


NASA 
Technical 
Paper 
1969 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1982 

National Aeronautics 
and Space Administration 

Scientific and Technical 
Information Branch zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Effects of Repetition 
Rate and Impulsiveness 
of Simulated Helicopter 
Rotor Noise on Annoyance 

Clernans zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA. Powell 
and David A. McCurdy zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Langley Research Center 
Hampton, Virginia 



SUMMARY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Annoyance judgments of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA82 different simulated helicopter rotor-noise stimuli 

were obtained in an anechoic chamber to examine effects of repetition rate and 
impulsiveness. The stimuli were generated by computer from predicted Fourier har- 
monic structure with amplitude and phase components corrected for effects of the 
audio reproduction system. Impulse repetition rates covered a range of 10 Hz to 
115 Hz; crest factors covered a range of 3.2 dB to 19.3 dB. Each stimulus was judged 
at 3 sound pressure levels by 48 subjects. Judgments were converted from a contin- 
uous numerical annoyance scale to a decibel-like scale by comparing them to judgments 
of annoyance of a 115-Hz tone presented over a wide range of sound pressure levels. 
Increases in annoyance with increases in repetition rate were found which were not 
predicted by common loudness or annoyance metrics and which were independent of noise 
level. The ability to predict effects of impulsiveness varied for the noise metrics 
and was found to be dependent on noise level. The ability to predict the effects of 
impulsiveness was not generally improved by any of several proposed "impulsiveness 
corrections." Instead, the effects of impulsiveness were found to be systematically 
related to the frequency content of the stimuli. A modified frequency weighting was 
developed which offers improved annoyance prediction for the rotor noises used in the 
experiments. 

INTRODUCTION 

A concern has existed for many years over the quantification of helicopter 
noise, particularly for noise-certification and other annoyance-assessment purposes. 
During this time numerous subjective or psychoacoustic studies, such as those 
reported in references 1 to IO, have been conducted to determine the best objective 
measure, or metric, to reflect the annoyance potential zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( "noisiness") zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof the diverse 
character of helicopter noise. In addition, a number of other stadies, such as ref- 
erences 1 1  and 12, have been conducted to determine the best metric for aircraft 
noise in general and have included helicopter noises in the test plans. The results 
of these studies have usually indicated that none of the current metrics predict 
helicopter-noise annoyances very well. 
one test may prove to be inferior in another test. For example, effective perceived 
noise level (EPNL) was found to be a better predictor than A-weighted sound pressure 
level LA in references 1 1  and 12, whereas LA was found to be equally as good a 
predictor of annoyance as EPNL in references 6 and 10. 
viations used in this paper appears after the references.) 
formance indicates that none of the current metrics is optimal and that the perfor- 
mance of a metric in a given test can be dependent on the particular set of noises 
investigated in the test or on some other biasing factor. 

Furthermore, a metric that performs well in 

(A list of symbols and abbre- 
Such variability in per- 

The character of helicopter noise is very diverse. Each of the primary noise 
sources - main rotor, tail rotor, and propulsion system - produces distinctive noises 
which can be quite variable, both between different helicopter models and for a given 
model under different operating conditions. As a consequence, a metric for 
helicopter-noise annoyance prediction must be capable of accounting for a wide range 
of spectral and temporal variables. 
of helicopter noise exists, the impulsive nature of some helicopter noise has been 
most frequently singled out as the primary contributor to the lack of reliable annoy- 
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ance prediction. Therefore, m c h  helicopter-noise annoyance research has concen- 
trated on the impulsiveness, or "blade-slap" phenomenon (refs. 5, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7, 8, 9, IO, and 
131, and various corrections have been proposed to account for the phenomenon. The 
results of this research have also been highly variable. In many cases involving 
actual or recorded helicopter noises, higher impulsive sounds were found to be less 
annoying than lower impulsive sounds (refs. 8 to 10). In the studies reported in 
references 6, 8, and IO, some helicopters with pronounced tail-rotor noise were found 
to be more annoying, at equal noise levels, than other helicopters with pronounced 
main-rotor blade slap. 

A major problem with many of the psychoacoustic studies in this area of research 
is the lack of experimental control. This arises from the fact that in actual or 
recorded helicopter noise many of the spectral and temporal variables are highly 
correlated. For example, duration is related to distance, which in turn has effects 
on noise level through spherical spreading and atmospheric sound attenuation. Since 
atmospheric attenuation is frequency dependent, the spectra of a given noise are also 
related to distance. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs a consequence, it is very difficult to separate the annoy- 
ance effects due to spectral and temporal variables in tests which use actual or 
recorded noises. 

It is also very difficult to separate the annoyance effects due to separate 
noise sources. For this reason, a number of studies (refs. 5, 13, and 14, for 
example) have used simulated noises to investigate effects of particular parameters 
on annoyance resulting from main-rotor and tail-rotor noise separately. These 
studies, however, introduce two additional problems associated with simulation 
studies. One problem is illustrated by reference zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5, in which a large number of 
parameters related to main-rotor blade-slap noise were varied. However, each param- 
eter was presented at only two levels. 
annoyance was found to be significant, the tests provided little information useful 
for prediction purposes. On the other hand, in reference 13 a single variable, repe- 
tition rate, was varied over a fairly wide range. However, other parameters such as 
impulsiveness were either held constant or allowed to vary uncontrolled with repeti- 
tion rate. In reference 14 the only variable was the ratio of tail-rotor noise to 
broadband noise. As a consequence, the results of these two studies provide very 
little information on possible interaction effects with other acoustic parameters. 

Although the effect of each parameter on 

The objective of the present study is to provide basic information on annoyance 
effects of repetition rate and impulsiveness of helicopter rotor noise. The type of 
rotor noise considered in the study is commonly called thickness noise (ref. 15). 
The results of the study are considered to be applicable for this type of noise from 
both main and tail rotors. 
mine the production of this type of noise cover a nearly continuous range of blade- 
passage frequencies and have considerable overlap in tip speed and blade chord. 
Main-rotor blade-passage frequencies for eight zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAU.S.  helicopters are reported in ref- 
erence 16 to be 1 1  Hz to 32 Hz; tail-rotor blade passage frequencies are 55 Hz to 
104 Hz. 
and 187 m/sec to 226 m/sec. Main- and tail-rotor chords are reported to be 0.17 m to 
0.66 m and 0.12 m to 0.39 m. 

Rotor characteristics of current helicopters which deter- 

Main- and tail-rotor tip speeds are reported to be 201 m/sec to 248 m/sec 

In order to meet the objective, computer generated simulations of rotor noise 
were presented to human test subjects for annoyance judgments in two experiments. 
These simulations encompassed the above-stated blade-passage frequency range and the 
range of impulsiveness anticipated for the above-stated blade-tip speeds and blade 
sizes. Each parameter was systematically varied within the set of stimuli. By com- 
paring the subjective judgments with objective acoustic measurements of each noise it 
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was possible to assess the ability of various noise metrics to quantify annoyance 
response to this type of impulsive noise and to provide information for improvement 
in the noise metrics. 

EXPERIMENTAL METHOD 

Facility 

The two experiments were conducted in the anechoic listening room in the Langley 
Aircraft Noise Reduction Laboratory (fig. 1). The facility is of double-wall con- 
struction with vibration isolation and provides an A-weighted ambient noise level of 
approximately zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA15 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAdB. The wall, ceiling, and floor surfaces are covered with foam 
wedges 40 cm deep with 20-cm by 20-cm bases. The working floor is constructed of 
cables woven into a 4-cm by 4-cm grid. The usable length, width, and height of the 
room are 3.7 m, 2.5 m, and 2.1 m. 

