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ABSTRACT
It is widely known that native speech sounds are perceived according to the phonetic categories of the native 
language: the process is called categorical perception. The hypothesis of categorical perception assumes that 
two stimuli are perceived to be different only when these are identified as different. Therefore, the best 
discrimination performance (discrimination peak) is observed when the paired stimuli are members of 
different categories. Traditionally, categorical perception has been tested using monosyllables presented in 
isolation. However, my recent research has shown that the discrimination peak is not observed when the 
mono-syllabic stimuli are embedded in a sentence. This recent research investigated the categorical 
perception in a sentence using an AXB paradigm with a stimulus interval of 300 ms: The relatively short 
interval may be one of the factors that suppressed the discrimination peak. To clarify this point, the current 
study conducted a perceptual experiment on Japanese listeners using an AXB paradigm with a stimulus 
interval of 1 s. The results suggest that for the perception of a Japanese /ba/-/da/ continuum by Japanese 
listeners, the length of the interval has only a small impact.
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1. INTRODUCTION
The process of speech perception involves two common abilities, namely the ability to identify 

phonemes and the ability to discriminate one phoneme from another. The combination of these 
abilities leads to categorical perception (1). Strictly speaking, categorical perception assumes that 
listeners can discriminate two sounds only when these sounds are identified as different phonemes. For 
example, when native speakers of English perceive a sound continuum that gradually changes from 
English /r/ to /l/ in ten steps, they divide the continuous stimuli into two categories, namely /r/ (Step 1 
through Step 4) and /l/ (Step 6 through Step 10), placing a boundary in the middle (Step 5). When 
discriminating stimuli along the continuum, listeners use the category to make discrimination 
judgments. In other words, the discrimination performance for two sounds can be predicted from
listeners’ identification results. Therefore, the hypothesis of categorical perception predicts that two 
stimuli from the same category will be heard as being the same. In contrast, the best discrimination 
performance (discrimination peak (2)) is observed when the paired stimuli are members of different 
phonemic categories (cross-boundary pairs). The fundamental principle that discrimination 
performance can be predicted from identification results can be adopted for cross-language speech 
perception. For native speakers of Japanese, English /r/ and /l/ are heard as the single Japanese 
phoneme / / (e.g., (3,4)); therefore, there appears to be no categorical boundary along the /ra/-/la/ 
continuum. Thus, no discrimination peak is observed when native speakers of Japanese perceptually 
discriminate these English phonemes.

Traditionally, categorical perception is observed through identification and discrimination 
experiments using monosyllabic stimuli presented in isolation. However, recent research has shown
that the characteristics of categorical perception, especially a discrimination peak, disappear when the 
monosyllabic stimuli are embedded in a sentence. For instance, Tomaru and Arai (5,6) reported that 
when native speakers of English discriminate English /ra/ syllables from /la/ syllables, discrimination 
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performance does not increase at the cross-boundary pairs. For their experiments, synthetic stimuli 
that continuously change from English /ra/ to /la/ were synthesized. The experimental tasks included 
identification and discrimination tests under three sound conditions: (i) in isolation (5,6), (ii) between 
pure tones (6), and (iii) within a sentence (5,6). Their experiments revealed that discrimination 
performance under conditions (i) and (ii) was consistent with the traditional prediction of categorical 
perception, i.e., discrimination was highly accurate when comparing stimulus pairs from different 
phoneme categories. However, under condition (iii), discrimination accuracy did not increase even for
a comparison of cross-boundary pairs. Subsequent research conducted by Tomaru and Arai (7) found 
the same tendency for Japanese listeners’ perception of voiced stops, i.e., /ba/ and /da/.

The purpose of the current research is to replicate the preceding findings (i.e., the characteristics 
of categorical perception are not found under the sentence condition) using an AXB paradigm with a
longer inter-stimulus interval (ISI). In the previous research (5–7), listeners’ discrimination 
performance was assessed using an AXB paradigm with an ISI of 300 ms, which is adequate for
examining the categorical perception of monosyllables in isolation (8). However, for sentence 
perception, it is possible that a short ISI increases the perceptual burden. Under the sentence 
condition, English syllables, for example /ra/-/la/, are embedded into an English sentence, for 
example “Clear /ra/ (or /la/) is appreciated” (5, 6). During an AXB discrimination task, listeners hear 
the sentence three times consecutively, and judge whether X matches A or B. Although speech 
perception is a relatively fast automatic process (9), it may be difficult for listeners to complete two 
steps, namely identify the stimuli in question and compare them, during a short period of time. If 
discrimination performance is negatively affected by a short ISI, then a longer ISI should yield a
discrimination peak. The current research investigates Japanese listeners’ categorical perception of 
/ba/-/da/ syllables under two conditions: (i) in isolation and (ii) within a sentence. The results of a
perceptual experiment suggest that the length of an ISI does not affect listeners’ discrimination 
performance under the sentence condition.

