Results of unprecedently long-time of melodic contour identification in CI
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Abstract

The paper reports the results of studies of about four years of systematic training of
melodic contour identification by a cochlear implant user. The implant was received after 40
years of single-sided deafness. The training led to an improved score on the applied test,
although this did not result from true pitch identification through the cochlear implant. The
observed decrease of the number of mistakes in melodic contour recognition was consistent
with the exponential law of practice, which indicates the relationship between response/reaction
time and the number of practice trials, well-known in psychology. The important role of the
prehearing was found, which seems to be separate and different for speech and for music in
cochlear implant perception. The paper reports some methods of achieving strong motivation,
which is deemed necessary for long-term cochlear implant rehabilitation.

1. Introduction

Cochlear implants (CIs) have been documented to increase the quality of life of deaf
people, regardless of their age. The most important benefit of CI is improving speech
understanding in everyday listening environments [1]. Early implantation in prelingually deaf
children facilitate later development of speech perception skills and speech intelligibility [2].
Despite the evident benefits of speech recognition, namely, vocal communication and rhythm
appreciation, many aspects of sounds are not fully appreciated, including the ability to identify
the age, sex, and accent of a speaker [3] [4], speech prosody [5] [6] [7] [8] [9] [10] and musical
understanding, particularly pitch and timbre [11] [12] [13] [14] [15] [16].

There are no established procedures for rehabilitation of sound recognition, particularly
methods based on music. One challenge is the need to treat patients individually, since
individuals demonstrate great variation in music knowledge and skills [17]. Most studies on
rehabilitation and improvement of music appreciation involve a relatively short-term training
period [18]. Examples of such training regimens include 4 weeks of training, of at least 3.5
hours a week [19], 6 weeks of training, 4 days a week, 15 to 30 minutes daily [20], and one
month of training without further specifying frequency [21]. Results of long-range training,
conducted over several years, have not been reported to date.

This paper reports results of long-range training of melodic contour identification,
during which the results were systematically recorded. It also reports various incidents of a
technical nature and efforts to increase the user’s motivation, a crucial factor behind successful
long-range in-home rehabilitation of CI users.

This work reports the effects of long-range training performed by the author on himself.
The author uses a MedEl Sonata implant and a Sonnet processor, which he received in February
2017, after 40 years of complete single-sided deafness. According to his subjective impression,
implantation increases speech understanding to a satisfactory level, but it does not improve
music perception—this was the main motivation to initiate music-based training.

Although music appreciation is subjective, there are objective methods for testing some
elements of musical understanding. One of the proposed measures of melodic pitch perception
by CI users is the recognition of randomly-selected simple melodic contours [14]. Following
suggestions that spaced rehearsal is generally superior to massed training over a longer time



frame [22] [23] [24] at the same time being less time consuming, the author has been
performing, for almost four years, systematic, registered and monitored training practice.
Despite being long-range, the training has not been time-consuming in terms of everyday life,
since it did not take much time on a daily basis. That monitoring such training’s advances was
rather simple provided strong motivation behind this long-lasting and monotonous
rehabilitation.

This study was conducted in compliance with the procedures approved by the Research
Ethics Board of the Medical University in Bialystok.

2. Methods
a) Systematic training by melodic contour identification

Melodic contour tests were conducted using hearing resources available at Keck School
of Medicine of USC (courtesy of R.L. Goldsworthy). Nine melodic contours of piano tones [14]
were generated using MIDI sampling and synthesis (Fig. 1). The contours covered the fo
frequency range of 139-349 Hz. Activity results were registered on the Team Hearing (TH)
platform. The resulting data files (in Excel format) were analysed using Mathematica software.
Other hearing tests were developed using open-source score writer MuseScore (MS), where
contours of piano and bassoon covering fo frequency range 220-554 Hz were prepared.
Mathematica software was used for random selection of the melodic contours

In both cases (TH and MS), the spacing 4 between successive notes in the contour (Fig.
1) varied between 1, 2, or 4 semitones. A particular task consisted of 18 calls. The test score
was calculated as the ratio of correct answers to the total number of calls. At the initial stages
of training, separations of 4 tones were used; later on, the spacing for a contour in each call was
randomly selected (1, 2 or 4 tones).

