burst wos constant for durations down to 15 msec and then increased by 12.5
dB for each 10-to-1 decrease in duration for shorter test bursts. For our purposes, this
is equivalent to the subjactive correction A, increasing linearly, at a rate of +3 dB
per halving of test burst duration, from a value of zero for 1/2 second noise bursts
to @ maximum of 15.2 dB for a 15 ms noise burst, and then decrensing linearly at o rale
of ~0.75 dB per halving of test burst duration for shorter bursts, This assumes that 1/2

second is the time base for computing the I.m:l of the varicble duration noise burst,

Gurreﬂ47 has repeated the tests of Poflack® and Small, et al,“ with very similar
rasults as shown in Figure 10 where the measured values of As versus ratio of test signal
duration to referance signal duration is plotted. Similar data on loudnass of a short

burst of 2 to 4 kHz noise from Bc:uar56 is also included along with dato on relative




noisiness of short bursts of neise bands from Fidell and Pearsons.64 The lotter show little
agreement with the other data but this may be due to the unique experimental tech-
nique employed (free~field presentation, interaction with a computer for signal pre-
sentation), and the "noisiness response" instead of loudness, The values for As in this
case are actually differences in measured A-weighted noise levels of the reference and

test signals. The effect of A~weighting on the short noise burst levels is not clear.
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Figure 10, Subjective Correction Factor for Loudness or Noisiness Response
to Short Bursts of Nojse Bands Relative to a Reference Noise,

{Selid and Dashed Lines ldentify Meon Lines Through
Experimental Data which Vary ~ +2 dB about Mean),
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Finaily, returning to Pollack,™ one particular set of his data provides a good
model| for examining loudness of more realistic impulsive sounds, These data were
obtained on the loudness of partially interrupted noise. This consisted of a continuous

background noise with a superimposed pariodic increase in noise by amounts varying from




0 to 45dB. Figure 11 shows the resulting date obtained under one condition of a repetition
rate of 1 pulse per second {pps) and a burst duration of ! ms. The ordinate defines the
loudness level of the composite signal relative to the loudness level for continuous noise at
the same intensity as the noise peak. The dashed line on the figure shows the computed

L for this noise signal to illustrate, again, that the equally loud impulsive noise has an

I substantially less than the Leq of a continuous signal with the same maximum level,

The resulting subjective difference factor A approaches a maximum va lve of about 10 dB
for a rotio of neisa burst to background noise greater than 30 dB. Qther data by Pollackaé

ond Garrett47 on partially interrupted noise gave similar results as shown in Figure 11.

0 h I I i | 1 I
) —o— Pollack {Figure 1 of Ref. 36)
\ «  Pollack {Figure 4 of Ref. 36)
-5 - N\, o Pollack (Figure 5 of Ref. 36) -
@ 5 x  Garrett (Ref. 47)
1: ) Drown to Fit Data
35 -0 | -
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Burst to Background Ratio, dB

Figure 11, Difference Between the L _ of the Repetitive Noise Burst Superimposed on a

Staady Background Noiseeand the Level of a Continuous Noise which Sounds
Equally as Loud as a Function of the Ratio of the Burst Level to the Back-
ground Level (Burst Duration = 1 ms, Repetition Rate = 1 pps)
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In summary, with the exception of the resuits of Fidell and Pearsons,“ the
experimental dota on loudness or noisiness of short bursts of random noise show con-
sistent trends similar to the tone burst data in terms of order of magnitude values for
the subjective difference factor, Limited results on the'ear's Yime-constant from these
studies ore not inconsistent with the values ohserved from the pure tone tests, Additional
support for the time constant volues discussed in Section 3.1.3 is provided by data by Dubrovskii
and Tumurkin054 on subjective perception of the relative loudness of amplitude~modulated
noise. They hypothesize a time~constant for the ear of 10 ms to explain their data -~
a value similar to the 13 ms cited earlier for tests on the modulation threshold of pure

fones.

The application of a "time-constant" model again appears convenient fo explain
experimental results. However, this device may indeed be misleading based on the
unigue results and resulting hypothesis posed by Mi”erao in his study of the delay in
detectability of a low level noise signal fallewing the interruption of a higher level

masking noise. Based on his results, Miller suggests that:

. ...the auditory system as a whole does not have a fixed rate of decay
of s0 many decibels per second independent of intensity. Thus the
auditory system cannot be said to have a "lime constant” in the sense that
this term is generally used, and we have been careful to use the term
"critical duration” instead. This is not to say that the mechanism of the
ear has no time constant, however. As in all mechanical systems there

is a finite time required for the ossicular chain and the cochlear fluids

to begin and to stop their motions. The mechanical time constants of

this system, however, are far too small to account for the 65 msec periods

of parceptual growth and decay.

"It has often been convenient to liken the auditory system to an integrating
cireuit. .... The evidence seems to show that the ear is not s0 much an
integrating device as it is o deloying device, .. ..According to our

hypathesis, the growth of the perception of noise is the integral of the

3-20




distribution of transmission times of the vorious pathways from the cochleq

to the higher center, and not the integral of the sound intensity." 3

3.1.5 Loudness Versus Noisiness of Impulsive Noise

Nene of the preceding studies cited an noise bursts employed standerd loud-
ness calculation procedures to predict their results, However, both Pollack é and
Garretf4/ used different empiricol approaches based on weighting their noise burst
signals by a function related to the observed level-duration trade-off. Garrett was
particularly suceessful in predicting the loudness of 48 complex transient signals
consisting of repeated decaying sinusoids. Other examples of this approach are covered
in Section 3.1.6 on response to complex impulsive sounds, However, befare considering
more complex impulsive sounds, let us examine one final (and very recent) study on the

loudness and noisiness of noise bursts.

A new and unique approach to the prediction of human response to impulsive
noise is provided by the work of Jzumi, In order to examine the possibie subjective
difference between loudness and noisiness, Izumi conducted a set of two lgboratory
controlled psychophysical experiments. In the first experiment a periodically inter-
mittent pink noise signal was used to determine if there was indeed any difference
between these two subjective parameters. Upon finding a significant difference, the
second experiment was conducted so that an effective ossessment method could be

astablished.

For the First experiment, consisting of two phases, subjects were asked to com-
pare, using the paired comparison method, the test signal (intermittent pink noise} with
a standard signal {centinuous pink noise at 70 dBA). The signals were presented in a
fade=in, fade-out sequence as shown in Figure 12, In order to overcome any possible
error due to sequence bias, the stimuli were presented both signal First and stondard
First for an equal number of times. The whole procedure was repeated for six different

burst-time fractions {8TF); the BTF being defined as the signal-on time divided by tha

on-plus=off time,
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Figure 12. Time-Amplitude Sequence Diagram of the Stimulus Presentation
(from 1zumiB82)

During Phase 1, the subjects compared the pair of signals in terms of their
relative loudness, i.e., how much louder (or softer) than the conlinuous signal is the

intermittent signal? During Phase 11 the same signals were replayed, but this time the
subjects compared them in terms of their refative noisiness.

The results of both phases were tabulated and compared with each othar (see
Figure 13). From these results, lzumi concluded that ".. .. as far as periodically

intermittent sounds are concerned, loudness judgments and noisiness judgments are

significantly and systematically different, Therefore, loudness and noisiness shall be
considered as different attribytes. "

Once he determined that the two parameters are indeed different, lzumi eot
up his second experiment in order to arrive at ¢ model which would accurately predict
the noisiness of an intermittent signal.

In this experiment the subjects were presented with signals with 25 different
BTFs. They were asked after each frial to rate the relative noisiness of the signals

as in the first experiment.
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Figure 13. Results of Expariment . Okisa (Loudness) Data and Yakamashisa
(Noisiness) Data are Comparatively Plotted, Filled Circles
Represent Mean Relative Burst Levels Judged by Eoch Subject.
Averages and Standard Deviations are Shown by Central Lines
and Rectangies on Both Sides (from lzumi 4}

Model

From the results of those trials, lzumi developed what he calls the "Perceived

Noisiness Mode! of Periodically Intermittent Sounds 75-A."

~15 Toff

I'RB =6 loglo BTF +(lDIog]oRR+ 10} (1 - e ) . dB (5)
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where

LRB = relative A-weighted noise level of burst in dB

BIF = busst time fraction, i,e., on-time/on + off time
RR = repetition rate per second

T ..= off time in seconds
off

In order to test this formula, he predicted the value of LRB for the 25 intermittent
noises used in Experiment 11, The LRB'S were calculated using nine different methods: peak
burst levels in terms of Loudness Level, Stevens LL(S); Loudness Level, Zwicker LL{Z); Perceived
Noise Level, PNL; and A-weighted noise level; A-weighted equivalent sound level; Polluck'536
method; Garrett'sﬂ method; noise rating number (NRN) as specified by ISDI ]a; ond Model 75-A,

proposed by [zumi. 82
The predicted levels were then compared with the experimentol data. The results

are shown in Figure 14.* From these results, lzumi's Model 75-A appears fo be the best
predictor. The other methods always undaerestimate the perceived noisiness of the inter-
mittent sounds.

Startle Effect

The major reason, according to lzumi, for the difference batween loudness and
noisiness is the startle effect created by the intermittance of the sound. The startle effect
is based on three physical parameters of the signal: repetition rate, rise time and the
burst-to-background ratio,

In these axperiments the rise time and the burst-to-background ratio were held
constant ond only the repetition rate was varied. The centribution of repetition rate to the

noisiness-loudness difference was quantified and this information, shown in Figure 13a, was

used in the development of Model 75-A. According to lzumi, work is still necessary if the

contribution of the startle effect is to be understood.

*Figure 14 is a corrected version of the form published in Refarence 82 which was
kindly supplied by Dr. tzumi,
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It will be pointed out later that one study of subjective response to helicopter
blade slap s a function of rate of slapzs has alse shown & trend of increasing apparent

noisiness with increasing repetition rate although the range of "pulse rate" explored was

well above that (i.e., 10to 30 pps) explored by lzumi,
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Figure 13, Comparison of Loudness and Noisiness versys Repetition Rate for
a Burst Time Fraction of 0.063 {from [zumi¥4),
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Figure 14. Preliminary Volidation of Assessment Methods. Errors of Prediction
are Calculated for 25 Intermittent Noises in Experiment 1I.  Mean
Errors are Shown by Cantral Lines and Standard Deviations by
Rectangles on Both Sides (from lzumif2),

In summary, although this is only one study, lzumi shows quite well thot
noisiness and loudness are not the same subjective quantities when dealing with inter-
mittent sounds, and that the startle affect of the intermittent sound is o prime cause

of this difference.
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3.1.4 Subjective Response to Complex Impulsive Sounds

Early work on subjective response to more complex impulsive sounds other than
tone or noise bursts invelved measuring loudness of short triangular transients such as
repeated gun blasts. For exemple, Ccm‘tar,Ml Currer,72 and Carter and Dunlop
explored the loudness and threshold levels of this type of transient, which had a pulse
duration of 1 ms, for varying rise times (.05 to 0.5 ms) and repetition rates (1 to

.256 pps). The effect of repetition rate wos adequately covered by o simple energy rule
{+3 dB increase in intensity to maintain loudness for each halving of duration). For

the highest repetition rate, the ratio of on~time to off-time never exceaded 0.5 and was
typically much less, As with all the preceding impulsive noise studies cited so far
(except Fidel) and Pearsons), earphone presentation was used. The loudness judgments
were made by comparison of a 3 second reference (white noise) signal with two impulses
separated by 1 second from each other and from the reference noise. For most of the
laudness tests, the reference noise was fixed at 15 dB above thresheld (sensation level

of 15 dB) for each subject,

The principal result from Carter's work is the evaluation of altarnate means of
predicting loudness of kriangular impulsive sounds. Feor each repetition rate and rise
time, the loudness of the reference noise and impulse, at the "equally loud" intensity
levels, was calculated from the signal spectra. The spectro were computed from the pressure

time history for the impulsive sounds and measured directly for the reference naises,

The four calculation methods analyzed were:

o ZwickeS 87

&  Stevens, Mark \/I‘?3
&  Parceived Noise Levello

*  A-Weighting

3

The average differance between the colculated loudness (based on the com-

puted spectrum) of the impulsive sound, which was judged equaliy as loud as the refer-

ence sound, and the calculoted loudness of the refarence sound was measured for all the
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combinations of rise time and repetition rates (306 coses), The resulis ore summarized

in Figure 15 for these four methods in terms of this difference os a function of pulse

repetition rate.

L-Ll'
dB

Figure 15.
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Comparison of Loudness Celculation Methods for Triangular Transients,
Variation about the overall mean (within each loudness method) of the
mean difference (over subjects) between the calculated loudness (L)
of the triangulor | ms impulse and the calculated loudness (L) of the
raference noise, subjectively judged to be equally loud. R
Deviation from zere is a direct measure of the error in each loudness
coleulation methed: (@) Zwicker, phons; (b) Stevens Mark VI, phons;
(c) Percaived Noise Level; (d) A-Weighted Level. The symbols
denote varying rise time {8, 0.5 ms; +, 0.25 ms; o, 0.1 ms; and

x, 0.05 ms). (From Carter’2)

;' Surprisingly, the loudness computed on the basis of the A-weighted levels

exhibits the legst deviation about an overall mean, The Zwicker method wos next in

accuracy. There is reason to doubt the general applicability of these results, how-

aver, os shall be seen when these loudness calculation methods are applied to other

Fidell and Pm:ir!sons63

types of impulsive sounds.

investigated the influence of phase of harmonic com-

ponents on the judged noisiness of five different simple transient sounds corresponding
to (1) an ideal N wave, (2)on N wave with 1 ms rise and decay times, (3) a triangular

waveform, (4) o square waveform, and (5) a doublet or positive and negative sharp
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impulse, Power spectra for each basic waveform were maintained essentiolly constant
while phase was adjusted by a computerized waveform generator. No significant

influence of phase on subjective loudness was detected.

