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Abstract

Whispering is commonly used when one needs to speak
softly (for instance, in a library). Whispered speech mainly dif-
fers from neutral speech in that voicing, and thus its acoustic
correlate FO, is absent. It is well known that in tonal languages
such as Mandarin, tone identity is primarily conveyed by the
FO contour. Previous works also suggest that secondary cor-
relates are both consistent and sufficient to convey Mandarin
tone in whisper. However, these results are focused on Standard
Mandarin spoken in Mainland China and have only been ob-
tained via small-scale experiments using citation-form speech.
To investigate whether these results will carry over to contin-
uous sentences in other variations of Mandarin, we present a
study that is the first of its nature to explore native Singapore
Mandarin. Unlike related works, our large-scale perceptual ex-
periment thoroughly investigates lexical tones in whispered and
neutral Mandarin by involving more diverse speech data, greater
number of listeners and use syllables excised from continuous
speech to better simulate natural speech conditions. Our find-
ings differ significantly from earlier works in terms of the recog-
nition patterns observed. We present further in-depth analysis
on how various phonetic characteristics (vowel contexts, place
and manner of articulation) affect whispered tone perception.
Index Terms: speech perception, whispered Mandarin, tone
recognition, Singapore Mandarin, continuous speech

1. Introduction

Whispering is a natural mode of speech communication which
in recent years has garnered more attention in the speech com-
munity [1, 2, 3, 4, 5, 6]. During whisper, vocal folds do not
vibrate and consequently pitch is absent [7]. In spite of this,
people can purportedly perceive tone distinctions during whis-
per for tonal languages such as Thai [8], or Mandarin [9]. Pitch
in Mandarin is widely thought to be the main acoustic cue
that conveys tone [10, 11], but secondary correlates are suffi-
cient to convey tone in Standard Mandarin citation-form sylla-
bles, as demonstrated by several small-scale experiments in [9],
[12] and [13]. In [9], the author investigated this using both
stand-alone citation syllables and syllables in carrier sentences.
Her acoustic analysis and listening tests suggest that whispered
tones are better perceived when speakers lengthen the vocalic
duration or emphasize amplitude contour, and showed that over
60% correct tone identification rate could be attained. Similarly,
[12] and [13] also found tone identification rates above chance
for Standard Mandarin citation-form syllables.

However, these previous experiments have been small-scale
and limited due to the scarcity of whispered corpora. None
of these experiments recruited more than 10 listeners and even
the most comprehensive study amongst them did not have more
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than 4 speakers, reflecting a paucity of listener and speaker di-
versity. In [9], the stimuli used also had only limited phonetic
contexts (two vowels, /a/, /i/ and three consonants /b/,/f/,/m/).
Whether the results obtained from these experiments apply to
syllables from continuous sentences in other variations of Man-
darin (such as Singapore Mandarin) remains an important gap
in our understanding of tone perception. A larger-scale percep-
tual experiment, using more speakers and listeners, more pho-
netic variations and source material that is more representative
of daily use is thus desirable. In this paper we describe such
an experiment using whispered Mandarin continuous speech,
recruiting native Singapore Mandarin speakers and listeners as
subjects.

2. Tone Perception in Mandarin Sentences
2.1. Mandarin Tone and Phonology

Mandarin is a tonal language. Its syllables may be written in
pinyin orthography as a sequence of four phonemes and a tone
marker such as [C] [G]V [N]T. The optional consonant [C],
glide [G] and nasal or off-glide of diphthong [N] surround
vowel V to form a base syllable [14]. The lexical tone marker T,
denotes one of four citation tones — high level (Tone 1), evenly
rising (Tone 2), falling rising (Tone 3) and falling (Tone 4).
These describe the FO contour as shown in Figure 1. For exam-
ple the syllable verb“zuanl” would have consonant [x], glide
[u], vowel [a], final [n] and Tone 1.

5 High

4 Mid-high
3 Middle

2 Mid-low A y 4 N
1 Low

Tone 1 (5-5) Tone 2 (3-5) Tone 3 (2-1-4) Tone 4 (5-1)

Figure 1: Four Tones in Standard Mandarin.

