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INTRODUCTION

The nolse signature of a distant hellcopter when first aurally
detected by an unailded human observer in the field is usually
not much greater in level than the background noise in the
observer's vicinity. As small fluctuatlons in signal levels
(due to the vagaries of long range propagation of the heli-
copter's acoustlc emissions through an inhomogeneous atmosphere)
and/or fluctuations 1n ambient noise levels (due to random
variations in the background noise process) perturb the signal
to nolse ratio at the observer's ear, the hellcopter 1is dis-
continuously audible.

For example, when atmospheric conditions favor propagation of
acoustic energy in the frequency range in which a helicopter 1is
maximally detectable for a few hundred milliseconds, and when
background nolse levels happen to be simultaneously low, a
distant helicopter may be momentarily audible. Moments later,
however, a moving helicopter may become inaudible and remain

so for several seconds for any of a large number of reasons.
These 1nclude changes in source levels during various flight
maneuvers (Reference 1), shielding from terrain features,
random wind gusts, etc.

Algorithms for predicting ranges at which helicopters first
become audible should therefore recognize the intermittent and
short duration of audibility. Thils in turn requires consi-
deration of the effects of duratlion of human audibility of

1Lowson, M. V., and Ollerhead, J. B., STUDIES OF HELICOPTER ROTOR

NOISE, USAAVLABS TR 68-60, U.S. Army Aviation Materiel Labora-
tories, Fort Eustils, Virginia, January 1969, AD 684394,
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acoustic signals, and of the interactions between duration and
signal frequency.

l This report Adescribes research undertaken to determine whether

‘ the Applied Technology Laboratory's existing procedures for ,
predicting detection ranges of helicopters require revision to ‘
account for any potentlal differences in the time period over

which people integrate signal energy at different frequencies.




LITERATURE REVIEW

The most common framework for considering effects of duration
on the ear's sensitivity to acoustic signals rests on the
assumption that the ear 1integr.ites the power of an acoustic
signal over a fixed period of time. The period of integration
1s usually referred to as the time constant of the ear. Zwis-
locki's mathematical model of "temporal auditory summation"
(Reference 2) provides a useful framework for the following
discusslon:

10 log (I,/I_ ) = 10 log[l/(l-e_t/T)] Eq. 1
t ©

where It is the signal power (e.g., in watts) required for
detectlon of a tone of duration t, I_ is the power required for
detecting the same tone of indefinitely long duration, and T is
the time constant.

Equation 1 models sensory processes that occur up to a few
hundred milliseconds after the onset of stimulation. The time
constant (1) of Equation 1 represents the amount of time that
must pass before near-steady-state conditions are reached.
Within this time period, a doubling of signal duration improves
detectlion performance by approximately 3 decibels. In other
words, 3 dB less signal to noise ratio is needed in this tem-

poral regime to detect a signal twice as long as another. N

For prolonged stimulation (i.e., signal durations much longer
than 1), cognitive rather than sensory factors govern the

oy

2

Zwilslocki, J. J., THEORY OF TEMPORAL AUDITORY SUMMATION, Journal
of the Acoustical Soclety of America, 32, 1046, 1960.




abllity of human observers to make detection decisions. These
nonsensory factors are discussed more fully on page 34 et seq.
of thls report. For reasons discussed more fully later, a
doubling of signal duration in this temporal regime improves
detection performance by only about 1.5 decibels.

Although most researchers subscribe to this general view, there
1s "remarkably little agreement about the duration of the ear's
time constant" (Reference 3). Fidell et al. (Reference 3)
provide the following brief summary of estimates of the ear's
time constant: "One of the first to investigate the time con-
stant of the ear was von B&késy (Reference 4). By varying the
duration of an 0.800 kHz sinusoid, he concluded that about 180
msec was needed for 1t to reach its maximum loudness. Munson
(Reference 5) used frequencies of 0.125, 1.000, and 5.650 kHz and
estimated the time constant to be about 250 milliseconds. Miller
(Reference 6) used broadband noise and estimated the time con-
stant to be about 65 milliseconds at the higher sensation levels.

3Fidell, Sanford, Karl S. Pearsons, Mario Grignetti and David M.
Green, THE NOISINESS OF IMPULSIVE SOUNDS, Journal of the Acous-
tical Soclety of America, 48, No. 6, Part I, 1870.

uvon Békésy, G., ZUR THEORIE DES HORENS. UEBER DIE BESTIMMUNG

DES EINEM REINEN TONEMPFINDEN ENTSPRECHENDEN ERREGUNGSEBIETES
DER BASILARMEMBRAN VERMITTELS ERMUDUNGSERCHEINUNGEN, Phys. 2.,
30, 115-125, 1929.

5Munson, W. A., THE GROWTH OF AUDITORY SENSATION, Journal of the
Acoustical Society of America, 19, 584~-5G1, 1947.

6Miller, G. A., PERCEPTION OF SHORT BURSTS OF NOISE, Journal of

the Acoustical Society of America, 20, 160-170, 1948,
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Small, Brandt, and Cox (Reference 7) performed a similar experi-
ment, but found consistently smaller values. At high levels

the time constant estimated by Small et al. arpears to be 1in

the range of 10-20 milliseconds. Von Port (Reference £) investi-
gated a variety of brief impulsive sounds. Most were gated ncliscc

of different bandwidths., center frequencies, and levels. He
estimated that 70 milliseconds was a reasonable value of the time

constant for a variety of stimuli. Von Niese (Reference 9) has
summarized a number of studles from the Dresden Laboratories.
He concluded that 25 milliseconds was a good average time con-
stant value and argued that this estimate agreed nicely with
reverberation time estimates. Von Zwicker (Reference 10) took
issue with the conclusions of the Dresden group and presented
more data from the Stuttgart Laboratory consistent with the
longer estimate, approximately 100 milliseconds. Stevens and
Hall (Reference 11), using a magnitude estimation technigue,
measured the time constant at about 150 milliseconds.

7Small, A. M., Jr., J. F. Brandt, and P. G. Cox, LOUDNESS AS A
FUNCTION OF SIGNAL DURATION, Journal of the Acoustical Society
of America, 34, 513, 1962.