2. Method

2.1 Stimuli
In the current study, a nine-step continuum of /ba/-/da/ syllables is employed. Under the isolation

condition, the continuum of syllables was presented to participants in isolation. Under the sentence 
condition, the same syllables were embedded into a sentence, e.g., sorekara /ba/ ga aruto omoimasu
(/ba/ was embedded), “And, I think there is /ba/.” The target syllable, the embedded /ba/ in this 
example, changes in nine steps along the continuum.

The nine-step /ba/-/da/ continuum originally created for previous experiments was used here (7).
The continuum was created using the cascade-formant synthesizer designed by Klatt and Klatt (10,11).
The parameter values for creating syllables were decided on the basis of a /ba/ utterance by a male 
native speaker of Japanese sorekara /ba/ ga aruto omoimasu “And I think that there is /ba/.” The 
mean values of formants 1 through 5 were obtained from the token and used as the parameter values. In 
addition to the formant frequencies, the bandwidth of each formant, extra tilt of the voicing spectrum,
and quotient of vocal-fold opening were manipulated on the synthesizer to imitate the speaker. To 
create a continuum, the formant trajectories of F1 and F2 were varied in nine steps from canonical /ba/ 
(Step 1) to /da/ (Step 9). The values of the fundamental frequency (F0) were decided so that the created 
syllables would naturally fit the original sentence when presented within a sentence under the sentence 
condition. Please refer to (7) for further information on stimulus synthesis.

2.2 Participants
Twenty native speakers of Japanese (7 males and 13 females) ranging in age from 19 to 32 years 

(mean age = 24.1 years) participated in the experiment. The participants reported no hearing 
difficulties at the time of the experiment.

2.3 Experimental Methods
The participants performed identification and discrimination tasks under the isolation condition 

and the sentence condition. Each participant had a familiarization session before experimental 
sessions. All sessions were conducted using Praat software (12) and headphones connected to a 
computer via a USB-connected audio interface. 
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2.3.1. Familiarization
Before the experimental sessions, participants were exposed to the synthesized syllables to 

become familiarized with artificial sounds. First, the participants heard five repetitions of the edge 
stimuli, i.e., Step 1 and Step 9. Then, the continuum was presented twice. The first time, the 
participants heard the continuum from Step 1 to Step 9 in ascending order; the second time, they 
heard the same continuum in descending order. During the familiarization session, the participants 
were asked to make self-judgments about whether the stimuli they heard were /ba/ or /da/. The 
participants were able to adjust the sound to a comfortable listening level during this session. They 
were asked not to change the volume once the main experiments had begun.
2.3.2. Identification Task

The two-alternative forced-choice method (2AFC) was utilized. Participants were asked to judge 
whether the syllable they heard was “ /ba/ ” or “ /da/” by clicking on the appropriate button in 
the computer interface. The participants performed the task under the isolation condition and the 
sentence condition in separate sessions. For both conditions, each stimulus (syllable or sentence)
along the continuum was repeated five times in random order (9 stimuli × 5 repetitions = 45 
judgments). Practice sessions preceded experimental sessions.
2.3.3. Discrimination Task

The AXB paradigm, where participants were asked to judge whether X matches A or B, was 
employed. As done in the identification session, the participants performed the AXB discrimination 
task under the isolation condition as a separate session from that for the sentence condition. For both 
conditions, the stimuli were paired such that each pair differed by two steps along the continuum
(e.g., Step 1 and Step 3). In addition, the edge stimuli (i.e., Step 1 and Step 9), were paired and 
presented to participants as fillers. Each pair was repeated three times in random order (8 pairs × 3
repetitions). For both conditions, the ISI was 1 s. Practice sessions were conducted before 
experimental sessions.

Under the isolation condition, participants were instructed to compare syllables and to judge 
whether the second syllable (X) matched the first (A) or third (B) syllable. Similarly, under the 
sentence condition, the participants were told to concentrate on the syllables in the middle of a 
sentence, and to compare three sentences. Then, they were asked to judge whether the second 
sentence matched the first or third sentence.

