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Abstract

The purpose of this study is to characterize auditory filters at low frequencies, defined as below about
100 Hz. Three experiments were designed and executed. They were conducted in the Exterior Effects
Room at the NASA Langley Research Center, a psychoacoustic facility designed for presentation of aircraft
flyover sounds to groups of test subjects. The first experiment measured 36 subjects’ hearing threshold for
pure tones (at 25, 31.5, 40, 50, 63 and 80 Hz) in “quiet” conditions. The subjects, male and female, had a
wide age range. This experiment allowed the performance of the test facility to be assessed and also
provided screened test subjects for participation in subsequent experiments. The second and third
experiments used 20 and 10 test subjects, respectively, and measured psychophysical tuning curves (PTCs)
that describe auditory filters with center frequencies of approximately 63 and 50 Hz. The latter is assumed
to be the lowest (bottom) auditory filter; thus, sounds at frequencies below about 50 Hz are perceived via
the lower skirt of this lowest filter. All experiments used an adaptive, three-alternative forced-choice test
procedure using either variable level tones or variable level, narrowband noise maskers. Measured PTCs
were found to be very similar to other recently published data, both in terms of mean values and intersubject
variation, despite different experimental protocols, different test facilities, and a wide range in subjects’
age.
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1 Introduction

Noise associated with transportation sources, primarily aircraft and road traffic, has received much attention
over the past several decades and has resulted in a range of standardized assessment methods and noise
metrics, many of which rely on the integration, over time, of the A-weighted sound pressure level (e.g.,
refs. [1, 2]). This paper is concerned with the impact of low frequency noise, which typically arises either
from sources with dominant low frequency content (e.g., helicopters and sonic booms) or sources at long
distances for which high frequency content has been attenuated by the atmosphere and terrain (e.g., distant
jet aircraft and road traffic). It is questionable whether A-weighted levels are suitable for assessing such
sounds with dominant low frequency content. For the purpose of this study, “low frequency” is defined as
being below about 100 Hz.

The human hearing system has been functionally characterized as a bank of bandpass filters and numerous
experimenters have investigated the attributes of these presumed filters over the past eighty years (e.g., refs.
[3-7]). Among other findings, it is generally recognized that when listening to a sound, humans are able,
subconsciously, to place these bandpass filters at optimum frequencies. For example, if the signal of interest
is a pure tone then a filter can be placed so that the tone is maximally resolved from any noise that is present
at nearby frequencies. Most of this work has concentrated on the frequency range relevant to speech
perception, with relatively little attention paid to the lowest frequencies. Furthermore, in contrast to higher
frequencies, there are conflicting conclusions regarding auditory filter bandwidths at these lower
frequencies [8, 9]. This lack of knowledge regarding human hearing is very important for the determination
of the audibility and annoyance of low frequency sounds.

Recent work by Jurado [10, 11] indicates that the human hearing system has a “lowest” or “bottom”
bandpass filter and thus sound below its tip frequency is perceived via the lower skirt of this lowest band.
Jurado performed his tests using special-purpose headphones and a unique test chamber, a testament to the
challenges of performing studies at these low frequencies. The differences in filter characteristics between
test subjects were found to be quite large.

The main purpose of this research effort is to replicate Jurado’s efforts using a different test facility and a
somewhat different test methodology. In order that the results can be generalized and applied to
environmental noise assessment and audibility, a larger number of test subjects, representative of the
general population, is required to describe average filter shapes and bandwidths.

2 Experimental Approach and Test Procedures

2.1 Test Facility

The Exterior Effects Room (EER) [12] at the NASA Langley Research Center is an acoustically treated
laboratory designed to produce high-fidelity sounds, primarily for evaluation by human test subjects. The
EER is composed of 27 mid-to-high frequency satellite loudspeakers and 4 subwoofers, with an overall
compensated frequency range of 16 Hz — 20 kHz. Although it has a seating capacity of 39, most
psychoacoustic tests utilize far fewer seats in order to achieve uniform sound exposure of test subjects. For
several reasons, the current test employed a single seat and a single loudspeaker. The low frequency nature
of the test sounds requires only the subwoofers and not the satellite loudspeakers. Furthermore, in this
frequency range the acoustic treatment on the walls and ceiling of the room is ineffective and results in
unacceptable spatial variation in the sound field amongst the seats. A series of measurements within the
facility identified the best arrangement as being one in which a single test subject was positioned close to a
single subwoofer (Figure 1 and Figure 2). This arrangement has the advantage that higher sound levels can
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be achieved at the test subject location due to the proximity of the subwoofer. Figure 3 illustrates that this
arrangement resulted in relatively small variations of the sound field in the vicinity of the test subject’s
head. The variation observed in the vicinity of 25 Hz was of some concern but subsequent tests in which
subjects were presented with tones at that frequency showed no anomalous results. Measurements made at
a location corresponding to the center of the head (in the absence of the test subject) were used to
characterize the acoustic exposure. A number of acoustic wedges were placed in front of the subwoofer to
attenuate any high frequency sound associated with movement of air through the port of the subwoofer.

FRONT WALL

Figure 2: Single subject test setup: seat 4A in front of 16L subwoofer speaker.
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Figure 3: Variation of sound pressure level in vicinity of the test subject head center.

The operational range of the facility, in terms of frequency and sound level, is primarily determined by the
performance of the loudspeakers. However, for current purposes in which test subjects were tasked with
identifying signals in the presence of noise, there are two important additional factors. The first is the
background noise in the laboratory due to the building’s internal noise sources (primarily the heating and
air conditioning system) and perhaps from other external noise sources. The second is the generation of
rattle sounds by, for example, light fixtures vibrating in response to low frequency sound generated in the
psychoacoustic testing. These rattle sounds could potentially provide auditory cues associated with the
presence of inaudible signals, but fortunately they occur only at relatively high signal sound levels. The
end result is that these two factors limit the operational range of the facility, as shown in Figure 4. The
EER’s heating and air conditioning system was switched off when test subjects were present.

2.2 Test Stimuli

The acoustic test stimuli utilized in the following experiments had common characteristics. All pure tones
and broadband sounds were digitally generated. Sound pressure measurements made at a position
corresponding to the center of a test subject’s head were used to construct an equalization filter so that
desired tone levels and uniform masker spectrum levels could be obtained. As will be described below,
some of the test stimuli were random, band-limited sounds. Such sounds, when of short duration, have the
potential to vary significantly from one realization to another because of the small bandwidth-time product.
To overcome this problem, the bursts of noise used in the experiments were identical, ensuring that random
differences did not impact test results. A three-interval, three-alternative forced-choice (3AFC) adaptive
procedure was adopted for the experiments and further details are presented below. Each of the test stimuli,
presented in groups of three, had a duration of 0.75 seconds with a 0.15 second interval of silence between
stimuli. A Tukey window, with the first and last 4% of the samples equal to half of a cosine, was applied
to all test stimuli to minimize transient effects.
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2.3 Test Subjects

A large number of test subjects with a diversity in age and gender was desired in order to provide test results
that are representative of the general public. Thirty-six test subjects were selected from a pool of local
residents with a wide range of ages and socioeconomic backgrounds and were compensated for their
participation time in the experiments. All subjects participated in Experiment A and subsets participated
in Experiments B and C. Many of the subjects had previously participated in other noise-related
experiments, but none were experienced in an n-alternative forced-choice procedure. All test subjects’
hearing was tested prior to the experiments to verify normal hearing within 20 dB over the frequency range
of 125 Hz to 4000 Hz [13, 14]. A wide range of subjects’ age was desired, as was gender balance. The age
and gender distributions of the selected subjects are described in Table 1 — Table 3. The gender imbalance
is largely due to poorer hearing exhibited by males, particularly the older ones.

Table 1: Distribution of subjects’ gender and age for Experiment A.

Age No. of Subjects | Male/Female (Nljflz) ?Z?Jtli?;:ts) Male/Female
18-28 10 3/7 2 1/1
29-38 10 4/6 2 1/1
39-48 8 5/3 0 0/0
49-60 8 0/8 0 0/0




Table 2: Distribution of subjects’ gender and age Table 3: Distribution of subjects’ gender and age

for Experiment B. for Experiment C.

Age No. of Subjects | Male/Female Age No. of Subjects | Male/Female
18-28 4 1/3 18-28 7 2/5
29-38 1 1/0 29-38 3 1/2
39-48 1 1/0 39-48 4 3/1
49-60 4 0/4 49-60 6 0/6

2.4 Test Method

A test method was needed that would enable a large number of tests to be completed in a reasonable amount
of time and with acceptable experimental error. Discussions and analyses described in Appendix B explore
a range of experimental methods and test procedures. In particular, given the requirement that a relatively
large number of subjects be tested, the importance of intersubject and intrasubject variances and their effect
on overall test efficiency was a key consideration in the selection of the chosen method.

Threshold measurements of signals in the presence of noise (the EER ambient noise with and without
masking noise) were made using an adaptive, three-alternative forced choice procedure. As shown on the
left side of Figure 5, the signal was randomly assigned to one of the three intervals. As illustrated on the
right-hand side of Figure 5, a tablet computer touchscreen indicated the sound being presented within a
trial, followed by another screen for the subject to indicate which of the three intervals contained the signal.
This was followed by the third screen that provided feedback for correct/incorrect responses. An adaptive,
3-down 1-up staircase procedure was employed [15] in which three correct responses result in a reduction
in sound level and a single incorrect response results in an increase in sound level. The starting amplitude
of each sound was well above the expected threshold. In order to rapidly approach the threshold level, the
initial step size was 6 dB and a 2-down 1-up procedure was employed until the second reversal. The step
size was then reduced to 4 dB and a 3-down 1-up procedure was followed for a further two reversals after
which the step size was reduced to 2 dB. Each staircase was limited to 45-55 trials, depending on the test
condition. An explanation of the limit placed on the number of trials is provided in Appendix B. The
threshold was estimated as the average of the levels of the turnpoints past the third reversal. This
corresponds to 79.4% correct and a d’ value of 1.61 [16]. Examples of staircase data spanning the range of
subjects’ performance are illustrated in Figure 6.