They aiso evaluated the subjective loudness of 12 actual impulsive sounds and
eight artificial sounds presented, as were all their signals, over a high quality loud-
speaker system. The characteristics of these 12 sounds are listed on Table 3. The

difference between a time-integrated objective measure of the sounds and the same
‘ measure for the reference sound is shown in Figure 16,

Table 3

Description of Naturally Occurring Impulsive Sounds Employed as
Comparison Signals in Evaluation Experiment by Fidell and Pearsons

Duration Approximate
Impulse {msec) Identification Spactral Characteristics
1 300 Automobile Deor Slam Paaks at 0.5 kHz
2 i50 Poper Tearing Meoar flat spactrum 1o 10 kHz
3 425 Hand Clap Risns ond falls cbour 0.8 kHz
4 450 Two Bottles Clinking Highly leptokurtic at 4 kHz
Togather
5 580 Chain Collapting on Inelf Noear flat spactrum to 1 kHz, falls
slowly at higher fraquencies
é 480 Nocturnal Animal Noise Complex spactrum pookad at 0.125
and 2.5 kHz
7 180 Squeaky Relsaie of Air Peaks at 0.8, 1.4 and 5 kHz
Through o Valve
a 400 Balloon Bursting Peaks ot 0,2 kHz
9 600 Balloon Bursting Pegks at 0,2 kHz
10 180 Automohile Horn Discretn froquency peaks concantraled
between 0.3 and 1 kHz
n 1200 Simulated Soalc Boom Predominantly low frequency, falling
stesply from 0. 125 kHz
12 900 Basketball Baynca in Highly | Energy concentrated between 0,2 ond
Reverbarant Enviranment 1.6 kHz
Stondard | 1000 Whire Noite, | Second Qctave Bond from 0.6 10 1,2 kHz
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The ordinate specifies the difference between the average sound level (com=
puted from a mean square average of the digitized time history of the signal)64 and
the same measure for the equally noisy impulsive sounds, For the A-weighted measure,
this difference is identical to our subjective correction factor 8 and was equal to 12,5
dB with o standard deviation of 3.5dB. The standard deviations for the other measures
were slightly greater, thus indicating the A-weighted average sound level was slightly
more reliable as a pradictor of noisiness of these impulsive sounds, Note that these
impulsive sounds vary substantially in their choracteristics; some may not be very impul-
sive. However, they are all essentially single events and not repetitive. The average
value of A observed, in this case, has considerably more validity than the valves

given up to now for the following reasons :

1. It was measured with o loudspeaker presentation thus insuring that

reéal Istic heod diffraction effects are included.

2, The objective megsurement of the average saund level should be
very accurate — they were performed by digital analysis of a

recording of the aetual sound reproduction,

3, The sounds cover a variety of actual impulsive noises to which

the subjects can relate.

4. The instructions to the subjects asked for a judged noisiness but
prompted an annoyance response as well (i.e., the test instructions
defined @ noisy sound as annoying, unacceptable, objectionable,

and disturbing if heard in the home during the day and nighf}.“

Loudness measurements of decaying sinusoidal transients similar to those used
by Garrett were carried out by Gusta F550n78 but at saund levels from 95 to 117 db,
While the results tend to substantiate those given earlier, the high noise levels used

place these dato cutside the area of interest for this study.

3,1.6,1 150 Round Robin Tests

The most complete set of data on loudness of impulsive noises is provided by the

final results of an international cooperative Round Rebin test program organized
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under the auspices of the International Standards Organization, 1SO/TC 43/8C-1,

Study Group B, "loudness of Impulsive Sounds. " The final report, prepared by Pedersen,
et 01,77 represents results from 22 laboratories and "close to 400 subjects." Addi-

tional detailed supporting data were reported by Shipton, Evans, and Robinson, from

the National Physical Labora rory,éé on the specific results from their tests with the
18O Round Robin data tapes. Detailed information on findings of the 1SO Round Robin

Tests, drawn from these two sources, is presented in Appendix B.

Although the tests consisted of an evaluation of subjective and objective cor-
rection factors for the following three types of impulsive sounds, results for only the

subjective correction factors for the first group are considered here,

Group | Nine quasi-steady impulsive noises recorded from
actual sources such os a teletype, pneumatic hammer,

outhoard motor.

Group I Five single impulse noises, such as from a gun or

mechanical ram.

Group 1l Six 1 kHz tone pulses of 5 to 160 ms duration,

The sounds were presented to the subjects via loudspeaker in repeated A~B sequences and
matched, in loudness, with reference signals presanted at three sound levels (55, 75, and
95 db re 20 p Pa). The overall grand average subjective correction factor, 8. for all
reporting laborateries, nearly 400 subjects, and for the nine repetitive noises in Group 1,
is 12.5dB. The stondard deviation over the nine average valves for each noise is 0,9
dB. This is a highly smoothed siatistical result since the variotion between subjects for
any one level and test sound can be 10 to 15 dB. However, it is estimated that the

final result is reliable within£1,5 dB, No estimate could be made of subjective

corraction factors for the five single impulse sounds since the equivalent noise levels

for these sounds were not available.
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3.1.6.2 Loudness of Sonic Booms

The evaluation of the foudness of sonic booms provides additional information
pertinent to the subjective response to impulsive sounds. Zepler and Harel46 success=
fully predicted the ralative loudness of sonic boom sounds by applying o loudness
fraquency weighting to the Fourier energy spectrum of the simulated N waves. Johnson
and Robinsonss' 6 have extended this type of approach o successfully correlate the
annoyance response from explosive blasts and sonic bands as well as conventional air-
craft sounds on the same loudness scale. They utilized the 5.S. Stevens, Mark VI,
loudness calculation maﬂmd"’3 with o modification to extend its low frequency ronge
to encompuss the strong, very low frequency energy inherent in sonic booms. This low
frequancy deficiency in the loudnass caleulation methods has been observed by others,
Howaever, this may not be a significant problem for the fype of impulsive sources of concern

in this report.

A key element in Johnson and Robinson's approach is the use of a specific 70 ms
integration time for measuring the signal spectrum. This was inlended to duplicate the
aar's integration time.60 Note that this is twice the value of the time~constant
specified for the impulse precision sound leve] meter. This is obviously o critical point
that will require careful consideration in the selection of an optimum impulsive noise

monitoring technique.

Johnson and Rebinsen applied a loudness calculation scheme to the prediction
of annoyance for impulsive sources, Are these two forms of human response (loudness
and annoyance) really synonymous? The answer, based on available data is that they
ore not nacassarily the same. This point is fundamentel to describing impulsive noise

and deserves the more careful raview taken up in the next section,

3,2 Annoyance and Other Subjactive Responses to Impulsive Noise

Review of the existing literature dealing with annoyance due to impulsive noise

yields @ wids range of approaches and results. These results from available studies,

3-33

e ke A e gt £

&4, &7




excluding those on helicopter blade slap, are briefly summarized in Table 4, Annoyance
of helicopter blade slap is considered later. Annoyance due to aircraft sonic booms were of
primary concern in about half of the studies cited in Table 4, While most studies attempted

to measure annoyance, the ferms "unpleasunrness"] and "l.:m:cr:.ephnl:nIliry"]2 were also

used. It wos assumed that these ferms represented a similar measure of subjective
response. The qualitative descriptor "annoyance" is not well defined but may be
ossumed to represent an overall subjective reaction to an impulsive noise stimulus.

This reaction may very well integrate not only the loudness or noisiness sensation but also
the response to other non-acoustic factors such as startle, emotional content or intrusive

noise level relative to the existing background ambient level.

3.2.1 Annoyance Response to Impulsive Noise

A division of the references on annoyance responses into the three categories
of impulsive noise studies defined eatlier helped in selecting only those applicable to
this effort. Category I, which is the principal concern of this report, covers the
"repetitive impulses” produced by two-strake motorcycles, rock drills, pavement
breakers, helicopter blade slap, and other repetitive impulsive noise sources,
Category II, "single impulse, " includes sonic booms and artillery blasts. Category I,
"unsteady noise, " covers traffic and subsenic aircraft noise and is actually more
concerned with noise “events" rather than with "impulses.”" In one sense, however,
the first and last categories are similar, differing basically in the time scale of and

between "events" and in the crest factor or ratio of maximum peak pressure to rms

pressure,

In the studies cited, correction factors were developed o occount for annoy~=
ance on the basis of one or more features of the impulsive sounds: number or frequency
of impulses, amplitude, Fluctuation (rate of change in amplitude), and duration. Some
investigators proposed correction factors which were applicable to impulsive noise in
general, independent of its characteristics. 1, Na, 11b Thus, Eldred n and 1SO
Rl996”a propose a 5 dB correction should be added to any community noise which is
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Table 4

A Summary of Literature on Annoyance Responses to Impulsive Noise (Excluding Studies for Helicopter Blada Slap)

Maise Source Farametery Maaiuraments Rosults
Noise Na, of Impulse ()
Type Author Date | Subjects Isst Referance Varied Conlanr Subjeclive Chjective | Base Scals | Correction Reipanss Scale
R ‘. . Plur:hik‘ 1957 4 Tane Busst Nona Frequency Duration Juar MNoficegble [ Atisaoatien - - -
epatifive . .
Repetitian Unpleasantnass | in dB -
Pulsey
Rats, o
K.ighl.ya 1970 | 1902 Live Offica | None - - Accaprabiliny Peak Index {PI)] Avernge 3-5?(”)]/?, Accoaprbitity
Average ddA L, dp'®
Andersan, 10 [ 971 | 24 [Recorcad | Nane Duationond | Bkgd Level | Adjective Pair | L L 10, @' [ Ansayance
Robingon Road Drilt Numbar of Expoture {11 Paint eq eq
Burihe Durgtion Comparisan)
Eldred m 1971 - Community MNone Source, lovel, - Cammunity L L 5d3 Community Noire
150-R 1994 @ Noises Site Complainh *q 3 Equivalant Lavel
[
Fucin 3 W72 1 100 | Recorced Tona Burst Handclop SPL | Hondslap | Annoyancs L L - Anmyance
N A A
Handetap Tone Burst Durgtion
Duration
i Broachent, 1944 7% | Jet, Prop ASC [ Jut Lo vel Duration Anroyance L L () Annoyance
Singla Rohlnson Sonic Boom Source Rating P PN
mputse 3
Barsky 1965 | 3000 Live Nana Qverprasiure - Annoyance Overprature - - -
Sanic Baom fpsf) Probability
of pif
? . -
Kryter 1970 - Sonic Boom | Subsoaic Jet - - Unacceplohiliny LFN EPNL ;%\'-5 I‘FN"dBU) Unacceplablliry
Schomﬂr” 1973 - Artillary, Nona - - Annayanca CNR EPNL o lagloN. dB | Communily
Surface Blain, Camplainh Raiponse
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Table 4 {Concluded)

MNoisa Sayrce Patometers Meawroemanh, Resulis
Naise MNo. of Impulse b
Type Authar Date | Subjects Test Reference Varied Comtan) Subjective OChijaclive Base Seale |Correction®’ Respame Scale
h Robiraon®’ 7 | yeee | - Traltic! - - Theory - L 2.5 @, dA Annoyance
Unirendy Adrcroft "
Moiw
Purrv,n, 1972 - Adrceafl - - Theory - PNL 0 {Durotion) Accephability
Parry
Follor, '3 wa| 24 | Teific Nare L, imox) Event Annsyance Lup L, 2.50, & Anayanca
Robimnan A Duration, q
Frequency
manchor, 't | 1973 | 3s2 [l Mone v, - Tolerabiliy, (L, L NNI, [U a2, | Guol
Muller, Alrcraft Duration, and Activity eq = f(?.—’-) d Subrjective
ZImmernatn Fraquancy of Disturbonce, LNP Reaction to
Evenny Anroyance Maise

(o) Bosed on concaph by Rosenblith and Swem an cited in Relsrarce 11.

(b} Excaptor nomd, squol to subjective corection factor 8 indB, ko correct for subjective response 1o impulilve ol .

{c) 1, the Peok Index, is the wm of numbar of impulses whichore 5, 10, 15and 20 &ff chove L“l In | minute sample.
{d) © = Tamporal! Siondard Deviation.

{s) Sonic boom, with L~ = 116 db indoon equally annaylng as jer mise outdoon with L, = 110 PNab.

n M‘PN = Diftorance in l‘PN' in PNdB, barwesn impuliive swund and background nalie, respectivaly.

Corrscilon proportional te mean squore rate of level fluchalion,
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deemed impulsive, while 13O R1999' Tb recommends a Fixed 10 dB correztion be appliad

to assess the hearing damage risk of impulsive noise,

In most cases, as noted in Tabie 4, the various subjective correction factors
developed from the referenced studies are odded fo the measured Le of an impulsive
neise in order to obfain the effective Leq of o nonimpulsive noise that will preduce
the same annoyance. For one method, however, the correctior is not to be added to
L but rather to the Effective Perceived Noise Level (EPNL), 7 It might be assumed
thar this correction factor proposed by Kryter could alse be applied to the L, scale.

Another correction method (developed by CHABA Working Group 6‘?)2 |nvolvas the predic-

tion of annoyance that moy, in part, be due to building vibration indueed by impulsive sounds.

Since this response is potentially quite important for large amplitude impulsive sounds

and since it is not treated in any of the other studies, it is alse included in the table.
However, as clearly pointed out by the CHABA Working Group, the concept, based
on the use of a C~weighted L's without further correction, was designed to be appli-
cable only to single high intensity impulsive sounds with o peck sound pressure level

above 100 to 110 dB - wall abave the peak sound level range of concern in this report,

In investigations of repelitive impuises, Category I, much of the emphusis has
been on how the level of the impulses fluctuates over time, or equivalantly, what is the
probability density function of the impulsive noise. Two corraction factors, based on
fluctuation, identifiad in Table 4, ara the peak index (PI), proposed by KeighlccyB
for rating acceptabilily of office noiss, and a measure proportional 1o the temporal
standard deviation, ¢, proposed by Anderson and Robinmn]o for application to
impulsive noises superimposed on steady random background nolse. The peak index
(PI) measures the number of impulses in the sampling period at various peak leveals
whils the standard deviation measures onty the rms variation about the mean - the rate

of impulses is not accountsd for.

For investigations of single impulses, Category 11, the number of impulses in
the sampling period 6 and the level of impulses above the background level’ are the
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main considerations. A scale which incorporates bath types of corrections into one

number may be needed for general application to Category 1l type impulsive sounds.

In Investigations of unsteady noise (i.e., Category Il noise), the primary
concern appears to be in the degree and rate of noise level fluctuation. Matschat, et

al, 14 use a time~averaged measure of the rate of change of level while Robinson, et
6,9, 15

al,”’

since the former can be considered an opproximate measure of the mean frequency of

use the average standard deviation of the level. These are not unrelated

the latter. The duration of fluctuating or repeated single noise events (specifically
aircraft noise} was found te be inconsequential by Parry and Purry‘2 contrary to the
concluslons of Kryter7 and others. Although these conflicting conclusions about the
effect of duration have never been fully resolved, the currently accepted practice is to
assume that an energy summatian of noise events should be employed in rating their
noise impact. Thus, for Category 11l noises, this is equivalent to a rule that the effec
tive noise level will increase directly as the duration (or more exactly as 10 log
(duration}). For multiple events of fixed effective duration b the equivalent duration

correction is 10 log ty + 10 log N, whare N is the number of events,

To summarize so far, the previous studies on impulsive correction factors for
annoyance of other than helicopter blade slap lead to several choices for the form
and magnitude of subjective correction factor. The form varies from a constant valve to
a variable dependent upon, for example, the relative magnitude, rate of occurrence,

or rate of fluchation of the impulsive sound.

