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Abstract 
Lexical tone perception in Thai adults with normal hearing and 
those with sensorineural hearing-loss using hearing aids was 
investigated to evaluate the benefit of using hearing aids for 
tone perception. Tone perception pattern across groups was 
also compared. Identification tests (with white noise and clean 
conditions) using a two alternative forced choice task were 
carried out to systematically compare confusion pattern in 
each tonal pair. Average percent correct responses, balanced 
confusion matrices, and signal detection theory (SDT) bias 
values of c for confusable tone pairs were obtained. Overall, 
the results showed that there seem to be no significant gain in 
the tone perception of Thai hearing-impaired adults with 
hearing devices. Tonal confusion patterns differ across groups. 
Specifically, out of 10 tone pairings, average bias values of c 
showed that normal hearing adults favor specific members in 6 
tone pairs (i.e., the first member of the following: mid-falling, 
mid-rising, low-falling, low-high, falling-high, and rising-
high). Interestingly, for hearing-impaired adults (with and 
without hearing devices), reverse pattern, favoring the second 
member of those pairs, was found. 
Index Terms: Thai, lexical tone, confusion, bias values of c, 
hearing-impaired adults, hearing aids. 

1. Introduction 

1.1. Thai tones 
A syllable and word in a tonal language may have a 

distinctive pitch pattern. Specifically, this kind of pitch pattern 
denotes a change in lexical meaning. Thai is a tonal language 
composed of 21 phonemes in initial position, and 9 phonemes 
in final position. There are five tones: three so-called ‘level’ 
tones, “mid” (¯), “low” (�), “high” (�) and two so-called 
‘contour’ tones, “falling” (ˆ), and “rising” (�). Each of the nine 
monophthongs in Thai occurs phonemically short (V) and 
phonemically long (VV). 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. Thus, Thai syllables may be represented as 
Ci(C)VTCf or Ci(C)VTV(Cf), where Ci stands for an initial 
consonant, CiC a consonantal cluster, Cf a final consonant, V a 
short vowel, VV a long vowel, and T a tone [1�2]. 

Like tones in other tonal languages, whether spoken in 
isolation or in connected speech, F0 height and shape have 
been found to be major cues to differentiating the 5 tones in  

Figure 1. Average fundamental frequency (F0) of the 
five Thai tones from the 80 test stimuli in Onsuwan et 
al. (2012). 

 
Thai [3�7]. A description of the five tones is provided in 
Fig.1. 

Mid tone starts at mid level (mid of speaker’s voice range) 
and drops continuously towards the end. Low tone is low 
falling, starting at mid level with a gradual drop to the bottom 
range. Falling tone is high falling, starting quite high, then 
rising, and dropping rapidly. High tone is mid rising, starting 
at mid level and gradually rising. Finally, rising tone is low 
rising, starting below mid level, dropping rapidly and then 
rising to the mid range.  

Perceptually, F0 height and shape have been shown to be 
the most relevant cues for the identification of Thai tones 
[5,8�9]. Abramson carried out a tonal perception experiment 
using a set of 5 natural monosyllabic words, where the 
listeners were able to correctly identify the tones 98.6 % of the 
time [3]. He reinvestigated the tone perception using a set of 5 
synthesized monosyllabic words, with modification of 
amplitude contours along with F0 contours. Although 
participants’ overall intelligibility scores across the 5 tones 
were very high at 96.1%, some confusion was found between 
mid and high tones and between mid and low tones [8]. 
Gandour and Dardarananda investigated tonal confusions of 
normal Thai adults and aphasic patients using real speech (Sets 
A and B) and synthesized speech (Set C) with 2 sets of 
monosyllabic words (10 words) [9]. While the overall 
intelligibility score achieved by listeners in Sets B and C was 
perfect, in set A, the correct responses ranged from 93.75 to 
100%. Here, listeners confused mid tone with low tone (but 
not the other way around) and falling tone with high tone (and 
vice versa). Rising tone was speculated to be perceptually 
most salient [9].  
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1.2. Tone perception in hearing-impaired population 
In tonal languages, tone is clearly a linguistic unit, providing 
crucial linguistic information. Burnham and Mattock pointed 
out that perception of tones (acquisition and processing) shares 
similarities as well as differences with that of consonants and 
vowels [10]. Given its status, it is important to gain some 
understanding of the extent to which tone perception is 
affected by hearing impairment.  

