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Zürich, Switzerland
hanna.jarvelainen@zhdk.ch

Michele Geronazzo
Department of Engineering

and Management
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ABSTRACT

Recent advancements in audiological testing and rehabili-
tation prioritize utmost personalization and minimal stress
in patients, especially the young ones. Hearing health as-
sessments integrate innovative approaches, emphasizing eco-
logical listening scenarios and patient engagement. Driven
by these principles, a mobile application tailored for pitch
discrimination in children has been designed. The app im-
plements intuitive game mechanics on a captivating graph-
ical interface and harnesses machine learning algorithms to
adapt the sound pressure levels to individual comfort lev-
els. It utilizes simple yet effective acoustic stimuli obtained
from second-order digital resonators, ensuring a more eco-
logical approach. The pitch discrimination threshold is ob-
tained with adaptive psychometric techniques to guarantee
reliable and faster measurements. Preliminary qualitative
evaluations involving normal hearing and single-sided deaf
with cochlear implant children yield promising outcomes.
The resulting perceptual thresholds align with established
literature, envisioning the app’s efficacy in delivering ac-
curate assessments. The presented tool paves the way for
the use of gameplay in young hearing-impaired individu-
als’ rehabilitation after treatment with cochlear implants.

1. INTRODUCTION

In everyday life, the ability to discriminate pitch is im-
portant for music perception [1] and verbal communica-
tion [2]; sequences of pitches form melodies, and prosodic
information in spoken languages carry important informa-
tion, especially in tonal languages [3]. Pitch is also an es-
sential perceptual cue for segregating sound sources [4].
Reduced access to information about changes in speech
fundamental frequency (F0, an acoustic correlate of pitch)
degrades speech-in-noise recognition ability [5].

Although many cochlear implant (CI) users have good
word recognition capabilities in quiet conditions, they strug-
gle to detect differences in pitch and timbre [6]. CI al-
gorithms analyze the envelope of an incoming sound and
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allocate spectral energy to electrodes positioned along the
cochlea’s basilar membrane, depending on their central fre-
quency [7]. Pitch, as a perceptual category largely based
on the sound’s frequency content, can be encoded with dif-
ferent cues, such as place-pitch (selecting a cochlear region
of excitation) and temporal-pitch (selecting a period of ex-
citation for the electrodes) [8]. The place-pitch encoding
mapping is based on the well-known tonotopic map of the
cochlea [9]. Nevertheless, maps can vary across individ-
uals and even within the same individual over time [10].
Moreover, neural plasticity deviations linked to hearing loss
result in tonotopic map changes [11].

Among patients rehabilitated for hearing loss, the largest
interaural mismatch exists in cases with one CI and acous-
tic hearing of whatever degree—from normal to severely
impaired—in the contralateral ear [12]. If supported by
a hearing aid (HA), acoustic hearing is referred to as a
“bimodal” strategy. In the case of normal hearing, it is
indicated as a “single-sided deafness and CI” (SSD-CI)
strategy. The degree to which asymmetrically impaired
patients can benefit from binaural processing in the brain-
stem largely depends on the fitting of their devices, which
involves the critical dimensions of level, latency, and fre-
quency. A mismatch in any of these dimensions can inter-
fere with the benefits of binaural processing. Moreover, the
interaural difference in each dimension is frequency band-
specific. An ideal fit for the level dimension needs to be
more than simply adjusting an amplitude-scaling factor.

In electrical stimulation, the perceived pitch depends on
rate, level, waveform, and the place of stimulation, namely
the position of the electrode [13]. To measure the pitch dis-
crimination ability of an SSD-CI listener, we considered
all these parameters except for the positioning of the elec-
trodes. We treated the CI as a “black box” because we do
not know enough about the electrically elicited representa-
tion of speech at the periphery and in the cortex to generate
an appropriate model. Thus, we adopted an ecological ap-
proach that drove our stimulus design and delivery choices.

The stimuli used in pitch discrimination experiments
are usually pure tones [14, 15] or 1/3-octave band noise [16].
Optimal stimuli have been designed to simulate the broad
spread of excitation, with an adjustable pulse rate to mini-
mize intrinsic modulations after auditory filtering [17, 18].
In discrimination experiments with complex tones, just-
noticeable differences ranging from less than one semi-
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tone [19] to 5.7 semitones [4] were found. Another study
reported large individual variability in pitch-ranking thresh-
olds, ranging from 1 to 8 semitones [20]. Studies using
real musical instruments have estimated pitch discrimina-
tion thresholds for CI listeners of around 80%–90% [21,
22]. In all of these studies, the variance across participants
was considerable, with some participants only being able
to discriminate pitch with a frequency difference slightly
less than 100% (one octave) and best individual thresholds
around 3% (0.5 semitones). The best CI users performance
is similar to pitch discrimination thresholds with musical
instruments for normal-hearing listeners [21].

