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Abstract
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Abstract: We methodically designed and developed a subjective intelligibility testing of Thai speech
for initial and final consonants based on the diagnostic rhyme test (DRT). The Thai DRT (TDRT)
consists of 2 test sets, one for initials (TDRT-I) and the other final consonants (TDRT-F). The test for
initials is designed to equally compare 21 phonemes pairwise, which results in 210 stimulus pairs.
The TDRT-F compares 8 final phonemes, yielding 84 stimulus pairs. The tests are well-constructed
using real monosyllabic words. TDRT-I and TDRT-F have main ad- vantages in that percent
intelligibility scores in each stimulus pair as well as confusion patterns across all phonemes can be
evaluated and compared. To confirm its validity, we carried out a series of experiments. The
subjective intelligibility tests were conducted on 28 Thai normal hearing listeners in four SNR levels
(-6, -12, -18, and -24 dB for TDRT-I and TDRT-F) and subsequently on eight sensorineural hearing
loss patients (with and without hearing aids) using clean stimuli (for TDRT-I). Average intelligibility
scores, percent correct responses, and confusion matrices were obtained. Comparisons of confusion
patterns in both subject groups showed that for both initial and final consonants, voicing was the
most robust contrast while place-of-articulation was the least. Specifically, for initials, /r/ is the most
confusable phoneme, while /w/, /j/, and /p/ are among the least. Perceptual representation spaces,
derived from confusion matrices, yielded five non-overlapping groupings: glide, glottal constriction,
nasality, aspirated obstruent, and a combination of liquid and unaspirated obstruent. The results
suggested that patients' perceptual difficulty could be attributed to the nasality grouping, normally
well separated for normal hearing listeners, shifting close to the glottals and aspirated obstruents.
Hearing aids seemed to improve perception of all phonemes by 10%, with /tch/, kY, /s/, and /h/ (call
unvoiced) showing significant improvement rate. Lastly, the signal detection theory (SDT) bias values
of ¢ among all possible 108 pairs of unvoiced vs. voiced phonemes revealed that normal hearing
subjects are in favour of unvoiced phonemes. The hearing loss patients (with and without hearing
aids) showed the same bias pattern. Interestingly, the hearing aids seem to substantially increase

more biases for the unvoiced category.

Keywords : Thai diagnostic rhyme test, subjective intelligibility, confusion matrix, similarity score,

perceptual representation space, c-value



Executive summary

It is important to note that this work is among the very first papers that investigates and
provides a detailed analysis of confusion patterns of Thai initial and final phonemes. Specifically, a
subjective intelligibility testing of Thai speech for initial and final consonants, based on the diagnostic
rhyme test (DRT), was developed. Using real monosyllabic words, the Thai DRT for initials (TDRT-I)
and for finals (TDRT-F) were designed to equally compare 21 phonemes and 8 phonemes,
respectively. Its strength lies in the fact that the percent intelligibility scores as well as confusion
patterns across all 21 phonemes can be evaluated and compared.

To test the validity of our approach, the subjective intelligibility tests were conducted on Thai
normal hearing listeners (Group 1) in four SNR levels (for TDRT-I and TDRT-F) and on hearing loss
patients (with and without hearing aids for TDRT-F) (Group Il) using clean stimuli. Comparisons of
confusion patterns in both groups showed that for both initial and final consonants, voicing was the
most robust contrast while place-of-articulation was the least. Specifically, for initials, /r/ is the most
confusable phoneme, while /w/, /j/, and /p/ are among the least. Perceptual representation of Group
I, derived from confusion matrices, yielded five nonoverlapping groupings: glide, glottal constriction,
nasality, aspirated obstruent, and a combination of liquid and unaspirated obstruent. Interestingly,
perceptual representation of Group Il suggested that their perceptual difficulty could be attributed to
the nasality grouping shifted closer to the glottals and aspirated obstruents. Hearing aids seemed to
improve perception of all phonemes by 10%, with only /tch/, /kh/, /sl, and /h/ (all unvoiced) showing
significant improvement. The signal detection theory (SDT) bias values of ¢ among all possible 108
pairs of unvoiced vs. voiced phonemes further revealed that Group | were in favor of unvoiced
phonemes. Likewise, Group Il showed the same bias pattern. Interestingly, the hearing aids seemed
to substantially increase more biases for the unvoiced category.

In addition, our paper offers insightful cross-linguistic observations. Perceptual similarity and
distance scores were computed to yield perceptual representations of Thai and English phonemes
(Miller and Nicely, 1955). Generally, English phonemes can be divided into three clusters while Thai
has five clusters. Nasal sounds are grouped together nicely in both languages. Voicing (voiced and
unvoiced), one of the most distinct perceptual properties in English, appears to be a less robust
feature in Thai, where aspiration plays a more significant role. It is interesting that English obstruents
form a cluster which can be further divided into fricatives and plosives. On the other hand, in the
case of Thai unaspirated obstruents, the separation among fricatives, affricates, and plosives seems

less clear.



1. Introduction

This paper describes in details a series of experiments starting with the development of the
Thai diagnostic rhyme test for initials (TDRT-I) and finals (TDRT-F) (Tantibundhit et al., 2011c). Two
experiments, using TDRT-I and TDRT-F were conducted on normal-hearing listeners (Tantibundhit et
al.,, 2011b) and hearing-loss patients (for TDRT-I) (Tantibundhit et al., 2011a). Experimental results
(including confusion matrices) were partially given in Tantibundhit et al. (2011a,b,c) but here are
presented in full. Moreover, derived perceptual representations are compared and discussed in
detail. Lastly, the analysis of signal detection theory (SDT) values of ¢ (criterion) is further examined
for both sets of data. In this section, previous and relevant work, related to subjective intelligibility

testing, analyses of perceptual confusions, is reviewed.

1.1 Subjective Intelligibility Testing

Speech intelligibility and speech quality are two distinct properties. Speech quality is subjective
in nature and difficult to reliably evaluate. Specifically, it reflects how an utterance is produced and
also includes speech attributes such as natural, raspy, hoarse, etc (Loizou, 2013). Speech
intelligibility, on the other hand, refers to what is being said, i.e., the meaning or the content of the
spoken words (Loizou, 2013). Therefore, speech intelligibility is one of the essential attributes of the
speech signal and needs to be preserved by speech enhancement algorithms (Tantibundhit et al.,
2007, 2010). Several algorithms have been developed specifically to enhance speech intelligibility in
background noise (Tantibundhit et al., 2007, 2010). Evaluating intelligibility of the enhanced
compared with the original speech is often conducted using a subjective intelligibility testing (Loizou,
2013). Several intelligibility tests have been proposed for English by using rhyming words presented
in six-response (House et al., 1965) or in pair-response (Voiers, 1983).

House et al. (1965) developed a test by restricting response choices to a finite set of six
rhyming words called the modified rhyme test (MRT). The test was composed of 50 sets, each of
which was composed of six monosyllabic consonant-vowel-consonant (CVC) words. Twenty-five sets
differed in their initial consonants, e.g., led, shed, red, bed, fed, wed, while the rest differed in their
final consonants, e.g., bat, bad, back, bass, ban, bath (House et al., 1965).

Voiers (1983) refined the MRT and created a diagnostic rhyme test (DRT), which is widely
used for a subjective testing for measuring the intelligibility of speech coders (Loizou, 2013). The
DRT was an A/B forced comparison test based on word pairs differing in their initial consonants by
one of six distinctive features (Voiers, 1983). The DRT test material was composed of a word list of
96 rhyming pairs, e.g., veal - feel. As the DRT was developed specifically for English, it has some

limitations when evaluating intelligibility of a tonal language such as Chinese (McLoughlin, 2008).



McLoughlin (2008) developed a New Chinese diagnostic rhyme test (NCDRT). The NCDRT
was composed of a test set of phonemes in Chinese, which were classified under six distinctive
features similar to the DRT (McLoughlin, 2008). Although the subjective intelligibility testing of a
tonal language such as Chinese is well underway (McLoughlin, 2008), subjective intelligibility testing
of another tonal language, Thai, with several acoustic and phonemic differences from that of
Chinese (Comrie, 1990) has yet to be developed.

In our previous work, we designed and developed an intelligibility testing of Thai speech
specifically for its initial (TDRT-I) and final consonants (Tantibundhit et al., 2011c). The test was
designed to facilitate an evaluation of percent intelligibility responses in each stimulus pair and to
systematically compare confusion responses across all initial and final phonemes (Tantibundhit et
al.,, 2011c). Specifically, several useful frameworks, namely DRT (Voiers, 1983), NCDRT
(McLoughlin, 2008), MRT (House et al., 1965), and the analysis method of balanced confusion
matrix (Miller and Nicely, 1955) were integrated. Moreover, an A/B forced choice and monosyllabic
(CV(V)(C)) rhyming pairs, which differ only in one sound either in an initial or final position (the tone
was kept identical) were used. The words were well selected from real and commonly used words in

the language (Tantibundhit et al., 2011c).

1.2. Analyses of Perceptual Confusions

Analyses of perceptual confusions among phonemes (speech sounds) provide valuable
information in determining and understanding speech perception in general and cross-linguistically
(Johnson, 2003). By and large, there are two main motivations behind these types of analysis. First
of all, confusion patterns provide essential clues for the understanding of how speech signals are
auditorily processed and transformed as some parts of the signals will become more distinct while
others suppressed (Stevens, 1981). This insight is crucial for a number of areas in speech research,
including speech recognition (Mermelstein, 1976). Secondly, a number of cross-linguistic perception
experiments have shown that perception of speech sounds is not only limited to the input from the
auditory system, but also the result of perceptual representations, which are largely shaped by
listener's language experience (Strange, 1995). Importantly, perceptual confusion patterns, which
generally reflect phonological predisposition of speech sounds, will provide a more reasonable
explanation for a connection between language, i.e., its sound inventory and (human) auditory
constraints (Stevens, 1981).

A number of studies have focused on confusion analyses of English consonants, e.g., Miller
and Nicely (1955). Among them, a classic report from Miller and Nicely (1955), where perception of

English word-initial consonants (16 phonemes) in an open-response task was conducted under



different bandwidths (in between 200-6,500 Hz) and different signal to noise ratios (SNRs) (-18, -12,
-6, 0, +6, and +12 dB).

Shepard (1972) proposed a method to assess a psychological representation of speech
sounds by computing similarity and distance scores from confusion matrices. He applied his formula
and method to the English perceptual data from Miller and Nicely (1955). The analysis showed that
the perceptual representation of English consonants could be grouped according to two phonological
dimensions (adapted from Jacobson et al. (1952)), that of nasality and a combination of voicing and
frication, suggesting that nasality, voicing, and frication are the strongest perceptual features for
English consonants (Shepard, 1972).

Benki (2003) examined 10 English word-initial phonemes using four degrees of SNR (-14, -11,
-8, and -5 dB) in an open-response task. His investigation was expanded to include confusion
matrices of 10 English final phonemes and nine vowels. His findings confirmed that voicing feature is
stronger than feature for place of articulation and that initial consonants are more distinct than finals
(Benki, 2003).