8von Port, E., UBER DIE LAUTSTARKE EINSELNER KURZER SCHALLIM-

PULSE, Acustilca, 13, 211-223, 1963.

9Von Niese, H., METHODE ZUR BESTIMMUNG DER LAUTSTARKE BELIEBIGER
GERAUSCHE, Acustica, 15, 117-126, 1965,

10V0n Zwlcker, E., EIN BEITRAG ZUR LAUTSTARKEMESSUNG IMPULSHAL-

TIGER SCHALLE, Acustica, 17, 11-22, 1966.
Hgtevens, J. C., and J. W. Hall, BRIGHTNESS AND LOUDNESS AS A
FUNCTION OF STIMULUS DURATION, Perception and Psychophysics,
1, 319-327, 1966.

10



No one factor accounts for this variability in estinmaiec 27 ¢
ear's time constant, although factors such as experimental yrou-
cedures, instructions to observers, and individual differences
probably account for 2 falr amount of the variability. Watccn
and Gengel (Reference 12) contend that a major part of the wvar:-
ablility may be attributed to genuine differences in the duraticn

of the time constant as a function of frequency. Table 1,

adapted from Reference 12, catalogs a number of studies from

which Watson and Gengel conclude that "the form of the (temporal,
integration functlon has been found to change with freguency,

in that the time constant 1s reduced as frequency is increzzed

in all experiments that satisfy the followlng conditions:

A) The range of signal durations investigated is wide enough
1S

*3

to allow significant (as, 10-20 dB) differences between shor:t-
tone and long-tone thresholds;

B) A wide enough range of frequencies is investigated, gene-
rally, a range including at least the frequencies 250-4C00 Hz;
and

C) A relatively precise psychophysical procedure is used."
In summary, there 1s good reason to believe that the time con-

stant of the ear is on the order of 200-300 milliseconds, and
that 1t varies inversely with signal frequency. No Information

is available about the duration of the time constant at fre-
quencies below 100 Hz. Watson and Gengel (Reference 12, Figure
6) present evidence that the time constant varies from about 150
milliseconds at 125 Hz to about 50 milliseconds at 8 kHz, a range
of roughly 5 dB.

12Watson, Charles S., and Roy W. Gengel, SIGNAL DURATION AND
SIGNAL FREQUENCY IN RELATION TO AUDITORY SENSITIVITY, The
Journal of the Acoustical Society of America, 46, No. T,
Part 2, 1969. 11
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RATIONALE FOR CURRENT INVESTIGATION

The purpose of the current study was to test a key assumption

a prior study undertaken for the Applied Technology Labtoratcr:..
The prior study (Reference 27) attributed differences in signz!l
to nolse ratio necessary to maintaln constant detecticn rorfarc
mance at varilous frequencles to frequency domain effocte,
"Effective masking bandwldths" were estimated from the data -t
Fidell et al. (Reference 27) by assumlng that all other +3+ 10
being equal, observed differences in signal te nelce rat!t.

necessary to maintain 76% correct detectlon perfoprman-c 1.
two-alternative forced cholce task in which clucrvers &0
a sinusold of varilous frequencles in noise couid b vy o0

to differences in masking bandwldths at the vartoas “ro oo
This assumption 1s essential to Fletcher's (hoteroc o)
"critical ratio" argument used by Fidell et al. (ke

Because the 750 msec duration of the sinuscids detooro i v

Reference 27 was much longer than the time constant of
it was not possible to determine whether the frequency dep .-
dence of the ear's time constant affected the estimat..
masking bandwlidths inferred by the critical ratio m.rio..
overall intent of the current research was to determin
differences in integration time at different frejucon-t. o
revision of earlier estimates of masking bandwidins.

2TP1de11, S. A., R. D. Horonjeff and D. M. fGrecn, LOW Fhic ol
ACOUSTIC DETECTION RESEARCH IN SUPPORT OF HUMAN DETEYTI 00 Lo
PREDICTION, USARTL-TR-79-25, U.S. Army Resecarch and Terbhon 1o
Laboratories, Fort Eustls, Virginia, October 1074, Al' A " 7.,

28F1etcher, H., SPEECH AND HEARING IN COMMUNTCATIN, New Yoo,

Van Nostrand, 1953.
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The principal goals of the current study were therefore to
extend existing information about the duration of the ear's
time constant to lower frequencies, and to adetermine the
relationship between integration time at these lower fre-
quencies and at higher frequencies. This relationship must
be known in order to assess the validity of the "all other
things being equal' assumption that permitted inference of
effective masking bandwidths in the frequency domain in

Reference 27.
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METHOD

PILOT STUDY

A pllot study was undertaken as a preliminary investigation of
the effects of signal duration on detectability at various fre-
quencies. The pllot study took advantage of an ongoing study of
the symmetry of the auditory filter supported by the U.S. Army
Tank-Automotive Research and Development Command (Reference 29).
The goal of this study was to investigate the shape of the hypo-
thetlical auditory filter through which people are assumed to
detect signals embedded 1n noilse.

The logic of the TARADCOM study differed from that of Reference

27 in that masking bandwldths were measured directly rather than %
Inferred by the critical ratio argument. The masking bandwildths '
were measured by forcing observers to listen for a sinusoid
within a gap 1n the background noise spectrum that was dis-
contlnuous in the frequency domain. Digitally manufactured
nolse with precisely specified band 1limits and exceptionally
steep skirts constralned the observers' listening strategies.

The trial procedure was a two-alternative forced cholce detection
task In blocks of 50 trials with a constant signal to noise
ratio. Detectlon performance at each frequency was assessed at
several different signal to nolse ratios. Best fitting regres- i
sion 1llnes to these data were obtained for each observer and each '
frequency by calculating least square regression solutions to

points in the linear portions of the psychometric functions.

29Fidell, S. A., R. D. Horonjeff, S. R. Teffeteller, and D. M.
Green, REVISION OF ACOUSTIC DETECTION RANGE PREDICTION MODEL
BASED ON PSYCHOACOUSTIC STUDY OF LOW FREQUENCY MASKING, Bolt
Beranek and Newman Report 4421, June 1980.
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The -slopes and intercepts of these regression equations were
then averaged over all observers at each frequency to yield best
fitting regression lines in order to estimate differences in
signal to nolse ratlos necessary to maintain constant detection
performance. All testing for the TARADCOM study was conducted
at a single, fixed signal duration of 250 milliseconds.