The magnitude of the correction factor for annoyance will vary widely according
to these concepts covering a range of as much as 30 dB. A more definitive evaluation
of the mognitude of 4, for annayance for the Four impulsive sources of concern for this
report is developed in section (4), It is shown that, based on several of the
concepls summarized in Table 4, the value of As varies from O to 28 dB; the latter
value is based on the use of Keighiey'ss peak index concept and is probably too high.

More reasonable values of A are shown to fall in the range of 5 to 13 dB.
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3.2.2  Helicopter Blade Slop Noise

Helicopter blade slap is o troublesome impulsive noise source which has
received a great deal of attention os to causes and effecrs.m This attention has
focused, most recently, upon the practical problems associated with noise certification
of helicopters. It is, to a large extent, this more recent work which is briefly reviewed
here. Major aspects of 14 studies invalving measurements of subjective response to

helicopter roise are summarized in Table 5.

The first study, by Pearsons,aa did not consider blade slap per se but only
attempted fo rale various momentary noise descriptors as to their accuracy for predicting
the relative noisiness of helicopter sounds. As indicated in the last column of Table 5,
the Perceived Noise Level meiric appeared to be superior over others, Leverron] €
made, perhaps, the First attempt to quantify a blade slap correction factor for helicopters
and found that the A-weighted noise level from nonslapping helicopters had to be
increased 4 to 8 dBA above the A-weighted noise level from helicopters with blade slap to
achieve the same annoyance in a simulated living reom listening sitvation.  This would

imply an average subjective correction for annoyance from blade slap of 6 dB,

17
Munch and King  found a subjective correction factor to the sound exposure
lavel fo predict annoyance of blade slap that increased linearly from +6 dB to +13 dB
as the crest level of the recorded helicopter noise signature increased from 14 to 21 dB.

The correctian factor did not increase beyond 13 for higher crest levels,

Berry, Rennie and Fuller|8 evoluated methods of measuring relative impulsive-

ness of blads slap and found the following typical crest levels for varying degrees of

impulsivaness,
Slightly Impulsive Crest Lavel = 5-10 dB
Moderately Impulsive Crest Level = 10-15 dB
Very Impufsive Crest Level >~ 20 dB
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Including Summary of Subjective Correction Factor for Impulsivenass

Table 5

Summary of Recent Studies of Helicopter Blade Slap Noise

Pararme ters Meawremanty Results
Paote | No. of Helicopter
lovestigator | (Ref) | Subjech | MNoiwe Seurce Baso Scole Poramnters Varied Subjective Ohjactive Correction Human Reipanse
Peanam(u, Jdan, 2 Recorded Relarence Jut | S tloisiness Lo by - Chder of Approprintenass:
. . C' A P C' A
1967 Compatitan Noise L Compar ison L L LPN' LN' LA’ Lc,
{3a) w/Jet Naise N PN N’ PN s . -
Dur.., Dur Dor, ., Dur Duratian and pure=tana carrections did
10 mn 10 20 nal improve predittion.
Lavarton Mar. ? Recorded La "A Annaoyance Menmrod(b) 4-B 48 impulsive helicopian, subjectively 4-8
1872 Comporitons c - {Subjactive) dB more annaving thon narbonging
{1hc) amparians helicopters .
Munch 1974 ? Recarded L L Extent of L &-13 38 o ralicble corraction batween
and (17} ' C‘ s Lavel Blade Slap Crast Lavel (Varies with Crest | annoyance ond impufiiventss.
King . resd tave Leval)
Berry, Qct. 20 Recorded L Tima Comtraint Degres of L - lmpuliivaneii wot nat overtiding facsor
R ) PN . A PN - N vy N s
ennie, 975 {uiad in Integrals) | mpuliiveness Impobiivenes in judging onnayance. Lass impuliive
Fullar (18) signahs frequontly judped roughor,
more irregular and loss prediciva.
:}‘m- l Jaly 12 Simuloted LA' L‘ meal » Annoyance c’ ) <@ Pitor irur.l'y !hared regative correction
coustics 1974 Impulviveness Hate orrected (Not sratistically significant),
(12a) PL] Simulated I'PN' EPNL Level Annoyance EPNL o 4db Corraction incraoiad with degrae of
Impulsiveness subjectively judged Impulsivenss .
lawton Dac. 40 A.r.nusrilcql LC' No. t‘ﬂ Sina Waves | Annoyance LC‘ Approximately Theee baie scales underestimate
1978 Simulation L, par Single Imp-_nhe. L 248 annoyarce 2 dB,
- {19} w/Continuaun A Frequancy of Sire A’
and Impuha L Waver, Impula L
Noiw PN Repatition Fre= i

quency, SPL
Continuows and
Crast Factor




Table 5 {Concluded)

Pargmntern Measure meats Rewlts
Dute | Mo. of Helicopiar
|avestigatar {Ref) [ Subjects [ MNoise Source Hote Scole Parame ters Varied Subjestive Objective Correctian Human Retpanse
Patterion, May 25 Renl L, Bose Paramaters Annavance Bowe 0db No carrection for biade vlap required.
Mozo, 1927 EPHIL, Parametess Na wbitgntial peralty for helicopiers
Schomer, {22) lﬁ' LC' compared to fixed wing aircraft, SEL is
Comp L equivalent predictor to L. and EPML.
D2
o2
Galloway(d} [Dec. 20 Recorded EPNL Coamponents of the Relotive EFNL per FAR | 4-5dB EPNL undorestimotes annayance by 4
1977 Sound Simuloted Sound Annayonce Parr 36, EPNL to 5dB, Impuliiveness plus repeii=
(23} Simulation plus High tion rols odjuitments give good predic=
Sample Rote, tien of correction facior,
Crest Lovel
Galonrer, Dec, 40 Racorded EPNL EPNL, LA Anmoyance EPNL, 4-5 db Hslicopters were ratad 4 to 5 d8 more
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Fivad Wing than A=Wrd. SPL.
Aircraft
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Southwood, |{24b) Sound Crest Loval Crast Lovel Depanding on rolor hlode slep and nil roter,
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Their data relating crest level and judged relative degree of impulsiveness are com-
pared in Figure 17 with similar data from LF.-\.rerroa'a?‘5 and Munch and King. 17 A
consistent trend is apparent indicating crest level is o reasonably good predictor of
relative impulsiveness, However, Berry, et al, '8 found ‘quite a different story when
they attempted to predict relative annoyance of blade slap noise with the same objec~
tive measure. Figure 18 shows the relative rank order rating of judged annoyance of
two groups of helicopter noises with varying degrees of objectively and subjectively
observed “blade slap." The experimenters found that there was not a reliable cor-
relation between them; in fact, the subjects seemed more responsive to the "roughness”
quality of the sound thon to blade slap per se as o measure of its annoyance. As wos
pointed out earlier, Reichardt and Niese observed a similar problem relative to
subjective response to repetitive impulsive sounds.bl Thus, according to this

limited set of datg, crest level may not be a relioble predictor for rating annoyance

of impulsive noises.

Mabry, et al, 181 measured the relative annoyance of simulated and recorded
real helicopter sounds with varying degrees of blade slap in a loboratory setting and found
that duration corrected noise level {using the Perceived Noise Lavel or A-weighted noise
metrics) correctly measured the annoyance response with little or no additional correction
required for blade slap. However, simulated helicopter sounds with subjectively judged
"light, " "moderate, " and "heavy" blade slap were about 1, 2, and 4 dB more
annoying, respectively, in terms of EPNL values, than a reference nonslapping

helicopter simulation.

Lawton, 19 in an extensive loboratory investigation of continuous noises and
simulated helicopter sounds,found that Perceived Noise Level, A-~weighted level and
overall sound level measures of simulated blade slap noise ail underestimated the lavels
that would produce the same annoyance as a steady sound by about 2 dB. Patlterson,
et a|,22 using real helicopters, found that no correction factor was required to correct
for blade slap when helicopter sounds were measured in terms of time-integrated

A-weighted level (Sound Exposure Level, L. ) or compareble metrics such as EPNL,
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Gu”oway.za' 24a using both recorded and real helicopter sounds, evaluated
tentative proposals by the British, French and the U.S,A, to the Internationai Civil
Aviation Authority (ICAQ) and the International Stondardization Organization (1SQ)
for blade slap penalty factors for helicopter maise certification, These are intended
to account for subjective response ta blade slap and were proposed to correct measured
Effective Perceived Noise Lavels of helicopter noise. The observed penalty factors for
equal annayance for eight real helicopter sounds was 4 dB and 2 to 5 dB respectively
for two different types of simulated helicopter sounds. When euch of the objective
correction methods propoased by 15O, which provided o measure of signal impulsive-
ness only, were adjusted by Ga”oway23 according to the rate of blade slap impulses,
they predicled the observad subjective correction factors quite well,

Galanter, eral,24 found subjective correction factors of 4 to 5 dB o equote
annoyance of helicopters with conventional jet aircraft whan both are measured in
terms of EPNL, In other words, the EPNL of the helicopter sound would have to be
about 4 to 5 below that of the CTOL aircraft for equal annoyance. In more recent
studies, Laverton, et al,24b have explored both blade siap correction factors and a
potential additional subjective correction factor to account for the pseudo-impulsive
nature of tail roter noise. For the former, a correction factor varying linearly from
0 to 6 dB as "crest level" varies from 11 dB o 20 dB is recommended to explain resulis
of subjective tesis for blade slap annoyance. (Crest level, in this case, is measured
by the difference between the peak level in the 250 Hz octave band and the A-weighted,
Slow level.)

An extensive series of field tasts by Powel|24c using 90 subjects exposed indoors
and outdoors to two different real helicopters and a small fixed wing propelier aircraft

demonstrated that:

1. Nao significant improvement in noisiness predictability of EPNL was
provided by either an I50-proposed correction facter or an A-weighted

crest level correction for impulsiveness.

2. For equal EPNL, the more impulsive helicopter was consistently judged

lass noisy than was the less impulsive helicopter (i.e., As was negative),
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The latter anomalous result might be attributable to the fact that the subjects
were asked to rate ralative noisiness instead of relative annoyance although their
instructions implied unwantedness, objectionobility, etc. as measures of noisiness.
Based on Powell's data, a blade slop panalty factor to be applied to EPNL would
actually be negative. (The actual value was about =2 dB; howaver, the penalty, or
subjective correction, facter was obour +2 dB when opplied to maximum A-weighted

jevels. )

‘ 24d

In contrast, the study, by d*Ambra and Damongeot,”  carried out to validate
the latest 15O proposal for computing a blade slap correction factor, shows o small
but finite subjective correction factor for annoyance of 2.8 dB basad on the averoge

result for 20 flights ond 60 subjects.

24e
In the study by Kilump and Schmidt,”  subjective responsas to short recorded
{17 sec) samples of helicopter sounds, presented in a laboratory setting, were measured
and consistent avidence was found for an impulse correction factor, when opplied to

A~weightad levels, of about +2 dB.

For the last study considered, by Sternfeld and Doyle,24f a subjactive cor-
rection factor could only be estimated due to the unique experimental (mathod of
adjustment) and data analysis techniques employed so the results are not included in the
following summary. However, the valuas of 8, estimated from thair study do agree

vary well with the average of the other studies.

The findings from thesa helicopter noise studies, which ars pertinant to this

' repott, can ba summarizad as follows:

¢ The mean observed blade slap correction or penalty factor (assumed
roughly equivalent to the subjective correction facter As) was 3,3 dB
£2,7 dB for the 11 studles which measured this quantity diractly, How=
ever, three of these 11 studies féund essentially a zero or negative
corraction. The maximum correction for moderate blade slap (i.e.,
crest lavel of 10 to 15 dB) was about 6 dB. The maximum corraction
for savere blade slap (i.e. , crest lavel ebout 20 dB) was 13 dB,

comparable to the values measured for a variety of nonhelicopter sounds.
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The methods recently propased to objectively compute a biade slap cor-
rection factor do not appear fo agree consistently with the correction
factors measured ‘subjectively to account for annoyance of blade slap.
Galloway shows that improved results are obtained if some modification
is made to account for variations in the frequency of the blade slup.23
He shows results from one series of tests indicating As can change from
about 2 dB for a slap repetition rate of 10 Hz to 7 dB for a rate of 30 Hz,
This effect may explain part of the wide range in measured correction
factors. This dependency on repetition rates in this frequency range also
suggests that the "correction factor" may, in part, arise from inherent
errors in perceived roise level computations for signals with significant

energy below 50 Hz,

The proposed objective means for predicting a subjective correction factor
depend on some means of measuring the relative impulsiveness, Tha pro=
posed methods vary from a simple measurement of the crest lavel of the

240

A-weighted noise level 2% to more complex procedures involving
sampling the detected signal (e.g., instantansous A-weighted lavel)

at a high rate (~ 5000 Hz) and computing a measure of mean square
fluetuation level from these samples.

Finally, it is desirable to attempt some degree of resolution of the
differences in blade slap correction factors that evelved from the vorious
studies summarized in this section. Any attempt in this direction must
first recognize the substantial differences in experimental techniques
involved in the studies, Perhaps most important of all was the variation

in signal presentation, It varied from presentation to subjects in a labora-
tory setting of simulated or recerded real helicopter sounds lasting for only

a short pariod or for o complete flyby, to exposing subjects in the
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field to actual helicopter flyby noise. A review of the various results
seems to indicate that any "impulse” correction factar may be partially
masked or substantially reduced in real field tests where subjects were
exposed to the relatively long duration of the helicopter flyby. Thus,
larger duration corrections which are, in fact, characteristic of
helicopter noise, may serve to partially mask out the potentially added
annoyance of blade stop. Thus, results of those studies on subjective
response to helicopter blade slap probably cannot be used directly to
accurately define the magnitude of a correction factor for impulsive

noise alone.

So far, results have been presented on measured subjective correction faclors
to account for either the relative annoyance or loudness of impulsive sounds. The

next section attempls to show how these potentially different responses may be related.

3.2.3  Lloudness Versus Annoyance of impulsive Sounds

The limited date dealing with comparison of annoyance versus loudness
responses to impulsive noises come from controlled laboratory tests. [n an early lobora-
tory study, Resse, Kryler, and Srev-t'ns83 found some avidence, shown in Figure 19,
that high frequencies, above 2000 Hz, were somewhat mere annoying than Indicated by
their loudness., However, the data are limited and exhibit considerable scatter.
Parnell, eral,aa found no such indication in their studies of response to bands of noise.
Nieseaé also found no distinction between loudness and annoyance response for a wide

variety of steady=state sounds but did find o difference between loudness and annoyance

when one~third octave bands of noise were presentad as impulses, Shepherd and

58 . .
Sutherlond™ found that judged loudness and annoyance responses to simulated sonic
booms were the same for all cases except for the highast values of rise time investigated
{i.e., 10 ms), In this case, a slight decrease in annoyance was noted relative to the

loudness response. This can be interprated to support Reese, Kryter and Stevens' data
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indicating high frequencies are more annoying at the same loudness. An increase in
sonic boom rlse time would tend to reduce high frequancy content and hence raduce

annoyance more rapidly than loudness,

Rothauser, erol,4a investigated both annoyance and loudness judgments of
a pane! to recorded typewriter sounds. They found that for keystroke rates less than
10 per second, a typewriter noise that was adjusted o be equaltly loud as a reference
wideband noise with a similar spectrum, had to be decreased in level about 2 dB to be
judgad equolly anroying. This would indicate o +2 dB correction to loudness criteria
for repetitive impulsive sounds like typewriters at repetition rates less than 10 per

second.