The tasks have been performed systematically since 2017, usually once or twice a day,
sometimes with a break of a few days. To avoid sound detection by normal hearing, training by
cochlear implant was performed using either an audio cable connecting the CI processor with
the audio source, or an audio induction loop. During training, after correct or incorrect
recognition of a signal by CI, the trainer then listened to the signal with the normal hearing ear,
in order to hear the normal sound.

Before each exercise a prehearing was used by hearing to the audiobook. If the melodic
contours originating from different sources were trained, an order was conserved: bassoon MS
than piano MS, and then piano TH. Since 2022.04.26 the order was changed: piano TH, bassoon
MS and piano MS.
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Fig. 1 Nine melodic contours [14] used in the TH platform. Spacing between notes (A)
can have a value of 1, 2 or 4 semitones. The lowest notes are marked in grey.

b) Early stages of rehabilitation

The author recognized his first words using the implant 5 months following surgery.
Understanding music was much more difficult, however. 14 months following surgery,
recognition of any melodic contour on the TH platform was almost impossible, with correct
answers being nearly accidental. Therefore, the author designed a simpler test, aiming at the
recognition of a pitch difference between only two tones. After 15 months of training using
such a two-tone test (i.e., 29 months following surgery), the author was able to recognize some
of the melodic contours on the TH platform. From this point, systematic training was adopted.

3. Results
a) Melodic contour identification

The results of melodic contour training performed on the TH platform are shown in Fig.
2 by light-green points. Till 2022.05.25 over 3242 tests were performed; many points overlap,
so not all of them are visible at this scale. The points are grouped in horizontal lines because
each task consisted of 18 calls and the correct number of answers was an integer number
between 0 and 18, shown by light colour. The graph shows remarkable dispersion in the points:
while recognition may be high on one day, up to a 100% score, the following day, recognition
levels could drop significantly, to as low as 25%. Magenta bars indicate important events on
the time scale.

At early stages of rehabilitation trials of TH training were very confusing, since all the
melodic contours were heard as the same overlapping rumbles, the answers were accidental,
resulting in a score corresponding to random choice, shown as example by few green points at
time a. Thus, during the first 15 months the two-tone test was performed on the period shown
in Fig. 2 between the magenta bars indicated as a and b, however these results are not shown in
Fig. 2

Despite the mentioned strong data dispersion, thanks to the abundant quantity of data, it
is possible to analyse trends. Thus a moving average [25], a simple method of smoothing time
series data, was used, over a four-month period; this trend is shown using dark green points in
Fig. 2. On the period located between the bars indicated as b and ¢ in Fig. 2 the melodic contours



with a spacing of 4 tones were trained. There was a remarkable rise in averaged scores from
about 60% to about 90% within two months.
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Fig 2. Results of training of piano melodic contour identification, performed at a TH platform.
Dark green points show the moving average over a period of four months. Bars (a-g) represent
position of events discussed in the text on the time scale. A point with light green colour
represent the results of single task k/n - 100%, i.e. correct numbers of answers k for n calls (n
=18).

Further training of melodic contour identification also included spacings of 1 and 2 tones
between tones in melodic contours. Shortly after that time, the score increased up to about 95%
(the period between ¢ and d in Fig. 2), with however smaller rate than in period b-c. The strange
behaviour in the periods between bars indicated as d, e and f'was related to technical difficulties
that occurred during this time, such as the reclamation of the audio induction loop, a change of
the computer because of technical problems with its sound card, a loss of control of the audio
induction loop volume, and other minor technical issues. After overcoming these technical
difficulties, higher scores—some even over 95%—were recorded.