The noise stimuli were presented to the subjects over separate high- and low- 
frequency loudspeaker systems, each with independent power amplifiers. The high- 
frequency system consisted of coaxial cone and horn drivers for the frequency range 
from 100 Hz to 10 000 Hz. The low-frequency system contained a single cone driver 
for a usable frequency range of 10 Hz to 100 Hz. 

Noise Stimuli 

The pressure pulse shapes for the stimuli used in the two experiments were based 
on predicted thickness noise (ref. 15) for helicopter rotor blades of typical airfoil 
shape and chord. Two examples of predicted thickness noises are presented in fig- 
ure 2. The pulse trains indicated in the figure by the two sets of repeated pulses 
have approximately the same peak pressure relative to ambient atmospheric pressure 
but with different pulse widths. They also have the same repetition rate ( I O  Hz) 
and, therefore, the same period between pulses (0.1 sec). The spectra, or ampli- 
tudes, of the Fourier harmonic components which are summed to produce the pulse 
trains are also illustrated. The fundamental frequency in both cases is 10 Hz, which 
is the repetition rate. The lower, narrower set of the two pulse shapes has a 
greater number of high-frequency components than does the upper, wider set of the two 
pulse shapes. The frequency of the component with the greatest amplitude in each 
spectrum is also greater for the narrower pulse shape. The shape of the envelope of 
harmonic components is largely determined by the pulse width whereas the total number 
of components in a given envelope is determined by the repetition rate. 

A common measure of impulsiveness is the crest factor, which can be defined as 
the ratio of the peak pressure to rms pressure. For repeated pulse trains used in 
the experiments described in this report, the crest factor monotonically increases 
with the ratio of the period to width of the pulses. For the wider pulse and nar- 
rower pulse cases indicated in figure 2, the crest factors expressed in decibels are 
10.3 dB and 14.8 dB. The range of crest factors for all stimuli used is from 3.2 dB 
to 19.3 dB. 
subsequent sections. 

Specific characteristics for the design stimuli will be discussed in 

The noise stimuli for both experiments were produced in real time with a digital 

The harmonically related Fourier amplitude and phase components 
computer system by summing the Fourier amplitude components with the appropriate 
phase relationships. 
required to produce the design stimuli were modified to account for amplifier, loud- 
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speaker, and room characteristics. These characteristics were determined by measur- 
ing both phase and amplitude transfer relationships between an input electrical sig- 
nal and the resultant pressure signal at the test subjects' head positions. 
modified Fourier components were appropriately summed to produce digital time his- 
tories of single pulses, which were stored on computer disk. During the subjective 
tests the appropriate time histories were retrieved from the disk, placed on computer 
memory, and repetitively processed through a digital-to-analog converter to provide 
electrical pulse trains. 
phase information such that the resultant pressure signals at the subjects' listening 
positions were accurate reproductions of helicopter rotor thickness noise. The dura- 
tion of each stimulus was 6 sec; the interstimuli period was zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 sec, 

The 

These pulse trains contained the appropriate frequency and 

First experiment.- The design goal of this experiment was to keep the pulse 
width, and thus the envelope of harmonic components, essentially constant as repeti- 
tion rate was varied. Thickness-noise pulse shapes were predicted for a two-blade 
rotor of typical airfoil and chord rotating at 5 rps and with seven different diame- 
ters. These diameters corresponded to blade-tip Mach numbers of 0.91, 0.90, 0.88, 
0.85, 0.81, 0.70, and 0.63. In addition, predictions were made for rotors with each 
of these blade diameters and with 3, 5, 8, 12, 17, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA23 blades. Therefore, repeti- 
tion rates of IO, 15, 25, 40, 60, 85, and 115 Hz were generated. Actual pressure 
time histories, narrow-band spectral analyses, and 1/3-octave-band analyses of 9 of 
the 49 different conditions are illustrated in figures 3 to 11. For a given blade- 
tip speed or pulse shape, as the repetition rate is increased, the pulse width and 
overall frequency envelope remain essentially constant. Although the frequency of 
the fundamental component increases with the repetition rate, the higher frequency 
and subjectively more important components remain relatively independent of repeti- 
tion rate when considered in the broadband sense. Each of the 49 different.stimuli 
plus a replication of the 40-Hz repetition rate and Mach 0.85 impulsiveness condition 
were presented at three overall sound pressure levels (approximately 68 d3, 74 dB, 
and 80 a). In addition, pure tones of 115 Hz and 1000 Hz were presented at six 
overall sound pressure levels from approximately 50 dB to 86 dB. These stimuli were 
to be used to convert annoyance judgments to a decibel-like scale, as will be 
described in a later section. 

Second experiment.- The design goal of this experiment was to keep the total 
number and amplitudes of the harmonic components constant as repetitio; rate was 
varied. The same predictions were used for the seven basic pulse shapes at the 10-Hz 
repetition rate as were used in the first experiment. Repetition rate was varied by 
simply varying the frequency of the fundamental component while keeping the same 
harmonic structure. Again, repetition rates of IO, 15, 25, 40, 60, 85, and 115 Hz 
were used. Because the range of frequencies exceeded reasonable limits (5 kHz) for 
the higher harmonics of some of the stimuli with high repetition rates, nine combina- 
tions of repetition rate and impulsiveness were not used. Representative examples of 
the stimuli used in this experiment are illustrated in figures 3 to 5 and in fig- 
ures 12 to 17. A s  can be seen in these figures, the relative pulse shape (ratio of 
pulse width to period between pulses) and crest factor based on overall sound pres- 
sure levels remain essentially constant as repetition rate is increased, although the 
pulse widths decrease. A s  was done in the first experiment, each of the different 
repetition-rate and impulsiveness conditions were presented at three overall sound 
pressure levels. In addition, pure tones of 115 Hz and IO00 Hz were presented at six 
overall sound pressure levels. To maintain the same total number of stimuli as in 
the first experiment (1621, some conditions of mixed low and high repetition rates 
were included as a pilot experiment for effects of combined main- and tail-rotor 
noises. The results for these conditions are not considered further in this report. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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i zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBADesign 

First experiment.- The basic design of the experiment was a within-subjects 
7 by 7 by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 factorial design for pulse width (impulsiveness), repetition rate, and 
sound pressure level. The 147 primary test stimuli plus the 15 additional stimuli 
(115-Hz tones, 1000-Hz tones, and replications) were randomly ordered and divided 
into six groupings of 27 sounds each. Each grouping constituted a session of noises. 
The order of presentation of the sessions to six groups of subjects was based on rows 
of a Latin-square design. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA n  additional six groups of subjects were presented ses- 
sions with stimuli in reversed order within the session. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA s  a consequence of these 
measures, some balance and control of order and learning effects were maintained. 

Second experiment.- The design of this experiment was very similar to the first. 
The exception was the exchange of 27 mixed low- and high-repetition-rate stimuli for 
certain conditions of impulsiveness, repetition rate, and level. The total of 
162 stimuli were similarly randomly ordered and divided into six sessions of 27 
sounds each. The same type of Latin-square presentation order of sessions and 
reversed order of stimuli within sessions were used as in the first experiment. 

Subjects 

The subjects who were used in both experiments were supplied to NASA under con- 
tract. These subjects were drawn from the general population of the cities of 
Hampton and Newport News and from York County in Virginia. Approximately one-fourth 
of the subjects were affiliated with various civic organizations, with the result 
that payment for their services went to the organizations. The remainder were paid 
directly for their services. All subjects had normal hearing abilities (ANSI 1969). 
A total of 48 individuals were used in each experiment. 