Staircases were interleaved within a test session so that subjects were not able to discern the pattern of the
adaptive procedure. The sequence of trials within a session was based on a random selection from the two
or three test conditions being interleaved. This selection was different for each test subject in all of the
experiments. Further testing details are provided for each experiment below.
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2.5 Laboratory Procedure

Upon arrival at the laboratory the subjects were given written instructions detailing the test. After reading
the instructions, the subjects completed consent forms. Copies of the test instructions and informed consent
forms are given in Appendix A. The subjects were then given a verbal explanation of the task that was to
be performed using the tablet computer, followed by familiarization and training sessions. The
familiarization session consisted of listening to some representative sounds and the training session required
the subjects to provide their responses using the tablet computer. Test sessions were approximately 8 or 12
minutes in length for two and three interleaved staircases, respectively, and separated by short rest breaks
during which the subjects were free to leave the EER. Further details are given for each experiment below.
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3 Experiment A — Determination of Low Frequency Pure Tone Thresholds

3.1 Experiment A — Objective

The primary objective of this experiment was to screen a number of test subjects for their potential for
participation in the subsequent experiments to characterize auditory filters. Test subjects were needed with
acceptable low frequency hearing and the ability to reliably perform the adaptive 3AFC procedure.
Furthermore, in order to evaluate the performance of the EER test facility, it was important that an
experiment be conducted for which the results could be compared with well-accepted findings from
previous studies. It was determined that measurements of pure tone thresholds in a “quiet” background
would satisfy these objectives.

3.2 Experiment A — Design

Thirty-six test subjects participated, one at a time, in the determination of pure tone thresholds in the EER
using the 3AFC adaptive procedure described above. As shown in Table 1, the test subjects had a wide
range of ages. The selected tone frequencies were 25, 31.5, 40, 50, 63, and 80 Hz. A practice session of
about 3 minutes in duration was composed of two interleaved staircases and was followed by three test
sessions of about 8 minutes duration separated by short rest breaks. Each test session was composed of two
interleaved staircases: 25 and 50 Hz, 31.5 and 63 Hz, 40 and 80 Hz. Four of the 36 subjects repeated the
test on a different day in order to assess within-subject variability.

3.3 Experiment A — Results and Discussion

Figure 7 presents measured thresholds for all subjects and tone frequencies. The plotted points have been
jittered along the abscissa to aid the reader. Several statistics have been derived from the plotted points:
the solid red line in the center of each red box indicates the mean threshold at each frequency; the vertical
extent of each box represents the standard error about the mean; the vertical blue line indicates plus and
minus one standard deviation from the mean. The solid red line presents the one-third octave band sound
pressure levels of the natural ambient noise (i.e., “quiet”) present in the EER. The three dashed lines are
the 10™, 50™, and 90" percentiles of the hearing threshold distribution for young, healthy ears under binaural
listening conditions and frontal incidence [17].
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The measured thresholds in Figure 7 are reasonably consistent with the ISO standard, which represents
young, healthy ears. The measured mean thresholds are slightly below the ISO standard values at the lowest
frequencies, with a clear trend toward exceeding the standard values at higher frequencies. Differences are
expected to occur for several reasons. Unlike the ISO standard, the measured thresholds were acquired, by
design, from subjects with a large range in age, although they were screened for normal hearing. It is clear
that ambient noise above about 40 Hz has affected the measured thresholds to a significant degree. A
thorough analysis to address this question requires knowledge of auditory filter bandwidths and shape,
which is the subject of the experiments described below, and is considered in Appendix C. Another source
of differences between the measured data and the standard could well be due to differences in experimental
methods that were employed. Data in the standard typically come from studies using a yes/no methodology
whereas the EER measured data used an adaptive 3AFC method. The latter is expected to yield lower
threshold values since the influence of the decision criteria adopted by the test subjects is absent for the
AFC method.

Selection of test subjects for Experiments B and C was based on the measured auditory thresholds described
above. Sixteen test subjects were identified based on the sum, across the six frequencies, of positive
deviations from the ISO standard median values. This is illustrated in Figure 8, which identifies the 16
rejected subjects in red. Of the remaining 20 subjects, all participated in Experiment C and 10 were
randomly selected for inclusion in Experiment B. It is noteworthy that the rejection of subjects with the
poorest or most inconsistent hearing did not result in the elimination of the older subjects. This is shown
by a comparison of the original 36 subjects (Experiment A, Table 1) and the 20 subjects that were retained
(Experiment C, Table 3). Figure 9 presents average pure tone thresholds for each age group and each tone
frequency. Analysis of variance indicates no significant effect of age group on tone thresholds. This might
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be viewed as surprising, but it should be remembered that all the test subjects were screened for reasonably
good hearing. Also, at these low frequencies (below 100 Hz), there is little expected hearing loss due to
presbycusis or excessive noise exposure.
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As indicated in Table 1, four of the test subjects repeated the experiment in order to get a measure of within-
subject variability. The average change in threshold (across subjects and test frequencies) was found to be
1.4 dB, which is an insignificant change based on an analysis of variance of the data for the four replicate
test subjects. The standard deviation of the change in threshold was found to be 2.6 dB. Further discussion
of this topic is provided in Appendix B.4, in which analyses designed to inform the experimental design
are assessed following execution of the experiment.

In summary, a group of test subjects having good low frequency hearing and the ability to perform the
3AFC method was identified for participation in the subsequent experiments. Furthermore, a comparison
between the measured thresholds and the ISO standard enabled the performance of the test facility to be
well understood.
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4 Experiment B — Determination of Auditory Filter Shape at 63 Hz Center
Frequency

4.1 Experiment B — Objective

As described in the introduction, there has been relatively little attention paid to auditory filters below about
100 Hz. The work of Jurado [10, 11] has demonstrated that there is a “lowest” auditory filter, estimated to
have a center frequency near 50 Hz. Before attempting to examine this lowest filter, the method employed
by Jurado [11] was replicated to examine an auditory filter centered at 63 Hz. The objective was to
supplement Jurado’s data (acquired with 8 subjects) with an additional 10 subjects, and potentially identify
any weaknesses in test methods and facility performance. It should be noted that unless stated otherwise,
the use of the term “auditory filter” is used in the context of the auditory system as a whole, and includes
outer and middle ear transfer functions, the shunt effect of the helicotrema, and the filtering effects
associated with the inner ear, the cochlea.

4.2 Experiment B — Design

Psychophysical tuning curves were obtained with ten test subjects using the 3AFC adaptive procedure
described above. The signal was a pure tone at 63 Hz fixed at a level of 57.5 dB, equivalent to a sensation
level of 20 dB (relative to the median hearing threshold [13, 14]). This level is well above the ambient
noise present in the EER (Figure 7). Narrowband noise maskers with a bandwidth of 31 Hz (approximately
equal to the 63 Hz signal frequency divided by two) were centered at 31, 37, 50, 63, 75, 88, and 113 Hz.
The masker bandwidth of 31 Hz was chosen as a compromise; wide enough to reduce the influence of beats
as a cue, while being narrow enough to have only a small influence on the measured frequency selectivity.
The masker center frequencies have a slightly narrower range (31 — 113 Hz vs. 25 — 138 Hz) than used by
Jurado [11] due to previously described facility limitations in which high amplitude tones excite audible
rattling/buzzing in the EER. A practice session of five minutes consisted of two interleaved staircases and
was followed by four test sessions of 12 minutes in duration separated by short rest breaks. Each test
session was composed of three interleaved staircases. The selection of the maskers in each session and the

10



presentation sequence of sessions was varied for each subject by using a Latin square design that sought to
minimize any ordering effects such as those due to subjects’ learning and fatigue. The seven narrowband
maskers were supplemented by five additional conditions, all of which used the same 63 Hz signal tone, to
make up the four sessions of three staircases each. The supplemental sounds included replications that
enabled estimates of within- and between-subject variability to be made. This is discussed in Appendix
B.4 and includes an analysis that identifies and quantifies a source of variance which is a direct result of
the test method employed in the experiment.

4.3 Experiment B — Results and Discussion

Figure 10 presents psychophysical tuning curves (PTCs) obtained for the 10 test subjects. Also included
in the figure are the mean values and the upper and lower 95% confidence intervals obtained by Jurado [11]
using a very similar test method. The confidence intervals were calculated from the standard deviations
and the reported number of degrees of freedom. There is considerable variation amongst the ten test
subjects, but clearly these results obtained in the EER are quite consistent with those of Jurado. This
conclusion is further illustrated in Figure 11, which shows consistency between the mean values and also
the standard deviations of the two data sets. The shapes of the two average PTCs are very similar, even at
the lowest frequencies where the slope is steepest. The valleys of both data sets coincide with the signal
frequency of 63 Hz. An auditory filter shape is simply the inverse of the PTC, so that the valley of the PTC
becomes the tip frequency of the filter. By setting the filter gain to be 0 dB at the tip frequency, the
equivalent rectangular bandwidth of the filter can easily be calculated. The equivalent rectangular
bandwidth for the EER data was calculated to be 34.6 Hz, which should be compared to 34.3 Hz and
28.4 Hz reported by Jurado (Table 4). This good agreement implies that small changes in signal amplitude
(signal sensation levels were 15 dB and 20 dB for Jurado and the EER, respectively) do not appreciably
affect filter shapes. In summaryi, it is clear that the results of this experiment are very consistent with those
previously reported by Jurado.
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Figure 10: Experiment B PTCs for 10 subjects and similar data
(mean and its 95% lower and upper confidence intervals) reported by Jurado [11].
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Table 4: Equivalent rectangular bandwidths for 63 Hz center frequency filter
from Experiment B and from Jurado [10, 11].

