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ABSTRACT

The relationship between the predicted detectablility and
Judged annoyance of 25 low level sounds heard in three noilse
backgrounds was lnvestigated by an adaptlve palred comparison
procedure under free fleld listening conditlons. The pre-
dicted detectabllity of the set of sounds accounted for
almost 90% of the variance in the annoyance judgments in a
conventional (falling spectrum) background nolse environment.
This strong relationship between predicted detectablility and
annoyance appears capable of supporting objective scales

of the intruslveness of low level sounds heard under everyday

circumstances,
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I. INTRODUCTION

Annoyance produced by nolse sources in the community correlates
tolerably well for'most purpeses wlth integrated measures of
physical exposure such as the Day-Night Sound Level (Ldn) over a
range of values at the high end of commonly observed exposure
condltions. There is little doubt, for example, that a ten

decibel change in alrcraft nolse exposure in a community would be
associated with a correspondingly large change in public reaction.

Community nolse sources must be of high absclute level and long
duration to generate L, values within this range, sinece low level
and/or infrequent noise sources contrilbute little to long term

Ld values. Thus, the predictive usefulness of a measure llke

n
Ldn 1ls greatest for sources such as transportation noilse.

Many low level environmental nolse Intrusions seem to be dispro-
portionately anneying, however, Heel ellcks in apartment bulldings,
indistinet conversations, dlstant garbage compactors, and many
other nolses that neither materlally affect Ldn nor cause speech

or sleep Interference may nonetheless create considerable annoyance.
In fact, for nolse sources with A-weighted levels below about

65 dé, community annoyance reactions are quite wvariable and 4o not
appear to be sufficlently strongly related to levels of exposure

to support confldent predilection of annoyance or activity inter-

ference,

Instead, 1t appears that the degree to which low level or infrequent
high level nolses anncy pecple may be more closely related to the
degree to which they intrude upon awareness, Systematlc efforts

to quantify the "intrusiveness" of low level nolses have not been
notably successful as yet. A number of factors seem to be loosely
related to intrusiveness, including the famillar list of "eorrection
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factors" often Invoked in accounting for unusual community reac-
tien to nolse: novelty, tonallty, impulsiveness, and so forth
(Fidell, 1978).

Untill the "intruslveness'" of low level nolses can be quantifiled
more rigorously, the concept is of little value for assessment
purposes. The current study was undertaken as an initial attempt
to explore the utility of the psychophysical Theory of Signal
Detectability as a predictor of the annoyance of intrusive nolses.
It was reasoned that if audibility (that is, bandwidth-corrected
signal to nolse ratio), rather than absolute level per se were
closely related to annoyance of Iintruslve noises, then a theore-
tical framework might be avallable for a formal definition of
Intrusiveness. Thils approach expllicitly focuses attentlon upon
the role of the background noise In which sounds are heard as a
partial determinant of annoyance.

If annoyance could be successfully predicted on the basls of
detectablility, a number of substantial benefits might follow.

For example, detectabllity may be mathematically predicted from
physlcal propertles of nolse scources, and directly measured without
subJective Judgments. Annoyance may not be so measured. The
advantages of an objectlve definition of intruslveness for assess-
ment purposes lnclude simpliclty and ease of application, direct-
ness of interpretation, and straightforward manipulatilon.

Furthermore, detectabllity affords an absolute zZero point on
which a ratio scale of annoyance could in principle be built; it
is 1rrefutable that people are not annoyed by nolses they do not
hear, The intruslveness of disparate nolse sources could also be
defined on a common sczle of detectabillty, rather than in limlted
emplrical comparisons made 1n subJective tests,

-2
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The current experimentatlon was undertaken to investigate pre-
liminary hypotheses about the relatilonship between detectability
and annoyance of low level signals. The overall geoal of the
study was to determine whether the relationship was sufficliently
strong and orderly to support justifiable inferences about the
intrusiveness of low level sounds. It was hoped that 1f such
strong relationshlps were observed, 1t would be possible to offer
a definitlon of "intrusiveness" in terms of the detectability
index d' (CGreen and Swets, 1966).
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I[I. TECHNICAL DISCUSSION

Thls section 13 Intended to acqualnt the reader in a general way
with the quantities Involved in predilctions of acoustic detec-
tabllity. The reader 1s referred to a basic text on the psycho-
physical Theory of Signal Detectabillity (e.g., Green and Swets,
1966) for detalled discussion.

The most Ilmportant physlcal parameter f{or purposes of predicting
detectabllity is the signal-to-nolse ratio measured over a band

of frequencies encompassing the signal energy. Most existing
research concerns how signal-to-noise ratio influences masking
when the nolse 1s steady state and the signal 1s a brief ainusoidal
pulse, How maskling varles as a functioen of signal duration,
frequency, and multiple component signals 1s also well understood

and readily predicted, however,

For signals of finlte duratlon observed in specified intervals

of time, the detectability of the signal (or the masking effec-
tiveness of the nolse) is governed by the ratlio of signal energy
{E} to the nolse power density (NO), i.e., the nolse power per
cycle, often called the spectral level of the nolse., For a single
sinusoid in noise of short duration (e.g., about 1/10 sec.), the

detectabllity Index d' is approximately
d' = g(f) E/Ng Eq. 1

where g{f) is a constant that depends on frequency and d4' is the
detectability of the signal. A d' = 1 (sometimes called a threshold
value) implies correct selection of the interval that contalns a
signal 76% of the time 1n & two~interval Torced cholce test, The

.
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function g(f) is about 1/10 when = 1000 Hz, and is monotonic
with frequeney: g(250 Hz) = .15, g(2000 Hz) = ,063, g(4000 Hz) =
»025. Thus, the higher the signal frequency, the less nolse
pawer 1s needed to achleve a glven level of masking.