Among many types of hearing impairment (in children and 
adults), lexical tone perception in cochlear implant and hearing 
aid users have been studied by many researchers. Relevant 
works carried out on Hong Kong Cantonese (6 lexical tones) 
and Thai (5 lexical tones) are briefly presented here. By and 
large, the results showed that tone perception is clearly 
affected by hearing impairment and that cochlear implants and 
hearing aids generally improve tone perception. 

Lee et al. investigated tone perception in Cantonese-
speaking children with hearing aids. The results showed that in 
moderate and severe hearing loss groups, average perception 
scores for those in the hearing-aid condition were significantly 
higher than those in the non hearing-aid condition. However, 
in a group of profound hearing loss (greater than 90 dB), there 
was no significant improvement [11]. Another work by Lee et
al. compared tone perception between two groups of 
profoundly hearing-impaired children: cochlear implant and 
hearing aid users. They concluded that both groups have 
‘satisfactory functional gain in tone perception’, with no major 
difference between the two groups [12]. 

As for Thai, Gandour et al. investigated tonal confusions 
in four Thai listener groups: normal-hearing, mild-hearing-
loss, moderate-hearing-loss, and severe-hearing-loss, using 
identification test of 5 natural and synthesized words. The 
results showed that hearing loss affected tonal identification 
and that type and degree of tonal confusions can be related to 
the degree of hearing loss [13]. 

Lastly, Suvanich examined Thai tone perception in two 
groups of cochlear implant users: prelingually and 
postlingually deafened adults, using discrimination and 
identification tests of 5 words. It was found that the 
postlingually deafened adults performed significantly better 
than the prelingually deafened adults in both test types. 
Significantly positive correlations between discrimination and 
identification performance, and those between discrimination 
score and duration of implant were found only for the 
postlingually deafened adults [14]. 

1.3. Present study 
The goal of this work is to investigate the benefit of hearing 
aids for Thai tone perception among adults with various 
degrees of hearing loss. A comparison of tonal perception and 
confusion patterns from Thai normal hearing and from 
hearing-impaired adults (with and without their hearing aids) 
is also performed. 

In order to analyze tonal confusions, we need to avoid the 
near ceiling effects in listeners’ performance, especially in the 
case of normal hearing adults [8�9]. In the present study, 
additive white Gaussian noise (AWG) at 4 different SNR 
levels is therefore added to the test trials. Moreover, a two 
alternative forced choice task is employed to systematically 
compare confusion pattern in each tonal pair. Lastly, in place 
of a small set of 5�10 words [8�9,14], a larger word list, 
varying in initial consonants and vowels, is created. As a 

result, it is hoped that systematic and interpretable confusion 
pattern is obtained. 

2. Experimental Design and Setup 
A series of tonal identification tests using our previously 
developed rhyming word stimuli [15] was conducted. Two 
groups of participants were recruited: 34 adults (17�25 years 
old) and 10 sensorineural hearing-loss adults. The former is 
provided with 4 conditions of additive white Gaussian noise 
(AWG). The latter is provided with two conditions: with and 
without their hearing aids. The background information for the 
10 hearing-impaired adults is given in Table 1. It is noted that 
most of the hearing-impaired adults wear a hearing aid device 
in their better ear.  

Table 1. Background information for the hearing-
impaired adults. 

