
The Function of F0 in Phon

Ching X. Xu 
Northwestern University, Evansto

E-mail: xxq@northwes

ABSTRACT 

In this study we investigated the phonemic restoration of 
consonant, vowel and syllable in a carrier sentence of 
Mandarin Chinese by implementing a two-force-choice 
experiment. Ten native speakers of Mandarin listened to 
twenty-six stimulus sentences, each containing a target 
portion that was replaced by a louder pink noise, and chose 
from two alternatives to indicate the identity of the missing 
sound(s). The consistency with which the missing parts 
were recognized seems to support our hypothesis that 
fundamental frequency (F0) plays an important role in 
phonemic restoration. The F0 account potentially applies in 
other cases of auditory induction as well. 

1. INTRODUCTION 
When a phoneme or syllable within a sentence is fully 
replaced by a louder extraneous sound, listeners believe 
that they hear the missing portion clearly [1] [2]. This 
illusory effect, known as phonemic restoration, is of 
particular interest for speech perception research. In 
everyday life, our listening conditions are usually less than 
ideal. It is common that individual speech sounds are 
interfered with or overwhelmed by extraneous noise. With 
phonemic restoration, the affected speech sounds often 
seem intact, and thus communication remains fairly 
effective even in quite noisy environments [3]. Early 
studies of speech containing regular gaps found that the 
speech was much more intelligible when the gaps were 
filled by noise than were left silent [3] [4] [5]. Only if we 
consider multiple phonemic restorations induced by the 
noise bursts, does it become clearer how noise can in a 
sense “facilitate” speech perception and comprehension [2] 
[6]. Some more recent research has provided more 
evidence of the noise effect in improving speech 
intelligibility via phonemic restoration [7] [8]. Interestingly, 
although the restored phonemes are illusory [9], they not 
only sound as real as the ones that are physically present, 
but also function as well: English words in which the target 
phonemes were perceptually restored produced reliable 
adaptation effects as the real words did [10]. 

As a special linguistic application of auditory induction [11] 
[12], phonemic restoration involves both top-down 
activation and bottom-up confirmation [10] [13] [14]. 
Listeners’ linguistic knowledge and the context of the 
missing component lead to a certain expectation [6] [15], 
which is then confirmed by the inducer signal, especially 
when the extraneous sound is capable of masking the 
missing phoneme [16] [17]. Such an interactive model is 
reasonable yet not complete enough to explain the outcome 
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onemic restoration. The coarticulatory cues, or in a 
general sense, the acoustical information in the 
t, has been neglected in the model. Previous studies 
d to agree on the induction effect of coarticulation, 
ey chose to avoid it in order to explore the effects of 
elements [1] [6] [10]. As a result, the function of 
tic cues in phonemic restoration still awaits solid 
ation. To provide some evidence along this line, we 
igated the restoration of individual phonemes or 
les in a carrier sentence of Mandarin Chinese. By 
syntactically legal and semantically neutral contexts, 
y be able to observe whether there are clear effects of 

tical factors. Specifically, we tested the hypothesis 
ndamental frequency (F0) plays an important role in 

ing the missing sounds. 

ared to the coarticulatory effects of speech segments, 
as anticipatory labialisation [18] and palatalization 
he contextual variations of F0 are much more regular 
Furthermore, both segments of consonant and vowel 
ffect the F0 contour of a syllable [21] [22] [23]. Thus 
a phoneme or syllable is deleted from a recorded 
ce, the F0 patterns of adjacent sounds may provide 
about the identity of the missing portion and in turn 
r more phonemic restoration.  

y by Cooper et al. [24], which may involve a more 
ious type of perception process other than phonemic 
ation, could lend some support to our hypothesis. The 
rs found that listeners took advantage of F0 cues at the 
ning of a string to detect if a sentence-initial word had 

issing. Supporting evidence also comes from a study 
in activity: brain potentials indicate that prosodic cues 
ed immediately in natural speech processing [25]. 
 is more supporting evidence in previous research of 
mic restoration and other types of temporal induction, 
s musical restoration [26].  

2. EXPERIMENT 

BJECTS 
ative Mandarin speakers, 5 male and 5 female, 

ipated as subjects. They were recruited from the 
western University community. They had no history 
itory or speech impairments. Their ages ranged from 
31 years old. 

IMULI 
 were 13 target syllables. The intended Chinese 
ters, as well as their forms in the Mandarin Pinyin 
 and IPA format, are listed in Table 1. Lexical tones 
eled as 1 (High), 2 (Rising), 3 (Low) and 4 (Falling) 
 last two expressions.  



No. Character Pinyin IPA 
1 逼 bi1 /pi1/ 
2 批 pi1 /phi1/ 
3 眯 mi1 /mi1/ 
4 低 di1 /ti1/ 
5 踢 ti1 /thi1/ 
6 妮 ni1 /ni1/ 
7 哩 li1 /li1/ 
8 八 ba1 /pA1/ 
9 趴 pa1 /phA1/ 

10 妈 ma1 /mA1/ 
11 迷 mi2 /mi2/ 
12 米 mi3 /mi3/ 
13 蜜 mi4 /mi4/ 

Table 1: The list of 13 target syllables. 