A major difference between this body of research and the current
problem of predlcting the detectabllity of complex sounds 1ls that
such sounds are not of short duratlon, but are more or less con-
tinuous, or at least of prolonged duration. This difference has
been explored and there are experimental studies (e.g., Fidell
et al., 1974), indlecating that a useful approach 1s to treat the
slgnal as incoherent and of effectlive duration about 1/3 sec.
Detectabllity may then be predicted as in Equation 2¥:

d* = n (W)

where d' 1s again the detectability index, n is an efficlency
term (a constant for any gilven situation), W is the 1/3 octave
bandwldth centered at the silgnal frequency, and S/N is the
slgnal-to-nolse ratlo (ratio of powers) measured in the same 1/3
occtave band. No emplrical check of Eq. 2 was made in this study.

For a'complex signal spectrum, there are separate detectabllity
indices for each spectral region. The combination of these dif-
ferent detectabillities is still an unsettled 1ssue. Two rules

have been suggested.

The simpler is the peak or d'max rule:

a', = max (dl, doy dy .o dn)

*Note that Eq.
slve signals, nor for slgnals composed primarily of pure tones.

~5e

1/2 g/ Eq.

Egq. 3

2 1s not intended for very short duration or impul-
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where d'c is the comblned detectabllity and di 1s the detec-
tability measured 1n each spectral region with a significant

signal to nolse ratilo,
|

The parallel rule 1s an 1ncoherent combinatlon of the various
bands and produces the followlng formula:
= 2 2 ,1/2

qr, = (d g v dfy v at k. d n) Eq.
The latter 1s also called a vector combilnation rule since it 1is
like computing the magnitude of a vector composed of the sum of
different vectors. Note that 1If one of the deteetabilities,
d'max’ 1s much greater than any of the others both rules will

prediet nearly the same value of d'c.

Naive (untralned) observers, unfamiliar with a particular signal,
may tend to focus thelr attentlon exclusively on the portion of
its spectrum that 1s least masked by background noilse, Thelr
behavior may be best modelled by the d'max rule. More experienced
observers, who are very familiar wilth the signal to be detected,
may he able to improve thelr detectlon performance by taklng
advantage of information in other gpectral reglons as well., Al-
though artificial silgrals can be constructed for whieh there are
large differences in predlcted performance between the d'max and
d'parallel rules, such differences are rare Iin real world slgnals.
In the current signal set, the mean difference Iin detectabllity as
predlcted by the peak and parallel rules was on the order of 2 dB.
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I11. METHOD

A. Signal Selection

The goal of signal selectlon was to maximize both the range of
detectabllities of a set of signals and the differences between
thelr A-levels and thelr predleted detectabllities, This goal
was adopted to facilitate discrimination of traditional mea-
sures of annoyance from detection - theoretical measures. Com-
plete differentiation of the two types of measures can never

be accomplished, however, since In a constant background, a
measure such as A-level Increases to some degree as detectabillty

lncreases.

Maximizatlon of the range of detectabilities of the signals was
achieved 1n two ways. First, the absolute levels at which the
signals were heard by test subJects varlied by about 30 dB, as

may be seen in Table I. Second, all test slgnals were presented
in three different background noise environments which had been
spectrally shaped to mask the varilous signals differentially.
Silnce the detectablility of complex sounds 1s governed by signal to
noise ratles in difrerent spectral regions, presentatlon of the

same sound In differently shaped backgrounds changes detectabllity

wlthout changing absolute slgnal levels. Three spectral shapes

for background noise environments were selected to maximize dif-
ferences In detectabllifty of a set of slgnals of constant level:
PNC-40 (a falling spectrum resembling everyday amblent noise envi-
ronments), a flat spectrum, and a rising spectrum.

Maximization of the relative difference between A-level measure-
ments and predicted detectabllities of the signals was accomplished

-Tm
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TABLE I. LIST OF SLGNALS AND PRESBENTATION LEVELS
A-WEIGHTED
PRESENTATION

SIGNAL # DESCRIPTION LEVEL (dB)
1 Transformer 48.4

2 1 kHz Octave of Noise variable
3 Blender ]
4 Egg Beater 52.9
5 Carving Knife 57.6
6 Jig Saw 58.4
7 Hair Dryer 62.9
8 Lathe 57.3
9 Router 60.7
10 Belt Sander 56.8
11 Hand Drill 85.7
12 Radlal Arm Saw 66.6
13 Ar Compressor 63.2
1 Model Alrplane 59.5
15 Typewriter 58.5
16 Toy Car 53.4
17 Toy Dog 50.7
18 Vacuum Cleaner 60.0
19 Alr Conditiloner 51.9
20 Garbage Compactor 57.9
21 Traln 76.3
22 Motorcycle 64.5
23 Automobile 63.3
24 Bus 62.4
25 Lawnmower £3.9

-8~
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by judicious selection of 2§ signals from a much larger set.¥
Approximately eighty common nolse sources (home appliances,
office equipment, toys, construction equipment, etec.) were
recorded on magnetic tape and played at the subjJect's ear
position in an anechoic chamber, Real tlme spectral analyses
of the entire sipgnal set were made 1n one-third octave bands
and submitted to several computerized analyses.

The signal analysls software first adjusted the spectra of the
slgnals mathematlically to a constant A-level. It then computed
predicted detectabilities (according to Eg. 2} in one-third
octave bands from 50 Hz to 10 kiiz for each signal in each
background. Peak and parallel summaticns of each signal were
calculated from the one-third octave band detectabilitfles accor-

ding to Egs. 3 and &,

Signal selection was accomplished by analysis of differences
in predicted detectabilitles of each signal in each background,
Rank orders of these differences were assigned to each slgnal
in pairs of backgrounds. Signals were selected if theilr pre-
dicted detectabllities differed greatly In different palrs of

backgrounds. Ilgure 1 shows the relative predicted detectabllities

of the flnal set of twenty four signals in the three background
nolse environments.

¥An attempt to maximize the differences between A~level measure-
ments and relative detectabilities of a large set of signals by

analytic technlques was abandoned for a variety of reasons. These
included the small number of maximally different signals, the dif-
ficulty of synthesizing them, and the need for annoyance judgments

ol complex real world signals.
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21 IN PNC-40 BACKGROUND FOR ALL CONSTANT A-LEVELS



-

-

r

.-

- A s g e
SRR ST TR AN

LR

TN TR

P
L

=8

(+ ¥

s

Report No. 3699 Bolt Beranek and Newman Inc.