The pilot study was conducted in conjunction with the TARADCOM
study to provide an lndependent check on the critical ratio
estimates of masking bandwidths of Reference 27. Observers were
tested at additional signal durations of 100, 125, and 1000
milliseconds. All testing was conducted at 124 Hz with a con-
tinuous background nolse spectrum. That is, the nolse did not
contain a discontlnuous spectral notch in the frequency domain.
Estimates of signal to noise ratios necessary to maintain con-
stant detectlion performance at different signal durations were
used as an independent check on estimates derived from the main
study.

MAIN STUDY

Five observers (of 22.2 years average age) were paid at the rate
of $3.50 per hour to investigate possible differences in detec-
tion performance caused by differences in integration time at
different frequencies. (Observers in the previous low fre-
quency acoustic detection study conducted for the Applied Tech-
nology Laboratory [Reference 27] detected sinusoids at 1000,
500, 250, 125, 63, and 40 Hz in a two-alternative forced choice
detection task at a fixed signal duration of 750 milliseconds.)
An Incomplete factorial design of comblnations of fregquencies
and durations was used in this study.

The range of signal durations was chosen from 50 to 1000 milli-
seconds. A priori information suggested that the integration

18




time of the human auditory system 1s approximately 20(-7 "
seconds. Thus, three durations were chosen for tezting on

elther side of this range. These durations in~luded %0, 20,
200, 500, 750. and 1000 milliseconds.

Signal durations shorter than 50 milllseconds were aveided Tow

two reasons. First, as noted by Garner and Miller ir. 1247

(Reference 15), rapld gating of a sinusold at shorter cdurations

spreads slgnal energy into spectral regions higher than {he

fundamental frequency of the sinusoid, thus complicatin, analvoc:

of temporal domaln effects. Second, signals with duraticr -
shorter than 50 milliseconds are essentiallv irpalszes, wio oo
detectabllity may not be well predicted by the steady-ot
equations built into the Applied Technology Laboratory's rane.
prediction software (Reference 30).

Table 2 contalns the combinatlions of sinusolds and duraticnv
heard by the five observers in the main study. The ord. »r 1n
which observers encountered sinusolds of varylng durations waor
randomized, except at 40 Hz. Data were collected lact at thls
frequency due to delays for equipment repairs and recalibratd
of the sound reproduction system.

Y

30Abrahamson, A. Louls, CORRELATION OF ACTUAL AND ANALYTIOAL
HELICOPTER AURAL DETECTION CRITERIA, Vol. 1, UJAANMRDI —=ThH-Tih-

102A, U.S. Army Air Mobility Re%earch and Development Tl oo-

tory, Fort Eustils, Virginia, January 1074, "1 b:o0 007!
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TABLE 2. SINUSOIDAL SIGNAL FREQUENCIES, BACKGROUND NOISES
AND DURATION CONDITIONS TESTED

Narrow Band Wide Band
Background Noise Background Noise
Lo 62 125 125 250 1000
Hz Hz Hz Hz Hz Hz
Frequency
Duration

(ms)

50 X X X X X
100 X X X X X
200 X X X X X X
500 X X X X X
750 X X X X X X

1000 X X X X X

Sinusolds at 500 Hz were not included in the detectlon task of
the current study although slinusoids at this frequency were
included in the prior study for the Applied Technology Labo-
ratory (Reference 27). Sinusolds at 500 Hz were omitted since
the data collected at 125, 250 and 1000 Hz varied by only a
small degree. Prelimlnary findings suggested that the greatest
difference 1n Integration time of the human auditory system
would be observed at low frequencies. Thus, greater emphasis
was placed on detectlon tasks below 125 Hz.

New software was developed to provide trialwise adaptive ad-
Justment of signal presentation levels. Trial-by-trilal adjust-
ment of signal to noise ratios was adopted because of 1its great-
er efficiency relative to blockwise adjustment of signal to
noise ratios. In the prior study conducted by BBN for the
Applied Technology Laboratory (Reference 27), data were col-
lected under 32 test conditions (combinations of signal fre-
quencles and durations); thus a more efficlent means of col-
lecting data was required.
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In the trialwise-adaptive twc-alternative forced choice signal
detection procedure, the level of the signal can he adjusted
after each detection decision. The method was drawn from the
famlly of block up-and-down methods (Reference 31) in which the
level of the signal 1s adjusted after a subset of trials, For
example, in the "2 down, 1 up" procedure, the computer lowers
the signal to nolse ratio followlng each incorrect decision.
The program can also look for a "3 down, 1 up" subset of trials
in whlch three correct detection judgments are required at a
given signal to nolse ratio before lowering the level of the
signal. The "2 down, 1 up" procedure estimates 71 percent
correction detectlion performance from the test subject while
the "3 down, 1 up" method estimates 79 percent correct detec-
tion.

The current experiment was set up to define a 76 percent correct
level. To obtain this level of performance, the computer ini-
tially waited for two correct responses to lower the leyel of
the signal. Thereafter, the computer randomly chose hetween two
and three correct responses before lowering the level of the
signal. Further details on the experimental operating pro-
cedures may be found in Appendix A along with sample line print-
er and oscilloscoplic outputs.

Three background nolse spectra were used in the study. Atten-
tion was once agaln paid to the influence of absolute level on
detectabillity since Stevens (Reference 32) suggested "the
critical duration (or endpoint of energy integration) appears

31
Levitt, H., and L. R. Rabiner, USE OF A SEQUENTIAL STRATEGY
IN INTELLIGIBILITY TESTING, Journal of the Acoustical Soclety

of America, 42, No. 3, 1967.
32

Stevens, S. D. G., AUDITORY TEMPORAL INTEGRATION AS A FUNC-

TION OF INTENSITY, Journal of Sound and Vibration, 30(1),

109-126, 1973. 51




to bécome shorter with increasing overall level'.