Procedure 

Upon arrival at the laboratory, the subject groups were seated in a conference 
room and given a set of instruction sheets, a consent form, and a set of scoring 
sheets. Copies of these items are given in the appendix. After reading the instruc- 
tion sheets, the subjects completed the consent form, which is required of all sub- 
jects who participate in subjective experiments in the laboratory. The subjects were 
given a brief verbal explanation of the scoring sheets and then asked by the test 
conductor if they had any questions about the test. Throughout the experiment, the 
same person served as the test conductor. 

The subjects were then ushered by the test conductor into the test facility and 
seated. A demonstration of three practice stimuli was given while the test conductor 
remained in the test facility. In order for subjects to gain experience scoring the 
sounds, they were instructed to make and record judgments of the practice stimuli on 
the practice scoring sheet. Afterwards, the test conductor again asked if there were 
any questions concerning the test. The test conductor left the facility and the 
first of six test sessions began. At the conclusion of each session the test conduc- 
tor reentered the facility, collected the scoring sheets, and issued new sheets for 
the next session. A IO-minute rest break was given to the subjects between the third 
and fourth sessions. Each session lasted about 5 minutes. 
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Subjective Measure 

The annoyance response of the subjects to each noise stimulus was obtained on a 
continuous scale of 0 to IO, the end points of which were labeled "Not Annoying At 
All" and "Extremely Annoying." A copy of a scoring sheet is included in the 
appendix. The subjects indicated their level of annoyance by making a mark across 
the scale for each stimulus. The location of these marks were later converted to 
numerical scores using a digitizing tablet and were directly stored in computer data 
files. The accuracy of the digitizing process was better than 1 percent of full 
scale. 

RESULTS AND DISCUSSION 

Acoustical Analyses of Stimuli 

Each noise stimulus was analyzed to provide 1/3-octave-band sound pressure 
levels for use in computing a number of commonly used noise metrics or rating scales. 
These measurements were made using a 1.27-cm-diameter condenser microphone located at 
a position midway between the head positions of the two subjects. Preliminary analy- 
ses indicated differences of less than 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAd33 in 1/3-octave-band sound pressure levels 
from 50 Hz to 5 kHz between this location and either subject location, whether or not 
subjects were present. "he 1/3-octave-band analyses were performed with a real-time 
analysis system with 0.5-sec exponential time averaging and digital filtering. Cal- 
culated values for six common noise metrics for each stimulus at the highest pre- 
sented sound pressure level are given in tables I and I1 for the €irst and second 
experiments. 

Several other analyses were performed for each stimulus and the results are 
presented in tables I and 11. These included tone corrections AT according to the 
method of reference 17, three impulsiveness measures, and the 1/3-octave-band center 
frequency FM containing the greatest D-weighted energy. 

One of the measures of impulsiveness AC1, has been proposed by the IS0 as a 
correction to account for impulsiveness of helicopter noise for certification pur- 
poses. For this method, the acoustic signal voltage is A-weighted and sampled at 
5 Mz. For every 0.5-sec period of the signal, an impulsiveness descriptor I is 
calculated from the sampled voltage Vi such that 

where n zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 2500. This descriptor is then converted to decibel-like units with the 
following: 

x = 10 log I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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The correction factor AC1 is then given by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(0 dB zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA< ACl < 6.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAdl3) AC1 = 0 . 8 ( X  - 3) 

Another impulsiveness measure considered in the analyses is identical to the 
ISO-proposed measure but without the limitation of 6.0-dB maximum. Consequently, 

The final impulsiveness measure considered in this report is an A-weighted 
crest-factor correction defined as zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

1 -  - 
“3 = (LA,peak LA,rms 12 (AC3 > 0 aB) 

is the peak A-weighted sound pressure level and LAIrrnS is the root- where LA, peak 
mean-square A-weighted sound pressure level of the acoustic signal. The factor of 
12 dB is subtracted so that no corrections would be applied to a broadband random 
noise. 

Analyses of Subjective Data 

The means (across subjects) of the digitized annoyance scores were calculated 
for each stimulus. These annoyance scores were converted to subjective noise levels 

Ls For each separate 
experiment, third-order polynomial regression analyses were performed using data 
obtained for the 115-Hz pure-tone stimuli. The dependent variable was the calculated 
PNL and the independent variable was the mean subjective score for each of the six 
levels presented in each experiment. Figure 18 presents the two sets of data in the 
resulting best-fit curves. The regression equations thusly determined were subse- 
quently used to predict the equivalent level of a 115-Hz tone which would produce the 
same mean annoyance score as each noise stimulus in the separate experiments. These 
equivalent levels were then considered as the subjective noise level for each stimu- 
lus and are presented in tables I11 and IV. 

having decibel-like properties through the following process. 

As indicated in figure 18, very good agreement is found between the annoyance 
scores for the two experiments. The differences between the two regression equations 
are not statistically significant, although there is a trend for slightly greater 
annoyance scores at the lower noise levels in the first experiment. It can only be 
supposed that this is an indication that the set of specific noise stimuli in the 
experiment somewhat affected the reported annoyance judgments. Because of this trend 
the results of the separate regressions were used to calculate subjective noise 
levels. 

It was originally planned to use the 1000-Hz pure-tone data to convert the sub- 
jective scores to subjective noise levels. It was found, however, that the subjec- 
tive scores of the 1000-Hz tone did not cover the range of judgment scores for the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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rotor noise stimuli as did the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA115-Hz tone. It was also felt that the character of 
the 1000-Hz tone was so different from that of the other stimuli that some bias might 
be introduced. 

Effects of Repetition Rate and Impulsiveness 

It was indicated in references 5, 7, and 13 that annoyance judgments of helicop- 
ter rotor noise are related to both repetiton and impulsiveness. The question of 
major importance is how well these effects are predicted by various noise metrics. 
In order to investigate this "prediction ability" in detail, the differences between 
the subjective noise level and the measured or calculated noise levels for each 
of the six metrics investigated were determined for each stimulus in each experiment. 
These differences were thus considered to be the prediction errors for each stimulus 
and metric. The prediction errors for each metric were first tested for effects of 
repetition rate and impulsiveness using analysis-of-variance techniques. Those fac- 
tors found to significantly affect the error were subsequently investigated in more 
detail. 

Ls 

First experiment.- Since the first experiment was a complete factorial design, 
straightforward factorial analyses of variance were used to test for effects of repe- 
tition rate, impulsiveness, noise level, and interactions for each noise metric. The 
error term for these analyses was taken to be the interaction of repetition rate, 
impulsiveness, and noise level. A summary of these analyses is presented in tables V 
and VI for LA and PNL. For both metrics null hypotheses were rejected 
(at p zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA< 0.05) for the factors of repetition rate, impulsiveness, and their interac- 
tion. Null hypotheses were not rejected for noise level or the interaction of repe- 
tition rate and noise level but were rejected for the interaction of impulsiveness 
and noise level. Very similar results were found for the other four metrics con- 
sidered. However, since LA and PNL are the most commonly used metrics, further 
discussions will primarily address the effects related specifically to these two. 
Those factors and interactions for which null hypotheses could be rejected were con- 
sidered to significantly affect the error in annoyance prediction and therefore were 
investigated in more detail. 

Figure 19 shows the effect of repetition rate on annoyance prediction error 
for LA and PNL. The value plotted for each repetition rate is the mean of differ- 
ences in Ls and LA and Ls and PNL across the seven impulsiveness and three 
noise-level conditions. The subjective noise level Ls for each stimulus was based 
on the PNL values for the 115-Hz pure tone. The rather large difference between 
Ls and LA is therefore in part due to the difference in frequency weighting 
between PNL and LA at 115 Hz. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs a consequence the absolute value of the predic- 
tion errors is less important than the change in predition error across the test 
conditions. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA s  indicated in figure 19, a generally consistent increase in prediction 
error is found for increasing repetition rate, an increase of about 4 dE3 for LA 
and 5 dB for PNL over the range of repetition rates. Similar effects of repetition 
rate are found in references 5 and 7 over smaller ranges of repetition rates. This 
topic is discussed further in later sections. 