In order to quantitatively characterise the type of incorrect identifications, a confusion
matrix was constructed (Fig. 3). The probability of a correct answer is shown on the lower-left
to upper-right (green) diagonal. It is clear that the best recognized contour is flat (Fig. 1).
Another observation is that contours with three notes which are flat at the beginning (contours
4 and 6 in Fig. 1) are never confused with contours with three notes at the end (contours 2 and
8 in Fig. 1). Thus, the fields in the matrix (Fig. 3) with coordinates (2,4), (2,6), (4,2), (4,8) (4,2),
(4,8), (6,2), (6,8), (8,4) and (8,6) have probabilities equal to zero. The fields with intense pink
colour form a diagonal from the top-left to bottom-right. For these coordinates, significant
confusion occurred during identification of contours 1-9, 2-8, 3-7, 4-6, 6-4,7-3, 8-2 and 9-1.
The contours in each pair have reversed pitches: high is swapped with low, and low is swapped
with high.
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Fig. 3 A confusion matrix for TH training. Calls and answers are shown as numbers (from 1 to
9) representing the melodic contours studied, as used in Fig. 1. Values on the green diagonal
represent the corresponding probability of a correct answer. The more intense the colour, the
more accurate the responses. Off-diagonal values represent the probability of the corresponding
incorrect response (e.g., the probability that the listener responds 3 to the 4th call is shown in
the cells corresponding to the intersection of the 3rd row and the 4th column); the more intense
the colour pink, the greater the probability of an incorrect answer. The probabilities in each
column total 1 (with the accuracy of two digits, used for clarity of presentation).

After about 38 months of training (see the bar indicated as g in Fig. 2), new tests were
introduced, resulting in an unexpectedly low score, shown in Fig. 4 using blue (for piano) and
red (for bassoon) colours. To the healthy ear, the new tests did not introduce anything atypical
or specific: they were very similar to the previous tests, with the only difference being the
implementation of two new instruments: a bassoon, with apparently different timbre, and a
second piano, with slightly different timbre and with notes covering slightly higher pitches (see
the Methods section). Therefore, such a low score for the piano MS was quite unexpected,
especially because the score for the piano TH was much higher. Nevertheless, on average,
progress was observed as shown in Fig. 4, and the training continued with the goal of eventually
achieving high scores for these two additional instruments, similar to that achieved for the tests
on the TH platform.
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Fig. 4. Results of training performed using the TH platform and the files generated in MS.
Green points show the same results as in Fig. 2, while blue and red points show the results of
the new tests for piano and bassoon, respectively. Like in Fig. 2, lighter colours represent the
results of single task, while darker colours represent the four-month moving average. A point
with light green colour represent the results of single task k/n - 100%, i.e. correct numbers of
answers k for n calls (n =18).

4. Discussion

The melodic contour identification reported in [Blad! Nie zdefiniowano zakladki.]
showed the maximum improvement, from 60% to 80%. Another study for six CI users reported
improvements in melodic contour identification from 70% to 90%, 65% to 80%, 65% to 90%,
28% to 75%, 28% to 65%, and 40% to 70% for the six users, respectively [14]. Training
sessions, however, were short, with none exceeding fewer than 10 months. Therefore, it is
difficult to compare these results with those of the present study, which reports the results of
this unprecedented long-range training, over a duration of almost four years. Melodic contour
identification for the piano increased from about 35% to 95% (dark green points in Figs. 2 and
4), a large increase compared to those reported in other studies. The most frequent
misunderstanding was the confusion between rising and falling contours, while constant pitch
tones were correctly recognized (the pink diagonal of the table in Fig. 3). This may suggest that
an effective method of training would be the intensification of training of the most difficult
parts, which in the reported case included only rising and falling melodic contours, until correct
recognition is achieved.
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Fig. 5. Chance of mistake calculated from the data presented in Fig. 4. The light colour point
represent the result of single task m = 1 — k/n, where k is correct numbers of answers for n
calls (n =18). T light red and blue points are slightly shifted vertically to avoid overlapp. Dark
colours represent the four-month moving average. and are guide to the eye only. The thin solid
curves (red, green and blue) show results of the best fit of the eq. (1) to the data shown by light
colours. Inset: the same data plotted in logarithmic scale. The linear trend with similar slope is
clearly seen. The red, green and blue curves are transformed to the straight lines in the inset
(not shown because of too small image size of the inset).