Table 3 shows the spectrum levels of the Gaussian masking noise
used in this study. Sinusoids at 1000, 250 and 125 Hz were
detected in nolse at a spectrum level of 40 dB. Sinusoids at
125 and 40 Hz were detected in noise at a spectrum level of 60
dB, and tones at 63 Hz were detected 1in noise at a spectrum
level of 55 dB. Table 3 also shows the assumed masking band-
wldths at each frequency, derived from the data of the previous
study conducted for the Applied Technology Laboratory (Reference

27).

TABLE 3. MASKING NOISE SPECTRUM LEVELS

Masking
Noise
Assumed Masking oOver-

Tone Masking Spectrum Noise all SPL

Frequency Bandwidth Level Bandwidth (dB re:
(Hz) (Hz) (dB re: 20uPa) (Hz) 20uPa)
4o 90 60 17-400 85.8
63 66 55 17-400 80.8
125 70 60 17-400 85.8
125 70 o 17-2000 73.0
250 66 ho 17-2000 73.0
1000 153.3 ko 17-2000 73.0

¥*Taken from Reference 27, Table III, Page u5.
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Observers detected the sinusoids in blocks of 1. =i

forced choice trials. An individual trlal cortainei '
tion intervals of a duration specified by the cxpopims:
observation intervals were separated by 500 milli. .o
sponse interval of 750 milliseconds follcwed tho sl

tion interval.

During one of the two observatlon 1uterwvals, o cinuscold ot

t t

tone frequency was embeddsd ':. 'l conbinueus vookeround

Vet

Observers were Instructed to "» ci: cns of twoe 1i1:-hoted swie-

at this time to indicate the observation interval 4n whic: - .-

sinusoid was thought to have occurred. If a rosponce wes ool
during the response interval, feedback was surrlicd
observer by lighting the response switch correspondin; o
Interval in which the tone actually occurred. An Inuwiror
period of 500 mllliseconds separated successive trisic.

To encourage conscientious performance, a bonus was

each block of trials based on the observer's dotection pori -

mance relative to the average detection performance 3t a rive

frequency and duration. Observers were tested in dally D-hon

sessions with rest breaks approximately every 20 miruves.

Ing continued over a period of several weeks undey “p.. 0.
tening conditions 1In an anecholc chamber. PFigure 1 15 o b1oo
diagram of the equipment used to conduct the expreriment. - _

structlons to test subjects may be found in Apprendix ..
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RESULTS

PILOT STUDY

Preliminary data used to estimate the signal to noise ratios
necessary for 76 percent correct detection were obtained at
four different durations of sinusolds at 124 Hz, from 100 to
1000 milliseconds. Psychometric functions were estimated for
each duration over a range of signal to noise ratios. The
signal to nolse ratios were adjusted to the performance of each
observer. As a rule, signal to nolse ratios slowly decreased
over successive blocks of trials to avoid a sudden degradation
in detection performance.

Signal to noise ratios were generally lowered in 1-dB steps
until performance fell below‘90 percent correct detection.
Further adjustments were madé in 0.5-dB steps. However, it was
frequently necessary to repeat signal to nolse ratio conditions
several times to obtain stable estimates of performance at a
given level, and least square regression lines at each frequency
and signal duration were frequently based on a small number of
data points due to rapid degradation in detection performance
by observers. Thus, the major finding of the pilot study was
the need for a more efficlent psychophysical procedure to be
used in the main study.

MAIN STUDY

The signal to noise ratios* for 76 percent correct detection
performance (corresponding to d' = 1) averaged across the filve
observers are shown in Figures 2 through 6. Table 4 shows
results for individual observers. The signal to noise "ratilos"

¥See Appendix C.
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are based on the sound pressure level of the sine wave at each
frequency minus the average spectrum level {(dB per Hertz) of the
nolse over the estimated masking bandwidths of Reference 27 (see
Table 3). Notice that as signal durations at all frequenciles
increase, the signal to nolse ratios required for a constant level
of detection performance decrease.

Figures 2 through 6 show two least square regression lines. The
first regression line 1s drawn through the three shortest dura-
tlion points that fall below the expected 1ntegration time of

the ear. The second line 1s drawn through the three polnts
presented at duratlons longer than the expected integration time.
In all cases, the signal to noise ratio for 76 percent correct
detection performance decreases as the duration of the signal
inereases.

Effective masking bandwidths were estimated for six frequenciles
with signal durations of 750 milliseconds 1n the previous study
for the Applied Technology Laboratory (Reference 27). Sinusoids
presented at 750 milliseconds were included in the current study
along with five other durations of signal in order to compare
the results of the two studies. Figure 7 compares the average
signal to noise ratios when 4' = 1 with a signal duration of

750 milliseconds for the previous and current studles for the
Appllied Technology Laboratory.

Figure T also shows the 95 percent confidence interval about the
mean when d' = 1 at each frequency. As can be seen from Figure
7, the differences at higher frequencies (above 125 Hz) are
unlikely to have arisen by chance alone. No simple explanation
can be provided for the differences at the higher frequencles.
However, greater consideration should be given to the mean values
found in the current study, due to the increased precision
afforded by the psychophysical procedure used in the current

study. ]
2
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Figure 7. Comparison of Signal to Noise Ratios at 76% Level
at Different Frequencies During lst Study and 2nd
Study With 750 Millisecond Duration.

33




The effect of the duration of the signal, which was of most
interest 1n the study, was examined by plotting the signal to
nolse ratlos as functions of signal frequency and duration. The
expectation was that at shorter slgnal durations, signals of

equal energy (defined as the signal sound pressure level plus 10
times the logarithm of the signal duration) are equally detectable.

Figure 8 shows regression lines through the signal to noise "ratics"
correspondlng to d' = 1 polnts averaged across the five observers.
The metric of the ordinate, E/NO, is the signal energy in decibels
(sound pressure level plus 10 times the log of the duration of

the signal in seconds) minus the spectrum level of the noise in
decibels (sound pressure level 1in a 1-Hz wide band). Table 5
contalns the E/NO values at the 76 percent correct detectlon

level for all observers at five frequencles. These values differ
from those in Table 4 only by the 10 log duration correction.

The E/NO values for each observer plotted as functions of the

log of the signal duration may be found in Appendix B.

The data collected at signal durations of 50, 100 and 200 milli-
seconds suggest that detection performance wilth signal durations
shorter than the audltory Integration time depends on the signal
energy alone. A horizontal line 1s drawn through the average

of the three data points in Figure 8 at the shortest durations.
The mean deviatlion about the horizontal line 1s only 0.2% dE

for all frequencies.