Fuch;, 13 in a brief sudy of response fo single handclap sounds, observed
that his subjects rated the claps about 5 to é dB more annoying thon an equally loud

tone burst of comparable duration.

To summarize, laboratory data do not clearly support a significant difference
between loydness and annoyance of nonimpulsive sounds, but there appears to be a
consistant indication that there is a small positive difference batween the annoyonce
and loudness of many typical impulsive sounds. An annoyance correction of +3 dB
to a loudness-based subjective correction factor appears reasonable for rapetitive

impulses with o rate less than 10 pps with zero correction at higher repetition rates,

Summary

So far, several possible approaches 1o the development of a subjective cor-
rection factor 4, to be added to Laq to account for annoyance effects have baen

suggested:

&  Computation from praviously developed impulsive noise - annoyance

corraction factors as outlined in this section,
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»  Estimation from data on loudness of impulsive noise in terms of the
impulse signal paramefers such as duty cycle and ratio of pulse

emplitude to background noise (see Figure 10).

s Application of the 15O Round Robin or Fidell and Pearsens' date to
define 4_{see Section 3.1.6. 1 and Appendix B).

*  Application of existing loudness computation methods (i.e., Stevens,
Mark VI or VII, or Zwicker), possibly modified for an annoyance

(startle} effect of impulsive noise to compule As.

&  Application of the new approach suggested by lzumi (see Section 3.1.5).

To a large extent, the data for subjective correction factors for impulsive
noise are based on artifical listening situations ina laboratory and are thus subject
to certain limitations. First, subjects who rated "annoyance, " loudness or noisiness '
of impulsive sounds normally did so only while concentrating on the listening task
and were not burdened with other stimuli or tasks. Secondly, no objective (e.g.,
physiological) measures of the subjects' response were made. Nevertheless, sufficient
information appears to be available to provide the basis for o subjective correction
for evaluation of impulsive noise, Before developing this, however, it is desirable
to briefly outline the sther effects of impulsive noise which have not been discussed

and which could conceivably influence the selection of a subjective correction,

3.2.4 Other Subjective Effects of Impulsive Noise

3.2.4.1 lmpulsive Noise and Models for the Hearing Process

Returning briefly to our conceptual modal for hearing illustrated earlier in
Figure 4, there are other features te this model telated te audition of impulsive noise
which have not been mentioned. The significant effect of head diffraction on
H

modifying the pressure~time hisfory on an incident sound field that reaches the ear
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has been clearly reviewed by Shaw.% Related models for acoustic resonances, in the
external ear, analyzed by Teranishi and ShCIW,92 identify the major resonances which
will further modify the pressure signature transmitted to the middle ear, The combined
transmission response of all of these elements, including the middle ear, add up to o
major factor which shapes the spectrum of the pressure signal processed in the inner ear.,
As shown in Figure 20, this influence will be dominant in the high frequency range
{above 1000 Hz) where many impulsive noises tend to have their dominant spectral
content. Thus, subject-to~subject variation in these elements of the auditory process
will be more significant in considering measurement and evaluation of impulsive noise

than is the case for most other major noite sources which rend to have thelr energy

concentrated at low frequencies,
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Figure 20, Typical Transmission Rﬁffonse of the Quter and Middle Ear
(Adopted from Bruel)

The simplistic elements for the detection and processing of auditory signals,
iHustrated earlier in Figure 4, do not really represent the more advanced approaches
to this subject such as rapresented by the more detailed studies on auditory detection

theory.u' 85,90, #1 4 11tc work has potential bearing on the selection of an

optimum "time constant" model for application to optimum methods for measuring
impulsive noise. For example, the choice of the some "time constant” for both build=

up and decay of Iransient sounds is not necessarily well-founded by either theory or

chsarvation (e.g., Raferences 30, 56 and ?1).
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3.2.4.2 Speech Interference From Impulsive Sounds

Reference materials for the interference of speech from impulsive sounds are

listed in References 96 to 106,

An emplrical analysis of speech interference from intermittent sounds, presented
in the EPA "Criteria" documenf,‘ 0s indicated that for steady and intermittent sounds of
the same Energy Equivalent Leve! (Leq) the speech interference of intermittent sound
could be greater than that for steady sound under certain conditions. A more detuiled
analysis of speech interference of intermittent sounds using ANSI Standard methodsmo
indicates that intermittent sounds should always exhibit substantially less speech inter-
ference than a non-intermittent sound with the same Leq. This is due, in part, to the
fact that the ANSI Standard includes o positive noise on-time correction to the articu~

lation index cbtained from a steady=state masking noise. Thus, speech interference

effects do not appeor to be the basis for any positive impulsive noise correction factor.

3.2.4.3 Sleep Interference From Impulsive Sounds

106

The effects of acoustic stimulation on sleep depend on several factors:
1. The nature of the stimulus.
2. The stage of sleep.

3. Instruetions to the subject and his psychophysiological and metivational
state .

4, Individual differences, e.g., sex, age, physical condition, and
psychopathology.

Due to the complex noture of the effects of noise on sleep, no attempt will be

made to elaborate on the sleep interference from impulsive sounds. However, pertinent

material on this subject can be found in References 107 to 111, It should only be
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105

. . . 21
mentioned that the current use of a 10 d8 penalty for assessing noise exposure at night™ *
may not be entirely adequate for evaluating nighttime exposure to impulsive noise due

fo the potential for greater disturbance to sleep.

3.2.4.4 Hearing Loss Due to Impulsive Sounds

Both the energy principle and TTS, (temporary threshold shift 2 minutes after
cessation of noise exposure) have been utilized to derive damage risk criteria for

121, 130 Any discussion on the divergence of opinion on these

impulsive noise exposure.
two methods is beyond the scope of this report. However, the topic is covered in
References 112 to 130, The CHABA damage risk criterion (1968)] 19 and its later
modified \mrsit:m]:30 are shown in Figure 21 to indicate the general magnitude of the
acceptable pressure level as a function of impulse duration for o normal incidence
condition at a normalized repetition rate. Therefore, the evaluation of hearing damage
due to impulsive sounds involves the measurement of the peak sound pressure level and
its time history. So far as is known, no attempt has been made to relate the type of

predictive information concerning hearing damage risk of impulsive sounds, contained

in Figure 21, to nontraumatic responses such as annoyance or loudness,

3-53

L T R U UCH PP P ST S S




Peak Sound Pressure Level, dB re 20 i Pa

165

| L | ] | i ] T 1 | T T |
160 | CHABA(1968) -
155 |~ —
A—DURATION
N
10N MODIFIED
CPE.?BA
MT
145 |~ ] \\ )\
\ .
140 A.-c _____
_A-Duration: Time Difference A
[ ]
135 B I i'i‘
ni' I“;J!IH!"F"#( P § ﬂI‘h'b“ ’ 4)‘
N L e e ey N
== ;\,Lﬁl" == =7 bl = == A
b S X -
B-Duragtion: Time Diffarence AD (+EF when a reflection § e comme —]
125 - -~ present} -
| | | ] | | ] | } ! { ]
L2 05 v .2 5 ] 2 5 10 20 50 100 200 500 1000

Duration, ms

Figure 21. The 1968 CHABA Damage-~Risk Criterion for Impulsive Noise Exposure
(Solid Lines) and a Proposed Modification (Dashed Lines) for a
Nominal Exposure of 100 Impulses Per Day at Normal Incidence.,
Peak Sound Pressure lLevel is Expressed as a Function of A= or B=
Duration in the Range 25 Microseconds to | Second (Adopted

from Reference 130)
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4.0 CONCLUSION: SUBJECTIVE CORRECTION FACTORS FCR

EVALUATION OF IMPULSIVE NOISE

The opproaches toward the development of subjective correction factors for
evaluation of impulsive noise are reviewed in this section and conclusions are drawn
concarning @ mathod to account for the difference in subjective response between
impulsive and nonimpulsive sounds. The method is necessarily based on the type of
psychoacoustic response data available for impulsive sounds and does not necessarily

- include other aspects of the subjective response due to factors such as startle effects or

emoticnal reaction to impulsive sounds.

4.1 Subjective Correction Factor A

The various approaches considered in Section 3 for the development of B,
were based on: (1) computation from previously proposed annoyance correction factors;
(2) estimation from data on loudness respense te impulsive noise; (3) application of the

. 66, 67,77 . 64 82 —
ISO Round Robin , Fide!l~Pearson™ " or lzumi ~ data; or (4) application of
some form of loudness computation methed. These candidate approaches are comparad

in this section.

4.1.1 Subjective Correction Factors Basad on Loudness Response Data for Tone
and Noise Bursts

The laboratary data on tone and noise bursts can be used only for rough esti-
mates of the subjective correction factor due to the large difference between the test
signals employed and the real impulsive sounds of concern here. Nevertheless, bosed
on the limited information on the impulsive nolsa sources in Section 2, the following
rough estimate for A canbe made, These estimates do not include any consideration

of a possible increase in annoyance response over loudness resporse.

4-1

g R e s S e s
JrTERT e gt AL i Ly T o




Noise Source

Motoreyeles
Drop Hammers
All Sources
All Sources

Basis for

Correclion Byr d8
Repeated Tone Bursts (Figure 7) 4-12
Repeated Tone Bursts (Fligure 7) 4=4
Repeated Noise Bursts (Figure 10) 4-14
Repeated Noise Bursts (Figure 11) 39
Mean of Range 4-10 dB

Attempting to estimate values of 4 from these data necessarily involves con=

siderable uncertainty and seems to indicate lower values than expected. Howaver, it

should be recalled that in one case (Gcmeral), the observed values of loudness for

repeated tone bursts were very well predicted by loudness calculations,

4,1,2  Subjective Correction Factors Based on Meagsured Loudness of Real

Impulsive Noise Sources

ISO Round Robin Data

The extensive 1SO Round Robin data on 4, summarized in Appendix B lead to an
average value for s, of 12,5 20,9 dB over ol of the nine real impulsive sound tests.
Based on selecting values of A, from the specific 15O sources that relote, approxi=
mately, to the sources considered in this study, the following estimates are obtained.

The values of & are rounded values from the ISO data in Table B~2 of Appandix B.

1SQ Impulsive Source

Qutboard Motor
Compressed Air Drill

Cemant Mill
Mechanical Ram

Estimated A, dB

This Report
Motoreycte 13
Rock Drill 14

Garbage Compactor
srreisaes 11212
Drop Hammer

Thers is little justification for this attempt to pair-off the I1SO and the four

spocific sources identified in Section 2, since differences in noise signature may be

extensive. Thus, a single average number of 12.5 dB for A, is considered a representative

result from the 15O data epplicable to the sources considered for this report.
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Fidell-Pearsons Data

From Figure 16, the average A for the 12 impulsive noise sources listed in
Table 3 was 12.5 dB with o standord deviation of 23,5 dB. Most of the 12 sources
studies differed substantially from those of concern here so that the direct applicability

of this value to the source in this report is questionable .,

[zumi Data

As discussed in Section 3.1.5, Izumi has proposed o method for predicting an
effective burst level according to o noisiness response which seems to agree well with
subjective judgments (see Figure 14}, Unfortunately, the parameters required by his
predictive model defined in Eq.(5) were not available with sufficient accuracy to
permit application of the model for this report. However, as nated in Figure 14, his
data do show that the average difference (As) between the subjectively effective and
measured Le for his 25 intermittent noises was 13.5 dB. This number may be compared

to the volue of 12.5 dB from Fidell and Pearsons.

4.1.3  Subjective Correction Factors Based on Annoyance

Several methods to directly account for the annoyance effect of impulsive
noise were cutlined in Section 3.2, To determine both the applicability end the validity
of the various correction schemes proposed for repetitive impulses — shown earlier in
Table 4 — corrections were calculated with some of these procedures for the four sources
of repetitive impulsive noise of concern for this report and for which data were available.
Three correction schemes, considered in Section 3.2, were applied to the real
impulsive noise sources: (1) Crest Factor {or Crest Level when expressed in decibels);

(2) Peak Index; and (3) Standard Deviation.

Crest Level Method

The first correction scheme, based on the Crest Level (C.L.), has been
previously proposed to predict a helicopter blade slap (subjective) correction factor

by Munch and King =~ and Guiloway2 ; as discussed earlier in Seetion 3,2,2, For

Munch and King, b was given by:




0dBfor C.L, < 14dB

E_rgm_!\ﬁ_@gb_grld___lsi_gg, ,'_\S = (C,L.~8dBforC.,L, =14~ 21dB (&)
13 dBfor C.L. > 21 dB

where C.L. = Crest Level = LA {peak) - LA (rms), dB

Gcllowny's23 results can be used to define two different predictive models
for AS. The first is based on only the Crest Level (C.L.) for A-weighted levels. The
second is based on the addition of o pulse repetition rate (yy) modifier, Both of these
"models" are bosed on the psychoacoustic tests conducted by Galloway and on his
regression analysis, Acknowledging the preliminary nature of these results as pointed

out by Galloway, they can be used to predict values of A as follows:

(Crest Level only) b, =~4+0.54(C.L.) , dB @)
{Crest Level + Repetition &4 =~5.9 +0,46 (C.L.) +0.19 {1,) , dB (8)
Rate) 5 0

where C.L. = Crest Level = LA (peak) - LA {(rms), dB

and v = pulse repetition rate, Hz.

