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Pitch strength for normal-hearing listeners and cochlear-implant users
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Introduction

According to ANSI [1], pitch can be defined as “that attribute
of auditory sensation by which sounds are ordered on the
scale used for melody in music” and is rated on a scale from
low to high. A different sensation is the pitch strength, which
is the topic of the present study. Fastl and Stoll [2] introduced
this sensations as follows: “Independent of pitch magnitude,
pitch sensations can be labeled as faint pitch or strong (well
pronounced) pitch, leading to a scaling of pitch strength”.
The main aim of the present study was to investigate to what
extent the sensation of pitch strength is preserved when
listening though a cochlear implant (CI). A CI is a device that
restores hearing in severely hearing-impaired listeners by
mimicking the physical frequency-place transformation of the
cochlea to a certain extent and directly exciting the auditory
nerve with electric pulses.

Using the same signal types as in Fastl and Stoll [2], pitch
strength was measured in CI users and, for comparison, in
normal-hearing listeners.

Methods

Apparatus

Signals were presented via a loudspeaker in front of the lis-
tener. All signals had the same loudness according to the dy-
namic loudness model [3]. The experiment was controlled via
self-written Matlab scripts.

Procedure

The experiment consisted of an introduction phase followed
by the main experiment. The introduction phase was divided
into two parts. In the first part, the listeners were familiarised
with the sensation pitch strength by presenting three signals
with different pitch strength: a broad-band noise not eliciting
any sensation of pitch, a band-pass filtered noise centred at
375 Hz having a bandwidth of 500 Hz with an intermediate
pitch strength and a 375-Hz pure tone with a strong pitch.
After they listened to these signals, the second part of the
introduction phase started. In this part, all signals of one test
frequency (see Stimuli for an explanation) were presented in
random order. In the subsequent experiment, these signals)
were rated using the interface shown in Figure 1. Each signal
was rated three times.

Stimuli

As in Fastl and Stoll [2], three test frequencies fr (125 Hz,
250 Hz and 500 Hz) were used. For each test frequency,
twelve signal types were used, resulting in a total of 36 sig-
nals. For the test frequency of 125 Hz, all signal types are
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shown in Figure 2. The signal types were: Pure tone (s1), a
harmonic complex tone consisting of the first (fundamental,
frequency fr) to seventh harmonic (s2), a harmonic complex
tone similar to the previous stimulus type s2 but now contain-
ing all harmonics up to 16 kHz (s3), a band-pass filtered noise
with a bandwidth Af of 10 Hz and a centre frequency equal to
fr (s4), an amplitude-modulated (AM) tone with a carrier fre-
quency equal to 4fr and a modulation frequency equal to fr
(s5), a harmonic complex tone with a missing fundamental
consisting of the fourth to 12% harmonic of fr, i.e. seven com-
ponents (s6), a band-pass filtered noise similar to the stimulus
type s4 but now with a Af of 100 Hz (s7), a low-pass noise
with a cut-off frequency equal to fr (s8), a rippled noise with
a ripple frequency equal to fr (s9), an AM broadband noise
with a modulation frequency equal to fr (s10), a high-pass fil-
tered noise with a cut-off frequency equal to fr (s11) and an
AM tone similar to s5 but now with a considerably higher car-
rier frequency of 5, 6 and 8 kHz for the test frequencies fr =
125 Hz, 200 Hz and 500 Hz, respectively (s12). In contrast to
[2], signals were filtered in the frequency domain by setting
the components to zero outside the desired frequency range.

Experiment: Signale

Versuchsperson: Kirzel Mitlenfrequenz: 125 Hz

100 deutlich Bitte bewerten Sie
die Ausgepragtheit
der Tonhéhe des Signals
(Bewertung 1 von 36)
=3 Abspielen
Weiter
gering

Figure 1: Interface of the main experiment. Listeners
pressed “Abspielen” (play) to listen to the signal. After sig-
nal presentation, they rated this stimulus using the slider. The
bottom and top end of the slider were labelled with “gering”
(faint) and “deutlich” (strong), respectively. By pressing the
button labelled “100 %>, listeners could listen to a pure tone
with the test frequency. After rating the stimulus they
pressed “Weiter” (continue) to continue with the next stimu-
lus. After the last rating they had to press “Beenden” (termi-
nate) to terminate the experimental run.

Listeners

Twenty normal-hearing listeners participated in the experi-
ment. So far, also four cochlear implant users completed the
experiment.
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Figure 2: The twelve signal types used in the experiment for
a test frequency of 125 Hz. The top row shows the spectra,
the bottom row a short snippet of the time signal.