For signal durations 1n excess of the aural integratlion time,
prior research, along with mathematical models of the detection
process, suggested that detection performance 1s based on a
vector summation of the signal detectability (d') in sequential
nonoverlapplng integration periods. That 1s, iIf the signal
duration 1s longer than the aural integration time, the listencr
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in dB

Signal Energy to Noise Spectrum Level Ratio (E/N,)

Figure 8.
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will (1) divide the total signal duration intoc N segments, cuch
of which is only one integration period long, (2) compute the
signal detectability separately for each segment, and (3) compute
the composlte detectablility for the entire signal by

@, = [@?+ @+ ... @@

Under such a detectlon model the signal energy required for

equal detectabllity increases at the rate of 5 dB per multiple of
10 times duration. A best fitting regression line of this slorne
is shown for the data at the 500, 750 and 1000 millisecond dura-
tions at each frequency. The Intersection point of the two lirne
segments provides the best estimate of the aural Integratlion tir-
at each frequency. At 63 Hz the aural integration time appears
fo be less than that at 125 Hz and above. However, the estinn-«¢

9]

of integration time at U0 Hz provided by the intersection of i
two line segmerts is almost equal to the integraticn tirs

1000 Hz.

i

The difference in E/NO values for detection of signals of 7¢:
milliseconds duration (the duration used in Reference 27) aud f:»r
those within the constant energy regime was of central interes*
In this study.

Table 6 shows the AE values, or the difference in E/No values
found with a 750 millisecond signal duration and the average

E/No value over the 50, 100, and 200 millisecond durations (the
equal energy regime). The average AE value 1s also shown for
each frequency in Figure 8. Note that at 125, 250 and 1000 Hz
the mean differences are relatively small (2.2 dB). Deviations
about this mean were only 0.5 dB. Using Fletcher's critical
ratio, such small differences produce only minor changes in masi-

ing bandwidths estimated by the critical ratio assunption.
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The largest difference occurred at 93 Hz, whoere o 3.4 GI ¢l
ference from the E/NO value found at 750 millizecaords duratior
and the constant energy average was obzerved. Howsver, a5 i
Hz the difference was 2.7 dB, identical to the differericc
observed at 1000 Hz.

TABLE 6. AE VALUES AS A FUNCTION OF FREQUENLCY, IN 4B

Subject
Frequency 1 2 3 4 5 ¥ o

49 1.4 3.4 1.7 k.5 2.3 e ]

63 3.5 3.2 - 4.0 3.8 > f e
125 2.2 0.8 .2 0.8 2.0 1.3
250 1.3 1.6 .5 1.8 1.9 S

1000 2.5 2.5 - 3.5 1.6 2.7 v

Figure 9 shows the average AE values found at the five freguo:i-
cies and the 95 percent confidence interval around each mean
value. The lack of systematic differences in AE values over the
frequency range of Interest suggests the absence of meaningTul

duration effects as a function of frequency.

Sinusoids of 125 Hz were presented at all six durations in a bvazwv-
ground nolse spectrum level of 40 dB. The same signals were aglcor
detected at 200 and 750 millisecond durations 1in a 60 4B hazi-
ground noise spectrum level. The average differerice in deteco-
tion performance observed between the two noise level conditicr:s

was 1.4 dB. A difference of 1.6 dB was found betwesn these * -

background spectrum levels in Reference 28. The excellen*




agreement of these two findings substantlates the effect of
absolute level of the background noise on detection perfor-

mance.
é
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Figure 9. Average AE and the 95% Confidence Interval as a
Function of Frequency.
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DISCUSSION

The orderliness of the data shown in Figures 2 through 6 reflects
the precision of the psychophysical procedure employed in this

study. For signal durations less than the aural integration time,
data points never deviate more than 0.25 decibels from the least
square regression line. For the higher signal durations, the
maximum deviation from the regression lines is less than 0.5
decibels. Considering that each data point was determined on

the basls of approximately 1500 two-alternative trials, this
regularity 1is not altogether surprising.

Initial estimates of the aural integration time from the liter-
ature (approximately 200-300 milliseconds) were, in retrospect,
excellent for purposes of experimental planning. The three
signal durations chosen on either side of this value fell decided-
ly into the temporal regimes (shorter and longer than the audi-
tory integration time) discussed on pages 32 et seq. Durations
at or near the integration time appear to have been successfully
avoided as planned.

The dashed lines shown in Figure 8 are the best fits of the data
to the detection model for the temporal regime greater than the
auditory integration time. Note that the ordinate in Figure 8
is signal energy, not signal level. Under the model the signal
energy required for equal detection performance should remain
constant up to durations equal to the integration time. For
greater durations, the required signal energy should increase at
a rate of 1.5 dB per doubling of duration. The dashed lines of
these slopes appear to fit the data quite well, with maximum
deviations of 0.5 dB. The intersection of these two lines
provides the best estimate of the aural integration time. Note
that at all frequencies except 63 Hz, the estimates fall in the
range of 220 to 310 milliseconds, but with no apparent sys-
tematic dependency on frequency. The exception, 63 Hz, actually
b1




estimates an integration time (141 milliseconds) which is in
the constant energy regime and is in all probability unrealisti-
cally iow. There 1s, unfortunately, no immediate explanation

for this anomaly.

Upon more careful inspection of the 500, 750 and 1000 milli-

seconds data points in Figure 8, it appears that a slightly

steeper slope (perhaps 2.0 to 2.3 dB per doubling) might provide

a better fit to the data. This slope would alleviate the anomaly

found at 63 Hz, but would requlre a reassessment of the assumed

detection medel at higher durations. To put this slope into

some perspective, 1.5 dB/doubling provides the very best de-

tection performance when the observer uses all of the informa- :
tion over the total slignal duration with perfect recall of '
assessed detectability in each temporal subdivision. In con-

trast, 3.0 dB/doubling would be expected 1f the observer listened

for only one integration period, made his judgment, and complete-

ly ignored the remainder of the signal duration. Thus, a slope

of 2.0/doubling indicates that the observers are still able

to perform the temporal subdivislon process, but may either

(1) forget or underrate the assessed detectability of the

signal at its onset, or (2) become somewhat less vigilant in

the detection task toward the end of the signal.