Although pinyin orthography specifies the exact tone, it is
less commonly used compared to the Chinese character script.
Individual characters may have multiple pronunciations, some-
times differing in the base syllable but more commonly in tone.
Lexical items usually have fixed citation tones, but this might
vary from dialectal varieties of region to region [15]. Mandarin
also exhibits prevalent tone sandhi, in which citation tones may
change in the context of other tones [16]. Some analysis of
Mandarin include the neutral tone that arises out of sandhi rules.
The realized FO contour may also depend on the position of the
syllable in the sentence [9]. These factors may further com-
plicate analysis when we consider the entire speech communi-
cation channel, beginning from production from the commonly
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used orthographic source to perception of tone in individual syl-
lables.

2.2. Singapore Mandarin Tone System

The pronunciation of Singapore Mandarin differs from Stan-
dard (Beijing) Mandarin in Mainland China in terms of salient
segmental features [17]. An acoustic analysis in [18] also
showed that tone is differently realized. It is noted that in Singa-
pore Mandarin, Tone 2 syllables showed an initial fall followed
by a low level stretch before the final rise. This gives Singapore
Mandarin Tone 2 a dipping contour, similar to that of Tone 3
in Standard Mandarin instead. In addition, Tones 3 and 4 were
both realized as falling tones with Tone 4 starting at a higher
initial FO and both had variants that showed a small final rise.
Thus, unlike Standard Mandarin, Tone 3 in Singapore Mandarin
is not differentiated by a significant final rise. The same study
also found that while Tone 4 was significantly shorter than the
other tones, the other three tones were not significantly differ-
ent in terms of duration. The phenomenon that Tone 3 has
the longest duration as agreed upon by [9], [12] and [13] for
citation-form syllables in Standard Mandarin is not shown in
Singapore Mandarin. In this study, we contribute to this current
understanding of the Singapore Mandarin tone system through
further analyzing its impact on tone perception in Section 3.

2.3. Continuous speech versus citation-form syllables

Citation-form syllables differ significantly from those in contin-
uous speech. In continuous speech, there exists various manip-
ulations including assimilatory changes, vowel reduction and
syllabic simplifications [19]. These manipulations affect the
acoustic features observed. Vowel reduction, for instance, in-
volves formant values shifting towards those of a central vowel,
greater overlap between different vowel types in formant space
and usually decreasing length of vowels [20]. In addition, FO
contours in continuous speech also vary while those in citation-
form syllables have stable shapes [21, 22]. Since vowels are
the “carrier” of tones [9] and tones are primarily conveyed by
the FO contour [10, 11, 21, 22], we will analyze these changes
alongside with tone perception accuracies obtained in our ex-
perimental results.

2.4. Tone Perception Experiment

We designed and conducted perceptual experiments to quan-
tify how well lexical tones can be identified by human listeners
when whispered. The iWhisper-Mandarin corpus, a par-
allel whispered speech corpus [23] was used. It comprises 40
male and 40 female speakers from Singapore, each reading 100
sentences in both neutral and whispered speaking modes.

9 Syllables x 16 Conditions 9 Syllables x 16 Conditions
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Figure 2: Rotation Scheme in Stimuli Generation.

We used the Kaldi speech recognition toolkit [24] to train
two DNN-HMM acoustic models for each speaking mode, and
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Figure 3: Extracted Syllable from iWhisper-Mandarin.

used them to force-align utterances, giving us syllable bound-
aries. A small portion of these alignments were manually veri-
fied and found to be accurate to within 50ms of the actual sylla-
ble boundary. A character to pinyin pronunciation lexicon was
used to obtain canonical pinyin labels for words in each utter-
ance. The transcripts were analyzed for counts of each sylla-
ble with tone — base syllables without sufficient counts in all
four tones were removed, leaving 54 base syllables remaining.
Examples from the corpus were randomly drawn for 16 dis-
tinct conditions of each base syllable — two genders, four tones,
and two speaking modes (neutral and whispered) — resulting
in a large balanced block of 54 * 16 = 864 unique tonal syl-
lables. This was rearranged into 9 column-sets, each column
comprising of 6 unique syllables in 16 conditions. A rotating
scheme, illustrated in Figure 2 distributes base syllables across
the 9 columns. Each column eventually is assigned to a single
listener. This ensures that for every such block, the priors for
all conditions and base syllables are balanced, and no listener
ever gets more than 2 of the same base syllable. We produced
4 such blocks, two assigned to female listeners and two to male
listeners. This resulted in equal numbers of stimuli for all syl-
lables and tones, and roughly balanced distributions presented
to each listener. The time-marks from forced alignments were
then used to extract audio waveforms according to these lists.
Fade-in and fade-out from 100ms before and 100ms after each
syllable was applied to produce stimuli that are more comfort-
able for listening. This is illustrated in Figure 3.