Cross-linguistically, Singh and Black (1966) explored speaker-listener errors of phonemic and
non-phonemic intervocalic sounds of four languages, i.e., Arabic, English, Hindi, and Japanese. The
findings revealed perceptual similarities and differences across languages. It would be of special
interest to compare the English perceptual representation with that of a language, which has a
comparable phoneme inventory size. In this respect, a language such as Thai, with 21 phonemes
and all appear in word-initial position (Tingsabadh and Abramson, 1993), resembles English, with 24
phonemes, 22 of which (except /nj/ and /3/) occur word-initially (Giegerich, 1992)). However, the two
languages differ phonologically in many aspects. For instance, Thai has a 3-way stop/affricate
distinction (voiced, unvoiced unaspirated, and aspirated), while there exists a 2-way distinction
(voiced and unvoiced) in English. Moreover, English has 11 fricatives/affricates, whereas Thai has
only four (Comrie, 1990). Therefore, it will be interesting to see how these differences play out in the
phonological representations between the two languages.

To date, a very small number of studies on Thai have investigated confusion of Thai speech
sounds, i.e., either for normal hearing listeners or for sensorineural hearing loss patients. As a result,
there remains a large gap for the knowledge of perceptual representation in general, and as for
whether or to what extent hearing loss affects this perceptual property. Our previous studies
(Tantibundhit et al., 2011a,b) are hoped to fill this remaining gap. Our effective method of Thai
diagnostic rhyme test for initials (TDRT-I) (Tantibundhit et al., 2011c) enabled us to systematically
collect listener's responses of initial phoneme identification in different noise conditions and
constructed a valid approximation of the perceptual representation (Tantibundhit et al., 2011b). Along

with an investigation in the hearing-loss population (Tantibundhit et al., 2011a), our goal is to provide



some insights into the abstract yet consequential representations in the case of Thai speech sounds

both for normal hearing listeners and for sensorineural hearing loss patients.

1.3. Organization of the Report

In this report, we combine and explain in more detail our previous studies, i.e., Tantibundhit et
al. (2011a,b,c, 2012). In the following sections, Thai phonology is reviewed in Section 2. Design and
development of TDRT-I and TDRT-F, subjective intelligibility tests, experimental results regarding
percent intelligibility responses in each stimulus pair, perceptual confusions across all phonemes,
and analysis of confusion matrices are presented in Section 3. In Section 4, similarity scores
between each pair of phonemes and perceptual distances calculated from confusion scores
(Shepard, 1972) are explained. Distances and perceptual spaces of Thai phonemes for normal
hearing subjects and for sensorineural hearing loss patients are also given in this section. Section 5
presents the SDT bias values of ¢, which are used to highlight and quantify confusion asymmetries
that exist in certain initial phoneme pairs (Benki, 2003). After confusion matrices for 21 initial
phonemes are constructed, the bias measure c¢ (Macmillan and Creelman, 2005) is calculated.
Investigation of the SDT bias values of ¢ in initial phoneme pairs specifically for any combination
between an unvoiced and voiced phonemes is carried out for normal hearing listeners and for
sensorineural hearing loss patients. Finally, we discuss the results, implications, and future work in

Section 6.

2. Thai Phonology Review
Thai is a tonal Ilanguage with 21 consonantal phonemes in initial position
/p/, Iph/, b/, It/, Ith/, /d/, Ite/, It¢"/, /x/, /kh/, /2, /11, Is/, /h/, /m/, I/, Iy/, [\, /x/, /wl, and /j/ and
8 consonantal phonemes in final position /k/, /t/, /p/, /y/, /In/, /m/, /j/, and /w/ (Tingsabadh and
Abramson, 1993). Each of the nine monophthongs in Thai occurs phonemically short or long
(/i/, 1ii/, lel, leel, Ie/, Ieel, Iwa/, fmawd/, /~x/, Ixx/, /a/, [aal/, /u/, lau/, /o/, /0o/, /5/, and /00/) (Comrie,
1990; Tingsabadh and Abramson, 1993). Thai syllables consist of a tone and up to two initial

consonants followed by a short vowel and a final consonant or by a long vowel and an optional final
consonant. There are five tones: Mid~, Low ", High “(with a level pitch contour), Falling A, and Rising

(with a non-level pitch contour). Thus, Thai syllables may be represented as C,(C)V'C; or
C(C)V'V(C;), where C; stands for an initial consonant, C;C a consonantal cluster, C; a final
consonant, V a short vowel, VV a long vowel, and T a tone (Comrie, 1990; Tingsabadh and

Abramson, 1993).



3. TDRT-I and TDRT-F Designs, Intelligibility Tests (Experiments 1 and 2), Experimental Results,

and Confusion Matrices

3.1. TDRT-I and TDRT-F Design

The goal of TDRT-lI and TDRT-F designs were to come up with a subjective intelligibility test
set specifically for Thai initial and final consonants, keeping in mind that not only should the tests
allow us to evaluate percent intelligibility responses in each stimulus pair, but to systematically
compare confusion responses across all phonemes. In addition, the test should not be too long to
cause fatigue Loizou (2013). To do so, monosyllabic rhyming word pairs differing only in one sound

in an initial or final position are constructed and selected as follows:

3.1.1 TDRT-I

1) Multiple sets of Thai monosyllabic (C;\V'(V)(C;)) words, each of which differs only in their
initial phoneme are pooled.

2) Vowel /aa/ along with mid tone are chosen because it is one of the most frequently used
vowels (Kosawat et al., 2009) and when combined with mid tone yields the most possible
number of rhyming words, i.e., 21 rhyming words for 21 phonemes: /paa/ 1A, /phﬁa / N,
/baa / un, /taa / @, /t"aa / 1, /daa / @0, /teda/ 31, /t¢"aal B0, /kaal nn, /k"aal A", /paal
a1, /faa/ W, /saa/ w1, /haa/ 81, /maa/ ¥, /naa/ w1, /paa/ 91, /laa/ an, /raa/ 31, /waal N,
and /jaa/ g.

3) Each rhyming word is paired with 20 others of different initial phoneme. This results in a
total combination of 210 stimulus pairs of rhyming words, which can be expressed
mathematically as a combination of 21 choose 2 (*'C,).

Complete list of rhyming words for initial consonants with their translation is shown in Table 1.



Table 1: A set of 21 rhyming words differing in their initial consonants across 21 phonemes
(Tantibundhit et al., 2011c).

no. transcription Thai script translation
L. /paa/ 1 throw
2 /ptaa/ i bring
3. /baa/ i teacher
4 /taa/ 1 eye
5 /thaa/ m paint
6. /daa/ @1 advance along a wide front
7 Jteaa/ N talk
8. /te"aa)/ 1 tea
9. /kaa/ m crow
10. /k"aa/ 1 stick
11. /taa/ a1 uncle
12. /faa/ vh F musical note
13. /saa/ i lessen
14. /haa/ G laugh
15. /maa/ N arrive
16. /naa/ W field
17. /naa/ N ivory
18. /laa/ a donkey
19. /raa/ 1 fungus
20. /waa/ N 2 meters (Thai unit)
21. /jaa/ & medicine

3.1.2 TDRT-F

1) Pairs of monosyllabic (C,\V'(V)C;) words, each of which differs only in their final consonant
phoneme (the tone in each pair remains identical) are garnered.

2) Two types of initial consonants C;, are chosen to create the rhyming words, namely
voiceless unaspirated plosives (/p/, /t/, and /k/) and voiceless aspirated plosives (/ph/, ",
and /kh/). The initial plosives are chosen over other types of initial consonant as they can
be combined with the most possible types of rime unit (the sequence of vowel and final
consonant).

3) Six initial plosives are subsequently combined with all 18 vowels: 9 short and 9 long
vowels and with all 5 tones (6X18X5=540). For example, initial consonant /t/ when
combined with a vowel /a/, a low tone ‘, and 8 different final phonemes will produce /tak/
N, KAt Ga, fap/ Gu, ftan/ 69, tan/ Gw, tam/ 67, Aaj 'Ld, and /taw/ 161, Altogether, 540

possible words are created.



4) Out of the 540 words, only 84 pairs of real words (84 stimulus pairs) that are commonly
used are selected. These stimulus pairs comprise 3 instances of each rhyming word
paired with 7 others of different final phonemes, which can be expressed mathematically
as three times a combination of 8 choose 2 (3><8C2).

Complete list of rhyming words for final consonants with their translation is shown in Table A-l and

A-l1.



Table A-I: A set of 84 rhyming words differing in their final consonants across 8 final phonemes

(Tantibundhit et al., 2011c).

pairno. transcription  Thai script translation transcription  Thai script translation
1. Jtap/ Ay liver ftat/ an cut
2. /kop/ N frog [kot/ nea press
3. Ipdop/ 1oy ogre pdat! 1oa lung
4. /top/ a1 slap [tok/ a1 fall
5. /kap/ Ay and /kak/ fn confine
6. /t>op/ 1351 answer Jt30k/ DN hammer
7. /thap/ ny pond /tham/ ;ﬁh bass
8. P aap/ CRtt hold in the mouth kP aam/ b skip
9. kP ap/ Ay tight /P am/ M prop up
10. /p"ép/ 1] meet /p"én/ M pass
11. kM ép/ [} associate /kMén/ M seek
12. kP ap/ Av tight kP an/ é”u squeeze
13. /kep/ L?,]‘U keep /kéy/ 1n4 excellently
14. k" Aap/ CRi hold in the mouth AP gan/ 4 side
Is. Jtap! i fiver ftay/ a4 stool
16. Jtap/ A1 liver ftaw/ N turtle
17. " ap/ iy overlay 1" aw! iR foot
18. /P ép/ o tight /P dwl i outline
19. [p"aap/ AN picture Iphaaj/ nw lose
20. fkap/ A and fiaj/ 1 chicken
21. /P aap/ AU hold in the mouth At aajl o camp
22. [pat/ 1la sweep /pak/ 1ln stab down
23. [paat/ 1ha slice off /paak/ 1hn mouth
24, ftat/ an cut [tak/ an scoop
25. Mot/ A coil /™ om/ S oppress
26. kP &t/ fn select NP am/ M prop up
27. At/ e curl /" im/ A protect
28. Mot/ noa hug /idon/ noU before
29. Kt/ 19 dig /K" i/ T be turbid
30. t"aat/ 019 tray /t" 2an/ U charcoal
31. Ipet/ ifla duck Ipéyy/ 14 be ripe
32. /tit/ T close /tin/ f protrusion
33. /e it/ 7 man who resumes secular life fe"iy/ ‘ﬁﬂ discard
34. /pat/ 1l sweep [paw/ wh blow
3. /" at/ U9 rub /" aw/ 11 knee
36. et an think A fw/ a eyebrow
37. /k"aat/ A anticipate /k" saj/ Rl camp
38. ficat/ fin bite fiaj/ 1 chicken
39. /tP aat/ 219 tray /t"aay/ 218 take a picture
40. AP ik :I/Iﬂ"’lf suffering /" am/ ;ﬁll bass
41. N/ fn prison /" im/ A protect
42 /thok/ n discuss /t"om/ o spit




