
STUDY OF VOWEL VARIATIONS FOR A MANDARINSPEECH SYNTHESIZERChilin ShihAT&T Bell Laboratories600 Mountain AvenueMurray Hill, New Jersey 07974 USAABSTRACTThis paper reports the results of an acoustic study ofMandarin Chinese that was carried out for the AT&TMandarin text-to-speech system. We present the op-timal classi�cation of vowels for the purpose of thesynthesizer, and discuss some coarticulation e�ectsand their implications for the collection of acousticinventory elements. We are able to achieve excel-lent speech quality with a diphone-based concatena-tive system. 1. INTRODUCTIONSmooth connection and compatible direction of for-mant trajectories are two crucial issues that need tobe addressed to insure the success of a concatenativespeech synthesis. It is apparent why smooth connec-tion is necessary. In a hypothetical case depicted inFigure 1, the F2 of the diphone unit m-a is not com-patible with that of the diphone unit a-t. Connectionlike this causes unpleasant glitches in the synthesizer.A perfect match in the formant space, however, is notsu�cient, Figure 2 depict another hypothetical casewhere the formant values of the two units match, butnot the direction of the formant trajectories. Connec-tion like this may lead to the perception of two soundswhen one is intended. It is therefore important tohave a good understanding of the acoustic propertiesof the speech sounds and the coarticulation e�ects ofa given languages to avoid the two problems describedabove.In the followingwe describe the results of such a studyon Mandarin Chinese. Averaged formant values ofvowels glides, and diphthongs are given in Sections3, 4 and 5 respectively. Coarticulation e�ects will bediscussed in Section 6.2. DATANonsense words covering all Mandarin vowels in allpossible diphone contexts were embedded in framesentences and were recorded by one male BeijingMandarin speaker. There were three types of framesentences to allow key words to be placed in the ini-tial, medial, and �nal positions of a sentence. Morethan 3000 tokens were collected and analyzed. Val-ues of the �rst three formants are taken at 20%, 35%,

