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Abstract—The temporal-limits-encoder (TLE) strategy
has been proposed to enhance the representation of tem-
poral fine structure (TFS) in cochlear implants (Cls), which
is vital for many aspects of sound perception but is typi-
cally discarded by most modern CI strategies. TLE works
by computing an envelope modulator that is within the
temporal pitch limits of Cl electric hearing. This paper
examines the TFS information encoded by TLE and eval-
uates the salience and usefulness of this information in
Cl users. Two experiments were conducted to compare
pitch perception performance of TLE versus the widely-used
Advanced Combinational Encoder (ACE) strategy. Experi-
ment 1 investigated whether TLE processing improved pitch
discrimination compared to ACE. Experiment 2 parametri-
cally examined the effect of changing the lower frequency
limit of the TLE modulator on pitch ranking. In both exper-
iments, FO difference limens were measured with synthetic
harmonic complex tones using an adaptive procedure.
Signal analysis of the outputs of TLE and ACE strategies
showed that TLE introduces important temporal pitch cues
that are not available with ACE. Results showed an improve-
ment in pitch discrimination with TLE when the acoustic
input had a lower FO frequency. No significant effect of lower
frequency limit was observed for pitch ranking, though
a lower limit did tend to provide better outcomes. These
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results suggest that the envelope modulation introduced by
TLE can improve pitch perception for Cl listeners.

Index Terms— Cochlear implant, pitch perception, tempo-
ral fine structure.

I. INTRODUCTION

OCHLEAR implants (CIs) have been relatively success-
ful in enabling most of their users to achieve good per-
formance in speech perception in quiet [1]. However, CI users
are still experiencing poor pitch perception, and thus are still
struggling in other listening tasks such as speech-in-noise
perception [2], music perception [3], speech intonation per-
ception [4], and lexical tone perception in tonal languages [5].
In current CIs, input sounds are divided into sub-band chan-
nels. Each sub-band signal can be considered as a slowly
varying envelope superimposed on a more fast oscillating car-
rier, i.e., the temporal fine structure (TFS) [6]. CIs encode the
temporal envelope information contained in each channel as
amplitude modulation changes on a train of electrical pulses.
Poor sensitivity to temporal modulation changes in electric
hearing imposes constraints on effective delivery of TFS. Most
CI users can only discriminate temporal changes in the range
of approximately 50 to 300 Hz (though the upper limit may
be higher in some CI users [7], [8], [9]) at individual electrode
channels, which is often referred to as the temporal limit of
pitch perception in CI users. More importantly, in most clinical
CI strategies, only temporal envelopes from each channel is
preserved, whereas the TFS is discarded. The lack of TFS may
partly account for the aforementioned difficulties [10], [11].
TFES is an important acoustic cue for pitch perception [12],
which plays a critical role in tasks that CI users find difficult.
Given the importance of pitch, considerable efforts have been
directed towards developing pitch enhancement algorithms for
CI users, and some of them are now available in commercial
CI devices. One approach has been designed to enhance
periodicity by increasing modulation depth according to the
instantaneous FO in the channel envelopes. Examples are the
FOmod strategy [13], [14], [15], [16], and the Optimized
Pitch and Language (OPAL) strategy [17], [18], [19], [20].
Some other studies have recently explored new ways such
as inserting pulses with short inter-pulse intervals (the SIPI
strategy [21]). Another approach tried to enhance TFS by tim-
ing the electrical pulses to features of the acoustic signal. For
example, the peak-derived timing (PDT) strategy [22] places
a single pulse at the peak of the signal envelope, while the
fine-structure processing (FSP) strategy [23], [24], [25], [26]
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stimulates at every positive zero-crossing. The FSP strategy is
commercially available in the devices of MED-EL (Innsbruck,
Austria). However, mixed results have been reported with these
strategies [27]. Though some of these strategies were reported
to have substantial improvement, pitch perception of CI users
is still unsatisfactory compared to that of normal-hearing
listeners [28]. Hence, alternative methods for improving pitch
perception for CI users are still worth investigating.

The Temporal Limits Encoder (TLE) strategy [29], [30] was
designed to enhance the TFS representation in CIs. In contrast
to prior attempts, the TLE strategy computes an envelope
modulator by downshifting the mid-frequency channel infor-
mation to a low-frequency range between the lower and upper
temporal pitch limits. In this way, the rapidly-varying acoustic
TFS, which is typically out of the perceptual limits of electric
temporal pitch perception, is converted to a slowly-varying
version that is within the perceptual pitch range of CI users.
The TLE strategy has one free parameter, fj;;;, which sets the
lower temporal pitch limit. The TLE strategy has previously
been tested in some pitch-related listening tests in normal-
hearing (NH) listeners with offline vocoder simulations. The
advantage of the TLE strategy over standard envelope-based
strategies was observed in tasks including pure tone dis-
crimination [29], binaural intelligibility level difference [31],
Mandarin speech-in-noise reception, and Mandarin tone recog-
nition [30]. However, the benefit of the TLE strategy for pro-
viding pitch perception benefits for CI users remains unclear
because electric hearing is vastly different to acoustic hearing.