Equivalent Rectangular Bandwidth (Hz)
Experiment B Jurado [11] Jurado [10]
34.6 34.3 28.4

5 Experiment C — Determination of the Shape of the Lowest Auditory Filter

5.1 Experiment C — Objective

The work of Jurado [10, 11] has indicated that there is a “lowest” auditory filter, estimated to have a center
frequency near 50 Hz. Precise determination of the shape of this filter is challenging for a number of
reasons. One such difficulty is a result of using narrowband maskers with a bandwidth equal to the signal
frequency divided by two. As mentioned above (and by Jurado), this bandwidth is a compromise; wide
enough to reduce the influence of beats as a cue, while being narrow enough to have only a small influence
on the measured frequency selectivity. This compromise becomes particularly problematic when
determining the shape of the lower filter skirt below about 50 Hz where the slope of the filter is very steep
due to the middle ear transfer function and the dominance of the shunt effect of the helicotrema. The
components of the masker spectrum below the masker center frequency will be highly attenuated relative
to those above the center frequency. This results in higher masker levels being required to mask the signal.
A similar issue concerns the characterization of the narrowband masker according to its center frequency.
In the region where the filtering is very steep, the “effective” center frequency of the masker will be above
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its actual center frequency. The wider the bandwidth of the masker and the steeper the filter, the greater
will be the divergence of the “effective” frequency from the center frequency.

The objective of Experiment C is to investigate the shape of the lowest auditory filter using a method that
is a combination of that employed in Experiment B, along with an approach aimed at overcoming the
difficulties regarding the lower filter skirt.

5.2 Experiment C — Design

Psychophysical tuning curves were obtained with 20 test subjects using the 3AFC adaptive procedure.
Different methods were employed to determine the upper and lower skirts of the lowest auditory filter.

Determination of the upper skirt used the same method as that employed in Experiment B and is illustrated
in Figure 12. The pure tone signal at 40 Hz was presented at a fixed level of 66.5 dB (re. 2 x 10 ~° Pa),
equivalent to a sensation level of 16 dB, relative to the median hearing threshold [13, 14]. This level is
well above the ambient noise present in the EER (Figure 7). Narrowband maskers with a bandwidth of
20 Hz (equal to one-half of the 40 Hz signal frequency) were centered at 40, 48, 56, 72, 88, 104, and 128 Hz.
The amplitudes of the narrowband maskers were varied through the adaptive 3AFC staircase procedure in
order to determine psychophysical tuning curves at 40 Hz and above.

Signal
Part 1: Upper skirt

Masker: Narrowband variable level noise with constant BW =F_/ 2
F., =40,48,56,72, 88,104, & 128Hz i Masker

Signal: pure tone Fs = 40Hz
fixed level at 16dB Sensation Level

40Hz F

Part 2: Lower skirt

Masker: fixed level noise
100Hz BW (50 to 150Hz) ..I
Spectrum Level = 51dB/Hz

Signal: variable level pure tones at 20, 25, 30, 35, & 40Hz -

40Hz F

Figure 12: The two methods used to determine the upper (40 Hz and above)
and the lower (40 Hz and below) skirts of the PTC for Experiment C.

The method used to determine the shape of the lower filter skirt is also shown in Figure 12. The masker
was broadband, extending from 50 to 150 Hz with a spectrum level of 51 dB per Hz. Using the same 3AFC
adaptive staircase procedure, the sound levels of pure tones at 20, 25, 30, 35, and 40 Hz were varied and
masked thresholds were determined. The broadband masker ensured that the test subjects utilized the lower
skirt of the lowest filter to listen for the pure tones. The amplitude of the masker was chosen in an attempt
to be consistent with the amplitude that was chosen for determination of the upper skirt (16 dB sensation
level at 40 Hz). For example, if the broadband masker was presented at a very low level then the masked
thresholds for the low frequency tones would differ little from their thresholds in quiet. Conversely, if the
broadband masker level was high resulting in masked tone thresholds with sensation levels much greater
than 16 dB, then it is possible that the measured upper and lower skirts of the PTC are not compatible. This
is because there is evidence that auditory filtering is a nonlinear process, although this has been shown at
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frequencies much higher than those used in the present experiments [18]. The degree of nonlinearity is
likely small for small differences in amplitude. The results of Experiment B support this notion; very good
agreement was observed with Jurado’s results despite a 5 dB difference in signal presentation levels.

The two methods employed for the upper and lower skirts each had a measurement at 40 Hz, thus enabling
the upper and lower filter shapes to be joined together to form a composite filter shape. In other words, the
masked threshold for the 40 Hz tone derived for the lower skirt was set to the numerical value of the 40 Hz
masked threshold derived for the upper skirt. Masked thresholds for the other frequencies on the lower
skirt were adjusted accordingly. This overall approach has an implicit assumption that there is a lowest
auditory filter and that its center frequency is in the vicinity of 50 Hz and not at a much lower frequency.

A practice session of about 5 minutes in duration was composed of two interleaved staircases and was
followed by four test sessions of 12 minutes duration. Each test session was composed of three interleaved
staircases with a short rest break between sessions. The selection of the sounds in each session and the
presentation sequence of sessions was varied for each subject by using a Latin square design.

5.3 Experiment C — Results and Discussion

The psychophysical tuning curves (PTCs) obtained for the 20 test subjects are presented in Figure 13.
Recall that the data presented for frequencies below 40 Hz were derived using broadband maskers and are
normalized to the 40 Hz data point obtained using the narrowband masker. Thus, the ordinate values in
Figure 13 only apply to frequencies of 40 Hz and above; those below 40 Hz are relative values only. Also
included in the figure are the mean values and the upper and lower confidence intervals obtained by Jurado
[11] for a tone at 40 Hz and narrowband maskers. There is considerable variation amongst the 20 test
subjects, but clearly, the results obtained in the EER are quite consistent with those reported by Jurado.
This conclusion is further illustrated in Figure 14, which shows consistency between the mean values and
also the standard deviations of the two data sets. The shapes of the two average PTCs are quite similar,
perhaps with an indication of a steeper slope for Jurado’s at the lowest frequencies. As noted by Jurado
[11], the shape of the PTC below about 40 Hz is very similar to that of the 40 phon equal loudness contour.
If the latter is assumed to represent equal cochlea excitation, this suggests that the measured PTC is indeed
the “bottom” or “lowest” auditory filter. In other words, the auditory system is unable to center PTCs on
frequencies below about 50 Hz. The valleys of both data sets are at 48 Hz. The equivalent rectangular
bandwidth for the EER data was calculated to be 34.9 Hz, which is compared to Jurado’s results in Table
5. As described earlier, Jurado’s test design differs from that used in Experiment C. As a result, Table 5
presents Jurado’s results for signal frequencies of both 40 and 50 Hz since both are at or below the expected
tip frequency of the lowest-frequency filter. There is reasonable agreement between the estimates made by
Jurado and those derived from the current experiment. The shape of the lowest filter derived in the EER
and by Jurado is also noteworthy because of its large asymmetry with the lower skirt being much steeper
than the upper one. This is in marked contrast to the generally accepted filter shapes for higher center
frequencies [6, 7]. Furthermore, the equivalent rectangular bandwidth of the lowest filter is, relative to its
center frequency, much larger than bandwidths for higher frequency filters.
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Figure 13: PTCs for 20 subjects (Experiment C) and similar data (mean and its 95% lower and upper
confidence intervals) reported by Jurado [11].
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Table 5: Equivalent rectangular bandwidths for “lowest” auditory filter
from Experiment C and from Jurado [10, 11]. Signal frequencies (Fs) from Jurado.

Equivalent Rectangular Bandwidth (Hz)
Experiment C Jurado [11] Jurado [10]
34.9 39.7 (Fs =50 Hz) 34.9 (Fs =50 Hz)
51.9 (Fs=40 Hz)

As discussed in the experimental design, the use of two different methods for the determination of the upper
and lower skirts of the PTC was of some concern due to potential nonlinear auditory filtering effects. Pure
tone thresholds derived in a “quiet” background in Experiment A can be compared to masked thresholds
from Experiment C in order to estimate the sensation levels that were used to determine the lower skirt of
the PTC. Figure 15 presents the mean and standard deviation of the measured thresholds for the 20 test
subjects that participated in both experiments. It is clear that the broadband masker used in Experiment C
resulted in elevated thresholds relative to those measured in “quiet.” The sensation levels of the masked
thresholds vary from about 13 dB at the lowest frequency (25 Hz) to 25 dB at 40 Hz. Recall that the upper
skirt of the PTC was derived using a 40 Hz tone at a fixed sensation level of 16 dB. It is thus possible that
the small differences in the shapes of the PTC reported herein and by Jurado are due to nonlinear filtering
effects. It is also quite probable that the small differences are simply experimental error.
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Figure 15: Mean masked thresholds for points on lower skirt of the lowest PTC (experiment C)
and mean thresholds in ‘quiet’ (Experiment A). Error bars represent + 1 standard deviation.
The median absolute threshold of hearing according to ISO 389-7 [13] is also shown.

Having characterized low frequency auditory filters, it is interesting to return to the results of Experiment

A in which pure tone thresholds were determined in the EER under “quiet” conditions (Figure 7).
Comparisons with the ISO standard led to the observation that ambient noise in the EER was affecting
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measured values at frequencies above about 40 Hz. Also, recall that the thresholds at the lower frequencies,
unaffected by the ambient noise, were consistently ~2 dB below the ISO values. A detailed analysis
(Appendix C) shows that the ambient noise in the EER, when passed through the 63 Hz filter derived in
Experiment B, was consistent with the observed deviation of the measured threshold of a 63 Hz tone from
the expected value of ~ 2 dB below the ISO standard at that frequency. A similar analysis for the 50 Hz
tone threshold and the “lowest” filter had a similar result; the level of the ambient noise was consistent with
the observed deviation of the tone threshold from its expected value. This finding also means that the
ambient noise in the EER is expected to have no significant effect on the results of Experiments B and C
because the signal levels were well above the ambient noise levels within the auditory filters.