The overall effects of impulsiveness and the interaction of impulsiveness with 
noise level are indicated in figure 20. The mean prediction errors averaged across 
the repetition-rate conditions are plotted against a simple ordinal scale of numeri- 
cal ranking of impulsiveness for each noise-level case. Although there are generally 
increasing trends of prediction error with impulsiveness, there are major differences 
between the LA and PNL noise metrics and €or the separate noise-level cases. The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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change in error prediction is considerably less for 
impulsiveness conditions. For the lowest noise-level conditions, the change in error 
prediction with impulsiveness for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPNL is approximately zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA13 dB. For both metrics 
there is a consistent trend for less effect of impulsiveness on error prediction with 
increased noise level. LA, prediction error 
decreases slightly for increased impulsiveness. 

LA than for PNL across the 

In fact, at the highest noise level for 

Second experiment.- Since the design of the second experiment was not a complete 
factorial and contained missing cells, a modified analysis-of-variance technique was 
used to examine the effects of repetition rate and impulsiveness on prediction error. 
Summaries of the results from the analyses are presented in tables VI1 and VI11 for 
LA and PNL. 
significance testing. This was done by considering the design as a two-factor fac- 
torial of noise-level and impulse treatments (combined effects of repetition rate and 
impulsiveness). The interaction of impulse treatments with noise level was con- 
sidered as the error term. The impulse-treatments term was then separated into main- 
factor and interaction (repetition rate by impulsiveness) terms. The main-factor 
term was subsequently considered in two ways: first, as the sum of a repetition-rate 
factor and an impulsiveness factor adjusted for repetition rate, and second, as the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
sum of an impulsiveness factor and a repetition-rate factor adjusted for impulsive- 
ness. Null hypotheses were rejected (at p < 0.05) €or adjusted impulsiveness and 
adjusted repetition rate but not for the interaction between repetition rate and 
impulsiveness. 

The first step in these analyses was to determine an error term for 

It is interesting to note that the null hypothesis was also rejected for noise 
level, a finding different from the first experiment. This finding may be explained 
in part by the particular relationship used to convert from mean subjective annoyance 
scores to subjective noise levels. It was mentioned in a previous section that some 
differences were found between the two experiments in the relationship of mean sub- 
jective annoyance scores and measured PNL for the 115-Hz pure tone (fig. 18). A s  a 
result of these differences, for equal mean subjective annoyance scores a higher PNL 
and consequently higher subjective noise level 
experiment for the cases with low overall sound pressure levels. This trend was in 
the same direction as the one producing the noise-level effect in the analyses of 
variance of tables VI1 and VIII. 

Ls was reported in the second 

The effect of repetition rate on annoyance prediction error for LA and PNL is 
indicated in figure 21. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs in the first experiment, a consistent trend is found for 
increasing prediction error with increasing repetition rate. The increase is only 
slightly greater for LA 
compared with the respective zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4- and 5-dl3 increases in the first experiment. In con- 
trast to the first experiment, the spectral contents of stimuli are directly related 
to the repetition rate. A s  a consequence, the different frequency weightings of 
different noise metrics would be expected to produce somewhat different effects. 

(about 7 dB) but is much greater (about 12 dB) for PNL as 

The effect of the different impulsiveness conditions on prediction error for the 
second experiment is indicated in figure 22. 
decrease in error with higher impulsiveness is shown. For PNL, an increase in error 
and then a decrease with higher impulsiveness is shown. It should be remembered that 
the design was incomplete and the higher repetition rates were not examined at the 
higher impulsiveness conditions. Because of the strong effect of repetition rate, 
particularly for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPNL, the change in slope could be a direct result of the incomplete 
test design. 

For LA, a general overall trend of a 
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Relationship of prediction error and physical measures.- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs indicated in the two 
previous sections, differences were found in the effects of repetition rate and 
impulsiveness for the noise metrics LA and PNL. A comparison of prediction errors 
for the different noise metrics investigated in this study is given in table IX. The 
standard deviation in prediction error, the difference between the subjective noise 
level and the measured or calulated noise level, of the different metrics is given 
for each experiment separately and combined. Comparatively small differences are 
found between the experiments. The standard deviations for the combined experiments 
are also very similar to those of the individual experiments. Therefore, no particu- 
lar bias or consistent error difference is found between the experiments. There are, 
however, greater differences found between the noise metrics. The smallest standard 
,deviations are produced by LA. 
deviation for 

Based on F-ratio tests of variances, the standard 

LA is significantly different from those of the other metrics. 

To provide additional information on the nature of the exhibited effects of 
repetition rate and impulsiveness on prediction error and perhaps to provide a means 
of correcting noise metrics for these effects, a number of correlation analyses were 
performed. Summaries of these analyses, in terms of Pearson product-moment correla- 
tion coefficients, are presented in tables X and XI. In table X the correlations 
between prediction error and various physical parameters are given for each noise 
metric and for each experiment separately and combined. The physical parameters 
considered were the tone corrections zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
AC2, and AC3; a linear and a logarithmic repetition-rate parameter FR and 
log FR; and a linear and a logarithmic parameter of the center frequency of the 
1/3-octave band containing the greatest D-weighted sound pressure level. For a rough 
indication of significance at the 0.01 level, a value zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof 0.2 could be used. From 
table X it is seen that the two experiments were generally consistent. As a conse- 
quence, more attention will be given to the combined results. 

AT; the three impulsiveness corrections AC,, 

Significant correlations are found across the noise metrics between prediction 
error and tone correction, repetition rate, and the logarithm of repetition rate. 
Greater correlation is found in the second experiment for the repetition-rate param- 
eters, which is a reflection of the greater effect of repetition rate found in the 
second experiment. The logarithm of repetition rate is also found to be slightly 
more correlated to the prediction error than is repetition rate. The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIS0 impulse 
correction factor AC1 is significantly correlated for the LD, LE, PNL, and LL 
metrics but not for PL or LA. The unlimited IS0 correction factor AC2 is 
generally less correlated than AC1. The A-weighted crest factor AC3 is either not 
significantly correlated or is negatively correlated. The frequency parameter FM 
and its logarithmic form are found to be significantly correlated to prediction error 
for all metrics except LA. 

The correlations between the various physical parameters are presented in 
table XI. The tone correction AT is positively and significantly correlated with 
repetition rate FR. Because of this and the fact that prediction errors were more 
highly correlated with FR than AT, it is thought that the significant correlations 
of prediction errors with AT were actually a reflection of the repetition-rate 
effect. 

Although the correlation of prediction error and the IS0 impulse correction 
factor AC1 is significant for LD, LE, PNL, and LL, it does not explain much of 
the variance in prediction error (less than zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA16 percent in any case). The three 
impulse parameters are each highly correlated with the others and, in general, highly 
correlated with the frequency parameter FM and its logarithmic form. 
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A number of f ind ings have ind icated t h a t  what might a t  f i r s t  glance appear t o  be 
e f f e c t s  of impulsiveness on annoyance may i n  f a c t  be results of de f ic ienc ies  i n  t h e  
frequency weightings used i n  some noise m e t r i c s .  The fol lowing sec t ion  w i l l  discuss 
t h i s  hypothesis i n  more d e t a i l  and examine the  data i n  hand f o r  a po ten t ia l  improve- 
ment i n  the  frequency weighting f o r  noise m e t r i c s .  