B. Data Collection

1. Pilot Study

Thirteen audiometrically screened indlviduals were used as
subJects., Each individually compared the annoyance of twenty
four signals heard at fixed levels In an anecholc chamber with
the annoyance of an octave band of noilse centered at 1 kHz. The
comparlsons were made by a procedure known as Parameter Estima-
tlon by Sequential Testing (PEST), described in Appendix A.
Briefly, the procedure required subjects to push a button
corresponding to the more annoying of a palr of two sounds, each
four seconds in duration. A laboratory computer controlling

the equipment that generated the sounds adjusted the level of
the 1 kHz band of nolse until 1t determined that the sounds were

equally anneying within 1 4B.

Instructions to test subjects may also be found 1n Appendix A.
Subjects were tralned In the trial procedures untll their judg-
ments of the annoyance of a sighal compared with 1tself were ne
more deviant than 1 dB. Thils training usually reguired 20 or
fewer paired comparlson judgments. The fraining period was com-
pletéd in about one half hour. Subjects were familiarized with
all of the sounds in a glven session before starting to make

annoyance judgments,

The adaptive palred comparison Judgments were made in sesslons
compogsed of six randomly intermingled "runs'"; i.e., six separate
determinations of polnts of subjectlve equality. Four of the
slx runs In a session were determinations of the polnt of sub-
Jective equality of signals wlth the 1 kHz band of noilse. The

=11-
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other two were runs used to check the validity and reliability
of the subject's judgments. Selectlion of the four signals heard
in each session was counterbalanced over groups of six subjects
to avold potential sequentlal effects. Thus, five counter-
balancings were employed for the 13 subjects. Spectra of the

test slgnals may be found In Appendix B.

One of the check runs was a comparison of the annoyance of one
of the four signals with 1tself. The other check run In each
session was a repeat of one of the other runs. The former type
of check run was termed a "self test" (for valldity assessment)
while the latter type of check run was termed a "test-retest"

(for rellability assessment).

Six sesslons were reguired to complete the testing of the 24
test slgnals 1n each of three nolse backgrounds. SubjJects were
permltted short rest perlods after each half hour of testing,
and never made judgments in more than one noise background on

& given day. The order in which subjects encountered background
noise conditions was also counterbalanced, The background nolse
environment was always present at any time a test subject was

In the anechole chamber.

All of the signals were heard 1n each background noise environment.
The A-weipghted level of each of the three background nocise environ-
ments was 50 dB. Addiltilonally, the twelve odd numbered signals
were heard in all three background nolse environments 10 dB

lower in level (40 dB(A)) and the twelve even numbered sighals
were heard 1In all three background noilse environments 10 dB

higher in level (60 dB(A)}. The signal to noise ratlios under all
level condltlons were constant, however, since the signal levels
and the background noilse levels were amplifled or attenuated

together.
-12-
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2, Main Study

Thirty audlometrically screened subJects compared the annoyance
of the twenty four test signals to the octave band of nolge at

1 kHz 1in the three background noise environments at a fixed

level of 50 dB(A). All procedures were identical to those of

the pllot study; the only difference was that the annoyance
Judgments were collected at the signal levels of Table I in back-
ground noise environments of one level (50 dB(A)).

C. Instrumentation

Figure 2 1s a schematic representation of the equipment used to
generate and present test slgnals. There were four signal
sources: apeclalized circultry that generated phase locked har-
monics of 60 Hz to simulate an electrical transformer; a band
pass flltered noise generator; a cartrldge magnetic tape machine;
and a reel-to-reecl magnetlc tape deck.

Twenty three of the test signals were produced under computer con-
trol by the cartridge tape machine. The background nolses were
prodqced by the reel-te-reel machine. Signal conditioning ecircui-
try (gates, electronic swiltches, attenuators, ete.) was used to
minimize ecrosstalk, hum, and other extraneous nolses, and to
control the rise and decay times of zll signals (250 msee.).

End-to-end electrical callbration of the computer-controlled
interface was accomplished by dally monitoring of voltages
produced across the loudspeaker terminals in the anecholc
chamber by tones of known level, Acoustlc re-calibratlon was
performed at several times during the course of experimentatlon

-13-
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as well. It 1s unlikely that random or systematic errors in
levels greater than + .5 dB could have occurred durlng the

many weeks of data collecton.

-15-



e SR UT T PP,

Eo, g o

W

i

TR S SRR
e L

g

FE s TR T rraterrin

PP

.

U E T eEan

I Y S

(5

el |

e

= B

=B

=l EE

o B

=

&
3

=

] . =
!-._.....‘a SESY e

4

Report No. 3699 Bolt Beranek and Newman Inc.

IV, RESULTS

A, Pilot Study

Since the current study was among the first to concern itself
with the annoyance of intrusive signals, one goal of the
pllot study was to explore the sensitivity of annoyance
Judgments to the absolute level at which test slgnals were
heard. If annoyance judgments depended critlcally upeon
abgsolute level, then one would expect the annoyance of the 2l
test signals to change pgreatly as the presentation levels of
the signals varied. If, on the other hand, annoyance judgments
dlid not depend greatly upon absolute level, but upon relative
level {the difference between signal and background noise
levels), then one would expect liftle change in the relative
annoyance of the set of 24 signals as the background level and

slgnal levels varled together.

As outlined in the Method sectlon, the effects of absolute
level on annoyance Judgments were assessed by presenting test
signals at constant signal to nolse ratios In background nolse
environments of three different absolute levels: 40 dB(A),

50 dB(A), and 60 dB(A). As the background noise level changed
over this 20 dB range, so dld the absolute levels of each test
signal. Note that the range of levels within the set of 24
slgnals (28 dB) was unaffected by this manipulation. The highest
signal level heard by subjects (signal 21 in the 60 dB(A) back-
ground condition) was 86.3 dB(A), while the lowest signal levels
{signals 1 and 3 in the 40 dB(A) background condition) were

38.4 daB(A).