This paper presents a signal analysis of the potential pitch
cues that are encoded by the TLE strategy and conducts
listening experiments with CI users to evaluate the salience
of these cues. For the listening experiments, a real-time
version of the TLE strategy was developed and described in
Section II. The real-time implementation used an overlapping
frame-based approach with a Fast Fourier Transform (FFT)-
based filterbank. This differed from the offline version of TLE
used in the prior NH studies, which employed a filterbank
of Butterworth filters. This change was necessary to allow
a comparison of pitch perception performance between the
TLE strategy and the Advanced Combinational Encoder (ACE)
strategy [32]. ACE is a commonly used strategy for CI users
with Cochlear Limited implants and it uses an FFT filterbank.
Two listening tests were conducted with CI users to test the
real-time version of the TLE strategy. Experiment 1 measured
pitch discrimination thresholds for sounds encoded by TLE
and ACE. In this experiment, f;,, was fixed at 50 Hz. Exper-
iment 2 investigated the effect of the parameter fj;;, on a pitch
ranking (which sound is higher/lower in pitch) task. Compared
to pitch discrimination, the pitch ranking task provides better
insight into the usability of pitch information for real-world
listening such as melody and tonal language perception.

[I. THE TLE ALGORITHM
A. FFT-Based Real-Time Implementation

This section focuses on the FFT-based real-time imple-
mentation of the TLE strategy. This real-time implementation
allows a direct comparison of performance in real CI users
between both strategies.

Figure 1(a) shows the signal processing chain for both
ACE and TLE. For each frame of sound, an FFT is applied
to transform the acoustic input into the frequency domain.
The FFT bins are then grouped into a number of frequency
channels (typically equals to the number of electrodes). For
ACE, the corresponding frequency bins in one channel are
weighted and summed to provide a single magnitude value
that is then used to amplitude modulate an electrical pulse
(Fig. 1(b)). For TLE, a “modulator” is computed using a
frequency down-shifting process (Fig. 1(c)) to amplitude mod-
ulate the electrical pulses [30], [31], [33].

The frequency down-shifting process in TLE is imple-
mented for real-time testing as follows. First, for each channel,
the FFT bins in each frame are transformed into the time
domain using an Inverse Discrete Fourier Transform (IDFT).
The IDFT of an N-point FFT X (0 < k < N — 1) is defined
as
N—1
> Xl ¥ 0<n <N -1 )
k=0

1
)anﬁ

Here x is an N-point sequence in the time domain. When this
is done frame by frame, we have an N-point IDFT sequence
in each frame. In each frame at each CI channel, only one
value is needed for each electrical pulse to control its pulse
amplitude. In the case of ACE, the value is the magnitude
of the weighted complex DFT outputs within corresponding
channel. In TLE, we proposed to make use of the middle point
selected from the N-point IDFT sequence, i.e., the point with
n= % For a channel that contains FFT bins X, to X, in a
frame, the selected middle point is computed using

q q
slgl =D wiXelgle!™ = D" (=D wiXilgl ()

k=p k=p

where wy is the weight for the k'™ FFT bin, and g is the
frame number. With consecutive frames, s is a signal in the
time domain for the channel.

Then, the frequency downshifting process is applied in
the time domain. For a continuous-time band-limited channel
signal, the frequency can be downshifted by multiplying
with e=/27f»! _This multiplication does not change the Hilbert
envelope and spectral structure of the original signal. Only the
spectral centroid is changed after the frequency-downshifting
process. In frame-based real-time processing using an FFT fil-
terbank, the frequency downshifting processing can be applied
to the output of Eq. 2 using

vlgl = S[g]e—jzﬂfm(g—l)Tshift

q
— Z(—l)kkak[g]eijznf"’(gil)r"”'f‘ (3)
k=p

where g is the frame number and Ty, is the time shift
between adjacent frames. After frequency downshifting, the
real part of o[g] is half-wave rectified to get the TLE
modulator in the g;, frame.

The frequency of f,, in Eq. 3 should be set carefully because
it determines the frequency of the downshifted signal. Recall
the temporal pitch limits in electric hearing that most CI
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Fig. 1.

Schematic diagrams of TLE and ACE. (a) Block diagram of the TLE strategy. The red rectangle illustrates the processing that is unique in

TLE, and the rest processing is the same as in ACE. (b) Envelope extraction process based on FFT in ACE. (c) Frequency downshifting process
based on FFT in TLE. (d) Schematic diagram of the difference in modulator extraction between TLE and ACE. For demonstration purpose, two
different versions of TLE was included with fj;, set at different values, and the single-channel electrodograms are presented at a constant pulse rate
of 800 pulses per second without compression, maxima selection and quantization into electric current levels.

users can only perceive temporal information from 50 Hz
to 300 Hz [7], [8], [9]. These limits require TLE to have
an intermediate frequency for f;,, so that the downshifted
TES could be within the limits. In TLE, f, is set channel-
specifically at

f;n = flow - flim, (4)

where fj,,, is the lower frequency bound of the channel and
fiim 18 a user-defined parameter representing the lower limit of
temporal pitch perception on single electrode (typically higher
than 50 Hz). After the frequency-downshifting process, fim
is also the lower frequency bound of the downshifted signal.

Figure. 1(d) illustrates the difference in modulators between
the two strategies for an artificial stimulus. In TLE, each
frequency component is downshifted to a lower frequency
while keeping the spectral structure. The only change is the
spectral centroid, and the new centroid after frequency down-
shifting is determined by the user-defined parameter f;;,,. For
example, for the frequency component 90 Hz higher than the
channel lower frequency bound in the 14" channel (the dashed

circle), after donwshifting its frequency is 90 Hz higher than
fiim- In the figure, for demonstration purpose, two versions of
TLE were included, with f;,, = 100 and 300, respectively.
Moreover, the spectral structure (two components 30 Hz
lower and higher than the center component, respectively) is
maintained after frequency downshifting.

