
 

Proceedings of the Institute of Acoustics

FORMANT FREQUENCIES OF POLISH VOWELS AS CUES TO ALLOPHONIC VARIATION

J Kles'ta

Adam Mickiewtcz University, Institute of Linguistics, Poznan, Poland

1. INTRODUCTION

The main aim of the present work is the identification of phonetic contexB which cause strong and regular
modifications of the acoustic features of Polish vowels. The research is fiilly based on the formant data contented in
the phonetic-acoustic database of Polish vowels described in [l]. The analysrs of the modifications concentrates on
identifying consonantal contexts inducing significant shifls in the Ft and F2 values ofa given vowel for all speakers.
Tala'ng into account the capacity limitations of the database as well as Dukiewicz's statement [2] that the most
strongly modifying contexts in Polish are the palate] and the nasal ones, we decided to examine the effect of these two
context on relative shifis in the first two formant fiequencies of Polish vowels. According to Lobacz [3], the effect of
the preceding consonant is stronger than that of the following one and Genet [A] says that there is a considerable
difference between the modifications induced by a unilateral and a bilateral context ofa given type. For these reasons
it was decided that left-hand. right-hand and bilateral contexts should be studied separately It was also necessary to
consider separately complex nasal—palatal contexts. which were included to the database. As vowels in the final
position strongly coarticulate with srlrwa [ e ] (cf. ['2], [5]). vowels located at the end of a word were additionally
investigated as being in a specific context

2. GENERAL RESULTS

The vowel data contained at the acousticvphonetic database were grouped, mathematically processed, and confi'onted
with the results of other experiments presented in the literature. Table 1 includes the average values of the tenants Fl
- F5 for the individual Polish vowels. calculated on the basis ofour database

                

As can be seen. die largest variation related to the vowel quality concerns formants F1 and F2. F3 assumes similar
values for all the vowels except [ i L for which it 15 considerably increased (by-21,8R% for women and by 20,09% for
men in relation to the average F3 value for all the other vowels). Higher formants - F4 and F5 - display significant
stability throughout all the vowels, which is espectally distinct for male speakers. These results seem to confirm the
earlier statements ([6], [7], [8], 9], [10]) to the effect that only the values of Fl and F2 are directly related to the
phonetic quality of vowels andthat the higher formants must be responsible for other VDWe] features (for example
speaker—specific as suggested by Mokhtari et at [10])
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,As far as the variation range of individual fonnants is concerned. Fant [l l] writes that me Formant values ofa given

vowel realized in isolation by a group of speakers are characterized by the following standard deviation values (SD):

n)male: Fl — 35H; l-‘Z - 90 Hz,and F3 — 130 Hz

b) female: Fl — 45 Hz, F2 — 130 Hz, and F3 — 240 Hz

As can be conclude from the clam contained in the base, the standard deviation is about twice as high when we

consider vowels spoken in one- or two-syllable words with diversified phonetic contexts rather than in isolation. The

average standard deviation values calculated on the basis of our database contents are as follows:

a) male: Fl — 711-11, F2 — 150 Hz, and F3 - 265 Hz.

b) female: Fl — 97 Hz, F2 — 182 HL and F3 — 236 Hz

As {or the standard deviation of FA and F5, it is only slightly higher than the SD of F3 in spite of the fact that F4 and

F5 assume values in a considerably higher fi'equency range than F3 (of. table 1). The SD for F4 and F5 was as follows:

a) male F-l — 257 Hz, F5 — 287 Hz.

b) female: F4 - 297 Hz, F5 — 333 Hz.

The relatively slight variation of these formant values throughout the speakers may mean that energy concentrations

above the frequency of the third formant are not only independent of the vowel phonetic quality but also of the

speaker-specific feanues. It might suggest that the energy concentrations ur the frequency ranges of F4 and F5 are not

connected with the production of a vowel of a given timbre or with the construction of a given articulatory apparatus

but are generally characteristic of the vowel-type phonetic segment production. This hypothesis, however, would

require a wide ruulti-langmge research which goes farbeyond the scope of the present work.

Fant [l2] claims that the difi‘erences between the values of the first three fonnants for men and women average [7%.

On further research [1 l] he states that the differences are actually slightly larger and they range from l8% to 20%. On

the basis of the material hivestigared in this paper it has been found that they can be even larger and on an average

they amount to 26% for F1, 20% for F2, and 14% for F3. The differences for F4 and F5 averaged respectively 30% and

34%. his especially remarkable, however, that the comparison of the second ionnant values of the vowel [ u ] for

male and female voices yields entirely dirferent results. F3 in vowels produced by women is only 5% higher than in

male articulations. This irregularity has been reported in the literature and its evplanation is still being worked on [II].