Table A-Il: A set of 84 rhyming words differing in their final consonants across 8 final phonemes

(Tantibundhit et al., 2011c).

pairno. transcription  Thaiscript  translation -  transcription  Thai seript translation
43, /phék/ WA carry - /ptén/ W pass
44, /k"6ok/ Tan mound - /" Gon/ Tau fall
45. /pdk/ 1/n cover - /pon/ 1)1 powdered
46. ftaak/ A air - ftaan/ AN differ
47. /K" dok/ Tun knock - /k"don/ T4 Pila (gastropod)
48. /k"2ak/ N7 spit - /k"say/ I spinning top
49, /phak/ 0 vegetable - /p"aw/ L tribe
50. /p"aak/ a0 parched - /p" daw/ W1 scorching
51. Ipak/ 1n stick - fpaw/ 1h blow
52. Ikt fn cook - fetij/ fa thug
53. ftaak/ AN air - ftaaj/ e rabbit
54. [kdak/ NN garbage - /kaaj/ e rest on
55. /tum/ ifllll pimple - /tun/ g']‘L! mole
56. /kéam/ A claw - /kéan/ A stem
57. ftam/ N pound - /tan/ i clog
58. /t3om/ Aol swarm - /t3oy/ oY banana leaf
59. /p5m/ 1o fortress - /p5y/ {loa cover up
60. ft@m/ iy full - ftay/ 1fia favorite
61. /kam/ n grasp - fkaw/ 1m scratch
62. ftam/ i pound - ftaw/ 1911 stove
63. /xaam/ R claw - Ikaaw/ A step
64. Mt¥ym/ 1 add - 1exil 1ne screw pine
65. /taam/ a1 follow - /taaj/ a1 die
66. /paam/ 1hdu palm - Ipaaj/ 1he Pai district
67. Jken/ LAY core - fkey/ TGF islet
68. /kGon/ Thu shave - /kBoy/ Tna cheat
69. /teen/ LAy wasp - /tEey/ 1A melon
70. /kan/ il keep out - /kaw/ 1N scratch
71. Ipén/ N mold - Ipaw/ i target
72. /tan/ AU clog - ftaw/ 1911 stove
73. /paon/ 1lou sloppy - /paoj/ 1Jos tuft
74, /tim/ au mole - ftivj/ Ao puffy
75. /pan/ Thu obtuse - Ipéaj/ fhe plate
76. Iphen/ e civil - o™ ew/ e clear
77. Itin/ i?l N admonish - Jtiw/ A7 cram for an examination
78. ftan/ ER establish - Jtaw/ 19 breast
79. /kan/ foq echo - /ksj/ dou little finger
80. ftaan/ A differ - ftaaj/ Ao rabbit
81. /koon/ Tna cheat - /k&oj/ Tne shovel
82. Ikaw/ 1 old - /kaj/ 1 chicken
83. P daw! P rice - A aajl e camp
84. NP aaw/ 17 fishy - k" aaj/ 18 spit out




3.2. Intelligibility Tests for Normal Hearing (Experiment 1) and Sensorineural Hearing Loss Subjects
(Experiment 2)

In Experiment 1, the subjective intelligibility tests for initial consonants were conducted in four
conditions of additive white Gaussian noise (AWG) on normal hearing listeners (Tantibundhit et al.,
2011c). In Experiment 2, the tests were carried out in clean condition only on sensorineural hearing
loss subjects (with and without hearing aids (Tantibundhit et al., 2011a)). To create test stimuli, all
21 initial rhyming words along with filler words were read five times in a carrier sentence (5%“1191J
dnwa7 /te"in tchﬁop ... Tiik leew/) and recorded at a sampling rate of 44.1 kHz in a sound-
attenuated chamber by a 36-year-old Thai male speaker who was born and grew up in Bangkok.
Then, each target word stimulus was excised from the carrier sentence. To avoid audible
discontinuity problems at the splice points, the starting point of each stimulus began approximately
10 msec prior to the onset of initial consonant and its end point included some durational
adjustments to the last sound segment at a precise location. Every splice was done at a zero
crossing.

Then, one of the five tokens of each target word that was the clearest, most typical, and most
natural sounding was selected based on impressionistic hearing evaluation and spectrographic
inspection. Average duration of the stimuli was 324.4 msec.

For normal hearing listeners, four signal-to-noise ratios (SNR) of -6, -12, -18, and -24 dB were
chosen based on our preliminary findings such that intelligibility scores are in a range to avoid floor
and ceiling effects, i.e., much higher than 50% but not approaching 100% (subjects so well
perceived stimuli) or close to 50% (the scores are indistinguishable from guesswork) (Loizou, 2013).
Experiment 1 (presented in four SNR conditions) was performed individually on untrained 28 normal
hearing subjects over headphones in a quiet room, while Experiment 2 (presented in clean
condition) was performed individually on untrained eight sensorineural hearing loss patients with and
without hearing aids over speakers in a sound booth at Thammasat University hospital. The patients
were recruited by an otolaryngologist at Thammasat University hospital. Table 3 shows background
information of these eight participants. In each ftrial, listeners heard a target stimulus and were asked
to choose what they just heard between two rhyming words, appearing on the computer screen. If
they did not recognize the stimulus, they were instructed to guess before moving on to the next trial.
Sequence of individual trials as well as sequence of word in each A/B pair for intelligibility tests for

initial consonants were randomized in real tests.

For normal hearing subjects (Experiment 1), a straightforward test of 500 trials X 4 SNR levels
would create a test of 2,000 trials, which is considerably long and could cause subject’s fatigue and
learning effect (Loizou, 2013). Alternatively, by increasing a number of subjects four times, we could

stay with the 500 trials and divide the test equally by four SNR levels. Consequently, the 500 trials



Table 2:  Distributions of rhyming word groupings for initial consonants for normal
hearing listeners (Ezxperiment 1) (modified from Table 1 of Tantibundhit et al. (2011c)).

Rhyming and Filler Word

Subject Group A Group B Group C  Group D

I —6 dB —12dB -18dB -24dB
1II —24 dB —6 dB —12dB —18dB
111 —18dB  —24 dB —6 dB —12 dB
v —-12dB -18dB -—-24dB —6 dB

Table 3: Background information of eight hearing impaired adults (with moderate to mod-
erately severe degrees of hearing loss).

Subject Age Sex Average Air SL/PB
(vears) hearing loss
R L R L R L
1 62 F 44.17 55 47 55 30/96%  30/92%
2 73 F 80 66.67 72 55 26/84%  35/88%
3 19 M 10833 4857 110 35 N.A. 30/92%
4 52 F 90 6857 97 65 5/84%  35/92%
5 66 F 7143 8143 63 67 25/92%  25/88%
6 79 F 63.33 6250 60 58 65/88%  65/92%
7 62 F 8833 6333 88 68 10/88% 25/100%
8 61 F 70 55 35320 20/92%  30/96%

are corrupted by one of four SNR levels of AWG noise stated earlier, i.e., Groups A, B, C, and D,
each of which has an SNR level of -6 dB, -12 dB, -18 dB, and -24 dB, respectively as summarized
in Table 2. With regard to distributions of the rhyming words, subjects’ performance per SNR level
was equally distributed yielding 105 trials/SNR level (420 trials/4 SNR levels). Each of the 105 trials
was equally distributed across 21 phonemes resulting in 5 trials/SNR level/phoneme (420 trials/4
SNR levels/21 phonemes). Finally, ordering of individual trials as well as sequence of words in each
A/B pair were randomized in the test. It should be noted that 28 listeners are equivalent to seven
complete subjects.

For sensorineural hearing loss adults (Experiment 2), the test consists of 210 rhyming pairs
across 21 initial phonemes and 40 pairs of filler words. To bring out a balanced confusion matrix, the
rhyming word in each pair was presented once as a stimulus in a trial, resulting in a total of 420
trials for initial consonants and 80 trials for filler words. The test was presented twice to the patients,

first where they removed the hearing aids and later where the hearing aids were kept on.



Table 4: Average percent intelligibility for normal hearing subjects.

Consonant SNR (dB)
—6dB —-12dB -—-18dB —-24dB
Initial 03.1% 87.1% 77.4% 24.1%

Table 5: Average percent intelligibility for sensorineural hearing loss subjects.

Consonant  without hearing aids  with hearing aids
Tnitial 49.9% 70.4%

Table B: Average percent intelligibility for final consonants for normal hearing subjects.

Consonant SNR (dB)
-6dB -12dB -18dB -24dB
Final 91.67% 84.01% 67.35% 27.21%

3.3. Experimental Results and Confusion Matrices

Table 4 shows percent intelligibility scores for initial consonants for normal hearing listeners
across 4 SNR levels. It should be pointed out that the average percent correct response, which does
not necessarily match the intelligibility score, is calculated from total number of correct responses
divided by total number of stimuli. Percent intelligibility scores are calculated from

p= N = Ne 0%,
T (1)

where P,, N, N,, and T are percent intelligibility score, numbers of correct responses, numbers of
wrong responses, and total numbers to stimuli, respectively (Voiers, 1983).

It is clear that percent intelligibility scores were decreasing as increasing level of noise.
Furthermore, the results showed that subject’s performance at SNR level of at -24 dB was far below
a guesswork (50%) and could be excluded from analysis of confusions.

Balanced confusion matrices at all SNR levels for normal hearing listeners were obtained from

the test responses and shown in Tables 6—9. It should be noted that confusion matrices are
constructed from correct responses, not intelligibility scores. The results showed that across SNR
levels of -6, -12, and -18 dB, /r/ was the most confusable initial consonant and it was mostly
misperceived as /d/, /t/, /t¢/, /b/, and /k/. On the other hand, /w/, /j/, and /p/ were among the least
confusable initial consonants.

A separate analysis across the three levels for listeners’ misidentified responses showed that

It/ and /t"/ were the most favored while /w/ and /r/ the least. Focusing at the -18 dB level in which



the intelligibility score is neither too high nor too low, voicing was the most robust contrast while
place-of-articulation was the least. In addition, at this SNR level, /r/ was the most confusable
phoneme followed by /t"/, while /j/ was the least confusable phoneme, followed by /w/. At -18 dB, a
separate analysis for listeners’ misidentified responses revealed that the listeners favored /t/, /p/, 1,
/t¢"/, and /t¢/ and disfavored /w/ and /r/ over other phonemes.