The effect of the modulator lower limit f;;,, can be seen
from the examples in Fig.1(d). As mentioned before, it deter-
mines the lower frequency bound of the downshifted signal.
The given input in this figure has different carrier frequencies
after frequency downshifting of two different versions of TLE.
The temporal waveform of the modulator of TLE in the right
dashed rectangle is changing more fast than that in the left
one. This is because fj;,, was set at a higher value of 300 Hz
in the right dashed rectangle, but at a lower value of 100 Hz
in the left one. For a given original frequency, a higher fj;»,
results in a higher downshifted frequency.

Then, the downshifted subband signals are half-wave rec-
tified and go through the same maxima selection and com-
pression process as in the ACE strategy as the amplitude
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Fig. 2. Example electrodogram (a) and modulator spectrum at each electrode (b) of two 5-harmonic complex tones in ACE and TLE. For easier
comparisons, modulator spectrum of the two consecutive complex tones were put together in the same figure in (b).

modulator of a pulse train with a constant pulse rate. Note that
this within-channel frequency downshifting is done after band-
pass filtering in channels with relatively narrow bandwidth.
Therefore, in reference to ACE, only the modulators at several
given (low-to-middle frequency) electrodes are changed, while
the modulators in other channels with higher frequencies and
wider bandwidths are not affected in TLE. The overall spatial
pattern (frequency-electrode allocation) is kept the same as in
regular strategies.

B. Signal Analysis

Two examples of different stimulation patterns between
ACE and TLE (with fj;,, = 50Hz) are shown in the stimulation
patterns (also called electrodograms) in Fig. 2(a). The acoustic
input was two complex tones with FOs of 200 and 210 Hz and
each included the first 5 harmonics (equal amplitude among
harmonics). It can be seen that the output modulated pulses
of TLE are substantially different from those of ACE.

Figure. 2(b) shows the magnitude spectrum of each chan-
nels’ pulse modulator extracted from the electrodogram for
ACE (the left column) and TLE (the right column). In ACE,
FO information was quite limited in all electrodes, with no
substantial peaks related to FO in the magnitude spectrum.
This is because of the narrow bandwidth (—3 dB bandwidth
of 180 Hz [18]) in ACE. With this narrow bandwidth, little
amplitude modulation can be expected for FOs of 180 Hz or
higher in low frequency channels.

The TLE modulator spectrum is distinctly different from
that of ACE. There were substantial spectral peaks related
to FO at electrodes that contained harmonic components, and
the frequencies of these peaks increased with the increasing
of FO. Further, the frequency difference between the original
TFSs was maintained in the downshifted TFSs. For example,
at E21 which contains the second harmonic component, the
acoustic input has a 20 Hz difference in this range. After TLE
processing, this 20-Hz difference is observed in the envelope
modulators. This frequency difference is also preserved for the
3rd, 4th and 5th harmonics in E19, E18, and E16, respectively.

Hence, it is reasonable to hypothesize that these differences
in the envelope modulator created by TLE processing might
help CI listeners to perceive a change in FO, when compared
to ACE processing.

[1l. EXPERIMENT 1: PITCH DISCRIMINATION
A. Stimuli

Synthetic complex tones, comprised of the first five sinu-
soidal harmonic components of a fundamental frequency (F0)
with a spectral roll-off of 10 dB per octave, were used as
the acoustic stimuli. The starting phase of each harmonic
component was randomized. Each complex tone was 400 ms
in duration, gated on and off with a 20-ms sinusoidal ramp,
and was successively presented with a 300-ms inter-stimulus
interval. A three-interval, three-alternative forced-choice
(BI-3AFC) procedure was used in this experiment. In each
trial, two intervals were randomly assigned to have the same
FO value and the remaining interval had a different FO value.
Specifically, the FOs of complex tone pair in each trial were
always centered around a center FO value (denoted by FOc)
with a difference denoted by AFO, namely, FOc + 0.5AF0 and
FOc — 0.5AFO.

Four FOc values were tested in this experiment: 250, 313,
1000, and 1063 Hz, which are the center and upper cut-off
frequency of electrodes 22 and 16 in the default 22-channel
frequency allocation table of the Cochlear devices, respec-
tively. 250 and 313 Hz are within the typical voice pitch range,
while 1000 and 1063 Hz are in the upper musical pitch range.

B. Participants

Seven adult CI users (listed in Table I) participated in this
study. All CI listeners used the clinical default frequency
allocation tables (FAT) for 22 active electrodes, except for two
listeners who used the default FAT for 20 active electrodes (C1
and C9, two deactivated electrodes at the apical end).

The real-time TLE and ACE strategies were implemented
in MATLAB and presented to CI participants using a
CCi-MOBILE research processor developed by University of
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Fig. 3. Example stimulation patterns (electrodograms) for two stimulus pairs (one for each row, with FOc of 250 and 1000 Hz, respectively, and AF0 =
FOc x 10%) processed by the two strategies. In each panel, the stimuli were a pair of complex tones with FO of FOc—AF0/2 followed by FOc+AFO0/2.
Information regarding FOc and strategy is given in each electrodogram. The stimulus duration was reduced to 200 ms and the inter-stimulus interval

was also reduced for illustration purposes.