In summary, it is clear that the results from this experiment are in substantial agreement with those reported
by Jurado, despite the different method used to determine the lower skirt of the filter.

6 Conclusions

A series of experiments were performed in the Exterior Effects Room to characterize auditory filters at low
frequencies, defined as below about 100 Hz. One test subject at a time was seated close to a subwoofer
loudspeaker and psychoacoustic measurements were made using an adaptive three-interval, three-
alternative forced choice test procedure. The first experiment determined auditory thresholds, measured
under “quiet” conditions, for 36 test subjects. The measured thresholds were consistent with the
international standard and enabled the influence of the background noise in the test facility to be assessed.
This experiment served as a “shakedown” test to explore the performance of the test facility and the
implementation of the testing methods and protocols. It also provided a screening of test subjects’
performance prior to their participation in subsequent experiments.

The second and third experiments were designed to determine auditory filter shapes. The shape of the filter
with a center frequency of 63 Hz was measured for 10 test subjects and found to be consistent with
published data acquired using a very similar test design. It is noteworthy that the average filter shape and
the variation amongst test subjects, expressed in terms of standard deviation, were both very similar for the
two data sets.

Twenty subjects participated in the third experiment to characterize the “lowest” auditory filter. This
experiment utilized a hybrid design in which two different test methods were employed; one to determine
the upper filter skirt shape and another for the lower skirt. A test frequency common to both allowed the
two sets of data to be joined together to yield a composite filter shape. The resultant filter was found to be
very similar to published data acquired using a different test method, both in terms of the average filter
shape and the observed variation amongst test subjects. Based on the two data sets, it can be concluded
that the lowest auditory filter has a peak response (tip frequency) at about 48 Hz. The auditory system is
unable to center a filter at a lower frequency and thus sound below 48 Hz is perceived via the lower skirt
of this lowest filter. This has important consequences, particularly for the prediction of the audibility of a
low frequency signal in the presence of ambient noise. This lowest filter is highly asymmetrical and its
bandwidth is far wider relative to its tip frequency than filters at higher frequencies.

These experiments were conducted in a facility that was designed for other purposes but which proved
adequate for the task. A relatively large number of subjects was tested. This prompted the design of a test
protocol that could measure a single PTC for an individual subject in a short period of time (approximately
one hour). Also, unlike the typical selection of young, healthy test subjects, those employed in these
experiments represented the broader community, and had no discernable differences in low frequency
hearing characteristics.
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Appendix A Test Instructions and Informed Consent Form

Test Instructions
This study is designed to investigate human capability to detect sounds. This test consists of three
sessions, each of which lasts between 15 and 20 minutes. During each test seszion, you will be
presented with many test trials. Each trial will involve 3 time intervals (A, B and C) during which
you may or may not hear a sound. The screen on your tablet will display the letters A, B, and C in
black. These letters will turn red, in order, to indicate each time interval as it occurs. The figure
below shows as an example of how the screen will appear during time interval “B.” Among these

three sounds one will include an additional sound.

A B C

Following the three time intervals, you will be shown a screen on your table that looks like:

Please indicate which interval contained the sound

A B C

Please touch the box that contains the letter of the interval that contained the sound. After you have
made your selection, the tabl et will show another screen indi cating whether or not your selection was

correct. This process will be repeated throughout the test session many times.

Before starting the actual test, we will play some sample sounds so you can hear the types of sounds
that we are asking you to listen for. You will then complete a practice session in which you answer
these questions while the Test Director iz with you in the room. This will let you become familiar
with using the tablet computer to indi cate your responses and allow you to ask any questions you may

have about the test.

Thank you for your help with this investigation.
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Human Subjects Informed Consent Statement

Principal Investigators/Phone:

Federal regulations require researchers to obtain signed consent for participation in research involving
human subjects. After reading the information and the Statement of Consent below, if you wish to consent,
please indicate so by signing this form. Also initial cach of the previous pages (pages 1-3) of the form in
the spaced provided at the bottom of the pages.

L

IL

Statement of Procedure:

Thank you for your interest in this rescarch. By this time you have had the experimental rationale and
procedures discussed with you in detail. You will find a summary of the major aspects below, including
the risks and benefits of participating. Please feel free to ask any questions about the procedures at any
time. Carefully read the information provided below. IF YOU WISH TO PARTICIPATE in this study,
please sign your name and date the form in the space provided. Also please initial each page. Any
information you provide will be maintained in strict confidence to protect your privacy.

I understand that:

This is a research experiment.

I will be participating in an experiment designed to evaluate the characteristics of noise.

This study will be performed in the Exterior Effects Room, Building 1208, at NASA Langley
Research Center.

Audiograms will be taken before and after the test, and I will be informed whether I meet the
program requirements.

Noise exposure monitoring at the test facility will confirm that the noise exposure to test subjects
is limited to levels that comply with NASA Noise Exposure Requirements (NPD 1800.1 ¢,
4.8.3.3, Table 1) and the allowable limits defined by the Occupational Safety and Health
Administration (OSHA) regulations associated with this research testing.

I will receive instructions and training on the task I am to perform. I will be allowed time to
familiarize myself with the task prior to starting the experiment.

During the course of the experiment, I will provide my assessment of the sounds I hear using a
tablet computer.

T have been briefed on the reasonable risks involved with the testing procedures. I will adhere to
the safety requirements as specified by the Principal Investigator, and I will obey any and all
regulations.

The duration of my participation will require approximately 3 hours of my time including hearing
tests at the start and the end of the test. There may be up to 6 sessions in the test, each lasting
about 20 minutes. I will be given a break between sessions. In each session I will be presented
with sets of sounds and asked to evaluate their differences. Each set will last about 5 seconds.
Federal representatives are eligible to review research records for the purposes of protecting
human subjects.

I may contact the Principal Investigator listed at the beginning of this document if I have any
questions regarding this experiment before or after my participation.

Page 1 of 4
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III. Compensation

There are no costs associated with participating in this study. If I am not a U.S. Federal Government
civil servant, and if the results of the initial hearing test I take confirms my eligibility to participate as
a test subject, I will be compensated by receiving $75 for each day of my participation. I will not receive
a separate reimbursement for travel.

I understand that:

IfTam a NASA civil servant, [ am participating in the research i my official capacity. 1
understand that “official capacity” means that my supervisor is aware of my participation as a test
subject in this research, and has approved of my participation in my official capacity. If I am
injured during the course of this research, I am eligible for compensation through the Federal
Workers Compensation System. For additional information, I may contact the NASA Shared
Services Center at (XXX) XXX-XXXX.

If T am a non-civil servant volunteer injured as a result of participating in the research, [ am
eligible to file a claim under the Federal Tort Claims Act by filing Standard Form 95. For
additional information, I may contact the LaRC Office of the Chief Counsel at (XXX) XXX-
XXXX.

IfT am a NASA contractor employee participating in the research as part of official duties as
approved by my appropriate contractor manager, in the event of injury, I may be eligible for
workers compensation. I may contact my company’s human resources office for additional
information.

IfT am not a NASA civil servant or NASA contractor participating in this research in my official
employment capacity, | am participating as a subject through the NASA XXXX contract with
YYYY Corp, and, in the event of injury, insurance coverage is provided to me as a research
subject volunteer under the NASA XXXX contract. For additional information, I may contact
XYYYY at (XXX) XXX-XXXX.

IV. Potential Risks

There is minimal risk associated with participation in this study other than that associated with or
encountered in everyday life, however, I may request to stop the experiment at any time. A pre-
test and post-test audiogram is performed to verify that no change in hearing ability has resulted
from the test.

In the unlikely event that I am injured or otherwise experience discomfort while at NASA
Langley, I may visit the on-site Occupational Health Clinic. The Clinic has hours of operation
from 7:00 a.m. to 3:30 p.m. The clinic number is (XXX) XXX-XXXX. Emergency medical
personnel and ambulance service is also available within a mile of the test facility to transport me
to nearby health care providers.

If T have questions about the rescarch and my rights should I experience any injury, I may contact
the Principal Investigator listed at the beginning of this document.

I will hear noises no greater than those experienced on a daily basis from heavy traffic or other
sources. [ will experience a maximum A-weighted sound level of no more than 95 decibels
(dBA). A noisy home vacuum cleaner or lawn mower will normally equal the 95 dBA level. A
automatic volume limiter system will automatically stop playback in the unlikely event that
signals exceed a safe level.

Page 2 of 4
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V. Potential Benefits

I understand that:

Except for being able to assist NASA and receiving information about my hearing ability, I will
derive no direct benefit from participation in this study. I may request copies of the screening and
test day audiograms, however these will be made available only after review by the audiologist
and may take up to 30 days to process.

The results of my participation may advance the development of a new simulation tool that will
allow the assessment of human response to aircraft sounds.

VI. Confidentiality

The test will be monitored on closed circuit television and audio intercom, and this visual and
audio monitoring data will not be recorded. Some personal data may be collected, but my name
will not be agsociated with these collected data.

Any information obtained about me from the research will be kept strictly confidential. Data from
the research could be used in reports, presentations, or publications, but I will not be identified.
Records of my participation will be kept confidential by encoding them with subject
identification numbers. There will be approximately 40 individuals participating in the test.

Any research data stored electronically will not be confidential, but I will not be personally
identified in any event. The results of the hearing tests will be kept confidential, maintained in the
files associated with this research, and stored in a secured location.

Tunderstand that any public release of data obtained from my participation in this study will be
done in a manner that does not associate me with the data.

VII. Voluntary Participation

I understand that taking part in this study is voluntary. I may withdraw from participating or be asked
to withdraw from participating at any time. Such a decision will not result in any penalty or loss of
benefits to which I may otherwise be entitled.

VIII. Safety

As a voluntary test subject participating in this research, I understand that:

NASA 1s committed to ensuring my safety, health, and welfare plus the safety and health of all
others involved with this research.