Table 5 shows percent intelligibility scores for sensorineural hearing loss subjects, i.e., 49.9%
without hearing aids and 70.4% with hearing aids. Overall, in terms of intelligibility, hearing aids
seemed to improve hearing performance by 20.5% (10.3% in terms of percent correct response). In
addition, balanced confusion matrices for sensorineural hearing loss subjects without hearing aids
and with hearing aids are shown in Tables 10 and 11, respectively. Interestingly, for both cases, /r/
was the most confusable phoneme (in line with the normal hearing subjects), followed by /K"l for the
subjects without hearing aids and followed by /n/ with hearing aids. In addition, /r/ was mostly
misperceived as /b/, /t¢/, and /t¢" without hearing aids while mostly misperceived as /p/, /d/, and /k/
for the subjects with hearing aids. Interestingly, /p/ was the least confusable phoneme for both
cases. A separate analysis for listeners’ misidentified responses revealed that the subjects with
hearing aids favored /p/ and /t¢/ and disfavored /w/ and /r/, while the subjects without hearing aids
favored /t/, /p/, and /s/ and disfavored /j/ and /h/.

Paired t-test difference between subject’s performance with and without hearing aids of 21
initial phonemes showed that hearing aids can significantly improve speech perception of four
phonemes, i.e., /t¢"/ [t(7) = 2.8924, p = 0.023], /K"/ [t(7) = 4.0566, p = 0.005], /s/ [t(7) = 2.5252, p =
0.040], and /h/ [t(7) = 2.4279, p = 0.046].

Table B shows percent intelligibility scores for final consonants for normal hearing subjects.
Comparing with Table 4, the results show that the initial consonants were perceived better than the
final consonants except at the SNR level of -24dB. Confusion matrices for final consonants across
SNR levels of -6, -12, -18, and -24 dB are shown in Table C—F, respectively. For the results, /k/ is
the most confusable consonant and it was mostly misperceived as /t/, which is also a voiceless non-
continuant. Interestingly, at the -18dB level, for both initial and final consonants, voicing was the

most robust contrast while place-of-articulation was the least.
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Table C: Confusion matrix for final consonants for normal hearing listeners at SNR = -6 dB.

Stimulus Response

/p/ /t/ /k/ /m/ /n/ /u/ /w/ /i/
/v/ 143 1 2 0 0 0 0 1
/tf 3 141 2 0 1 0 0 0
Jk/ 1 8 133 0 3 1 0 1
Jm/ 0 0 1 143 1 1 1 0
/n/ 0 2 0 0 136 6 0 3
/u/ 0 1 0 3 2 140 0 1
Jw/ 0 0 0 1 0 0 146 0
/i/ 1 0 0 0 1 0 0 145

Table D: Confusion matrix for final consonants for normal hearing listeners at SNR = -12 dB.

Stimulus Response

/p/ 1t/ /k/ /m/ /n/ /n/ fw/ Yars
/p/ 139 3 4 0 0 0 0 1
It/ 7 126 8 0 1 1 0 4
Jk/ 6 12 117 2 1 5 0 4
/m/ 0 0 0 141 1 1 0 4
/n/ 0 5 0 2 139 1 0 0
/n/ 0 0 3 5 5 131 0 3
Jw/ 0 1 0 0 0 1 145 0
/i 0 1 0 0 0 2 0 144

Table E: Confusion matrix for final consonants for normal hearing listeners at SNR = -18 dB.

Stimulus Response

/v/ /v /k/ Jm/ /n/ /u/ /w/ /il
/p/ 119 4 14 4 1] 2 0 4
/) 11 118 4 0 7 0 1 6
/k/ 6 12 117 0 3 6 0 3
Jm/ 1 1] 1 119 [§] 11 3 6
J/u/ 0 9 0 10 117 3 0 3
/n/ 0 1 7 4 3 132 0 0
Jw/ 0 0 0 3 2 0 142 0
/i/ 0 0 1 G 11 9 0 120

Table F: Confusion matrix for final consonants for normal hearing listeners at SNR = -24 dB.

Stimulus Response

/e/ It/ /k/ /m/ /n/ /n/ /w/ /i/
/p/ 108 9 12 4 0 5 0 9
/t/ 18 95 11 4 5] 4 2 7
/k/ 12 12 92 4 7 10 4 (8
/m/ 8 4 9 94 7 10 4 11
/n/ 3 14 5 11 89 15 2 8
/n/ 6 5 11 11 9 90 5 10
Jw/ 7 8 11 9 14 7 79 12
/i/ 5 8 5 9 8 11 0 101




4. Distance Matrix and Perceptual Representation Space

To further our analysis of confusion patterns, a number of perceptual representations was
constructed based on the data. To do so, similarity scores and distance matrices were first
calculated and constructed, followed by construction of perceptual representations, resulting in three
separate representations: one for normal listeners at -18 dB and the others for hearing loss patients

(without and with hearing aids).

4.1. Similarity Scores
The experimental setup in Section 3 was designed to equally make pairwise comparisons

among 21 word-initial phonemes resulting in 210 real-word stimulus pairs. Then, percent correct

responses and confusion matrices (Tables6—11) were obtained. Similarity score and perceptual

distance for each phoneme pair were systematically derived from the confusion scores based on a

method proposed by Shepard (1972). Specifically, the similarity score between each pair of
phonemes is calculated from confusion scores by

_ byt by

o Rt By @

where S; is the similarity between phoneme /and phoneme j, P;is an element of confusion matrix

when stimulate with phoneme i (row) and perceive as phoneme j (column) and so forth. Then,

perceptual distance (d; ) is derived from the similarity score based on Shepard (1972) by

(ll.zj = — hl »S”

(3)
4.2. Distance Matrices and Perceptual Representations
4.2.1. Experiment 1

From the intelligibility test results across 4 SNR levels for 28 normal hearing listeners in
Table 4, it is clear that percent intelligibility scores were decreasing as increasing level of noise.
While subjects’ performance at SNR level of -6 dB and -12 dB was near-perfect, at -24 dB it was far
below a guesswork (50%). Therefore, the remaining SNR level of -18 dB was the most interpretable
to investigate the perceptual distance. Therefore, the confusion matrix at this SNR level was used to
compute similarity scores, and to derive a distance matrix. Table 12 shows the distance scores for

Thai initial phonemes at the SNR level of -18 dB.
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A perceptual space representation, constructed based on the perceptual distances in Table
12 and sketched in Fig. 1, shows relative locations for each Thai initial phoneme according to
Johnson (2003) and Shepard (1972). It should be noted that the perceptual representation
graphically represents the confusion patterns in Table 8 as well. Between each pair of phonemes,
less distance in space means more confusions. It is worth noting that Fig. 1 is an approximation of 2
dimensional perceptual representation (with limited scaling). Consequently, the value of infinity
covers a relatively large distance, if not exceptionally large. There appear to be five clustering of
phonemes (shown in dashed-line circles) based on their common phonological features adapted
from Jacobson et al. (1952), i.e., glide (/w/ and /j/), glottal constriction (/?/ and /h/), nasality (/m/, /n/,
and /n/), aspirated obstruent (/ph/, i1, e, and /kh/), and a combination of liquid and unaspirated
obstruent (/p/, /bl, It/, /dl, It¢l, I/, If, Isl, /I, and /r/). Interestingly, /r/, the most confusable phoneme,

is nicely located in the middle of the perceptual space and towards the center of its own group.

4.3. Experiment 2

Tables 13 and 14 show the distance scores derived from Tables 10 and 11 from eight
hearing loss patients. Figures 2 and 3 illustrate perceptual representations of Thai initial consonants
for eight sensorineural hearing loss patients without and with hearing aids. Five clusters could be
grouped similar to Fig. 1. Comparison across Figs. 1, 2, and 3 suggests that patients’ perceptual
difficulty could be attributed to the nasality grouping, which is well separated for normal hearing
listeners as well as patients with hearing aids, shifting closer to the glottal constrictions and
aspirated obstruents. From Fig. 3, it seems that the hearing aids are beneficial in moving the

nasality cluster further away from the nearby groupings.
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Figure 1: Perceptual representation of 21 Thai initial phonemes in Thai (from Fig. 2 of
Tantibundhit et al. (2011h)).
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Figure 2: Perceptual representation of 21 Thai initial phonemes for sensori-neural hearing
loss patients without hearing aids.
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Figure 3: Perceptual representation of 21 Thai initial phonemes for sensori-neural hearing
loss patients with hearing aids.

5. Response Bias Measurement

5.1. SDT Bias Values of ¢

From the confusion matrix at -18 dB (Table 8), it is clear that voicing was the most robust feature as
opposed to place and manner of articulation. Therefore, in this section, voicing is our central focus.
With its robustness (cross-linguistically), we believe any response between voiced and unvoiced
might give us interesting insights into an understanding of the perception of voicing. The SDT bias
values of ¢, are used to highlight and quantify confusion asymmetries that exist in certain initial
phoneme pairs (Benk1, 2003). After confusion matrices for 21 initial phonemes are constructed, the
bias measure c (criterion) (Macmillan and Creelman, 2005) is then calculated by

c=—05[z(H)+ z(F)], (4)

where z(H) and z(F) are z scores of hit and false alarm rates extracted from the main confusion
matrix. Specifically, for a 2X2 confusion matrix of two initials x and y, the diagonal entries are the
response frequencies for x and y from the diagonal of the original confusion matrix, which are
referred to the hits and correct rejections, respectively. In addition, the response frequency for y
given stimulus x from the original matrix is referred to the miss frequency, while the response

frequency for x given stimulus y is referred to the false alarms. The marginal totals from the 2X2



confusion matrix of two initials x and y are used to compute the hit rate and false alarm rate (Benk1,
2003; Macmillan and Creelman, 2005).

As mentioned, the focus is to investigate SDT bias values of c in initial phoneme pairs
specifically for either one of unvoiced phonemes (Ip/, Ip"l, 1t/, "1, i/, 1t¢"1, Ikl, IK"1, 1?1, 1§, Is/, and
/n/) to either one of voiced phonemes (/b/, /d/, Im/, In/, Iy/, /I, Irl, Iwl/, and /j/). Moreover, we compare
differences between the SDT bias values of ¢ across two groups of subjects, i.e., normal hearing
listeners and sensorineural hearing loss listeners. Finally, we examine the extent to which hearing

aids have on bias asymmetries in the initial phoneme pairs.

5.2. Experimental Results

Tables 15, 16, and 17 show the SDT bias values of ¢ for all combinations of phoneme pairs
of any unvoiced and voiced phonemes, e.g., /p/-/b/ and /h/-/j/. It should be important to note that for
any phoneme pair, a negative c-value means that in identifying the two phonemes, the subjects
favored the row (unvoiced) phoneme over the column (voiced) phoneme, and vice versa for a
positive c-value. For example, in Table 15, for the pair /p/-/b/, the corresponding c-value is 0.005,
meaning that the subjects “very slightly” favored /b/ over /p/.