The comparison of signal to nolse ratios in Figure 7 suggests
non-negligible differences between results obtained in Reference
27 and the current study. With the exception of 40 and 63 Hz,
data from the two studies do not fall within each other's 95%
confidence intervals. Although the different trial procedures

of the two studies might account for some of this difference,

it seems unlikely that the differences would be frequency
dependent. The 1ncreased precision of measurement of the psycho-
physical procedure used in the current study 1is thought to pro-
vide more reliable and stable results than those of Reference 27.
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Table 7 compares estimated masking bandwidths for the current
study and Reference 27. These estimates are based on aprlicats
of Fletcher's critical ratio assumptions to the data of Talle 73
(in the case of Reference 27) and Figure 7 (in the case of +*he
current data). The two sets of estimates are 1in conciderable

disagreement at frequencies below 125 Hz.

TABLE 7. BANDWIDTHS OF HYPOTHETICAL AUDITORY FILTER INFERRED B
FLETCHER'S CRITICAL RATIO METHOD

Estimated Masking Bandwidth Tresent
Center Frequency (Hz) (Reference 27) (Hz) Study (:z)
1000 153% S
250 66 s
125 70 52 :
63 66 170 ?
40 90 an 3

¥Forced to agree with value assumed in Reference 30.

It seems clear that the low frequency masking bandwidth esiimatec

of the present study are simply not credible. For the hypolhe-

tical auditory filter centered at 40 Hz to be 260 Hz wide, 1t

would have to be far more asymmetric than 1t 1s known to be on

the basls of other research (Reference 29). For that matter,

the estimate of the masking bandwidth at 40 Hz from Reference

27 (90 Hz) 1s also implausibly wide. :

The obvious problem 1s the assumed reference bandwidth of 153 H:

at 1000 Hz. This value was chosen to agree with the value incor-
porated 1in the acoustlc detection range software described in
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Reference 30. Abrahamson 1in turn adopted thils value from the
research of Greenwood (Reference 33). Patterson (Reference 34)
has since shown that Greenwood's estimate 1s too large by a
factor of at least two, due to inappropriate assumptions about
the detection strategles used by the observers in Greenwood's

experimentation.

A more generally accepted value for the effective masking band-
width at 1000 Hz 1s about 65 Hz. Applying Fletcher's critical
ratio assumptions to the current data with this reference value
produces a masking bandwidth estimate of 35 Hz at 125 Hz, a figure
in good agreement with the estimate of 28 Hz from Reference 29.
Since no testing was conducted at frequencies below 125 Hz in
Reference 29, it 1s not possible to determine how meaningful the
wider bandwidth estimates obtained in the present study at 63

and 40 Hz may be.

These anomalies in the frequency domain, whlle meriting further
study in their own regard, do not affect the overall conclusion
that can be drawn from the current study in the temporal domain.
There 1s no reason to modify the predlction model of Reference 30
on the basis of the emplirical evidence of systematic differences
in temporal integration intervals at low frequenciles.

33greenwood, D. D., AUDITORY MASKING AND THE CRITICAL BAND,
Journal of the Acoustical Society of America, 33, uU84-502,
1961.

]

34Pat'cerson, R. D., AUDITORY FILTER SHAPES DERIVED WITH NOISE
STIMULI, Journal of the Acoustical Soclety of America,
59, 640-65L, 1976.

by

i
1
j




CONCLUSIONS

1) The signal to noise ratio that human observers require to
maintaln a constant level of detection performance (percent
correct decisions) decreases as the duration of the signal to
be detected increases from 50 to 1000 milliseconds.

2) Detectlcn performance of human observers listening for
acoustic slgnals embedded in noise can b: modeled as a simple
energy integration for signal durations less than about a
quarter of a second (t in Eq. 1, p. 8 = 240 milliseconds).

3) For present purposes, the integration time of the human
auditory system (1) may be regarded as invariant over the
frequency range of U0 to 1000 Hz. Thus, no modification to
ATL's acoustic detectlon range prediction software 1s needed
to account for differences in the short term (less than a
quarter of a second) detectability of acoustic signals of
different frequencies between 40 and 1000 Hz.

4) Low frequency masking bandwidths inferred from the data
of the present study are wider than those Inferred from the
data of Ref, 27. Both sets of estimates are very sensitive
to small changes (+ 1 dB) 1n signal to noise ratios needed to
maintaln constant detection performance at low frequencies.
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RECOMMENDATIONS

Because ATL's acoustic detectlon range prediction software
1s insensitive to signal duration, it predicts the same
detection range for both instantaneously and continuously
audible signals. The results of the present experimentation
clearly show that signals of greater duration require lower
signal to nolse ratlos to be detected with the same pro-
babllity as signals of shorter durations. Analyses of the
present findings show two relatlonships between signal to
noise ratios needed for constant detection performance as

a function of signal duration:

1. For signal durations less than the integration time
(1), human detection may be modeled as a simple energy
integration 1in which process signals of equal energy
(product of amplitude and duration) are equally detectable.
Signal 1levels required for constant detection performance
therefore decrease by 3 dB for every doubling of duration.

2. For signal duratlons greater than the auditory inte-
gration time, human detectlon may be modeled as a temporal
subdivision process in which detectability (4') is in-
dependently assessed 1n seguential, nonoverlapplng inte-
gration perlods and 1s orthogonally vector summed. Signal
levels required for constant detection performance therefore
decrease at a rate of 1.5 dB for every doubling of duration.

If 1ncorporated in ATL's software, these relationships would
improve the generality of 1ts prediction algorithms,
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APPENDIX A
TEST PROCEDURE

The trialwlise adaptive two-alternative forced cholce sipnal
detectlon procedure bhegins with a conversation betweern the
experimenterr and the computer-based system. The system promit
the experimenter for information needed to conduct the expori-
ment by inquiring about the conditions for data collection. TFr.
program begins bty typing a one-line ldentifler and waiting for
the experimenter to type one of three commands. A "C" directr
the program to enter callbration mode. The experimenter ic
asked for the data and experimenter identification. The prorrar
then asks for specific Information about the signal and th.
background noise and allows the experimenter to adjlust the level
of each. The experimenter adjusts the level of the sir/nal to

20 dB above the level at which it 1s barely auditle. When the
calibratlon procedure 1s complete the program returns to command
mode.