Al ternat ive Frequency Weighting 

I n  the  previous sec t ions  it w a s  shown t h a t  p red ic t ion  e r r o r  is more cor re la ted  
with the frequency parameter 
measures ACl, AC2, or AC3, although the  frequency parameter and impulsiveness 
measures are highly cor re la ted  with each other. (See tables X and X I . )  It w a s  a lso  
shown t h a t  the cor re la t ions  of predic t ion e r r o r  and impulsiveness measures are depen- 
dent on the noise m e t r i c .  (See table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAX.) Those metrics which deemphasize low- 
frequency content the  most, LA and PL, ind ica te  negative or  i ns ign i f i can t  corre- 
l a t i o n  between pred ic t ion  e r r o r  and impulsiveness measure AC1. I n  addi t ion,  it w a s  
shown i n  the  analyses of variance f o r  the f i r s t  experiment ( t a b l e s  V and V I )  t h a t  a 
s ign i f i can t  i n te rac t i on  ex is ted between the  impulsiveness condi t ion and the  noise 
leve l ;  no test could be made f o r  the  second experiment. While these f a c t s  are not 
ind iv idual ly  conclusive, when considered together  they do ind ica te  t h a t  t he  observed 
"impulsiveness" e f f e c t s  could be due t o  e f f e c t s  of frequency content of the d i f f e r e n t  
s t imu l i  and de f ic ienc ies  i n  frequency weightings of the noise metrics. 

FM and its logar i thmic form than with impulsiveness 

The fol lowing two sec t ions  examine i n  more d e t a i l  the  re la t ionsh ip  of predic t ion 
e r ro r  and the frequency content of the  spect ra and an experimental ly determined Ere- 
quency weighting which w a s  found t o  r e f l e c t  t h a t  re la t ionsh ip .  

Comparison of predic t ion e r ro r  and dominant frequency.- The frequency parameter 

FM 
D-weighted energy and w a s ,  therefore,  considered as a f i r s t  approximation t o  be the 
subject ive ly  dominant frequency fo r  each st imulus. It w a s  found i n  the co r re la t i on  
ana lys is  ( t a b l e  X) t h a t  the logarithm of FM w a s  more highly cor re la ted  t o  predic- 
t i on  e r r o r  than FIJI f o r  all metrics except LA. A s  a consequence, the  logarithm 
of 
dominant frequency. In the fol lowing ana lys is  only the  data obtained f o r  the  h ighest  
ove ra l l  noise l eve l  f o r  each stimulus condi t ion w e r e  considered. 

w a s  defined t o  be the 1/3-octave-band center  frequency with the  g rea tes t  

FM w a s  used t o  examine the  re la t ionsh ip  of p red ic t ion  e r r o r  t o  the subject ive ly  

The predic t ion e r ro r  w a s  considered as the  dependent var iab le  i n  a th i rd-order 
least-squares polynomial regression ana lys is  f o r  each noise metric. The logarithm of 
the dominant frequency 
case. Representative examples a re  presented i n  f i gu res  23 and 24 f o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBALA and PNL. 
Although the  scatter is comparatively la rge  i n  each case, s ign i f i can t  t rends a r e  
observed. The data f o r  o ther  m e t r i c s  w e r e  very s i m i l a r  t o  t h a t  f o r  PNL. Standard 
e r r o r s  of estimate of 
standard dev iat ions of predic t ion e r ro r  of 3.3 dB and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3.7 dB. 

FM w a s  considered t o  be the  independent var iab le  i n  each 

LA and PNL w e r e  2.8 dB and 3.1 dB as compared with s i m p l e  

Modified frequency weightings.- Based on these regressions and s i m i l a r  regres- 
s ions  f o r  the  other  metrics, correct ions (predic ted values) f o r  each m e t r i c  a t  each 
1/3-octave-band center  frequency from 25 Hz t o  1000 Hz (50 Hz t o  1000 Hz f o r  PNL) 
w e r e  determined. The data f o r  each m e t r i c  w e r e  then normalized t o  produce a 0-dB 
correct ion a t  1000 Hz. The correct ions f o r  each metric w e r e  appl ied t o  the  frequency 
weightings fo r  the  metric and the resu l tan ts  w e r e  considered as data po in ts  fo r  a 
subsequent regression analys is .  These corrected frequency weightings w e r e  considered 
as t he  dependent var iab le  i n  a th i rd-order least-squares polynomial regression analy- 
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sis with the logarithm of the 1/3-octave-band center frequencies as the independent 
variable. The best fit to these data is presented in figure 25 and is contrasted 
with standard A- and D-weightings. 
between the A- and D-weighting curves. 

In general, this modified frequency weighting is 

The frequency weightings indicated in figure 25 were extended to higher fre- 
quencies by assuming the D-weighted values between 1 kHz and 10 kHz. Noise levels 
using the modified frequency weightings were calculated for each noise stimulus using 
two 1/3-octave-band summation procedures. The first noise level L; used the energy 
summation method commonly used for LA, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI+-,, and LE. The second noise level 
used the summation method used in the PNL calculation procedure, which considers the 
possibility of masking by the dominant band. 

Li 

The standard deviation in error in annoyance prediction for these two modified 
noise metrics and for the other six noise metrics investigated are compared in 
table XI1 for the highest noise-level conditions of the stimuli. When the combined 
experiments are considered, the modified metrics produce less error than the other 
metrics. LA 
as over the other metrics, and they produce no improvement over 
experiments. It is realized that the dominant frequencies of the stimuli, upon which 
the modified weightings were based, were determined by the maximum D-weighted band 
levels. 
modified weighting could be the source of error. This potential error could be 
examined further by iteration using the modified weightings to produce new estimates 
of the dominant frequency bands. However, since the present investigation was not 
designed specifically to provide the optimum information on frequency weightings, 
such an iterative process would not be justified. 

However, the modified metrics do not produce as much improvement over 

LA in the separate 

The rather large differences between the D-weighting and the improved or 

Although the Li procedure produced a slight improvement over zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI,;, additional 
research is necessary to determine if this improvement is significant. The present 
stimuli were, in general, dominated by a single band as indicated by the magnitude of 
tone corrections (tables I and 11). As a result, the two modified metrics differed 
very little for most stimuli. 

A final question concerning the modified noise metrics is in order: Are the 
effects of the repetition rate accounted for or reduced? Based on results of corre- 
lation analyses, a significant effect of repetition rate remained in prediction error 
L; and L;. The correlation coefficients €or the logarithm of repetition rate and 
prediction error for the two modified metrics were zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.58 and 0.48. Comparable values 
for the other metrics ranged from 0.55 to 0.69 for the combined experiments (table 
XI. As a consequence, although the modified weightings somewhat reduce the effects, 
they do not adequately account for the repetition-rate effects observed. 

CONCLUSIONS 

Two experiments were conducted to determine the effects of repetition rate and 
impulsiveness on annoyance due to simulated helicopter rotor noise. In one experi- 
ment the pulse shape (relationship of pulse width to height) was held constant across 
various repetition rates; in the other experiment the crest factor (relationship of 
pulse width to repetition period) was held constant. Repetition rates and impulsive- 
ness covered the range of both helicopter main- and tail-rotor thickness noises. In 
the first experiment 49 different combinations of repetition rate and impulsiveness 
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were examined; in the second experiment zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA40 combinations were examined. In each 
experiment these stimuli were judged for annoyance at 3 noise levels by 48 sub- 
jects. Based on these judgments and statistical comparisons of the judgments with 
numerous noise metrics, the following conclusions were noted: 

1. Annoyance increased with repetition rate more than predicted by all noise 
metrics examined. The increased annoyance was as great as the equivalent of a 4-dB 

increase in noise level after correcting or accounting for other spectral effects. 

2. Annoyance also increased with impulsiveness more than predicted by most noise 
metrics examined, including perceived noise level zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(PNL). Prediction errors asso- 
ciated with impulsiveness were as great as 13 dB. 