I should report any accident, injury, illness, and changes in my health condition, hazards, safety
concerns, or health concerns to the Principal Investigator listed at the beginning of this document.
If T am unable to reach the above named individuals or am not satisfied with the response [
receive, [ should contact the LaRC Safety Office at (XXX) XXX-XXXX or the Chairperson of
the LaRC Institutional Review Board, Mr. Y. XXXX, at (XXX) XXX-XXXX.

If T detect any unsafe condition that presents an imminent danger to me, or others, [ have the right
and authority to stop the activity or test. In such cases the Principal Investigator and associated
research personnel will comply with my direction, stop the activity, and take action to address the
imminent danger.

Page 3 of 4
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IX. Statement of Consent:

o [ certify that | have read and fully understand the explanation of procedures, benefits, and risks
associated with the research herein, and I agree to participate in the research described herein.
My participation is given voluntarily and without coercion or undue influence, and I also
voluntarily consent to sharing the data collected during my test session, as long as my identity is
not disclosed. [ understand that I may discontinue participation at any time. I have been
provided a copy of this consent statement. If I have any questions or modifications to this
consent statement, they are written below.

Participant Signature Witness Signature

Participant Name Witness Name

NASA Langley Research Center

Participant Address Witness Address
Hampton, VA 23681
Participant City, State, & ZIP Witness City, State, & ZIP
Participant Age
Participant Phone Number
Date Date
Page 4 of 4
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Appendix B A Treatise on Test Design Considerations for Experiments A,
B, and C

[Contributed by Andrew W. Christian]

This appendix contains information regarding a multitude of considerations that were brought into account
during the design of Experiments A, B, and C. Generally, the Exterior Effects Room (EER) is a
significantly different environment than the typical facility used for fundamental psychoacoustic
experiments. This puts an impetus on the researchers using that facility to review and challenge, if
necessary, aspects of experimental design that appear to be canonical approaches to psychoacoustic
experimentation. The aspect principally discussed here is the tradeoff made between the number of subjects
that participated in the test, the precision to which each subject was tested, and the overall precision
expected in the final result, which can be cast in terms of the efficiency of the facility (the time taken to
achieve a given precision).

The first section of this appendix reviews general information about the facility and provides motivation
for the following discussion. The second, third and fourth sections regard the above-mentioned tradeoff
between the number of subjects and the precision desired overall: The second deals with determining a
prediction of the irreducible variance generated by the transformed up-down staircase procedure through
simulations of staircase runs. This prediction allows comparison of two important parameter settings within
the staircase method in terms of the efficiency of a single staircase. This prediction is used as an input to
the third section which, combined with information from other sources regarding the variance between
subjects, produces estimates of the overall test efficiency aggregated across subjects. The fourth section
reviews the data collected during the test in the light of these predictions, and revisits the assumptions that
were made. The fifth and final section reviews other aspects of experimental design germane to the
proposed experimental method.

B.1 The Facility and the Goal

It is important to first discuss attributes of the test facility that will be used,' especially those that differ
from the typical experimental situations encountered in psychoacoustics.

First, given safety considerations at NASA, it is necessary to occupy at least 3 full-time employees during
any test: two employees to administer the test who are also charged with the safety/privacy concerns of the
subject, and a certified occupational hearing conservationist to administer pre- and post-test audiograms.
Further, the subjects, who are members of the surrounding community, are compensated for the time they
spend travelling to, and participating in the test. This time commitment is nontrivial — even getting on and
off of the Langley Research Center can be a chore. This is in contrast to many academic situations, where
those conducting the test are unpaid (e.g., graduate students), those participating in the test are unpaid (e.g.,
undergraduates (commonly music majors) receiving course credit), and all are in the proximity of, for
instance, a university campus.

This situation puts an impetus in at least three facets of test design that may be absent in other studies:

1. To test an individual to their maximal single-visit usefulness during each of their visits.

2. Not to invite subjects back for more visits than necessary.

3. To have a comprehensive test plan in place that takes into consideration the time-efficiency of the
facility before inviting the majority of paid subjects.

! Again, Exterior Effects Room (EER), see Section 2.1.
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It is also important to recall that the final result of the testing protocol that is being developed here will be
a single set of curves that are a best fit across the entire population tested. This is again contrasted to the
typical goal of most psychophysical experiments, which is to produce data to gain insight into the
transductive mechanisms that are being employed in perception [19]. In this way, the goal of this overall
effort is predictive rather than explanatory [20]. Therefore, in contrast to most psychoacoustic experiments,
this effort will be expected to make use of a larger number of subjects, more test conditions, and a smaller
amount of time devoted to each condition than is typical. This produces an impetus to have a priori
confidence in the test design that appears to be absent in the literature.

It is noted that most expositions on psychoacoustic experiments — primarily those appearing in peer
reviewed journals — do not provide much rationale for the selection of the particular testing procedures used
for the given test. The pertinent example being Jurado’s work [10, 11], but also consider the well-respected
work of Glasberg and Moore [21] in which they discuss 4 different psychoacoustic tests, employing 3
different methods, and give little to no rationale for the selection of their procedures. One hypothesis for
this effect is that, at most laboratories that deal in such testing, there is a great deal of ‘institutional
knowledge’ that guides the selection of such procedures and the designs of tests in general. The only
systematic exception to this rule is typically found in literature that is focused on the development,
comparison, and adaptation of general psychophysical methods to psychoacoustic applications, but even
references in this arena do not provide direct guidance for the design of experiments.

B.2 The Relationship Between Staircase Attributes and Precision

Given the desire to gain an understanding of the design of experiments employing, in this case, transformed
up-down staircases [15], and the noted paucity of guidance available in the literature, an effort was
undertaken to perform a simulation experiment to determine the relationship between the attributes of the
staircases and the resultant precision offered by the method. The experiments employed a staircase testing
procedure using an x-down 1-up (xD1U) algorithm for adjusting the intensity of the target signal presented
to the subject. The staircase will be made up of a series of n-alternative forced-choice trials (nAFC).? The
goal of this section is to determine what values for x and »n will create the most efficient test. A review of
some general details of staircases and detection is appropriate before explaining the specifics of the
simulations that were run.?

Some Psychophysics

First, assume that an individual has a monotonically increasing relationship between the intensity of a
stimulus, for example, the gain of some tone in noise, and the probability that they have of accurately
detecting that tone. This relationship is known as the underlying psychometric function (PMF), and is
shown as the black curve in Figure 16. In this case, it is a cumulative normal distribution with some mean
and standard deviation.* Here, the mean is set to 0 dB (re. level for 50% detection), and the standard

2 These methods were discussed above in Section 2.4, and the reader is turned to the text by Gescheider
[19] for a general overview.

3 This approach of simulating staircases is not new. The results of this effort will be discussed in relation
to published data at the end of Appendix B.3.

4 A normal CDF corresponds to many classical and contemporary psychophysical models [19]. For
example, signal detection theory predicts this as the function when the variances of the underlying signal
and noise distributions are both normal and have equal variance. In practice, it is very difficult to
discriminate between PMF forms using real data, especially in the absence of a microscopic theory of the
detection process that would predict a particular function. Normal CDFs are often used in practice as
archetypal sigmoids, which are then appropriately scaled, see [22], Chapters 11 and 12.
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deviation is set to 2 dB.> This curve spans from 0% chance of detection for very low-level stimuli (left y-
axis), to 100% chance for high level ones.

A main effect of using an nAFC procedure is that the PMF is compressed upward by a factor of 1/n. The
reason for this is simple: even if the subject cannot hear the tone they still have a finite chance of guessing
the correct alternative. This effect is shown in the two red curves in Figure 16, which correspond to 2- and
3AFC, and are compressed upward especially on the left hand side of the plot.° The right-hand y-axis
indicates the probability of a correct nAFC response for these two curves, which is distinct from the
probability that the subject actually detected the tone.
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Figure 16: The relationships between the underlying PMF and the corresponding nAFC responses.

The response to a single nAFC trial is not particularly enlightening to the researcher, and the method must
be combined with an overall testing paradigm that distributes many #AFC trials around the PMF. The
transformed up/down staircase method used here has another parameter, which sets how many correct
responses in a row a subject has to produce in order to reduce the level of the stimulus. Over time, the
staircase will converge to a point on the PMF that corresponds to the probability of a correct response being
the x-th root of 1/2. The staircase can be thought of as ‘stepping’ around the PMF to the left and right of
the point of convergence (PoC). For example, a 3-down 1-up (3D1U) method will converge on the point

3 This value is largely empirical. Psychometric functions for detection tasks derived from energy-based
signal detection theory models tend to predict equivalent standard deviations near 4 dB. Experiments
routinely produce results with functions that are approximately twice as steep, c.f., the foundational work
on the subject: [23], especially chapter 27. N.B. that psychometric functions for other psychoacoustic tasks
can have radically different slopes (e.g., increment detection, see [24], page 195).

6 In the case of nAFC, this compression is a linear factor — a benefit of nAFC, and not always the case. For

more complicated psychophysical tasks the compression can significantly distort the form of the PMF (see
[22], Chapter 10).
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where the subject’s chance of detecting the stimulus is 3/1/2, or 79.4%, while a 2D1U staircase will
converge to 70.7%. Both of these PoCs are indicated in Figure 16, and their corresponding levels in dB are
the levels that the experimenter is interested in determining (shown for a 3AFC task).

Clearly, setting x and » will impact the length of time a staircase takes to converge, with larger xs and #ns
producing longer times. However, the optimal efficiency, in terms of accuracy vs. overall time, is not clear.
Other factors, such as the steepness of the PMF near the PoC, and the chance the subject has of guessing
correctly can introduce variation that will result in slower convergence.’