These syllables were carried individually in a common 
sentence “wo3 fa1 ___ na4 ge4 yin1 (I pronounce the sound 
___)”. The overall context was neutral, containing no 
syntactic or semantic information for the identity of the 
target.  

A male phonetician, who speaks native Mandarin, 
produced 13 complete sentences in a soundproof booth. He 
spoke at a normal rate and intensity, with stress on the target 
syllables naturally. The sentences were recorded and 
digitized by SoundEdit (Macromedia Inc.) with 22kHz 
sampling rate and 16-bit accuracy. The experimenter, also a 
native Mandarin speaker, observed the recording to further 
ensure the accuracy and intelligibility of each target 
syllable. 

The individual sentences were extracted from the original 
recording. The onset and offset of the two segments of the 
target syllable in each sentence were manually labeled 
using Praat. Waveforms and spectrograms were displayed 
simultaneously and synchronized for convenient labeling, 
with the main criteria based on waveforms. The voiced 
sounds were defined as starting from the first periodic cycle 
(even if it was an incomplete cycle), and ending with the 
last cycle. The voiceless sounds were defined as starting 
from the offset of the preceding vowel, and ending at the 
onset of the following vowel. When two voiced sounds 
were adjacent to each other, a compromise was made 
regarding the boundary. The error range was within one or 
two vocal cycles. Problems with segmentation were likely 
to occur with the liquid /l/. When that happened, both the 
waveform and the spectrogram were used to determine its 
segmentation. Priority was given first to the target vowel, 
then to the target consonant, and finally to adjacent 
non-target phonemes, so as not to miss any contextual 
information. 

The maximum intensity of each sentence was calculated. 
The extraneous sound in a sentence was designed as pink 
noise 8dB higher to induce more occurrence of phonemic 
restoration. Based on the labels, three sets of experimental 
sentences were obtained. The first set involved the first 
seven syllables in Table 1. The consonant of each syllable 
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moved and the interval was filled with pink noise of 
me duration. The second set involved the first three 
les and the three middle ones with the vowel /A/. In 
t it was the vowels that were replaced by noise. The 
set included all the target syllables, for which the 
 syllable was replaced by noise. These three 
ement conditions were referred to as Condition a, b 
 respectively.   

subjects who were naïve about the experimental 
 listened to all the sentences containing the 
ement noises more than once. They agreed that they 
 hear the carried syllables in most of the sentences 
and 92%), although not all were as clear as without 
oise replacement. They did not reach either 
ubject or intra-subject agreement for the few 

tions where they reported a missing syllable. This test 
ed good indication for the occurrence of phonemic 

ation in the experiment.    

OCEDURE 
rget syllables were grouped into 20 pairs, as shown in 
2. The two items in any pair differed by one of three 
nts: consonant, vowel or lexical tone. The subject was 
rtably seated in front of a computer screen. An ASP 
m was executed on the computer to lead the subject 
h the experimental procedure. First, an introductory 

was shown to the subject to explain the stimuli and 
hen the sentences containing the replacement noises 

presented through a pair of headphones. Along with 
entence, a pair of syllables, of which one was in the 
al sentence, were displayed on the screen in Chinese 
ters. The subjects’ task was to pick the item that they 

 in the sentence by pressing a button associated with it. 
 the subjects had difficulty, they were asked to make 
est guess. The subjects themselves controlled the 
ss of the experiment, except that they could not 

ed to the next trial unless the current selection had 
ade.  

ding each syllable pair, the stimulus sentence 
ally contained either item was presented to the 
ts five or ten times, depending on the number of 
ement conditions. For example, the pair of /mi1/ 
 /mi4/ was concerned only under Condition c, so the 
ce with /mi1/ replaced by noise was played five times, 
panying the printing form of the pair.  If the pair of 
versus /pi1/ was considered instead, Condition a was 
f concern. Then there were ten selections between the 
at featured /mi1/ as the correct answer. As a result, a 
f 340 sentences were presented to each subject. The 
of presentation was pseudo-randomized. The whole 
n lasted for less than 30 minutes. 

 time the subjects made a choice, the ASP program 
ed the response. The correct responses were summed 

calculate the recognition rate of a syllable within each 
he data of all subjects were summarized.    