Based on Galloway's rather limited data, which covered o range of 13.5 1o 16 dB for
C.L. and about 11 to 25 Hz for Vor his first expression could be replaced, for all
practical purposes, by o simple linear equation, A= C.L. - 11, dB, similar to that of
Munch and King. Galloway also points out that the additive correction term for
repetition rate is expected to reach o maximum value at 30 to 40 Hz and then decrease

at higher repetition rates,

The Crest Level for the impulsive sources considered in this repart was measured
in the following manner. The tape-recorded test nolse was fed into an impulse precision
sound level meter (B&K 2204/5) and the highest valve of the A~weighted SLOW response
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was read to define the maximum rms level (LA {rms) ) of the impulsive sound, The same
signal was monitored on an oscilloscope and the maximum peak level LA (peak)
determined. The repetition rate wos estimated from oscillographic records of the

four noise sources (see Table 1, Section 2.1). The preceding expressions were then
used to compute values of As' No attempt was made tozciipply the other impulsive noise
correction method proposed by 1SO for helicopter noise, ~ which requires that the A-

weighted noise signal be sampled at a rate of 5000 samples per second.,

- Peak Index Method

The Peak Index correction method, propased by Keigh|ey8 for office machine
noise, was applied to each of the sample impulsive noise sources, with the exception of
the motorcycle. The volue of the Peak Index (PI) was derived by examining the time
histories of the impulsive sounds on a graphic level recorder set to a writing speed of
125 dB/second. The number of peaks in 1 minute, which were ot least 5, 10, 15,
and 20 dB above the overage graphic level reading, were tabulated and summed, The
square reot of this number, when muitiplied by the constank 3.52, gives the value of
A, for this scheme. Motorcycle noise was not evaluated with this method because the
time variation of the noise level was such that true peaks were not registered by the

graphic level recorder at the pen-speed setting used.

Standard Deviation Methods

The Standard Deviation correction, proposed by Anderson and Robinsonw far
general impulsive noises, was also obtained using the graphic recorder, and again
‘ motoreycle noise was excluded because of its rapid time variation, Using a sampling
period less than the duration of typical impulses for the other sources, the cverage
levels for up to 100 successive periods were manually compiled from the graphic level
recordings and tabulated in o histogram. From the histogram, the Standard Deviation
of the A-weighted level was then calculoted and multiplied by 4 to give the value of

As as prescribed in Reference 10,
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SO R 1996 Methed

The ISO R 1996] la correction of 5 dB is considered as a fourth methed to be

considered for predicting As.
Results

Table & provides o comparison of the results of applying the preceding schemes
for predicting 8 for annoyance, For each impulsive noise source, the vqrious values
of &, allow comparison between the various matheds, even though their absolute
validity remains dependent on direct psychophysical experiments involving the noises

themselves.

It has already been pointed out in Section 3.2.2, that some of the studles on
helicopter blade slap demonstrated that crest level was a reliable predictor of subjec-
tively judged irnpulsi\.raness]8 but an unrelicble predictor of annoyance, 18, 24c
Hence, values of A based on this parameter alone may not be reliable. However,
when repetition rate is included, Galloway's data show o substantial improvement in
the ability to predict o value of A in agreement with the observed value. His cor-
relation coefficient increased from 0,42 (As predicted by crest lavel only) to 0.88
when the repetition rate correction was added, thus indicating the potential significance

of this parameter for subjeciive response to impulsive sounds.

The fact that the Peak Index corraction scheme necessitates a T minute
sample may make it inapplicable for many passby or intermittent impulsive sounds. A
similar corraction basad on a 10 to 20 second sample may be more practical in such ;
i cases. However, in the absence of any other supporting data, this method for predicting

As is not considered further in this report.

For the remeining mathods for predicting 4_, based on an annoyance response,

the values of a, ranged from O to 13 dB. The average over all the four sources and the
three remaining prediction metheds (i.e,, Crest Level method with or without repetition
rate adjustments, the Standard Deviation Method, and the 15O R 1996 method) is 7.2 dB,

i
!
i
|
i
1
i
i
i
:
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Table &

Comparison of Severol Predicted Subjective Correction Factors
for Annoyance Applied to the Four Impulsive Noise Sources

Impulsive Noise Source
Truck-Mounted
. Drop Garbage Rock

Correction Method Motorcycle | Hammer Compacter Drills
Crest Level - Value, dB(d) 13 30 19 19
Repetition Rate ~Value, Hz | 10-40@) | 0.7 0.2 )
| Manche King'” (Eq.4)| O 13 1 "
8, 8 Gulloway”" (Eq. 7) 3 12%) 6 6
| Galloway (Eq. 8) 2-8 B 3 3
Peak lndex8
Value - {c) 63 21 -
AS, dB - 28 16 -

.. 10

Standord Deviation
Value, dB - 2.97 1.26 1.09
AS’ dB - ]2 5 4
150 R1996' 1@
As' db 5 L 5 5 5

{(0) Assumed maximum repetition ryte of 10-40 Hz for purposes of estimating
maximum As according to Eq. 8,

(b) Compuied value beyond range of Crest Level for Galloway's data.
{c) Data not available for computing A
(d) Estimated from dota in Table 1, page 2-9.




4.1.4 Summary of Methods for Computing the Subjective Correction Factor A

The values for A, derived from most of the preceding methods are summarized
in the following table, It was feasible to break down the comparison by the four noise

sources only for methods based on annoyance,

Table 7

Summary of Subjective Correction Factor (A)
Estimated from Existing Methods or Data, dB

Anmyonco(u, Naisinass Loudna
Impulsiva {b} Crost Laval(c) 150

Naoisa Crast Plus Standord | Fidall- Tona/ | Round

Saurce Laval | Repetition Rais | Deviation | Peorsoms | lzumi | Noise | Robin
Motorcycle 0-3 2-8 - }

- |

Drop Hammer 12-13 8 2 12.5 ms| 7 12.5
Truck~Mounted &=11 3 5 +3.5 +5.5 | ¢2.5 | 0.9
Garbage Compacior
Rack Drill 4-11 3 4
Avorage © b, 7%41 12.0 7 12.5

{a) See Toble &.
(b) Based on Muach ond King (Eq 6} and Galloway (Eq 7).
(e) Basad on Galloway, Eq 8).

The average values for As summarized in Table 7 seem to fall into two groups.
The average values of Bor based on the methods which involve direct measurement of
noisiness or loudness response with real impulsive noise sources in a labomtory setting,
are essentially identical {i.e., As =12.5t0 13.5dB). Incontrast, the predicied
values of A for real impulsive sound based on annoyanca criteria or measured values

of tone or noise bursts are lower (about 7 dB}.

The data in Table 7 do not provide the basis For an unaquivocal chelee for a
means of pradicting o subjective corraction factor. However, the lower group of

values ohserved for the annoyance response has one basic point in their faver -
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the values are generally based on more realistic test data in terms of the test signals,
For example, the results from the helicopter tests in many cases stem from real Fly-
overs for which the ochserved value of L\.s was generatly low or, in at least one case

24
{Powell c), actually negative. Thus, the actual lemporal setting of the impulsive

noise signal may tend to decrease the observed valuve of As below that observed for

guasi-steady state sounds evaluated in a laboratory setting.

Inan attempt to resolve the differences in these average results, an effort was
made to reexamine the use of Crest Level (Crest Factor in dB) to discriminate betwaen
various degrees of impulsiveness and hence, presumgbly, annoyance. Thus, dis-
counting, for the moment, the negative result by several investigators regarding o
relationship between judged impulsiven2ss and judged annoyance, the ISO Round Rohin
data were reviewed to see if such a relationship might be evident. By pooling the
information on the peak and rms values of the ISO impulsive noise samples numbers
1-9 from two spacific ISO Round Robin Tests (Shipton, et 01,66 and Thompson, et al),67
it was possible to estimate the Crest Leve! for these sources. The subjective annoyance
correction factor 4 was then plotted as a function of this Crest Level. The results are
shown in Figure 22 along with the estimated value of 4, based on the methods proposed
for helicopters by Munch and King” and Gullowcryz:3 and Kryter's method. For the
latter, it was assumed that his level, LPN(i) - LPN(b), defined as the perceived
noise level of the impulse minus the perceived noise level of the background noise,
would be roughly comparable, to a first approximgtion, to the Crest Level as defined
in Figure 22. This comparison seems to again indicate that Crest Level alone is not
a valid basis for predicting A,. The potentiel improvement in a prediction model for
b, by including repetition rate is certainly an avenve to pursue. Inany event, in the

absence of more definitive dala, the following conclusions are drawn concerning an

interim method to estimate a subjective correction factor for impulsive noise sources,

1. For the type of impulsive sources of cancern for this report (this excludes
helicapters), a constant subjective correction (4 ) of +7 dB added to
the true A-weighted equivalent sound level foran impulsive
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nofse source would better define its effective Le , that is the Le
of on equally annoying nonimpulsive reference sound. No additional

correction is jdentified at this time for the possible change in A as
a function of Crest Level or repetition rate,

This first approximation leaves much to be desired in developing o more disgrim-
inoting correction factor. Indeed, the strong evidence of the polential validity of
improved methods for calculating loudness of impuisive sounds suggests just such an
approach, Accerding to Reichardt, 62 improved accuracy in predicting loudness of
impulsive sounds would ba provided by adding a secondary correction to the Stevens or

Zwicker loudness level equal to 8y =L, - L, o where L, and L, ; are the A-weighted

"impulss"” and "slow" readings taken on an impulse precision sound level mater,
Alternatively, Johnson and Robinson55 have computed loudness diractly, using Stevens
Mark VI and a 70 ms integrating time for ocquisition of spectral content data. Neither
of these approaches were able to take advantage of the latest model (Stevens Mark VII)
for loudness calculation. The need to select an optimum loudness calculation method

applicable to the type of impulsive sources considered here leads to the following

racommandation,

2. A comparative evaluation should be made of alternate forms of existing
loudness cal;ulg&icn methods based on either the Stevens Mark VII?3

or Zwicker® models when applied to existing or new dats on

subjective response to impulsive noises. Particular attention should be
given to the sélection of an optimum time-constant or Hme-averaged
measures of level for the spectral analysis data required. Alternatively,

the methods proposed by Izumi”" may offer an improved procedura for
pradicting A_and should be explored further.

It is anticipated that values of &, computed with such improved models will
show more discrimination as to the magnitude of 4, versus one or more signature
characteristics of the impulsive source such as Crest Level or pegk te background
noise levals. A valid data base for computing the subjective correction factor for
any one category of impulsive noise sources is required. This data base of one=third

octave specira must be acquired for a sufficient number of unils to ensure o valid

sample of the tokl population,
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Finally, the evidence that repetition rate is potentially significant in the
development of valid subjective correction factors leads to the final recommendation:

3. Further research is needed to explore, in more detail, the significance

of repetition rate an the subjective response to impulsive sounds. This
research should also consider the potential need to extend or refine
estimates of loudness or roisiness contours to lower frequencies where
spechal peaks due to repetition rate may be significant,

Other areas for improvement in understanding subjective response to impulsive
noise also exist. These include such areas as developing a better understanding of
hearing damage risk to impulsive sound, correlating annoyance versus loudness or
noisiness responses and evaluating sleep disturbance due to impulsive noise, This
report has attempted fo provide an overview of most of these problems and, hapefully,
provide o basis for practical steps to be token now for evaluating the environmantal.

impact of impulsive noise sources. Problems related to the ohjective measurement of

such sounds are addressed in Appendix A to this report,
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APPENDIX A
OBJECTIVE MEASUREMENT OF IMPULSIVE NOISE

"A.1  IntroducHon

A megsurement of impulsive sounds which accurately represents their annoying
quality has rlearly presented a major challenge to acousticians. This difficolty is
mainly derived from the inability of a piece of electronic hardware to faithfully reflect
the way the human ear detects, processes, averages, interprets, stores and finally
discards complex incoming acoustical signals of widely varying physical parameters.

An impulse precision sound level meter (ISLM) which attempts to approach this ideal

in one instrument has several meter settings: PEAK HOLD, IMPULSE, FAST, and SLOW
which can be combined with the various weighting networks: A, B, C, D, and LINEAR.
Any one of these settings can be applied to only a limited range of physical paramaters.
For impulsive sounds, for instance, the reading cannot be expacted io be within the
accuracy limit of the instrument unless the characteristic period of the impulsive sound
is substantially greater than the overall response time—constant of the electronics for
that particular setting, Thus, te task of monitoring impulsive sounds involves both the
problem of finding a procedure which will accurately reflect the physical phenomena,
as well as the even more diffic;ulr problem discussed in Section 3 of predicting the
subjactive response to impulsive sounds. We shall be concerned in this Appendix with

the first task ~ the measurement problem for which References 131-148 are pertinent.

The geal for evaluation of the objective correction factor wat to defina the
difference between the true and measvred Leq* for a variety of impulsive sounds. Based
on laboratory experimentation, the A-weighted SLOW mater setting was selected to most
closely approximate the L, of impulsive sounds, An objective correction factor is then

defined to add to readings from this mater seting to give the correched haseline matric,

*Sae page 2-10 In Section 2 for definition of Leq.
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viz. A-weighted Lyg+ Vorious physical parameters of the impulsive sounds, such as
the crest level, pulse duration, period, spectrum content, and rise time of impulsive
sounds are presumably parametric to the objective correction facter, The difference
between the calculated Le qnd.rha A-SLOW meter reading will he plotted against

various important physical parameters of the signals.

A.2  Current State~of=<the-Art of Impulsive Noise Measurement

With loboratory measurement of impulsive nolse, using sophisticated electronic
equipment, a majority of the important physical parameters of an impulsive signal can
be studied in detail. This provides a more accurate evaluation of impulsive noises
than analyses made in the Field with simple equipment. However, if on~site evaluction
is requited, the measuring instrument must be portuble, compact and easy-to-operate,
The Impulse Sound Level Mater is such an instrument. Although it is constructed in
conformance with established standards, it may give only a crude assessment of the

annoying quality of the noise,

A.2.1 Laberatory Methods

¢ Iime History

One of the most powerful tools in o laboratory for investigation of ansient
signals is the Cathode Ray Tube (CRT) Oscilloscope. With it the time history of the
instantaneous sound pressure can be displayed visually and a photograph taken for a
permanant record, Such pholographs ware shown in the main body of this report (see
Figure 2) for noise from a two-siroke molorcycle, a pavement breaker, a rock drill,
and a commercial truck-mounted garbage compactor. The rise time, amplitude, duration,
and period of impulsive noise ure easily read using this methed. If a signiffcant pure

tone is present in the noise, its frequency can also be astimated.
If the time history of the detected level is of interest, a high spesd graphic

lavel recorder can be employed with suitable writing and paper speed settings to

measure the envelope of the rms or peak value of tha instantanecus level. Figure A=l
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Figure A-1, (b) Time History of a Drop Hammer
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Flgure A1, (d) Time History of a Commercial Trash Truck with Compactor
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shows the time histories of the rms magnitude of the four impulsive sound sources men-
tioned above. For very short duration impulsive sounds, an oscilloscope driven by a

log amplifier can also be used to porkray the time history of the signal envelope.

®  Spectrum Analysis

Another powerful tool in the laboratory is the Real Time Analyzer (RTA) which
can be used to determine the detailed spectral content of impulsive sounds aver the
audible frequency range. Figure A-2 shows the frequency spectrum from the four
impulsive sound sources mentioned obove. However, the spectral analysis measurements
of short transient sounds is subject to appreciable error unless due consideration is given

to the transient response of the filters and to the use of an adequate integration time-
consiant.