In the current study, an exponentially decaying sinu-
soidal stimulus was used because of its simplicity and eco-
logical characteristics. Such a stimulus is widely adopted
by the sound and music computing community [23]. Com-
pared to the use of steady tones, models based on exponen-
tially decaying sinusoids are more suitable for the simula-
tion of transients such as those found in speech [24] or col-
lision events [25]. The physical representation of a vibrat-
ing object under free oscillations through this elementary
model convinced us to use it as a viable probe to evaluate
pitch discrimination in everyday contexts .

Another important step toward an ecological hearing
evaluation was to move the pitch discrimination test out-
side the clinical setting through the use of a mobile ap-
plication. A wide variety of apps for audiometric tests
have been made available and evaluated [26]; an audio app
provided reliable hearing thresholds with test-retest reli-
ability comparable to clinical audiometry [27], and users
preferred to perform the test at home instead of the hospi-
tal. We developed a mobile app on iOS platforms to mea-
sure the individual pitch discrimination threshold of SSD-
CI children and checked with preliminary testing that the
results are aligned with the literature.

2. DESIGN PRINCIPLES

2.1 Stimuli

Acoustic stimuli were exponentially decaying sinusoids ob-
tained as impulse responses of a resonant second-order in-
finite impulse response (IIR) filter [28]:

H(z) = G
1

1 + a1z−1 + a2z−2
, (1)

with

r = 10− log10
dB
20 /τFs ,

a1 = −2r cos
2πf

Fs
, a2 = r2,

G = (1− r)

√
1 + a2 − 2r cos

4πf

Fs
,

where r is the magnitude of the poles, Fs is the sampling
frequency, a1 and a2 are the filter coefficients. The stim-
uli were designed by setting the parameters τ , determining
timbre and duration, and f setting the central frequency.
With Fs = 44.1 kHz, τ was constantly kept to 0.1, and f
was varied accordingly to the adaptive procedure described
later.

The audio during the test was synthesized at runtime
with Pure Data running on an Apple iPad Pro 11-inch 3rd
generation 256 GB via libpd [29]. Stimuli were delivered
via Sennheiser HD 600 open-back headphones. In view of
working with children with higher audiometric thresholds
than normal population, and to provide sufficient loudness
at the listening point without introducing distortion, the
digital output from the iPad was sent to an Antelope Zen
Go Synergy Core USB sound interface via a USB-C 3.5
mm jack adapter, whose analog output in its turn was am-
plified by an RME Babyface Pro sound card. The resulting
system was calibrated with a tolerance of 2.5 dB SPL and
a peak amplitude of 104 dB SPL.

2.2 Method

The pitch discrimination session consisted of five stages:

1. a preliminary task illustration with a set of variable
numbers of training trials performed collaboratively
by the participant, the experimenter, and possibly a
parent and the speech therapist;

2. a loudness balancing stage in which the participant
adjusted the stimuli to the most comfortable loud-
ness (MCL), and defined a contralateral equal-loudness
contour for each one;

3. a two-interval, two-alternative forced choice (2I-2AFC)
adaptive pitch discrimination test;

4. a catch trial, interrupting the pitch discrimination as
a distractor task, where the listener has to answer the
question “Do you hear one or two different sounds?”
after a pair of pure tones is presented with the same
frequencies as the last pair of stimuli;

5. an evaluation of the quality of the experience through
short questionnaires on task load and usability.

