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ABSTRACT

Acqustic noise within ajreraft durlng flight often csuses some degreo of Inter-
ference with aural communiention, Several methods have been used over the yoars
to identify and predict degrees of speech interference. 5Bix of these methods are
discussed: four involve octave-band avernging; two use frequency weighting. The
assessment is hased on application of ench of the aix indlces to noise jevels measured
within the ecockpits of 191 fixed-wing nnd 58 rotary-wing aireraft, grouped into
11 catogories by engine type. Equivalont speech interference lovels obtained from
the use of each of the six indices are provided for the acoustic spectra developed for
the 11 classcs of vehicles, The operationa] considerations which influence specch
interference values are deseribed. Noise attonuation provided by hendset devices
commonly used by Alr Force airerew members is shown for different groups of
neise spectra. Criterla are given for evaluating protected and unprotected exposures
to noiso that compromise communications,
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SIX INDICES FOR PREDICTING SPEECH INTERFERENCE WITHIN AIRCRAFT

1. INTRODUCTION

Many methods are available for estimating
degrees of speechinterference. The majority
of methods, however, fail to provide valid as-
sessments of speech interference encountered
by pilots during flight. The contemporary
methods of industry are not applicable to aero-
space operations,

Somewhat like the aeronautical engineer of
the late 1930s who nsed conventionnl engineer-
ing principles to prove that the bumblebee
could not fly, the seromedical evaluator today
who sttempts to measure speech interference
in the cockpit by conventional means will have
to conclude that most pilots cannot understand
voice communications during most phages of
girborne operation. Luckily, neither the bum-
blebee nor the pilot realize that they cannot
do what they are doing.

Speech is & complex acoustic stimulua and
the ultimate intelligibility of speech is not en-
tirely dependent upon the fidelity of the
acoustic signal nor the auditory seuity of the
receiver (18, 35, 88, 39). Often, speech com-
munications may be completely unintelligible
to a naive listener but understundable to a
more experienced listener—even though both
have the same degree of auditory acnity, Many
modifying faetors must be considered (7, 16,
27, 85, 37, 38, 45) in the use of speech inter-
ference criterin, for example: prior knowledge
(ability to anticipate the word to be uvsed),
previous experience with language used, re-
dundaney of the messape set (gural components
of n piven measage which when grouped to-
gether comprise an understandable phrase or
sentence; i.e., “now turning on final"), and use
of limited voeabularies (2, 27).

Rare is the aeromedicnl evaluator who is
not impressed when he attempts to listen to
the same acoustic signal as the pilot of an air-
craft and discovers that the pilot understands
the message which he cun barely discern as
human speech., Experience and prior knowl-
edge have a significant effect on sueccess in
accomplishing a given listening task.

Thia report will: (1) identify the noizse
spectry which provide the basis for the study;
(2) describe methoda of assessing degrees of
apeech interference; (3) provide n comparizon
of four averaging methods and two weighted-
frequency methods as applied to the spectra
jdentified; and (4} compuare attenuated and
nonattenunted conditions of noise exposure.

II. NOISE SPECTRA

Ambient noise measured within the cockpits
of 249 aireraft during conditions of normal
cruise provide the basic spectra for this study.
The noise samples are grouped by saireraft
engine type under 11 headings, 7 of which
comprise the 191 fixed-wing alreraft and 4,
the 58 rotary-wing vehicles,

Categorica Number teated
Fixed-wing ajrcraft

Reeiproeating:

Single-engine 23
Duunl-engine 40
Faur-engine 19

Total 81



Calegorica Number tosted
Turbopron:
Dunl-engine 13
Four-engine a1
Total 34
Turbojet/fan:
Internal and semi-internal 51
Extarnal 25
Totnl 6

Rotary-wing aircraft

Reciprocating:
Single-rotor 19
Two-rotor 4
Total 23
Turboshalt:
Single-rotor 24
Twa-rotor ]
Total 35

Noise envelopes representing the measure-
ments within each category of aircraft are
shown in figures 1 through 9 (iwo figures
cover the 4 cutegrories of rotary-wing aireraft).
The datn from which these envelopes were
derived represent typical unprotected exposures
encountered within the cockpits of the various
aireraft during normal cruise conditions. (Lix-
treme or unique types of noise have not been
included in this study.) Noise environments
within the cockpits varied with differences in
type, number, and lacation of powerplants,
environmental control systems, and auxiliary
power systems (11, 18, 15}, Many aircraft
presently included within the military inven-
tory of aerospuace vehicles ean perform diverse
missions, Although the type of missions flown
by an aireraft tend to modify further the
character of noise exposures experienced by
uircrew members (5, 9, 18, 17, 28), individual

2

noise measurements for varying modes of op-
criation were not made becauge of the difficulty
of defining and evaluating them.

Fixed-wing alreraft

The following deseriptions and illustrations
depict the types of noise exposurcs which have
been mensured within the cockpits of 7 catego-
ries of fixed-wing aireraft during econditions
of normal eruise, Of the 191 aireraft in the
fixed-wing ecategory, 91 are powered by
reciprocating engines. The two most sipnif-
icant sources of noise associnted with this type
of aireraft are the nercelastic disturbances
generated by propellers, and engine exhaust
(10, 17, 28}, The noise produced by both of
these components is most intense within the
lower frequency range (9, 13, 17),

The most intense noise from propelier dis-
turhances occurs in close proximity to the plane
of rotation of the airscrew (17), Within most
multiengine uircraft, propeller-generated noise
is most intense at occupant stations just for-
ward of the propeller plane (12}, or in other
words, within a half- to a full-propeller-diam-
eter distanee forward of the propeller plane.

Oclave-bands by Cenler Frequency
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FIGURE 1

Noiso levels within 22 fived-wing, eingle-recipros .
cating-engine aircraft during conditions of normal
cruige,
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Single reeiprocating engine. Noise meas-
urements were ohtained within the cockpits of
22 single-reciprocating-engine aireraft (fig, 1).
A range of noise data is plotted for ench of
eight octave bands and for the overall levels.
The relatively narrow range of the overall
plettings—from 104 to 121 dB—-can be seen.
Generally, the most intense noise occurs within
the lower octave bands, It can be noted that
the average octave-band levels decrense about
3.3 dB uat octaves nbove 125 Hz.

In this report “octuve bund” vefers o pre-
ferred octave-band center frequencies, The
geometric center frequencies, with correspond-
ing octave-band limits, are: 63 (44 to 87), 125
(87 to 176), 250 (1756 to 350), 500 (350 to 700),
1000 (700 to 1400), 2000 (1400 to 2800), 4000
(2800 to 5600}, and 8000 (5600 to 12,000)—
all in Hertz, Al dB levels are reference 0,0002
microbar,

Contrary to general belief, the noise pro-
duced within an aireraft with a single recipro.
cating engine does not “fall off"” in the higher
frequencies as much ns might be expected (5,
20). In fact, when mean values are considered,
only & 20-dB downward slope is seen in the data
plots within the six peak octaves above 87 Haz,
This slope amounts fo a roll-off of approximate-
ly 8.3 dB per octave, beginning at 126 Hz.

With one exception, the overall (OAL) noise
levels (fig. 1) encompass a narrower range
(17 dB) than the data points found at any
octave. Two octaves, 250 and 500 Hz, show
the elosest clustering, Below and zbove thesa
octaves, the plottings are more seattered, The
datn points in the two lowest octaves (63 and
126 Hz), which tend to expund the range, are
found within the lower intensities (below
90 dB). In the higher octaves, especially nhove
1000 Hz, the levels recorded above 100 dB tend
to expand the envelope.

Dual reciprocating engines. Noise measure-
ments obtained within 40 fixed-wing aireraft,
each powered by two reciprocating engines, are
plotted in figure 2. The range of the overall
levels extended from 92 dB to 121 dB, wnd the
nmean levels recorded at ench octave revenl an

Oclavi-hands by [enter Feequency
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FIGURE 2
Noise lovels within 40 fired-wing, dual-recipro-

cating-cnpine atreraft during conditiona of normal
eriae,

average progressive decrcase of 4.4 dB per
octave. One difference between the plots of
figure 2 and figure 1 is the greater clustering
of individual data points for twao-engine air-
craft as compared with single-engine aircraft.