We recruited 18 male and 18 female listeners. These listen-
ers are native Singapore Mandarin speakers who lived in Sin-
gapore for at least 10 years, speak fluent Mandarin on a regular
basis, and were deemed to have no auditory impairments. They
were screened to ensure that they could perceive lexical tones
in Mandarin. The listening tests were conducted in a quiet of-
fice environment using a custom program running on a personal
computer with USB headphones (Ars Technica ATH750-COM
USB). We randomized each set of stimuli presented to amelio-
rate hysteretic effects. For each trial, the stimulus was played
back through headphones, and the listener was asked to choose
one of four options indicating the tone. They were allowed a
fifth option (* *I don’t Know’’) and encouraged to avoid
random guessing. Listeners were also able correct responses,
and replay stimuli up to three times. Familiarization with the
software occurred prior to actual test. Tone identification rate is
computed and expressed in percent correct (PC) in section 3.

3. Results and Analysis

3.1. Significance Testing for Independent Bernoulli Trials

Our setup can be treated as a sequence of independent Bernoulli
trials, the result of each trial is either 1 or 0 corresponding to
whether tone for the syllable was correctly identified. After ig-
noring the **I don’t know’’ responses to eliminate ef-



fects of random guessing, the test becomes a four way forced
choice response. We formulate a statistical test with the null
hypothesis that the listeners are simply making random guesses
for all the stimuli. The distribution of PC follows a binomial
distribution [25], which can be approximated by a normal dis-
tribution when np > 5 and n(1 — p) > 5, for n number of
trials, and a chance level of p = i = 0.25. The corresponding
two-sample test was used to check if the PC for one category is
significantly above another.

3.2. Percent Correct Identification

In syllables excised from Singapore Mandarin continuous sen-
tences, tone identification PC is 52.13% (p < 0.001) for normal
speech, and 27.73% (p = 0.004) for whisper.

. Overall PC

Contexts Publication Normal Whispered
Mono-syllables Tone in Whispered Chi- > 90 60.1
produced in nese:  Articulatory Fea-
isolation tures and Perceptual Cues.

- M. Gao [9]

Study on Tones in Whis- | NA 62.1

pered Chinese. - D. Q.

Sha, X. L. Liand B. L. Xu

[12]

The establishment of | NA 60.8

a  Chinese Whisper

Database and Perceptual

Experiment. - L. L. Yang,

Y. Liand B. L. Xu [13]
Mono-syllables Current work 52.1 27.8
excised from
continuous
speech

Table 1: Comparison of overall PC.

The tone identification rate we have achieved using syl-
lables excised from Singapore Mandarin continuous speech is
lower compared to that reported for citation-form syllables in
Standard Mandarin [9, 12, 13]. This suggests that the acoustic
differences introduced when going from citation-form syllables
to continuous speech [19, 20, 21, 22] are likely to play a part
in affecting tone identification. For syllables excised from con-
tinuous speech, the lack of a stable FO contour through which
tone is primarily conveyed [10, 11, 21, 22] renders accurate tone
identification to be more challenging even in normal speech.
Furthermore, the introduction of various manipulations such as
vowel reduction may alter the acoustic features (vocalic dura-
tion and formant values) [19, 20] that served as secondary cor-
relates for whispered tone identification in [9] [12] and [13].
This result may also be partly attributable to the characteristics
of the Singapore Mandarin tone system as described in Section
2.2. We further explore how these characteristics affect tone
identification below in Section 3.3.

