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Frequency weighting contours for predicting the speech
interfering aspects of noise

By J. C. WEBSTER

U.S. Navy Electronics Laboratory, San Diego, California,
Lxchange Scientist at Applied Psychology Research Unit, Cambridge
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INTRODUCTION

Physical and psychophysical schemes that purported to measure the speech interfering
aspects of noise were examined in a series of papers by Klumpp & Webster (1962, 1963)
and Webster & Klumpp (1963). Sixteen diverse-spectrum noises were adjusted in Ievel so
that listeners hearing monosyllabic (rhyme) words at a constant level of 78 dB from a
loudspeaker obtained 50 9, word intelligibility scores. Articulation index (a.i.) calcula-
tions (see Kryter 1962 a) predicted the speech-interfering properties of the noises very well.
However, other, and simpler, schemes worked just as well ; for example, speech interference
level (s.i.l.) calculations (see Beranek 1954), based on octaves centred at 425, 850 and
1700 Hz, or 500, 1000 and 2000 Hz. The A-weighting and Din 3 networks (see Peterson &
Bruel 1957%), of a sound level meter (s.l.m.) were good, but the conventional use of noise
criteria (n.c.), or alternate noise criteria (n.c.a.) (see Beranek 1957), curves did not work
well unless (1) only that part of the curves centering on the octaves 500, 1000 and 2000 Hz
was used, and (2) the noise spectra were allowed to ‘average through’ a contour and not
just touch it at a peak value.

In the process of trying all possible noise-rating schemes, it became evident that there
were essentially three basic ways to rate the speech interference properties of noises. And
although the three basic methods differ in how they operate, the best of each method was
pretty good and with a few compromises here and there the three basic simple methods
might become quite comparable.
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METHODS OF RATING SPEECH INTERFERENCE

:fl . The three basic methods of rating the speech-interfering properties of noise are:
5 ~ (1) average-level methods (the a.i. being the most comprehensive, universal, and the best
= predictor, but the s.i.l. doing as good a job if the proper octaves are chosen initially);
= O (2) s.l.m. frequency weighting networks (A and Din 3 being conclusively better than
E 8 either B or C); and (8) tangent-to-curve methods. The simplest in concept, but the worst

in predictive ability, is the tangent-to-curve method. In this method, only the noise
component (peak) that first touches a generalized noise-rating contour determines the
rating. Any pure tone component, or any restricted band component, that differs
drastically from its surroundings dominates this rating.

The tangent-to-curve method may be expressed mathematically as follows:

n.r. = 10 log,{k(f, p) 3/b3) (1)
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316 J. G. WEBSTER

where n.r. is any noise-rating criteria desired such as n.c., n.c.a., or is.0.; and & is a
frequency- and sound-pressure-dependent weighting factor (represented by families of
n.C., n.c.a., or i.s.0 contours; p, is the maximum sound pressure (the noise spectral peak
that first touches a given contour); and p, is a reference sound pressure (usually 0-0002
ubar). The magnitude of n.r. is the logarithm of the weighting factor at the frequency of
b, and the maximum noise-sound pressure.

For the weighted integration (s..m. or network) method, the indicating instrument
following the weighting network in a s.l.m. adds components powerwise, i.e. two equal
components result in a level 3 dB greater than either level individually; nevertheless, as
in the tangent-to-curve method, a single component 10 dB greater than all its neighbours
essentially determines the level. The frequency weighting network can be expressed
mathematically as follows:

w = 10 log,{Z[k,(f, p) pi+Eo(f; p) 3+ ... +k, (1, p) 21105} (2)

where w is a sound-level weighting reading; £, is a frequency-dependent weighting factor
determined by the definition of w; p,...p, are sound pressures in contiguous bands. The
magnitude of w is the logarithm of weighted sums of squared band sound pressure.

The average-level methods (a.i. and s.i.l.) work conversely. Whereas the tangent and
network methods are determined by one (tangent) or more (network) sound pressure
peaks and give readings equal to (tangent) or greater than (network) the highest peak
sound pressure level, the average-level methods yield measures lower than any single peak
by the inclusion of lower levels.