Analysis of the data led to the following
generplization: The runge of the envelope ia
relatively wide. TFor the eight octaves, this
range averaged 28.56 dB, but the average range
was 26 dB for the lower four octaves and 33 dB
for the upper four octaves, 'L'he overall levels
had a range of 29 dB. For the data points
recorded, those at the lowest octave, 63 Hz, and -
at the highest two octaves, 4000 and 8000 Hz,
demonstrate the grentest senttering,

Four veciprocating engines. Plots were
made of measurements obtained within 19 air-
eraft powered by four reciproeating enginea
(fig. 3), The overall levels extended from 95
te 11¢ dB—n range of 16 dB. The mean levels
indicate » decrease of 4 dB per octave. The
average range Tor all eight octaves wus 19 dB.
The relatively narrow range of the composite

3
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FIGURE 3

Neise levels within 19 fixed-wing, four-reciprocat-
ing-engine airereft during conditiona of normal eruixe,

envelope is especially noteworthy. The octave
bands 260 and 8000 Hz demonstrate the great-
est range of data plots,

Turboprop-engine types. In some respects,
the noise measured within the cockpits of tur-
hoprop aircraft closely resembles that meas-
ured within reciprocating-engine aireraft, The
most prominent noise component is atill that
created by propeller disturbances, but exhaust
noise is not so noticeable within turboprop air-
craft. In fact, the exhaust noise of & turboprop
powerplant is rarely avdible at cockpit positions
within the vehicle during flight (12, 17),

Generally, the propellers of turboprop air-
craft rotate at higher blade-tip speeds than
those of reciproeating airscrews (17). This
fenture, together with the fnct that most con-
temporary turbopropeller systems contain four
blades, causes the noise to have a spectral
character somewhat different from that gen-
erated by reciprocating engines. Another
feature of tuthopropeller aircraft, which may
account for differences in the magnitude of
the neise measured within the vehicle, is that
many are pressurized, Usually, the noise which
invades occcupied areas within pressurized air-
craft is lesa intense than that within similar
nonpressurized aireraft (10, 17).
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FIGURE 4

Noiae fevels within 12 fized-wing, dual-turboprop-
ongine aireraft during conditions of normal cruine.

Twao busic subgroups are described and il-
Jugtrated for turbopropeller aireraft: (a) air-
craft fitted with two engines, and (b) vehicles
mated to four engines.

Dual turboprop engines., A noise envelope
waa derived from plottings of nojse levels meas-
ured within the cockpits of 13 aireraft powered
by dual turboprop engines (fig. 4}, The low-
to-high range for cach octave varied consider-
ably, with an gverage range being slightly
more than 29 dB,

Cluatering of data points is not as evident
for dual-turboprop aireraft ns for those with
two reciprocating engines (fig, 2). Although
the range of the data varies widely from cne
octave band to another, the levels recorded at
and above octave 2000 Hz represent the great-
est varintion.

Study of the mean values for the data re-
veals & dropeff of about 4 dB per octave above
260 2z, Tho three lowest octaves (63, 125,
and 250 Hz) do not reveal the extent of sloping
with inereases in frequency as that for the
three lowest octaves reported for aireraft
powered by two reciprocating engines. The
mean values recorded for these three octaves
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FIGURE b

Noige lovels within 21 fizedawing, four-turboprop-
engina aiveraft during conditions of normal cruiae.

(63, 125, and 250 Hz) were 99, 100, and 100 dB
for the two-turboprop class, and 105, 103, and
100 dB, respectively, for the two-reciprocating.
engine aircraft, Apparently, the magnitude of
acoustic noise {within these three octaves, with
increased frequency) dees not decrease to the
same extent in dual-turboprop aireraft as in
dunl-reciprocating-engine aireraft.

Four turboprop engines, A naise envelope
evelved from plots of the levels in 21 fixed-wing
four-turboprop aireraft (fig. 5). The overall
levels extended from 98 dB to 115 dB—a range
of 17 dB. The ranga of lavels recarded through-
out the eight octaves, however, extended from
27 dB at octave 1256 Hz to us much as 46 dB
at 2000 Hz—un avorage range of 38 dB. Ob-
vicusly, the spread of data points for the over-
all levels encompassed a narrower range than
was evidenced within any of the eight octave
bands, The lowest four octaves rendered n
composite mean of 34 dB, and the highest four
octaves provided a mean of 42 dB,

Study of the values recorded for the eight
ectaves revenls that the average acoustic noise
present within them decreased about 4 dB per
octave. This slope encompussed all eight

octaves, As with previous envelopes, n few
extreme data points tend to distort the levels
recorded within some octave-bund ranges, Ob.
viously, the one set of relatively high levels
recorded at octuves 500 through 4000 Hz tends
to distort the shape of the envelope reported
for sireraft powered by four turboprop engines.

Twrbojet and turbofan engine types. Most
of the modern high-performance, fixed-wing
aircraft are powered either by jet or fan-jet
engines. The noise within the cockpit of most
of these aircraft differs considerably from that
previously described. In almost all jet-powered
aireraft, the cockpit iz positioned forward of
the engines; and, in that position, the unpro-
tected cockpit areas are not dominated during
normul flight conditions by the intense naise
commonly associated with the jet-exhaust
stream (10, 12, 88},

Several aireraft-to-engine mating config-
urations now exist. These configurations,
together with different performance and opera-
tional characteristics, produce differences in
the character of noise in the aireraft (11). The
following two types of aircraft-to-engine mat-
ings were used in the study: (a) nireraft in
which the engine is installed internally or semi-
internally {integral fittings) ; and (b) aireraft
with engines fitted externally (within the
structure of the wings or in external pods, and
connected by short pylons either helow the
wings or at the far aft sides of the main
fuselage).

The primary sources of noise within the
cockpits of jet-prupelied aireraft include nero-
dynamie disturbances and other forms of
aeroelastic disturbances resulting from the
operation of the various envirenmental eontrol
systems (10, 14). Aerodynamic noise is created
when the outer sections of the fuselage, canopy,
or windshield encounter aerodynamic loadings
imposed by the surrounding atmosphere
through which the vehicle travels,

Although scveral of the aircraft included
within this section possess supersonic apeed
capability, noise levels were mensured within
cockpits during conditions of subsonic flight
only.
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FIGURE 6

Noiso levels witkin 51 fixed-wing aireraft powered
by internally and semi-tnternally mounted furbojot/fan
engines, Mcasurements were made during conditions
of normal cruisoe,

Internally and semi-internally mounted tur-
bojet and turbofan engines. Aircraft covered
in this section include attack, fighter, and
trainer types. Single, tandem, and side-by-
side geating arrnngements, us well ns single-
and dual-engine mntings, are represented.

The envelope shown in figure 6 is composed
of noise mensurements obtained within 51 dif-
ferent aircraft fltted with internnl or semi-
internal single or dual engines, The overall
measurements ranged from a low of 81 dRR to
o high of 116 dB—n total range of 35 dB. The
average range for the eight oetuves is 43 dB,
Although a few extreme duta points tend to
expand the range of the envelope, the cluster-
ing of datu points around the mean serves to
deseribe the difference between this type of
noise and that for all types of fixed-wing air.
craft powered by either reciprocating or turbo-
prop engines. The muximum noise level is
most evident within four octave-bands: Le,
500, 1000, 2600, und 4000 Iz,

Externally mounted turbojet and twrbofun
engines, The noise envelope shown in figure 7
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FIGURE 7

Noise levels soithin 258 fized-wing wireraft powered
by externally mounted {urbojet/ fon engines, Measuros
ments wers mado during conditiona of sormal eruide,

represents noise measured within the cockpits
of 25 aireraft fitted with turbojet/fan engines
mated externaliy to the fuselage. The mean
levels recorded are approximately 10 dB less
intense than those within aircraft powered by
internully and semi-internally mounted engines,

Onee agnin, o few datn points tend to ex-
pand the upper and lower range of the noise
envelope. The range of the overall levels wag
31 dB. The average range of data points for
the eight octaves was 37 dR.

