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The need for predicting audibility

Avoid intrusive or annoying sounds

Unmanned Arial vehicles (UASs) Urban Air Mobility (UAM) vehicles Other sources

Assure audibility
Alarms, telephone ring tone, speech, music over a given ambient noise. etc.

Some benefits:

« A common method for virtual assessment of any sound in presence of another sound
» Explaining root cause for audibility vs. time and/or frequency

» As an effective noise metric (hot topic — e.g., AES standards SC-04-09 )
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Challenges and Basic Approach

A flexible algorithm to predict the audibility of a given signal in presence of masker.

Deal with any combination of a signal and a masker:
Variation with time, level, frequency, bandwidth, envelope, modulation, etc.

The model must capture the complex function of the auditory system at the periphery and higher levels
Nonlinear with both level and frequency
Frequency masking
Feedback and focus and tracking of the signal

Detection below the level of the masker
Uncertainty Equal Loudness Contour Comparison

Binaural hearing attributes (2003)
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Basic Approach: Reliance on the model of loudness :>
Nonlinear sensitivity with level and frequency
Nonlinear to change in level (A)
Absolute threshold of hearing
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Specific Loudness
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specific loudness at two different time
instances for a sample sound

» Specific loudness is the estimate of the strength of sound perceived through different AFs.
« SAP method relies on the specific loudness of the signal and the masker to estimate audibility as it occurs; i.e., with time and frequency.
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d-prime or sensitivity

Specific loudness™ is assumed to capture “observations” through individual auditory filters. As such,
observations arise with a specific probability from either the signal or the masker. According to
Signal Detection Theory (SDT), the problem of discrimination (or detection) is a statistical question
which relies on testing of statistical hypotheses.
Define sensitivity as:
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with
us and u, - mean of AF response for signal and noise —— masker
o, and o, - standard deviation of response for signal and noise — signal

d’ measures the mean difference of two distributions normalized to their common standard deviations

* viewed as capturing internal response 6



SAP Model

1. Compute specific loudness vs. time for the signal and masker as inputs (at the observer)
2. Compute d-prime (sensitivity) within each AF for time span dt:

] specific
ISPLt,l loudness
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ISPL. ; mean Instantaneous Specific Partial Loudness (ISPL) for iy, AF at time t dtztyy

o, and o, - standard deviations for the signal and noise sliding | / L
o — small correction when signal is minimally present window [
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frequency

3. Compute overall enhanced sensitivity at time t when/if many auditory filters are involved:
1

_ =N 2 \2
d, = ( 'izl(d,t,i) ) fori=1,2 3,..n=39 AFs Root Sum of Squares (RSS)



Performance Validation

Low frequency tones and a tone complex



Performance Validation (pure tones)

Signal tone frequencies: 55, 120 and 200Hz

Masker: nominal spectral level of 31 dB/Hz and 40-250Hz
Test method: adaptive 3-Alternative Forced Choice
Number of test subjects: 9

.
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under adaptive 3AFC test process

Rafaelof, M., Christian, AW., Shepherd, K.P., Rizzi, S.A., and Stephenson, J.H., e
"Audibility of Multiple, Low-Frequency Tonal Signals in Noise," NASA TM-2019-220398, September 2019.
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Performance Validation (pure tones)
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See common legend
SAP predictions:
Dark blue trace is the mean value of d’

Light blue traces represent the upper and lower %95 limits of the mean = mean -/+ z*SE

assuming normally distributed d’ and computing variance for 1sec long moving window

SE = sqrt(variance)

z =1.96, the 97.5 percental point of the normal distribution 10
Shaded lighter blue represent the range to the upper and lower %95 limits of the mean
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Performance Validation (complex tone)

Signal: fly-in noise by a civilian helicopter 50
Masker: urban environment ambient noise

Test method: 3-Alternative Forced Choice

Test subjects: 40

Test location: four seats, Exterior Effects Room (EER)

o
o

'
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Approach: Source fly-in noise has been sampled 150
times throughout its range; i.e., from completely
inaudible to fully audible. This sampling resulted in 150
snippets (800msec in duration) which were presented
randomly to subjects over the ambient noise as part of