Sub 
ject 

Age Sex Age with 
hearing 

impairment

Duration of 
hearing aid use 

(in months) 

Average 
hearing loss 
on left ear 

Average 
hearing loss 
on right ear 

1 74;00 F 70 1 63 62 
2 49;11 M 48 3 70 60 
3 79;00 F 77 1 67 58 
4 76;00 F 66 2 93 72 
5 63;10 F 61 12 55 47 
6 72;03 M 72 1 50 110 
7 75;11 M 65 60 65 67 
8 66;8 M 64 7 45 48 
9 60;00 F 58 3 88 48 

10 76;00 F 73 2 50 60 

2.1. Rhyming words for tones  
Forty monosyllabic rhyming word pairs differing only in tone 
[3] (CiVTV) were carefully constructed in [15]. Details of 
constructing word list are briefly explained below: 

Two groups of initial consonants Ci were chosen to create 
rhyming words, namely voiceless stops (unaspirated: /p/, /t/, 
/k/, ���� and aspirated: /ph/, /th/, /kh/, �����) and voiced 
consonants (stops: /b/, /d/ and nasals: /n/, /m/). Long vowels 
were chosen because they can be combined with the 5 tones 
and yield the most possible number of rhyming words. Twelve 
initial phonemes were combined with all 9 long vowels and 
with all 5 tones yielding 540 (12�9�5=540) possible words. 
All together, 10 pairwise tonal combinations were used. 
Words that share the same initial consonant and vowel were 
grouped pairwise according to their tone. Then, only 
meaningful word pairs with comparable occurrences in the 
language were retained. Importantly, each tonal combination is 
represented by 3 word pairs, e.g., /����/ ��-/����/ ���, /�	�	/ ��-
/�	�	/ ���, /
���/ �	-/
���/ ��	 constitute the mid-low tonal 
combination.   

To assure that all stimuli sound natural as possible, all 40 
target rhyming word pairs along with 20 pairs of filler words 
were in a carrier sentence 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. Average fundamental frequency (F0) values of the 
five Thai tones from the 80 test stimuli are shown in Fig. 1. 
The average vowel duration (long vowel) is 180 ms. 

2.2. Identification test for normal-hearing adults 
For normal hearing adults, identification test for tones with 4 
conditions of AWG was conducted. Four signal-to-noise ratios 
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(SNR) of �6,�12,�18, and �24dB were chosen based on our 
preliminary findings.   

The identification test comprises 40 rhyming pairs across 5 
different tones and 20 pairs of filler words. For each SNR 
level, every member in the rhyming pairs was used as a 
stimulus once resulting in 80 trials (40�2) including 20 trials 
of filler words. In total, each listener performed 400 trials 
((80+20)�4) across 4 SNR levels. Sequences of individual 
trials as well as sequences of word in each A/B pair were 
randomized in real tests. Apart from a short practice session,  
there were 4 test sessions, each of which is composed of 100 
trials. A short 5 minute break was given at the end of each 
session. 

The test was performed on 34 untrained paid participants 
with normal hearing over headphones in a quiet room. In each 
trial, listeners heard a target stimulus and were asked to choose 
which of the two rhyming words they heard, between 2 
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. 

2.3. Identification test for hearing-impaired adults 
Identification test for tones with 2 conditions: with hearing 
aids (aided condition) and without (unaided condition) was 
performed individually on 10 untrained paid hearing-impaired 
adults over two loud speakers in a sound-attenuated chamber. 
For every hearing-impaired adult, test stimuli were presented 
at 10dB level greater than their average hearing loss level for 
both ears. Only clean stimuli were used in the test. Each 
listener undergone a short practice session with their hearing 
aids followed by a test session composed of 100 trials (80 
trials of rhyming words and 20 trials of filler words) with 
hearing aids. Then, they performed another test session 
composed of 100 trials without their hearing aids. Other 
testing procedures conform with those for normal hearing 
adults. 

2.4. Confusion matrices and response bias 
measurement 
Confusion matrices are constructed based on listeners’ correct 
identification responses. SDT bias values of c are calculated to 
highlight and quantify confusion asymmetries that exist in 
certain tone pairs [17]. After confusion matrices for the five 
tones are constructed, the bias measure c (criterion) [18] is 
then calculated by 

 0.5[ ( ) ( )],c z H z F�� �  (1) 
where ( )z H  and ( )z F  are z  scores of hit and false alarm 
rates extracted from the main confusion matrix. Specifically, 
for a 2�2 confusion matrix of two tones 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 2�2 confusion 
matrix of two tones x  and y  are used to compute the hit rate 
and false alarm rate [17�18]. 

