Phonetic phenomena in continuous speech of
Putonghua and its relation to speech recognition
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Abstract

This paper intends to systematically describe the phonetic phenomena in continuous speech of
Putonghua. 36 basic phonemes are introduced at first, and then statistics are provided for both
intra- and/or inter-syllabic data. It is calculated that within syllables there are 170 diphones and
276 triphones, and 415 diphones and 8187 triphones between syliables. In totality, there are 585
diphones and 8463 triphones. The phonetic phenomena in continuous speech are closely related
to speech recognition, and they supply a frame of reference in selecting proper speech units for
speech recognition and designing materials of speech database. Finally, the design of material
. for testing speech recognition systems is given as an exampie of showing how the phonetic
knowledge is used in speech recognition.

1. introduction

Beginning with isolated-syllable recognition, the speech recognition in China has now entered a
new stage of development in large-vocabulary and continuous speech (Ji, Yang, Wang & Lu,
1995; Sun, Wang, Wang & Li, 1995; Ma, Xu, Huang & Zhang, 1995). At the same time, the
phonetic research on Chinese has also gone deeply in progress. To meet the needs of
continuous speech recognition, phoneticians should describe the phonetic variations in different
contexts systematically. Only by understanding the phonetic phenomena in continuous speech,
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can speech materials be provided for training data and testing data and can speech units and
models of speech recognizer be created. The Chinese speech recognition systems which have
taken the transitions between syllables into account have got obviously higher score on
recognition rate (Ji, et. al.,1995). Therefore the phonetic phenomena in continuous speech is
also the key problem in speech recognition. By statistics, this paper come from basic phonemes,
introduces all possible allophones in different phonetic contexts.

2. The basic phonetic phenomena in Putonghua

2.1. Basic phonemes

To obtain statistic data in continuous speech, basic phonemes should be defined. The basic
phonemes are those that occupy independently some domain in acoustic plane. In totality, there
are 36 phonemes:
Basic phonemes (36): {a1,a2,b,c,ch.d,e1,e2,e3,er,f,g,h,i1,i2,i3,j,k,l,m,n,ng,01 ,02,p,q,r,s,sh,t,
u,X,yv,z,zh,sil}

where sil is “silence”. The introduction of-silence may provide convenience for continuous speech
recognition. There may be disputes on vowels. Figure 1 is a vowel chart showing phonemes in
basic phonemes. And Table | lists those phonemes in juxtaposition with IPA and some examples.

front central back

e NL N\,
el \ \\

Figure 1 A vowel chart showing some main basic phonemes

Among those 36 basic phonemes, 7 cari construct a syllable independently:
mono- phonemic syllables (8): {a1,e1,er,01,u,i1,yv,sil}

32 phonemes can be taken as head in syllables:
heads(32):{sil,a1,a2,b,c,ch,d,e1,e2,e3,er,fg,h,i1,jklm,n,0,p,q,rs,sh,tuxyv,zzh}

13 phonemes can be used as tail in syllables.
tails(13):{sil,a1,i1,i2,i3,n,ng,u,e2,0,e,er,yv}

In continuous speech, it is difficult for basic phonemes to maintain their forms in isolation.
They always appear in the form of allophones, which results in the co-articulatary effects in
continuous speech. Diphones and triphones will be introduced as examples of explaining
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allophones in the following discussion.

Having defined the basic phonemes, we assume that:

(a). On phonetic level, there are 36 basic phonemes which resemble the symbols used in
narrow transcription. When this problem is discussed, we should understand the fact that the
number of segments on phonetic level is different from that of segmentd on acoustic ievel.
Figure 2 may illustrate this point clearly.

(b). Every basic phoneme has different allophones when it is in different left and right context
between and/or within syllables.

The following discussions are supported by those two assumptions.