The average-level method can be expressed mathematically as follows:

sdloy, = 101og {[k, (f; £) B X ko (f; £) B3 X . K, (S ) 071V (15}, (3)

where s.i.1.,_, is a speech interference level of z bands, both the number, and the location,
of the bands must be specified; £ is a frequency and sound-pressure level dependent
weighting factor (but for s.i.l. calculations in the past, £; has been equal to k,...k, = 1);
by ... p, are sound-pressure levels in specified bands. As a consequence of the properties
of logarithms an equivalent s.i.1. result can be obtained by taking the arithmetic mean of the
levels and adding a constant which will depend on the weighting—a process less involved
than taking the individual differences and averaging, but a process that can be used only
if £ is neither zero nor a function of p; i.e. all s.i.1. differ by constants. The magnitude of an
s.i.l. is the logarithm of a product of weighting factors plus the logarithm of a harmonic
mean of band sound pressure.

As an example of how these three methods differ, consider a noise that did not deviate
at all from some fixed-frequency-weighting function (such as the A-level network in sound-
level meter and its equivalent contour for the other two methods). If the deviation of the
noise level from the weighting function was 0 dB in each of four pertinent octave bands,
then, by the average level and the tangent-to-curve methods the deviation would be 0 dB;
and by the integration method the deviation would be 6 dB. A tonal component deviating
-+10 dB from the weighting functions in one band would cause a deviation of +2:5 dB
by the average level method, of +4-11-1 dB by the integration method, and a deviation of
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10 dB by the tangent-to-curve method. Two 10 dB tonal components in adjacent octaves
would increase the average level by 5, the integration-method reading by 13-4, and the
tangent rating by 10. Two 10 dB tonal components in the same band would increase the
average level by 3-3, the integration level by 13-6, and the tangent rating by 13.
Licklider & Guttman (1957) have shown that tonal components do not mask speech very
effectively so the speech interference properties of these four hypothetical noises would be
approximately equal.

To summarize the example: the deviation of average-level measures on these hypo-
thetical noises varied from 0 to 5, the integrated levels showed deivations of 6 to 13,
and the tangent ratings deviated from 0 to 13. The weighted 5-octave band a.i. would act
much as the same as the average-level measure except that weighted averages would be
involved and, in fact, in the examples above, changes in a.i., expressed in dB, could be as
large as 5-9, depending on which octaves the two tones were in and whether the level of
speech kept the speech/noise (S/N) within the 0 to 30 dB range. To express a.i. in dB,
recall that an a.i. of 0 corresponds to an average S/N differential of 0, a.i. of 1 corres-
ponds to a 30 dB S/N, an a.i. of 0-5 to 15 dB, etc., so any value of a.i. can be expressed as
some S/N between 0 and 30.

It follows from the above discussion that on any given noise the integration methods will
give the highest numerical ratings (two equal peaks together add 3 dB), the tangent-to-
curve method next (highest peak, or peaks, determines rating, no summing), and the
averaging methods the lowest ratings. This is strictly true only if the frequency-weighting
networks have the same general shape for frequency against level as the inverse of the
tangent-to-curve rating contours.

Since the A network is very similar in shape to the inverse of the n.c. and/or n.c.a.
contours, it is not surprising that the ratings assigned to the sixteen equally speech-
interfering noises in table 2 of Klumpp & Webster (1962) are higher in magnitude on A
weighting (83+5 dB) than on n.c.a. curve-limiting (78-7 dB), and that both are larger than
the s.i.l. (73-7 dB). (These data are reproduced in columns 5, 8, and 13 of table 1.)

The absolute magnitude of the ratings assigned by variants of the three basic methods is
not, however, the most important facet. It is the dispersion (standard deviation) of the
ratings assigned to the sixteen equally speech-interfering noises that is important. The
lower the standard deviation the better the method measures the speech interfering
aspects of the sixteen noises.

PurPOSE

It is the purpose of this paper to construct a speech interference (s.i.), frequency-
weighting curve that can be used: (1) to calculate a weighted s.i.l, (2) as a filter in a
s.l.m., and (3) as a substitute for the n.c. type (n.c., n.c.a., and i.s.0.) contour at the 70 dB
Jevel. The curve will be designed to measure only the speech-interfering properties of
noises. To the extent that speech interference is the determining factor in the judged
Joudness, annoyance, or office environment acceptability, this speech interference contour
will measure that quantity.