In order to understand this variation, it is necessary to understand the fact that staircase methods will induce
a significant amount of variance into the measurement of the PoC due to the granularity of the response. In
fact, this is the case for any psychophysical method that is based on a choice between two or more
alternatives (i.e., Yes/No or nAFC, as opposed to a rating on a continuous scale). As an illustration of this,
consider the performance of a ‘perfect’ subject - one whose psychometric function does not wander over
time with effects of attention/memory/fatigue/etc. This subject, when presented with multiple trials at the
same stimulus level, would always give a response that was drawn from the same percentage correct, but
the response itself would still be stochastic, and each trial would either result in a correct or incorrect
response. Further, if presented with an inaudible stimulus, the subject would still have a 1-in-n chance of
getting the correct answer, regardless of their ability to report to the experimenter that they could not in fact
hear the sound. The subject would also be prone to suffer apparent ‘lapses’ in attention during times when
they, by chance, produced a series of incorrect responses (perhaps after having ‘gotten lucky’ for a while).

If this perfect subject were to participate in a staircase experiment, the evolution of the staircase would be
different every time it was run. Accordingly, the answer recovered by the experimenter would change for
each staircase in accordance with the varying results, the standard deviation of that wandering would be an
irreducible result of the staircase procedure, and the magnitude of that variation would be a function of the
attributes of the staircase protocol. This is the variation investigated in this section. It will be discussed in
terms of the staircase-induced standard deviation — that is, the square root of the variance, in units of dB —
and will be termed og.

The underlying assumption then, is that the variance represented by ggc is much larger than the variance
that will be induced by changes in the observer performance over the course of a single staircase. This
assumption will be tested using the experimental data in Appendix B.4. Further, the long-term stability of
psychophysical performance has been demonstrated for human observers for tasks that are considerably
more arduous than the ones investigated here (see, e.g., [24], Appendix III, which demonstrates stability
over a period of thousands of trials), though this is not a measure of fluctuations that may happen and be
significant for tests that run on smaller time scales (of 50 or so trials).

Modeling OgC

A computer simulation experiment was performed in order to determine the relationship between x, n, and
ogc for various lengths of staircases. A simulated subject was implemented in MATLAB using the
underlying PMF shown in Figure 16. Individual trial probabilities were simulated using a binomial process
given the probability determined by the PMF for the signal magnitude of that trial.

" Other realistic factors will further constrain what is possible for x, 7, and the length of a staircase (e.g., a
subject becoming fatigued). These issues are disregarded for now, and will be discussed in Sections B.3
and B.5.
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The staircases were formulated similarly to those used in the EER psychoacoustic tests, with both x and »
ranging from 2 to 4.® Each staircase was allowed to run to 150 trials — near the maximum that might be
expected for a single session (cf. [24] Appendix III). A large number of staircases were run for each (x, n)
condition. After the staircases were run for each condition, the value of a5 was computed for each trial as
the sample standard deviation of the point estimates given by the midpoint averaging procedure discussed
in Section 2.4.°

Figure 17 shows the results of the simulation experiment. 100,000 staircases were run for each condition in
order to produce the smooth curves shown. The results in the figure are shown in terms of the estimated
wall-clock time it would take to execute such a staircase. For this time estimate, the components of the
nAFC paradigm were modeled as follows: 1 second for each alternative, 0.1 seconds for the pauses between
alternatives, and 2 seconds total for the subject to decide, respond, and receive instruction as to whether
they answered correctly or not. This timing scheme was corroborated by data from pilot testing.

The Results

Figure 17 shows that, for the most part, the combinations of x and » studied produce very similar results,
except for the case of 2AFC/2D1U. All of the 3AFC procedures, and two of the 4AFC ones congregate in
a corridor that is never more than 0.1 dB wide.!'® This indicates that, from a statistical point of view (again,
regardless of other ‘human’ factors that may impact this range of procedures), the choice of which
combination to use is open.

As discussed in Section 2.4, the combination settled upon for all phases of the human subject testing done
here was 3AFC/3D1U. The reasons for this are manifold:

e There is no clear advantage in testing efficiency (in terms of og¢) provided by another transformed
up-down staircase procedure.

e 4AFC methods are deemed to be suboptimal, as the effects of a subject’s memory and attention
across the 4 alternatives may play a detrimental role (see [25]). Further, higher-n procedures may
be more susceptible to response bias — the tendency of human subjects to respond more accurately
to stimuli presented in, for instance, the first alternative (see discussions in [22]).

e The 4D1U methods are discarded as they produce a smaller number of reversals for given wall-
clock time. While this may not be an impediment for maximum likelihood data analysis techniques,
as well as for simulations that employ 100,000 repetitions, it may contribute to scatter in the data
for midpoint averaging analyses on realistic amounts of human-subject data.

8 The initial up/down cycle of all staircases used a 2D1U rule as described in Section 2.4. It was determined
through pilot testing that 3D1U was too slow for this first ‘rough convergence’ cycle, and that 1D1U left
too much chance open that the subject would get lucky several times in a row at the beginning of the test.
The latter would cause the magnitude of the target signal to drop considerably below audibility, thereby
negating any effect that this ‘lead-in time’ would have to get the subject accustomed to the signal. This is
generally good practice ([24], Appendix III). Clearly, in the simulations, this is not a consideration, though
it was important to model this first cycle in order to get accurate estimations of ogc.

? Note that this estimate of ggc is independent of possible bias in the estimation of the PoCs. That being
said, such a bias was not observed.

101t is expected that higher-n and -x procedures (i.e., SAFC and 5D1U, etc.) would produce curves that
started to trend back up toward the 2AFC/2D1U and inefficiency. This may be evidenced by the sub-
optimal performance of the 4AFC/4D1U trace.
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o The 3AFC/2D1U combination is discarded because it has been demonstrated that staircases
produce more consistent results when allowed to converge to higher-intensity signals (see, e.g.,
[26]).

e Lastly, and perhaps only a point of comfort, this is the procedure that is used by Jurado in his
experiments, against which the results of this experiment will be compared.
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Figure 17: Results of the staircase simulation effort. The colored arrows indicate the time it takes to
perform 50 trials for 3 values of n. The black dashed trace approximates the best performing procedures.

The corridor, which contains most of the traces in Figure 17, including 3AFC/3D1U, can be approximated
by:

o5 =12/ Ny (B.1)
in which N 3 is the number of trials for a 3AFC staircase.

By plotting this equation vs. time using the estimated time for 3AFC trials from above, the black trace in
Figure 17 is produced. This expression will aid in the next step of the test design phase below.

It is noted that the exponent in Eq. (B.1) is 0.7, and not 0.5 as is usually encountered (for instance, in
standard error or confidence interval calculations). The likely reason for this is that Eq. (B.1) is a function
of trial number, and not of the number of reversals that the staircase has achieved. The beginning of a
staircase is somewhat ‘wasted’ with trials that are clear to the subject, so that they can orient themselves to
the task. For midpoint-averaging analyses, those trials will bear no effect on the result. Therefore, there
will seem to be faster convergence, but from a higher coefficient (in this case 12), for a given trial number.

This trend is expected to asymptote to JN over the order of hundreds of trials (cf., [26], esp. Fig. 5).
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The arrows in Figure 17 indicate how much time the various tasks require to generate 50 trials. Around
this location is the ‘knee’ in the traces. It is also the region in which ggc (for the best performers) passes
below 1 dB. Beyond this knee, adding more trials becomes a matter of diminishing returns.

It should be stated that these results are not readily generalizable — any change in the test protocol (for
instance, changing the first reversal to 1D1U) would necessitate a resimulation in order to produce a new
empirical relationship such as Eq. (B.1).

B.3 The Overall Test Design

This section concerns itself with the application of the prediction of oy to a test that is designed with both
the practical limitations of the EER facility and the desired outcome of the experiment in mind. A basic
analysis regarding the size of the expected confidence intervals on the final result informs the tradeoff made
in this study between the number of subjects used and the time spent testing each subject.

Confidence Intervals

An appropriate measure of the accuracy of a “grand mean” result is the size of a confidence interval (CI)
upon the mean. Such a CI, formed on the experimental data, will implicitly include all of the sources of
variation that will appear in the data. The typical expression for calculating a CI on the mean of normally
distributed data is [27]:

Cl=u+ Tal

(B.2)

in which
e 4 is the observed mean (the average of the observations)

e 0, isthe known population standard deviation (SD)

ot

e ¢ is the quantity derived from the Student’s-t distribution that encodes both the number of
observations as well as the desired confidence interval [27].!!

e N; is the number of observations (subjects, in this case).

For this analysis, g,; is made up of two components: the ogc derived above, and an intersubject variance
component that describes how subjects differ from one another (ojg). These two components add as a

pythagorean sum [27]:
O, =+|Ooc + 07 . (B.3)

This expected intersubject SD will be modeled with a value of 5 dB. This expectation may seem large, but
it is based on several pieces of literature that all seem to indicate a comparable spread for various detection
tasks undertaken by audiologically ‘young and healthy’ ears. This includes an ISO standard [17], a recent
peer-reviewed study of very-low frequency thresholds [28], and a review of percentiles of hearing
thresholds [29].

The radius of Eq. (B.2) — the second term on the RHS — can be computed for various numbers of subjects,
and for various lengths of staircases using Eq. (B.1) to generate ogc. The result of this is the contour plot
of Figure 18, which shows lines of equal-CI radius vs. the two independent variables, which are the
parameters of the test design. The numbers that follow the lines are the dB value of the CI radius.

' This analysis will only be concerned with 95% Cls, in which case ¢ is about 2 for large n.
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Figure 18: Contours of predicted confidence interval radius as a function of time spent executing a
staircase and number of subjects.

Discussion

It can be seen in Figure 18 that there is little reason to test a single subject beyond the first several minutes
for a given condition. This is evidenced by the lines of constant-CI becoming horizontal quickly as they
move from left to right. This is due primarily to the fact that there is an imbalance between ogc and oig.
For instance, at 4 minutes — nominally the design point that will be settled upon below — the value of o5
is approximately 1 dB, which is dwarfed in the Euclidean sum by aig at 5 dB. The overall implication is
that producing a design that accommodates the most subjects should be the primary concern of the
experimenter if the goal is the smallest possible CI on the grand mean, as long as the staircases are
sufficiently long.