—16-
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The basic measure of annoyance of each signal was the level to

which an octave band of nolse centered at 1 kHz was adjusted

by PEST iIn response to the subjects' judgments. These annoy-
ance values were averapged over all thirteen subjects within
background noise spectra (PNC-40, flat, and rising) and back-
ground nolse presentation levels (40, 50, and 60 dB{(A)).
Product-moment correlations were then computed for these
averaged annoyance values between the 40 and 50 dB(A) presenta-
tion levels and the 60 and 50 dB(A) presentations. No comparison
was possible between the 40 and 60 dB(A) presentation levels
since the same signal was never heard in both background nolse
environments. These correlatlions may be seen in Table II.

TABLE II. PRODUCT-MOMENT CORRELATIONS BETWEEN MEAN
LEVELS OF THE 1 kH=z BAND OF NOISE AT THE
POINT OF SUBJECTIVE EQUALITY WITH TWENTY
FOUR SIGNALS IN THREE BACKGROUNDS

BACKGROUND
ABSOLUTE LEVEL PNC-40 FLAT RISTING
50 dB(A) vs. U0 dB{A) .93 .82 .B8
50 dB(A) vs. 60 dB(A) .92 .95 .91

The vorrelations scen in Table IT are all cglgnifticantly dif-
ferent from zero (i.e., uniikely to have arisen by chance alone)
but not significantly different from one another. Their absolute
values are so hlgh that there can be little doubt that the
absolute levels of the background noilse environment had essen-
tlally no effect on annoyance judgments,

A major effect of presentation levels on the varigbility of
annoyance judgments was observed, however. Figure 3 shows a
strong inverse relatlonshlp between the standard deviations of

-17-
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the thirteen subjects' annoyance Jjudgments and the signals'

presentation levels: as the presentation level lIlncreased, the

standard deviations of the subjects' judgments decreased. 1In
other words, subjects agreed with one another far more about the
annoyance of high level signals than they did about the annoyance
of low level signals. Relatlonshlps similar to that seen in
Flgure 3 were observed in all three background nolse spectra, and
as a function of Judged annoyance as well as presentation level.

B. Main Study

The thirty test subjJects made over 3200 determinations of polnts
of subjective equality of annoyance of 24 test signals with an
octave band of noise centered at 1 kHz, including all training,
valldity, and reliabllity checks. The 720 judgments in each of
three background spectra {2160 in toto) are discussed first.

1. OQOverview of Results

Table ITI displays socund pressure levels of the octave bhand of
nolse at the point of egual annoyance wlth each signal 1n each

These figures are averaged over all subjects, and

background.
Note

reported for the sake of simplicity in A-welghted units.
that the annoyance of some signals changes little over back-
grounds, whille the annoyance of others changes considerably.

Since each slgnal was heard at the same level In all nolse
backgrounds, methods of predicting the anncyance of signals

that are based exclusively on absclute levels would predict

no significant change in annoyance from background te background.
Methods of predicting the annoyance of signals that consider the

-19-~
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TABLE III ANNOYANCE OF 24 SIGNALS IN THREE BACKGROUND NOISE SPECTRA, EXPRESSED AS MEAN
VALUES (FOR 30 SUBJECTS) OF THE LEVEL OF AN EQUALLY ANNOYING OCTAVE BAND OF
NOISE AT 1 kHz IN dB(A)

NC-40 BACKGROUND FLAT BACKGROUND RISING BACKGROUND
MEAN 37D, MEAN STD.  CHANGE FROM MEAN 5TD, CHANGE FRQ
SIGNAL ANNOYANCE DEV. ANNOYANCE DEV. BKG. 1 ANNOYANCE DEV. BKG. 1

1 58.9 10.4 69,1 9.1 +10.2 £8.1 11.4 49,2

3 55.5 9.9 51.8 8.0 - 3.7 52.4 13.8 -3.1

b 65.3 9.5 62,2 9.4 - 3.1 61.8 9.0 ~3.5

5 4.7 8.4 72.5 10.1 -~ 2.2 71.4 9.8 -3.3

& 77.6 10.0 77.4 11.1 - 0.2 73.3 10,2 +4,3

7 75.2 7.1 79.7 6.7 + 0.5 77.1 9.8 -2.1

8 67.3 10.5 69.2 10.5 + 1.9 68.0 10.0 +0.7

. 8 75.3 9.9 74.2 7.3 - 1.1 71.6 8.5 -3.7
iy 10 69.3 8.4 67.5 7.5 - 1.8 68.2 8.3 -1.1
: 11 70.5 9.5 66.6 10.0 - 3.9 66.2 8.3 -4.3
12 81.9 9.6 83.0 7.1 + 1.1 83.3 7.6 +1.4

13 76.2 10.3 76.7 9.8 + 0.5 76,6 9.4 +0.4

14 79.8 8.0 78.8 8.8 - 1.0 77.1 8.3 -2.7

15 67.7 12.7 69.4 11.7 + 1.7 67.7 11.2 0.0

16 66.7 12.9 65.8 12.2 + 3.1 65.9 13.2 -0,8

17 65.8 12.1 66.9 12.3 + 1.1 66.1 14.0 +0.3

18 2.7 9,5 73.2 9,2 + 0.5 71.1 8.1 -1.6

19 56.8 9.1 63.1 9.1 + 6.3 59.3 8.3 +2.5

20 64.9 8.4 68.5 7.9 + 3.6 65.8 9.4 +0.9

21 77.6 11.9 Bo.6 11.3 + 3.0 80.3 11.7 +2.7

22 70,1 12.7 72.5 11.4 + 2.4 69.7 10.6 -0.4

23 Th.0 10.1 75.2 9.6 + 1.2 75.6 10.0 +1.6

24 T4.6 9.4 75.2 T11.4 + 0.6 Th.T 10.1 +0.1

25 75.5 g.6 76.9 9.9 + 1.4 | 75.2 8.9 -0.3

it e s
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effects of background nolses on the annoyance of sounds would,
on the other hand, predict a specifiable pattern of changes in
level. The predicted pattern of change and the observed

B |

-

E [J pattern of change in level are most simply compared by a sign
f test., A non-parametric test of thils sort is of low power,
g f} serving primarily as a screening tocl to determine whether
H more detalled analyses are worthwhile.
;.
“} The sign test 1s conducted by assigning a predicted directlion

of change In annoyance {no change (0), more anncying (+), or

less annoying (-)) for each signal iIn the flat and rising back-
A

BT o

: grounds relative to its annoyance In the PNC-40 background,
tolerance of ,2 dB was used for each category of predletion.
The number of congruences between predicted and observed direc-
tions of change that would be expected by chance alone can then
be compared with the observed number of congruences. If the
number of congruences is significantly greater than would be
expected by chance alone, 1t can be concluded that the background
noise in which a slgnal 1s heard deoes Indeed affect its annoyance.