The most unexpected result in the experiment was the poor recognition of melodic
contours introduced after some time (Fig. 4, red and blue points). This seems to contradict the
results reported in [22], according to which one task may extrapolate to other types of stimuli
that require similar perceptual processes.

Another interesting observation comes from the presentation of the results collected in
Fig. 4 in another way, namely, logarithm of chance of mistake versus time, see inset in Fig. 5.
The inset show, that all data, on average has similar slope. This suggest for the exponential law
of practice. Historically the power law of practice [26] was first described in the late 1920s. It
states that the logarithm of the reaction time for a particular task decreases linearly with the
logarithm of the number of practice trials taken, and has since been used in many psychological
scenarios [27] [28] [29]. Later, an exponential function of observed experimental results related
to learning was proposed [30].

In order to perform statistical analysis we perform nonlinear fitting [31] of the
exponential function:

m=A-e -t/ (1)
where m is the chance of mistake (wrong answer), ¢ is the time on the horizontal axis in Fig. 5
and t, is a time at which MuseScore bassoon and piano were introduced. The model parameters
A and 7 have the following interpretation: A is the number of mistakes at time ¢y, and 7 is the
characteristic time after which the number of mistakes decreases by factor of e (e=2.71...).



Three lines shown in Fig. 5 are results of fit to the data marked by light colours, and the fitted
parameters A and 7 and their standard deviations estimated using [31] are shown in Table 1.

Table 1 Parameters A and 7 obtained from nonlinear fitting of relation (1) to the data shown by
points of light colours in Fig. 5. Results of fit are shown by thin solid curves in Fig. 5.

contour source A T [years]

bassoon MS 0.324 + 0.015 1.31+0.11
piano MS 0.354 £ 0.016 1.32 £ 0.10
piano TH 0.0295 + 0.0040 0.96 + 0.29

The quantitative results show, that characteristic time 7 for all three types of the melodic contour
training files is the same within the experimental accuracy and is about one year and in this
period the training cause decrease of the average number of mistakes by factor of e=2.71...
Contrary to that, parameter A indicates that number of mistakes in recognition of piano TH is
over 10 times smaller than recognition of MS piano or bassoon.

As explained in methods, before musical exercises a prehearing was used by hearing to
the audiobook in CI. There question arise whether an audiobook is a good prehearing. To check
this we have analysed each of the call of the tasks separately, calculating average score for the
task no 1, 2, ..18. The results are shown in Fig. 6. The uncertainties were calculated as standard
deviation of the mean. There is remarkable low score for the first call and slight increase of the
score of remaining calls with its order number. This result indicates clearly effect of insufficient
prehearing. Also, just one call is sufficient as prehearing in contrast to the few minutes of
audiobook prehearing.
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Fig. 6 Average score for TH piano test calculated separately for each of the 18-th calls.

In the context of the unexpected effect of prehearing shown in Fig 6, the question arise
about influence of the order of the melodic contours tasks. Is it important that an order was a)
bassoon MS than piano MS, and then piano TH or b) piano TH, bassoon MS and piano MS. In
Fig. 4 the bar h indicates moment at which an order between a) and b) was changed. There are
no observed changes of the score.



5. Conclusions

The presented studies shows that long-range training of melodic contours results in
improvement melodic contour recognition. The huge amount of data collected can be
quantitatively characterised by the exponential decrease of the number of mistakes in time.
Quite unexpected result of our investigation is apparent lack transport of skills achieved in one
task to another task. Thus, a high score in the tests does not necessarily indicate real pitch
identification.

The positive result of the investigations is that even long period of non-hearing, 40 years
in studied case, is not is not a hindrance in systematic increase of quality of sound perception
under systematic training.

Quite unexpected result is the importance of correct prehearing. He have shown, that
speech does not serve as a good prehearing for the music perception. In contrast, perception of
just one music sound seems to be good prehearing.

It is an open question as to whether a variety of instruments, diversity in pitch levels,
and separation between tones during long-range melodic contour training result in better
recognition of musical elements by cochlear implant hearing.

The presented studies were possible because of strong motivation and individualised
help of the medical staff. The overall results seem promising. Further training will include
additional modifications of musical training following the ideas described in this paper.
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