8 Digital Analysis and Computation

A Fourier analyzer coupled to a high-speed digitizer and on electronic computer

provides the most powerful, state~of~the=art approach for analysis of impulsive sounds.
A.2.2 Field Method
s  Spund Level Meter (SLM)

Generally, the SLM is designed to conform with one or more internationally=
recognized skandards. Therefore, the bullt~in specifications for any given SLM will
not vary significantly from manufacturer to manulacturer. Thus, an important general
ohservation may be made regarding the four RC~integrating ond averaging time-constants

: in the so-called “Impulse Sound lavel Meter {I5LM). w137

At the "PEAK HOLD" position, the RC-network has a time-constant of 50 pis.
! Al sattings of IMPULSE, FAST, and SLOW, the nominal effective time~constants are
)
35 ms, 125 ms, and 1 sec respectively, 138, 137 These time-conslants, in general, do not

include the magneto~mechanical inertia effect of the anolog indicating device which tends to
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increase the overall end-to-end time-constants of the I1SLM,* It is possible to roughly

identify the characteristic period of repetitive impulsive sounds according fo the degree

of fluctuation which occurs in the read-out device as a result of these different time—
constants. For instance, with o SLOW meter setting and an impulsive signal of very
shart duration and period, the omount of signal charging ond discharging through the
integrating capacitor on the output of the meter detector would be minimal, resulting
in a steady reading of the ISLM, For an impulsive signal of very long duration and
period, on the other hand, the capacitor is fully charged and discharged during

each cycle and o large fluctuation in the meter reading would result, Therefore,
from the degree of the fluctuation of the reading, a reugh idea of the combined

duration and period of the impulse can be roughly estimated (see Figure A-3).

In addition to the effect of internal time-constants of tha 1SLM, another
important parameter which reduces the accuracy of the 1SLM is the crest level of the
input signal. By carefully adjusting the position of the ISLM input and cutput attenu~
ators lo avoid saturating the amplifier of the 1SLM, the reading accuracy can be
Improved, However, the inherent uncertainty in the meter reading for]mc]:ximum crest
4

level signals that can be handled by the ISLM is approximately + 1 dB, The orien~
tation of the 1SLM with respect to the impulsive scund source, the distance from it,
and the general physical environment surrounding the sound source will also influence

the reading obtained from the ISLM,

e Spectrum Analysis

An octave band filter can be used in conjunction with the 1SLM to defermine
the approximate frequency distribution of an impulsive noise; however, the accuracy

is necessarily limited by the transient response characteristics of the filter.

*A decay time constant of 3 sec is provided for the ISLM to partially compensate for
this meter slugglishness.
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A.3  Experimental Procedure

In order to systematically investigate the output of an Impulse Sound Lavel
Meter due to impulsive signals, a wide range of synthesized signals was used te cover
the three regions of meter fluctuation. Readings, fluctuated the least, of course, for
the SLOW meter setting. The most steady conditions were obtained for impulse durations
less than 100 ms and periods less than 1000 ms (see Figure A~3). Thus, the SLOW
me ter serﬁng'was used to define an ohjective correction factor, Ao, for impulsive

sounds as follows:

Be = Leq T TAS A-1)
where LAS is taken to be the maximum reading of the Huctuating meter needle and
Ly, is the equivalent sound level based on the duty cycle and sound levels of the fone=
burst and background noise. The variation of Ao with respect to various physical param-
eters of impulsive signals was then examined. Since the A-weighted equivalent sound
level (Le ) was selected as the baseline metric, the A~weighting network wos chosen
in conjunction with the SLOW meter setting to read impulsive sounds in order to mini=
mize the variation of the objective correction factor as much as possible. However,
the objective correction factor was expected to be meaningful only for impulsive
signals which preduced o small meter fluctuation or produced a definitive trend of
8, based on the maximum meter reading for signals with larger fluctuation (see Figure
A-3),

The reason for choosing the maximum meter reading for signals with ather than
small Fluchation is based on the fact that any fluctuation of more than 10 dB will be
difficult to observe with the same attenuator settings of the ISLM. Consequently, only
either the maximum or the minimum reading can be read at any one time, and the

maximum value was comsidered much more informative.

The physical parameters of the impulsive signals used in this experiment are

lisled in Table A~l. Three types of background noise are used: none, pink, and
149

USASL




Table A-1

Range of Physical Parameters of the Synthesized
Impulsive Signals Used in This Study

Duration Period Frequency Crest Level | Signal-to-Noise Ratio, dB

A=400 ms | 2=4000 ms | 20 Hz=10 kHz 15-35dB 10-50

A block diagram of the instrumentation is shown in Figure A-4. The meqsure~
ment procedure is as fol lows: The level of the background noise is First set to a given
SPL as read by the ISLM.* With the background noise off, a continuous sinusaidal
signal of a given frequency is similarly set to o different level 1o provide o given "signal-
to=noise” ratio. This continuous signol is then changed in temporal pattern only to o
tone-burst with o preset duration and peried which is then superimposed on top of the
background noise. Finally, the combined signal is fed into the 15tM and readings are

token.

A4 Resulis

All the observed and computed data have been tabulated in Table A-2, The
computations for the values in columns 10 and 11 are explained in the footnotes at the
end of the table. The master index in Table A-2 is the pulse duration {PD), given in
the first column, which ranges between 0.4 ms to 400 ms. The next sorting is on the
period (T) in the second calumn, which varies from 2 ms to 4 seconds. The duly cycle
is not listed, but is equal to 100 {PD}/T, %. It varies from 0.1 percent to 50 percant.
The next sorting is on the center frequency of the tone burst in the third column, which
ranged from 20 to 10,000 Hz, The final sorting was usually on the signal-te-noise ratio,
defined in the table, and listed in cofumn 10, which varied from 5 dB to 50 dB. The
measured crest level, which is definedas L, - L, varies from 10 dB to 35 dB8. The

pk S
range of these parameters is considered large enough to embrace most of the impulsive sounds

*The ISLM (8& K Model 2204/S) performed according to the monufacturer's
specifications on single and repeated tone bursts, 137

A~11




e

Frequency
Counter

Frequency
Generator

Noise
Generator

$

Tone=Burst
Generator

—’\/\/\/‘—f

Cathede
Ray Tube
{CRT)

Impulse
Sound Level
Meter {ISLM)
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which are of particular interest. The objective correction factor, Ao = Leq - LAS' is

listed in the fourth column.

In studying the table, several points are of interest. First, nols that when
LAF starts to fluctuate for a particular pulse duration and period, LAs remains steady. ¥

The second point to be noted is that when both the duration and period become longer,

Las

duration (PD) is on the order of 100 ms and the period exceeds 2 seconds. Impulsive

starts to fluctuate alse.  The greatest fluctuation in L, g occurs when the pulse

signals for which the duration is over 500 ms and the period is over several seconds

have not been included in the measurements since no real sounds which were analyzed

fall into this range.

In Figure A=5 the objective correction factor, 8 = Leq = Ly g/ has been
plotted for a constant frequency and pulsa duration against the measured crest Factor
ka - LS for several values of the duty cycle, The correction factor remained nearly
constant in the range of 0 to +2 dB. The average objective correction factor is 0.78
dB with o stondard deviation of 0,45 dB. The correction factor is plotted against
§/N in Figure A=6. The scattering of the data points is small, but no definitive trend
with varying parameters was observed. The mean and stondard deviation of 4, is given
on the figure. In the plot of Aa versus frequency (Figure A-7), the data scatter has
ingreased but still no definitive trend resulted. From Figures A-8 to A-13, the cbjec=
tive correction foctor has been plotted versus period (T) {for constant pulse duration),
pulse duration (PD} (for constant period), and duty cycle, for impulsive signals with
little or no fluctuation in the SLM (Figures A-8 to A=10) and for signals which cause
substantial fluctuation in the 5IM reading (Figures A=11 to A=13), For the latter, the
data are based on the maximum meter reading. The scatter of the data ranges between
+2.0dB to ~3.0 dB. A gross downward irend is evident in Figures A<B, A-9 and A-12.
Although this trend is not clearly defined by the data, it would sesm to suggest a signifi-

cant decrease in the average value of b, {accompanied by an increase in data scatter)

when the pulss duration substentially exceeds 100 ms or the period exceeds 1 second.

*Significant meter fluctuation for any condition is signified in Table A=2 by two values
for the SLM reading (i.e., the maximum/minimum reading).
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Table A~2
Summary of Experimental Datae Obtained from Laboratory Synthesized Impulsive Sounds

pD {me)lV? T(m:)(z)lF(Hz)(a} Loq ks chM} LAS{SJ ¢ LAFm ta kam s/ e LY pemark
.4 40 5000 +1.2 115,5 | 114.3 13.5 114,3 117.3 137.2 50 20,7 (U.A. 82.1ap
! 2 1000 0,4 .1 | 8.5 88.8/89,4%* | 89,9/89,5 1.5 BA. B5 dives
0.7 92,8 | 92.1 92.2/92.0 | 92.4/52.1 6.5
0.8 97.3 | 96.5 966764 | 96.7/96.6 1.5
| o8 2.0 1013 | 100.4/100.2 | 101.4/7101,3 16.5
10 -0.5 862 | 867 | 86.8/86.4 | 97.3/86.9 15
0.5 88.0 | 87.5 87.7/87.1 | £8.3/87.7 6.5
0.6 91,2 | 90.4 90.890,5 | 91.441.3 1.5
-0.2 95.4 ) 95.8 95.6/95.4 | 98.2/95.9 16.5 !
100 1.7 82.9 | 81.2 83.5 102.0 ) 1.5 [U.A.B2.148
1.0 86.8 | 85,8 86.5 9.2 20 22,7
1.0 95.2 | 94.2 95.2 17.8 30 22.6
1.1 105.0 | 103.9 104.8 128.6 40 23.8
1.0 15,0 {114.0 14,8 137,6 0 | 228
200 0.4 82.5 | 82.1 84.5 102,0 10 17.5
0.8 85.1 | 84.3 85.2 109.4 20 7.2
0.4 92,4 | 92,0 93.0 117.8 0 24,8
0.6 102,0 |101.4 102,4 128.8 20 26,4
0.6 12,0 [ 1114 1.3 137.5 50 25.2
500 0.5 82,3 | 8l.B 84.3 [ 1014 10 171
0.5 8.5 | 83.0 85,2 109.2 20 24.0
0.8 90.0 | 80.2 90.5 117.8 0 27.3
0 98,1 | 98.1 99,2 128.7 i) 2.5
1 0.1 106.0 | 108.1 109, ) 137.5 50 2.4 k




Table A=2 {Continued)

0 (ool | 7 i@ [ £ [tea=las |Lea | tas 15 Lag L R PRI PRYCLT I
1 1000 1000 0.7 82.2 | 815 84,3 101.3 0 170 {U.A. 82,108
0.9 82,9 | §2.0 84,5 109.2 20 24.7
0.8 86.8 | 86.0 87.8 7.6 a0 2.8
1.2 95.2 | 94.0 95.0 128.6 1 1.6
; 1.6 | 1050 {100.4 104,2 197.5 50 2.3
2 n %00 0.5 89.1 | 68.6 8.6/68.4 | 89.0/88.7 a7 P.A. 85
0.7 92,8 | 92,1 92.2/01.9 | 92,4421 9.7
0.8 97.3 | 96.5 96.6/96.4 | 96.8/96.6 14.7
0.9 {1021 |101.2 102.2/101,1 | 104.4/101.3 19.7
20 0.5 86.2 | 85.7 85.6/85.5 | 86.4/85.9 47
0.6 88.0 | 87.4 87.5/87.2 | 88.4/88.0 9.7
0.9 91.2 | 90.3 50.4/90.1 | 91.5/91.0 14.7
0.3 95.4 | 95.1 95.0/95.2 | 95.9/96.] 19.7
200 -2.0 81.8 | 83.8 8.6 1094 B2 | 21.8 |P.A. B1.5d
10.6 92.2 | 9.6 95.4 8.6 0 | 2.2
w4 1008 |04 105.2 128.5 0 | 233
ws [ |ins 115.2 137.6 50 | 224
2000 W5/1.4 | 81.5 |81.0/80.1 | 84.4/83,5 109.4 0| 25.0
w2457 | 347 845790 | 88.5/82,5 198.6 o | 0.
~¥ret | 92,2 [92.5/<90 | 96.8/<%0 128.6 a0 | 3
-7/te | 1018 | 102.5/<100 | 1085 137.4 50 0.9
s0/v.5 | 82.5 |82.5/82.0 | 85.5/84.8 108,5 20 23.0 (U.A, 621 d8
w5438 | 85.0 |B5.5/8.2 | 89.0/84.0 17.3 2 2.3
= 4m | 92.2 |92.5/- w1t | 96.5/<90 1274 10 | 9
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Table A-2 (Continued)

PD(m:)“) T(ms)(z) F(Hz)(z) Leq-LAS chH) 1'»\Sm) I'5(6) LAF{?) LAI(B} ka(9) S/N“m C.L,(”) Remark
2 2000 500 -.2/+= | 1OLB |102.0%-= {106,3/<~= 137.4 50 3.1 |u.a. 8218
4 400 500 - 5/-4 | 111.8 [12.9/112,2 | 115.9/0.8 | 112,2/107.5 | 121.4/121.3 | 137.7 50 21.8 l

1000 -8/-.7 | 1150 [115.8/115.8 | 118,0/115.9 | 115.6/112.9 | 125.2/125.0 | 137.5 50 2.5
] 5000 ~9/=8 | 155 |116.4/m6.3 | 115.6/115.5 | 116,3/113.0 | 126.7/125.5 | 137.2 50 21.6
5 10 200 0.4 PL6 | 91.2 102.0 10,4 20 8.4 }
! 0.5 01,2 |100.7 111.8 19.2 30 7.4
0.5 1 o 121.8 128,2 40 6.4
25 | 1,0 88.3 | 87.3 97,4 110.2 20 2.8
1.2 97.2 | 96.0 107.2 119.3 ) 12.1 i
1.2 107.0 |105.8 117.1 128.1 40 1.0 |
50 0.9 84,2 | 85.3 94.7 110.3 20 15.6
1.0 94.1 | 93.1 104.2 19,3 30 151
1.1 1040 1029 114.2 128,1 40 13,9
0.7 85.2 | 85.5 95.7/85.3 | B6.7/86.4 20
0.9 83,0 | 87.1 87.2/86.9 | 89.1/88.8 22.4
1.0 91.2 | 90.2 90.3/90.1 | 92.6/92.4 26.5
' 1 95.4 | 93.2 93.2/93.5 | 96.6/6.3 3
100 0.6 B4.6 | 84.0 92.3 110.2 20 17.9
0.7 $1.5 | 90.8 101.7 19,2 30 17.5
0.7 199.0 |100.3 1.6 127,4 40 15,8 |
-1.3 71,1 | 72.4 82.1 72.3/72.1 ] 72.1 98,5 - 16.4 | NaBNTHt
400 -2/ 77.2 |77.4/77.3 |e2.5/82.3 | 77.3/77.0 | 82.9/82.8 | 98.3 15.8 I
1000 0.6 82.0 | 61.4 8.7 81.3/81,1 |87.2/86.8 | 98.7 ' 17.0 !
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Table A-2 (Continued)