Results and Discussion

The results of the three test signal frequencies were similar,
hence only the results of the test frequency of 125 Hz are
shown (Figure 3). Median values are shown with symbols. Er-
ror bars indicate interquartile ranges.

As expected, the normal-hearing listeners (filled circles) rated
the pure tone (s1) as the signal type with the strongest pitch
and all broad-band noise signal types (s9-11) as signals with
a faint pitch strength. Band-pass noise stimuli (s4, s7) had in-
termediate pitch strength with a stronger pitch for the nar-
rower band-pass noises (s4). The effect of bandwidth on pitch
strength is consistent with that reported in Fastl and Zwicker
[4] and Horbach et al. [5]. The complex-tone stimuli (s2, s3,
s6) had intermediate pitch strength. The data for these stimuli
types indicate that an increase in number of components re-
sults in a decrease in pitch strength. Amplitude modulated
tones elicit a strong pitch sensation.

In addition to the results of the present study, Figure 3 shows
with open circles the results of Fastl and Stoll [2] for this test
frequency. In general, with a few exceptions, the results of the
present study are similar to those of Fastl and Stoll in the sense
that their interquartile ranges overlap. Admittedly, the inter-
quartile ranges in both studies were large for several signal
types, especially for those eliciting an intermediate pitch
strength. A clear exception is s12, i.e. the AM tone with a high
carrier frequency. Normal-hearing listeners of the present
study rated s12 as a signal with a very strong pitch, whereas
the listeners in Fastl and Stoll rated this signal as one with a
very faint pitch strength. The reason for this difference is pre-
sumably a different experimental paradigm in the two studies.
Fastl and Stoll used a magnitude estimation paradigm with an
anchor sound. The stimulus and anchor sound were presented
consecutively and listeners were asked to rate the pitch
strength with respect to the pitch of the anchor sound. The
anchor sound was a pure tone with the test frequency. Thus,
the listeners in their study might not have rated the pitch
strength in general but only the pitch strength of a certain fre-
quency. For s12, this would be the frequency of the amplitude
modulation. This is hardly perceived by the listener, hence the
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faint pitch strength in their data for this stimulus type. The
listeners of the present study rated s12 as having a strong pitch
strength which is dominated by pitch of the carrier. This may
also explain the tendency of a higher pitch strength of the
stimuli s5 and s6. Both stimuli elicit a strong pitch strength
due to their spectral components and a considerably weaker
pitch strength when focussing on the virtual pitch (equal to
the test frequency).
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Figure 3: Pitch strength for the signals shown in Figure 2.
Filled circles (in light brown) and filled squares (in grey) in-
dicate the median results of the normal-hearing (NH) listen-
ers and the CI users, respectively. For comparison, the results
of Fastl and Stoll [2] (F&S) are shown with open circles. Er-
ror bars indicate the interquartile range. Horizontal dashed
lines indicate the minimum and maximum value of the scale.

CI users (filled squares) rated the pure tone as having the
strongest pitch and the broad-band noise signal types (s9-11)
as having the lowest pitch, in agreement with the normal-hear-
ing listeners. Interestingly, CI users rated the pitch strength
for complex tones (s2-, s3, s6) and AM tones (s5, s12) con-
siderably lower than the normal hearing listeners. This may
indicate that CI user do not perceive those stimuli as having a
strong pitch. This would have an impact on e.g. listening to
music. However, these are only results of four CI users. More
data are required to quantify the difference in pitch strength
perception between normal-hearing listeners and CI users.

Literatur

[1] ANSI/ASA S1.1: Acoustic terminology. Standard Secre-
tariat, Acoustical Society of America, 35 Pinelawn road,
Suite 114E, Melville, NY 11747-3177 (2013)

[2] Fastl, H. and Stoll, G.: Scaling of pitch strength. Hear-

ing Research 1 (1979), 293-301

[3] Chalupper, J. and Fastl, H.: Dynamic loudness model
(DLM) for normal and hearing-impaired listeners. Acta

Acustica united with Acustica 88 (2002), 378-386
(4]

Fastl, H. and Zwicker, E.: Psychoacoustics - Facts and
Models. Springer, Berlin (2007)

Horbach, M., Verhey, J. L., Hots, J.: On the pitch
strength of bandpass noise in normal-hearing and hear-
ing-impaired listeners Trends in Hearing 22 (2018)
https://doi.org/10.1177/2331216518787067

(5]