Texas at Dallas [34], [35]. The output volume and microphone
sensitivities were adjusted to compensate for potential loud-
ness differences induced by modulator differences. This was
done separately for the two strategies so that a speech-shaped
noise presented at 65 dB(A) sounded equally loud with the
two strategies. For this experiment, f;,, (the lower limit of the
modulator) was set to 50 Hz. From here onwards, we refer to
this condition as TLESO. In this way, electrodes 21 to 13 (21 to
15 for participants with 20 active electrodes) were downshifted
to a lower frequency range above 50 Hz. The lowest frequency
channel (electrode 22) was not downshifted but the original
signal was used directly as the modulator without envelope
extraction. Example electrodograms of TLE50 and ACE are
shown in in Fig. 3. These electrodograms were generated
using two stimulus pairs used in this experiment (described
in Section III-A).

Nine normal-hearing (NH) listeners (three females and six
males, aged 19 to 35 years, mean = 23.3 years) were recruited
to provide baseline performance metrics for the task and
experiment. NH listeners were students from South China
University of Technology. They all reported normal hearing
and no history of otologic pathology or neurological disorder.

All participants in both Experiment 1 and 2 received finan-
cial compensation for their participation. Written informed
consent was obtained from all participants before the experi-
ment, and all procedures were approved by the ethical review
board at Shenzhen University.

C. Procedure

The experiment was conducted in a soundproof room with
a background noise level less than 30 dBA. Stimuli were
presented through an audio interface (Focusrite Scarlett 2i4)
and a loudspeaker (Yamaha HS5) located 1 m in front of the
listener at a level of approximately 65 dBA measured at the
location of the center of the head when the listener was absent.

TABLE |
PARTICIPANT DEMOGRAPHIC AND DEVICE INFORMATION

ID Gender gsggnagf Etiology Processor c ex([})]f;;lence eliﬁgges
Cl F 23 Congenital CP810 19 20
c2 M 26  Drug induced  CP950 17 22
("] F 36 Tympanitis  ESPrit 3G 9 20
Cl4¢ F 42 Drug induced  CP810 13 22
Cl6 F 25 Unknown Freedom 3 22
C31 F 23 Sudden deafness CP910 7 22
C27 M 38 Unknown CP802 1 22
Mean - 30.4 - - 9.9 -

a: the only bilateral user, tested unilaterally with her preferred ear.

Participants were instructed to select the interval that
sounded different in pitch from the other two on a computer
screen. If unsure, participants were asked to make their best
guess. A trial was scored as correct when the listener correctly
identified the target interval containing the tone with FO
different from the other two. After response, visual feedback
indicating whether the response was correct was provided trial
by trial.

CI listeners were tested unilaterally. One CI listener (C27)
had an acoustic hearing threshold of 60 dB HL at 125 Hz and
75 dB HL at 250 Hz in the contra-lateral ear. This listener
was tested with the contralateral ear plugged and muffed.
None of the other CI listeners had residual acoustic hearing
in the implanted ear or the ear contralateral to the implant.
In contrast, NH listeners performed the task while listening
with both ears. While the testing conditions are not the same,
this testing reflects the real listening performance for both
groups. In most cases, people with normal hearing listen with
two ears, whereas most CI users are implanted unilaterally in
China [36].

Fundamental frequency difference limens (FODLs) were
measured using an adaptive two-down one-up (2D1U) proce-
dure that tracks the 70.7% correct point on the psychometric
function [37]. The procedure adapts AFO to determine the
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minimum AFO that could be discriminated. The initial AFO
was set at a relatively large value of 50% of FOc to ensure
that the FO difference could be discriminated easily. The AFO
was increased by a factor after each incorrect response, and
decreased by a factor after two consecutive correct responses.
This factor was initially 2.0. It was reduced to 1.6 after the
second reversal, 1.3 after the fourth reversal, 1.2 after the sixth
reversal, and then 1.1 after the eighth reversal. The adaptive
procedure terminated after 13 reversals with FODL based on
the geometric mean of the last eight reversals.

For each CI listener, there were four FOc conditions (250,
313, 1000, 1063 Hz) and two strategies (ACE and TLES5O0).
Each FOc and strategy combination was tested twice in a
random order. Thus, each CI listener completed 16 adaptive
tracks in total. For NH listeners, the strategy condition was
not applicable. Hence, each NH listener completed two runs
for each of the four FOc, i.e, 8 adaptive tracks in total. The
geometric mean result of the two runs was used as the final
FODL for each FOc tested. Prior to the formal tests, a training
session (~30 minutes) was conducted to familiarize listeners
with the research interface and the test procedure.

D. Results

Group results from CI participants are shown in Fig. 4(a)
along with the group results from NH listeners. Compared with
the NH group, much higher FODLs (poorer pitch discrimina-
tion ability) were observed for the CI group. Specifically, the
mean FODLs of the NH group at the four FOc were mostly
between 1% and 2%, whereas those of the CI group fell
between 10% and 30%, which is higher than those of the NH
group by an order of magnitude. The mean FODL of the CI
group at FOc from 250 to 1063 Hz was 27.7%, 27.4%, 10.9%,
and 12.2% for ACE, and 18.2%, 13.8%, 12.7%, and 10.7%
for TLESO0.

To examine the effects of strategy and FOc on FODL, a
repeated-measures two-way analysis of variance (ANOVA)
was conducted. Measured FODL data were analyzed in log-
arithmic space (see [38] for a rationale for applying a log-
arithmic transformation on the thresholds prior to statistical
analyses). Data normality was confirmed by the Shapiro-Wilk
test. Results of the Mauchly’s Test of Sphericity showed that
sphericity was not violated. Significant effects of strategy
(F1,6 = 7.924, p = 0.031) and FOc (F3,13 = 4.935, p =
0.011) were observed, and also a marginal effect of interaction
between strategy and FOc (F3,18 = 3.112, p = 0.052).
Pairwise comparisons with Bonferroni corrections revealed
that TLESO had significantly better performance compared to
ACE for FOc of 313 Hz [mean difference (md) = 13.7%,
p = 0.013], and not for FOc of 250 (md = 9.5%, p =
0.180), 1000 (md = —1.85%, p = 0.473), and 1063 Hz
(md = 1.5%, p = 0.158).