RPN . &
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[

1 i ' .
pluiy a2 g}

Ponetic segments h 3 T { : : yv i
. T X T v g t ; T
Acoustic segments h lh'ul“J u-al ! al 1 al-yv g W g yvuqu i u-a2 i a2 iaz.nl '
H v, N + . H N 1 "
Do AR : S R
iphones sikh )0 hu u-al { calyv o jyveu ! |- wa 'y a2a lzn.su
T ; T : - A = —

Triphones h(silu) l'u(h_,al)l b al(uyv) \ Eyv(al,u)é { u(yv,a2) ! aZI(U,n) ';n(aZ,sil)

Figure 2 Segmentations of “#£fE hua yuan /xua yuan/” on phonetic level, acoustic level, diphones and

triphones
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Table 1 The contrast symbols between basic‘ phonemes and IPA

Basic phonemes IPA Examples
al a ba,bang,bao
a2 € an,ai
b p ba,bu
c s ca,cu
ch sk cha,chu
d t da,di
el L4 he,ge
e2 e ei,ye,yue
e3 ° en,eng
er or er
f f fa,fu
g k gei,ge
h X he,hu
il I bi,yi
i2 1 zi,ci,si
i3 1 zhi,chi, shi
j * jijin
k k* ka,ke
1 1 lali
m m ma,mu
n n na,ni
ng g ong,ang eng
ol > WO
02 0 ou
p* pa,pi
q gt qa,qi
r 2 ri,re
s ] sa,si
sh 5 shi,shu
t 4 ti,ta
u u u
X ¢ xi,xia
yv y yu,yue
z ts Zi,za
zh tf zi,zhu
sil(silence)
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2.2. The intra-syllabic allophones

Within syllables, 170 diphones and 276 triphones are calculated by a rule which condtructs all of
syllables by basic phonemes:

Intra-syllabic diphones (170):
{at-i1,a1-ng,a1-u,a2-n,a2-i1,b-a1,b-a2,b-e2,b-e3,b-i1,b-01,b-u,c-a1,c-a2,c-e1,c-e3,c-i2,c-u,c-02,
ch-a1,ch-a2,ch-e1,ch-e3,ch-i3,ch-u,ch-02,d-a1,d-a2,d-e1,d-e2,d-e3,d-i1,d-u,d-02,e2-i1,e2-n,
e3-n,e3-ng,f-a1,f-a2 f-e2,f-e3 f-o1,f-02,f-u,g-a1,g-a2,g-e1,9-e2,g-e3,9-u,g-02,h-a1,h-a2,h-e1,
h-e2,h-e3,h-u,h-02,i1-e2,i1-a1,i1-n,i1-ng,i1-02,i1-u,i1-01,j-i1,j-yv k-a1 k-a2 k-e1 k-e2, k-3 k-u,
k-02,-at,l-a2,l-e1,l-e2 l-e3,l-i1,l-01,l-ul-02 l-yv,m-a1,m-a2, m-e1,m-e2,m-e3,m-i1,m-01,m-02,
m-u,n-ai,n-a2,n-e1,n-e2,n-e3,n-i1,n-u,n-02,n-yv,02-u,p-al,p-a2,p-e2,p-e3,p-i1,p-01,p-02,p-u,
g-i1,9-yv,r-a2,r-at,r-e1,r-e3,r-i3,r-u,r-02,s-a1,s-a2,s-e1,s-e3,s-i2,s-u,s-02,sh-a1,sh-a2,sh-e1,
sh-e2,sh-e3,sh-i3,sh-02,sh-ut-at t-a2 t-e1,t-e2 t-e3 t-i1,t-u,t-02,u-ng,u-a2,u-e2,u-e3,u-01,u-at,
x-i1,x-yv,yv-e2,yv-n,z-a1,z-a2,z-e1,z-e2,z-3,z-i2,z-u,2-02,zh-a1,zh-a2,zh-e1,zh-e2,zh-e3,zh-i3,
zh-u,zh-02}

Where the form x-y defines a diphone in the context of x-y.