The second command, an "M", allows the experimenter to chanrge
the varlous operating parameters of the program. The progran
presents the current values of the parameters for confirmation

and/or modification. The experimenter may change the three
trial parameters which define the length (in msec) of the obser-
vation, Intratrial and response intervals. The experilimenter
then specifies the maximum number of trlals to be presented in !#
a given block of trials, and the initial step size and the ,@
smallest step size in declbels. The experimenter can also
request paper tape output.

Next, the experimenter specifles stopping criteria: the desired
size of the 95% confidence interval in decibels and the maxinum
number of reversal cycles. The experlment terminates either ‘




B S —— ——e

when 1t reaches a criterion confidence interval or by completing
a specified number of reversal cycles in responses.

The bonus parameters may also be altered by the experimenter.

The experimenter defines the bonus 1n cents to be paid for an
average performance by the test subject as well as the addi-
tional payoff for performance that falls above or below average.
A differential payoff rate 1is calculated 1in cents per decibel
deviation from average performance. The experimenter also limits
the maximum bonus pald to the test subject. The program does

not permit a negative bonus to be computed.

Following definition of the operating parameters, the experi-
menter proceeds to actual running of the program by typing an
"R" for Run. The experimenter enters the subject identification
and specifles a starting signal-to-noise ratio in dB. The
program can continue to operate automatically for a number of
runs as determined by the experimenter. The experimenter's

last input to the program is signal to nolse ratio at the
detectlion level of interest. A heading 1s printed on the tele-
type for information supplied to the experimenter followlng each
block of trials.

Finally, the experimenter types a 'space' to start the experiment.
This causes the "Start" button on the subject's response box to
light up. After depression of the "Start" button, a grid on a
storage oscllloscope 1s plotted and the experiment commences.
This display provides a real-time plot of two experimental
parameters: the level of the signal and the performance of the
subject. Figure A-1 shows a sample of the grid displaying the
level of the slgnal on each of the two-alternative forced cholce
trials. For each signal presentation, the display indicates
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Figure A-1. Sample of Output on Oscilloscope Displayv.




whether the response was correct - "C/R", incorrect - "I/R",
or that there was no response - "N/R" by placing a circle 1in
the proper area of the grid. The signal level for the next
trial 1s dlsplayed on the grild just before it is presented to
the test subject. The performance of the subject 1s shown at ;
the top of the grid.

The oscilloscopic display shows the level of the signal and the
response of the subject for the entire block of trials. The
signal 1s init1ally presented at a very high level sco that it

is clearly audible. Adjustments to the signal to nolse ratioc

o

are initially large, but are halved after the first reversal of
direction of adjustment untll a minimum step size criterion ic

reached.

After two complete reversal cycles the program checks to deter-
mine 1f 1t has reached a minimum step slce as specified by tio
experimenter., If the current step csice enuals the minimum =t
slze, the computer considers the first two reversal cycleo acg
tralning and proceeds to cumulate statiztics of detection rer-
formance. If the step size 1s atcve the minimum step sice, i
computer continues with another cycle ¢of tralning triales urntil
a reversal is reached. A minimum of two training cveles 1

required at the beginnling of each tlock,

The first 21 trlals, shown In Flgyure A-1, werc treated arc

training trlals. Followlng twe reversal eoyclen the computer

bersan cumulat ing response data., The subiect completed 7
reversal cyvcles In the remainine~ 77 trial: of the bloce.  The ﬂ

computer terminated the block after &1 trinle whern 14 detorrmty
1 N o T .

that there were too few remalning <rinal- i the Y1 ooy o

compy lote antther reverczal cvieie,




The experimenter may halt the experiment while the progran

is running in four ways: typing a "T" causes the experiment

to stop after the next trial; typing a "C" causes the experi-
ment to halt after ccmpletion of the next reversal cycle;
typing a "B" causes the program to halt after the next block

of trials; and typing an "R" halts the experiment after com-
pletion of the next run. The experimenter may cancel any cf
the operator intervention commands by typlng a 'space' before
the experiment halts. After the experiment stops, statistics
cumulated up to the point of stopping for the block are printed
on the teletype. However, the statistics are not cumulated for
output on the line printer untll the experimenter indicates
whether to keep or discard the current block. The experimenter

then elects either to continue or end the run.

Statistics are printed on the line printer for each reversal '}
cyvecle., Figure A-2 shows an example of the output to the line
printer for a block of trials. The output first indicates the
number of training trials for each block. For each reversal
cycle, the beginning and ending time are printed along with
the mean signal to noise ratio for the cycle, the number of
trials before a reverse response occurred and the number of
trials in which the subject falled to make a response.

Cumulative statistics for the blocks are provided starting
with the first reversal cycle. The mean signal to noise
ratic, 95 percent confidence 1Interval, and the percent correct
in interval one and interval two are cumulated until the end
of the block.
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TRIALWISE ADAPTIVE TWO-ALTERNATIVE FORCED CHOICE
SIGNAL DETECTION PROCEDURE

SUBJVECT: SAF DATL 0% MAY 1980

SIGNAL 400 1iZ A1 10HZ REP RATE EXPIRIMENTER RDH

NOISE: GAUSSIAN BBN JOIk & 008084

OBSERVATION IN1 VI (MSEC) 750

INTRA-TRIAL IN1 'Vt (MSEC) 500 MAX DI1LP SIZE (DB P

RESPONSE INT ‘VI  (MSEC) 1000 MIN S1fP S12E (DB} 10
CURRENT REVERSAL CYCLE CUMULAYTIVE  INFORMATION
REV MEAN # OF MIS&H MEAN L7 FAR R B A R o]

BEGIN { NI CYCLE S/N TRIALS RESP S/N C ) INT1 INTZ

11 25 27 11 D/ o4 (TRAINING) 25 o]