3.3. Tone Confusion Analysis

Table 2 shows the confusion patterns in tone identification.
Bolded numbers in the table indicate the tone option chosen
by the most number of listeners when each category of tone
was presented. For normal speech, all tones have PCs signifi-
cantly above chance level (p < 0.001). However, for whispered
speech, only Tones 2 (p = 0.051) and 4 (p < 0.001) seem to
be above chance level. Furthermore, some confusions occur at
a rate above chance. The confusions for 1 — 4 (p < 0.001)
and 3 — 2 (p = 0.031) appear more significant, while 3 — 4
(p = 0.207) and 4 — 3 (p = 0.488) less so. Interestingly,
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(a) Normal Speech

Actual Listener choices (%)
Tone 1 2 3 4
1 59.06 14.82 13.41 12.71
2 19.42 56.59 16.31 7.67
3 2275 22.04 39.81 15.40
4 25.71 7.38 13.81 53.10

(b) Whispered Speech

Actual Listener choices (%)
Tone 1 3
1 23.85 23.58 20.05 32.52
2 26.02 28.57 21.94 23.47
3 18.37 29.08 25.77 26.79
4 17.90 24.30 25.06 32.74

Table 2: Tone Confusions Patterns.

this pattern of confusions above chance also occurs for non-
native learners of Mandarin [26], suggesting some similarities
in tone perception patterns between Singapore Mandarin speak-
ers and L2 learners. The above chance tone confusion patterns
for whispered speech - that when presented with Tones 1 and
4, listeners perceived both as Tone 4, while Tones 2 and 3 are
both perceived as Tone 2 - aligns with the observation of binary
map perception and lack of distinct tonal categories [11] in L2
learners of Mandarin as well.

Specifically, Singapore Mandarin with citation-form sylla-
bles Tone 2 being realized with a dipping contour similar to
that of Tone 3 in Standard Mandarin [18] could serve as an im-
portant reason for the confusion between the 2 tones in Singa-
poreans’ understanding of the Mandarin tone system. In our
experiment using syllables excised from continuous speech, we
also observed lower PC for normal speech tone identification in
Tone 3 as compared to the other tones and above chance con-
fusion 3 — 2 in whisper when FO is absent. Despite Tones 3
and 4 being both realized as falling tones in Singapore Man-
darin citation-form syllables, Tone 4 syllables are significantly
shorter [18], possibly resulting in less confusion. Interestingly,
our results also show less confusion between these 2 tones.

Ease of identification
Tone3 > Toned >
Tonel > Tone2

Publication

Tone in Whispered Chi-
nese: Articulatory Fea-
tures and Perceptual Cues.
- M. Gao [9]

Study on Tones in Whis-
pered Chinese. - D. Q.
Sha, X. L. Liand B. L. Xu
[12]

The establishment of
a  Chinese = Whisper
Database and Perceptual
Experiment. - L. L. Yang,
Y. Liand B. L. Xu [13]
Current work

Contexts
Mono-syllables
produced in
isolation

Tone3 > Toned >
Tonel > Tone2

Tone3 > Toned >
Tone2 > Tonel

Toned > Tone2 >
Tone3 > Tonel

Mono-syllables
excised from
continuous
speech

Table 3: Comparison of whispered tone identification patterns.

Comparing our results with whispered tone perception ex-
periments done on Standard Mandarin citation-form syllables in
Table 3, Tone 3 has always been the easiest to identify in these
experiments yet it was the second most difficult tone to perceive
from the responses given by listeners in our experiment. These
previous studies have attributed the higher whispered tone iden-
tification rate for Tone 3 to its longer duration compared to other
tones. However, in the case of Singapore Mandarin, the lack



(a) Normal speech

(b) Whispered speech

Place | Labial | Dental | Palatal | Retroflex
Manne;i
Nasals M /m/ N /n/
222 22.58
N=27 N=31
P=03694 p=0.3779
PIOSives ]33/3%/ ]3)1 l/!tl/ 30.90
(Unaspirated) N-27 N-22 N-55
p=0.1587 p=0.2301 p=0.1558

Place | Labial | Dental
Manner

Nasals M /m/ N/
46.87 38.70
N=32 N=31

p=0.0021 p=0.0390
Plosives B/p/ D /v
. 46.87 48.38
(Unaspirated) | 5 N=31

(Aspirated)

p<0.0001

Affricates Z/ts/
2 56.25
(Unaspirated) ]

p<0.0001 p<0.0001

CH /ts"/
42.18
N=64

p=0.0007

(Aspirated)