.3

008

ETX

B2

Since the probability of obtaining by chance alone as many con-

o P B 2 th e sz e B 2 B e AR izt e e

P

;J pruences as were actually oboerved was lecs than .02, 1t was
% concluded that background nolse does influence annoyance Judg-
\ ")
§ L£ ments, and more detalled analyses were undertaken.

- 2. Correlational Analyses

Figures U, 5, and 6 compare observed annoyance with annoyance pre-

dictions made by Eq. 2 and by A-~level, The correlations between

predlcted and observed annoyance are also summarlzed in Table IV,
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% The correlations reported in Table IV exclude one notable

-

; discrepant signal, #21 (a railroad train). Thils distinctive
E signal was Judged much less annoying than elther its A-level
E or signal to nolse ratio (26.3 dB) would suggest. Including
§ Signal 21 would lower the correlations of Table IV slightly

i under most conditions: for example, from .945 to .887 in the
;o case of Eq. 3 predictions in the PNC-U0 baekground, from .838
f to .7B0 for A-level in the same background, and from .B61 to

i’}

1

[ —

f s . 801 for D-level in the same background, The discussion section
g . speculates on the nature of thls discrepancy In the annoyance
i Ez Judgments.
i 53 TABLE IV. CORRELATIONS BETWEEN PREDICTED AND
I} OBSERVED ANNOYANCE IN THREE BACKGROUNDS#*
SE PREDICTION METHOD BACKGRQUND
c: PNC=40 FLAT RISING
d'max (Eq. 3) .945 .640 545
E d'vector {Eq. 4) .892 .696 . H50
Overall Level hho .62 L641
]
L; A-Level .B36 .B1A .B28
" D-Level . 861 LB22 .825
™ PNL .837 770 79
Loudness Level . 807 LTU5 L7152

g0

(Stevens, Mark VI)

#3ignal 21 excluded

3
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All of the correlations in Table IV (other than the overall
level correlations in the PNC-40 background) differ signifi-
cantly from zerc at the .01 level of significance. The d'max
correlation of .945 13 significantly higher than the A-level
correlation in the NC-40 background by a one-tailled test based
on the Fisher r-to-z transform. The other correlations do not

differ significantly from one another.
3. Reliability and Validity of Annoyance Judgments

Two of the slx PEST runs In each sesslon were reserved for
purposes of checking the meanlngfulness and repeatability of
annoyance judgments. Data from these runs were comblned for

all 30 subjects for a total of 540 test-retest runs and 540
self-test runs. The mean difference in self-test (signal
compared with 1tself) judgments over these 540 runs was 0.88 4B,
with a standard deviation of 0,62 dB. The comparable mean
absolute difference in test-retest judgments was 4,17 dB, with a
standard deviation of 1.45 4B,

Subjective diserimination of annoyance derlved from the current
procedure would therefore seem to have a resclution of about #
half a decibel, which 1is equivalent te the resolution ol the test
procedure. The repeatabllity of annoyance Judgments by individual

subjects was approximately + 2 dB.

P b=
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V. DISCUSSION

A, Major Findings

The maJor finding of this study Is that predietions of the
annoyance of a set of low level sounds based on thelr detec-
tabhilities correlate virtually perfectly {(r = .945) with their
Judged annoyance in a conventional background nolse environment
(cne dominated by low frequency energy). In terms of variance
accounted for, the correlation of detectabllity-based predic-
tions wlth judged annoyance accounts for 20% more variance than

the correlation of A-level based predictions with observed

annoyance.

This result is hardly surprising, in that detectability-based
predictions of annoyance c¢onsider an additional parameter that
A-level predlctions do not consider: the relationship of a
slgnal to the background neise in which it 1s heard, In a
sense, this explieit consideration of the effects of audlbllity
of sounds on thelr annoyance represents a return to the ori-

ginal philosophy from whleh A-level measurements wepre first

proposed.

A-level, as explained by Galt (1930), was derived from application
of inverse contours of equal loudness to sounds about 55 dB above
the threshold of hearing, while B-level measurements were intended
for sounds on the order of 70 dB above threshold, and C-level mea-
surements were Intended for yet higher levels. In other words, the
various welghting networks were proposed to reflect the audlbility
of sounds half a century age, at a time when the effects of

-27~
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masking by background noilse on audlbility of sounds were not
appreciated 1n detail.

B. Extension of Relationship to Other Data

An Independent set of annoyance Judgments of 17 low level signals
heard in a PNC-20 nolse background was made by 32 observers for
purposes unrelated to the present study (Pearsons et al., 1978}.
These annoyance judgments were made by the same experimental pro-

cedures described in Section III, at about the same time as the

present data were collected, As a further check on the generality

of the majJor findings ol the current study, detectabllity-based
predictlons of annoyance were also made for this additional body

of data.

Table V containg the sounds and thelr presentatlon levels,

Figure 7 plots the relationships between detectability-based i
and A-level predictions of annoyance with observed annoyance for '
this set of data, The correlation of detectabllity based predic-

tions with observed annoyance 1s .89, whereas the correlation of

A-level predictions of annoyance with observed annoyance 1s only

.H2._ For 17 signals, the A-level correlation does not even differ
gignificantly from 0 (no correlation at all), while the correlation

of detectabllity-based predictions and observed annoyance 1is

significantly different from 0 at the .01 level of significance.

