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Chapter

Perceptual Learning of
Uncategorized Arabic Phonemes
Among Congenitally Deaf,
Non-native Children with Cochlear
Implants

Farheen Naz Anis and Cila Umat

Abstract

The advancement in cochlear implant (CI) technologies and how CIs help their
users have far exceeded expectations. Speech perception remains the focus of many
studies related to cochlear implant clinical research to ensure the technology maxi-
mizes the benefits to be obtained by CI users. This chapter will discuss the perception
of non-native sounds among congenitally deaf pediatric CI users, specifically empha-
sizing Arabic consonants. This language is used and learned by billions of non-native
Arabs worldwide. Non-native auditory signals are perceived differently by children
with CI due to speech processor signal processing and native language learning effects.
This study measured the perceptual learning of uncategorized-dispersed-assimilated
Arabic consonants for a group of non-native children with CI using a newly devel-
oped, FizBil® bottom-up, customized software training module. The framework and
hypothetical pathway will be discussed.

Keywords: cochlear implants, children, uncategorized non-native arabic phonemes,
perceptual learning, bottom-up training

1. Introduction

Superior speech perception is perhaps the most significant outcome of cochlear
implantation and directly correlates with linguistic, social, and learning outcomes
[1-4]. Consequently, children who can function well auditorily with a cochlear
implant (CI) can attend mainstream schools [1, 5-7] and learn a new language [8-13]
within the normative range [14-17]. Furthermore, research shows that children with
CI perform well on non-native perceptual listening tasks [11, 18-22]. Conversely,
there is evidence showing that normal hearing [23] and deaf children with CI struggle
with non-native phonemes perception [6, 7], production [24], and language learning
[12, 25, 26].
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Speech sound is a complex signal that carries information in the form of acoustic
cues. These acoustic cues (usually in combination) represent the phonological catego-
ries, that is, place of articulation, manner of articulation, and voicing. To recognize the
speech sounds, listeners need to categorize these acoustic signals. Hearing with a
cochlear implant is not analogous to acoustic hearing. The auditory brain of children
with CI processes signals differently from their normal-hearing (NH) peers. In CI,
input signals are coded by electrical pulses, while the brain processes acoustic input
signals in normal-hearing listeners. Complex temporal and spatial excitation patterns
represent a sound signal in approximately 20,000 auditory neurons [27] in a typical
auditory pathway. On the other hand, currently, available electrodes for commercial
CI systems have a maximum of 22 excitation points for neurons to deliver sound
signals to the auditory brain. A comparison of signal pathways for sound processing
via acoustic hearing and a cochlear implant is shown in Figure 1.

Therefore, children with CI need to learn speech perception from the poorer
frequency resolution than their NH peers [28-30]. Apart from a poorer frequency
resolution, cross-channel interactions [30], electrode discrimination ability, and
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Figure 1.
Comparison of signal pathways for sound processing via normal acoustic hearing and electrical hearing via a
cochlear implant.
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place-pitch shifting due to electrode insertion position [28, 29, 31] are some other
factors contributing in poorer speech perception scores in children with CI as com-
pared to their NH peers. Phoneme perception is a categorical process that involves the
classification and grouping of the information-bearing acoustic signal. Phonological
features information is conveyed via multiple cues. For example, the features of voice
and manner are transmitted via the temporal cues, namely: the envelope and the
periodic cues. On the other hand, the temporal fine structures and spectral-domain,
that is, transition, coded the place of articulation [30-32]. Research showed that
phonemes perception scores for children with CI were generally poorer than the NH
children matched for their hearing age. The hearing deprivation period may play an
important role [32] in poorer native language speech perception performance. Non-
native children with CI learn to produce and maintain the voicing of articulation of
native and non-native phonemes [8, 18, 19]. Literature review revealed that CI users
show systematic deficits in perceiving phonological features, especially place feature
[28, 30, 32] that relies heavily on spectral information. For CI listeners who are less
able to accurately discriminate the place of articulation of even native phonemes

[30, 32-35], the difficulty level is more pronounced for the non-native phonological
features.

Non-Arab Muslims around the globe listen, read, and learn Al-Quran daily to fulfill
their religious obligations and prayers. Likewise, children start listening to Al-Quran
from a young age when they visit mosques and religious gatherings with their parents.
A large body of research indicates that the perception of non-native phonemes is
influenced by the native language phonological inventory in normal hearing (NH)
[36-43]. In recent years, there has been renewed interest in the non-native perception
among CI users [6-22]. Generally, according to the perception assimilation model for
non-native languages (PAM-L2), a typical hearing listener’s capacity to perceive a
non-native phoneme is influenced by the phonological features of their native lan-
guage [43]. Listeners use native articulatory patterns to detect the similarities of non-
native phonemes with their native languages [37-40, 43-46], a process known as
assimilation. Various possible assimilation categories for non-native phonemes fall
within the perceptual space of native language. Malay and Arabic phonological reper-
toires are generally different [37, 39]. Arabic has unique, distinctive phonological
features that do not exist in the Malay phonology repertoire. Therefore, Malay
speakers face difficulties recognizing these Arabic sounds from Al-Quran [36, 47].
Evidence shows that posterior and emphatic fricatives ([/q/ &, [/x/ &1, [/¥/ ¢], [/h/
cl, [/5/ &1, [/h/ 2], and [/8%/ &]) are most difficult sound to utter accurately by NH
school-age children [6, 23, 24]. However, in Malaysia, children are exposed to Arabic
phonemes in early childhood, that is, 5.0-6.0 years [23, 24]. Consequently, it is
anticipated that NH children can develop good perception and recognition skills for
Arabic phonemes and acquire reading skills in different writing scripts. Table 1
compares Arabic & Malay phonological inventory.