Figure 4(b) depicts individual differences in FODLs when
listening with TLES0 vs ACE. At the 250-Hz FOc, two of
the participants performed worse with TLE (negative improve-
ment), and the rest five had considerable improvement with
TLE. At the 300-Hz FOc, all the participants performed better
with TLE. At the 1000-Hz FOc, no participant had distinct
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Fig. 4. Pitch discrimination results. (a):Mean discrimination FODLs of

the ClI group using the two strategies (i.e., ACE and TLE50) and the NH
group. Lower values indicate better performance. TLE50 refers to the
TLE strategy with a modulator lower limit of 50 Hz. Error bars indicate
the standard error of mean (error bars shorter than the size of symbols
were not shown) and the asterisk denotes the statistical significance
(p < 0.05). (b):Improvement in FODL when using TLE50 compared with
ACE (calculated by subtracting TLE50 FODL from that of ACE). A positive
value indicates that TLE had better performance than ACE. Each symbol
denotes the difference in FODL for an individual Cl participant, and the
thick black line denotes the group mean.

improvement with TLE. At the 1063-Hz FOc, most participants
had no distinct improvement with TLE either.

E. Discussion

The FODLs measured in this study indicate that CI users’
FODLs were substantially poorer than those in NH listeners
(mean across all conditions of 19.5%, 13.9% and 1.5% for
ACE, TLESO0, and NH, respectively). The variability in FODLs
was substantial across CI users, with FODL ranges of 3.0% to
68.9% and 2.1% to 36.3% for ACE and TLESO0, respectively.
These results are consistent with previous reports with similar
measure in the literature. Previous studies report an FODL of
0.5% to 2% in NH listeners [39], [40], [41], and an FODL
which is an order of magnitude higher in CI users [42],
[43], [44], [45], [46]. For instance, Goldsworthy [42] reported
FODLs at standard FOs of 110, 220 and 440 Hz using
band-pass filtered synthetic harmonic complex tones in CI and
NH listeners. In that study, 6 out of 9 CI users were listening
with the ACE strategy, 2 out of 9 listened with the HiRes
strategy and the remaining participant used the SPEAK. Mean
FODL of CI vs NH was 12.5% vs 1.4%, with an FODL range
of 2.6 to 28.5% for the CI group. Marx et al. [45] compared
FODLs of a CI group and an NH group at standard FOs of
110, 220, 400, 500, and 750 Hz. Results of each FO were not
reported in that study, but averaged across standard FOs. The
FODLs of the CI group in that study ranged between 7 to 37%,
with a mean of 34%, compared to 2.2% in the NH

group.
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The group mean benefit for TLE50 was 9.5 and 13.7 per-
centage points for FOc of 250 and 313 Hz, respectively. The
mean benefit of 9.5% (1.3 semitones) for FOc = 250 Hz is
relatively large. However, it was not found to be statistically
significant. All participants demonstrated a trend of higher
mean scores from TLES50 except for C9 and C1 at 250 Hz.
Note that these two participants are the ones who had two
deactivated electrodes. Hence, their frequency allocations were
different from the other participants who had all electrodes
active. For these listeners, TLE coding was applied to less elec-
trodes than other listeners (the electrodes that had frequency
downshifting were electrodes 21 to 13 in the default map,
but were 21 to 15 in map with 20 active electrodes). These
differences, and any subsequent effect of the differences with
maxima selection, might explain the lack of benefit for these
listeners at 250 Hz.

No benefit was observed for TLES50 at high FOc (1000 and
1063 Hz). One possible explanation for the lack of benefit is
that the frequency downshifting process in the TLE strategy
was only applied in one electrode channel. For higher FOc
(around 1000 Hz), only the lowest one component in the
5-harmonic stimulus falls within the 300 to 1500 Hz range in
which the TLE strategy was applied (see Fig 3). Hence, the
outputs of both TLE and ACE differed by only one harmonic
component which may not be a salient enough cue to improve
pitch discrimination. Taken together with the results of the two
participants who had deactivated electrodes, the results suggest
that it might be necessary to apply TLE processing to all
electrode channels in order to maximize pitch discrimination
benefits. The cues that led to the observed benefit of TLE are
discussed in Section V-B.

IV. EXPERIMENT 2: PITCH RANKING
A. Rationale

Experiment 1 showed that the TLE strategy has the potential
to improve pitch discrimination performance in CI users.
However, real-world listening (such as melody perception)
requires both the ability to detect a pitch change as well as
the ability to tell the direction of the pitch change. In this
experiment, a pitch ranking task was used in which the
participant was required to pick the sound that was higher
in pitch. Further, the effect of the modulator lower limit, fj;;,,
was examined.

B. Participants

Eleven adult CI users (listed in Table II) and ten NH
participants (five females, aged 19 to 28 years, mean =
25 years) participated in this experiment.