Rotary-wing airceaft

The development and growth of rotary-wing
airernft have been phenomenal. Previoualy,
most of these vehicles were powered by re-
ciproeating engines. Now, most of them re.
ceive power from turboshaft-type systems (6,
9, 17). This report deals with only two of the
numerous design profiles which now exist:
helicopters fitted with reciprocating engines,
and those powered by turboshaft powerplants.
Also, distinction is munde between the data
recorded within the single-rotor and dual-rutor
groups,



Acoustie disturbanee ereated by main rotory
closely resembles that produced by conventiona]
prapellers (6, 9, 17, 36). Of course, rotors
do not rotute at p shaft speed equivalent to
that of propellers; but, beeause rotors do have
larger diameters even nt low apeeds, the blade
tips achieve velocitiea which approach high
blade-tip speeds of conventional smaller diam-
eter (but higher speed) propellers (6, 9, 173,
Therefore, rotors do generate rather signifieant
noise during most phases of operation. In
greneral, rotorz create acoustic disturbances
which are found to be most intense within the
lower frequency ringe,

Transmissions and gear-distribution sys-
tems preoduce noise that may assume major
significance when such units are loented near
oceupied spaces within the vehicle (6, 9, 15, 17,
37). Therefore, these gources of noise are
most evident in helicopters in which the cockpit
is located near transmission and pear-distribu-
tion units, The noise produced by these sys-
tems js rich in nurrow-band noise components,
usually distributed in octaves nbhove == 250 Mz
(9, 15)., Helicopters fitted with doul rotors
have two major types of rotor configuration:
tandem (or in-line) and intermeshing, Gen-
ernlly, discrete pure-tone components, most
evident at locations near transmissions and
gear und shaft distribution systems and com.
ponents, are present within the cockpits of
helicopters fitted with two rotors (17), For
this reuson, u distinetion is made between data
measured in the cockpits of one«wotor and two.
rotor helicopters,

Nuise produced by the varjous types of
helicopter engines differs considerably. In
general, at least within the cockpit area, the
noise from reciprocating engines is more in.
tense than that from turboshaft engines
(9, 17}.

Gas turbine (or turboshaft) systems do not
produce us much noise ns reciproeating engines,
especiully within the cockpit aren (6, 11, 12,
15, 17, 36). In general, turboshalt engines are
inatalled in i helicopter ut locations which ave
further aft of the cockpit than in vehicley
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Naise levelsy within 19 aingle-roter and 4 dugl-rotor
holicopters powered by reciprocating engines, Measure-
munty twere made during canditions of mermal crudse.

powered by reciprocating engines. This fea-
ture, together with the fact that noise produced
by the exhaust of turboshaft engines i3 less
intense than that produced by reciproeating
engines, results in less noticenble noise within
the cockpit (18). Alse, modes of vibrations
mechanienlly induced by gas turbines are less
intense (8, 38).

Reeiprovaling engine types, Noise lovels
were recorded in 23 rotary-wing  aireraft
powereld by veciprocating engines (fig, 8), The
envelope containg noise measured in two types
of helicopters powered by reciprocating en-
gines: single-rotor and dusl-retor, The range
of overall levels recorded for the single-rotor
vehicles (of which there were 19) was 13 dB;
and for the dual-rotor vehicles, 6 dB. The
most significant variation in range is found in
the highest two cetave-bunds—31000 and 8000
Hz.

When combined, the range for all eight
oetaves averaged 20 dB, Considered separate-
ly, the average range wus 20 dB3 for the single-
rotor vehicles and 13 dB for the dual-rotor
helicopters.
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Noige levels within 26 gingle-rotor and i dual-rotor
helicopters powered by turboshaft engines, Measure-
ments wero made during conditions of normal eriige.

Turboshaft engine types. A composite noise
envelope was plotted for datn obtuined within
the cockpits of 35 helicoptera powered by turbo-
shaft engines (fig. 9). Although the overall
shape of the envelope 4 similar to that for
vehicles with reciprocating engines (fig, 8), the
upper and lower 'ranges of the envelope are
considerably different. Also, the magnitude
of the levels recorded at each octnve is general-
ly less. The mean values—except for the
lowest and highest octave (63 and 8000 Hz)—
are about 10 dB less intense than those ob-
tained within vehicles powered by reciproeating
engines,

The range of overall levels recorded for the
26 aingle-rotor helicopters was 19 dB; for the
9 dual-rotor vehicles it was 12 dB,

Summary of noise envelopes

Noise envelopes (figs, 1 through 9) illus-
trate the types of noise within the 249 aireraft
during normal cruise conditions. The mean
values extracted from the noise duta are illus-
trated and compared in figures 10 through 13.
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Means of noise levels for 3 cutegorics of fizod-wing
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craft tested.)

Meuan values for overall and octave-band
levels for the 3 categories of fixed-wing nir-
cruft, all with reciprecating engines, are illus-
tented in figure 10, The mean levels for the
gingle-engine aireraft reveal penk values, ex-
cept for the lowest octave (63 Hz). Levels
shown for the dual-engine aircraft are next
to the highost; and the levels for four-engine
airernft constitute the lowest values derived
from the entire study of mean levels for all
81 wvehicles.

Comparison of the mean values {fig. 10)
reveals an average difference of 6,3 dB between
single- and dual-engine aircraft at octaves
above 63 Hz. Comparison of the differencea
between two- and four-engine aireraft rendered
an average of 5.5 dB at all octaves, and com-
parison between the single- and four-engine
data disclosed an average of 11,6 dB at all
vetaves above 63 Hz., Datn reveal that the
menn levels recorded for the lowest oectlave,
63 Iz, are most intense within the cockpits of
two- or four-engine airernft; whereas, the mean
level recorded in the 12541z octave is most pro-
nounced within the single-engine airerafi,

Mean values were obtsined from 34 fixed-
wing nireraft powered by turboprop systems
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FIGURE 11

Means of noise levela for 2 categorics of fixedaving
turboprop aircraft. (N = number of unircrafi teated.)

{fig. 11). Although the mean overall levels
for two- and four-engine aircraft were the
sume, differences in mean levels were recorded
within various octaves. An average difference
of 4.2 dB was found between the means re.
ported for two- and four-engine aireraft at
octaves above 683 Hz., The menn levels for
two-engine turboprop aircraft were approxi-
mately equal in the three lowest octaves (83,
125, and 250 HMz). Meuan values for four-
engine aireraft, however, showed considerable
variance, with the lowest octave hand of 63 1z
containing the highest meuan level.

Plots were also made of the mean levels
extracted from data on 76 fixed-wing aircraft
with turbojet/fan systems (fig. 12). The
average levels for 561 aireraft with internally
and semi-internally mounted engines are higher
than those for 25 aireraft with engines
mounted externally to the fuselage of the air-
craft. Levels reported for internally and
semi-internslly mounted engrines averuged 0.4
dB higher in each octuve band than those for
externally mounted engines,

Two sets of mean levels are shown in
figure 13, One set was obtained by combining
the data for 23 single- or two-rotor helicopters

with reciprocating engines; the other set com-
bines dnta for 306 single- or dual-rotor hell-
copters with turboshaft engines. The average
difference between the two spectra is 5.1 dB.

The means recorded for three ocluves—63,
125, and 250 ITz—constitute the highest levels
for vehicles powered by reciprocating engines
(fig. 18). 'The level in the lowest octave, 68 Iz,
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Means of noise lovele for £ catogories of fized-wing
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represents the highest value within vehicles
powered by turboshaft engines.

Prominent octave bands, The mass of data
contained in the foregoing discussion and illus-
trations fails to point up these ovetaves con-
taining the highest noise levels for all vehicles.
To provide coneise information, sets of data nre
presented (figs. 14 and 15) to show the cctave
bands in which the highest levels of noise were
recorded for each of the groups of fixed- and
rotury-wing aireraft. The octave-band levels
for each of the 249 airceaft were studied; and
every octave was noted which contained the
peak {maximum) and/or levels within 3 dB
of the peank. Therefore, figures 14 and 156
identify the octaves where the peak und nenr-
peak (within 8 dB of maximum) levels were
found.

Plotted in figure 14 wre the octave bands
which contain the highest levels for each air-
eraft in the sample of 191 fixed-wing vehicles,
To obtain the relative percentages for each
category of aircraft, the number of occurrences
noted for each octave was divided by the total
number of aireraft in a given category. For
example, 5 of 22 single-reciprocating-engine
aireraft demonstrated maximum or near-maxi-
mum levels within the octave of 63 Hz; this
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FIGURE 14

Pareent dintribution of peak nojse levels by octeve
bands within all cetopories of fixed-wing wircraft,
(N = nwmber of aireraft in eack category; Nt =
total airereft.)
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rendered a relative percentage of 237, Repli-
cation is evident, beeawse many spectra con-
tained penk and near-peak levels which
oceurred at more than one octave band.

The three lowest octaves of @3, 125, and
250 [1z contained the most intense noise com-
ponents for fited-wing aircraft powered by
either reeiproeating orv furboprop systems
(fig. 14). The ncise speectrn within single-
reciproeating-engine vehicles contained the
greatest proportion of intense noise within the
second octave of 125 Mz, whereas dual- and
four-reciprocating-engine  aircraft contnined
proportionazlly more noise in the lowest cctave
band (63 Hz). Also, although the proportion of
maximum and near-maximum levels reported
for aircraft powered by a reciprocating engine
is most pronounced within the lowest three
octaves, the presence of near-maximum levels
is evident at higher frequency ranges for the
aireraft powered by a single engine.