Specifically, a contour will be developed that reduces the dispersion among the ratings
of the sixteen equally speech-interfering noises reported by Klumpp & Webster (1963).

39-2
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318 J. G. WEBSTER

The purpose will be to devise methods and means of better estimating the speech-
interfering properties of noise without using the more involved a.i. technique.

From this basic contour a set of contours will be developed to bridge the gap between
it and Beraneks n.c. and n.c.a. contours for rating office acceptability.

SPEECH INTERFERENCE

On the basis of the results of Klumpp & Webster (1963), the guide-lines for developing
a speech interference contour at the noise and speech levels used for those studies are clear.
For 509, scores in relatively high-level noises (as compared to acceptable offices), the
frequency regions of the noise that limit the speech are centred at 500, 1000, and 2000 Hz.
If the speech interference contour is to be used as a filter network in a sound level meter,
sound of frequency below 300 Hz and above 3000 Hz must be discriminated against.
Likewise, when used as a tangent-to-curve determiner the same frequency cutoffs must be
observed. When used a as shaping network for calculating an s.i.l. or average-curve-fitting
within the octaves 500, 1000 and 2000 Hz, the centre octave needs to be emphasized
somewhat more than the others.

With these general guide-lines a contour labelled s.i. 70 was developed as shown in
figure 1. Using this s.i. 70 contour, the sixteen equally speech-interfering noises were rated
as detailed in table 1. All of the ratings in table 1 (except those in italics which are taken
directly from Klumpp & Webster (1963) are calculated measures, including those where
it is assumed that the inverse of the s.i. 70 (and labelled ‘A’’) is used as a filter network in
as.l.m.

In columns 1 and 2 of table 1 are listed the numbers, and names, of the sixteen noises.
For comparison reasons the G and A weighting network ratings from Klumpp & Webster
(1963) are shown in columns 3 and 5, the n.c.a. and i.s.0. (R) ratings in columns 8 and 9,
and the 3-band s.i.l. in column 13. In column 4 is the rating that would result if a flat (C)
weighting were used in a s.L.m. but bandpassed to include only the octaves centred at 500,
1000, and 2000 Hz. This column is labelled G(R); the ‘R’ specified here, as elsewhere in
the table, signifies ‘restricted range’.

The remaining columns in table 1 are ratings the sixteen noises would get if the s.i. 70
curve were used as a new A network, namely A’; for the whole frequency range (column 6)
or A’(R) for the restricted range. Column 10 lists results from using the s.i. 70 contour
as the curve for the tangent-to-curve method. In column 12 are given the measures of the
s.i. 70 curve when used as an averaging curve to find a 5-octave s.i.l. (based on centre
frequencies of 250, 500, 1000, 2000 and 4000 Hz). In column 14 are the results of restricting
this averaging procedure to the usual restricted band (500, 1000 and 2000 Hz).

Below each column are two measures of dispersion: the range (highest minus lowest
rating) and the standard deviation; and the mean rating on the sixteen noises. The rank
order refers to the relative smallness of the standard deviation. The smaller the standard
deviation the better is that method in rating the noises to be, as they have been adjusted
to be, equally speech-interfering. By comparing the standard deviations on table 1 it is
evident the new contour does what it was designed to do. It provides a single curve which
as far as predicting the speech-interfering properties of relatively high levels of noise;


http://rsta.royalsocietypublishing.org/

Downloaded from rsta.royalsocietypublishing.org

ORIGIN AND TREATMENT OF NOISE IN INDUSTRY 319
octave pass bands (Hz)
45 [ 90 ] 180 ] 355 | 710 1400 | 2800 5600 11200
100f— 1
A
N 7
(,f:]/“ &
N S
= g
S5 2 % )
o= ~
ez E % /_si.60
=0 = | n
L O g
= 2
= £ 60~ —
I= ©
£5.
F=0 — —
A
oz
=
EE 2000 4000 8000
40— T T T T
2 5 1
10000

frequency (Hz)

Ficure 1. Speech interference noise-rating contours.