C. Stimuli and Procedure

The pitch ranking experiment was conducted in the same
soundproof room as Experiment 1. The same synthetic
complex-tone pairs were used as the test stimuli. A 2I-2AFC
task was used for this experiment. Participants were instructed
to choose the interval with higher pitch, and a trial was scored
as correct when the participant correctly identified the target

TABLE Il
PARTICIPANT DEMOGRAPHICS IN EXPERIMENT 2

Age at Clinical CI experience Active

ID Gender testing Etiology device (yr) electrodes
Cc9 F 36 Tympanitis ~ ESPrit 3G 9 20
Cl14* F 42 Drug induced CP810 13 22
C16 F 25 Unknown Freedom 3 22
c27 M 38 Unknown CP802 1 22
C31 F 23 Sudden deafness CP910 7 22
C32 M 62 Sudden deafness CP910 1 22
C33 M 31 Sudden deafness Freedom 8 22
C34 M 46 Unknown CP802 1 22
C26 M 22 Meningitis Freedom 13 22
C36 M 26 Unknown CP950 1 22
C37 M 44 Tympanitis  Freedom 8 22
Mean - 359 - - 5.9 -

a: the only bilateral user, tested unilaterally with her preferred ear.

interval containing the higher-frequency tone. Training was
done before the formal tests following a similar procedure as
in Experiment 1. No feedback was given during testing. Only
tone pairs around FOc of 250 and 313 Hz were tested in this
experiment, which are also in the range of typical voice FOs.

To reduce testing time and alleviate participant fatigue, the
2D1U adaptive procedure was adapted in a way similar as
that used in [47]. It terminates after 13 reversals or when
the standard deviation (SD) of six consecutive reversals gets
within twice of the SDs collected in Experiment 1 (i.e.,
SD = 9.77 Hz at FOc = 250 Hz, and SD = 12.65 Hz at
FOc = 313 Hz). The buffer consecutive reversals to be used
for SD calculation was cleared after six consecutive correct or
wrong responses to make sure the procedure always terminates
at a convergence level. The geometric mean of the last six
reversals was calculated as the pitch-ranking FODL.

The same strategy implementation and fitting as described in
Section III-B was used in this experiment. For this experiment,
fiim was set to 100, 200 or 300 Hz (denoted by TLE100,
TLE200 and TLE300, respectively). Together with the ACE
strategy, there were four strategy conditions, and they were
all tested with the CCi-MOBILE. The electrical stimulation
patterns (electrodograms) of the four strategy conditions to
the same input are illustrated in Fig. 5. The input was a
consecutive pair of harmonic tones described in Section III-A.

Three test blocks, each including 8 test conditions
(4 strategies x 2 reference FOs) in separate runs, were admin-
istered. The order of test conditions was randomized for each
block and participant. For each test condition, the geometric
mean of the three measured FODLs were calculated as the final
FODL. Each NH participant completed three runs for each of
the two reference FOs using the same stimuli and procedure
as for the CI participants.

D. Results

Pitch ranking performance of both the NH and CI group
using the four strategy conditions (ACE, TLE100, TLE200
and TLE300) at the two FOc (250 and 313 Hz) are shown in
Fig. 6. Similar to Experiment 1, the CI group had much higher
FODLs than the NH group, by about an order of magnitude.
Performance between the two FOcs were similar within the
CI group. The mean FODL of the CI group at the 250-Hz
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Fig. 6. Mean FODLs of the CI group with four strategy conditions and
the NH group. Lower values indicate better performance. Green and red
dashed lines denote the levels of one semitone (1 st) and two semitones
(2 st), respectively.

FOc was 11.9%, 8.8%, 9.1%, and 11.8% for ACE, TLE100,
TLE200, and TLE300, respectively, and at the 313 Hz FOc it
was 18.3%, 7.1%, 7.6%, and 6.8%, respectively.

A repeated-measures two-way ANOVA was conducted to
understand the effects of strategy, FOc, and the interaction
between strategy and FOc on the pitch-ranking FODL. There
was a significant main effect of strategy (F330 = 4.586,
p = 0.009), but not of FOc (F;,10 = 0.017, p = 0.900).There
was no significant interaction between the two factors
(F3,30 = 2.626, p =0.069).

As there was no significant difference between the two
FOc and no significant interaction effect, FODLs of the two
FOc were pooled together to analyze the difference among
strategies. FODLs of FOc of 250 and 313 Hz were averaged for
each strategy, and results are shown in Fig. 7. The group mean
FODL of ACE, TLE100, TLE200, and TLE300 was 15.1%,

Example electrodograms of TLE100, TLE200, TLE300, and ACE. The acoustic stimulus was the same as the top two panels in Fig. 3

7.9%, 83%, and 9.3% respectively. Multiple comparisons
with Bonferroni corrections revealed that the mean FODL of
TLE100 was significantly lower (better) than that obtained
with the ACE strategy (p = 0.006). The difference between
TLE200 and ACE, and between TLE300 and ACE, were not
significant (p = 0.062 and p = 0.188, respectively). The
differences among TLE100, TLE200,and TLE300 were not
significant either.