Hereafter, it is expected that Malay listeners have a degree of perceptual difficul-
ties with Arabic phonemes as many Malaysians study Arabic as part of the National
school curriculum. It is predictable that Arabic language phonological categories fall
within the Malay perceptual space due to the frequent use of Arabic in Malay culture.
However, our earlier study [6, 7] has shown that for unfamiliar phonemes phonolog-
ical features’ information transmission depends on the category formation in the
perceptual space of listeners. It was found that unfamiliar phonemes with a unique
category of secondary articulation (/df, 0%, s¢, t/) show dispersed uncategorized
assimilation. The unfamiliar phonemes (/q, h, /) with the close phonological
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Bilabial Labio- Dental Alveolar Post-

Palatal Velar Uvular Pharyngeal Glottal

dental alveolar
Plosive pb td k q ?
5 ds
Nasal m n n |
Trill r
Fricative (f) 0 0 s (= (O y X he h
AN
Affricate &
Glides w j
Liquid 1
IPA symbol to the right represents a voiced phoneme, while the symbol to the left represents a voiceless
phoneme.
Key  Black regular Only occur in Malay inventory
Blue bold Occur in both language inventories (familiar for Malay listeners)

Italic with bracket ~ Only borrowed words in Malaysian inventory

Red Italic
Source: [6, 7, 47].

Only occur in Arabic inventory (unfamiliar for Malay listeners). These cons

Table 1.
Comparison of Malay-Arabic phonological inventory.

boundaries with some familiar consonants (/k, h, ?) show focalized, uncategorized
assimilation. On the other hand, unfamiliar phonemes with a unique subcategory
without secondary articulation and close phonological boundaries (/x, /) show clus-
tered uncategorized assimilation.

Arabic, the Al-Quran language, is learned by 2.2 billion non-native listeners and
readers worldwide. Parents in the non-Arab country send their children to special
learning classes for Arabic listening and reading skills. In Malaysia, such as many non-
Arabian Muslim countries, Arabic learning is linked with religion and taught in reli-
gious schools [23, 24]. On the other hand, parents of children with CI consider Al-
Quran education as fundamental for their CI children for their normal-hearing sib-
lings. Therefore, it is essential to understand the Arabic phonemes perception process
in children with CI. Therefore, this study was designed to answer whether perceptual
learning for unfamiliar non-native phonological features (posterior place or emphatic
manner) [6, 7] occurs with customized training. In this study, F izBil®, a software-
based, bottom-up training module with specific interstimulus intervals for children
with CI was developed, and formative evaluation was done on a small group of NH
and CI children. The result of training with the FizBil® software from one child with
CI who completed the 12-week training program will be reported and discussed.

2. Conceptual framework for design, development, and formative
evaluation

The following underlying theories were considered in designing this perceptual
training module, which involved identification and discrimination. In addition, a
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hypothetical pathway shown in Figure 2 was proposed as the conceptual framework
to explain the results of this study. Figure 2 demonstrates that non-native speech
perception depends on categorizing composite sound signals within the auditory
brain. Perceptual categorization is based on familiarity. Native phonological features
subcategories build up within the listener’s perceptual space with signal exposure.
According to the signal detection theory (SDT), perceptual categorization of a pho-
neme is a decision-making process [52, 53]. Perceptual categorization is established on
the distance between the perceptual peaks of two signals [54-56]. The identification
task [39, 41, 57-60] helps listeners attend to relevant between-category differences via
top-down processing. In contrast, discrimination tasks [42, 48-51, 57, 61] focus on
within-category variability, that is, bottom-up perception [59]. As illustrated in
Figure 2, children with CI need discrimination training to sharpen the categorization
cues [41, 48-51, 60, 61]. Our earlier study [6, 7] revealed more than one phonological
feature category mismatch among children with CI. A processing time of 10-500 msec
was needed for the discrimination task [49, 62-67].