Intra-syllabic triphones (276):
{a1(b,ng),a1(b,u),a1(i1,u),a1(c,ng),al1(c,u),a1(ch,ng),a1(ch,u),a1(u,ng),a1(d,ng),at(d,u),a1(f,ng),
a1(g,ng),a1(g,u),a1(h,ng),a1(h,u),a1(i1,ng),a1(k,ng),a1{k,u),a1(l,ng),at(l,u),a1(m,ng),a1(m,u),
at(n,i1),at(n,ng),at(n,u),ai(p,i1),a1{p,ng),al1(p,u),al(r,ng),a1(r,u),a1(s,ng),ai(s,u),a1(sh,ng),
al(sh,u),a1(t,ng),a1(t,u),a1(z,ng),a1(z,u),a1(zh,ng),a1(zh,u),a2(b,i1),a2(b,n),a2(¢,i1),a2(c,n),
a2(u,n),a2(ch,i1),a2(ch,n),aZ(u,i1),a2(d,i1),a2(d,n),aZ(f,n),aZ(g,H),a2(g,n),a2(h,i1),a2(h,n),
a2(k,i1),a2¢k,n),a2(,i1),a2(l,n),a2(m,i1),a2(m,n),a2(n,n),a2(p,n),a2(r,n),a2(s,i1),a2(s,n),a2(sh,i1),
a2(sh,n),a2(t,i1),a2(t,n),a2(z,i1),a2(z,n),a2(zh,i1),a2(zh,n),e2(b,i1),e2(i1,n),e2(u,i1),e2(d,i1),
e2(f,i1),e2(g,i1),e2(h,i1),e2(yv,n),e2(k,i1),e2(l,i1),e2(m,i1),e2(n,i1),e2(p,i1),e2(sh,i1),e2(t,i1),
e2(z,i1),e2(zh,i1),e3(b,n),e3(b,ng),e3(c,n),e3(c,ng),e3(u,n),e3(ch,n),e3(ch,ng),e3(d,n),e3(d,ng),e
3(f.n),e3(f,ng),e3(g,n),e3(g.ng),e3(h,n),e3(h,ng),e3(k,n),e3(k,ng),e3(l,ng),e3(m,n),e3(m,ng),
e3(n,n),e3(n,ng),e3(p,n),e3(p,ng),e3(r,n),e3(r,ng),e3(s,n),e3(s,ng),e3(sh,n),e3(sh,ng),e3(t,ng),
e3(u,ng),e3(z,n),e3(z,ng),e3(zh,n),e3(zh,ng),i1(b,e2),i1(b,a1),i1(b,n),ii(b,ng),i1(d,a1),i1(d,e2),
i1(d,n@),i1(d,02),i1(j,a1),i1(,e2),i1(,n),i1(,ng).i1(,u),i1(,02),i1(,a1),i1(,e2),i1{,n),i1(.ng).
i1(1,02),i1(m,e2),i1(m,a1),i1(m,n),i1(m,ng),i1(m,02),i1(n,e2),i1(n,a1),i1(n,n),i1(n,ng),i1(n,02),
i1(p,e2),it(p,a1),i1(p,n),i1(p,ng),i1(q,a1);i1(q,e2),i1(q,n),i1(q,ng),i1(q,u),i1(q,02),i1(t,e2),i1(t,a1),
i1(t,ng),i1(x,a1),i1(x,e2),i1(x,n),i1(x,ng),i1(x,u),i1(x,02),02(c,u),02(ch,u),02(i1,u),02(d,u),02(f,u),
02(g,u),02(h,u),02(k,u),02(1,u},02(m,u),02(n,u),02(p,u),02(r,u),02(s,u),02(sh,u),02(t,u),02(z,u),
02(zh,u),u(c,ng),u(c,a2),u(c,e2),u(c,e3),u(c,01),u(ch,ng),u(ch,a2),u(ch,al),u(ch,e2),u(ch,e3d),
u(ch,o1),u(d,ng),u(d,'a2),u(d,e2),u(d,e3),u(d,o1),u(g,ng),u(g,a1),u(g,aZ),u(g,eZ),u(g,e3),u(g,o1),
u(h,ng),uh,a1),u(h,a2),uh,e2),uch,e3),u(h,o01),u(i1,ng),u(k,ng),uk,a1),u(k,a2),uk,e2),uk,e3),
u(k,01),u(l,ng),u(l,a2),u(l,e3),u(l,01),u(n,ng),u(n,a2),u(n,o1),u(r,ng),u({r.al),ur,a2),u{r,e2),u(r,ed),
u(r,01),u(s,ng),u(s,a2),u(s,e2),u(s,e3),u(s,01),u(sh,a1),u(sh,a2),u(sh,e2),u(sh,e3),u(sh,o1),
u(t,ng),u(t,a2),u(t,e2),u(t,e3),u(t,01),u(z,ng),u(z,a2),u(z,e2),u(z,e3),u(z,01),u(zh,ng),u(zh,at),
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u(zh,a2),u(zh,e2),u(zh,e3),u(zh,o1),yv(j,e2),yv(j,n),yv(l,e2),yv(n,e2),yv(q,e2),yv(q,n),yv(x,e2),
yv(x,n)}