2.2.1 Loudness balancing

Sound pressure levels in the tested ear were adjusted to a
comfortable level, starting from 50 dB SPL. Participants
could adjust the level with three animated buttons increas-
ing SPL by 1 or 4 dB steps and decreasing it by 1 dB
steps. The equal loudness of pure tones is a function of
frequency. Fletcher and Munson [30] determined the first
equal-loudness contours (ELCs) for normal-hearing (NH)
listeners, and these still form the basis for the A-weighted
SPL. These contours are the starting point of the ELC es-
timations. For each test frequency, we found the curve
whose level is nearest to the corresponding frequency’s
MCL. Then an adaptation of the procedure described in [31]
starts, using a Bayesian machine-learning approach [32].
A Gaussian Process (GP) regression [33] was utilized to
estimate the ELC by interpolating data from previous tri-
als. The estimated curve was represented as a Gaussian
distribution. Frequencies were selected on a grid with a
spacing of 0.1 Cam on the Equivalent Rectangular Band-
width of the Auditory Filter (ERBN)-number scale [34],
ranging from 250 Hz (6.8 Cam) to 8000 Hz (33.2 Cam).
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For each subsequent trial, the GP regression predicted re-
sponses on a grid with a resolution of 1 dB in level and
0.1 Cam in ERBN-number. The GP employed a constant
mean function (µ) and a Matérn covariance function with
a ν parameter. The Matérn kernel can be seen as a gen-
eralization of the Gaussian radial basis function [35]. It
furthermore contains the absolute exponential kernel, and
it is better in capturing the physical processes due to its fi-
nite differentiability (for finite ν). The hyperparameters µ
and ν were determined through likelihood maximization at
each iterative step. The µ parameter drives the offset of the
overall curve, while the ν parameter controls the smooth-
ness of the function. For the next trial, the frequency whose
level required adjustment by the participant was randomly
selected from all points where mutual information [36] ex-
ceeded 90% of that for the point with maximum mutual
information. During each iteration, previously defined fre-
quency levels were utilized to determine the Fletcher and
Munson curve that minimized the root-mean-square error
(RMSE) at those frequencies. The points in this curve
were then integrated into the user-defined frequency - level
points for subsequent interpolation. During testing, each
participant heard the test frequency set at the MCL in one
ear, while a different frequency stimulus was presented to
the contralateral ear with a 500 ms stimulus onset asyn-
chrony. A layout similar to the one used for MCL deter-
mination allowed level adjustments, with buttons enabling
increments of 1 or 4 dB SPL and decrements of 1 dB SPL.

2.2.2 Pitch Discrimination

In the 2I-2AFC pitch discrimination adaptive procedure
two stimuli are presented on each trial with slightly dif-
ferent frequencies, and the listener must decide whether
the latter has a higher pitch than the former. We used a
weighted up-down method [37] similar to the simple up-
down rule. The magnitude of the frequency step between
the tones to be compared was determined to track the 75%
correct point on the psychometric function. After every
wrong answer, the relative frequency difference |∆f/f |
was multiplied by 2; otherwise, it was divided by 21/3.
The test frequency, heard for first, is kept constant through-
out the whole pitch discrimination sequence. For each se-
quence, the step size was initially set to 10% and adapted
with a single adaptive track for rapid convergence for at
least 16 trials. This value was empirically set to let the
experiment last approximately 30 minutes. After 16 tri-
als the mean and the confidence interval at 95% are com-
puted. If the last frequency step is found within that inter-
val, the resulting threshold is considered sufficiently stable,
the pitch discrimination sequence terminates, and the par-
ticipant starts with the next sequence; otherwise, another
sequence of 16 trials starts. Between the two sequences,
a catch trial is inserted. These catch trials aimed to con-
vey relaxation to participants by providing a lapse of pause
through a relatively easier task with a different acoustic
stimulation (pure tones) and graphic interface interrupting
the horizontal scrolling of the screen.

Three frequencies were tested: 750 Hz, 1 kHz, and 2
kHz. Besides tuning well with the “speech banana” [38],

Figure 1. GUI for a pitch discrimination trial.

they lie in the frequency range in which CIs are effective.
Since speech quality is quite satisfactory in the 300–3400
Hz frequency range, CI companies peak their devices’ per-
formances around that band [39]. The pitch discrimination
session lasted approximately 30 minutes. Data was col-
lected and saved on the device.

2.2.3 Graphical User Interface

A screenshot of the pitch discrimination GUI is illustrated
in Figure 1. The GUI and the interaction dynamics are
designed to create an engaging experience, providing el-
ements of serious game mechanics [40]. Two bouncing
“marbles” are positioned on the sides of the screen. The
two marbles run on a track, and the screen scrolls hori-
zontally without noise. When they bounce, corresponding
stimuli are presented. The runaway marble bounces when
the test stimulus is delivered. After it jumps, it rolls out of
the screen. Contextually, a question mark and two arrows
pointing up and down appear. During the task illustration,
the task to answer whether the second stimulus is higher
or lower than the first is explained to the participants as
“Where did the marble go, up or down?” This visual de-
sign choice was based on consolidated space-pitch asso-
ciations made by infants across cultures [41]. Feedback
was provided with an animation that showed the two mar-
bles traveling the same route and the chaser approaching
the runaway when the answer was correct, and two dif-
ferent routes and more distanced marbles otherwise. A
strawberry was collected as a reward for providing the cor-
rect answer and enhancing engagement [42], while a score
counter was visible to track performance. We note that
during experimentation, it occurred several times that the
participant compared the score made in previous runs with
the current score.