PO (ms){" | 7 mal® | £ 2P | Lo~ las Leqm '-Asm Ls(é) LAF(7) LAI(B) "pkm snt10 e L O ek
5 100 2000 0.6 83.2 | 82.6 81.6 82,4/82.3 | 87.6 98.5 = 169  |NoBN
4000 0.6 83.0 | 82.4 81.4 82.2/82.) | B7.4 93.3 16.7
10,000 | 0.8 7.5 | 7.7 81.4 78.5/78.3 | 83.6 98.1 ' 16.7 '
250 200 0.2 83.3 | 8.1 50,3 110,0 20 19.7 | U.A. 62.1 d8
-0.4 89.2 | 88.6 | 99.2 119.4 30 20,1
; 0.6 97.1 | 97.7 1108.0 128.0 40 20.0
8 800 500 10716 | 118.8 | 111770102 | N5.1/114.5 | 114.8/-= | 124.3/123.0 | 137.6 50 22.5
1000 | 0.1/0.5 | 115.0 { 115.1/114.5 { 115.1/114.6 | 118.3/== | 128.0/126.5 | 137.5 50 22.4
5000 -.2/.4 5.5 | N522005.0 [ 115.0/104.5 | 1194/ | 128.8/127.3 | 137.3 50 22,3
0 20 06 | 0.9 89.1 | 86.2 §6.3/83.0 | £9.0/88.7 20.4 P.A. 85 dB
! 0.1 92.8 | 92.9 92.0/92.8 | 93.5/3.3 25.6
-0,3 97.3 | 97.6 97.7/97.5 | 98.2/98.1 3.6
-0.3 102.1 | 02,4 102.4/102.3 | 102,9/102.8 35.6
100 0.4 86,2 | 85.8 85.9/85.6 | 07.7/07.4 20.6
0.3 88.0 | 87.7 B7.8/67.5 | 90,6/90,2 25.6
0.1 o1.2 | oL 91.1/90.8 | 95.0/94.7 30,6
1.0 $5.4 | 94.4 95.5/94/7 | 99.3/99.1 3.4
1000 96.1 | 98.0 118.2/117.2 | 103.5/~= | 111.9/110.0 | 137.9 50 9.7 |u.a 82,148
500 -7/ NLE [ 112.5/100,7 | 115.8/115.0 1 116,8/-= | 126.1/124.0 [ 137.9 50 22,1
1000 -84 | nso 155046 | 115.0/104.6 | 120.2/-= | 128,7/126.7 [137.4 50 22.4
5000 -47.6 | s | nsasnae Diseaua | 120.4-0 [ 129.22127.0 [137.3 50 22,1
20 200 50 -.08 B6.2 | 87.0 87.1/86.8 | 90.0/89.7 0.4 P.A, 85 d8
1.7 88.0 | 89.7 89.8/89.4 | 94.2/94.0 25.6
! 2.4 91.2 | 93,6 93.5/3.1 | 98.3/8.0 30.8
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Table A-2 (Continued)

o0 (st [T m)? | £ e | beq ™ las Leq(4) Ly g (© Lag ! L™ L Lot e e

20 2000 50 1,2/1,3 81.5 | 80.3/80.2 B¥.0/83,0 10%.4 40 20.4 P A, Bl.5dB
1.86/2.6 81,6 | 80,0/79.0 97.1/84.0 7.8 30 20,7
82,3 | v 106.8/94.0 127.7 40 20.9
85,9 | #rv+ 116,8/100.5 137.8 50 21.0

-4.8 84.7 ?1.5 120,3/100,0 | sawe 103.0/98.0 137,9 50 17.6 U.A. 82,148
100 -3.9 26,1 1000/~ 19,2/~ 100 | 105,5/== 113.2/106,2 | 137.8 50 18.6
500 ~-2.7 11,8 | 114.5/<100 II7I.B/~1'DO 120.3/== 128.5/122.5 | 137.4 50 9.6
wo | -2.8 115.0 | 117.8/~100 | 117.8/~100 |123.4/-= | 131,6/126,0 | 137.5 50 19.7
5000 =3,2 15.5 | 118.7/~100 | 117.8/~100 | 124.0/-e= 132,2/126.6 | 137.2 50 1.3
0 | +0.8 82.1 | 8.3 £.0/83.0 109.2 20 20.3
+.8 82,2 81.0 97.2/84.0 118.0 30 20.8
B2,8 | arer 106.8,/90.0 127.8 40 2.0
86,2 | ser 116,7/110.0 197.8 50 2.1

50 500 1000 =2.4 84.2 88.4 89.4/86.2 94.8/74.3 15 P.A. 85d8
-1 8.0 | e 90.0/87.0 | 95.1/94.6 20

«1.2 95,2 246.4 6.6 110, 5 28 13.9 U.A, 82.1 4B
-0.8 1050 | 105.8 105.9 119.3 30 13.4
-0.8 1s.0 | 158 115.8 120.9 a0 13.1
-1.3 125.0 | 126.3 126.3 127.9 50 .6
1000 Tae A | 92.4 | 92.7/2.0 | 93.1/92.3 0.2 20 7
—.4/65 | 1020 | 102.4101.5 | 102.4/100.5 19,2 2 16.8
w36 | 1120 | 11,3000, [ 12,3/10,4 128.9 0 16.6
S35 | 1220 | 122.3021.5 | 122.4021.5 137.8 50 15.4
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Table A-2 (Continued)

e (ms) " |7 (maf®! | £ (2 bq “bas ILeq(‘” las !L e l I ) (9) ; s ( el Remark
50 | 2500 1000 [ 17/te | 894 | 92.3/< 80 { 92.6/82,7 | ‘ 10.1 ‘ 20 17.5 |U.A. 82,143
i g I “3.7/+= | 98.1 | 100.8/<80 | 102.1/<80 | ] 119.2 [ 20 17,1

! “3.8/+ = [108.0 [ 111.8/<90 | 111,8/<90 | | 128,7 ’ 40 16,9
I ' -a.0/v= 118,01 122,072 100 | 122.0/< 100 | ! 137.7 50 15.7 P
100 1000 20 - 7/-1.6 | Be.2 | 87.5/87.2 [90.6/80.2 | 94.9/92.9 ! ’ 52 P.A. 85 ¢B
; i -5.2 88.0 | 92.2 5 J v3.4/2.7 | 97.0/%.8 | ;5 .
2000 1000 -2,7/412.2 | 92.4 | 95,1/80.2 \95 /828 | CE o 14,5 |u.A. 82.1d8
‘ -2.8/-a  [102.0 | 104.8/<90 | 104.8/< 50 | 9.2 30 14,4 I
; =2.7/+= [112,0 | 114.7/< 100 f 114.7/ 100 | 128.9 40 14.1
l -2.8/+=  [122.0 | 124.8/< 100 | 124.8/< 100 137.8 50 13,0 l
200 | <2.5/4@ [ 710 | 7380 [84.7/-e | Wafem | 85775 | 990 - 4.4 {NoBN
400 2.3+ | 77.2 | 79.5/=n | B4,5/wm 85.3/-= | 89.5/83.0 | 99.2 1.7
1000 | -2.5/+= | 82,0 |84.5/-= | 84.5/-= 90.3/-» | 94.5/88.5 | 99.2 14.7
2000 | -2.8/+e | 83.2 | 85,8/ | 84.5/~w 91.5/-= | 95.8/90.0 | 99.0 V4.5 i
4000 -2,5/+= 1 83.0 |85.5/-= | B4,5/-m 91.3/-= | P5.4/89.8 | 99.3 14.8
10,000 | -2.5/+w | 79.5 | 82.0/-= | 84.3/«m 87,8/~ | 92,1/86.2 | 98.8 l 14.5 l
200 1000 20 -1.2/.-6 | 87.1 | 88.1/87.8 91,4/83,0 | 94.8/93.0 52 P.A, 85 d8
2000 ! ~1.7/11.7 | B6.2 | 87.9/84.5 91,9/83.0 | 95.1/90.3 2| |
] 88,0 | 89,4/85,0 94.0/84.0 | 96.8/92.0 57 |
400 800 0.9 89.1 | 90.0 91.4/86.8 | 74,4/92.3 52 |
! | -0.2/0.1 | 92.8 | 93.092.7 95,0/87.5 | 96.8/95.4 57 !
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Table A=2 (Concluded)

i #) CHE © 7 8 9) {10}
70 (msf " 1 (me)@ , F (Ha LAS‘I haq ‘ Las l l { Lar Lok SN LI pamaik
400 2000 20 -1.6/41.8 | 87.1 | 8s.o/85.3 | 92.0/83.6 | 94,7709 | [ L 52 P.A. 8548
|
J | : -2,2/+2.5 | 88,8 | 91.2/86.3 | 94.8/84.0 ‘ $6.8/93,0 ! 55.4 |
i # i -3.0/+3.2 | B&.2 | 89.2/80.0 | 92.0/83.0 | 94.8/83,0 } 52
) ! [ -3.6/+4.0 | 89,0 | 91.6/84.0 | 94.8/83.5 | §7.1/850 | 57 '
”’PD,— Pulsa durgtion, ms
(Z)T: Pariod of the impulse teain, ms
(a)F: Centor frequancy of the syathesized pulse, Hz

bﬂl‘eq: Computed A-waighted squivelant continuaus sound prosure level, di
(S)L § Impulse Sound Level Meter randing ot “SLOW" mater sotting with A~waighting natwerk, d

£
(")L g ISLM reading at "SLOW" with no waighting, d8

(V)LAF: ISLM reading aof "FAST" with A-weighting natwerk, dB
(B)LA]: 15LM reading at "IMPULSE" with A=weighting network, dB

(9)L : 15LM reoding at "PEAK HOLD® with flar waighting, «B
(‘O)S/N: Difference hatwaan the unweightad rms lavels of the background noise and the eantinueus sinusaidal tone {prior to lone bursting), dA

“UC.L.z Crost Laval, Dafinodes L Y di
*: Background noise, USASI, A-waighted (U.A.), 82,1 dB (sea Referance 148 for dascription of spectrum)
**1 A virgule separatas upper and lower readings from the same metar serting
w+#; Background noise, pink, A-waighted (P.A,), 85 db
t: + « moans that tha differenca is mors thon 10 ¢f
tti == means thot the SLM reading is too small to ba registered for a particular setting of attenvatars
t11: No baekgraund naise (3N)
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A.5 Conclusions - Objective Measurement of Impulsive Sounds

The ISLM readings have been divided into two categories: those obtained from
the signals with a repetition rate greater than 1 pulse per second {pps) small Ffluc-
tuation region and these with a repetition rate from 0.4 to 1 pps. The average value

and skandard deviation of the objective correction factor for these two regions are:
Average & Standard Deviation
o

When repetition rate > 1 pps +0.1 dB 1.3 dB
When repetitionrate = 0.4 to 1 pps =~1,4 dB 1.4 dB

The objective correction factor has also been studied for vorious temperal
parameters of the impulsive signals, viz. signal-to-noise ratio, crest level, pulse
duration, period and duty cycle. The average value of by falls within £1,5 dB over
the full range examined for each of the above parameters. However, except for the
decrease in Ao for repetitive rales < 1 pps {period > 1 sec), no definitive trend in Ao

with any of the other parameters was evident.

It was mentioned previously that o broadband noise with normally distributed
instantaneous pressures had o crest level of about 10 dB,  Thus, any impulsive signal
evaluated with an ISLM must have a crest level greater than 10 dB before it con
produce meaningful test data. This, in turn, implies directly that the accuracy in
reading the meter is limited by the high crest level of the synthetic signals used in the
data acquisition. Manufacturers of impulse sound level meters estimate this inaccuracy
in the meter reading as+1.0 dB for the highest crest levels employed in this study.
These readings had fo be made on the lower part of the ISLM scale. Any objective
correction factor which is not greatly different than this inherent+1 dB scale reading
error cannot be considered as significant. It is concluded, therefore, that the
A-weighted "SLOW" meter setting can be used to measure directly the A-weighted
equivalent sound level (Leq) to within an accuracy of £1,5 dB for an impulsive signal
with a repetition rate greater than 0.4 pps. However, caution must be exercisad on

two factors concerning this conclusion. First, for Impulse Sound Level Meters with a
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conventional (=10 to +10 dB) meter scale, it is necessary to use the lower portion of
the scale for data acquisition and to use the maximum reading of the sound level meter
for reading fluctuating levels, Secondly, the conclusions do not necessarily apply to
the latest state~of-the-art Sound Level Meters which may employ even more accurate
impulse measuring characteristics and digital readouts or true integration features for
measuring an equivalent level “'eq) directly, [f is enticipated, however, that the
latter type of instruments would, in fact, exhibit even less error when measuring the

true equivalent level (Leq) of impulsive sounds in terms of the A-weighted, slow

reading.

Pulse rapetition rates lower than 0.4 Hz were not measured in this study, How-
ever, at this pulse rate, the maximum sound level mater reading for each pulse will tend
to approximate the reading obtoined on a single isolated pulse with the same character=
istics os each of the repetitive pulses, Young and Cohenh14 have shown that for single
cycle sine bursts with burst frequencies greater than 100 Hz (i.e., pulse durations less

than 10 ms), the A-weighted sound exposure leve! for such a pulse can be ohtained

quite accurately by the maximum reading on a sound level meter set to A-woighting,
SLOW. (For lower pulse frequencies, this sound level meter reading will tend to
exceed the true sound exposure level reaching @ maximum error of about +8 dB for a
single 20 Hz sine burst.) However, the type of impulsive noise sources of concern for
this study are not expected to involve significant sine pulse components as low as this.
For example, the one=third octave band spectra of the 1SO single event impulsive sounds
shown later in Figure B=-4 of Appendix B have peak frequencies well above 100 Hz. If
spectral content of an impulse is, in fact, dominant at low frequencies (below 100 Hz),
then, according to the results of Young and Cr:hen]44 the A-weighted sound exposure
level can also be obtained within @ maximum error of about 1 dB for pulse frequancies
down to 20 Hz by using the maximum reading on tha C-weighting scale. Thus, for the

objactive correction factor, an interim recommended procedure is as follows:
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RECOMMENDATION

Until more definite data are available, the objective correction factor for
the measurement of the equivalent (energy average) sound level of impulsive
noise sources shall be assumad equal o zero when the Le is based on the
maximum reading on the A-scale (SLOW) of an Impulse Precision Sound
Level Mater. For single isolated pulses, the corresponding equivalent sound
Jevel for N such single events, over a time T (seconds) can be approximated
by

Leq -~ LAS(e) +10logN=-101log T (A-2)

where

LAS(e) = the energy mean value of the maximum A-weighted
(SLOW) noise level over the N events

When the dominant pulse frequency is below 100 Hz, the C-weighting scale

should be used instead of the A-weighting.