The relative distribution of maximum and
near-maximum levels is cssentially equivalent
for speetra reported for nircraft powered by
cither two or four reciprocating engines,

Data for the 2 groups of aireraft powered
by turboprop systems reveal that the three
lowest octaves (63, 125, and 250 Hz) contain
the maximum levels within aircraft powered
by two engines. Aireraft fitted with four
turboprop engines revealed noise spectra in
which the level present in the lowest octave,
63 Hz, was proportionally higher than that
found at 125 Hez.

The distribution of the most intense noise
components within aireraft powered by two
turboprop engines was 38% at 63 Hz, 31% at
125 Hz, und 46% at 250 Hz, For aircraft
powered by four turboprop engines, the 63-Hz
octave bund coentained 67% of the maximum
levels; the 126-Hz, 88% ; and the 250-Hz, 10%.

For turbojet/fan aireraft, the peik and
near-peak levels within a given octave differ
considerably from those * deseribed for ull
groups of propeller-driven aireraflt (fig, 14}.
The most noticeable difference is the greater
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incidence of maximum and near-maximum
levels at octaves above 2560 Hz, Also, o larger
proportion of octave bands contains levels
which are either at or within 3 dB of the
maximum levels for all octaves (fig, 14). The
proportion of maximum levels at the lowest two
actave bands (63 and 125 Hz) is greater within
aircraft fitted with externally mounted engines
than within those with internnlly and semi-
internally mounted engines, but the proportion
of highest levels at the highest three octaves
(2000, 4000, and BOO0 Hz) indicates the oppo-
site relationship,

Data are also reported for the 2 major cate-
gories of rotary-wing aireraft: those with
reciprocating engines, and those with turbo-
ghaft aystems (fig. 15).

The highest levels were in the 250-Hz octave
in single-rotor vehicles with reciprocuting en-
gines, Octave 126 Hz contnined the greatest
proportion of penk and near-peak levels for
two-rotor vehicles with reciprocating engines,
Accordingly, the highest noige levels in differ-
ent octnves lie within the three lowest bands
(63, 125, and 250 Hz) in single-retor helicopters
with reciprocating engines, whereas the high-
est levels lie within the twa lowest bands (63
and 126 Hz) in dual-rotor vehicles fitted with
reciprocating engines,
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FIGURE 16

Percent distribution of peak nolse lovels by oetave
bands within all eategorics of rolary-wing aireraft.
(N = number of aireraft in cach calegory; Nt =
tolal airerajt.)

The octave band 63 11z eontuins the larpeat
proportion of peak and nenr-peak levels for
turboshaft-engine helicopters fitted with sin-
gle rotors, whereas the two Jowest octaves,
63 und 125 Hz, contain equivalent distributions
for vehicles fitted with dual rotors (fig. 15).
The presence of fairly intense narrow-band
components in the higher frequency ranges is
evidenced by the relative occurrences depicted
nt the two highest octave bands, 4000 and
8000 Ha.

11, METHODS AND CRITERIA FOR
EVALUATING SPEECH
INTERFERENCE

Muny methods have evolved for identifying
and classifying deprees of speech interference.
Most of these metheds relate to subjects with
normal hearing and are based on speech dis-
criminntion performance obtained under con-
trolled lstening conditions. Test stimuli used
to establish different values of speech dis-
crimination in the presence of noise range from
simple sentences to single-gyllable words or
nonsense syllables.

A review of the most commonly used meth-
ods and eriterin for mensuring and predicting
degrees of speech interference provides insight
into the related problems and assumptions,

The type of teat stimuli used to establish
speech intelligibility should be carefully con-
sidered becanse single-syilable words are more
difficult to understand in noise than are aen-
tences or phruses, Therefore, the criteria
showld be more stringent for situations re-
quiring use of single-syllable words than for
those involving sentences or phrases.

Articulstion index

Since French and Steinberg (8) proposed
the use of the articulation index (Al) in 1047,
vigorous efforts have been made by researchers
to improve this proposed methodology, Detnils
concerning the articulation index are too ex-
tensive for inclusion here. A 1962 publication
by Kryter (25) constitutes the most valuable
single reference for those attempting to utilize

11



the AI concept, as well as its modifications and
changes. An additional source of informution
on this subject is in n book edited by Morgan
et al, (27), Minor and major alterations in the
basic method for eomputing AI have enlarged
upon its applieations, especially for systema
employed in ground and airborne snarospuce
operations,

To predict approximate apeech intelligibility
for electrical communication dystems, the ar-
ticulation index (in one form or anether) is
probably the best method currently availoble
(18, 19, 21.24, 26, 29.33, 40, 41, 43).

Modifications to articulation index

In 1965, Pickett and Kryter {29) described
an extension in the use of the AI, through
which predicted anrticulation in neise could be
assessed hy physical ucoustic meansurements
of full-octave bands.

Methods of evaluating spsech intelligibility
in high-level ambient noise have been the
subject of considerable study during the past
decade, especinily since preater demands are
being placed on retention of speech communi-
cations in environments where intense noise
exists, Pickett and Pollack (80}, in 1968, com-
pleted a study of speech interference faectors
in noise ranging up to 130 dB sound pressure
level (SPL) in which speech and noise signuls
were electronically combined und presented to
listeners vin headsets. Five combinations of
apeech and noise were evaluated: apecch fre-
quency emphasis of 0 and +6.0 dB per octave;
and random noise spectra with slopes of 0,
+6.0, and —12.0 dB per octuve. By retaining
constant signal-to-noize ratios, larpe decre-
ments in speech intelligibility could be created
for all noise spectra as the level of the noise
was incrensed. Essentially, Pickett and Pollack
sought to evaluate various methods in use in
19568 to prediet speech intelligibility for such
intense speech-masking conditions, Buasically,
three methods were eonsidered for predieting
the degree of speech intelligihility eomparable
to the scores which they actually obtained
during their study: (a) overul] signal-to-noise
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ratio, (b} articulation index (20-band method)
proposed by French and Steinberg (8), and {¢)
the articulation index (oetave-bund method)
sugrested by Beranek and Newman (1)
Pickett and Pollack (830) found that, at least for
their study, the most accurate index for pre-
dicting speech intelligibility in high-level neise
is that proposed by French and Steinbery (with
slight modifieations by Piekett and Pollack).
The simplest method was the overall signal-to-
nojse ratio, which renders rensonably sceurate
predictions when corrections for intense noise
levels are applied.

Use of the oriyginal 20-band methed or of
the modified octave-band method to define the
articulation index was the best approach avail-
able to prediet speech intelligibility related to
communuieation systems.

Speech interference level

To cvaluate the intelligibility of fuce-to-
face communications in noise, the primary
method recommended is the speech interference
level (811, which consists of using averages
of noise levels in certain octave bands.

Considerable emphasis has been given to
the use of octave-band sveraging methods to
predict or establish acceptable noise levels for
various environments. Beranek and Newman
(1) presented a paper at the thirty-ninth meet-
ing of the Acousticnl Society of America in
1050, in which they proposed the use of simple
octave.-band averaging io rate noise conditions
in wlfices, This technic has been used quite
effectively by numerous investigators and
oifers a fairly sceurate estimate of acceptabil-
ity of noise conditions that exist where fuce-
to-face speech communications are routinely
conducted, Many investigators have supgested
using the average of various octuve bands,

Deranek study, Beranek (3, 4), and plhers
of the staff of Bolt, Beranck and Newmuan, Inc.,
working independently or under Government
contract, have greutly expanded the knowledije
concerning apeech interference and the assign-
ing of criteria related to the aeceptability and
feusibility of speech communicutiony in various



noise environments, The criterin for noise
bunildings, as proposed by Beranek in 19567 (3),
have been used extensively in connection with
computations and determinations concerning
apeech interference, The baasic eriteria curves—
notse corves (NC) and alternate noise curves
{(NCA)—and the noise condition criterin rec-
ommended for rooms and office spaces have,
together, provided guidelines for design en-
gineers and others, Apparently the criteria
proposed by Beranck in 1957 have proved their
value, especiglly if use is the measure of
effectivencss, These criteria have been widely
distributed in publications in the United States
and in foreign countries. Unfortunately, the
NC and NCA contours have limited value when
applied to various nerospace vehicle enviren-
ments {39).