The failure of the A-level predictlons to account for the ob-

served annoyance is attributable primarily to some glaring ;
mispredictions of the annoyance of slgnals with concentrations

o' energy at low and high frequencies. Because of the smaller

effects of masking at high frequencles relative to low frequencles

—28-
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TABLE V. LIST OF SIGNALS AND PRESENTATION
LEVELS IN INDEPENDENT STUDY

A-WEIGHTED

PRESENTATION

SIGNAL # DESCRIPTION LEVEL (dB)

1 Simulated Power Transformer {1) variable

2 Octave Band of Noilse Centered variable

at 2 kH=

3 Transformer {1} 50,0
4 Electric Power Line (1) 45,2
5 Transformer (2) 50.0
6 Electric Power Line (2) by, 6
7 Simulated Power Line 45.0
8 Transformer Shaped Noise hg.8
9 Simulated Power Transformer (2) 49,8
10 Low Pass Filltered Power Line 37.9
11 High Pass Filterecd Power Line 41.9
12 Rain ho,1
13 Traffic 45.2
14 Babhle 55.3
15 Heavy Tractor 54,4
16 Lawnmower 49,9
17 Dishwasher 50.1
18 Alr Conditioner 4n.7
19 Noy Curve 7

~29-
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in the NC-20 background, the detectabllity-based predlctions
were capable of reflectlng the observed annoyance Judpgments

more accurately.

C. Limits of Application of Detectability Predictions

Equation 2, upon which the current predictions of detectablllty
are based, Is a general expresslon for predleting the detec-
tability of long duration, relatively steady state broadband
signals in broadband nolse., Detectabllities of other unusual
signals (for example, signals of very brief duration, or of

very narrow band frequency composition, or of extremely low
frequency content) may not be well prediceted by this equation,
for a varlety of technilcal reasons (Green and Swets, 1966).
Nonetheless, the model accounted reasonably well for the
annoyance of impulsive type typewriter nolse (Signal 15) and two
other non-steady state spectra (Signals 16 and 17). It did, how-
ever, predict that highly detectable low frequency tones {such

a3 the pure tone at 120 Hz of Signal 1) would be much more

annoying than subjJects actually found them to be.

D. Alternative Predictions of Annoyance Based on Signal to
Noise Ratio

As 1s evident in Table TV, the correlations of detectabllity-
based predletlions of annoyance with the observed annoyance
values are inversely related to the slope of the masking nolse
spectrum: the relationship 1s strongest in the familiar falling

spectrum typical of community nolse 1n urban areas, but decreases

in the flat spectrum, and decreases yet further In the rising

spectrum.

-3]1-
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This decrease 1n strength of relationshilp appears to be due to
the relative detectability of the low and high frequency por-
tions of a signal's spectrum. All other things belng equal, the
commonplace fallilng background masks low frequencles most
heavily, the flat background masks all frequencles about equally,
and the rising background maska high frequencles most heavily.
Thus, the same signal 13 likely to be detectable at high fre-
guenecles in the falling background, but at low frequencies in

the rising spectrum.

It 1s well known that low frequencies are not as annoying as
this observation is the basis for many fre-

high frequencies:
By basing predictlons of annoyance

guency weighting procedures.
on detectabllity alone, without regard for the frequency band

within which detectlon occura, a systematic error is induced in
detection-based predictlon egquations. In other words, sounds
which are highly detectable 1in a rising background (by virtue
of thelr unmasked low frequency content), are simply not as
anncying as they are when equally detectable in a falling back-
ground (by virtue of thelr unmasked high frequency content).

To demonstrate thils effect, another set of detectabhllity pre-

diections was generated by applying Eq. 2 only to signal to

nolse ratios in one-third octave bands at or above 200 Hz.
improvement in correlation obtained by deing so is clear: In
the flat background, the correlatlon between predicted and
observed annoyance Increased from ,640 to .763, while in the
rising background, the correlatlion inereased from .545 to .679.

The

~32-
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E. A Notable Anomaly

The greatest dlscrepancy encountered in predieting annoyance
from detectabllity was the surprisingly small annoyance of

Signal 21, a railroad train. Although extremely detectable

by virtue of its very high signal to nolse ratlo (it was heard

at a level 26 ¢B(A) above the level of the background noise),

few subjects found the train aversive. Many subjJects commented
that they enjoyed listening to the traln because 1t was recog-
nizable as a train, because it was "interesting" (contained

wheel c¢licks and other rhythmic and identifiable sounds), because
it was "unusual" (diflferent [rom the other signals), or just
because they liked tralns. The varlance of subjects' Judgments of
the annoyance of the traln was among the highest of any signal in
all background nolse condltions, desplte 1ts high absolute level.

Sinece A-level predictions of the annoyance of Signal 21 were

also consilderably in error, there 1s scme reason to believe that
the pecullarities of the signal were responsible for 1ts over-
estimated annoyance. It remains unclear, however, whether the
failure of detectabllity-based prediction of annoyance to account
for Signal 21's anomalously low annoyance could also bhe attributed
to 1ts high slgnal to nolse ratio. In other words, the background
noise environment may not influence the annoyance of signals that
exceed the amblent level by 25 dB or more.