According to the American Psychological Association [68], “perceptual learning occurs
when repeated exposure enhances the ability to discriminate between two (or more) otherwise
confusable stimuli.” Therefore, perceptual learning is the ability to discriminate informa-
tion from closely related signals with training. Speech perceptual difficulties in non-
native listening tasks are well studied and documented [36-45, 69-76]. There are two
very well-studied models of speech perception: First, the speech learning model (SLM)

Non-native phonemes

Familiar phonemes Unfamiliar phonemes
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Figure 2.
The conceptualized pathway of signal detection and assimilation of non-native phonemes involves top-down and
bottom-up signal processing. Source: [29, 31, 35, 48—51].
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suggests a strong positive correlation between the perception of non-native sounds and
their production accuracies [70, 71]. Secondly, the perceptual assimilation model (PAM)
further elaborates that non-native speech perception difficulties are related to the pho-
nological or acoustic feature perception [36, 38-40, 45, 69] and disembarked from the
maturation of native language perceptual space [37, 43, 44]. Hence, improving percep-
tion could improve non-native phonemes production [36-44, 70-72, 75].

2.1 Study objectives

The specific objectives of this study were to design (Phase I) and develop
(Phase II), to conduct formative evaluation (Phase III) of software-based and percep-
tual learning (Phase IV) of Arabic phonemes for Malay children with CI utilizing
discrimination and identification tasks. Specifically, the following were the objectives:

a. To determine the specific interstimulus interval (ISI) needed by children with
CI for speech discrimination tasks.

b. To evaluate the program code for the software FizBil®.
c. To examine the suitability of the graphical user interface for NH children.
d. To scrutinize the suitability of the graphical user interface for children with CI.

e. To examine whether the customized bottom-up training using identification
and discrimination tasks improved the perceptual learning index (d’score).

3. Methodology
3.1 Research design

This research was a design, development, and training experiment. The study
consists of four phases in which four pilot studies and one case study were carried out.
Each study was a listening experiment where stimuli were presented in a controlled
condition, and the listener’s responses (tokens) were collected. The overall methodo-
logical design and summary of all the pilot studies are shown in Table 2.

3.2 Research location

Pilot studies A and D, which involved children with CI, were conducted in the
soundproof audiology rooms in the Audiology Clinic, Universiti Kebangsaan Malaysia
(UKM), Jalan Temerloh, Kuala Lumpur. Pilot studies B and C, which involved NH
children, were conducted at the participants’ homes with test items presented via the
loudspeaker on the laptop.

3.3 Demographic characteristics of research participants

The research participants in this study comprised of two groups: (i) The test group
(CI children) and (ii) the control group (NH children)
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Phase Exp Native Hearing N Purpose Experimental Tokens
condition
I Pilot A  Malay CI 2 To determine the suitable 12 stimuli x 3 ph. 3456
inter-stimulus interval pairs x 3track x
(ISI) for CI children 4RT = 432 tokens
training (4 conditions (ds))
(1 condition (id))
II Pilot B Arab NH 2 To check the program 30 stimuli x 4 1440 + 720
code phonemes x 3

contrast x 2
tasks = 720 token

Pilot C  Malay NH 5 To check the suitability of 30 stimuli x 1 900
the user interface for phoneme x 3
children contrasts x 2

tasks = 180 tokens

III Pilot D  Malay CI 2 To examine the suitability 30 stimuli x 4 1440
of the user interface for CI phonemes x 3
children contrasts x 2 task (2
conditions)
I\Y Training Malay CI 1 To examine the 30 stimuli x 4 720
case customized bottom-up phonemes x 3
study training using contrasts x 2
identification and task (Pretest)

discrimination tasks
improved the perceptual
learning index (d’score).

30 stimuli x 4 2880
phonemes x 3
contrasts x 2
Task X 4 training
with feedback

30 stimuli x 4 720
phonemes x 3
contrasts x 2 task
(posttest)

Table 2.
Overview of methodological research design for the study.

3.3.1 Test Group (CI: Pilot studies A, D, and training study)

A total of five Malay deaf children with CI were recruited for the study from the
UKM Cochlear Implant Program. Two children participated in pilot study A to deter-
mine the interstimulus interval for the discrimination task (ISI-d) and the
interstimulus interval for the speech recognition task (ISI-r). Another two of these
children participated in pilot study D, where the usability of training and testing
modes were evaluated. Finally, one child completed the training in study IV, that is,
12 weeks of training regimes.

The inclusion criteria for the participants with CI were detailed below:

1. Prelingually deaf Malay Muslim children with CI.
2.Had at least 4 years of hearing experience with their implants.

3.Using auditory-verbal communication mode.
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4. Attended mainstream school and religious classes (Kelas Agama Fardu Ain:
KAFA) in the Malaysian Islamic Education curriculum to read the Holy Quran
(at the time of the study).

5.They did not have any additional disabilities beside hearing impairment.
The exclusion criteria for the participants with CI were detailed below:

1. Those who were not using the Nucleus 24 cochlear implant system or its later
generation.

2.Those with partial electrode insertion.
3.3.2 Control group (NH: Pilot studies B and C)

The study was advertised to recruit NH participants. They must fulfill the inclu-
sion criteria below to participate in this study:

1.The child had normal hearing and speech development, as reported by the
parents.

2.The child had no history of language disorders or learning difficulties.
3.Chronological age between 7 and 10 years old.

4. All Malay NH participants attended school & KAFA classes only and learned
Arabic and Islamic education in the school following the national Islamic
curriculum.

5.Native Arabic children relocated to Malaysia and learned in Arabic international
school in Kuala Lumpur.