3. Interaction effects between impulsiveness and noise level were such that 
greater increases in annoyance with impulsiveness were found €or lower overall noise 
levels than for higher noise levels. 

4. The annoyance prediction errors for most noise metrics were more highly 
correlated with the frequency of the subjectively dominant 1/3-octave band than with 
physical measures of impulsiveness. Based on this finaing and the previously men- 
tioned finding of an interaction of impulsiveness with noise level, the observed 
effects of impulsiveness appeared to result from inaccuracies in the frequency 
weightings used in the different noise metrics rather than inherent inabilities to 
account for impulsiveness. 

5. The A-weighted noise metric LA was found to predict the annoyance responses 
with less error than the other metrics examined. 

6. By using the annoyance data from these two experiments, a modified frequency 
weighting was developed which provided improved annoyance prediction. 

Langley Research Center 
National Aeronautics and Space Administration 
Hampton, VA 23665 
January 5, 1982 

13 



APPENDIX 

INSTRUCTIONS, CONSENT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFORM, AND RATING SHEET 

INSTRUCTIONS 

The experiment i n  which you are p a r t i c i p a t i n g  w i l l  he lp  us understand s o m e  of 
t h e  c h a r a c t e r i s t i c s  of a i r c r a f t  sounds which can cause annoyance i n  airport com- 
munities. W e  would l i k e  you t o  judge how ANNOYING some sounds are. By ANNOYING w e  
mean zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- UNWANTED, OBJECTIONABLE, DISTURBING, or UNPLEASANT. 

The experiment cons is ts  of s i x  6-minute sess ions.  During each sess ion 27 sounds 
w i l l  be presented f o r  you t o  judge. Before each sess ion you w i l l  be given a r a t i n g  
sheet  with 27 sca les  l i k e  the  one below. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Not zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAnnoying I I I I I I I I I Extreme 1 y 
I I I I I I I I I 

R t  A l l  ' Annoy i ng 
0 1 2  3 4 5 6 7 8 9 10 

After l i s t e n i n g  t o  each sound, please i nd i ca te  how annoying you judge the  sound 
t o  be by p lac ing a mark across the  scale. I f  you judge a sound t o  be only s l i g h t l y  
annoying, then place your mark c loser  t o  the  NOT ANNOYING AT ALL end of the  scale.  
Simi lar ly,  i f  you judge a sound t o  be very annoying then place your mark c loser  t o  
t h e  EXTREMELY ANNOYING end of t he  scale.  A moderately annoying judgment should be 
marked i n  the  middle por t ion of the  scale. A mark may be placed anywhere along the  
scale, not j u s t  a t  the  numbered locat ions.  You w i l l  have about 5 seconds a f t e r  t he  
sound t o  make and record your judgment. There a r e  no r i g h t  o r  wrong answers; w e  are 
only i n te res ted  i n  your judgment of each sound. 

Before the  f i r s t  sess ion begins you w i l l  be given a prac t i ce  r a t i n g  sheet  and 
t h r e e  sounds w i l l  be presented t o  fam i l i a r i ze  you with making and recording judg- 
ments. I w i l l  remain i n  the  t e s t i n g  room with you dur ing the  p rac t i ce  t i m e  t o  answer 
any quest ions you may have. 

Thank you f o r  your he lp i n  conducting t h e  experiment. 
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APPENDIX zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
VOLUNTARY CONSENT FORM FOR SUBJECTS FOR HUMAN 

RESPONSE TO AIRCRAFT NOISE AND VIBRATION zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I understand t h e  purpose of t h e  research and t h e  technique 

t o  be used, i n c l u d i n g  my p a r t i c i p a t i o n  i n  t h e  research, as 

expla ined t o  me by t h e  P r i n c i p a l  I n v e s t i g a t o r  (o r  q u a l i f i e d  

designee) . 

human response t o  a i r c r a f t  no ise  experiment t o  be conducted a t  

NASA Langley Research Center on 

I do v o l u n t a r i l y  consent t o  p a r t i c i p a t e  as a sub jec t  i n  the  

Date 

I understand t h a t  I may a t  any t ime withdraw from the  ex- 

periment and t h a t  I am under no o b l i g a t i o n  t o  g i v e  reasons f o r  

wi thdrawal o r  t o  a t tend  again f o r  exper imentat ion.  

I undertake t o  oSey the  regu la t i ons  o f  t he  l abo ra to ry  and 

i n s t r u c t i o n s  o f  t he  P r i n c i p a l  I n v e s t i g a t o r  regard ing  safety ,  

sub jec t  o n l y  t o  my r i g h t  t o  withdraw declared above. 

changed s ince the  t ime  a t  which I completed and signed the  

medical r e p o r t  form requ i red  f o r  my p a r t i c i p a t i o n  as a t e s t  

subject .  

I a f f i r m  that ,  t o  my knowledge, my s t a t e  o f  h e a l t h  has n o t  

Signature o f  Subject  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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APPENDIX zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
RATING SHEET 

Page 1 

Subject No. Group Sess zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAion zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATape 

Sound 

1 

2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 

4 

5 

6 

7 

8 

9 

10 

Not Annoying I .  I 1 I 1 I I I I Extreme 1 y 
I I I I I I I I I 

A t  A l l  ' Annoying 
0 1 2  3 4 5 6 7 8 9 10 

Not Annoy i ng I I I I 1 I I I I Ex t reme 1 y 
I I I I I I I I 

A t  A l l  I ~ n n o y  i ng 
0 1 2  3 4 5 6 7 8 9 10 

N o t  Annoying I I I I I I I I I Extremely 
I I I I I I I I 

A t  A l l  ' Annoy i ng 
0 1 2  3 4 5 6 7 8 9 10 

Not Annoyi ng 1 I 1 I I I I I I Ex t reme 1 y 
I I I I I I I 

A t  A l l  I ~ n n o y  i ng 
0 1 2  3 4 5 6 7 8 9 10 

Not Annoy i ng I I I I I I I I I Ex t reme 1 y 
I I I I I I I I A t  flll I Annoying 

0 1 2  3 4 5 6 7 8 9 10 

Not Annoying I I I I I I I I I Extreme 1 y 
I I I I I I I I 

A t  A11 ' ~ n n o y  i ng 
0 1 2  3 4 5 6 7 8 9 10 

Not Annoyi ng I I I I I I I I I Extreme 1 y 
I I I I I I I I I 

A t  A l l  I Annoy i ng 
0 1 2  3 4 5 6 7 8 9 10 

Not Rnnoying I 1 I I I I I I I E x t  reme I y 
1 I I I I I I I 

A t  A11 ' Rnnoying 
0 1 2  3 4 5 6 7 8 9 10 

Not Annoying I 1 I I I I I I I Extreme 1 y 
I I I I I I I I 

A t  A11  I Annoying 
0 1 2  3 4 5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 7 8 9 10 

Not  Annoy i ng I I I I I I t I I Ex t reme 1 y 
I I I I I I I I 

A t  A l l  ' Rnnoying 
0 1 2  3 4 5 6 7 8 9 10 
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NOISE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMEASURES, SYMBOLS, AND ABBREVIATIONS 

Noise Measures 

A-weighted sound pressure level, dB 

LD D-weighted sound pressure level, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAdB 

LA 

E-weighted sound pressure level, dB LE 

LL loudness level (Stevens Mark VI procedure), dB 

PL perceived level (Stevens Mark VI1 procedure), dB 

PNL perceived noise level, dB 

A more detailed description of the noise measures used in this report can be 
found in references zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA18 and 19. 