F1

F2

F3

m−a a−tFigure 1: Incompatible formant values50%, 65% and 80% of the vowel duration. The �rstand last 20% of the vowel duration are excluded fromthe study because we in general avoid those regionwhile selecting cutting point of the acoustic inventoryelements. The database is rich in contextual e�ectsand allows us to systematically study both the mag-nitude and the duration of coarticulation e�ects onvowels. 3. MONOPHTHONGSThe vowel classi�cation of this study is similar to thephonetic description of [1, 6], and the formant valuesconform in general with previous acoustic studies ofMandarin vowels [3, 8]. Figure 3 shows the medianvalues of the �rst three formants (represented as 1,2, and 3 respectively) of 11 monophthongs. Thereare three high vowels [i], [U] and [u], representingthe front unrounded, the front rounded, and the backrounded vowels respectively. There are also two api-cal vowels [%] and [$], the former only co-occur withretro
ex consonants and the later with dental conso-nants; the tongue positions inherit those of the pre-ceding consonants. [R] is a heavy retro
ex vowel.As expected, it has the characteristic lowering of F3of a retro
ex sound. Moreover, this is a very stablevowel due to a phonotactic constraint that it cannotco-occur with any other sound in the same syllable,which, if present, is the primary cause of coarticula-tion e�ects. The mid vowels include [e], [E], and [o],representing the mid front vowel, the schwa, and themid back vowel respectively. [@] is a variant of [a] that
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F3Figure 2: Incompatible formant trajectories
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YFigure 4: Formant values of glides and high vowelsis fronted and raised in the environment of a followingalveolar nasal. This sound is treated as distinct from[a] in the synthesizer because of the big di�erence inF2 between the two sounds. Distinguishing [%] from[$] and [@] from [a] allow us to avoid the problem ofincompatible formants depicted in Figure 1.4. GLIDESOne issue about glide that is relevant to speech syn-thesis is whether they are su�ciently similar to highvowels that one can used high vowels in their places.Doing so has the advantage of reducing the number ofnecessary acoustic inventory elements (in our cases,they are primarily diphones). There are three on-glides in Mandarin, [y], [w], [Y], representing the frontunrounded, the back rounded, and the front roundedglide respectly. The formant values of the glidesare shown together with corresponding high vowelsin Figure 4. Again, the median values of the �rstthree formants are plotted as 1, 2, and 3 respectively.the front unrounded [y] has a very di�erent formantstructure than its corresponding high vowel [i], andthe front rounded pair [Y] and [U] are somewhat dif-ferent. In both cases, the on-glides have lower F2 andF3. The back rounded glide [w], on the other hand,has very similar formant structure as the back vowel[u]. Currently we do not merge glides with vowelsin the synthesizer, but apparently one can at leastmerge [w] with [u] without much ill-e�ect.5. DIPHTHONGSAlong the same line as the issue of the glide, a ques-tion of interest to the application of speech synthe-sis is whether diphthongs can be treated as combi-nations of vowels nucleus and o�-glides. If this ispossible one could save quite a number of acousticinventory elements without sacri�cing speech quality.Unfortunately, our study shows that, with the excep-tion of [O], the vowel nucleus of a diphthong is typi-cally di�erent from the corresponding monophthong,which leads to our decision to represent diphthongsas whole units, rather than as combinations of vow-els and o�-glides. Figures 5, 6, 7, and 8 show theformant trajectories of diphthongs [I] (ay), [W] (aw),[A] (ay), and [O] (ow) together with correspondingmonophthongs.
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IFigure 5: Formant trajectories of [a] and [I]In Figure 5 the formant trajectories of diphthong [I]are compared to those of [a]. Note that the F2 of [I] ishigher than that of [a] throughout the entire durationof the vowel. One way to compute the degree of for-mant discrepancies is to take root mean square (rms)di�erence of the three formants at selected points ofthe two sounds in question. The rms values compar-ing the 20% point of [I] with 20%, 35%, 50%, 65%and 80% points of [a] are 163, 169, 169, 167, 153respectively. In contrast, the baseline rms values ob-tained by comparing a sound to itself are small. Forexample, the rms values comparing the 20% pointwith the other four positions of [a] are 21, 31, 32, and29 respectively. What these numbers suggest is thatthe nucleus of [I], supposedly an [a] like vowel, is notsimilar to any cross-section of the monophthong [a].The discrepancies between [W] and [a] as well as thatbetween [A] and [e] are smaller, but still, even thesmallest rms value, 77 between [W] and [a] and 47between [A] and [e], are considerably bigger than thebaseline value. Interestingly, in all three pairs so farthe smallest rms values are obtained from the 20%point of the vowels. In other words, diphthongs [I],[W], and [A] are most similar to the beginning portionof the corresponding monophthongs.Diphthong [O] presents a di�erent picture. It is quitesimilar to the monophthong [o], the set of rms valuescomparing the 20% point of [O] with all �ve pointsof [o] is 111, 97, 79, 52, and 9. What these numbershow is that the formant values of [o] are changingand they become progressively similar to [O]. By the80% point of [o] the formant values are identical tothe 20% point of [O] in the sense that the rms valuethere is only a fraction of the baseline value obtainedfrom [a].
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WFigure 6: Formant trajectories of [a] and [W]
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aFigure 3: Formant values of Mandarin vowels
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AFigure 7: Formant trajectories of [e] and [A]6. COARTICULATIONOur database reveals many interesting coarticula-tion e�ects in Mandarin. Neighbouring sounds arethe cause of coarticulation e�ects, however, di�erentsounds may respond to the in
uence of surroundingsounds in di�erent ways [2, 7, 4, 5].When coarticulation e�ects persist through most ofthe duration of the vowel, or when there are signi�-cant changes in the direction of formant trajectories,it will be necessary to collect context-sensitive unitsto avoid connecting incompatible diphone units in thesynthesizer. In the following we discuss two di�erentpatterns of coarticulation e�ects that result in di�er-ent solutions for the speech synthesizer, the coarticu-lation e�ects of the schwa [E], and of the low vowel [a].In the case of [E] it is necessary to split the phonemeby context to ensure smooth connection in the syn-thesizer. In the case of [a] no splitting is needed eventhough the coarticulation e�ects are quite strong.Figure 10 compares the formant trajectories of [E] indi�erent contexts. The �ve points on the x-axis cor-
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E(N), (w)E(N)Figure 10: Coarticulation e�ects on [E]respond to the 20%, 35%, 50%, 65%, and 80% pointsof the vowel duration. Averaged formant frequenciesare plotted on the y-axis.In the left-hand panel, solid lines are the average for-mant values of all the [E]'s in our database, dottedline are the average formant values of all the [E]'s inthe [EN] context, where [N] is an alveolar nasal coda,and dashed lines are the average formant values ofall the [E]'s in the [EG] context, where [G] is a velarnasal coda. The F2 of [E] in the [EN] context is higherthan that of the average [E], while the F2 of [E] in the[EG] context is lower. The directions of the coarticu-lation e�ects are expected and are perfectly consistentwith the anticipated tongue positions of the followingsounds. However, the e�ects are already present inthe �rst 20% of the vowel. In addition, the magni-tude of the e�ects are strong. The di�erence in theF2 of [EN] and [EG] ranges from 300 Hz at the 20%point to 600 Hz at the 80% point.The right-hand panel of Figure 10 show additionalcoarticulation e�ect caused by the back rounded on-glide [w]. The solid lines plot the formant trajecto-ries of all the [E]'s in the [EN] context, in contrastto the formant trajectories of [E]'s in the [wEN] con-text, which are plotted in dotted lines. A preced-ing [w] lowers the F2 of [EN], making it similar tothe F2 of [E] in general. However, [wEN] is a poorsource of general purpose diphone units, which typi-cally have relatively 
at F2 trajectories. Connectinga unit taken from [wEN] with rising F2 with otherunits with 
at F2 will create a problematic situationdescribed in Figure 2. Based on the coarticulation
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Figure 9: F1 and F2 of (y)a vs. (w)a
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a, (w)aFigure 11: Coarticulation e�ects on [a]e�ects observed above, we collected a triphone unit[wEN], and two sets of diphone units, one set takenfrom and used in the [N] context, the other set takenfrom and used in the rest of the contexts.It should be noted that Mandarin [E] may receivedstress just as any other vowels do. [E] is not in itselfa reduced vowel, although vowel reduction is realizedas centralization and in extreme cases the resultingvowel quality is indistinguishable from [E]. The coar-ticulation e�ect discussed here is not a result of vowelreduction.Not all strong coarticulation e�ects call for context-sensitive units. Plots in Figure 11 show the in
uenceof [y] and [w] on the low vowel [a], respectively. Theaverage formant values of [a] are plotted in solid lines,contrasting the dotted lines representing [a]'s in [ya]in the left panel and [wa] in the right panel. A pre-ceding [y] has the e�ect of raising F2 and loweringF3, while a preceding [w] has the e�ect of loweringF1 and F2. The coarticulation e�ects of [y] and [w]are long-lasting, still present 65% into the vowel's du-ration, but after that the formant values come closeto the averaged [a] values.We examine the situation more closely in Figure 9,which is a scatter plot of F1 and F2 values taken fromthe mid point of all the [a]'s. The plotting symbol [y]represents the [a]'s preceded by [y], and the plottingsymbol [w] represents the [a]'s preceded by [w]. Allother preceding contexts are plotted with a period.