3. Experimental Results 

3.1. Overall percent correct response scores 
Table 2. Descriptive statistics of participants’ overall percent 
correct scores of the two groups. 

 Normal hearing adults Hearing-impaired 
adults 

-6dB -12dB -18dB -24dB 
with  

hearing  
aids 

without 
hearing 

aids 
Mean 94.2 94.9 94.0 82.2 66.5 64.6 

Minimum 85.0 87.5 78.8 68.8 48.8 47.5 

Maximum 100 100 98.8 92.5 91.3 91.3 

Range 15.0 12.5 20.0 23.8 42.5 43.8 

SD 3.9 3.1 4.0 5.3 12.9 13.7 

95% CI 92.9� 
95.6 

93.9� 
96.0 

92.6� 
95.4 

80.4� 
84.0 

57.3� 
75.8 

54.8� 
74.5 

 
Table 2 shows the descriptive statistics of participants’ overall 
percent correct scores of the two groups, normal hearing and 
hearing-impaired adults. It can clearly be seen that at the lower 
noise levels (SNRs �6dB, �12dB, and �18dB ), the scores of 
nomal hearing group are nearly perfect. The scores drops to 
82.2% at �24dB. However, the scores of the hearing-impaired 
groups are much lower, with little difference between the 
conditions of with and without hearing aids (66.5 vs. 64.6). 

3.2. Tone perception pattern   

3.2.1. Tone perception pattern of the normal hearing 
adults 

Table 3. Average percent intelligibility for all SNRs 
performed by normal hearing adults. 

Average 
percent 

intelligibity 

SNR (dB) 
�6dB �12dB �18dB �24dB 
88.5 89.9 88.0 64.4 

 
Percent intelligibility scores for tones across 4 SNR levels are 
given in Table 3. Percent intelligibility scores are calculated as 
follows, ( ) / 100%e r wP N N T� � � , where eP , rN , wN , 
and T  are percent intelligibility score, numbers of correct 
responses, numbers of incorrect responses, and total number of 
stimuli, respectively [16]. As listener’s performance 
throughout SNR levels of �6dB, �12dB, and �18dB is quite 
high, the remaining SNR level of �24dB is the most 
interpretable and is used in the construction of confusion 
matrix and the calculation of SDT bias values of c. 

Table 4. Confusion matrix at SNR �24dB. 
 Mid Low Falling High Rising 

Mid 81.6 4.4 2.9 7.7 3.3 
Low 2.8 88.6 4.8 0.9 2.9 

Falling 5.5 6.1 83.5 3.5 1.5 
High 6.1 2.4 8.8 76.5 6.3 

Rising 4.8 5.5 4.0 4.8 80.9 
 
Table 4 illustrates confusion matrix at SNR level �24dB, 

where high tone is the most confusable tone (the lowest 
percent correct responses) and low tone is the least confusable 
tone. SDT bias values of c for 10 confusable tone pairs across 
4 SNR levels are shown in Table 5. Overall, average bias 
values of c showed that normal hearing adults favor specific  
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Table 5. SDT bias values of c for confusable tone pairs 
for normal-hearing adults. (the asterisk shows a 
statistically significant difference). 
 -6dB -12dB -18dB -24dB average 