Symbols and Abbreviations 

center frequency of subjectively dominant 1/3-octave-noise band, Hz FM 

FR 

IS0 

LS 

L; 

P 

SPL 

AT 

repetition rate of rotor-noise impulses, HZ 

International Organization for Standardization 

subjective noise level, dB 

predicted noise level using modified frequency weighting and energy 
summation, dB 

predicted noise level using modified frequency weighting and masked-band 
summation, dB 

probability 

sound pressure level 

impulsiveness correction using proposed IS0 method, dB 

impulsiveness correction using proposed IS0 method without limit of 6.0-dB 
maximum, dB 

impulsiveness correction using peak A-weighted sound-pressure-level 
method, dB 

tone correction (from ref. 17),  dB 
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TABLE 1.- ACOUSTICAL ANALYSES OF HIGHEST SOUND-PRESSURE-LEVEL STIMULI 

Impulsiveness 
condition 

1 
2 
3 
4 
5 
6 
7 
1 
2 
3 
4 
5 
6 
7 
1 
2 
3 
4 
5 
6 
7 
1 
2 
3 
4 
5 
6 
7 
1 
2 
3 
4 
5 
6 
7 
1 
2 
3 
4 
5 
6 
7 
1 
2 
3 
4 
5 
6 
7 

PRESENTED TO SUBJECTS IN FIRST EXPERIMENT 

Repetition 
rate, Hz 

10 
10 
10 
10 
10 
10 
10 
15 
15 
15 
15 
15 
15 
15 
25 
25 
25 
25 
25 
25 
25 
40 
40 
40 
40 
40 
40 
40 
60 
60 
60 
60 
60 
60 
60 
85 
85 
85 
85 
85 
85 
85 

115 
115 
115 
115 
115 
115 
115 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

- 
LA* 
dB 

50 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-6 
52.6 

- 

61 -5 
64.7 
66.9 
68.8 
70.2 
50.0 
52.9 
61.9 
64.7 
67.4 
69.3 
71.2 
49.1 
54.1 
61.8 
64.7 
67.8 
69.2 
70.4 
50.2 
54.3 
62.7 
65.7 
68.4 
70 .O 

56.4 
70.8 

56.7 
61.8 
65.4 

70.1 

60.7 

68.1 

71.4 

63.0 
63.a 

70 .a 

65.6 
68.2 

70.3 
67.2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
66.7 
67.2 
68.2 
69.E 
71.C 
71 .C - 

- 
=D' 
dB 

64.0 
66.4 

- 

72.9 
74.6 
75.9 
76.5 
77.2 
63.9 
67.1 
73.4 
74.8 
76.1 
77.2 
78.6 
64.1 
68.2 
73.3 
74.8 
76.6 
77.1 
77.9 
62.9 
67.0 
73.7 
75.5 
77.0 
77.6 

71.4 
71.4 
73.6 
75.4 
76.6 
77.6 
78.6 

78.2 

74.0 
76.2 
74.7 
75 -8 
77.0 
78.0 

78.0 
77.6 
77.6 
77.9 
78.4 
78.7 
79.2 

78.9 

- 

- 
=E' 
dB 

60 -9 
63.6 

- 

70.8 

74.1 
75.1 
76.2 

72.7 

61.0 
64.0 
71.3 
72.9 
74.4 
76.5 
77.3 
60 e8 
65.6 
71.3 
72.9 
74.9 
75.7 
76.5 
61.3 
65 e4 
72.0 
73.7 
75.4 
76.2 
76.9 
68.2 
68.2 
71.0 

74.8 
76.2 
77.3 
72.4 
74.7 
73.1 
74.2 
75.5 
76.6 
77.5 
76.0 
75.6 
75.7 
76.1 
76.7 
77.E 
77.3 

73.2 

- 

- 
PNL , 

dB 

68 e 6  
70.3 

- 

76.4 
78.1 
79 -8 
81.2 
82.3 

70.7 
67.8 

76.4 
78.2 
80.1 
81.5 
83.1 
68.1 
71.5 
76.5 
78.1 
80 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.O 

81.4 
82.2 
69.8 
72.9 
77.4 
78.9 
80.0 
81.4 
82.1 
75.9 
76.2 
77.5 
79.3 
80.5 
81.4 
83.5 
78.1 
80.1 
78.8 
79.5 
80.6 
81.4 
82.4 

80.6 

82.1 

80 -9  

81.4 

82.7 
82.7 
83.1 - 

- 
PL zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

dB 

58.8 
60.0 
67.9 
70.2 
72.0 
73.1 
74.3 
57.7 
60.3 
67.9 
70.1 
71.8 
73.3 
74.9 
55.7 
60 -8 
67.5 

- 

69.6 
71.8 
72.8 
73.7 
57.6 
60.8 
67.7 
69.8 
71.7 
72.8 
73.5 
62.3 
62.5 
66.3 
69.4 
71.0 
72.6 
73.7 
66.7 
69.2 
68.5 
69.2 
71.3 
72.4 
73.4 
70.6 
70.3 
71.3 
72.2 
73.0 

73.8 
73.2 

- 

- 
LL , 
dB 

69.4 
70.8 
77.5 
79.3 
80.5 
81.2 
82.3 
68.6 
71 -4 
74.7 
79.1 
80.1 
81.3 
82.7 
68.2 
71.8 
77.5 
78.5 
80.2 
80.8 
81 e5 
68.5 
71.7 
77.7 
78.9 
79.9 
80 e 4  

81.0 
74.6 
74.8 
77.2 
78.8 
79.7 
80.3 
81 e2 
76.7 
79.3 
78.3 
78.8 
79.5 
80 -0 
81.0 
78.8 
78.5 
79.5 
80.2 

- 

80 .a 
80.8 
81 -2 - 

- 
1T , 
dB 

0 -4 
.7 
.4 
.3 

2 -5 
2.9 
2 -8 

.5 

.5 

.1 

.3 

.2 

.3 

.5 

.2 

.3 

.3 

.2 

.2 

.4 
e 6  

1.8 
2.1 
1.5 
1.3 
1.3 
1.2 
1.2 
2.3 
2.9 
2.3 
2.1 
1.9 
1.8 
1 e8 
2.4 
2.1 
3.0 
3.1 
3.1 
3 -2 
3.2 
3.1 
3.1 
3.1 
3.1 

- 

3 .a 
3.0 
3.0 - 

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
hC1, 

dB 

0.5 
1.5 
6.0 
6.0 
6.0 
6.0 
6.0 

.7 
1.4 
4.8 
6.0 
6.0 
6.0 
6.0 
0 

.7 
2.7 
5.3 
6.0 
6.0 
6.0 

.5 
e8 

1.4 
3.8 
5.3 
5.5 
5.8 
0 
0 

$8 
1.1 
3.0 
3.8 
3.9 
0 
0 

.3 
1 e5 
2.4 
2.9 
3.3 
0 
0 
0 

.4 
1.2 
2.0 
2.2 

- 

- 

AC2 
dB 

0.5 
1.5 
6.0 
9.3 

10.1 
10.3 
10.6 

.7 
1.4 
4.8 
7.3 
8.0 
8.7 
9.0 
0 

07 
2.7 
5.3 
6.7 
7.2 
7.3 

.5 

.8 
1.4 
3 -8 
5.3 
5.5 
5.8 
0 
0 

a 8  
1.1 
3 -0 
3.8 
3.9 
0 
0 

.3 
1 e5 
2.4 
2 *9 
3.3 
0 
0 
0 

.4 
1.2 
2.1 
2.2 

- 

- 

- 
AC3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 

dB 

0.3 
.9 

4.0 
6.2 
7.2 
7.2 
7.4 

.1 

.7 
2.5 
5.0 
5.5 
5.5 
5.6 
0 

.3 
-6 

2.1 
3.6 
4.1 
4.3 
0 

.1 

.5 
-8  

1.8 
1.9 
2.0 
0 
0 
0 
0 
0 

- 

e2 
.5 

0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 - 

- 
FMt 
HZ 

32 
63 

100 
160 
200 
250 
250 

32 
63 
80 

125 
200 
200 
250 
25 
80 
80 

160 
160 
2 50 
250 

40 
80 
80 

125 
125 
250 
250 
63 
63 
63 

125 
125 
316 
316 

80 
80 
80 
80 

160 
160 
160 
125 
125 
125 
125 
125 
125 
125 

- 

- 
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TABLE 11.- ACOUSTICAL ANALYSES OF HIGHEST SOUND-PRESSURE-LEVEL STIMULI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
AC3t zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