This interim procedure is equivalent to setting the ochjective correction factor
{the difference batween the Leq of the test signal and the Leq of the reference signal
for the same instrument reading) equal to zera. In any event, a correction factor
would not have been required at oll if sound level measurements of transient events

were obtaoined with a true rms time~integrating meter which measured sound exposure

level .
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APPENDIX B

150 Round Robin Tests

The most complete set of data on loudness of impulsive noises is provided by
the results of an international cooperative Round Robin test program organized under
the auspices of the International Standards Organization, ISO/TC 43/SC-1, Study
Group B (Secretariat-15) 23, "The Round Robin Test on Evaluation of loudness Level
of Impulsive Noise." The final report from the organizers, O. Juhl Pedeisen, st al,
provides summary data from a portion of the results from over 22 [aborafories covering
"close to 400 subjecrs.”77 More detailed results, from the National Physict;l Labara~
tory (NPL), included in the summary report, have been reported by Shipton, Evans and

Robinson.66 Pertinent results from these reports are summarized here.
The test signals employed for these round robin tests consisted of the following

three groups:
Group It Nine quasi-steady impulsive noise signals recorded from practical
noise sources, e.g., teletype, pneumatic hammer, outboard
motor. Each noise sample has a duration of approximately 1 sec-
ond and is recorded repeatedly alternating with the reference
signal {1/3 octave band of noise at 1 kHz). Intuitively judged,
the noises of this group form a continuum ranging from highly
impulsive to almost steady noises. (Their relative 1/3 octave

band spectra are shown in Figures B-1 to B-3).

Group lI:  Five noises basically consisting of a single pulse, e.g., from a
gun or a mechanical ram. These noises are recorded as for
Group I with reference signals (1 kHz tone pulses) of approxi-
mately the same duration as the pulse. (Their relative frequency

spectra are shown in Figure B-4),

Group IIl:  Six 1 kHz tone pulses of durations from 5 ms to 160 ms. The

reference signals are | kHz fone pulses of durations 10-320 ms,

B-1
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The source of the first 14 Impulsive sounds is identified on the preceding
Figures. The sounds were presented in repeated A-B sequences at 3 sound levels (55,
75, and 95 dB re 20 1 Pa) to the subjects using, in each case, |loudspeaker presentations
in presumably free~field or nearly free-field conditions. The subjective data which
will be reported here consist of average values {over subjects) of the difference in
sattings of attenuators placed in the test and reference signal channels {i.¢,, attenua-
tion of test signal minus attenuation for reference signal) required to achieve equal
loudness between the two signals, This "Equal Loudness Attenuation" for the subject
tests {called ELAsubj by Pederson) provided a basic raw measurement of the relative
subjective loudness for each of the test sounds. In order to determine a subjective
correction factor 8, from these tests, it was necessary to utilize the additional detailed
data from Shipton, et ul,66 to correct these attenuator settings for the additional
relative difference in the test signals before any relative attenuafion. was applied.
Thus, as illustrated in Figure B-5, an additienal small deviation & accounts for the
difference in Leq of the reference signal and the test signal before the additional
(ELAwa.) attenuation is applied. Thus, as illustrated in the figure below, A, can be

defined by

b= ELAsubj +4, (8-1)
Test Signal
Reference
Signal L
- LR T__ ——— LR =Leq of Reference Signal
A
1* —_— [_r =Test Level Before Attenuation
bs
I ELAsubj
eq --J‘ ...... L! =Test Level After Attenuation
dB {Equal Loudness 1o Le)

Figure B~5, Computation of the subjective Correction Factor g . From the 150 Dotn.77




The values for At were computed from the detailed data on the reference and
unattenuated test signal levels in Table 2 of Reference 66. It was assumed that these
data apply universally to the 1SO average values for ELAsubj for the correspanding
sounds. in other words, it was necessary to assume that the relative unattenuated
signal levels from one naise to onother were essentially fixed on the Round Rabin tapes
and would be reflected in identical variations in each laboratory . This clearly is en
approximation but is not considered unreasonable considering the expected care each
laboratory would take to provide a “flat" reproduction of the {uniform) test tapes pro=
vided by ISO to each laboratory, Table B~1 summarizes the reported values of ELAsubj

from the ISO report for the nine Group I sounds,

Table 8-1
ISO Round Robin Comparisons for ELAsubj (dB)

Sounds (Group I) Std
Parameters 1 2 3 4 5 3 7 8 9 Average | Dev,

Mean 12,2 18.917.0|7.5[8.4)11.5|8,2]8.7|11.4 2.3 1.90

Std. Dev. | 3.5(3.5(4.9 3.9 (3.7 3.2]3.314.1] 3.5

The computations for A, from the NPL data and the corresponding values for A
are given In Table B=2, The overall grand average of ﬂs {including all laboratories in the
ISO figures, all 3 levels, nearly 400 subjects, and for the % Group [ impulsive noises)
is 12,5 dB, The standord deviation over the ? average valves for each nofse is 0.9 dB.

It must be recognized, of course, that this is a highly smoothed statistical result for, as

pointed out in the ISO report, varlation in ELAsubj values from subject to subject for

ony one level and test sound can be 10to 15 dB?7Nevertheless, the central tendency
of the data is clearly indicated by the above valuves. Considering the necessary assump=
tions required to compute & from these data, it is estimated that the values given in

Table B-1 are reliable within better than + 1,0 dB.

8-7
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Table B~2

Summary of Computation of B from 15O Round Robin Data
for First Nine (Repetitive) Impulsive Sounds

Data Source Impulsive Sound Raf
. ;
Row RN 7 8 9 |signl
1 LN(aer)“” P |76 | 773 ) 76 | B3 | TR 7.4 1 7.3 | 7.2 |78.4
R U A . * [ I S . C e e e
2 ALM‘“’ 0.7 l 0.8 ' S0 =08 <01 [ 02| 0 |-00 1020
- - - (d) —n—_“ amw mem v g ew ..___.:r,. e —— _ [ IRER O, S (‘-".)‘<
La L (Ref) (77.1) 75.6) | (753 | (75.6) (76.3) | (76.6) | (76.4) | (6.3} | (76.2) | 76.4
VR q(rau)(” 75.6 | 73.4 | 9.7 | 6.9 | 709 | 756 | 77.8 | 929 | 759 |
S i o _] [RTRTISN FRUI RURTD I R
5 A'(” 1522 ) se ] s7 | 54| 10 a6 34| 03
{77} ' Avg
& Eﬁl:A‘wb)(g) 12,2 N 8.9 ) ?.o 7 7.75 B',A,. lls ) 8‘.2 8.7 | 1.4
7 | 2@ 107 | | t2.6 [z |38 | ts | W {20 | 17
{a}) Lavel of Calibration Tane for Raferance Signal. {2} From Tohle 2a, Refarance && (some as dB{A)
(6) L, (Ref) = Impoct Sound Lovel from Tabla 2, integrated).
Raferance &6 (some o3 dB(AI)). {f) 8,= Loq(Rel) - Leq(Tust), Row 3 ~ Row 4,
) 2 LAI = LAl(hf) = 78.4 (whare 76.4 = LA] of {g) From Table 3.3.3.2, Rafetence 77.
Calibretion Tone on Refatence Channel. (h) & =ELA bt A’, Row 5 + Row 6.°
{d) L (Ref} = 74.4 + Row 2, Ewtimated Volues of ' suby
& (i) Ovarall Maan a, for alb 9 Sounds,

La for Reference Channels. (76.4 = La of

Calibrotion Sigma! on Referance Channel. )
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Not considered here is the fact that the vaives of ELAsub' reparted by Shipton
et al ,66 show a variation with presentation level due to the so-cuj”ed mid-level bulge
in loudness growth.* The effect was relatively small, however, and has been averaged
out in the above figures. Since Le data were not available for the 5 single impulsive

sounds (Group 1}, .C\s values for these sounds could not be established.

Combined Subjective and Objective Corrections From 1SO Round Robin Tests

Analogous to the Equal Loudness Attenuation (ELAsubj) to achieve subjective
equality of the reference and test signals, there is also an objective Equal "Loudness"
Attenuation (ELAobj) - again adopting Pedersen's terminology - which is the atfenuation
of the test signal required to achieve the same response on the objective measuring
instrument as for the reference signal. The comparable ebjective correction factor Ao
which we seek will be the difference in Le between the test and reference signals fo
achieve the same "instrument reading,"” As with As, there is the same initial difference
in level At between the reference signal and the unattenuated signal and it can be shown

that, for the procedures employed in the 150 tests,
bo=-ELA +4) s db (B-2)

Thus, the quantity ELAsubj - ELAobj’ reported for the ISO tests, is the same as the

sum of our objective and subjeciive correction factors (Ao +As). This quantity can be

shown to be equal 1o the equivalent level of the reference signal, when it is odjusted

to the same loudness as the test signal, minus the equivalent level of this some reference

sighal,.when it is now adjusted to have the same "instrument" reading as the test signal, ™™

An ideal "instrument" would have a zero value for A, b o that it would
correctly measure the loudness of an impulsive sound. However, a fixed but consistent
Parror", represented by a constant non-zero value of A ta could be considered os a

fixed "instrument" error to be corrected out. The cri hcal purameter, therefore, for

* At presentation levels of 55, 75, and 95 dB, the average values of ELA, p; from
Reference 66 were 9.3, 11. 2 and 9.5, respectively. e

** Whena + 2, is added to the "instrument" reading of the test signal the resulting

level is the equivalent sound level, Leqof on equally loud reference signal .

B-9

I S A




evaluating the ability of any "instrument” to measure impulse noise, be it an actual
sound level meter {SLM) or a loudness calculation method, would be the standard devia-

tion of the values of A, + As about the mean.

Table B-3 summarizes the comparable values of A A from the 1SO data. The
table defines the mean and standard deviation, over noise sources, subjects, and levels
for ﬁo - for each of the ISO data sources and for the variety of objective measure-
ment "instrument"” indicated. It appears from these data that A-weighted sound level,
slow (LAS) equivalent sound level (Leq)' or some form of loudness calculation using,
preferably, time-integrated measures of the spectral content, would all have potentially
higher utility and validity than other "instrument’/metric combinations. For the single
event impulsive sounds (Group II), all the measures with the exception of B-weighted

peak impulse or C-weighted peak-held indicate substantial variation about the mean,

The results of this Round Robin Test can also be compared, in terms of the mean
objective correction factor KO with the results from Appendix A. From Table B-2, the
mean sum Ao_"'ﬂs for A-weighted slow levels is + 11.6. Subtracting the mean sub-
jective correction facior Ks of 12.5 from Table B~2 gives a mean objective correction
factor Ko of - 0.9 dB. That is, the average A-weighted slow ISLM reading of the 9
impulsive sounds tested would be 0.9 dB above the average Leq of these sounds.

This average objective correction factor from the 1SO round tobin tests of ~ 0,9 dB
compares well with the average of A, of + 0.1 and ~ 1.4 dB from the two eategories of
impulsive signals {repetition rate > 1 pps or 0.4 to 1 pps respectively) reported in

Appendix A,
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Toble B-3

Evaluation of ISO Round Robin Data for (f)
Optimem "Instrement" to Evaluate Impulsive Noise

Sounds 1-9 Sounds 10~14
{Group 1) (Group II)
A+ A . A+t A
Q s . [a] 5 o
"Instrument" | Metric dp (&) dB ap'e) d
Sound Level LAS(") 1.6 6 | 1.5 | 1134 ) | 3.6
Meter
LAF(‘") 12,1 8) | 1.8 {125 (7) | 4.9
LAI(") +11.2 1) | 2.3 |+ 8.3 (1) { 3.3
Log {a) +10.8 (1) 1.3 | +10.5 (1) | 2.6
Len® L inoqy 2.4 [+45 0 |17
8
d
LPK(“)” 1.8 () | 2.4 {+36M | 1.6
Stevens L + 4,1 (3) 2.2 —-—
Mk. VI s
Leq(c)(b) -05() 1.4 l+1.60) | 1.8
Stevens Leq(c)(b) -5 q) |12 J-02() | 1.8
Mk. VI
Zwicker Lcs - 0.8 (3) 2.6 |+ B.4 (3) 7.3

)]

Maximum peak reading.

) Number in parentheses signifies

number of laboratories who provided

&) Qne second integration time, data for this value,
) e—
€ B-weighted peak impulse, 0 A+ 8, defines absolute' accuracy
) Cowolah K imoul of loudness prediction, ¢ is standard
-weighted peak impulse. deviation about this mean (see text),
B=-11
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APPENDIX C

FREQUENCY SPECTRA OF REPEATED TONE BURSTS

Four basic coses for the frequency spectra of transient sounds are illustrated
in Figure C-1. The corresponding Fourier spectra for each of these cases, where the

peak emplitude of the pulse is Po' can be given as follows: 135

. C vl sinwT/2
Single Square Pulse [P(ju)!= PoT I—Em_ i (c-1)

(C.2)
n=1 o
sin{w ~ w])T/Z
Singl 1 | = -
ingle Tone Burst IP(}UJ) POT W l (c 3)
sin( nm -w )T/2 ]/2
Repeated Tone Burst | plwy)| =p Tha+ 22 (C-4)
max oT nw - m
where
T = Pulse duration
T = Pulse repetition period
wy = Pulse frequency
w, = 21/7, the pulse repelition frequency
n = Order of harmonic
C-1
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Figure C-1, Time History and Fourier Spectra of Four Common
Impulsive Wave Forms




The general shape of the envelope of the frequency spectra is the same in all
cases ~sinx/x. For the single or repeated tone bursts, the spactrum is the same as for
the corresponding case of a single or repeated square pulse but with the peak frequency
shifted to the right to the frequency (w;) of the pulsed tone. The 1/2 power bendwidth
(AF) of the spectrum for the case of the single tone burst can be expressed as AF= 1/T.
Thus, for a single pulse with only one cycle, T = 2?7/m1 and the 1/2 power bandwidth
is equal to the frequency of the pulse itself. Then, asingle impuise with only one
cycle will have o very broad spectrum so that its loudness will correspond to the sum=-
mation of loudness over many critical bands in the ear. For a repetitive version of such
an impulsive signal, the frequency separation of the sidebands is equal to the pulse
repetition fraquency wy = 2n/r. The number {N) of harmonics within the same ¥1/2

power" point on the spectral envelope would be

N *% = 1/duty cycle
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