Moreover, a negative/positive weighted normalized sum of c-value (weighted c-value) in the
last two columns (for unvoiced phonemes) of each table is calculated by summation of all
negative/positive c-values in each row of the table divided by summation of absolute c-values in that
row. Weighted c-value in the last two rows (for voiced phonemes) is calculated in the same fashion.
Therefore, sum of the absolute of weighted c-values will be unity. For example, in Table 15,
identification response of phoneme /p/ (row) has weighted c-values of -0.977 (for unvoiced) and
0.023 (for voiced) which means that overall for this phoneme, listeners favored unvoiced to voiced
phonemes. Table 18 gives a summary of the weighted c-value patterns across three groups of
listeners.

For normal hearing listeners, overall the subjects show biases in favor of unvoiced
phonemes when identifying /p/, /ph/, tel, /t(;h/, K/, /kh/, 121, Ih/, Im/, In/, IIl, and /r/ rather than voiced
phonemes. In fact, among the unvoiced phonemes, 8 out of 12 phonemes (33.33/50%) show biases
towards unvoiced and among the voiced ones, 4 out of 9 (22.22/50%) biases towards unvoiced.
Likewise, sensorineural hearing loss subjects show more biases towards unvoiced phonemes when
identifying /p/, /ph/, ", /th/, Itel, Ik, 1?1, 1§, Isl, Ibl, Inl, /y/, and /r/. In Table 18, 9 out of 12 phonemes
(37.5/50%) show biases towards unvoiced and 4 out of 9 voiced phonemes (22.22/50%) do. Finally,
hearing aids seem to increase substantial unvoiced biases. In Table 18, 11 out of 12 unvoiced

phonemes (45.9/50%) were bias towards unvoiced and all of the voiced phonemes do.
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Table 18:  Summary of weighted normalized sum bias across normal hearing subjects and
sensorineural hearing loss subjects without /with hearing aids. Note that minus sign (—)
indicates that on average listeners favored unvoiced to voiced phonemes and vice versa for
plus sign (+).

normal sensorineural hearing loss subjects
hearing subjects  without hearing aids  with hearing aids
/p/ - - -
/o) - - -
/t/ +
/e +
/te/ - - -
/er/ - + -
/k/ - - -
/K" - + -
7/ - - +
/t/
/s/
/n/ -
/b/
/a/
/) —
/n/ - - -
/v/ + - -
1y -
x/ — — —
) +
Jif +

+ +
|
|

+
|

+
+ +
|

+
|

+ +

6. Discussion and Future Work

6.1. TDRT-1 and TDRT-F as An Important Tool

We have developed the subjective intelligibility testing of Thai speech (TDRT-I and TDRT-F)
and systematically compared confusion responses across all phonemes for initial and final
consonants. Not only has TDRT-l and TDRT-F proved to be a very useful for intelligibility
assessment, but it has offered valuable insights into phoneme confusion patterns (Section 3).
Moreover, specifically for initial consonants, perceptual representation (Section 4), and response
biases (Section 5) between normal hearing listeners and those with sensorineural hearing loss were

analyzed.



It is interesting to find that some overall confusion patterns for initials were shared between
the two groups of listeners, i.e., /r/ was the most confusable phoneme and /w/, /j/, and /p/ were

among the least confusable. However, their perceptual patterns were quite different in details as

reflected in their perceptual representations in Figs. 1—3. In view of these representations, it is
suggested that some of their hearing deficits (at least for this group of patients) could be attributed
to the shifting of some of the phoneme groupings, specifically the nasality which was moved closer
to the glottals and aspirated obstruents. Hearing aids seemed to help in separating out the nasality
from other groupings. However, the device improved the correct responses by 10% on average with
only /t¢"/, Ikhi, Is/, and /h/ (all unvoiced) showing significant improvement. The hearing deficits could
be further examined when we look at the SDT bias values of ¢ (Table 18) among all possible 108
pairs of unvoiced vs. voiced phonemes. The findings show that normal hearing subjects were bias in
favour of unvoiced phonemes. More importantly, the unvoiced biases appeared to increase in
hearing loss patients and substantially more with the hearing aids.

For final consonants, /k/ is the most confusable consonant and it was mostly misperceived

as /t/, which is also a voiceless non-continuant. Interestingly, at the —18dB level, for both initial and

final consonants, voicing was the most robust contrast while place-of-articulation was the least.

6.2. Phoneme Occurrence Frequency

The confusion matrices not only show a correct response sensitivity but also patterns of
misperceptions. Investigation of normal hearing listeners’ misidentified responses reveals that in
initial position across the -6, -12, and -18 dB levels, the listeners appeared to highly favor /t/ and 1l
and disfavored /w/ over other consonants. One interpretation is to connect these biases to the
frequency of phoneme occurrences found in a Thai BEST corpus (Kosawat et al., 2009), constructed
from various types of written materials. From the data of more than 9 million words, among all initial
consonants including clusters, "/ occurs at the highest rate (followed by /n/ and /s/), whereas /w/ is
among consonants of lowest occurrence, which include /tch/, Inl, 1?1, Ibl,/lyl, and /f/ (Munthuli et al.,

2013).

6.3. Comparison with The English Data from Miller and Nicely (1955)

Current speech perception models provide different accounts for a basic unit of analysis such
as context dependent allophones (Ingram and Park, 1998), individual exemplar (Johnson, 1997). In
this study, we have taken a more traditional approach and consider phoneme as the unit of analysis.
TDRT-I is well designed such that subjective intelligibility score can be easily obtained and a

balanced confusion matrix efficiently constructed. Then, perceptual similarity and distance scores



Figure 4: Perceptual representation of 15 initial phonemes (plus 3) in English adapted
from a confusion matrix of Miller and Nicely (1955) (from Fig. 3 of Tantibundhit et al.
(2011b)).

could be computed. This allows us to make some cross-linguistic observations concerning

perceptual representations of Thai (Fig. 1) and English (Fig. 4) phonemes.

Figure 4 illustrates a perceptual representation of 16 (out of 22) English initial phonemes at

SNR level of 12 dB with a bandwidth of 200—6,500 Hz adapted from a confusion matrix of Miller
and Nicely (1955). This condition was chosen for the comparison because it yielded average percent
correct response (88.67%), which is relatively close to that of -18 dB of the Thai data (90.85%). It is
noteworthy that 8 phonemes in English (/tf/, /d3/, i/, Il, 13/, Iwl, /i, and /h/) were not included in the
study of Miller and Nicely (1955). Roughly, English phonemes can be divided into 3 clusters, while
Thai can be divided into 5 clusters. Separately, nasal sounds are grouped together in both
languages. Voicing (voiced and unvoiced), one of the most distinct perceptual properties in English,
appears to be a less robust feature in Thai, where aspiration plays a more significant role. It is
interesting that obstruents in English form a cluster which can be further divided into fricatives and
plosives (Shepard, 1972; Mermelstein, 1976). On the other hand, in the case of Thai unaspirated
obstruents, the separation among fricatives, affricates, and plosives seems less clear. Moreover, the
two liquids in Thai seem to belong to the same cluster as the 8 unaspirated obstruents, the finding

which calls for further investigation and explanation.



6.4. Status of /r/ and /i

It is a well-known fact of Thai that the /r/ phoneme has undergone remarkable changes in
the past decades. As a result, the /r/ has a variety of allophones including [r], [R], and [I] (the same
sound as the existing /I/ phoneme). Moreover, Thai initial clusters containing /r/ have followed similar
changes including the r-deletion. The instability and variations of /r/ might be linked to the finding
that /r/ was clearly the most confusable phoneme of all. However, it should be noted that /r/ was

misperceived as many other phonemes such as /t/, /t¢/, /k/, /b/, and /I/.

6.5. Future work

Along with TDRT-l, we have developed subjective intelligibility testing of Thai final
consonants (Tantibundhit et al., 2011c), vowels (Onsuwan et al., 2013) and tones (Onsuwan et al.,
2012). Specifically, equipped with the experimental method and findings of the initial consonants, an
adaptive testing is now being developed to detect hearing deficits and to come up with a way at

identifying his/her degrees of hearing difficulty for certain groups of speech sound.
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ABSTRACT

We methodically design and develop a subjective
intelligibility testing of Thai speech based on the
diagnostic rhyme test (DRT). The Thai DRT
(TDRT) consists of 2 test sets, one for initials and
the other final consonants. The test for initials is
designed to equally compare 21 phonemes
pairwise, which results in 210 stimulus pairs. The
TDRT for finals compares 8 final phonemes,
yielding 84 stimulus pairs. These tests are well-
constructed using real words. TDRT have two
main advantages. It allows us to evaluate percent
intelligibility responses in each stimulus pair and
to systematically compare confusion responses
across all phonemes. To test the validity of our
method and to further our investigation, we carry
out the subjective intelligibility test on twenty
eight Thai listeners using TDRT, which varies in 4
SNR levels (-6, 12, -18, and —24dB). Average
intelligibility scores and confusion matrices for
initial and final consonants are analyzed.

Keywords: Thai, diagnostic rhyme test, subjective
intelligibility, initial/final consonants, confusion
matrix

1. INTRODUCTION

Speech intelligibility and speech quality are two
distinct properties. Speech quality reflects how an
utterance is produced and also includes speech
attributes such as natural, raspy, hoarse, etc.
Speech intelligibility, on the other hand, refers to
what is being said, i.e., the meaning or the content
of the spoken words [5]. Therefore, speech
intelligibility is one of the essential attributes of
the speech signal and needs to be preserved by
speech enhancement algorithms [5].

Several algorithms have been developed
specifically to enhance speech intelligibility in
background noise [5]. Evaluating intelligibility of
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the enhanced compared with the original speech is
often conducted using a subjective intelligibility
testing [5]. Several intelligibility tests have been
proposed for English by using rhyming words
presented in six-response [2] or in pair-response
[8]. House et al. developed a test by restricting
response choices to a finite set of six rhyming
words called the modified rhyme test (MRT) [2].
The test was composed of 50 sets, each of which
was composed of six monosyllabic consonant
vowel-consonant (CVC) words. Twenty-five sets
differed in their initial consonants, while the rest
differed in their final consonants.

Voiers refined the MRT and created a
diagnostic rhyme test (DRT) [8], which is widely
used for a subjective testing for measuring the
intelligibility of speech coders [5]. The DRT was
an A/B forced comparison test based on word pairs
differing in their initial consonants by one of six
distinctive features [8]. The DRT test material was
composed of a word list of 96 rhyming pairs, e.g.,
veal - feel. As the DRT was developed specifically
for English, it has some limitations when
evaluating intelligibility of a tonal language such
as Chinese [6]. McLoughlin devloped a New
Chinese diagnostic rhyme test (NCDRT) [6]. The
NCDRT was composed of a test set of phonemes
in Chinese, which were classified under six
distinctive features similar to the DRT [6].