dB 

0 
1.2 
3.9 
4.5 
6.5 
7.7 

.5 

.5 
4.6 

7.8 

6.3 
6.3 
6.8 
7.8 
1.7 
2.7 
5.0 
5.2 
5.6 
6.2 
6.5 
2.5 
3.0 
3.5 
4.6 
4.6 
5.0 
6.0 
1.4 
1.5 

4.2 

.8 
1.2 

3.3 

4.5 

2.9 
3.1 

e3 
.9 

2.0 

Impulsiveness 
condit ion 

1 
2 
3 
4 
5 
6 
7 
1 
2 
3 
4 
5 
6 
7 
1 
2 
3 
4 
5 
6 
7 
1 
2 
3 
4 
5 
6 
7 
1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 
3 
4 
5 
1 
2 
3 
4 
1 
2 
3 

FMf  
HZ 

32 
63 

100 
160 
200 
250 

63 
50 

125 

250 

200 
316 
316 
316 
80 
80 

250 
316 
316 
316 
500 
125 
250 
400 
400 
500 
800 

1250 
125 
316 

500 

250 
316 

500 

1600 

630 
1600 
316 
316 

1600 

PRESENTED TO SUBJECTS I N  SECOND EXPERIMENT 

R e p e t  it i on  
rate, Hz 

10 
10 
10 
10 
10 
10 
10 
15 
15 
15 
15 
15 
15 
15 
25 
25 
25 
25 
25 
25 
25 
40 
40 
40 
40 
40 
40 
40 
60 
60 
60 
60 
60 
85 
85 
85 
85 
115 
115 
115 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

- 

dB 

48.7 

59.8 
63.0 

66.9 
69.6 
53.4 
54.2 
63.8 
66.5 
68.5 
71.1 
71 - 2  
58.9 
62.0 
68.4 

- 

51.4 

65.3 

71.1 
73 e 0  
73.6 
74.5 
64.2 
67.1 
72.6 
74.0 

77.2 
75.6 

76.1 
67 -6 
70.8 
75.1 
76.2 

70.4 
73.2 

77.2 
74.1 
75.5 
77.5 

76.8 

76.3 

- 

- 
LD f 
dB 

62.1 
65.2 
71 -2  
72.9 
74.0 
74.6 
75.7 
67.1 
68.1 
73.5 
74.6 
75.4 
77 e 0  
76.5 

- 

71.0 
72.6 
75.6 
76.9 
77.5 
77.3 
77.7 
73.9 
75.2 
77.7 
77.9 
78.2 
78.5 
78.5 
75.4 
77.1 
78.5 
78.8 
79.5 
77.0 
78.1 
78.8 
80 e 2  
78.8 
78.8 
80.5 - 

- 
LE f 
dB 

59 .O 

- 

62.4 
69.1 
71.0 
72.3 
73.2 
74.3 
64.6 
64.8 
71.6 
73.1 
74.2 
76.2 
75.9 
68.9 
70.7 
74.4 
76.1 
77.1 
77.0 
77.5 
72.1 
73.7 
77.1 
77.7 
78.0 
78.1 
77.7 
73.9 
76.1 
78.3 
78 e4 
78.4 
75.9 
77.5 
78.3 
78.8 
78.2 
78.5 
79.2 - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

7 

PNL 
dB 

66.7 
69.1 
74.7 
76.4 
77.9 
79.3 
80.4 
70.3 
72.0 

- 

76.8 
79.0 
80 e9 
8 2  e9 
82.5 
74.3 
75 -8 
80 -3 
82.4 
83.1 
83.3 
83 -6 
77.3 
78.8 
82.7 
83.7 
84.0 
84 e4 
84.7 
79.3 
81.9 
83 -9 
84.5 
85 .a 

82.8 
81.2 

84.7 

83.7 
86.3 

84.1 
86.2 - 

- 
PL f 
dB 

56.9 

- 
58.8 
66 e2 
68.5 
70.1 
71.2 
72 -4 
60.1 
62.3 
69.0 

73.1 
70 e9 

74.8 
74.6 
64.9 
67.2 
72.0 
74.4 
75.1 
76.3 

68.3 
70 a5 
74.5 
75.7 
76.5 
77 .O 

76.1 

76.9 
70 e5 
73.0 

76.8 
76.0 

77.3 
72.3 
74.4 
76.e 
77.4 
75.1 
75.6 
77.5 - 

- 
LL f zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
dEl 

67.4 

- 
69 e6 
75.8 
77.6 
78.6 
79.3 
80 e4 
70.9 
73.5 
77.8 
78.9 
81 -0 
82 e6 
82.4 
75.3 
76.7 
79.7 
82.1 
82.5 
83.6 
83.7 
77.4 
78.5 
81 a6 
82.9 
84.1 

84.8 
78.6 
80.4 
83.4 
84.5 
85 e 2  
79.5 
81.4 
84.3 
85.3 

83.1 

84.8 

82.0 

85.3 - 

- 
IT I 
dB 

0.4 
.7 
.4 
.3 

2.5 
2.9 
2.9 

.3 
2.5 

.2 

.4 

.6 
1.6 
1.7 

.2 

.2 

.4 

.3 
e6 
.9 

3.7 
1.3 
1.3 
1.2 
1.1 
1.1 
1.3 
2.9 
1.9 

1 e6 
1 e 6  
1.5 
3.2 
3.2 
3.1 
3.0 

- 

1 .a 

3.0 
3.0 
2.8 - 

- 
Acq I 

dB 

0.5 
1.7 
4.3 
6.0 
6.0 
6.0 
6.0 
1.5 

- 

1.6 
6.0 
6.0 
6.0 
6.0 
6.0 
1.6 
3.9 
6.0 
6.0 
6.0 
6.0 
6.0 
3.5 
5.3 
6.0 
6.0 
6.0 
6.0 
6.0 
4.0 
4.9 
6.0 
6.0 
6.0 
4.0 

6.0 
4.8 

6.0 
3.6 
4 -6 
6.0 - 

7 

AC2 r 
dB 

0 e5 
1.7 
4.3 
7.4 
8.4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

10 .o 
10.7 
1.5 

6.6 
8.9 
9.3 
9 e 8  

10.6 
1 e6 
3.9 
7.8 
8.4 
9.2 
9 -8 

10.1 
3.5 
5.3 
7.2 
8.1 
9.1 
9.3 
9.9 
4.0 
4.9 
7 e 0  
8.1 

- 

1 e6 

8.5 
4.0 
4.8 
6.9 
7.2 
3.6 
4.6 
6.1 - 
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TABLE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAX I * -  CORRELATION BETWEEN PHYSICAL PARAMETERS 
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TABLE X1I.m STANDARD DEVIATION OF DIFFERENCES BETWEEN SUBJECTIVE NOISE LEVELS AND 

NOISE LEVELS PREDICTED BY NOISE METRICS FOR HIGHEST NOISE-LEVEL CONDITIONS 
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