F, Effects of Different Rules for Combination of Detectabilities
in Different Spectral Regions

Section IT discusses two ways of predicting the detectability
of complex signals (Eqs. 3 and &). The simpler method (Eg. 3),

-33~
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whlech bases the detectability predietion excluslvely upon the
most noticeable portlon of a signal, seems preferable for
present purposes, since i1t may provide a slightly higher corre-
lation with annoyance judgments than the more complex prediction
method (Eg. 4) in eonventional nolse backgrounds. Furthermore,
8ince there is so little difference in the magnitude of the
correlatlion between observed and predicted annoyance associlated
with the two prediction rules, parsimony would suggest selectlon

of the simpler rule,

Note that it remains unclear whether Eq. 3 or Eg. 4 better pre-
dicts the actual detectability of complex silgnals, since no
effort was made in the current study to determine empiriecally

how detectable the test slgnals actually were,

G. On Construction of Scales of Intrusiveness

By Stevens' definitions {(Stevens, 1951), scales may be categorized

as nominal, ordinal, interval, or ratlio. HNominal and ordinal
scales are of little Interest for present purposes, since they
provide no convenient guantitative guildance required for noise
assegsment purposes, Interval scales differ from ratlo scales
primarlily by their arbiltrary zero point and units. Technically,

predicted detectabllity can serve as a ratio scale for measurement
of intrusiveness, since it has a true zero point (complete undetec-

tability). Pragmatically, however, an arbltrary definition is
needed to yleld a useful range of values for assessment. For
example, a definitlon of the form "a noise source may be said to
be intrusive I 25% of the populaticn would be highly annoyed 1f

exposed to it", although arbitrary, would support a readlly inter-

pretable scale.

—3Y4-



Srrtepare i,

iR

8

e e T N R e e

Sram,

i

B

i

i3 .

~E

E

Report No. 3699 Bolt Beranek and Newman Inc.

The current research, which sought primarlly to establish
whether or net detectabllity of low level signals was related
to annoyance, does not provide any direct information about

the levels of detectability that would be most convenient for

a definition of intrusiveness. Thls research does, however,

indicate that scales of annoyance may be constructed from phy-
slcal informatlion about slgnal and background levels. Such
scales would differ only by a constant factor from any detectabl-~
lity-based scale of Intrusiveness that might eventually be

adopted for assessment purposes,

Selection of the origin for a scale of intrusilveness 1s not

readlly Justiflied on the basls of the existing llterature on

annoyance, In the first place, most of the literature aon annoy-

ance from transportation related noise deals with the annoyance

of very high level signals, such as aircraft flyovers. Tt seems

salfe to assume that such high level signals are intrusive; the
problem 1s to find a lower limit, not an upper limit of intru-
siveness. One might therefore turn to adjectlve scales and
categorlcal judgment data such as that of Pearsons and Horonjeff
(1967). A summary figure from Pearsons and Horonjeff (1967) is

reproduced here as Flgure B.

It might be argued from Figure 8 that a sound deseribed as "very
quiet", "soft'", "of no concern”, and "pleasant" (wlth an assoclated
Percelved Noise Level on the order of 60 dB) could not he called
Intrusive, but that a sound described as "noisy", "loud", "barely
acceptable", or "annoying” (with an associated Percelved Noilse
Level on the order of 90 dB) would have to be considered intrusive,
It 1s doubtful whether this 30 dB range of uncertalnty could be
meaningfully reduced through inspection of manipulation of other

category scale information.
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One possible way to preoduce evidence about the physieal charac-
teristics of signals that actually do intrude upon people's
awareness sufficiently to be annoying would be to observe 1n
real tlme the behavior of people in residential settings. Such
field measurements could be made by technlques such as those

of Pidell et al. (1972), and Purcell {(1977).

Alternatively, it may simply be asserted that a signhal charac-
terized by a 4' value of 40.0 is intrusive. This level of
detectability was determined by Fidell (1978) to be a level

that attracted the attention of people engaged in a simulated
automebile driving task. It might be argued that a signal
noticeable enough to cause a drlver to dilvert attention from a
complex psychomotor task such as driving is by definition intru-

sive.

Table VI and Filgure 9 1llustralte some of the concepts presented
in this sectilon as Indications of the ways in which the relation-
ships dlscovered In thls research might be applied for assessment

purposeas,
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o
A
- Table VI. HYPOTHETICAL SCALE OF INTRUSIVENESS
;.Fi IN NC-40 BACKGROUND
¢
| —_ Observedl
o Relative Absoclute 2 Intru- 3
i Signal A-Level Annoyance Petectabllity siveness
- Transformer 4B.4 3.4 28.3 - 1.5
- Blender 48,4 0 36.6 - 0.4
. Egg Beater 52.9 9.8 152.8 5.8
wd Carving Knife 57.6 19.2 333.5 9.2
Jig Saw 58.4 22.1 ThE.T 12.7
a Halr Dryer 62.9 23.7 1079.3 14.3
Lathe 57.3 11.8 187.3 6.7
; D Router 60.7 19.8 780.9 12.9
Belt Sander 56.8 13.8 260.4 8.1
E Hand Driil 55.7 15.0 226.8 7.5
Radial Arm Saw 66.6 26,4 2161.1 17.3
{E Air Compressor 63.2 20,7 1111.0 14.4
1 ‘ Model Alrplane 59.5 24,3 734.0 12.6
Typewrilter 58.5 12.2 374.2 9.7
E Toy Car 53.4 11.2 139.7 5.4
3 Toy Dog 50.7 10.3 124,86 4.9
L Vacuun Cleaner  60.0 17.2 610.5 11.8
E Alr Condil- 51.9 1.3 43.9 0.4
'f; L: tioner
ol Garbage Com- 57.9 9,1 272.7 8.3
i pactor
‘?a [} Train 76.3 22.1 10818. 4 24,3
ﬂ Motoreycle 6h.5 14.6 382.9 9.8
E % H Automoblle 63.3 18.5 990.2 13.9
; - Bus 62.14 19.1 634.0 12.0
oy Lawnmower 63.9 20.0 528.2 11.2
T o

lEmpirical data, in dB re adjusted level of 1 kHz occtave band of nolse
at polint of equal annoyance for Signal 3.

in any 1/3 octave bhand from 50 Hz to 10 kHz.
re d' = 40, in dB.

2
3d'max
|
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|

X
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VI. CONCLUSIONS

1) The predicted detectability of everyday low level sounds

{on the order of 50-70 dB{A}} heard in a nolse environment with

a commonplace falling spectrum accounts for almost 90% of the
variance in subjective Jjudgments of the annoyance of such sounds.
The correlation between annoyance and predicted detectablility is
higher than the correlations of annoyance with conventional fre-
quency-weighted measures of signal level alone under these
conditions. The remaining unexplained variance 1s as likely to

be due to random factors, such as the llmits of resolution of data
collection or the conslstency of human annoyance judgments, as to
any systematiec faetors., Thus, the predlcted correlation of detec-
tablllity with annoyance 1in everyday background nolse environments
ls not likely to be surpassed by any other theoretically based
physical measure of acoustle signals,

2) One implication of this linding is that the background noise
In which sounds are heard has a considerable dnfiuence on thelr

annoyance.