3AFC test process.
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Performance Validation (complex tone)
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Mean subject response data for 36 subjects
Front row: seat 1 and 2 12
Back row: seat 3 and 4
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	Run four times for each seat recordings. Save predictions
	for plot uses
		plot_with_confInterval() for SAP predictions
		plot_responses_with_confInterval () for subject response data
	used 3msec averaging of seat recording data
Run
C:\Users\mrafaelo\Documents\SAP 2022\SAP II work\ICHIN3a_complex_tone_AS350\plot d' resutls\PlotAS350.m
To merge seat data and to include subject response data



Ongoing Work

1. Accounting for the detection of the signal below the level of the masking noise

1, 2 & 3 : Potential factors explaining earlier detection by subjects

13



Detection of the signal below the level of the masking noise

Approach:
* Rely on audibility data in literature for pure tones to check predictions
« Establish a correction to account for the ability for detection below the level of the masking noise

14



Hearing below the level of the masker

Subject test data*

Masked Threshold (MT) data
gathered for pure tones with
different frequencies in
presence white noise.

Seven curves for seven
different noise levels

)
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The level of test tone just masked by white noise of different density levels as function of test-tone frequency.
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*source: Figure 4.1 (pp. 62), Psychoacoustics Facts and Models Hugo Fastl and Eberhard Zwicker 3rd edition



Hearing below the level of the masker

2

Difference between empirical data T
In Figure 4.1 and predictions by
SAP assuming d’ = 1 for many

pure tones™. T

difference (dB) =
Tone MT — SAP prediction

MT data - SAP prediction (dB)
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This data points to nonlinear sensitivity of detection with frequency

*30 test tones for each curve However, mostly, independent of the level. -
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Hearing below the level of the masker

. Individual maskers

Polys8 fit

Difference between empirical data in
Figure 4.1 and predictions by SAP - |
method expressed as a change in d'.

d-Prime difference

A single d’ correction curve, N
independent of level, vs. frequency. e

Frequency (Hz)
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Hearing below the level of the masker
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*source: Figure 4.1 (pp. 62), Psychoacoustics Facts and Models Hugo Fastl and Eberhard Zwicker 3rd edition




Demonstration

Case Signal (fly-over sound) Masker sound
1 Helicopter NYC ambient
2 SUIl drone UPS truck
3 Distributed Electric Propulsion (DEP) vehicle |box truck

A task for this audience:

Try to consider d’” as a simple noise metric that could gauge intrusiveness or annoyance.
Please provide comments.

d’ as a noise metric: derived from instantaneous value of d’ vs. time.
« Peak or rms value of d’ or log(d’) for single events
» Integrated value of d’ or log(d’) with respect to time for cumulative effects

19



Sheet1

																Schem for identifying the best AEDT modeling approach to capture source directivity

																				Mixed														Case		Signal (fly-over sound)		Masker sound

												Flight mode		ANOPP II		FW (not mixed)		Hel (not mixed)		FH1 		FH2		Comments										1		Helicopter 		NYC ambient

										Dynamic mode		D								Hel		Hel (2)		Constant KTAS										2		SUI drone		UPS truck 

												L								FW		FW		Constant KTAS										3		Distributed Electric Propulsion (DEP) vehicle		box truck

												A								Hel		Hel (2)		Constant KTAS

												HF1		Hel for Dep/Arr FW for en-route								increased number of NPDs

												FH2		Two Helicopters for Arrival and Departure with Fixed-Wing En-Route								increased number of NPDs






Helicopter --- NYC

car horn

Hel_mask.Wavelet Analysis
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Helicopter --- NYC

Helicopter --- NYC

SAP predictions
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SUl drone --- UPS truck

UPS_mask.Wavelet Analysis

L/dB(SPL)

SUIl_sig.Wavelet Analysis
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SUl drone --- UPS truck
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Distributed Electric Propulsion (DEP) --- box truck

Box_mask.Wavelet Analysis

DEP_sig.Wavelet Analysis

20

24

L/dB(SPL) 90




Distributed Electric Propulsion (DEP) --- box truck

DEP --- Box

SAP predictions
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Conclusions

A new modeling approach has been developed based on the hypothesis that audibility is more
accurately discerned within individual auditory filters.

» The main attributes of this approach are the prediction of audibility vs. time and frequency, which is
essential for achieving high prediction accuracy while enabling the user to identify root cause(s) for

audibility. Another attribute of SAP is the ability to predict audibility at a desired probability or
sensitivity (d’).

« While validation samples were restricted to low-frequency sound, existing data for both discrete

tones and complex tones with changing spectrum illustrate the performance of SAP in terms of its
prediction accuracy.
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