E. Discussion

The FODLs measured in this experiment are consistent with
previous pitch ranking studies using similar complex-tone
stimuli in the literature. For NH listeners, Qin and Oxen-
ham [40] reported pitch ranking FODLs of ~0.8% measured
at a nominal FO of 220 Hz, while the NH FODLs measured in
this study are 0.9% and 0.8% at FOc of 250 and 313 Hz,
respectively. Jiam et al. [48] reported pitch ranking FODLs
of NH listeners for a reference FO roved between 100 and
150 Hz. NH listeners randomly assigned to two groups in
that study showed FODLs of ~0.7% (0.125 semitones) and
~2.9% (0.5 semitones) before the designed music training.
For CI users, the group mean FODL using the ACE strat-
egy in this study was 15.1% at FOc of 250 and 313 Hz.
Kang et al. [49] reported pitch ranking thresholds for a large
group of CI users (42 CI users, most using ACE strategy).
The mean threshold in that study was 18.2% (2.9 semitones)
and 21.7% (3.4 semitones) for base frequency of 263 and
330 Hz, respectively. Kang et al. [48] also reported FODLs
of 21 CI listeners with various strategies including ACE
randomly assigned to two groups. The baseline FODL before
the designed music training was ~9.1% (1.5 semitones) and
~18.9% (3 semitones) for the two CI groups in that study.
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Our result are comparable with those in that study, especially
the second group. Vandali et al. [50] investigated the effect of
training on FODLSs in two groups (N = 5 for each group) of CI
users using mostly the ACE strategy. The control group who
did not take the training program had group mean FODLs of
18.1%, 21.1%, and 16.2% across sessions 1 to 3 (with a time
interval between sessions of at least eight weeks), respectively.

While Experiment 1 found a benefit in the TLE strategy
in detecting a pitch change, results in Experiment 2 suggested
that the TLE strategy can also improve CI users’ perception of
the direction of a pitch change. The different patterns among
channels of the TLE strategy compared to those of ACE
strategy (see Fig. 3) intuitively support the benefit in pitch
discrimination. However, no such straightforward representa-
tion for the improvement in pitch ranking can be observed
in the electrodograms in Fig. 5. For the higher FO, envelope
fluctuation rates in all the electrodes are not consistently
higher than those of the lower FO. In some electrodes, the
envelope fluctuation rates can even be lower for a higher
FO. This is because 1) the FFT-based bandpass filters had
non-ideal attenuation outside the frequency ranges specified
in the frequency allocation table, thus leading to frequency
leakage from undesirable frequencies, and 2) when a har-
monic component increases (or decreases) from one channel
into a neighboring higher (or lower) channel, the amplitude
modulation will become slower (or faster). Nonetheless, the
experiment showed positive results, which suggests that the
TLE strategy can introduce downshifted within-channel TFS
cues in the form of variations in the envelope fluctuation which
enhances a CI user’s ability to determine the direction of pitch
change.

Regarding the effect of the modulator lower limit, f;,,
results in this experiment show that TLE100 outperformed
ACE in pitch ranking, whereas TLE200 and TLE300 did
not. The best performance of TLE100 indicates that the
downshifted within-channel TFS cues with 100-Hz fji,
are sufficiently salient to provide a substantial benefit over
ACE. For TLE200 and TLE300, enhancement of downshifted
within-channel TFS cues was not substantial enough to pro-
vide a significant benefit compared to ACE. In theory, a lower

fiim should produce a more salient temporal pitch than
a higher fj;,,. While the predicted trend can be observed
(Fig. 7), there was no significant difference among the three
TLE conditions. This may, perhaps, be due to the limited
number of participants and their individual ability to make
use of the downshifted within-channel TFS cues. The lack of
significant difference among the three TLE conditions suggest
that the choice of fi;;; may not be critical for pitch ranking,
although a lower fj;, could have a small advantage.

V. GENERAL DISCUSSION

This study investigated whether the FFT-based real-time
TLE strategy can improve pitch perception of CI users
with two experiments. Results showed that difference limens
improved with TLE when a harmonic complex was completely
encoded by electrode channels that used TLE processing.
Further, the choice of f;;;, does not seem to correlate with
performance, though a lower fj;,, could potentially provide a
small advantage.

A. Improvement of Cl Pitch Perception

Improving pitch perception of CI users has been a chal-
lenging task, for which some strategies have made some
encouraging achievements. For example, compared to ACE,
the OPAL strategy has been reported to have a 8.5%
intonation-perception benefit [20], a 15% pitch-ranking benefit
of sung-vowel stimuli [18], and a 6% lexical tone recognition
benefit [19]. The FOmod strategy has been shown to have
significant improvement compared to ACE in pitch ranking of
synthetic harmonic complexes [14], [16], in FO discrimination
of musical tones [13], in melodic contour identification and
familiar melody identification [14], and in Mandarin lexical
tone recognition [15].

However, the temporal pitch limits in electric hearing
impose great constraints on performance of the above men-
tioned strategies. The sensation of amplitude modulation in
electric hearing is limited to the temporal pitch limit, namely,
300 Hz in most CI users. Therefore, it is difficult for these
strategies to break through the temporal pitch limit for FOs
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close to 300 Hz. For example, Milczynski et al. [15] reported
significant better Mandarin lexical tone recognition with the
FOmod strategy than with ACE for the male voice (FO ranged
from 81 to 195 Hz), but not for the female voice (FO
ranged from 120 to 325 Hz). The authors also stated that
tone recognition is likely to be particularly challenging for
the female voice as the FO contours for females approach
the limits of effective temporal pitch perception in electric
hearing. An FO-discrimination benefit of FOmod was observed
at reference FOs of 130.8 and 185 Hz, but not at the reference
FO of 370 Hz [13]. In [14], a pitch-ranking benefit of FOmod
was found at reference FOs of 131 and 165 Hz, but not at
reference FOs of 208 and 262 Hz (comparable to the frequency
range in our study). The scores of both FOmod and ACE were
close to chance level at the reference FO of 262 Hz even with
an FO difference of 4 semitones (262-330 Hz) in that study.
The effect of TLE observed in this study brought new insight
to the challenge of improving pitch perception for FOs close
to 300 Hz. Due to the limited stimuli used in this study, future
work evaluating pitch perception with TLE in a broader range
of stimuli is warranted.