TABLE 1. VARIABILITY ASSOCIATED WITH VARIOUS MEASUREMENT PROCEDURES

1 2 3 4 5 6 7 8 9 10 11 12 13 14
weightingA networks tangent-ﬁo—curve ‘ averagin%\ ors.il’s
r Al r A r )

A’ A’(R) n.ca. n.c.A’ A’ A’(R)
_d noise C C(R) A 70 70 70  is.o.(R) 70 phons 70  3-band 70
s (1) ship rumble 1053 80 863 79 76 8o 77 75 100 64 716 68
—_ (2) grab eng. 976 83 83 81 79 81 8o 78 97 63 711 68
< (3) blower 92°3 84 851 81 79 79 82 78 94 64 737 70
S > (4) TN-6 868 18 79 V& 76 73 74 72 89 62 731 70
O - (5) blower and hull 853 79 788 76 75 73 75 73 89 56 72:8 69
L (6) shear 78-8 74 758 73 72 69 71 67 86 59 685 66
& — (1) generator 793 15 786 12 T2 72 74 68 88 60  6gb 66
Q) (8) compressor 810 77 785 74 74 73 74 71 90 62 720 69
aole) ((g; ’l;z;\tl)l?ile 803 79 go-g i 7 72 77 74 87 g; 74-2 (75;

1 at 8oy 80 ;- 76 76 7 8 72 94 72

=@ (11) arresting gear 853 82 838 80 80 78 79 76 93 66 773 74
- (12) engine room 863 84 8¢'3 82 82 78 81 79 92 66 77°4 74
<Z (13) air grinder 84'3 80 84:8 77 77 84 82 73 96 64 753 72
EO (14) typewriter 864 82 874 79 79 85 83 75 97 65 74'8 71
E = (15) TN+6 883 84 898 80 80 85 87 79 98 65 759 72
Og 6 (16) jet 938 89 943 82 82 94 90 81 106 70 790 76
8(11 range 265 15 185 10 10 250 19:0 14 20 14 10°5 10

=Z mean 870 806 835 T19 T3 787 791 743 935 631 737 70-3

T std 74 37 47 30 30 ge 48 37 52 32 28 28
O = rank 8 4 5 2 2 7 6 4 7 3 1 1

group 4 2 3 1 1 3 3 2 3 1 1 1


http://rsta.royalsocietypublishing.org/

0
'am \

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

/| \

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

320 J. C. WEBSTER

(1) makes a better filter network than the A weighting, (2) makes a better noise rating
curve than the n.c., n.c.a. and i.s.o. curves, and (3) can be used as an averaging curve to
find an s.i.l. that is equivalent to the 3-band preferred frequency s.i.1.

The next task is to generalize this single contour into a set of contours at higher and
lower decibel levels. Ideally, these contours will extend the upper range of Beranek’s
(1957) noise criteria (n.c.) and alternate noise criteria (n.c.a.) curves for rating ‘.. .the
maximum noise level at which office personnel feel they can accomplish their duties
without loss of performance’. Working spaces exist that exceed Beranek’s (1957) maximum
contour (n.c. or n.c.a. 70) and that very often exceed his recommended maximum of
n.c. 55. The rationale for developing these contours is that in certain spaces, certainly some
shipboard areas, noise levels exceed n.c. 55 but work must and does continue, including
voice communications. In these areas the major criterion must be acceptable speech
intelligibility with little or no regard for loudness, annoyance, or comfort. To rate these
spaces, therefore, contours based on comfort and speech communication performance
must drop the comfort (loudness and annoyance) and base the rating and eventual
acceptance only on those aspects of noise that affect speech intelligibility.

The contours will be developed by utilizing the results of an extensive literature survey
of the effects of noise and frequency bandwidth on speech intelligibility (see Webster 1964).