Although the subjective intelligibility testing of
a tonal language such as Chinese is well underway
[6], subjective intelligibility testing of another
tonal language, Thai, with several acoustic and
phonemic differences from that of Chinese has yet
to be developed. Therefore, this paper proposes an
intelligibility testing of Thai speech specifically for
its initial and final consonants. The tests are
designed to facilitate an evaluation of percent
intelligibility responses in each stimulus pair and
to systematically compare confusion responses
across all initial and final phonemes.
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To do so, we have integrated several useful
frameworks, namely DRT [8], NCDRT [6], MRT
[2], and the analysis method of balanced confusion
matrix [7]. Specifically, we use an A/B forced
choice and monosyllabic (CV(V)(C)) rhyming
pairs, which differ only in one sound either in an
initial or final position (the tone is kept identical).
These words are well-selected from real and
commonly used words in the language. In this
paper, a review of Thai Phonology is provided in
Section 2, design and development of the TDRT
for initial and final consonants in Section 3,
experimental setup for the subjective intelligibility
tests in Section 4, and experimental results in
Section 5. Section 6 discusses the paper and
mentions future work.

2. THAI PHONOLOGY REVIEW

Thai is a tonal language with 21 consonantal
phonemes in initial position /p/, /p", /bl, It/, It
1d1, Ite/, 1tet, IkI, IKM, 121, 161, Isl, Inl, Imid, Ind, Iy,
NI, Irl, Iw/, and /j/ and 9 consonantal phonemes in
final position /p/, It/, Ik/, 1?1, Iml, In/, Iyl, /j/, and
/wi/. Final /p/, It/, Ik/ in Thai are unreleased and
often glottalized. Each of the nine monophthongs
in Thai occurs phonemically short or long (/i/ 3, /ii/
3, /el 10z, leel w , /e/ woz, /ee/ wo, /wy/ B, /waw/ B, /¥/
woy, /¥¥/ w9, lal ey, faadl o1, /Ul g, fuu/ g, /0 Tez, /0O/
To, /o/ w1z, and /09/ ve).

Thai syllables consist of a tone and up to two
initial consonants followed by a short vowel and a
final consonant or by a long vowel and an optional
final consonant. There are five tones: Mid =, Low °,
High" (with a level pitch contour),Falling ", and
Rising “ (with a non-level pitch contour). Thus,
Thai syllables may be represented as Ci(C)V'C; or
Ci(C)V'V(Cy), where C; stands for an initial
consonant, C;,C a consonantal cluster, C; a final
consonant, V a short vowel, VV a long vowel, and
T atone [1].

3. TDRT DESIGN AND DEVELOPMENT

The goal of this section is to come up with two
separate  subjective intelligibility test sets
specifically for Thai, each for initial and final
consonants. In addition, the test should not be too
long to cause fatigue [5]. To do so, a number of
monosyllabic rhyming word pairs differing only in
one sound either in an initial or final position is
constructed step by step as follows:
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3.1. TDRT for initial consonants

1) Multiple sets of monosyllabic (C;V'(V)(Cy)
words, each of which differs only in their initial
phoneme are gathered.

2) Vowel /aa/ along with mid tone are chosen
because it is one of the most frequently used
vowels [3] and when combined with mid tone
yields the most possible number of rhyming words,
i.e., 21 rhyming words for 21 phonemes: /paa/ ih,
Ip"aa/ w, /baa/ n, /taa/ m, /t"aa/ m, /daa/ m, /teda/ v,
/te"aa/ v, /kaa/ m, K"aa/ m, /?3a/ o, /faa/ vh, /saa/
4, /haa/ &1, /maa/ w1, /naa/ w, maa/ «, /1aa/ =, /raa/
71, /waa/ m, and /jaa/ o1

3) Each rhyming word is paired with 20 others of
different initial phonemes. This results in a total
combination of 210 stimulus pairs of rhyming
words®, which can be expressed mathematically as
a combination of 21 choose 2 (*C,).

3.2. TDRT for final consonants

1) Pairs of monosyllabic (C;\V'(V)C;) words, each
of which differs only in their final consonant
phoneme (the tone in each pair remains identical)
are garnered.

2) Two types of initial consonants C; are chosen to
create the rhyming words, namely voiceless
unaspirated plosives (/p/, /t/, and /k/) and voiceless
aspirated plosives (/p"/, /t"/, and /K"/). The initial
plosives are chosen over other types of initial
consonant as they can be combined with the most
possible types of rime unit (the sequence of vowel
and final consonant).

3) Six initial plosives are subsequently combined
with all 18 vowels: 9 short and 9 long vowels and
with all 5 tones (6x18x5=540). For example, initial
consonant /t/ when combined with a vowel /a/, a
low tone °, and 8 different final phonemes will
produce /tk/ &n, It/ da, tapl du, [t&y/ &, tan/ du,
ftam/ &, Itg/ s, and /taw/ . Altogether, 540
possible words are created.

4) Out of the 540 words, only 84 pairs of real
words (84 stimulus pairs) that are commonly used
are selected?. These stimulus pairs comprise 3
instances of each rhyming word paired with 7
others of different final phonemes, which can be
expressed mathematically as three times a
combination of 8 choose 2 (3x°C,).
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4. EXPERIMENTAL SETUP

The goal of this experiment encompasses two
aspects. Firstly, to conduct the subjective
intelligibility tests for initial and final consonants
with 4 conditions of additive white Gaussian noise
(AWG) using the developed rhyming words from
the previous section. Percent intelligibility scores

are calculated from, where £« , V. Vo and T are
percent intelligibility score, numbers of correct
responses, numbers of wrong responses, and total
numbers to stimuli, respectively [8]. Four signal-
to-noise ratios (SNR) of -6, —12, —18, and —24dB
were chosen based on our preliminary findings
such that intelligibility scores are in a range to
avoid floor and ceiling effects, i.e., much higher
than 50% (the scores are indistinguishable from
guesswork) but not approaching 100% (subjects so
well perceived stimuli) [5]. It should be pointed
out that the average percent correct response,
which does not necessarily match the intelligibility
score, is calculated from total number of correct
responses divided by total number of stimuli.
Secondly, to gain insights into confusion patterns
among phonetic categories for initial and final
consonants.

To create stimulus materials, all 21 initial
rhyming words and 84 pairs of final rhyming
words along with filler words were read 5 times in
a carrier sentence (Suwou ... dnuéa /te"in te"3op ...
?iik léew/) and recorded at a sampling rate of
44.1kHz in a sound-attenuated chamber by a 36-
year-old Thai male speaker who was born and
grew up in Bangkok. Then, each target word
stimulus was excised from the carrier sentence. To
avoid audible discontinuity problems at the splice
points, the starting point of each stimulus began
approximately 10 ms prior to the onset of initial
consonant. Moreover, its end point included some
durational adjustments to the last sound segment at
a precise location. Every splice was done at a zero
crossing.

One of the 5 tokens of each target word that
was the clearest, most typical, and most natural
sounding was selected based on impressionistic
hearing evaluation and spectrographic inspection.
Average durations of stimuli of initial (C;\V'V) and
final (CV'(V)Cy) rhyming words were 324.4ms
and 309.1ms, respectively.

The intelligibility tests were performed
individually on untrained 28 volunteer subjects
with normal hearing over headphones in a quiet
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room. In each trial, listeners hear a target stimulus
and are asked to choose what they just hear
between 2 rhyming words, appearing on the
computer screen. If they do not recognize the
stimulus, they are instructed to guess before
moving on to the next trial. Sequence of individual
trials as well as sequence of word in each A/B pair
for intelligibility tests for initial and final
consonants are randomized in real tests and
explained in full details below.

4.1.

The test consists of 210 rhyming pairs across 21
initial phonemes and 40 pairs of filler words. To
bring out a balanced confusion matrix, the rhyming
word in each pair is presented once as a stimulus in
a trial, resulting in a total of 420 trials for initial
consonants and 80 trials for filler words.

A straightforward test of 500 trials x 4 SNR
levels would create a test of 2,000 trials, which is
considerably long and could cause subject’s
fatigue and learning effect [5]. Alternatively, by
increasing a number of subjects 4 times, we could
stay with the 500 trials and distribute the trials
equally across 4 SNR levels, i.e., Groups A, B, C,
and D, each of which contains SNR levels of
—6dB, -12dB, —18dB, and —24dB as summarized
in Table 1.

Table 1: Distributions of rhyming word groupings for
initial and final consonants (referred from top header)
and the remaining of final phonemes (referred from
bottom header).

Test setup for initial consonants

Subject Rhyming and Filler Word (Initial and Final)
Group A | GroupB | GroupC [ Group D
Remaining Phoneme (Final)
Ipl, It/ Ik, Im/ nl, Iyl 1jl, twi
| —-6dB -12dB -18dB —24dB
1 —24dB —-6dB -12dB -18dB
11 -18dB —24dB —-6dB -12dB
v -12dB -18dB —24dB —6dB

With regard to distributions of the rhyming
words, subjects’ performance per SNR level is
equally distributed yielding 105 trials/SNR level
(420 trials/4 SNR levels). Each of the 105 trials is
equally distributed across 21 phonemes resulting in
5 trials/SNR level/phoneme (420 trials/4 SNR
levels/21  phonemes). Finally, ordering of
individual trials as well as sequence of words in
each A/B pair are randomized in the test.

4.2.

The final consonant test comprises 84 rhyming
pairs across 8 final phonemes and 16 pairs of filler

Test setup for final consonants
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words. To be in line with the initial consonant test,
the 200 trials (84x2+16x2) are divided equally into
groups of 4 SNR levels, i.e., corrupted by the 4
SNR levels of AWG noise in the same fashion as
the initial consonants. With regard to distributions
of the rhyming words, subjects’ performance per
SNR level is equally distributed producing 42
trials/SNR level referred to as Groups A, B, C, and
D, respectively as shown in Table 1. Each group of
42 trials is equally distributed across 8 phonemes
resulting in 5 trials/SNR level/phoneme plus a
remainder of 2 trials. In total, there are 8 remaining
trials (2 remaining trials/SNR levelx4 SNR levels),
each of which corresponding to one of the 8
phonemes. Finally, the remaining 8 phonemes are
distributed across 4 SNR levels as shown in Table
1 (referred from bottom header of the table).

5. EXPERIMENTAL RESULTS

Percent intelligibility scores for initial and final
consonants across 4 SNR levels shown in Table 2

are calculated by F; stated earlier in Section 4. In
agreement with findings of Miller and Nicely [7],
the outcome from Table 2 suggests that the initial
consonants were better perceived than the final
consonants except at the SNR level of —24dB,

where £ is well below 50% and the score could be
indistinguishable from guesswork [6].
Additionally, balanced confusion matrices at all
SNR levels are obtained from the test responses of
initial and final consonants®. Preliminary analysis
across 3 SNR levels (-6, -12, and -18dB)
according to segment type and phonological
feature [4] shows that on average /r/ is the most
confusable initial consonant and it was mostly
misperceived as /d/, which shares voicing and
coronal features. On the other hand, /w/ is the least
confusable consonant in both initial and final
positions. For final consonants, /k/ is the most
confusable consonant and it was mostly
misperceived as /t/, which is also a voiceless non-
continuant. Interestingly, at the —18dB level, for
both initial and final consonants, voicing was the
most robust contrast while place-of-articulation
was the least.