The demographic characteristics of study participants are summarized in Table 3.
3.4 Instrument, stimuli, and room calibration

Arabic Phonemes [/t/ <], [/d/ 2], [/k/ €], and [/[/ &5] were used in pilot study A,
whereas [/h/ ], [/s¢/ u=], [/0%/ 5], and [/¥/ ¢] were used in all other studies, that is,
pilot studies B, C, and D and training study. All the phonemes were recorded and
normalized for loudness-balanced. For more detail on stimuli preparation, see [6]. The
conceptualized pathway shown in Figure 1 was considered in designing the software.
The design included both the discrimination and identification tasks. In both tasks,
determining the optimum “distance” between the stimuli in a test track was important
to ensure that participants with CI could hear the stimuli as two separate inputs.

3.5 Phase I: Determination of the interstimulus intervals (ISI)

In this experiment, the discrimination task was a two-alternative forced-choice
(2AFC) task where stimuli were presented in pairs in the ‘AX format. That is, two
stimuli A (target sound) and stimuli X (minimal pairl) were presented with a very
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S# ID C.Age Nat H.status H. Age Speech processor Experiment Study phase

1 C101 8yrs. M CI 6yrs. Nucleus5 pilot -A Design

2 C102 10yrs. M CI 8yrs.  Nucleus 5 pilot —A Design

3 A101 12yrs. A NH 12yrs. NA pilot -B Design

4 A102 7yrs. A NH 7yrs. NA pilot -B Design

5 N101 8yrs. M NH 8yrs. NA pilot -C Development

6 N102 8yrs. M NH 8yrs. NA pilot -C Development

7 N103 8yrs. M NH 8yrs. NA pilot -C Development

8 N104 10yrs. M NH 10 yrs. NA pilot -C Development

9 N105 9yrs. M NH 9yrs. NA pilot -C Development

10 CI-201 11yrs. M CI 9yrs. Nucleus Freedom pilot-D Formative Evaluation

11 CI-203 7yrs. M CI 4 yrs.  Nucleus 6 pilot-D Formative Evaluation

12 CI-202 11yrs. M CI 8yrs.  Nucleus 6 pretest Implementation
Training
posttest

Key: NA = not applicable; C. Age = Chronological Age; H. Age = hearing age; Nat = native; M = Malay; A = Arab.

Table 3.
Demographic characteristics of participants of the study and phase involved.

small ISI (300, 350, or 400 ms). The listener was required to judge whether the second
stimulus presented was the same or different from the first stimulus. The same stimuli
were presented in two forms, for example, /t/—/t/ and /d/—/d/, while different stimuli
were presented as /t/—/d/ or /d/—/t/.

3.5.1 Preparation of the stimuli

The speech materials for pilot study A consisted of consonant-vowel (/Ca/) tokens
with four Arabic phonemes/t, d, [, and k/identified as familiar and better perceiving
phonemes among the CI children [6]. The auditory stimuli for this experiment were
further prepared by an open-source digital audio editor: Audacity version 2.1.3 for
windows [77]. Two phonemes were put together in three different ISI-d (<, 500 ms),
that is, 400 milliseconds (ms.), 350 ms., and 300 ms. for the discrimination task to
activate bottom-up processing [48-51]. Figure 3 illustrates ISI-d and ISI-r for both tasks.

An interstimulus interval for recognition (ISI-r), that is, 4000, 3500, 3000, or
2500 ms, was applied for each track. Therefore, three pairs of phonemes were presented
in each presentation block with an ISI-d, for example, 400 ms., and an ISI-r, for example,
4000 ms. That generated 12 blocks of presentations: 12 blocks x 3 pairs of consonants x 3
ISI-d = 108 tokens for each combination pair. The details are shown in Table 4.

3.5.2 Data collection

The participant was seated comfortably and was provided with the response sheet
and a pencil. The stimuli were presented via a loudspeaker, positioned at

" In phonology a minimal pair of sound or phonemes differs in only one phonological feature, for example, /

t/ & /d/ have same manner and place of articulation but differs only in voicing of articulation.

9
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' Discrimination task J

Single presentation
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Figure 3.

Inter-stimulus-interval for discrimination (ISI-d) and intra-stimulus-interval for recognition (ISI-r)
presentations.

Stimuli Task (2AFC) Presentation Numbers of ISI for Tokens per
order presentation presentations  participant

If1—1k/ Discrimination AB, BA 12 Same and 12 Different  1SI-d & ISI-r 1296

1/ BB, AA for each pair

[t/—1k/

/fl, Ik/, It/ Identification A&B 12 presentations for each ISI-r 432

& /d/ stimulus

2AFC = Two alternative forced choice; ISI = Inter-stimulus interval; ISI-d = Inter-stimulus interval for discrimination;
ISI-r = inter-stimulus interval for vesponse in identification task.