3. RESULTS

3.1 Isolation Condition
3.1.1. Identification Task

The identification results obtained under the isolation condition are summarized in Fig. 1-(a). The 
participants’ responses are averaged and shown by the dotted line. The solid line shows the percentage 
of /ba/ responses fitted using the following logistic model. = 100 1 + ( ) (1)

Figure 1 – Results of identification (a) and discrimination (b) tasks under the isolation condition.
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,where y is the percentage of /ba/ responses and x is the step number on the continuum. The 
parameters a and b represent the slope of the curve and the 50% crossover point, respectively. In this 
case, the slope of the curve is 2.0 and the 50% crossover point is 5.5. Based on the identification 
results, we can predict a discrimination peak at the pair Step 4 and Step 6, which crosses the 
category boundary. 
3.1.2. Discrimination Task

The percentage of correct responses was calculated for each listener. Figure 1-(b) shows the 
average percentage of correct responses. The identification results indicate that the category 
boundary is at 5.5. Therefore, the discrimination peak is predicted for the pairs 4–6, 5–7. Assuming
that these pairs are cross-boundary pairs, the stimulus pairs were divided into three groups: (i) the
within /ba/ pairs, i.e., pairs 1–3, 2–4, and 3–5, (ii) the cross-boundary pairs, i.e., pairs 4–6 and 5–7,
(iii) the within /da/ pairs, i.e., pairs 6–8 and 7–9. A one-way analysis of variance (ANOVA) revealed 
a main effect of the group (F(2, 137) = 23.46, p < 0.001). A post hoc multiple comparison with 
Bonferroni correction found a significant difference between the groups: the percentage of correct 
responses for the within /ba/ pairs was different from that for the cross-boundary pairs (p < 0.01). 
Similarly, the percentage of correct responses for the within /da/ pairs was different from that for the 
cross-boundary pairs (p < 0.01). In addition, the difference between the within /ba/ group and the 
within /da/ group was significant (p < 0.05). The results indicate that the observed characteristics of 
categorical perception are as predicted under the isolation condition.

3.2 Sentence Condition
3.2.1. Identification Task

The identification results obtained under the sentence condition are shown in Fig. 2-(a). The dotted 
line indicates the average responses of all participants. The average responses were fitted using the 
model in Eq. (1). The solid line indicates the fitted function. Under the sentence condition, the slope of 
the curve is 1.5 and the 50% crossover point is 5.9. Thus, if the characteristics of categorical 
perception are to be observed under this condition, a discrimination peak should appear at the 
stimulus pairs 4–6 and 5–7.
3.2.2. Discrimination Task

The discrimination results are summarized in Fig. 2-(b). Under this condition, more than seven 
listeners’ responses for some within-category pairs, i.e., the pairs 1–3, 2–4 and 7–9, were below a 
chance level, ranging from 17% to 42%. This may suggest that listeners intentionally gave responses 
that were opposite to those they were expected to provide. Thus, the results for these pairs were 
eliminated from the analysis.

As shown in Fig. 2-(b), no discrimination peak was observed under the sentence condition. As 
done in the analysis under the isolation condition, the stimulus pairs were classified into three 
groups: (i) the within /ba/ group, i.e., the pair 3–5, (ii) the cross-boundary group, i.e., the pairs 4–6, 
5–7, and (iii) the within /da/ group, i.e., the pair 6–8. A one-way ANOVA found no main effect of the 
group (F(2, 77) = 2.07, p = 0.13). No significant difference between the groups was observed.

4. Discussion and Conclusion
The purpose of the research was to investigate whether a discrimination peak appears under the 

Figure 2 – Results of the identification (a) and discrimination (b) tasks under the Sentence Condition.
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sentence condition with an ISI of 1 s. The results of the perceptual experiments show that even with a 
1-s ISI, the sentence context hinders discrimination performance. That is, the lack of a discrimination 
peak under the sentence condition is not the result of a perceptual burden caused by a short ISI.

The hypothesis of categorical perception predicts a discrimination peak because it assumes that 
listeners can discriminate two sounds only when they have different phonemic labels. If an AXB 
paradigm with a short ISI, e.g., 300 ms (5–7), causes an excessive burden for listeners, preventing 
them from completing the labeling process and making discrimination judgments at the same time, 
then the same paradigm with a relatively long ISI (e.g., 1 s), should reduce this burden; as a result, 
discrimination results should reflect labeling results. However, this was not the case. Therefore, the 
results of the current experiment support the idea that listeners do not use labeling information during 
sentence discrimination. This is consistent with previous studies (5–7). Further, the lack of a
discrimination peak suggests that the ability to discriminate sounds based on phonemic categories is 
limited to the perception of sounds in small units (e.g., syllables). When perceiving sentences, 
listeners either do not discriminate sounds at all or rely on information other than phonemic labels.

In addition, it is worth mentioning that listeners’ discrimination performance is unstable under the 
sentence condition compared to that under the isolation condition. The results of the current 
experiment showed that the percentage of correct responses did not reach a chance level in many 
cases for within-category pairs. A previous study (7) reported similar results, where several listeners’
percentage of correct responses for the pairs 1–3 and 2–4 was remarkably low, ranging from 8% to 
42%. These outcomes may imply that sentence discrimination and syllable discrimination should be 
treated differently. Remaining issues will be investigated in future research.
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