Specialistz in human engineering are ctir-
rently faced with noise environments having
noise levels above those to which previous
criteria for predicting speech interference are
applicable (such as the NC and NCA described
by Beranek) becnuse the previous contours
extend only to an upper range of NC-70 and
NCA-70 (13, 84). Wehster (42, 43}, and Web-
ster and Klumpp (41), formulated a set of
speech interference (SI) curves that, in
essence, extend Beranek’s noise ratings into a
higher range, from which critical levels of
speech interference can often be predieted.
Essentially, these apeech interference contours
extend beyond the basically esthetic considera-
tiona (for comfort, lowdness, and annoyance)
that are essentinl features of the NC and NCA
contours from Beranel's noise criterin,

U.S. Navy study, Webster and Klumpp
(46) recently completed # comprehenajve study
of methods of evaluating speech-interfering
noises, The busis of thelr study was research
i 16 noises commonly encountered hy U, 8.
VYavy personnel. The results of this scries of
studies revealed the following:

1. Nuvise environments in typienl U. S,
Navy spaces exceed those in eivilinn arens
where equivalent communication tasks are
performed.

2. Data on 16 noises led to three
conclusions:

a. The hbest single method is the
averaging of three octaves (i.e, 300.600,
600-1200, and 1200-2400 Hz).

b. The next to the best method con-
sists of weighting networka {A-scale or DIN-3)
of sound-level meters, or of finding the SIL in
the oetaves from 300 or GO0 to 4800 Hz.

¢. The lenst effective method consists
of fitting spectral noise peaks to noise criteria
rating curves, of which the NCA was found to
be better than the contours for either the
conventionn] NC or the ISO (International
Orgunization for Standardization),

8, The articulation index, & more compli-
cated method, served well to measure speech
interference, and the simpler 6- and 6-octave
methods used to establish equivalent AI, em-
ploying a generalized speech spectrum, were
found to be almost as good a8 the more elabor-
ate 20-band method,

4. The use of contours and curves (NC,
NCA, or ISQ) to prediet degrees of speech
interference was of value if both of the follow-
ing were observed: Only the part of the con-
tour that centered at 500, 1000, and 2000 Hz
was used, with the curves averaged through
spectral peaks and valleys of the noise spectra.

6. Speech in quiet environments required,
for half-intelligibility, frequencies above and
below & value from 1600 (v 1900 Hz; but as the
ratio of speech signal-to-noise decrenses, the
required frequency range dropped to about
800 or 1000 Hz.

6, The maximum noise level at which un-
protected face-to-fuee voice communications
could bhe necomplished was an SIL (500/1000/
2000 Hz) of 95 dB.

7. The maximum SIL (500/1000/2000
Hz) for effective speech communication via
noise-proofel sound-powered phones is: 84 dB,
if the talker is in a gquiet environment and
the listener is in a noisy area; 956 dB, if
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-~ both the talker and the listener are in noisy
., environments; and 114 dB, if the tatker is in

a noisy aren and the listener is in a quiet
environment.

8, Amplified speech communications with
earphones and use of noisc-cancelling dynamic
or condenser mierophones appeared posaible in
a &00/1000/2000 Hz SIL of 120 dB. This
assumes the use of noise-shielding at the
mouth and ear, a apeech bandwidth of at least
three or more octaves centered between 1000
and 1800 Hz, n low sidetene level, employment
of automatic volume control (AVC), and peak
clipping (44).

9. Amplified speech communieations with
loudspenkers (sound-field) appeared possible
in 500/1000/2000 Hz SIL levels of 80 dB. If
earplugs or earmuffs (noncommunieation type)

"~ are worn, the SIL can be extended to 95 dB
(44, 45},

Webster (42) also devised a set of speech
interference contours through which relative
degrees of apeech interference could be evalu-
ated. Recently, Beranek stated that his staff
was attempting to revise the eurrent set of NC
and NCA contours to reflect the changes nec-
essary to make the contours more valid (7).

Webster's speech interference curves, espe-
cially for A-scale levels that exceed about

"60 dB, clearly indicate an attempt to consider

frequency-dependent faetors that influence
speech intelligibility in moederate to high-level
ambient noise. The rationale underlying this
assumption was reported by Woebster and
Klumpp (41) in 1968, and by Webster (43) in
1964. The latter publication contains a deserip-
tion of information and data (from a survey of
contemporary literature and from practical and
laboratbry research conducted at the U. S.

. Navy Electronics Laboratory) {rem which

Webster's initinl speech interference curves
were derived. These curves definitely reflect
the influence of the articulation index (13).

The results of the comprehensive studies by
Webster and Klumpp provide insight and guid-
ance to aeromedical evaluators, bicenviron-
mental engineers, and others who must measure
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and define speech interference. Anyone who
has to evaluate n noise envireonment in which
the ambient noise is suspected of producing
interference with voice communications should
carefully study the collected reports of Webater
and Klumpp (45).

IV. COMPARISON OF THE SIX RATING
METHODS

Six indices were used in predicting speech
interference levels for the noise apectra of this
atudy.

1. 1804, This index waa developed by
the International Organization for Standard-
ization, and consists of the averaging of octave
bands 260, 500, 1000, and 2000 Hz,

2. DPSIL—the average of 500, 1000, and
2000 Hz octave banda.

3. PSIL,—the average of 500, 1000, 2000,
and 4000 Hz oetave bands.

4, SIL—the average of 1000, 2000, and
3000 Hz octave bands.

8. Ly—the computed, or mensured, A-
scale level (A-scale weighting network of a.
sound-level meter).

6. Li—the C-gscale weighting network of
&t sound-level meter,

Note: Nuv methods employing tangent-to-
curve interpretations were nsml,  Preliminary
atudy of three such contours (the NC, NCA,
and ISO sets) revealed thot the task of report-
ing mass data made the use of such contours
far too complicated for inclusion in the study,

The two most common oetave-band averag-
ing methods used ns simple indieators of speech
interference employ averaging octaves 500,
1000, and 2000 Hz; or octaves 1000, 2000, and
4000 Tz, Table I containg relative degrees of
speech interference associnted with four levels

of voice effort; ie., normal, raised, very loud,

and shout, Two methods of averaging are
shown: method A, which consists of averaging
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TABLE I

Relalive degrees of speech interference under four conditions of voeal
effort ag menswred by two octave-band averaging methoeds

Distance Normal voice Raiged voice | Very loud volee Shout
{in feet) A* Rt A B A B A B
0.5 3! 70 7 82 | 83 88 | 80 | o4
1 65 K ki1 76 ki 82 83 98
2 o 64 17} T0 71 78 77 82
3 55 60 61 66 67 72 ki) 7
i 53 i1} 50 LT 65 70 n 78
] 61 i1 B7 62 63 ik} [i:] T4
] 10 54 1] 60 61 il 67 72
12 43 4B 49 B4 56 GO 4l 1411

*Method A (averago of 1000, 2000, and 4000 Hz}.
tMathod B (average of 500, 1000, and 2000 He),

the three octaves 600 to 1200, 1200 to 2400,
and 2400 to 4800 Hz (identified in tnble I by
preferred octaves 1000, 2000, and 4000 Hz):
and method B, which consists of averaging the
levels in the octaves 500, 1000, and 2000 Hz.
The relative values of speeeh interference pre-
suppose limits of aceeptable diserimination for
single~syllable (or nonsense) words, no rever-

‘beration, face-to-face nonamplified speech ef-

fort, and no measage set or language clues (46).
A difference of § dB exists between the speech
interference values obtained by use of the two
averaging methods., A constant of 6 dB is
provided for each doubling, or halving, distance.
Easentially, the method which averages octave-
band levels in the higher frequency range,
method A, is set at levels which are 5 dB more
stringent than values derived from averaging
the set of octaves which aeccount for acoustic
noise present within a slightly lower frequency
range, i.e., method B (average of 500, 1000,
and 2000 Hz).

Figures 16 through 19 contain mean values
of acoustic noise obtained in aircraft included
in the current study., Mean levels are reported
for five octaves corresponding to the ones used
by the four averaging methods. Index points

. arrived at by use of the four octave-band

averaging methods—IS0-4, PSIL, PSIL,, and

SIL—ate also shown. In nddition, mean values
ara shown for measurements relative to the
A-scale weighting network of a standard sound-
level meter (L,), and C-scnle levels acquired
by use of a sound-level meter (Lq).