Table 4.
Details of experimental paradigm for pilot study a to determine the best inter-stimulus intervals for discrimination
(ISI-d) and identification (ISI-r) tasks.

approximately 30° azimuth and 1 m from the participant. The presentation level was
around 65 dB SPL in an auditory alone mode. The tasks were verbally explained to the
participant in the Malay language, and written instruction was given to parents.
Before collecting data for the experiment (discrimination and identification), partici-
pants were conditioned for each task. A total of 3456 tokens were collected from the
two children with CI during the test presentation. The participants were tested using
their CI with regularly used speech processor settings and programs.

3.5.3 Data analysis for pilot study A

The proportion of false alarms (pFA) was calculated using the equation (1). pFA is
representative of response bias. The pFA was plotted on the graph against ISI-d and
ISI-r for discrimination and identification tasks, respectively.

False alarms (FA)
number of stimuli presented

(1)

pFA =

10
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3.5.4 Results for pilot study A

Figure 4 illustrates the proportion of false alarm (pFA) at different interstimulus
intervals tested during the discrimination and identification tasks. Overall, the ISI-d
350 ms for the discrimination task showed the lowest pFA (i.e., 0.09), and therefore
selected for further study. For the identification task, different ISI-r did not affect the
responses as response bias (pFA) was below (0.10-0.17). Therefore, 350 ms was
chosen for ISI-d and 2500 ms for ISI-r.

3.6 Phase II: development of the FizBil® software

Following the determination of the ISI-d and ISI-r in pilot study A, these data were
used in developing a software-based perceptual module named FigBil® In this phase
11 of this study, FizBil® software was designed to engage non-native deaf listeners to
attend to the perceptual cues and gradually learn categorical perception of non-native
phonological features. It can be used as an experimental platform for the perceptual
training of any sound stimuli.

0.18 w4sec  I3.5sec

n3sec w25 sec

Proportion of false alarm
g

0.02
0.00
350 ms
discrimination identification

Inter-stimulus-interval & Task

Figure 4.
Proportion of false alarm (pFA) at different test inter-stimulus intervals during the discrimination (ISI-d) and
identification (ISI-r) tasks.

FIZTZIA BILAL

FIZBIL

SPEECH PERCEPTION TRAINING FOR NOM NATIVE LISTENERS
DESIGNED FOR HEARING IMPAIRED CHILDREN

SPEECH PERCEPTION TRAINING FOR NON NATIVE LISTENERS

Figure 5.
Logo for FizBil® in PNG (A) and vector file (B).
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An extensive literature review was done on perceptual training software and
methodology. A one-to-one meeting was carried out between the software program-
mer and the researcher to discuss software design. FizBil® was designed as a
user-friendly platform. Figure 5 shows the logo of the software.

3.6.1 Selection of phonemes for stimuli

The speech materials consist of the uncategorized-dispersed-assimilated Arabic pho-
nemes [6] /h, s, t%, ¥/ in the consonant-vowel (a)- /Ca/ format. Each phoneme was
paired with another phoneme that varies in a single phonological feature, that is, minimal
pair (only one phonological component differs, wherever possible). For example, /t/ and
/d/ are minimal pairs as they differ in voicing of articulation and have the same manner
and place of articulation. Table 5 presents the phoneme contrasts in each category.

3.6.2 Pilot study B

Pilot study B was conducted to check the program codes. Therefore, it is crucial to
have listeners with minimal confusion and mature native perceptual space for all the
phonological features. Test stimuli consist of emphatic sounds with secondary articu-
lation and emphatic phonological features acquired later than nonemphatic cognates
[47]. Therefore, native Arab children were invited to participate in this study. Two
native Arabic-speaking NH children (aged 10 and 7 years) participated in pilot study
B. Both participants (B-I and B-II) were siblings born in Egypt. Their father was
working in one of the information technology-based companies, and they relocated to
Kuala Lumpur two years back from the time of the study.

Phonemes Phonological Minimal Pair for Example of stimuli
features phonological-
. Discrimination Identification
articulatory
subcategories
Manner Place Voicing Auditory Visual Auditory Visual
display Display
[/h/z] Pharyngeal, [/q/d] [ln/  [/9/g] ¥x—x h-h Same h-y t &z
Fricative Voiceless d vt h-y different
[/6l &] Uvular Fricative [/q/d] [/9/ [/x/z] K-¥ q-q Same K-q c&a
Voicel
o el K-q,q-¥ different
[/t8/%] Dental Plosive with  [/sS/u=] [/q/  [/dS/s=] t9-t9,dS- Same t¢ & d° L &u=
Emphasis* 3] d¢
Voiceless

t9-ds, d¢ different
- t¢

[/sS10=] Alveolar Fricative [/t5/%] [/6¢/  [/dS/o=] sS-s5,t5- Same s¢ & t¢ =& b
with Emphasis’ L] t¢
Voiceless

t9- s s¢ - different
t’l

‘Secondary articulatory manner.

Table 5.
Uncategorized-dispersed-assimilated Arabic consonants with their associated graphemes for Malay CI children
and the corrvesponding minimal pairvs used in the perceptual training.
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The data were collected via the FigBil® software. All responses from both partici-
pants were collected manually and concurrently auto-recorded on the notepad file by
the software.