The form of x(y,z) means phoneme x in the left context y and right context z. Table 2 illustrates
some intra-syllabic diphones, triphones with some examples.

Table2 Some examples to illustate diphone & triphone within syllables

example phone diphone triphone

chuang ch,u,al,ng " ch-u,u-al,al-ng u(ch,al),al(u,ng)

sang s,al ng s-al,al-ng al(s,ng)
ca c,a c-a /
wu u / /

2.3. Inter-syllabic allophones

Apart from mono-phonemic syllabies(eg. a,i,u), 167 diphones can be used as heads of syllables
(i.e. the first and second phonemes in syllables). We call them head diphones.

head diphones (167):
{(a1-i1),(a1-ng),(a1-u),(a2-n),(b-a1),(b-a2),(b-e2),(b-e3),(b—i1),(b-o1),(b-u),(c-a1),(c~a2),(c-e1),
(c-e3),(c-i2),(c-u),(c-02),(ch-a1),(ch-a2),(ch-e1),(ch-e3),(ch-i3),(ch‘-u),(ch-oz),(d-a1),(d-a2),
(d-e1),(d-e2),(d-e3),(d-i1),(d-u),(d-oZ),(eZ-i1),(e3-n),(e3-ng),(f-a1),(f-a2),(f-e2),(f-e3),(f-o1),
(f-02),(f-U),(g-a1).(9-82),(9-81),(9-62),(9-63),(g-U),(g-02),(h-a1),(h-aZ),(h-e1).(h-e2),(h-e3).(h-U).
(h-02),(i1-a1),(i1-e2),(i1-n),(i1-ng),(i1-o1),(i1-u),(i1-02),(i-i1),(j-yv),(k-a1),(k-a2),(k-e1),(k-e2), :
(k-e3),(k-u),(k-02),(l-a1),(l-a2),(l-e1),(l-e2),(|-e3),(|-i1),(I-o1),(l-u),(l-oZ),(I-yv),(m-a1),(m-a2),
(m-e1),(m-e2),(m-e3),(m-i1),(m-o1),(m-02),(m-u),(n-a1 ),(n-a2),(n-e1),(n-e2),(n-e3),(n-i1),(n-u),
(n-02),(n-YV),(02-U),(p-a1),(p-aZ),(p-GZ),(p-e3),(p-i1),(p-01),(P-OZ),(p-U),(Q-H),(q-yV),(r-aZ),(r-a1).
(r-e1),(r-e3),(r-i3),(r-u),(r-02),(s-a1),(s-a2),(s-e1),(s-e3),(s-i2),(s-u),(s-02),(sh-a1),(sh-aZ),(sh-e1),
(sh-e2),(sh-e3),(sh-i3),(sh-02),(sh-u),(t-a1),(t-a2),(t-e1),(t-e2),(t-e3),(t-i1),(t-u),(t-02),(u-a1 ),(u-a2),
(u-e2),(u-e3),(u-o1),(x-i1),(x-yv),(yv-e2),(yv-n),(z-a1),(z-a2),(z-e1),(z-e2),(z-e3),(z-i2),(z-u),(z-
02), (zh-a1),(zh-a2),(zh-e1),(zh-e2),(zh-e3),(zh-i3),(zh-u),(zh-02)}