The generalizations from the literature as summarized by Webster (1964) are: speech
frequencies below about 350 Hz and above 3900 Hz are relatively unimportant to the
intelligibility of speech in noise (Egan & Wiener 1946; Kryter 1960; Pollack 1948);
according to Dreher & Evans (1960-61), noise frequencies below 300 Hz are very ineffective
in masking speech at tolerable listening levels unless higher noise frequencies are also
present; according to Miller (1947), noise bands above 2400 Hz are very ineffective in
masking speech; Kryter (1960) states that the most important narrow bands of speech
energy are centred at 500 (to 750 Hz), 17504250 Hz, and 2500 (to 3000 Hz); Kryter
(19620) also states that any decrease in speech bandwidth in the 1200 to 2400 Hz band
reduces intelligibility ; the most important mid-frequency in broad-band speech, according
to Egan & Wiener (1946), is somewhere between 1100 and 2000 Hz and the bandwidth
required for high intelligibility is about 35 octaves; Egan & Wiener (1946) also state that
at good speech/noise conditions (at high levels of speech intelligibility) the important
broad-band centre frequency is around 2000 Hz and frequencies as high as 6500 Hz may
be important; as the speech/noise conditions deteriorate, the important mid-frequency
shifts down to around 1000 Hz and frequencies above 3900 Hz are ineffective (Egan &
Wiener 1946; Kryter 1960; Pollack 1948; Dyer 1962).

The remaining speech interference (s.i.) contours (s.i. 50, 60 and 80) in figure 1 were
drawn relative to the s.i. 70 contour on the basis of the above observations, which are
quantitative as regards frequency but only qualitative as regards sound pressure levels.
The s.i. contours show: (1) a gradual shifting from a minimum of 800 Hz for s.i. 80 to
2000 Hz for s.i. 50, (2) an increasing disregard of high-frequency noise components from
n.c.a. 40 through s.i. 50, 60 and 70 to s.i. 80, (3) a sudden disregard of low-frequency noise
components from n.c.a. 40 to s.i. 50, then increasing concern for low-frequency noise for
the contours s.i. 60, 70 and 80. These contours are developed on the basis that for levels of
noise below the n.c. 30 contour, comfort, annoyance, and purely aesthetic values govern
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the use of a room. At n.c.a. 40, Beranek (1957) states that all due allowance is made for
the difference between loudness and speech interference, and above n.c.a. 40 the environ-
ment is admittedly adverse and speech interference alone is hypothesized to be the
determiner of acceptance.

In this regard it is interesting to note that in specifying the comfort of aircraft cabins
(propeller-driven), Lippert & Miller (1951) define as ‘ideally quiet’ a noise spectrum that
becomes tangent to the s.i. 70 contour (between 500 and 1000 Hz). This spectrum is at
least 15 dB above Beranek’s (1957) n.c.a. contour of 55 which he describes as ‘ Very noisy;
office environment unsatisfactory;... not recommended for any type of office’. Here is a
case, and there are others, where the adaptability level of humans comes to their aid.
A noise level that makes offices ‘unsatisfactory’ is 15 dB less intense than a noise judged to
be ‘ideally quiet’ in airplane cabins. Lippert & Miller (1951) define a second contour
exactly 20 dB higher as ‘quasi-comfortable. This latter level is 35 dB above Beranek’s
‘unsatisfactory office’.

It is this adaptability feature of human behaviour that gives rise to the rationale behind
the discontinuity in the contours between n.c.a. 40 (where comfort is of importance) and
s.i. 50, and on through the s.i. 60, 70 and 80 contours, where the important aspect of the
noise is its speech interference properties, not its loudness, its annoyance, nor its habit-
ability and comfort properties.

One way of looking at the speech interfering properties of noise has just been summarized.
A set of contours has been developed which weight the spectral regions at various levels of
noise that interfere with speech intelligibility. This was treated in some detail because
parts of it have only been previously reported in a government report (Webster & Klumpp
1965) not easily available in the open literature.

A second way of looking at the problem is to take one measure of noise and show the
relative intelligibility of speech as the noise level increases. This has been reported before
in the Journal of the Acoustical Society of America (Webster 1965) and will be treated lightly
here, since the details are easily available elsewhere.

Figure 2 is a generalized summary of the scope of communicating by speech in noise:
on the ordinate is plotted percentage of rhyme words heard correctly and along the
abscissa is the level of noise.