c value
SD p-value 

mid, 
low 

-0.1128 0.1747 -0.2426 0.1228 -0.0145 0.1743 0.8924 

mid, 
falling 

0.0000 0.1157 -0.3588 -0.1382 -0.0953 0.2020 0.4190 

mid, 
high 

0.2378 0.0773 0.2293 0.0435 0.1470 0.0737 0.0619 

mid, 
rising 

0.2467 0.1601 0.1895 -0.0859 0.1276 0.0360 0.1805 

low, 
falling 

-0.4909 -0.2983 -0.0366 -0.0704 -0.2240 0.1862 0.1255 

low, 
high 

-0.0452 -0.2306 -0.1116 -0.2200 -0.1519 0.0767 0.0422*

low, 
rising 

-0.2629 -0.2315 -0.4046 -0.1635 -0.2656 0.0753 0.0136*

falling, 
high 

0.0292 0.2169 -0.0453 -0.2433 -0.0106 0.1103 0.9182 

falling, 
rising 

-0.2303 -0.3367 -0.1305 -0.2221 -0.2299 0.0842 0.0121*

high, 
rising 

-0.3466 -0.2143 -0.0825 0.0777 -0.1414 0.1078 0.2171 

 
members in 8 tone pairs, i.e., the first member of the pairs: 
mid-low, mid-falling, low-falling, low-high, low-rising, 
falling-high, falling-rising, and high-rising. Moreover, three 
pairs: low-high, low-rising, and falling-rising showed 
significant differences across 4 SNR levels. 

3.2.2. Tone perception pattern of the hearing impaired 
adults 
Table 6. Tone confusion matrix for hearing-impaired 
adults with hearing aids. 

 Mid Low Falling High Rising 
Mid 46.3 15.6 11.9 15.6 10.6 
Low 8.1 68.8 7.5 6.9 8.8 
Falling 4.4 6.3 75.6 9.4 4.4 
High 1.3 4.4 4.4 85.6 4.4 
Rising 10.6 11.9 9.4 11.9 56.3 

Table 7. Tone confusion matrix for hearing-impaired 
adults without hearing aids. 

 Mid Low Falling High Rising 
Mid 46.9 13.8 13.1 16.9 9.4 
Low 6.9 63.1 12.5 8.1 9.4 
Falling 4.4 6.3 74.4 6.3 8.8 
High 3.1 3.8 4.4 84.4 4.4 
Rising 11.9 15.6 9.4 8.8 54.4 

Tables 6�7 show tone confusion matrices for hearing-
impaired adults with and without hearing aids, 
respectively. The confusion patterns are parallel with mid 
tone being the most confusable tone and high tone the least 
confusable. SDT bias values of c for 10 confusable tone 
pairs across the 2 conditions are shown in Fig. 2.   

3.2.3. Tone perception pattern of the two groups  
Out of the 10 tone pairings in Fig. 2., average bias values of c 
showed that normal hearing adults favor specific members in 6 
tone pairs (i.e., the first member of the following: mid-falling, 
mid-rising, low-falling, low-high, falling-high, and rising-
high). Interestingly, for hearing-impaired adults (with and 
without hearing devices), reverse pattern, favoring the second 
member of those pairs (except for mid-rising without hearing 
aids), was found. 
 
 

 
Figure 2. Comparison of SDT bias values of c for 
confusable tone pairs for normal-hearing (at SNR �24dB)
versus hearing impaired adults (with and without hearing 
aids). 

4. Discussion 
In agreement with previous studies [5,8�9] on perception of 
Thai tones, our results confirmed that Thai normal hearing 
adults’ performance on tone perception is nearly perfect. A 
relatively high level of additive noise (at around �24dB) is 
needed to lower their performance. Our results are also in line 
with those reported that tone perception is affected by hearing 
loss [11�14]. Surprisingly, in this study the use of hearing aids 
in the group of hearing-impaired adults does not seem to be 
beneficial for tone perception. It is noteworthy that the 10 
hearing-impaired adults are affected by hearing loss in both 
ears in varying degrees, ranging from moderate to profound 
hearing-loss and that most of them wear a hearing aid device 
only in the better ear. Only some of them wear another one. 

Our findings clearly show that not only the tone 
identification performance is greatly weakened by hearing 
loss, but also the perception pattern (confusion) and perceptual 
bias are relatively transformed by it. Unfortunately, the 
hearing devices do not seem to satisfactorily restore those 
patterns. It appears that conventional hearing aids, which have 
a frequency range of 250 to 2,000 Hz, fail to respond to the 
average F0 range of the Thai tones.  

5. Future Work 
A larger group of Thai hearing-impaired adults will be 
included so that results could be classified and analyzed 
according to different degrees of hearing loss. Moreover, we 
are expanding the scope of the study to the perception of Thai 
consonants in normal hearing and hearing-impaired adults. 
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