Figure 16 shows mean values which evolved
from the data acquired on 81 fixed-wing air-
craft powered by reciprocating engines. The

Speech Interference Measures
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FIGURE 16

Meane of noise levels for & eategorica of fized-wing
reciprocaling aireraft, Corrcsponding spesch inter-
ference indices, an dotermined by sty different methods,
are shown,

15



. ——— ———

Speech tnlerference Measures
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FIGURE 17

Meane of naise lovols for £ categories of fixedawing
turboprop aircraft. Corresponding speech interference
tndices, as dotermined by siz different methods, are
shown.
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FIGURE 18

Mogna of nofsa lovels for 8 categories of fizedawing
turbojet/fan aircraft. Corresponding speoch infer-
ference indices, ez determined by siz different methodn,
are shown,

dominance of uacoustic nolse within the fre-
queney range of 250 Hz is evident, Since the
octave band of 250 Iz contains the most pro-
nounced nolse, averaging which includes this
octave results in the highest index point.
Regardless of whether the aircraft is fiited
with one, two, or four reciprocating engines,
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Menns of noige levels for four categories of rotary-
wing airereft. Corresponding apeech interference
indices, as determined by siz different methods, are
shown,

the four averaging methods differ from each
other by uapproximately 2 dB when the
sequence of octaves used to obtain averages
extends from the lowest to the highest fre-
quency range. Essentially, the total range of
mean values found for the four averaging
methods is about 6 dB, with the method iden-
tified by SIL rendering the lowest and the
180-4 rendering the highest, Differences noted
between L, and Lq are 8 dB for aireraft pow-
ered by single reciprocating engines and 12 dB
for both twa- and four-engine vehicles,

Ag ilustrated in figure 16, the higheat
acoustic noise levels were found within the
cockpits of aircraft powered by single recipro-
caling engines. The next highest values were
measured in two-engine ajreraft. The lowest
levels were found within vehicles having four
cngines, Generally, the mean levels recorded
for aircraft powered by two engines were 7 to
8 dB less than those obtained within vehicles
powered by single engines, and the levels re-
corded within aireraft powered by four engines
were about 5 dB lesy intense than those found
within vehicles fitted with two engines, Since
differences noted between the four averaging
methods used in this study remain relatively
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constant regardless of the type of nircrafi-to-
powerplant mating used, the following general-
izations can be made: The mean speech
interference levels mensured in aireraft powered
by two reciproeating engines are about 7.5 (B
less than those within aircraft powered Ly
single engines, and levels abtained within vehi-
cles powered by four reciproeating engines ave
H dB less than levels obtnined within vehicles
powered by twe engines and 12,5 dI} less than
levels obtained within aircraft powered by
single engines. Since the levels of noise meas-
ured within various octaves tend to decrease
as frequency increases, the averaging methods
whieh inelude levels in the lower octave-hand
ronge will render higher wvalues than those
which include levels measured within the high-
er octave-band range,

Figure 17 depicts o sef of datn similar to
that shown in figure 16, except here the data
apply to fixed-wing aiveraft powered by either
two or four turboprop engines. The ocinve
260 Ilz contnins the most pronounced noise
found within the five octaves used within the
four averaging methods. Ilere also, the acous-
tie noise decrenses with increases in frequency.
This observation is confirmed by the finding
that averaging methods yield lower '¥alues
when the higher octaves are used to obtain the
average. Generally, the four methods differ
from each other by n value of about 2 dB, The
highest values are found by use of the 1S0-4
method and the lenst intense levels were ae-
quired by using the SIL method, A total runge
of 6 dB exists between the highest and lowest
values obtained with the four averaging meth-
ods, Interestingly enough, this total range is
found for Loth groups of aireraft; those Titted
with either two or four turboprop powerplants.

The levels provided for L, and L. measure-
ments revenl that Ly is 9 dB lower than Lo
for nireraft fitted with two turboprop engines
and L, is 13 dB below L. within aireraft fitted
with four turboprop engines.

Figure 18 illustrates mean values which
evolverl from plotting datn obtained in aireraft
fitted with internally and semi-internally
mounted turbejet/fun engipes and vehicles
where the engines are mated externally. In

these aireraft the mean levels (averages of five
octives) are more nearly equal than those re-
poried for propeller-type nivernft.  As 4 conse-
quence the Tour averaging methods yield almeat
the same levels of speech interference. Essen-
tindly, nireraft Titted with engines that nre in-
stalled within the {uselage (or engines fitted
semi-internally} render mean speech interfer-
ence levels that ure about 11 dB higher than
those obtained within the cockpits of aircraft
where the engines are installed in the main
body of the wings, or mated to the wings by
pylons, or installed at the far aft end of the
Tuselage and nttached by short pylons, Also in-
ternully and semi-internally mounted engines
render # mean L, value that is only 1 dB less
than ... The mean Ly is 3 dB less than the
menn L. on vehicles in which the engines are
installed externally. The near equivalence of
values of L, and Le emphasizes the contribn-
tion of mid- and high-frequency noise com-
penents to the overall noise spectra reported
for those two groups of aircraft.

Figure. 19 illustrates mean values which
evolved from data obtained on 58 rotary-wing
aireraft. Datn points for the 4 categories of
helicopters reveal that those fitted with single
rotors (reciprocating and turboshaft) have
sloping spectra in which the 250-11z octave
containg the predominant acoustic noise, The
2 cntegories of dunl-rofor vehicles (powered
by reciprocating and turboshaft engines) dem-
ongfrate menn spectra in which the octaves
250, 500, and 1000 liz share nlmost equal
magnitude. Values derived from all four aver-
aging methods revenl that the highest index
points are encountered within both groups of
vehicles fitted with dual rotors,

The duata shown for all four averaging
methods indicate that interference values ob-
tained within single-rotor vehicley powered by
reciproeating engines are about 6 dB higher
than index points derived from noise levels
within single-retor helicopters powered by
turboshaft engines. A similar finding applies
to dual-rotor vehicles; the index points for
aireraft powered by reciprocaiing engines are
about 5 dI3 higher than these for turbeshaft
engines.
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Single-rotor hellcopters fitted with reeipro-
cating engines yielded a mean L, value 6 dB
higher than the L, value of single-rotor vehi-
cles powered by turboshaft engines, and the
mean L, value for dual-rotor helicopters fitted
with reciproeating engines was about 3 4B
greater than that for vehicles powered by
turboghaft engines,

The data depicted in figures 16 through 19
illustrate the range of values obtained from the
use of the four cectave-band averaging methoda
and the two overall weighted methods, It is
obvious that the content of the apectrum from
which the four averaging methods derive plays
an important role in determining the relative
magnitude and equivalence bhetween the various
methods.  Spectral content, therefore, directly
influences the magnitude and equivalency of
the resulting averages, Except for the data
obtained on both groups of fixed-wing aircraft
fitted with turbojet/fan engines, each of the
averaging methods which include higher
octave-band levels yielded lower mean values.
Generally, except for both groups of fixed-
wing aireraft fitted with turbojet/fan engines,
the 180-4 method will yield higher values than
the PSIL method; the PSIL will furnish levels
that are greater than those obtained with
PSIL,;; and the PSIL, will exceed levels ob-
tained by the SIL method. All four octave-
hand  averaging methods yield essentially
equivalent levels when the spectrum is repre-
sentative of fixed-wing aircraft powered hy
turbojet/fan powerplants,

Shown in figure 20 are the mean spectral
levels which evolved from the study of 191
fixed-wing aircraft. Plots of mean apectra for
the 7 categories of fixed-wing aireraft illustrate
the influence that spectral shape has on the
resulting octlave-band averaging methods and
weighted values, especially on the L,, where
the contribution of acoustic noise present
within the mid- and high-frequency range is
more significant.

Shown in figure 21 are the mean spectral
levels for 68 rotary-wing aircraft., Here again,
overall mean spectra decreases in magnitude
with increases in frequency range. The slope

18

Lpretipl Cndra ety ek values Rr Lined wing Jog il N
O lawer 0 H2
AL ) sl na Sat nn o on
T

=

“w

FIGURE 20
Mean apectral characteriatics of 7 categorics of
fized-wing aireraft. (N = number of cireraft in
class.)
Speclral AT TPrighiy iedn waliaed bt (OLAE MR 4TS N 5D
DA+ L1} kel - w1 (i1 114] ki wil
m T T T L] T T T
-4 4
ava
e
l'A._ “‘o-\::“' .
"o - -, -y
o P i N ~-
;.' I e S e
Tl ~2 -'l’:-—'l.:;,-——_.,
> -q\ ‘ \n\
~..
LU oozl horridl £une t ortane [
» Wy | oretor LEL } .
O Weip  2roan 54
& larm 1o Noln } n
0T A tutha 7 ralaer (] -1
w 1 1 1 A . 1 1

FIGURE 21
Mean apectral characteriatica of 4 calopories of

rotary-wing aireraft., (N = nwmber of uireraft in
elass.)

of the spectra for the rotary-wing aireraft
resembles that of propeller-driven fixed-wing
aireraft at octaves nbove 250 Hz, but below
260 Hz reveals a flatter contour,

Equivalent values

A summary of the speech interference in-
dices resuling from application of euch meth-
od is presented in figure 22, The levels which
evolved from the study of the 249 aircraft



Fquivalent values of different measures related to determining speech inlerference.
Data appticable o arbient noise levels measured in fixed-and rotary-wing aircraft,
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FIGURE 22

Equivalent values of gix measures of apeceh interference.

included in this study yielded equivalent values
which are entered at the bottom of the chart.
The values not shown in italics refer to equiva-
lent values measured within o1l fixed- and
rotary-wing aireraft, except fixed-wing nireraft
powered by turbojet/fan engines. Equivalent
values for fixed-wing nireraft fitted with
turbojet/fan engines are shown in italics at
the right side of each appropriate column.