All the recorded responses (manually and notepad file) were compared to match
the one-to-one score for the discrimination and identification tasks. The hit rate was
calculated as the total correct responses.

3.6.2.1 Results

A total of 1440 (30 presentations x 3 minimal pairs for phonological features x 4
phonemes x 2 tasks x 2 participants) data tokens were collected from two Arabic-
speaking participants with NH to check the program codes. The 1440 tokens were
contained in a “notepad file” and coded by the researcher simultaneously. This
method was adapted to check the responses in two ways.

The overall hit rate for the discrimination task was 99%, and the false alarm rate
was 3% for both types of recording: notepad file and manual recording. However, for
the identification task, the manual responses showed a hit rate of 98.0% with a 1%
false alarm rate, while the miss rate and false alarm rate in the notepad file were 99%.
These conflicts between the manual and notepad scoring suggest a coding mistake in
the software writing. Therefore, the software was reverted to the software program-
mer and debugged accordingly. The identification test was repeated as this part of the
software was debugged. Thus, another 720 tokens were recollected and reanalyzed. As
a result, the overall hit rate for the identification task was 98.3%, and the false alarm
rate was 2% for both notepad and manual note files. Thus, the FizBil® revised coding
for the identification task was accepted.

3.7 Phase III: formative evaluation of the FizBil® software
3.7.1 Pilot study C

Pilot study C was designed to explore the interface usability for children after
minimizing controlling variables such as perceptual difficulties. Unfamiliar phonemes
[/h/, z] were used as stimuli in this pilot study.

Five Malay NH children (age: Range = 8-10 years; Mean = 8.6 years; Standard
deviation = 0.9 years) who fulfilled the inclusion criteria participated.

The tests were conducted in a quiet room at their own homes using the FizBil®
software. Stimuli were presented from a loudspeaker connected to the laptop at a
comfortably loud level.

All collected responses from pilot study C were compared, that is, discrimination
task manual scores vs. notepad scores. In addition, a correct percentage score of the hit
rate was calculated.

3.7.1.1 Results

A total of 900 (30 presentations x 3 minimal pairs for phonological feature x 1
phoneme x 2 tasks x 5 participants) tokens were collected during pilot C from five
NH Malay children during the discrimination and identification tasks consonant /h/.
The hit rate was 99.7% for the discrimination task, while the hit rate for the identifi-
cation task was 97%. These relatively high performances for both tests suggested that

13



Latest Advances in Cochlear Implant Technologies and Related Clinical Applications

they were relatively easy for NH children. However, due to the ceiling performances
of the participants, the d-prime score (d’) was not calculated.

3.7.2 Phase III: pilot study D

Pilot study D was conducted on native Malay children with CI to examine the
overall suitability of user interface and instruction.

Two CI children participated, aged 11 and 8 years, with hearing ages nine and 4
years, respectively. They used a Cochlear Nucleus N6 speech processor with the
Advanced Combination Encoder (ACE) speech processing strategy and audio-verbal
communication mode. Both participants attended mainstream schools.

The stimuli (phonemes /h, s¢, t¢, ¥/: detail in Table 4) were used in this pilot study
and were presented via the FizBil® software installed in window laptop. The data were
collected at the Audiology clinic of UKM. Data for both listening conditions, that is,
with and without feedback, were collected for 80-90 minutes a week intervals.

Overall, 2880 tokens (30 presentations x 3 minimal pairs for phonological feature
x 4 phonemes x 2 tasks x 2 participants x 2 modes, i.e., with and without feedback)
were collected and analyzed. The hit rate was 78%, and the false alarm rate was 22%.
Therefore, the d’scores were calculated.

The d’score is the perceptual peak difference between two signals. Mathematically,
it is the difference between the standard deviation (z-score) corresponding to the
proportion of hit rate and false alarm rate. Equation (ii) was used to calculate the d’
scores as an index of perception.

¢

d' = z(pH)-z(pFA) @

3.7.2.1 Results

The bar graph (Figure 6) illustrates the d’scores of two CI participants for
four unfamiliar Arabic phonemes in two testing conditions. In the first condition,
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5 5 without feedback with feedback
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-1.00 7 I8l ’
L=,
-1.50 /h/ 5/
-2.00 /s%/
xdiscrimination
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Figure 6.

Comparison of the perceptual learning scoves (d') of uncategoriged-dispersed-assimilated Arabic consonants with
and without feedback in both the discrimination and identification tasks.
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that is, without feedback, perceptual confusions for all four unfamiliar phonemes
were evident. The relatively low d’scores for /h, s¢, t¢, ¥/ were — 1.0, —0.5, —1.5,
and 0.75, respectively. In the second testing condition, all listening stimuli were
paired with feedback. A dramatic rise was detected in perceptual scores of four
unfamiliar Arabic phonemes. The positive d’scores for /h, s, t¢, ¥/ were evidence.

Hence, the feedback interface was user-friendly and could be used for perceptual
training.

3.8 Phase IV: perceptual training—a case study

Phase IV is a pre-post training experimental design conducted over 12 weeks. Only
three out of seven CI children invited and consented by their parents to participate.
However, out of these three children, one child only participated in the pretest, while
the second child dropped off after the second training session. Hence, the data were
from only one participant who completed all sessions.