3) The relationship between predlcted detectability and annoyance
of low level signals noted in 1) above is strong enough to support
arbltrary scales of intrusiveness, which differ from a ratic scale
of absolute detectabllity conly by constant factors.

4} Variability in subjective judgments of the annoyance of low
level signals 1s negatively correlated with the absolute levels

of such signals.
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5) Varying the absolute levels of a set of low level signals
over a 20 dB range doesg not affect thelr relative annoyance 1f
their signal«to-nolse ratios are preserved.
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APPENDIX A
PEST PROCEDURE EMPLOYED FOR SUBJECTIVE JUDGMENT TES3TS

Parameter Estimation by Sequential Testing (PEST) 1s
a computer based adaptlve psychophysilcal procedure whilch
administers an iterative form of the standard palred com-
parison task tc human observers. PEST 1s called an adaptlve
procedure because the sequence ¢f slgnals heard by an obser-
ver 1ls not fixed 1n advance, but rather is determined by
his ongoing responses. PEST thus preserves many of the
advantages of the palred comparison method while galning
the speed and convenlence of an adjustment method.

BBN's implementatlon of the PEST is based on an inter-
actlive teletype conversation between the experimenter and
the computer-based system. The system acguires informatlon
needed for conduct of an experiment by inquiring of the
experlmenter the values of a serles of parameters which
determine the course of the PEST procedure, Initlally, the
computer requests ldentificatlion of the observer, the sig-
nals employed, and the experimental session. The next
questlons posed by the computer concern the relatlve levels
at which slghals are presented to the observer on subsequent
trials.

The experimenter may then specify a standard operatling
procedure conslsting of predetermined values of a dozen paraz-
meters such as the intersignal interval, Intertrilal interval,
initlal step size, maxlmum step size, degree of confldence
in the nbserver's raesponses, anticipated diregtion of first
step, and region of interest of the psychometric functilon.

A final question serves to delay onset of a trlal series
untll the experimenter and observer are ready to procede.
Upon receiving an affirmative response to the question
"READY?", the computer types a data heading and awalts filnal
confirmation in the form of "START" switch depression by an
observer in an adjacent anechole chamber.

The trilal procedure 1s a two Interval forced cholce, 1n
which cne signal (the standard} is invarlant over trials,
while the other signal (the comparison) may change in level.
Approximately one second after START swiltch closure, the
computer presents o pair of signals and waits for the obser-
ver to declde on hls preference for the signal of the filrst

A-1
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= or second interval. Upon reeelpt of the observer's response,

the computer calculates the level at which the comparison
5lgnal will be presented on the next trial. After another
y - pause of approximately one second, the computer inltlates
; Jj the next trlal by prescnting a modilfied signal pailr.

PEST determines the lncrement in comparison slgnal level

} I? as follows (Taylor and Creelman, 1967).

; 1. On every reversal of step direction, halve the

i = step size,
bi

§ 2. The second step in a glven direction, if called

{ - for, 1s the same slze as the [irst.

E'“ 3. Whether a thlrd successive step in a glven dir-

£ gctlon is the same as or double the second depends
r? on the sequence of steps leading to the most recent
(°H reversal. If{ the step immediately preceding that

reversal resulted from a doubling, then the third

e step 1a not doubled; while 1f the step leading to

the most recent reversal was ncot the result of a
doubling, then this third step 1s double the second.

I=
-

The fourth and subsequent steps In a glven directlon
are each double thelr predecessor {except that large
steps may be disturbing tc a human observer and an

.3 £

f: upper limit on permissible step size of 16 dB 1s
! o maintalined}.
% b The system provldes information about the progress of
é ‘; each cun Lo ithe form of "UE"™ and "DOWNY lights (signifying
; the directilon of change of comparlson slgnal level on the
i " current trial), and alse in two digltal counters which cum-
2 Li rlate numbers of trlals and of declslon reversals.

A run, composed of a varilable number of trilals, 1s
terminated when the system determines that suffliclent infor-
mation has been collected. The general stopping criterion
for a run 1s satisfled when the antlecipated step size is 1 dB.
When a run termilnates, the computer prints the number of the
run, the level of the comparisan signal on the last trial of
s the run, the number of trials 1n the run and the mean response
i latency. The program 1s usually set to determine the peint of
subjective equality, or the level at which observers judged the
standard and comparison signals equally hoisy.
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TEST INSTRUCTIONS

During this experiment, you will hear a seriles of pairs of
sounds. Your Job will always be the same: to decide which
sound of a palr 1s more annoylng. The sounds you hear may
vary in level from time to time, based on your opinions
about which are more annoylng. Sometimes they may be quite
loud, and other times they may even be hard to hear.

For the computer to keep track of your declsions about which
sounds are mere annoylng, you will have to follow a flxed
procedure. A trlal starts when the button marked "1" on your
response box lights up. As long as Button 1 1s lighted, you
wlll be hearing the first sound of a pair. A short while
after the light in Button 1 goes out, Button 2 lights up. As
long as Button 2 is lighted, you willl be hearing the second
sound of a palr. When the lilght in Button 2 goes ocut, you
must press elither Button 1 or Butten 2 to indlcate which
sound you felt was more annoylng.

The pairs of sounds you will hear will not be presented in

any systematlc pattern, but will be randomized by the computer.
Since there are no "right'" or "wrong" znswers and since there
18 no pattern to the order in which you will hear pairs of
sounds, there are no fixed strategles to help you make up your
mind about which sound of a palr is more annoying. All ve
ever want to know is which sound of a palr 1s more annoylng

to you at the moment you make your decislon. Please pay careful
attention to the sounds at all times. We reallize that 1t may
be difficult to make decislons in some cases, but it is very
important that you try hard.
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