It is important to keep in mind that the left hand side of Figure 18 is heavily based on the approximation
from Eq. (B.1), as time goes to 0. It is likely a good idea to not push the design to very short times — where
the discrete nature of the staircases are liable to betray the simplicity of Eq. (B.1). Therefore, the sufficient
staircase length is deemed to be 4 minutes, which corresponds roughly to 50 trials, or about 5 reversals of
the staircase. As discussed in Section 2.4, some conditions are allowed to go slightly longer than this
number of trials in an attempt to ensure good convergence of the staircase This was done at critical points
such as the 40/40 Hz conditions in Experiment C at which the response for the upper and lower skirts are
merged (as discussed in the Section 5.2).

A fixed number of trials is used, instead of an implied length criterion (i.e., either number of reversals as
used by, for instance, [11], or more elaborate statistical criteria such as real-time computed confidence
intervals [30]). This approach is generally supported by results in the literature, which report various
problems with more exotic criteria. Using a variable stopping criterion also creates a dataset that is
heterogeneous in the distribution of variance between staircases (vis-a-vis the results in Figure 17, for
instance), which might complicate repeated measures and diagnostics.
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Pilot testing and much of the literature reviewed here indicates that blocks of 100 to 175 trials are
appropriate for testing with real human subjects due to constraints related to fatigue. In between these
blocks, subjects should be allowed to take a break from the test. Using 4 minutes as a design target for
individual staircases, indicating about 50 trials per-staircase, it is seen that 3 staircases will fit nicely within
one session. These staircases are interleaved between test conditions (masker/signal combinations) as
described in Section 2.4. Implications for this interleaving are discussed in Appendix B.5.

Given the other constraints of the EER testing protocol, a single subject’s participation is approximately 2
hours per visit. About 1 hour is spent with actual testing. The first 12 or so minutes are dedicated to
familiarization/practice, as discussed in Section 2.5. The remaining useful time is divided among 4 sessions
of 3 staircases each, each of which are nominally 4 minutes. This gives a figure of 12 useful test conditions
per visit. This combination of effort on the part of the subject is in line with recommendations given by
[24], Appendix III, as well as with observations of other test protocols, where given, throughout the
literature.

One major shortcoming of this approach that deserves mention is that, given that there will be a large scatter
in the data for an individual subject, it will be disconcerting for an experimenter to try to judge the quality
of data coming from an individual subject. The likelihood of finding data points that appear to be outliers
will be high, and the auditory filter shapes for individual subjects may seem to be noisy (cf., Figure 10 and
reference [13]). The pattern of the auditory filter will likely only reveal itself from the noise when averaged
over many subjects, or replications by the same subject. Therefore, the application of this test protocol will
require somewhat of a leap of faith as the experiment progresses, especially in its early stages. Perhaps
methods can be developed in the future that allow experimenters to gain confidence that small samples of
data are in fact conforming to their expectations, even when that sample appears to be of poor quality.

Relationship to Previous Results

In this subsection, the results of several sources are compared with the above conclusions and test design.
This is not meant to be an exhaustive review, but a list of other sources that were influential on (and
generally corroborative with) the decisions made for the test design.

e Schlauch and Rose [25] corroborate the finding that 2AFC is generally suboptimal, and 3- and
4AFC are relatively interchangeable when viewed on a time-basis in staircase procedures. This
work used both computer simulations similar to the ones here, as well as a limited number of human
subjects. They note similar reasons for favoring low-x and -z procedures due to response bias and
memory capacity in human subjects. It is noted that they indicate (and provide other references
that indicate) that probit analysis (curve fitting the PMF) reduces bias and variance in the result
(relative to midpoint averaging).

e Green [26] provides a statistical argument for the use of adaptive procedures that target higher
Pr(Correct) locations on the subject’s psychometric function. The discussion is given in the context
of more exotic adaptive methods and data analysis techniques than are used here (again, curve
fitting, etc.), but are noted to be portable to staircase methodologies. He presents a considerable
body of experimental data (using both naive and experienced listeners) to corroborate numerical
simulation results. This gives credence to the preference of 3D1U over 2D1U.

o In their textbook on signal detection theory, Macmillan and Creelman [22] provide hypotheses for
why 2AFC had been favored in many past experiments. They echo the sentiments of Schlauch and
Rose: that n > 2 is generally preferable statistically, and low-n is preferable due to other factors,
such as response bias among the alternatives, found in human observers. They also agree with
Green’s statements regarding the optimal PoC, and report that other experimenters have found
3D1U to be superior to 2D1U.
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The last point of comparison is with the procedures used by Jurado [10, 11], as they turn out to be strikingly
similar; though the developments detailed in this Appendix were not informed directly by their design. The
typical design settled on for these experiments is to target a number of trials that approximates 5 staircase
reversals per PoC estimate. Jurado and Moore use 6 reversals as their stopping criterion. Further, their test
protocol is to retest subjects if they provide two responses on a single element of the test matrix that varies
by more than 2 dB. The difference between two samples from a normal distribution with 1 dB standard
deviation will itself have a standard deviation of 2 dB. This implies that subjects will not need to be retested
roughly 70% of the time (if agc is the dominant source of variation). The difference between the two test
methods then is that Jurado treats this variation as pathological — something to be treated, perhaps — whereas
this approach views that variation as an inevitable component of the testing procedure. Since, by our
assumptions, the expected intersubject variation is going to be dominant, the extra time taken to double
test/retest is not worth the overall effort. Jurado makes no mention of how he arrived at this combination
of staircase length and implied confidence, but it is hard to imagine that the similarity in the two methods
is complete coincidence.

As a final word on the subject, it seems appropriate to quote from Gundy, writing in the collected works of
Swets [23], Chapter 8. This comes during his conclusion regarding an experiment with similar
considerations to those expressed above:

“Finally, it should be noted that the requirements of this investigation demand an analysis of
very small segments of the performance of experimentally naive subjects — conditions somewhat
alien to the tradition of psychophysical experimentation. Under these circumstances, the results
were surprisingly stable: both the average level of detectability and the variability around this
average remained roughly constant throughout the experiment, and no essential changes in these
results appeared when the data was pooled for analysis in larger segments.”

B.4 Checking the Assumptions

This section presents results from repeated measures that were done during part of the Experiment B (63 Hz
AF) testing. The 10 subjects that participated in that portion of the test generated data that can be used to
evaluate some of the above assumptions regarding the components of the variance that would impact the
test design.

In Section 4, the result of the 63 Hz tone in the 63 Hz-centered band of noise is treated as a single value.
This single number was arrived at by taking the mean of 3 repetitions of that test condition — two of the
repetitions were part of the five extra staircases alluded to in that section. These repetitions used the same
staircase parameters (50 trials each), so their results are assumed to be identically distributed. From Figure
17, the predicted aggc is seen to be around 1 dB for this number of trials.

Following the development given in Montgomery [31] (Sec. 3-5), a one-way analysis of variance
(ANOVA) was performed on the repeated measures data. In this ANOVA, the 10 subjects were treated as
a random effect with 3 repetitions each. The entrants of the ANOVA table were used to partition the
components of the observed variance that came from within-subject effects and between subject effects.
The resultant values are syimin = 1.9 dB, and svetween = 3.8 dB.!2

Further, as it is difficult to produce confidence intervals on variance components for ANOVA analyses
(ibid.), a more basic analysis was done in which the residuals from the per-subject means were treated as
all coming from a single distribution. CIs are easily generated from the y? distribution for the standard
deviation statistic in this case [27]. This analysis gives Swimin as 1.6 dB, with 95% confidence interval of
[1.2, 2.4]. Given the method used, which does not take all of the degrees of freedom into account, this

12 Here ‘s’ is used to indicate a sample standard deviation, in contrast to the ‘o> values discussed above
which are theoretical/true values.
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value is expected to be low, and the CI size is expected to be small, though it overlaps with the value from
the ANOVA analysis.

Discussion

Either measured value of swimin (1.6 or 1.9 dB) is significantly greater than the value assumed of ogc = 1 dB.
The implication of this result is that there are more sources of variation affecting the outcome of an
individual’s performance on a staircase than simply the random nature of the staircase evolution. As stated
in Section B.3, sources of variance add as the squares (Euclidean sum) of their standard deviations. If the
true value is either 1.6 or 1.9 dB, then gg¢ as measured above is accounting for at least half of the variation
observed, if not most of it. This is a significant result that seems to not be discussed in literature on the
subject: this experiment measured listeners with little training and found that at least half of the observed
intersubject variation is explained by the irreducible variation of the testing method. When naive listeners
are compared to experienced ones in studies, it is often found that there is not a significant difference
between the performance of the two groups (cf., Gundy’s quote above). This result offers an explanation
— the plurality of the observed variance may simply be coming from the test methods used.

Possible sources of the variation beyond ogc include effects of learning/improvement over the course of
the test day (which was the subjects’ 3™ visit to the facility), and fluctuations in hearing acuity that may
occur on a shorter scale than the thousand-trial stability discussed earlier (these fluctuations are typically
referred to as ‘lapses,” see Madigan and Williams [32]). Periodic shifts in attention could be natural, or
they could be caused by the interleaving of the test conditions, as discussed and assumed benign below.
The predisposition to lapse may also be a feature of some subjects and not others ([32], and references
therein). It is interesting to note that, when swimin is computed for the 10 subjects individually, 5 subjects
are seen to have swimin < 1 dB, and the other 5 subjects are seen to have swimin > 2 dB. There are no subjects
for which swimin is between 1 and 2 dB. This may indicate that some subjects are prone to nonrepeatability,
though it could as easily be a consequence of the low number of samples and/or of the idiosyncrasies of the
distribution of ggc.