Fricatives

p<0.0001
Lateral

Approximant

(Glides)

(Aspirated)
Affricates 1 /te/
(Unaspirated) i

p-03749

Fricatives

b
Q/te’/
2372
N=59

p=0.4108

(Aspirated)

Approximant

(Glides)

N=70
p=0.4451

Table 4: PC for Different Front Consonants.

of temporal differences amongst syllables bearing Tones 1 to 3
[18] would imply that this acoustic feature most likely can no
longer provide the basis for distinguishing these tones, lead-
ing to lower identification PCs. Instead, Tone 4, which has
shown to be the second easiest to perceive in Standard Man-
darin citation-form syllables, was the easiest to recognize in our
experiment. Tone 4 being significantly shorter than the other
tones in the Singapore Mandarin tone system [18] could pos-
sibly provide a key perceptual cue for its identification. This
suggests that secondary correlates which help to convey tone in
whispered citation-form syllables for Standard Mandarin may
not directly carry over to whispered Singapore Mandarin con-
tinuous speech.

3.4. Phonetic Characteristics

We analyzed in detail several new aspects that are not explored
by previous works — identification rate for various subcategories
of varying phonetic contexts such as the preceding consonants,
vowel contexts and final consonants. Table 4 shows PC un-
der different preceding consonant contexts. Each box shows
the pinyin orthography, corresponding IPA symbol, along with
percent correct (PC) identification, the number of syllables in
the experiment, and corresponding p-value under the Z-test for
PCs above chance. Tone identification is significantly above
chance for all initial contexts in normal speech, but for whis-
pered speech, only syllables with initial consonants /s/ and /j/
are identified significantly above chance.

none dental [N] velar [NG]
Normal 49.9 51.8 59.5

N = 1059 N = 220 N =375

(p < 0.001) (p < 0.001) (p < 0.001)
Whispered | 28.1 27.2 28.3

N =964 N = 202 N = 353

(p = 0.0128) (p = 0.2323) (p = 0.0743)

Table 5: PC for Different Ending Consonants. Here, v is the number of

trials, p is the p-value for PC above chance levels (calculated using a one-sample Z-test).

Vowels can be classified according to vertical position of
the tongue — high, mid and low [27]. However, separate two-
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sampled Z-tests (not shown) did not find correlation of higher
vowel height to increasing PC as significant. Similar analysis
for nasal endings arranged by place of articulation is shown in
Table 5. Tone identification PC for syllables with nasal end-
ings are higher than those with vowel endings in normal speech
but this pattern is not observed for whispered speech. Amongst
the various conditions, whispered syllables with /ei/ as their
endings attained the lowest tone identification PC of 12.0%
(p = 0.0667) which is below chance level while syllables with
/on/ as their endings had the highest tone identification PC of
39.3% (p = 0.0404). These analysis thus surface phonetic
characteristics that are likely to help in tone identification. Fi-
nally, two-sample Z-tests showed that tone identification in neu-
tral speech is better than for whispered speech for all categories,
reaffirming the importance of FO in conveying tone.

4. Discussion and Conclusion

We have presented a perceptual experiment that shows tone
identification results using citation-form syllables for Standard
Mandarin do not carry over directly to continuous speech in
other varieties of Mandarin. Our analysis is useful in bring-
ing the current understanding of tone perception to a new level
- from results obtained using citation-form syllables to sylla-
bles from continuous speech that better simulate natural speech
conditions. We also bring into attention how differences be-
tween Singapore Mandarin and Standard Mandarin may affect
tone identification patterns. We present in-depth analysis on the
case for Singapore Mandarin and explore the impact of vari-
ous phonetic characteristics on tone identification. Future works
can expand upon this study to further explore neutral and whis-
pered tone identification in syllables from continuous sentences
in other varieties of Mandarin (such as Standard Mandarin and
Taiwan Mandarin). These will contribute towards a better fun-
damental understanding of how tone is conveyed and serve as
an important basis for building better Mandarin speech recog-
nizers - ones that are able to maintain robust performance when
automatic speech recognition is performed on long utterances in
different speaking modes and in different varieties of Mandarin.
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