3. RESULTS 
er to show the data in a more condensed form without 



Restored 
Actual

/pi1/ /phi1/ /mi1/ /ti1/ /thi1/ /ni1/ /li1/ /pA1/ /phA1/ /mA1/ /mi2/ /mi3/ /mi4/ 

/pi1/  .02* 
.44+

0* 
.12+

0* 
.04+

   .18# 
.26+

     

/phi1/ .92* 
.48+

 .04* 
.12+

 .06* 
.08+

   0# 
.18+

    

/mi1/ .64* 
.44+

.18* 

.36+
 .68* 

.52+
.18* 
.28+

.24* 

.44+
.32* 
.32+

  .08# 
.12+

 
.06+

 
0+

 
.1+

/ti1/ .02* 
.08+

 0* 

0+
 0* 

.36+
        

/thi1/  .04* 

.04+
0* 

0+
.72* 

.4+
         

/ni1/   .20* 

.34+
   .52* 

.32+
      

/li1/   .20* 

.56+
  .32*

.48+
       

/pA1/ .14# 

.12+
            

/phA1/  .1# 

.14+
           

/mA1/   .1# 

.1+
          

/mi2/   .02+    0+ 0+

/mi3/   0+   0+  0+

/mi4/   .02+   0+ 0+ 
*Condition a - missing consonant #Condition b - missing vowel  +Condition c - missing syllable 

Table 2: Confusion matrix in restoring consonant, vowel and syllable. 
losing any interesting details, the error rates in restoring the 
missing part were calculated. The overall confusion matrix 
is listed in Table 2. The rows of the table represent the 
actual identities of original syllables, whereas the columns 
represent the illusory identities of restored syllables. The 
filling of a crossed cell indicates a syllable pair in the 
experiment. A smaller number means less confusion in 
differentiating the target from the alternative. 

When only the consonant was replaced by noise, /p/ and /t/ 
were consistently recognized regardless of the identity of 
the alternative choice. /ph/ and /th/ could be differentiated 
from each other and from /m/, but they tended to be 
identified as /p/ and /t/, respectively. /m/ was also likely to 
be confused as either /p/ or /t/, and it was less likely to be 
restored as /ph/ or /th/. /m/, /n/ and /l/ were generally much 
harder to be differentiated from each other.  

When only the vowel was replaced by noise, /i/ and /A/ 
were recognized correctly most of the time. The main errors 
came from one subject, who seemed to consistently expect 
/i/ instead of /A/. The same pattern was observed for this 
subject in the next condition. 

When the whole syllable was replaced by noise, the average 
error rates in determining the identity of consonant and 
vowel increased, with consonants being affected more. The 
identification of a consonant seemed to approach the 
chance rate (50%) in most cases. The identity of lexical 
tone, in contrast, was recognized with high accuracy.  

4. DISCUSSION 
Several factors may have facilitated listeners’ phonemic 
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g portion. We did not control duration for two 
s: first, previous research suggested that it plays a 
 role in word reconstruction [24]; second, its 
ions across the present targets were small (within tens 
liseconds). 

er clue about the missing sound could have come 
the formant transitions contained in the adjacent 
t. Nevertheless, this cue did not appear to function 
ly, if at all. As we know, nasal /m/, /n/ and liquid /l/ 
very different formant transitions in the following 
, but listeners could not differentiate them 
tently even when the vowel was intact. In contrast, 
was little formant information to separate the lexical 
 but listeners could identify each tone easily.  

 lexical tone is mainly carried by variations of F0, the 
recognition rate of tones seems to support our 
hesis that F0 plays an important role in phonemic 
ation. The restoration performance for consonants 
owels may also find explanations in terms of F0. 
ent consonants give rise to different onset F0 values 
 following vowel, with voiceless unaspirated (/p/ and 
sociated with the highest F0, voiceless aspirated (/ph/ 
h/) the second highest F0, and nasals (/m/ and /n/) the 
t F0 [23]. When listeners detected a perturbed high F0 
at the vowel onset, they predicted the presence of a 
ess consonant. When they heard a lower or 
turbed F0 at the beginning of the vowel, however, they 
 still have expected a higher value masked by the 
eous noise. As a result, there were certain 
ations in restoring the consonant. When the whole 



syllable was replaced by noise, the listeners did not have 
the same F0 clue as before, so the consonant was not 
restored as well. Previous studies have also found that the 
perceptual restoration of consonant varied greatly with the 
phone class of the replaced sound [13] [14]. Their results 
are compatible with ours. There is a similar story regarding 
vowel. The different vowel intrinsic pitches of /i/ and /A/ 
may have had minor yet noticeable influence on the F0 
contours of the adjacent sounds. Listeners took advantage 
of this fine cue in making their selections.    

It should be noted that F0 may not be the most critical factor 
in phonemic restoration. Rather, syntactic and semantic 
factors seem to predominate in determining the restored 
sound: when the target phoneme was deliberately 
mispronounced in the original recording before deletion, 
listeners still restored the contextually appropriate sound 
[6]. The performance of one of the subjects in 
differentiating /i/ and /A/ in this study also seems to favor 
the importance of expectation. Nevertheless, our results 
tend to suggest that F0 information functions as one of the 
main acoustical cues in phonemic restoration. Moreover, 
the F0 account may apply in other cases of auditory 
induction, such as tone (sine wave) restoration [11] and 
musical restoration [26].  

The present study is a preliminary effort in understanding 
the underlying mechanism of auditory induction and 
speech perception. More detailed and quantitative research 
is needed to provide further evidence and construct a more 
complete model.  
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