The [y] and [w] populations are separated on the F2dimension but some extreme values come close. Thewide range on the F1 dimension is caused by othercoarticulation e�ect, i.e., nearly all samples with F1lower than 700 Hz are followed by [G]. The gap be-tween the [y] and [w] population is also bridged by therest of the [a] which lies in between them. The merg-ing formant values and the leveling of the formanttrajectories suggest that, despite the strong coartic-ulation e�ect during the �rst half of the vowel, nocontext-sensitive diphones of [a] is needed for the ob-served di�erences.7. CONCLUSIONSThe current study provides necessary informationthat enable us to devise a proper classi�cation ofMandarin vowels for a concatenative speech synthe-sizer. Contexts that cause strong coarticulation ef-fects are identi�ed and studied, which allow us tomake informed choices on the selection of acousticinventory elements for the Mandarin synthesizer.8. REFERENCES1. Y. R. Chao. A grammar of spoken Chinese. Uni-versity of California Press. Berkeley 1968.2. C. A. Fowler. Coarticulation and theories of extrin-sic timing. Journal of Phonetics 8. 1980, pp.113-133.3. J. M. Howie. The vowel and tones of MandarinChinese: Acoustical measurements and experi-ments. Doctoral dissertation. Indiana University1970.4. R. D. Kent and F. D. Mini�e. Coarticulation inrecent speech production models. Journal of Pho-netics 5. 1977, pp.115-117.5. B. Lindblom. Economy of speech gestures. in P. F.MacNeilage ed. The production of speech. Springer-Verlag. New York 1983, pp.217-245.6. J. Norman. Chinese. Cambridge University Press.Cambridge 1988.7. D. H. Whalen. Coarticulation is largely planned.Journal of Phonetics 18. 1992, pp.3-35.8. Z. J. Wu and M. C. Lin eds.: Shiyan YuyinxueGaiyao [Experimental Acoustics]. Higher Educa-tion Press. Beijing 1989.