97 diphones can be used as tail of syllables (i.e. the last phonemes and the one before last in
syliables). They are called tail diphones.

tail diphones (97):
{(a1-i1),(a1-ng),(a1-u),(a2-n),(a2-i1),(b-a1),(b-i1),(b-o1),(b-u),(c-a1),(c-e1),(c-i2),(c-u),(ch-a1),
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(ch-e1),(ch-i3),(ch-u),(d-a1).(d-e1),(d-i1),(d-u),(e2-i1 ),(e2-n),(e3-n),(e3-ng),(f-a1),(f-01),(f-u),
(g-a1).(g-e1),(g-u),(h-a1),(h-e1),(h-u) (i1-e2),(i1 -n),(i1-ng),(i1-a1),(i1-01),(-i1),G-yv).(k-a1),(k-e1),
(k-u),(l-a1),(I-e1),(l-i1),(I-o1),(l-u),(l-yv),(m-a1),(m-e1),(m—i1),(m-o1),(m-u),(n-a1),(n-e1),(n-i1 ),
(n-u), (n-yv),(02-u),(p-a1),(p-i1),(p-01),(p-u).(q-i1),(q-yV),(r-e1),(r-i3),(-u),(s-a1) (s-81) (s-i2).(s-u).
(sh-a1),(sh-e1),(sh-i3),(sh-u),(t-a1),(t-e1),t-i1 ),(t-u),(u-ng),(u-01),(u-a1),(x-i1),(x-yv),(yv-e2),
(yv-n),(z-a1),(z-e1),(z-i2),(z-u),(zh-a1),(zh-e1),(zh-i3),(zh-u)}

A tail phoneme and a head diphone can construct a inter-syllabic triphone; and so do a tail
diphone and a head phoneme. A mono-phonemic syllable with different left and right conexts will
construct a triphone across three syllables. Diphones and triphones are both speech units in
continuous speech and can be used as units in recognition system.

2.4. Phonetic phonmena in continuous speech

The speech units of continuous speech is the sum of inter- and intra-syllabic units. If diphones
are considerd, the number of units is:

di_num=(32*13-1)+170=585,;
where the first item is the number of head phonemes that multiply the number of tail phonemes
(sil-sil is not a diphone), and the second item is the intra-syllabic diphone. If triphones are used as
units,the number of triphones is:

tri_num=32*97+13*167+32%(8-1)*13+276=8463;
where the first item is the number of head phonemes together with tail diphones; the second item
is the one of tail phonemes together with head diphones, the third item is mono-phonemic
syllables in different context; the forth item is the intra-syllabic triphone (except sil).

To note that: The numbers of diphones and triphones are only reference figures because they
are calculated on the basis of 36 basic phonemes.