The training design is shown in Figure 7. Baseline responses were collected
during pre-training on week 1. Then, from weeks 2 to 5, categorical perceptual
training with feedback was provided for manner, place, and voicing categories. The
training was done once a week. In each training session, 30 stimuli of each phoneme
for each phonological category were presented in discrimination and identification
tasks [(30 presentations x 3 phonological features x 2 tasks) x 4 phonemes/session].
Therefore, each phoneme was heard 180 times in three different minimal pairs per
training session. Moreover, 720 stimuli were presented per visit. In total, 2880
stimuli were presented to the participant in 4 weeks of training. Each training session
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-~ > = ‘= > ‘= > >~ »>
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]
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Figure 7.
The 12-week perceptual training and test vegime used in this study.
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lasted approximately 70-90 minutes (mins.), including two 5-minute forced breaks
after 20-25 mins. The post-tests I and II (maintenance) data were collected at weeks
six and 12.

During pretest (baseline) and post-tests I and II, a total of 2160 tokens were
collected. This data was analyzed according to the SDT recommendations for
pretest and post-test. The d-prime (d’) scores were calculated to measure
perceptual learning of phonological features’ discrimination and identification
before and after the training. The negative d’ score indicates perceptual confusion.

A positive value of d’score represents the perceptual category in the perceptual
space [52-55].

3.8.1 Overall perceptual learning effect

Figure 8 shows the perceptual learning effect of dispersed uncategorized assimilated
phonemes. Bars at the left present the child’s baseline (week 1) perceptual ability. The
participant had perceptual confusion, as indicated by the negative d’ values for all the
tested uncategorized assimilated Arabic phonemes. However, the d’scores improved after
4 weeks of training and were retained after five weeks of no-training period. Positive d’
values seen at post-test I indicate a sharpening of the perceptual categories for all the
uncategorized-dispersed-assimilated Arabic phonemes. The positive d’scores remained at
post-test II, suggesting the learning effect and concrete conceptualization were evidence.

3.8.2 Perceptual learning for phonological categories

The effect of training and perceptual learning was further explored by comparing
the mean scores for each phonological feature at baseline, post-test I, and post-test II
for posterior consonants (/h, ¥/) and emphatic consonants (/s, t/). Results are shown
in Figures 9 and 10, respectively. In general, it has been found that at baseline, the
child showed perceptual confusion for all three phonological categories. However,
post-training, perceptual learning occurred as indicated by the positive d’ values. At
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week 6 week 12
2.00 week 1 4
7z w7
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' z 7 7
Il &7
/h/ : It/
i s ~discrimination
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Figure 8.

The overall perceptual learning effects for uncategorized-dispersed-assimilated Arabic phonemes in discrimination
and identification tasks in a Malay child with CI.
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The perceptual learning effects based on phonological features for uncategorized-dispersed-assimilated Arabic
posterior place of articulation.
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The perceptual learning effects based on phonological features for uncategorized-dispersed-assimilated Arvabic
emphatic manner of articulation.

post-test II, while retention was observed for manner and voicing, the place of artic-
ulation suffered after five weeks of the no-training period. The results were similar for
both discrimination and identification tasks for both posterior (see Figure 9) and
emphatic consonants (see Figure 10).
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4, Discussion

This study examined the perceptual learning of uncategorized-dispersed-assimi-
lated Arabic consonants for a group of non-native children with CI using a newly
developed, FizBil® bottom-up, customized software training module. The design and
development of the FizBil® software, which was based on the signal detection theory,
have been described in detail, involving identification and discrimination task mod-
ules. Figure 2 shows the hypothetical pathway of signal detection and non-native
phonemes’ assimilation, involving top-down and bottom-up signal processing. This
figure serves as the framework for this study.

4.1 Perceptual learning

Non-native perceptual difficulties are solely based on native language effects aris-
ing from the sharpening of perceptual categories [37] during language acquisition.
New category learning and the sharpening of learned perceptual categories depend on
bottom-up processing. Bottom-up perceptual training occurs when auditory stimuli
are presented with small intervals, that is, less than a second [66, 67, 78-83]. However,
most non-native and auditory training regimes are based on identification tasks. On
the other hand, a CI device provides more access to the envelope and temporal cues
than the spectral information of sound signal [28, 29, 49, 84]. Therefore, discrimina-
tion training should be added alongside identification training.

It should be noted that previous studies have indicated that production is directly
correlated with the perception of both native [62, 85] and non-native [36-46, 70-76]
phonological features. However, studies on improving the perceptual peaks or per-
ceiving distinct phonological boundaries among non-native children with CI have yet
to be reported. Thus, the design, development, and evaluation of the FizBil® software
described in this chapter are meant explicitly for this training purpose.