Table 2: Average percent intelligibility for initial and
final consonants.

Consonant SNR (dB)
—6dB —12dB -18dB —24dB
Initial 93.06% 87.14% 77.35% 24.08%
Final 91.67% 84.01% 67.35% 27.21%
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6. DISCUSSION AND FUTURE WORK

We have developed the subjective intelligibility
testing of Thai speech and systematically
compared confusion responses across all phonemes
both for initial and final consonants. The confusion
matrices not only show a pattern of correct
responses but also that of misperceptions.
Investigation of listeners’ misidentified responses
reveals that in initial position across the —6, —12,
and —18dB levels, the listeners favored /t/ and /t"/
and disfavored /w/ over other consonants. One
interpretation is to connect these biases to the
frequency of phoneme occurrences found in a Thai
BEST corpus [3], constructed from various types
of written materials. From the data of
approximately 9 million words, among all initial
consonants including clusters, /t"/ occurs at the
highest rate whereas /w/ is among consonants of
lowest occurrence, which include /te"/, /hi, 2/, /ol,lyl,
and /f/ [3]. We are working on the full analysis of
confusions and developing subjective intelligibility
tests of Thai vowels and tones.
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Abstract

This study explored differences in CVV perception in two groups of Thai listeners: with normal hearin¢
and with sensorineural hearing loss (with/without hearing aids). All participants chose one response ir
each of 210 Thai stimulus rhyming pairs, e.g., /taa/-/naa/. The rhyming monosyllabic words share

an /aa/ vowel and mid tone, but differ in their initial phonemes (symmetrically distributed across 21
phonemes). While all stimuli for the normal hearing group were embedded in 4 signal-to-noise ratio
levels, clean stimuli were presented to the patients. Comparisons of confusion patterns and
perceptual distance were made. In both groups, /r/ is the most confusable phoneme, while /w/ is
among the least. Perceptual representations of initial phonemes show five individual clusters: glide,
glottal constriction, nasality, aspirated obstruent, and a combination of liquid and unaspirated
obstruent. Patients' perceptual difficulty could be attributed to the nasality grouping, which is normally
well separated, shifting closer to the glottal constrictions and aspirated obstruents. Hearing aids seen
to improve perception of all phonemes by 10%, with /kh/ and /h/ showing the highest improvement
rate, and /d/ the lowest. The instruments are beneficial in moving the nasality cluster further away
from the nearby groupings.
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Abstract

This work is an attempt to evaluate different experimental
methods, ABX vs. AXB, and the use of reaction time (RT)
measurement in assessing perceptual sensitivity to phonemic
similarity based on perceptual representation of Thai initial
consonants [1]. Thirty phoneme pairs are selected to represent
varying degrees of similarity: highly similar, moderately
similar, and clearly distinct. All the phoneme pairs are
presented in noise in ABX and AXB tasks to twenty-two
normal hearing Thai listeners. Order of the two tasks is
counter-balanced across listener groups. Percent correct
responses (p(C)), RTs, and preference rating are collected. The
findings show that, p(C) is significantly higher in AXB than
ABX despite no significant difference in RT values. In both
ABX and AXB, listeners’ p(C) across 3 levels of similarity
varies significantly with the highest score in the clearly
distinct group, and lowest score in the highly similar group.
RT values across the 3 levels follow similar patterns but are
not always statistically significant. ABX and AXB tasks could
systematically be used to assess perceptual representation of
speech sounds, with AXB eliciting higher p(C) and preference
rating. It is suggested that some irregular patterns found in one
part of the RT data may reflect some perceptual sensitivity
pertaining to perceptual phoneme-cluster boundary.

Index Terms: Thai, initial consonant, perceptual
similarity/distance, AXB, ABX, reaction time

1. Introduction

Experimental designs for speech perception research usually
involve various forms of identification and/or discrimination
tasks [2]. Identification tasks allow experimenters to explore
the ways in which listeners assign and categorize sound
stimuli. On the other hand, in discrimination tasks, degrees of
perceptual difficulty and decision process can be addressed
and compared. It is generally assumed that listerners’
discrimination ability often exceeds their ability to identify [3],
[4].

In the commonly known ABX discrimination, a series of
three stimuli is presented, where listeners choose which
stimulus, A or B, is most similar to or ‘match’ the stimulus X
[2]. One of many advantages of this task is that it requires a
straightforward and simple explanation to participants.
However, it has been discussed that a long separation of A
from X in ABX may have caused more demands on working
memory [2], [5]. Different versions of this task, one of which
is AXB [2], [6], have been proposed to avoid this problem. In
AXB, the stimulus X is presented between the comparison
stimuli, A and B. Similar to ABX, measures of accuracy and
reaction could be collected in AXB.

Reaction time (RT) measurement has been used in speech
perception research, but perhaps not as widely as it could have
been. Reaction time can serve to assess listeners’ sensitivity to
within-category and across-category differences [2], [3], [7].

consuwan@tu.ac.th

As Schneider et al. [7] have simply put it, a simple task such
as discrimination of stimuli from different categories generally
yields short RTs, while a more complex task, such as
discrimination of stimuli lying between two categories
requires more RTs [7].

Of interest here, we are in the process of developing a
perceptual method to assess and evaluate listeners’
discrimination ability in varying conditions, including those
with hearing deficits. In fact, certain predictions can be made
with regards to the previously proposed perceptual
representation of Thai initial phonemes [1]. Our focus, at this
moment, is to verify them using the well-known ABX and
AXB paradigms along with reaction time measures. To the
best of our knowledge, it seems that this issue has never been
directly addressed.

The organization of the paper is as follows: Section 2
reviews the Thai phonology and the previously proposed
perceptual representation of Thai initial phonemes. Section 3
provides details of the experimental design and setup. Section
4 presents experimental results. Section 5 discusses the
findings and future work.

2. Thai
2.1. Thai Phonology

Thai is a tonal language composed of 21 phonemes in initial
position /p/, /p%/, /b/, /t/, [t4/, [d/, [te/, [tet/, [K/, [kA/,
1/, /%], [s/, /n/, fm/, [n/, /n/, 1/, [v/, /w/, and /j/ and 9
phonemes in final position /p/, /t/, /k/, /?/, /m/, /n/, /v/,
/w/, and /j/. Each of the nine monophthongs in Thai occurs
phonemically short or long: /i/, /ii/, /e/, e/, /€/, /:/, lw/, lw/,
rsl, s, fal, faid, a/, aid, Jol, Jo:/, /2/, and /o:/ [8].

Thai syllables consist of a tone and up to two initial
consonants followed by a short vowel and a final consonant or
by a long vowel and an optional final consonant. There are
five tones: Mid ~, Low °, High “ (with a level pitch contour),
Falling *, and Rising * (with a non-level pitch contour). Thus,
Thai syllables may be represented as Ci(C)V'C; or
C(C)V:'(Cp, where C; stands for an initial consonant, C;C a
consonantal cluster, C; a final consonant, V a short vowel, V: a
long vowel, and T a tone [9].

2.2. Perceptual Representation of Thai initial
Phonemes

In our previous perceptual investigation [10], we developed
and proposed a method for subjective intelligibility testing
(identification) of Thai initial and final consonants, Thai
diagnostic rhyme test (TDRT). Later, in [1], we provided an
approximation of perceptual representation of Thai initial
phonemes from listeners’ responses (confusion matrix) of
initial phoneme identification in noise.



Figure 1: Perceptual space of 21 initial phonemes in Thai from
Fig. 1 of [1].

More specifically, based on the perceptual space shown in
Fig. 1, it is concluded that there are 5 clusterings of Thai initial
consonant sounds, glide (/w/ and /j/), glottal constriction (/?/
and /h/), nasality (/m/, /n/, and /1)/), aspirated obstruent (/p?/,
/th, /teh/, and /k#/), and a combination of liquid and
unaspirated obstruent (/p/, /b/, /t/, /d/, /te/, /k/, ], s/, /l/, and
/t/)y [1]. From those groupings and relative perceptual
space/distance that separate the phonemes, we predict that
consonant sounds within the same cluster, with small
perceptual distance between them should be the ones that are
hardest to discriminate, followed by consonants from the same
cluster that are separated by relatively large distance, or
consonants in different clusters that are separated by small
distance. Lastly, consonants from 2 different clusters that are
separated by relatively large distance should be easily
discriminated.

To verify our predictions of decision difficulty, we carry
out two psychophysical tasks, ABX and AXB, respectively.

3. Experimental Design and Setup

This section describes the experimental design and procedure
of two psychophysical tasks, namely ABX and AXB for Thai
initial consonant sounds. Details are given as follows:

3.1. Test Stimuli

Table 1: Three types of Thai initial consonant pairs (30 pairs).

| 11 1
Highly similar Moderately similar Clearly distinct

l-r, m-y, d-b, n-y, | f-1, j-1, k-b, n-k, p-1, s- | f-m, h-d, j-p& j-w,
ki-p%, s-p, r-te, t-k, | t4 te’-p, h-n, n-m, k% | k%-w, n-b, p-p%, s-p,
th-teh h-? te! t-h, ?-te

From one of the experiments in [1], [10], where there were
two hundred and ten word pairs differing in initial consonant
sounds, thirty pairs are chosen for this study. The aim is to
make the test considerably short and does not cause subject’s
fatigue. These 30 pairs represent 3 levels of perceptual
similarity: Group I-Highly similar, Group II-Moderately
similar, and Group III-Clearly distinct, respectively, as shown
in Table 1.

Based on Fig. 1, each of the 10 pairs in Group I is chosen
from consonant sounds in the same cluster, with relatively

small perceptual distance (most confusable), while each of the
10 pairs in Group II is chosen from 1) either consonants within
the same cluster that are separated by relatively large distance,
i.e., [k-b], [k*~te], [n-m], [p-1], [f-1], or 2) from consonants in
different clusters but are separated by small distance, i.e., [j-1],
[p-k], [s-t", [te”p], [h-n]. Finally, each of the 10 pairs in
Group III is chosen from consonants belonging to different
clusters that are separated by relatively large distance. The
exception is for the consonant pair [j-w], which came from the
same cluster, i.e., its perceptual distance is equal to infinity
[1]. Table 1 summarizes the three types of initial consonant
pairs.

The 30 rhyming word pairs, containing the target
consonants, of the form [Ca:] (with identical tone), along with
filler words were read 5 times in a carrier sentence and
recorded at a sampling rate of 44.1kHz in a sound-attenuated
chamber by a 36-year-old Thai male speaker who was born
and grew up in Bangkok. Then, one of the 5 tokens of each
target word was selected based on impressionistic hearing
evaluation and spectrographic inspection. During the test
trials, the selected tokens are corrupted by additive white
Gaussian (AWG) noise —12dB. This SNR level is chosen
based on a preliminary experiment tested at various SNR
levels, i.e., -6dB, —12dB, —18dB, and —24dB, respectively [1],
[10]. The subjects’ correct responses were near ceiling at
—6dB but indistinguishable from guesswork at —18dB and
—24dB.