Finally, the measured value for the between-subject standard deviation component of 3.8 dB was smaller
than the expected 5 dB assumed in Section B.3. One known effect is that masked thresholds tend to display
smaller intersubject variance than unmasked ones (i.e., audiograms, minimum-audible field, etc.). Fastl
reports that subject-dependent differences “almost completely disappear” when broadband (white) noise is
used as a masker, but that tone-in-tone masking comes with a high degree of variability, especially for naive
subjects ([33], see Chapters 2 and 4). Perhaps this result lies in somewhat of a middle ground — the maskers
used were relatively narrow bands of noise — and that accounts for the lower than expected (but nonzero)
variance. It should be noted that many test conditions produced standard deviations closer to 5 dB, as can
be seen in Figure 11 and Figure 14.

From the point of view of the overall design, this partition between the variance components does not
produce a deleterious effect. The measured total standard deviation is 4.3 dB, as compared to the design
goal of 5.1 dB. Given that Eq. (B.2) for the basic confidence interval uses only this value, and is not
dependent on the partition of the variance, the confidence intervals produced by the data from this test
should be largely as expected given the design. One thing to note is that the ANOVA partitioning is a
subtractive process: positive error in one s-value puts a negative strain on the other [31]."* Differences
between a normal distribution (the assumption of ANOV A) and the true distribution of the staircase (which
is known to be discrete, and therefore not normal) may cause a positive skew in the educed value of swithin,
and hence a negative skew in Speiween, While leaving the overall observed variance unchanged.

13 Montgomery notes that, in some cases, negative values for s can arise during this partitioning. This is
generally an indication that the ANOVA model is inappropriate for the dataset in one way or another.
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B.5 Other Considerations

The rest of this appendix concerns itself with two other effects, the consideration of which played a part in
the design of this experiment. The discussion here may seem excessive in its treatment of effects that either
do not seem to play a significant role in this experiment, or effects that may play a significant role but it is
argued that they can be ignored. This section hopes to capture — in one place — information that was
distributed throughout the relevant literature and took a significant amount of effort to bring together during
the design of this experiment. It is hoped that this documentation may serve future researchers well in
situations where answers to these questions in the form of institutional knowledge is not readily available.

Interleaving of Test Conditions

The test protocol used calls for presenting the subject with sessions of 3 interleaved staircases of different
test conditions. While interleaving staircases is common practice in laboratory situations — it prevents the
subject from ‘figuring out’ the staircase algorithm — it is usually done with two staircases that use the same
test condition (combination of signal and masker). While there are some notable exceptions, such as
Glasberg and Moore [21] (Experiment 4), there are also canonical reasons to think that interleaving might
produce unwanted effects. This section reviews those considerations.

First, it should be noted that the interleaving of heterogeneous staircases can only be accomplished when
using an nAFC task with n > 2. With a 2AFC task, a subject is presented with the signal at a high level at
the outset of a staircase, and is expected to ‘remember’ this target stimulus throughout the run. If various
test tones and masking conditions are mixed, it is highly possible that a subject would be able to differentiate
between the two intervals, but not know what the difference was (i.e., “I know these are different, but I
don’t know which ‘contains the signal,” so I’'m still guessing 50-50.”). With a 3AFC (for example) version
of the same question, even though the wording of the question may be the same, a subject would be able to
determine which of the 3 intervals contains the signal as long the interval is audibly distinct (it is not
necessary for them to recall the target stimulus). !4

Another consequence of using 3AFC is that the subject’s decision criterion (to borrow the parlance of signal
detection theory) is now a measure of the perceptual difference between the intervals, instead of, for
instance, simply a measure of energy. This leads to a negation of the strict concept that subjects are
responding to the energy within an auditory filter alone, and that the filter in question is the only one
operating at any given moment. While this may seem unsettling, given that the premise of Experiments B
and C are to measure auditory filters by making assumptions about their function as simple linear time-
invariant systems (see the assumptions listed in [34]), it should be noted that this is not a new concept.
Authors since the late 1980s have been aware that simple energy detection is, for the most part, not what
subjects are using for their cues in these types of detection experiments, even if energy detection models
provide the most consistent predictors of subject performance across a large range of detection tasks (see,
for instance, Buus’ discussion in Chapter 89 of [35]).

Subjects who participated in Experiment B completed both a 2- and a 3AFC version of the same test
condition in order to determine whether the above effect was significant. Unfortunately, the methodology
used and the amount of data collected was far below the level that would be needed to draw conclusions as
to the existence (or not) of an effect. Given that many psychophysical effects of a similar nature produce

41t is important to note that this task is still zAFC, and has not become an ‘Oddity’ or ‘Triangle’ test (see
[22], Chapter 9). In that procedure, the subject is tasked with locating the ‘odd’ interval, but the two
equivalent intervals can either be both noise, or both signal and noise. In this way, the oddity procedure
generates a significantly nonlinear relationship between the underlying PMF and that measured by the test
— perhaps a complication to be avoided — and can be cumbersome to explain to subjects.
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effect sizes of 1 to 3 dB (e.g., the use of feedback after each trial ([24], Appendix III)), a significant effort
would be required to satisfactorily resolve this question.

A second comment on the interleaving approach is illustrated by a relatively obscure psychoacoustic task
called the probe-signal method. Using this protocol, a subject is conditioned over time to expect a certain
tone in some noise. By changing the frequency of the tone (‘probing,” perhaps) on a very small number of
trials, an experimenter can reveal perceptual boundaries that resemble auditory filters. That is, a subject
can be conditioned to listen using only one auditory filter, and the performance of that subject on off-
condition trials can be thought of as another way to explore the shape of these filters (the most pertinent
example seems to be Wright and Dai [36], who indicate that the origin of the method dates back to the
1960s). The usage of this approach has declined over time, likely because of its obvious extreme
inefficiency.

It is important to entertain the idea that subjects can become conditioned to use particular listening strategies
over time. This may include auditory filter selection, but could also be extended to other components of
the listening strategy. Regarding auditory filter selection, one should not expect to see a huge effect in
these experiments from the interleaving of staircases, as all interleaved staircases targeted the same auditory
filter. If there are more complexities to what constitutes a ‘listening strategy’ than auditory filter selection,
there is a chance that interleaving staircases could lead to a decrease in performance. However, given that
the derived auditory filter shapes are the result of one condition measured relative to another, it seems
unlikely that this would have a large effect on the results, as this effect would have to impact one test
condition differentially to do so.

In summary, given the discussion of both effects above (2- vs. 3AFC, and subject conditioning), added with
the fact that Jurado’s results agree with those shown in this work, it is likely that the effect of interleaving
test conditions played a minor role in these tests.

Subjective Naiveté

It is important to review the topic of subject experience, or lack thereof, and how it may impact the results
of this test. Clearly, the test design calls for the use of large numbers of subjects, and a premium is being
put on the time of the facility and of the experimenters, meaning that training of an individual subject will
be minimal.

Typical psychoacoustic testing employs subjects that go through long training periods in order to produce
subjects that have some ‘sufficient experience.” However, evidence in the literature is mixed on whether
there is a significant effect or not (though one has to be careful as different authors’ definitions of
‘inexperience’ and ‘naive’ varies). In cases where it is, the magnitude of this effect is on the order of 1 dB,
both in an absolute sense and in an addition to the observed variance between blocks of trials.'> In the latter
case, this should be a benign effect given the expected intersubject variation.

In terms of absolute performance, the derivation of auditory filter shapes is a relative calculation between
performances on various staircases, so absolute effects, especially on the order of 1 dB, should not be an
issue. Further, in the case of subjects learning listening strategies over time (i.e., over the course of the
test), the Latin-square ordering of the conditions should turn this effect into a random one.

The evidence is for a similar magnitude of effect for the use of feedback to the subjects (telling them if they
were correct or not after their response). In terms of an extreme naiveté, i.e., not being capable of the
psychophysical task, subjects included in Experiments B and C will have already gone through the absolute
threshold screening in Experiment A. Subjects displaying large variances in their response during that
screening experiment were disqualified from further involvement.

15 See, as an example among many, [37]. There are also discussions of related issues in both [23] and [24].
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Appendix C Analysis of deviation of measured thresholds

Based on the lowest frequencies of Experiment A (Figure 7), it can be concluded that measured tone
thresholds (in the absence of ambient noise) are approximately 2 dB below the ISO standard median value.
This deviation from the standard is likely due to the choice of psychophysical test method (adaptive 3AFC).

Frequencies above 40 Hz

It appears that the ambient noise is affecting the measured thresholds. For example, the expected threshold
at 63 Hz is ~36 dB (ISO median value — 2 dB), but the observed threshold is ~ 41 dB. If the measured
ambient noise is passed through the average auditory filter shape centered at 63 Hz (the inverse of the PTC
in Figure 11), the ambient noise level in the EER is found to be 40 dB.

Based on the power spectrum model of masking in an auditory filter, and the notion that there is an
“equivalent auditory system noise” (EASN) that is always present, we can write:

Expected threshold in the absence of ambient noise = 36dB = EASN +% (C.1)

in which k is 10 logio (S/N) necessary for detection, and

EASN Ambient EASN 40

Observed threshold = 41dB = 10log,,(10 © +10 1 )+k=10log,,(10 © +10°)+k (C.2)

Solving Eqns. (C.1) and (C.2) yields a value of 36.5 dB for EASN and a value of -0.5 dB for k. A k value
near zero is not unexpected since published values of k [10] range from zero to -2 or -3.

A similar analysis can be performed at 50 Hz. The measured threshold was 46 dB and the expected
threshold is 41.5 dB (ISO median value — 2 dB). When the EER ambient noise spectrum is passed through
the average 50 Hz auditory filter (Figure 14), the noise level is found to be 45.5 dB. Applying the same
procedure as described above yields a value of EASN of 44.5 dB and a value of -3 dB for £.

Lower Frequencies

At a lower frequency, e.g., 31 Hz tone, the ambient in the lowest band is unchanged (45.5 dB), but the
expected threshold (and also EASN) is much higher, i.e., EASN >> ambient noise. Thus, ambient does
not affect the measured threshold.
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