2.5. Choice of speech units for speech recognition
In the process of continuous speech recgonition, the speech units should be selected at first, and
then all models are constructed by training. The result of recognition is a sequence of speech
units. The selection of speech units is one of most important problems in speech recognition.
Followings are some candidates of speech units:

phoneme multi-phone semi-syllable  syllable

small > large

The simpler the units(eg.phoneme), the fewer the training data needed, but it is difficult to get
delighted results. The complex units allow more freedom for models. But at the same time, the
training data and the coefficiences of model increase. To obtain a rational stage, a lot of
recognizer have worked on speech units ( Lee, 1989; Hwang, 1993; Deng, 1994). Triphone
describes allophones in detail and is widely used by English speech recognizers. But tremendous
number of triphones give rise to more difficulties in recognition system. According to our
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statistics, the most triphones do not occur in continuous speech materials. Therefore triphones
should be classified into smaller number and the problem of un-seen triphone should be taken
into account.

In general, the speech units have great influence on recognition results. Table 3 displays some
statistical relation within and/or betweer syllables.

Table 3 The statistic numbers of different speech units between & within syllables

intra-syllable inter-syllable
phonemc 36 32*13-1
diphone 170 4 15
triphone 276 8187
initial & final 22438 38%22
semi-syllable 100+38 38*100
syllable 410 410*410

3. Speech database for recognition and recognition assesment

Providing sufficient data for training a recognizer is the prime aim of database. The activity of
constructing large speech database are more dependent on the scale and quality worldwide. The
main method in speech recognition is still Hidden Markov Model(HMM). The speech database is
crucial to the success of HMM ( Huang, 1990), phonetic phonemena in continuous speech should
be included in speech matriel to the full although it is very difficult to achieve.

Speech recognition assessment is evaluating performence of a given recognition system. The
general way is providing a set of testing data and then resulits of recognition system(recognition
rate) show the performence of the relatiye recognizer.

Both training data and testing data should include the phonetic phonemena. But testing data
should not be as large as the training one. Another significent difference between them is that the
recognition result is at first a sequence of speech units. Final speech result is not unique due to
the presence of polysements and synonyms in Putonghua. A language mode! should come in at
the end of recognition system, which can not only help recognizer to deal with such problems but
also correct errors. For this resaon, the distribution of sentence patterns should be considered in
devising testing matriels. ‘
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4. The design of material for testing a recognition system
— an example of phonetics knowlage used for speech recognition

500 sentences were collected from database of 1993 "People's Daily" as candidates of testing
sentences.

In those sentences, both sentence patterns and phonetic phenomena are included. According
to the resuits of department of Chinese, Tsing Hua University, 209 patterns in Putonghua
sentences are identified (Department of Chinese Language and Literature, Tsing Hua Univerisity,
1993). We reclassified them into 17 pattemns. To simplify the problem, only syllable and inter-
syllabic diphones were included.

A kind of entropy ( S) is introduced to describ phonetic balances:

. .
S =- Z (Pn*In(Pn))
1 ,
where Pn is the occurrence probability of the n-th phenomena and N is the number of different
units. S takes a maximum value when all Pn (n=2,...,N) are equal.

Figure 3 shows the process of collecting testing sentences. These 500 sentences include 403
syllables( “den,ei,eng,kei,io,nou,rua” are absent ) if tonal distincton is suppressed. It covers 95%
sliables and 80% diphones.

Table 4 reports the phonetic phenomena in testing sentences.

Sentence Canditates

if Nq. of sentences
> 500

if values of entropy
increase ?

Test-set

Figure3 The process of collecting test sentenses
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Table 4 The phonetic phenomena in 500 test sentences

syllable inter-syllable
Total number 410 415
appearance 403 323
sum of appearance 6181 6640
. Max. value of S 6.016 5.955
S 5.177 5.169
5. Discussion

Among very large number of allophones in continuous speech, only a small part often appears.
What the further work should be directed to give a set of rational allophones of Putonghua from
two aspects. The first one is on the linguistic level, and the second is on the acoustic-phonetic
level. Statistics on large speech materials will give an evaluation to all possible allophones on the
linguistic level. Labeling continuous speech and studying transitions between connected
syllables will give allophone classification on the acoustic-phonetic level.
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