The choice of the 0-5/1/2 s.1.1. of an equivalent —6 dB/octave thermal noise is based on
two facts. The first is that the 0-5/1/2 s.i.l. is a reasonable compromise for showing small
numerical fluctuations among the physical measurements of the original sixteen equally
speech-interfering noises. The second is that the —6 dB/octave noise is a reasonable
compromise among noises representative of ship noises, office noises, and noises used in
laboratory studies of speech intelligibility.

Figure 2 deals with three specific communication situations: face-to-face, sound-
powered phone, and amplified speech. It shows for each form of communication the
limiting noise levels for given degrees of communication effectiveness (percentage of
rhyme words correct). For the majority of the studies summarized in figure 2, a single
experienced talker and five experienced listeners were used.

The limiting factor in face-to-face communication in noise is the distance between the
talker and the listener, since the potential voice level of the talker and acceptable listening
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322 J. C. WEBSTER

levels are physiologically limited. Observe in the four curves to the left in figure 2 that at
any single criterion level, say 70 9, correct, for each doubling of the distance between talker
and listener, 6 dB less noise can be tolerated.

When the same five listeners and the same talker used in the face-to-face experiment are
tested on sound powered phone (s.p.p.) equipment, the s.p.p. results summarized in the
centre of figure 2 obtain. With present-day operational, non-noise-proofed phones, the
results are no better than face-to-face communication at, say, 2 ft. (considering the 70 %,
criterion). However, ‘developmental’ equipment utilizing noise-cancelling microphones
and noise-attenuating cushions around earphones does extend usable communications to
noise levels beyond face-to-face capabilities.

overall (C) jet noise level (dB)

1
100 00 120 140
SHIELD
\\O/IIYES
b3t .
(5]
g
3 CLIPPING
3 80F YES
- W\/
2
5]
Eor \ \ \ \
=l \
-
2, AN
S 6of \ GOOD
g MUFFS
& | \POOR
FAGE TO
FACE
40LL 1 1 1 1 ! | 1 1
40 60 80 100 120

0-5/1/2 speech interference level of —6 dB octave thermal noise (dB)

Ficure 2. Speech intelligibility (percentage rhyme words correct) as a function of jet-aircraft idling
noise level. On the top abscissa, noise levels are listed as measured on the C-weighting network
of a sound-level meter. On the bottom abscissa, the noise level is listed as the speech inter-
ference level (s.i.l.) based on the octaves centred at 500, 1000 and 2000 Hz, of a —6 dBjoct
shaped thermal noise that is equivalent in its ability to interfere with the intelligibility of speech
to the jet-noise levels listed on the top abscissa. Three generic of results are shown: face-to-face,
sound-powered phone, and amplified speech. Within the face-to-face results, the parameter is
distance between talker and listener. The limits on the sound-powered results are present-day
‘operational’ equipment (to the left) and ‘developmental’ equipment (to the right). In the
amplified-speech results, the major parameter is presence or absence of a microphone shield.
When a shield is used, a subparameter is whether or not clipping is used for earphone listening.
When a shield is not used, the subparameter is whether an average (left) or excellent (right)
ecarmuff is used around the earphone.

When the noise level is too great for face-to-face or s.p.p. communications, amplifi-
cation is needed, the parameters are: whether a shield is used around a noise-cancelling
microphone (shield ; yes—no) ; whether good sealing earmufls are used ; and finally whether
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peak clipping is used. Using all of the best at the present state of the art, 70 % word intelli-
gibility, which is adequate for most communication systems, can be achieved at an s.i.1. of
120 dB of — 6 dB per octave noise (or its equivalent 143 dB of jet noise measured with the
C weighting network of a sound level meter).

In summary the speech-interfering aspects of noise are dependent upon both the level
and spectrums of the noise components such that there is (1) an increasing disregard for
high-frequency noise components as the noise increases from levels of 40 to 80 dB (as
estimated by an A-weighting network of a sound level meter), (2) a sudden disregard of low
frequency noise components as the noise level passes 60 dB (A) and an increasing concern
again for A levels above 80 dB, and (3) a shifting of the major concern for noise compo-
nents centred at 2000 Hz for A levels of 40 dB and below to components centred at
1000 Hz and below in noises with A levels of 70 dB and above.
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