The test consists of 2 tasks, ABX and AXB. Each task has
30 target trials (from the 30 rhyming word pairs) plus 10 trials
of filler word pairs. In the trials of ABX task, three stimuli are
presented in order, i.e., A, B, and X, respectively, where A and
B are referred to as the standards, while X is the focus. On the
other hand, in the AXB task, three stimuli A, X, and B are
presented in order. In both tasks, the listeners have to identify
whether the focus X they just hear is identical or most similar
to A or B by pressing the button A or B appearing on the
computer screen. If they do not recognize the stimulus, they
are instructed to guess before moving on to the next trial.

To avoid B recency effect, among the 10 pairs in each
group, a number of focuses are equally divided between the
standards, i.e., five focuses (X) are identical to A and five to
B. For example, /1a:/ a1 - /ra:/ s1- /1a:/ a1 is AB(X=A) and /na:/
w - /a:/ « - /pay/ « is AB(X=B), while /Kha:/ an - /kMay/ m -
/tend:/ w1 is A(X=A)B and /t"ay/ m - /sa:/ w - /sd/ a is
A(X=B)B, respectively.

Figure 2 illustrates the stimulus condition for ABX and
AXB. As shown, in each stimulus, the inner square refers to
speech segment (A, B, or X); the outer part includes noise and
tapering noise portions. Duration of the speech segment ranges
from 265 to 430 msec. After a response is logged, there is a 3-
second gap before the new trial begins.
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Figure 2: Description of the stimulus condition for ABX and
AXB.



3.2. Procedure

Two psychophysical tasks, namely ABX and AXB, are
conducted on 22 untrained Thai volunteer subjects (6 female
and 16 male) with normal hearing over headphones in a quiet
room. The subjects are equally divided into two groups, i.e.,
Groups A and B. The subjects in Group A perform ABX task
first and then AXB task and vice versa for the subjects in
Group B. Ordering of individual trials is randomized every
time for each subject. After the instruction is given, each task
begins with a 5-trial practice session without feedback. There
is a short 5-minute break after the first task is completed. All
tasks are completed within 30 minutes.

Percent correct responses (p(C)), reaction time (RT), and
preference rating are collected. Paired difference t-test with
95% Cl is performed on the results.

3.3. Reaction Time Measurement

RTs are collected for all responses made during the tasks. RTs
record the timing to the initiation of the response from the
ending of stimulus presentation (see Fig. 2). Only RT values to
the correct responses are analyzed [3]. As some RT values are
longer than 10 seconds, we decide to follow an approach taken
by [7] and eliminate RT values that are more than two
standard deviations (S.D.) away from the mean. This step
eliminates approximately 3% of the correct response data.

4. Experimental Results

4.1. Percent Correct Responses and Reaction Time

Table 2: Average percent correct responses and reaction time.
p(C) RT (msec)
Average | S.D. | Average | S.D.
ABX 88.2 9.1 691..4 173.5
AXB 94.6 4.8 759.8 251.0

Table 2 presents average percent correct responses (p(C)) and
reaction time (RT) of the correct responses. The results show
that listeners performed on average significantly better in
AXB task than ABX task (94.6% vs. 88.2%) [t(21) = -3.1122,
p =0.0053]. Moreover, AXB task gives lower S.D. than ABX
(4.8 vs. 9.1). Although average RT values for AXB is higher
than those for ABX, the difference is not statistically
significant [t(21) =-1.0521, p = 0.2996].

Out of 22 participants, six are female and they respond
slower (lower RTs) than males (818.7 msec vs. 684.9 msec).

4.2. Preference Rating

After the test is completed, all participants are asked which of
the two tasks they prefer. Sixteen persons (73%) prefer AXB
over ABX.

4.3. Pairwise Discrimination

Table 3 presents percent correct responses (p(C)) and reaction
time (RT) from correct responses for each phoneme pair in 3
groups. For ABX, listeners’ p(C) across 3 levels of similarity
varies significantly with the highest score in Group III
(96.8%), followed by Group II (89.1%), and lowest score in
Group I (78.6%). Paired t-tests confirm that (p(C)) differences
across Groups I-1I, II-11I, and I-III (each group is composed of
10 pairs of phoneme) are statistically significant; for Groups I-
II [t(21) = -3.6965, p = 0.0013]; Groups II-III [t(21) = -3.5521,
p = 0.0019], and Groups I-III [t(21) = -7.2231, p = 0.0000].
RT differences across Groups I-II, II-11I, and I-III vary with
the highest score in Group I (824.3 msec), followed by Group

Table 3: Percent correct responses (p(C)) and reaction time
(RT) from correct responses for each initial consonant pair.

ABX AXB

Type Pair RT RT
p(C) (msec) p(C) (msec)

I-r 86.4 726.6 100.0 517.8

m- 72.7 586.9 100.0 510.6

d-b 90.9 697.8 95.5 854.3

- n-y 72.7 699.1 95.5 992.5
_= = kh-p* 72.7 895.1 90.9 1154.7
%’g s-p 95.5 759.3 90.9 1036.2
1-te 95.5 879.8 86.4 1368.5

t-k 54.6 976.8 773 973.2
th-te! 95.5 738.9 77.3 1164.6

h-? 50.0 1282.7 63.6 775.7

Average 78.6 824.3 87.7 934.8

j-l 100.0 518.6 100.0 576.0

n-k 95.5 710.5 100.0 859.5

s-t! 90.9 750.0 100.0 529.7
= oL te"p 63.6 675.2 90.9 10304
_©S h-n 63.6 690.7 90.9 842.3
TSEL kb 95.5 581.3 100.0 668.4
s k'-te" 100.0 630.0 86.4 611.0
n-m 95.5 619.1 90.9 798.3

p-1 100.0 619.2 100.0 805.0

1 86.4 683.3 100.0 575.8

Average 89.1 647.8 95.9 729.6

f-m 90.9 609.4 100.0 598.7

h-d 100.0 633.1 100.0 817.9

j-p" 95.5 585.6 100.0 554.2

> J-w 100.0 496.4 100.0 5974
=5c| k-w 100.0 780.5 100.0 544.1
- 8 g n-b 100.0 524.5 100.0 9113
p-p" 86.4 567.4 100.0 793.5

s-1) 95.5 661.3 100.0 590.3

t-h 100.0 705.5 100.0 580.2

?-te 100.0 623.6 100.0 538.4

Average 96.8 618.7 100.0 652.6

II (647.8 msec), and lowest score in Group III (618.7 msec).
Paired t-tests confirm significant differences for Groups I-1I
[t(9) = 2.8342, p = 0.0196] and Groups I-1II [t(9) = 3.3069, p =
0.0091], but not for Groups II-III.

Likewise, for AXB, listeners’ p(C) across 3 levels of
similarity varies significantly with the highest score in Group
III (100%), followed by Group II (95.9%), and lowest score in
Group I (87.7%). Paired t-tests confirm that (p(C)) differences
across Groups I-II, II-III, and I-III are statistically significant;
for Groups I-II [t(21) = -4.5, p = 0.0002]; Groups II-IIT [t(21)
= -2.8801, p = 0.0086], and Groups I-IIT [t(21) =-5.9188, p =
0.0000]. RT differences across Groups I-II, II-III, and I-III
vary with the highest score in Group I (934.8 msec), followed
by Group II (729.6 msec), and lowest score in Group III
(652.6 msec). Paired t-tests confirm significant differences for
Groups I-1I [t(9) = 3.4931, p = 0.0068] and Groups I-11I [t(9) =
2.9671, p = 0.0158], but not for Groups II-III.

4.4. Analysis of Group I1-Moderately Similar

As stated earlier in Section 3, ten pairs of consonants in Group
II can be divided further in two subgroups:

Type 1: consonants from different clusters that are
separated by relatively small distance, i.e., [j-1], [9-k], [s-t"],
[te-p], [h-n] (shown as light grey in Table 3).

Type 2: consonants from the same cluster that are
separated by relatively large distance, i.e., [k-b], [k"-te"], [n-
m], [p-1], [f-1] (shown as dark grey in Table 3).

Figure 3 illustrates percent correct responses from Type 1
(left series) and Type 2 (right series), and Fig. 4 the
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Figure 3: Percent correct responses from Group II consonant
pairs; Type 1: consonants from different clusters but separated
by small distance (left series) and Type 2: consonants from the
same cluster but separated by relatively large distance (right
series).
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Figure 4: Reaction time values from Group II consonant pairs;
Type 1: consonants from different clusters but separated by
small distance (left series) and Type 2: consonants from the
same cluster but separated by relatively large distance (right
series).

corresponding RT values. It can be seen from Fig. 3 and Fig. 4
that percent correct responses as well as RTs among the Type-
1 pairs show more fluctuations (wider range) than the Type-2
pairs. This pattern is particularly clear for RTs of Type-1 pairs
(Fig. 4, left series). Across ABX and AXB, average p(C)) for
Type 1 and Type 2 are 89.54% and 95.47%, and average RTs
are 718.29 msec and 659.14 msec, respectively.

5. Discussion and Future Work

Overall, based on the perceptual representation, our
predictions for decision difficulty are borne out. Consonant
sounds within the same cluster, with small perceptual distance
between them (Group I) are the hardest to discriminate, with
the lowest p(C) and the longest RTs in the ABX and AXB
tasks. The intermediate level refers to consonants from the
same cluster that are separated by relatively large distance, or
consonants in different clusters but are separated by small

distance (Group II). Lastly, the last group (Group III),
consonants from different clusters (except for [j-w]) that are
separated by the relatively large distance, is the easiest to
discriminate, with the highest p(C) and the shortest RTs in the
ABX and AXB tasks.

The findings suggest that both ABX and AXB tasks could
systematically be used to assess perceptual representation of
speech sounds, with AXB eliciting higher p(C) and preference
rating. The higher p(C) in the AXB task may be attributed to
the relatively longer exposure to the focus (X) stimulus and
fewer demands on working memory [2], [6]. With additional
steps to exclude outliers from RT values, RT measurement is
also a reliable tool.

Interestingly, RTs of Group II-Type 1 pairs (Fig. 4, left
series) show more irregularities than those of Group II-Type 2
pairs (Fig. 4, right series). This suggests that between these
two types, a different kind of perceptual process/sensitivity is
taking place. The across-cluster difference may exert more
fluctuation patterns in RTs than the difference in terms of
perceptual distance.

Currently, we are developing an adaptive testing method
(using real speech) to detect hearing deficits. More
specifically, we plan to incorporate our developed Thai
rhyming words and AXB task and to come up with the method
that not only could suggest whether a person has hearing
problems but also identify his/her degrees of hearing difficulty
for certain groups of speech sound.
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