Table 2 presents average values ofthe tonnaan Fl-FA for Polish vowels spoken in isolation. The results contained in

the table have been calculated from the raw data published in [14].

Table 2. Averagefleranl Valuer/m Palr:h vent-l: realtflu'm mtanm
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According to Lobacz [3], "...the values of F1 and F2 are much more stroneg affected by context than by variations In
speech rate." and further "When isolated vowels are compared Wflh vowels in phrases, the greatest differences are
observed in the F2 values of the most retracted Vowels, which have low F2. In consonantal context F2 of those vowels
is, on an average, about 400 Hz higher than in isolation," It follows from the calculations performed for the present
study that these differences are smaller when we consider vowels at single words imtead of vowels in phrases. The
relevant ditferences averaged l28 Hz for [ o] and 249 Hz for [ u ]. This doesn‘t alter the fact‘ howevsr‘ that the
realizau'on ot‘any vowels in context is comtected with their centralization in relation to their realization in isolation,
which is most clearly depicted by the articulation polygons in figures 1 and 2. This phenomenon was also partially
confinned in identification tests 115], where the presentation of any vowelwithout the context it had been realized in
resulted in a shifi in its identification towards schwa [ a ] i.e. the so-called neutral (central) vowel.
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This cemmlimllon, which is different for different vowels, resulted, inthe present study, in a similar range of F2 values

for the pairs ofvowels [ i 1 /[ c ] and l o 1/ [ u ] (see figures I and 2) ‘lhe centralization was also a Factor mat

conuibuted partially to the overlapping of F2 variation ranges for the vowels [ i l. I i ], and [ e ], which was observed

in the case of some speakers. 'l'he main source of this frequency range overlap was, however. the allophonic motion

of fonnant values related to the appearance of vowels in different contem, which will be the topic of the next

sections,

3. REGULAR CONTEXTUAL FORMANT VALUE MODIFICATION S.

As the aim of the research was to identify regular relative shifts in formant values, it was necessary to determine, for

each vowel and each speaker, the so-culled neutral values of formants, related to the appearance of vowels in neutral

contexts, which would be the reference values for any shifi calculations. ll tumed out that the determination of such

reference values was not a simple task. One of the possibilities was to assume as the contextually non-modified values

(Le. neutral values) formant frequencies fi'orn sustained vowels. However, vowels articulated in this way, which have

been used in numerous experiments ([11], [M], [16]), are characterized by very long duration (2,5 - 5 sec.) and they do

not have much to do With the vowels [mm natural rate speech. As Fant [l 1] says, vowels realized like that have much

more to do with singing than with natural human speech. For this reason, as Lobacz [3] claims, typical F] and F2

ranges for isolated vowels cannot be used in research on continuous speech.
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Another alternative was to use vowels of natural duration, spoken in isolation. One has to remember, hOWever, that
this land of vowel realization in Polish is always connected with the articulation of a glottal stop [7] preceding the
vowel. So it would be Very risky to assume that a single phonetic segment being an element of consonantal systems in
other lanyages (in some forms of standard English the glottal stop ['r’] is an ailophone of the phoneme [I], realized in
words like certain or button, cf. [17]) is the only determinant ofthe neutral vowel ccntcxt m Polish.

An additional disadvantage of the above two solutions would be the necessity to refer in our calculations to figures not
included in the database of Polish vowels as the base only contains formant values of vowels produced in various
consonantal contexts. Thus, it was necessary to search for the neutral formant values within our database. If the base
contained a sufficient number of data including all the existing contexts of Polish vowels, it would be possible to
assume that the best representations of the neutral formant values are their averages, calculated on the basis of the Fl
and F2 values characterizmg vowels appearing in all the potential consonants] contexts, It transpired, however, that the
base is not only limited in size but also has highly non-uniform distribution of pam'cular phonetic contexts It was
especially conspicuous that as many as fifieen contexts of the vowel [e], out of twenty contained in the base (ie.
75% , were palatal. Moreover, six ofthcm (40%) were bilaterally palatal contexts. Similarly, twelve out of eighteen [o]
contexts included in the base (67%) were nasal. This non-unifomr representation of particular contexts made it
impossible to determine any avmrge formant values which might be used as reference Values in further calculations.
At the same time. it is highly interestmg that the representation of the palatal contexts of [e] and the nasal contexts of
[o] is so high in a database which was based in its construction on me word fiequency rates. While the high
proportion of nasal contexts for the vowel [0] may be partially due to the assumption of phonemic status for the
phones [I] and [ W] in the present work, it might also suggest that these two contexts are the most frequent ones for
the above two Polish vowels. However, the confirmation of this hypothesrs would require wide distribution research in
the domain oi‘phonetie contexts.