11 27 %4 11 e 2y i1 -11 0 9 o) -11 0 0 00 BO O 75 C

11 28 2 11 DU o) 2 =119 7 o] -1t 028 V0 O 83 3

11 28 51 11 s 017 3 -120 3 o] -1 L 0 u6 66 & 8L 7

11 29 01 11 o7 1 4 -~-12 0 3 0 ~11 /7 C e 69 2 777

1129 11 11 o 30 S ~-11 0 ] [¢] 11 L 0 23 86 6 82 G

11 29 32 11 2% 51 6 -11°3% & (] -1 L 0 5 700 78 ¢ '

11 29 53 11 30 0! 7 120 3 o] R B AN (AR TR B B A

11 30 ¢1 I SN g 8 -120 4 [o] -1 7 ¢l T3 s TS L

11 3¢ 17 11 o Ay 9 -9 9 9 o] I S VRe [P I T

11 30 41 11 31 01 16 -10 0 4 o] i Y N CHER TS T 4

11 31 01 11 st 1/ 1 -10 0 q o] R G s 74 0 e

11 31 17 13 U3 37 (END/BLOCK) o] O :

11 32 01 11 30 30 (TRAINING) 24 &

11 33 32 11 44 17/ 1c -10 9 13 0] N N V- - T B )

11 34 17 31 un A 13 -10 9 7 [¢] b B T T G Y - O VA S N

11 34 a2 11 L 0n 14 -7 4 7 [o] -11 G C 2B w7 & 714

11 35 05 11 I De 15 -9 4 5 o -10 7 ¢ AY 48 Ty 7

11 3% 24 11 3. 32 16 -9 4 3 0 -10 & ¢ 0 6T 3 72 3

11 3% 34 11 Uun O 17 -10 & 8 o] -10 {« O 27 &Y 3 75 0

13 36 02 11 46 1w i -1 4 5 [¢] -10 &0 0 25 7 3 75 4

11 36 19 11 34 3 19 -11 4 3 [¢] -10% 0 A4 87 3 75 a

t1 36 3 11 37 01 20 -10 9 < 0 -30 7 0 A0 6?7 Te 2

11 37 01 11 37 Q1 (END/BLOCK) (o] 0

Figure A-2. Sample Line Printer Output.
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TEST INSTRUCTIONS

This experiment will test your abllity to hear a faint ziyral.

]

The signal will always occur 1n distirct trlals. Each trial is
composed of two listening intervals. The butftons in front of
you labelled "1" and "2" light up during the first and seccnd
listening intervals of each trial, respectively. After listening
during the two intervals, your job 1s to push either Button "1"
or "2", corresponding to the listening Interval in which you
think the signal has occurred.

The signal you are listening for will occur equally often in
each listening interval, but In random sequence. Since there is
no pattern whatscever to the order in which the signal occurs

in the two listening intervals, you must base your decision

solely upon what you hear.

A constant background of nolse will be playing in the chamber at
all times. The signal will be easy to hear when the test first
begins. The level of the signal will be gradually adjusted acccr-
ding to your correct or incorrect decisions. When yvou make a
correct response, the level of the signal 1is lowered. When you
make an 1incorrect response, the level of the signal i1s raised. Or
some trials the level of the signal will be so low that you will
have difficulty deciding which listenling interval contained the
signal.

Regardless of how confident you feel about your declsion, you
must push one of the two buttons on each trial. You have at

least a 50 percent chance of getting a correct answer just by

guessing.
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If you do not make a response, the level of the signal remains
the same. Thils prolongs the length of the experiment consi-
derably. Remember that the signal always occurs auring either
interval 1 or 2 of each trial, even 1f you are not certain of
the interval 1n which 1t occurs.

You must respond 1n the one second interval following the presen-
tation of the two listening intervals. Do not respond before

you see the light corresponding to interval 2 go out. Directly
after your response on each trial, the button corresponding to
the listening interval in which the sound actually did occur will
l1ight up briefly. This will let you know immediately whether

your declsion was correct or incorrect.

An experlimental session continues until your percentage of
correct decisions has reached a predetermined level. In order
to end an experimental session as rapldly as possible, it is
therefore necessary for you to listen very carefully on each
trlal, and to make your decision as best you can.

54




APPENDIX B
GRAPHICAL SUMMARY OF
INDIVIDUAL SUBJECT DATA

This appendix contains plots of detection data for each test
subject. Tabular data from these graphs may be found in Table
5 of this report.
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Figure B-1. E/N0 Vs Duration Curves for Subject 1.
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Figure B-1. Continued.
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Figure B-2. E/NO Vs Duration Curves for Subject 2.
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Figure B-3. E/N0 Vs Duration Curves for Subject 3.
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Figure B-4. E/No Vs Duration Curves for Subject 4.
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Figure B-5. E/NO Vs Duration Curves for Subject 5.
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APPENDIX C
TERMINOLOGY FOR SIGNAL TO NOISE RATIO MEASUREMERTS

Throughout the text of thils report, slgnal to nolse ratio quanti-
tles are expressed in different forms (e.g., S/N, E/NO, or in
words) as appropriate to the context of the discussion. 1In all
cases, thr intent of the terminology 1s to express the division
of a quantitative measure of signal intensity by a quantitative
measure of nolse intensity. The bandwldth of the signal measure-
ment is implicitly taken to be 1 Hz, since the signals of interest
are pure sinusoids. The bandwidth of the noise measurerient is

also 1 Hz, unless otherwlse stated.

Consider, for example, the quotient of signal power (in watts)
and noise power (also in watts). Dividing signal power by noilse
power yields the dimensicnless ratio referred to as "signal to
noise ratio". This ratio can also be expressed 1n decibels by
multiplying the logarithm (base 10) of the quotient by 10, as:

ratio in decibels = 10 log (§) = 10 log (S) - 10 log ()

1i

where: 10 log (8)
10 log (N)

signal level in decibels

nolse level 1in decilbels.

From the above equation 1t is clear that the ratio in decibels may
be obtained by simply subtracting the noise level (in decibels)
from the signal level (in decibels). Since sound levels (signal
or noise) are both conveniently measured 1n decibels, it 1s most
c¢onvenient to express thelr power ratio in decibels as well.
Unless otherwise stated, all signal to nolse ratios 1n this re-
port are presented in declbels, along with a brief description

of how the signal and nolse quantlities were each measured.
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