Parameters of vocal effort similar to those
proposed by Webster and Gales (46) are shown
in figure 22, The prrameters presuppose non-
protected ears, nonreverberunt sound field,
face-to-face communications, and no language
or message-set clues, The line identified as
expected voice level presupposes that wvocal
effort inereases approximately 3 dB3 for ench
10-dB incrense in musking noise, and that the
need to communicate i3 not critical. If the need
to communicate §s eritienl, the increase in vocal
effort is nbout 6 dB for ench 10-dB increase in
ambient noise,

Generally, the length of time an individual
will attempt to communicate at a shout is very
limited, Webster (44) hus specified that 70
dB PSIL, should be avoided in spaces where
people must conduet communieations, and
noise-proofing of people and spaces must be
considered when a PSIL of 90 dB, and above,
is encountered, Webster has further emphn-
sized that, when o PSIL exceeds 106 4B, the
need for ear protection is mandatory and, if
communications are to be successfully sccom-
plished, noise-proofing of people and space is
essentinl,

Table II {8 a comparison of the four octave-
band averaging and the two overall Trequency-
weighting methods. The values shown are
mean Jevels reaulting from the applicution of
the six methods to means for each category
of aireraft. Part A of table II contains values
which can be used to compare differences
among the indices for all aircraft eategories in
this study other than jet. The values provided
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TABLE II

A, Comparable valnes for aireraft eategories
other than je!

IS0- PSIL PSiLy SIL Ly L

iso-4 ] -2 -4 6 46 45
psiL +2 [ -2 -4 1
PSIL, +4 2 [ -2 +9 419
SIL 6+ +2  [J +li +2
LA 6 T 9 - [O 49
Le I A R

B, Comparable values for turbojet/fan
atreraft

1S0- PSIL PSIL, SIL Ly g
4

150-4 [J «t + 4 49 s
PSIL -1 [J o A4 47 49
PSILL -1 0 [ 41 47 49
SIL L+ o+ [ 48 #0
LA 9 7 v 8 O
Le A9 -9 00 -2 O

in part B can be uged in eomparing any of the
8ix indices when the values were derived from
turbojet/fan aireraft.

The values contained in part A and part B
were derived from differences noted between
mean levels for the six indices included in this
study. For example, a PSIL of 96 dB obtained
within a fixed-wing aircraft fitted with two
turbeprop engines corresponds to an IS0-4 of
98 dRB, or ++2 (ns shown in part A, table II).
Also, the expected A-scale of a sound-level
meter {L,} would be 108 dB (47 dB). There-
fore, the values contained in parts A and B of
table II provide correction factors which can
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be used to compare different methods that
have been studied in this paper,

The common statement that people who
must work and communieate in noise get used
to it requires some qualification. Although the
idea is penerally uaccepted, changes and com-
promises do result when noise intrudes into
the communicating environment. Observation
indicates that individunls subjected to noise
usually tend to limit their voczbulary, to select
inil use reduced message sets, to rely on visual
codings and clues, and to employ other similar
modifications. Although most communicators
ciin compensate for many undesirable effeets
of noises, the communicators muy achieve only
limited suceess.

Experience in and knowledge of the com-
munication tasks commonly performed amid
interfering nuise significantly improve the
margin of success attained when the need to
communicate arises, For this reason, distine-
tion should be made between the naive and the
sophistieated listener or communicator, Es-
sentinlly, the limiting fevels contained in fig-
ure 22 should be considered as applicable to
relatively naive listeners with normal hearing
acuity (within the speech runge). Hence, the
next phase of study will be the extent to which
the levels of predicted speech interference can
be adjusted to identify different degrees of
listening cxperience encountered in the nero-
spuce environment,

Tuble T contains a sunmary of mean
values, or lovels, of speech interferenee which
were obtiained from noise data from the 11
eategories of aireraft included in this study.
The mean values obtained from octave-band
avernging methods (180-4, PSIL, PSIL,, and
SIL) demonstrate consistently higher wvalues
when lower octaves are included, except for a
single category—the fixed-wing aireraft pow-
ered by turbojet/fun engines, Only one other
group of datn mipht be considered ns almost
ingensitive (nccording to which oetave band is
included in a given three- or four-band aver-
aging)—namely, the data for two-rotor heli-
copters powered by turboshaft systems (Ts-2r).
Data {table III) refleet the finding that, of
the 249 vehivles studied, afl but 85 {i.e, 76 of



TABLE I11I

Meang of speecel inferference by aiveraft category as delermined
by siz different anethorly

Cutegory N;’i’;‘c‘ifffff 180-4 | psin | psin, | siL | L, | Lg
Single-recip. 22 o7 05 04 0l 108 112
Dunl.recip. 40 91 K8 86 83 o7 109
Four-recip. 1% ah B3 81 bii] 90 102
Dunl-turhoprop, 13 o1 BR 8T 83 HE] 107
Four-turhoprop. 21 a7 B5 8t 81 03 10¢
Turbojet (int.) 3] H I 94 i1 1 104
Turbojet {ext.) a5 84 85 84 83 91 24
Singlu-rotor recip, 19 50 97 96 03 104 112
Dunl.rotor recip, 4 100 100 88 it 105 110
Single-rotor turboeghaft 206 HK] 01 84 BY 93 108
Duapl-rotor turboshaft 9 2151 85 93 92 102 108

the fixed-wing aireraft with turbojet/fun
engines, and 9 two-rotor helicopters with turbo-
shaft systems) contained acoustic noise within
the lower range of octaves (especially 250 and
6500 Hz) grester than that within the higher
range (1000, 2000, and 4000 Hz). Review of
the mean levels plotted for all octaves (figs. 21
and 22) substantintes this finding,

Data derived from this study have two
inherent limitations: First, since the data
mensured within 249 vehieles have been cam-
bined into categories, only generalized assump-
tions can be mude. Individual variations are
known to exist. Therefore, unique acoustic
features may be evidenced by a few aircraft,
even though the vehiele is included in & spe-
cific category. Second, the dnta extracied for
the 249 vehicles represent only acoustic expo-
sures which exist during conditions of normal
cruise.

Y. EFFECTS OI' ATTENUATION ON
NOISE LEVELS

The following section provides data to eval-
uate eguivalent levels of speech interference

under attenuated and nonattenuated conditions
of noise exposure., A simple method of predict-
ing relative degrees of speech interference with
the use of cireumttural earphones is given,

Nauture of the auditory signal

The complicated nature of the temporal
slgnal routinely encountered by pilots is illus-
teated in figure 23, The finul signal processed
by the uuditory system is a composite of part
of the noise which exists in the surrounding
environment, the degired auditory signal

EARPRONE AND CUSHIOR
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FIGURE 23

Complexity of listening task aspociated with aire
berne operations,
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FIGURE M

Pathweys of acoustic atimulfi.

(speech), and noise inherent within the inter-
com-radio system. Figure 24 further expands
these basic concepts, A variety of acoustic
stimull are mixed with the desired signal.
Some of these extraneous acoustic stimuli con-
atitute a continuous masking effect, such as
that part of the ambient noize that has passed
through the noige-attennating device (ear-
phone cusions). Other stimuli intrude in an
intermittent manner, such asg breathing noise
and noise which enters the cavity of the middle
ear through the eustachian tube during periods
of ventilation.

Modifying faclors

We have previously discussed the many
modifying factors which affect speech interfer-
ence criterin—~{uctors such as prior knowledge,
language usage, redundancy of the message
set, and others. Tigure 25 displays five
degrees of probability related to failure to
understand a given speech communication dur-
ing ground and airborne operations. The
experienced pilot ean perform listening tasks
in noise environments which would produce al-
most total masking of a given signal to the
naive listener,
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Elements velated lo succesn veraus foilure in audis
tory eommunicualions,

The effect of auditory masking noise on
flying personnetl is the topic of current research
being conducted at the USAYF School of Aero-
spree Medicine, The purpose of this research
is to identify acoustic characteristics of the
auditory signn] which contribute to failure
in receiving and successfully understanding
speech communications and to identify those
fentures which compromise nccomplishment of
successful nuditory functions in subjects with
normal and those with nonnormal hearing.