The observed benefit in this study suggests that the trans-
posed TES in TLE is accessible to CI users, and can be used
for pitch perception. Although some participants reported that
sounds are lower in pitch with TLE vs ACE (similar as related
fine structure strategies, e.g., [51], [52]), prior experiments
have shown that the TLE strategy has comparable speech
recognition performance [33]. It is likely that given sufficient
experience with TLE, participants may get used to sound of
TLE and learn to utilize the temporal information provided
by TLE. TLE was tested acutely (without prolonged exposure
in this study) and was compared with ACE which all CI
listeners have been using for years. It usually takes several
weeks or months for CI users to adapt to a new sound
coding strategy [53], [54]. Therefore, the obtained results
can be considered promising and improved pitch perception
performance is likely if listeners are provided with a more
extensive adaptation period.

B. Model Analysis: Place Cues or Temporal Cues?

As both place (spectral) cues and temporal cues may be
different between two complex tones with different FOs, it is
important to determine the role of place and temporal cues
to the observed outcomes, especially at the lower center FOs
(i.e., 250 and 313 Hz) where effects of TLE were observed.

To quantify the place cues in electrodograms provided by
both strategies, the mean place-centroid of stimulation (the
gravity center of electric stimulation) was calculated following
a similar method used in [55] and [56]. Specifically, it was
calculated using Eq.(5).

22 N .
_ Ze:l i=1 e X m(e’ l)
- 22 N .

Ze:1 i:1m(‘3,l)
where e denotes the electrode number, N is the total frame

number, and m(e, i) denotes the current level of the electric
pulse on electrode e in frame i. The distance between the
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Fig. 8. Mean centroids with the AFO0 set at the FODL measured for both
strategy. Error bars indicate the standard variations.

centroids of the excitation patterns of two sounds determines
the discriminability of the two sounds based on place cues.

Figure 8 depicts the distributions of centroids of two stimuli
with different FOs (lower points: FO = FOc — FODL/2; upper
points: FO = FOc + FODL/2) at each FOc (left: 250 Hz;
right: 313 Hz) for each strategy (red: ACE; blue: TLESO0).
Here, FODL represents the mean difference limens accquired
in Experiment 1. Note that the two stimuli FODLs at each
FOc were different for the two strategies (i.e., 27.2% (ACE)
vs 18.2% (TLE), and 27.4% (ACE) vs 13.8% (TLE) for
FOc of 250 and 313 Hz, respectively). Each distribution
(represented by the mean and error bar) was obtained through
100 simulations. In each simulation, a complex tone with
a roved overall intensity and randomized component initial
phases as used in the experiments was generated. Then, the
strategy processing was applied to get the electrodogram, and
a spectral centroid was calculated using Eq.(5). The centroid
distance between the lower and upper mean centroids was
labeled in the number besides each line segment.

Model analysis results showed that participants were able
to discriminate complex tones with a smaller centroid distance
with TLE compared to ACE (shown in Fig. 8). This suggests
that the observed benefit of TLE was not a result of place cues
(i.e., larger centroid distance), and that participants were using
some cue(s) other than the place cues to aid pitch perception
with TLE.

Further, centroid distances were measured with a broader
range of conditions than those tested in the experiments.
In specific, centroid difference was also calculated as a
function of FOc and AFO using the same simulation method as
used in Fig. 8. Results are shown in Fig. 9(a) and Fig. 9(b),
respectively. Figure 9(a) presents AC for the two low FOc
(i.e., 250 and 313 Hz) with AFO from 1 to 5 semitones, and
Fig. 9(b) presents AC for FOc from 100 to 313 Hz in a step
of 50 Hz with AFO of 3 and 4 semitones. In both panels, the
curves of TLE were close to or slightly lower than those of
ACE, suggesting that TLE provided equivalent or slightly less
place information compared to ACE.

Based on the above analysis on the place cues, it is
concluded that TLE provides equivalent or slightly less place
information compared to ACE for the stimuli used in this
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study. The observed performance difference between the two
strategies is therefore not likely to be affected by the place
cues, but presumably to be affected by the temporal cue.

One potential limitation with the TLE strategy is that the
harmonic relationship of components in the original acoustic
stimulus may not be maintained after frequency transposition.
This could be caused by the arbitrary frequency allocation and
frequency downshifting. A frequency increasing or decreasing
trend within a channel can be well-preserved after frequency
downshifting. However, when the change in frequency crosses
the upper or lower limits of one channel to another, the
change is not preserved with TLE processing. However, in this
case, the change in the stimulating electrode might be able
to compensate via place pitch. For higher FO (>~180 Hz)
perception, ACE could rely only on the place cues, while
TLE could also use the place cues and at the same time
introduces novel temporal cues (i.e., the slowly-varying within
channel TFS).

VI. CONCLUSION

TLE and ACE strategies provided equivalent place cues but
different temporal modulation cues for complex-tone stimuli.
Listening tests showed a 9.5 percentage point improvement
in pitch discrimination results and a 7.2 percentage point
improvement for pitch ranking when listening with TLE
compared to ACE. The choice of modulator lower limit fj;,,
does not seem to affect performance, though a lower fi;,
seems to provide a small improvement in overall pitch ranking
performance. These findings suggest that TLE may be a
promising approach to improving pitch perception in CI users.
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