According to the signal detection theory (SDT), the perception of a phoneme is a
twofold process that comprises sensory processing and decision-making [52-56]. SDT
provides the psychophysical measure of information processing that enables listeners
to distinguish between information-bearing patterns and recognize them as two sep-
arate entities [47, 86, 87]. Research studies have shown that non-native perceptual
difficulties of NH adults [36-39, 41, 43-46, 69-71, 74-76, 79, 80] and children [88] are
solely based on native language phonological repertoire. These effects arise from
sharpening perceptual categories [37] during language acquisition [51, 89]. Nonethe-
less, for CI children, we need to consider information transmission via the cochlear
implant device on top of the communication for signal processing and assimilated
perception of non-native phonemes [6, 8-22, 35].

Kolb’s experiential learning theory (KELT) model defines that learning occurs with
experience, and learners have different abilities to acquire knowledge or information
[90, 91]. Experiential learning can only happen when teaching and instructional
design is carefully chosen [92]. Kolb [93] has explained that the four-stage
experiential learning cycle starts with the concrete experience, followed by reflective
observation, abstract conceptualization, and actively trying out. According to KELT,
learners have learning style preferences. Self-evaluation is a primary component in
KELT that provides learners with feedback training. Figure 11 represents the
conceptualized framework for perceptual learning of non-native phonemes and
training task effects.
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Figure 11.
The conceptualized framework for perceptual learning of non-native phonemes and training task effects based on
the KELT model.

The perceptual training study evaluated the FizBil® software developed with
specific ISI-d and ISI-r for testing children with CI based on the bottom-up informa-
tion processing model. Only one child out of three volunteers who participated com-
pleted the 12-week training and test regime. Thus, the data reported was from a Malay
CI child with 2160 tokens collected. While this limits the researcher from generalizing
the finding, the results from one participant are still worth to discuss as the tokens
collected were huge. However, given that the main aim of phase IV was to implement
the FigBil® software, it was evident that the newly developed training software was
valuable and could be used for training purposes. As evidenced by the findings, the
perception of confusing Arabic phonemes could be sharpened into the three phono-
logical categories following training. Results are discussed below based on the KELT
theoretical framework.

KELT defines the theoretical and practical elements for a learner-centered
approach [90-92]. It is a cycle of four components: reflecting, thinking, acting, and
experiencing [90, 92, 94]. Learning is a multilayered process that includes multisen-
sory information processing. Processing occurs in two ways, that is, reflective obser-
vation and active experimentation. On the other hand, perception occurs with
concrete experience and abstract conceptualization. The feedback during the training
in the present study provided active experimentation (discrimination and identifica-
tion in minimal pairs) and built the abstract conceptualization in the perceptual space
with substantial experience [95-97].

At baseline, within the Malay perceptual space of the CI child, there was the
no-category formation of phonological features for posterior unfamiliar (Figure 9
baseline) and emphatic (Figure 10 baseline) Arabic phonemes. The d’scores showed
negative values. However, four weeks of bottom-up training resulted in absolute
manner, place, and voicing of articulation category formation for posterior and
emphatic unfamiliar Arabic phonemes (see Figures 9 and 10). It could be observed
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that the learning effects for manner and voicing of articulation features were more
prominent than the place of articulation.

In speech signals, the envelope cues convey the voicing and manner features, that
is, the slow periodic waves [88]. CI processing deficit in spectral cues transmission
could explain why CI users struggle with place feature learning [30, 33, 34]. Spectral
cues processing insufficiency is partly due to the limitation in their electrode discrim-
ination abilities [28-31, 84, 98]. All the factors mentioned above affect the perception
of the place of articulation among CI children. That might be part of the reason for the
place feature category decline after five weeks of the no-training period, which prob-
ably requires a little more time to sharpen the perceptual peak. In other words, the
overall d’scores decline in post-test II (Figures 9 and 10) could be due to place feature
learning effect decay. However, the findings showed that the learning effects of
manner and voice articulation were sustained after the long five weeks of off-training,
as indicated by the blue and green bars in Figures 9 and 10. In post-test II, the
identification of phonological features was better than discrimination. Discrimination
task is exclusively based on short-term memory and carried out auditorily [33, 81—
83, 98, 99]. In a short time (100-500 ms), one has to discriminate the two sounds
[49, 53, 56, 61, 92, 99-101]. This discrepancy might be due to information transmis-
sion difficulties using the cochlear implant hearing device [30, 35, 98].

5. Conclusion

In this study, the perceptual learning effects were evidenced using the bottom-up
training and led to category formation in the perceptual space of the non-native child
with CI. Phonological categories breakdown analyses revealed that manner and voic-
ing feature category formation emerged after four weeks of training and was retained
after five weeks of off-training. In contrast, place feature formation, observed after
four weeks of training in both discrimination and identification tasks, declined after
five weeks of the off-training period, suggesting more extended and ongoing training
might be needed for the perception of place features. Further analyses revealed that
the perceptual learning effects of the posterior place of articulation were less than the
emphatic manner of articulation. The learning effects of emphatic manner were
retained after five weeks of off-training, whereas the posterior place perceptual
learning effect noticeably declined. In conclusion, the perception of uncategorized-
dispersed-assimilated Arabic consonants could be refined within the Malay perceptual
space by bottom-up training in congenitally deaf, non-native CI children.
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