Data base for nolse attenuntion studies

Figure 26 contains data points which repre-
sent amounts of noeise attenuation provided hy
seven types of cireumaural headsets commonly
used by persons who routinely fly fixed- and
rotary-wing vehicles. Noise attenuation values
shown in figure 26 represent “average” utten-
vation. These values can be used to estimate
degrees of attenuation to be expected within
the five octaves germane to this study; ie.,
250, 500, 1000, 2000, and 4000 Hz, Values of
“expected attenuation” are: & dB at 250 Hz,
10 dB at 500 Hz, 25 dB at 1000 Hz, 80 dB at
2000 Hz, and 35 «B at 4000 Hz. These levels of
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attenuation are generalized; under idea] condi-
tions, even grenter amounts of noise attenun-
tion may be achieved.

Figures 27 through 31 demonstrate atten-
uitted and nonattenuated mean exposure levels
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Attenuation provided by reven typea of elreumanral
headsets,
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Muanag of noise levels {ationuated and nonaltenie-
ated) for & categoriva of fixed-wing reciprocating
aireraft. Corresponding speoch dinterference indices,
ag determinod by each of four averaping methodr, wre
shown.

recorded for 249 fixed- and rotary-wing air-
eraft within five octaves (250, 500, 1000, 2000,
and 4000 Hz; by center Trequencies). Corre-
sponding predicted speech interference levels,
ag determined by ench of four averaging
methods (ISO-4, PSIL, PSIL,, and SIL) are
also plotted.

Figure 27 illustrates attenuated and non-
attenunted mean levels for three categories of
fixed-wing aireraft powered by reciprocating
engines, Rank ordering of the four octave.
bhand nveraging methods reveals that ISO-4
viclds the highest level at which speech inter-
ference may be expected to occur, then follow
P3IL, PSILy, and SIL. Examination of means
recorded for octuves 260 through 4000 Hz
helps clarify the reason for this distribution.
The averaging method which employs levels in
octaves which are most intense, such ns the
lower frequency runge, yields the higher
values,

Figure 28 provides similar findings derived
from the study of noise levels recorded within
the cockpits of aireraft fitted with turboprop
powerplanta.
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FIGURE 2B

Maons of wnofaa levela fattenunted and nonaticnu-
uted} for 2 cutopories of fized-wing Lurboprop aireraft.
Corresponding apcech interfercnes indices, ar deter-
mined by each of four wveraging mcthods, are shown,
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Onee agnin, the octave-band averaging
method which employs levels recorded within
the lower frequency range, where the magni-
tude of the noise spectra is greatest and cir-
cumaural hendsets provide minimal amounts
of attenuation, yields wvalues of ‘‘predicted
speech interference” greater than derived from
averiging methods which use levels measured
within higher octavas,

Figure 29 containa plottings of nonatten-
uated and attenuated mean octave-band levels
and indices of speech interference for fixed-
wing pircraft fitted with turbojet/fan engines.
Sinee the shape of the twoe meun spectra is
essentially flat, the nonattenuated values of
speech jnterference yield equivalent mean
levels, Differences noted between the four
attenuated speech interference levels occur be-
eause the amount of noise attenuation provided
by earphones is not the saume at all frequencies.

Figures 80 and 31 contain plottings of non-
attenunted and attenuated spectra (250
through 4000, center frequency) and four
octave-band averaging methods for 4 cutegories
of rotary-wing vehicles. Figure 80 contains
resuits derived from noise measurements ob-
tained within 23 single- and dual-rotor heli-
copters powered by reciprocating engines.

The date demonstrated in figure 81 provide
similar plottings for 35 single and dual totary-
wing aircraft powered by turboshaft power-
plants,

Comparisen of dutn reported in figures 30
and 31 reveals thut helicopters fitted with
reciprocating engines contain exposures that
are ubout 6 to 8 dB yreater than levels meas-
ured within vehicles powered by turboshaft
engines.

Figure 32 contains plottings of mean in-
dices for the four vetave-band averaging meth-
ods for the 11 eategories of nircraft studied.

Data plotted in figure 82 reveul that the
highest values of SIL for all aireraft groups
are obtained with the use of ISC-4, and the
lowest values are derived from use of the basie
S1L method.
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Method for predicling speech interference
with earphone attenuation

Figure 33 proviles two matrices which ean
be used to determine equivalent levels of speech
interference for alfenuated exposures.
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FIGURE 29

Meana of noins levels fattenuvated and nonattenus
ated) for 2 categories of fized-wing turbojet/fan air-
craft. Corresponding speech interference indices, oz
determined by each of four averaping methods, are
ehown,

MEAN DCTAYT DANDS, 1eg NDICES OF SFLECH INTERFERE NCE
500 lOlI.'i] IS?—‘ Po, 1 S
T

Fattl
e

- A&
100 4 . .
. -
-
0P
&
HO-
4
‘-'} A
b ol o
-1
L-3
o

ROUTARY WING , HECIPROCATI NG

* IR NG ° ATTERAILD
W AR Ned AATTENAID

L
FIGURE 30

Mean values of veive levels (altenuated and non-
attenunted) for 2 cotegories of rolury-wing reeipro-
eating aircraft, Correvponding speech interference
indicen, as determined by each of four averaging
methods, are ghown,
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FIGURE 32
Comparfeon of four indicea of speech interference

under attenualed conditions derived from 11 categories
of fizede and rotary-wing afreraft.

The top matrix provides values for nse with
nojse exposures encounfered within all fixed-
and rotary-wing alreraft, cxcept fixed-wing
vehicles powered by turbojet/fan engines; the

lower matrix covers the latter type, The
blocks shown in the upper matrix are divided
into two sectiona for each element in the
mutrix. The upper left part applies to fixed-
wing aireraft and the lower right part (sepa-
rated by the diagonal line) is for rotary-wing
aiveraft.

The procedure for ysing these two matrices
is simple. For example, with an attenuated
value computed for SIL of 65 dB, the equivalent
PSIL (500, 1000, 2000 Hz) would be 6.5 dB
less (fixed-wing reciprocoting engine aireraft) ;
thus, the PSIT, value would be 58.5 dB,

Definite limitations exist with the use of
the methods which have been discussed in this
report. It must be clearly understood that
this approach nssumes muany generalities, but
the results derived from this study do provide
viluable ipsights regarding a recurring ques-
tion associnted with the operation of aerospace
vehicles—*“How ean degrees of speech inter-
ference be determined within - nerospace
vehicles 7
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Equivalent valued for four indicos of apesch intor-
ference for use in comparing conditions of attenuation.
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VI SUMMARY AND CONCLUSION

Use of the four octave-band averaging
methody in this study revenled several inter-
esting findings, Any octave-band averaging
method which includes frequeney bands below
about 1000 Hz will render protected, or atten-
uuted, levels greater than those found with
averaging methods which employ levels in
octaves 1000 Hz and above., The reason for
this is twofold: the spectral content of the
noise measured within all aireraft, cxcept
fixed-wing turbojet/fan vehicles, is grentest
within octaves below 1000 Hz; and the amount
of noise attenuation provided by circumaural
hendsets i3 less at frequencies below 1000 Hy
than above,

The average amounts of attenuation which
ean be considered appropriate for circumuural
headsets for the four octave-band averaging
methods ineluded in this study are: 18 dB for
octaves 250 through 2000 Hz (180-4) ;22 dB for
octaves 500 through 2000 Hz (PSIL); 25 dB
for actaves 500 through 4000 Hz (PSIL,); and
80 dB for octaves 1000 through 4000 Iz (SIL).

The results of this study support the gen-
eral assumption that the noise environments
encountered within moest fixed- and rotary-wing
aireraft used by the military do represent
degrees of speech interference which should
be given further attention.

The author is currently condueting research
which will help define criteria for speech inter-
ference appropriute for use in acreapace operi-
tions, Establishing the validity of undesirable
effects of noise, especially those related to
speech interference, is a task which requires
further study. Results of field studies thus far
accomplished indicate that the “boundaries”
{or protected expositres where the intrusion of
ambient noise beging to create noticenble inter-
ference with aural communications are 92 dB
for 180-4 and PSIL, and 90 dB for PSIL, and
SIL methods.

It should alse be emphasized that one vari-
able is puramount—the pilot has controel over
the fevel of the desired signal, and, therefore,
the individual can somewhat counteract the
degree of masking imposed by o given exlernal
noise condition,
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