2.2.4 Quality of the Experience

Sessions included assessments using a modified version of
the NASA Raw Task Load Index (RTLX) [43] and a Short
User Experience Questionnaire (UEQ-S) [44] to gauge work-
load and subjective user experience. Experimenters and
parents aided participants in completing the questionnaires,
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Figure 2. NASA RTLX and UEQ-S results.

followed by discussions of the results.

3. PRELIMINARY RESULTS

Two participants, including an 18-year-old male with single-
sided deafness and cochlear implant (SSD-CI) and a 9-
year-old male with normal hearing (NH) took part in the
study. Ethical standards set by the Department of Mathe-
matics, Computer Science, and Physics at Udine Univer-
sity were followed, with approval from the Review Board
obtained on August 31, 2023. Both participants provided
written informed consent, adhering to the Declaration of
Helsinki guidelines, facilitated by their parents during their
minor status. Recruitment occurred through online presen-
tations to users and clients of Studio Riabilitare Insieme, a
rehabilitation facility in Maerne (Venice), Italy.

NH child exhibited thresholds of 1.98% for all tested
frequencies, while the SSD-CI listener showed thresholds
of 66.14%, 69.45%, and 93.75% for 750 Hz, 1 kHz, and
2 kHz, respectively. These thresholds align with the lit-
erature, indicating the NH child’s proficient discrimina-
tion ability and the SSD-CI listener’s challenges, consis-
tent with prior studies [21, 22]. We note that the SSD-CI
listener’s thresholds increase monotonically with the tested
frequency.

The results of the NASA RTLX and UEQ-S are visually
displayed in Figure 2. NASA RTLX results indicate high
mental demand for both participants, but higher demand
for the SSD-CI listener. The NH child faced higher phys-
ical and temporal loads, probably due to his young age.
Both participants rated their performance the same, even
if the SSD-CI listener’s thresholds were largely exceeding
the NH’s. The NH listener reported higher effort and frus-
tration than the SSD-CI participant. Likely this evidence is
related to the fact that the SSD-CI listener could detect only
large pitch differences between the stimuli. Accordingly,
the SSD-CI should be involved in a training protocol to
appreciate more subtle changes and to be challenged with
greater commitment as a result. With a cochlear implant
simulator [45], we can see that processed stimuli display
broader spectral energy (see Figure 3).

Figure 3. Spectrograms of two decaying sinusoidal stimuli
with central frequencies of 800 Hz and 1.6 kHz and their
CI-processed respective.

Moreover, UEQ-S outcomes suggest the NH child’s fa-
miliarity with mobile games, as evidenced by lower ex-
citement levels than the SSD-CI listener. The latter found
the app less conventional and more confusing than the NH
child, likely due to the difficulty in understanding what task
to perform in pitch discrimination. We report that during
the pitch discrimination test, participants were generally
engaged by the game, feeling frustrated by a wrong answer
and enthusiastic when the correct one was hit instead.

4. CONCLUSION

Our study presented a mobile application tailored for pitch
discrimination in children, integrating innovative approaches
to enhance ecological listening scenarios and patient en-
gagement while prioritizing personalization and minimiz-
ing stress. Through intuitive game mechanics, Gaussian
processes for fast determination of equal loudness con-
tours, and adaptive psychometric techniques, the app offers
a user-friendly and effective means of assessing hearing
health. Preliminary qualitative evaluations involving par-
ticipants with normal hearing and a monolateral cochlear
implant have yielded promising outcomes. The percep-
tual thresholds align with established literature, suggest-
ing potential for this app to deliver accurate assessments.
The primary limitation of the current study lies in the lim-
ited pool of participants. Future endeavors will prioritize
a devouted examination of the loudness balancing proce-
dure and incorporate additional stimuli, such as the pulse-
spreading harmonic complex [17], into a pitch discrimi-
nation test tailored for CI users. Furthermore, integrating
our experimental approach with preliminary audiometric
assessments and subsequent rehabilitation therapies may
offer a more comprehensive evaluation scenario. Future
work will address different user groups’ varying needs and
experiences, as evidenced by differences in subjective work-
load and user experience between participants. Further re-
search is warranted to refine the app’s design and function-
ality, considering users’ feedback and the complexities of
auditory processing in individuals with cochlear implants.
In conclusion, the presented app is a step toward more eco-
logical and engaging audiological assessment and rehabil-
itation.
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