For all the above reasons it was finally decided that the reference formant values In the present study would be the
average values of vowel formant frequencies in contexts which are known not to be strongly-modifying according to
the results of articulatory phonetics research. In other words, we decided to use formant values characterizing vowels
realized in contexts which are neither palatal, nor nasal or word-final and these contexts will be called ‘neutral‘
henceforth.

Afierwards, a tentau've analysis of contextual formant value variation was carried out. The average F1 and F2 values
of a given vowel in a given context were compared with the average Fl and F2 values of this vowel in the neutral
context for each speaker separately. The aim of the analysis was to identify contexts which induce regular formant
shifts in a given vowel for at least 90% ofspeakers (ie contexts which cause an increase or a decrease of F1 or F2 in a
given vowel for at least 9 out of It! speakers whose data are contained in the base).

4. ANALYSIS RESULTS AND STATISTICAL VERIFICATION

A5 a result of the analysis described above, we singled out (for six vowels altogether) a group of l 7 contexts involving
regular modifications of vowel fan-naan for all the ten speakers and a group of 14 contexts which caused regular
vowel formant modifications for 9 speakers (ie. 90% ofthe subjects).
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  Tab! 3 Gm! I connected WK!“ mular anmm value mod: calron: or all them ab am.

mm. '

  

+ RIGHT PALATAL

LEFFNASAL / PALATAL

RIGHT PALATAL DECREASE

RIGHT PAIATAL lNClLB‘sSE

IHTNASAL + RIGHT FALATAL INCREASE

LEI-T PALATAL + RIGHT NASAL INCREASE

LEFT PAIATAL + THE VOCDED U1 INCREASE

LEFT PALATAL + RIGHT NASAL/ PALATAL INCREASE

RIGHTNASAL/ PALATAL lNCREASE

LE7! NASALI PALATAL DECREASE

LEFTNASAL I PALATM. INCREASE
l‘NCRmsE
DECREASE
NCREASE

 

Blot-IT NASAL
LEI-T PALATAL INcmse
LEIrr PALATAL Became
LEFTPALATAL INCREASE
MATERIAL PAIATAL DECRl'mSE

2mmPAIATAL INCREASE
wrn-I THE vocom Ln INCRFASE
Let-T PALATAL + Iucn'r NASAL IPALATAJ. DECREASE
LEFI'NASAL INCREASE
RIGHT NASALIPALATAL INCREASE
BlLA'flERALNASAL DECREASE
meats-m. INCREASE
man-r pm‘rar. DECREASE

 

As the modification regularities determined above were based exclusively on the comparison of average formant

values, it was necessary to many out an analysis testing the existence of statistically valid differences between Fl and

F2 frequencies in the neutral context and their values in particular modificational contexts.

The aim of the analysis was to accept the altemative hypothesis H1, stating that formant values in the neutral context

and their values in a given modificational context are data samples belonging to two different statistical populations

(whlch is tantamount to establishing the existence of statistically valid ditl‘erenoes between them). Therefore, it was

necessary to reject, in die course of the statistical analysis, the HQ hypothesis stating that both samples belong to the

same data population.

The statistical analysis was performed with the aid of the \Vilcoxon rank test. The test critical values ww(a.) and w ‘m

(a) were calculated for each phonetic context considered in the analysis and the W statistic was calculated for each

speaker and each context. The W statistic value was an expression of similarity between a given speaker's formant

Values in the neutral context and his formant values in the modificational context. lf the W statistic value for a given

speaker and a given context exceeded the (wn,l (a);w 'M (a)) range, it was possible to reject the Ho hypothesis and

to accept the alternative hypothesis H‘ stating the existence of statistically valid diflerences between fonnnnt

values in the neutral context and their values in a given modificationnl context (for a given speaker and

vowel). Otherwise (when w,”II (a) < W < w ’u, 01.)), the rejection of the Ho hypothesis was unposslble and it was

necessary to assume that the differences between the values from the above mentioned two samples weren’t

statistically valid. The analysis was performed with the standard confidence level 1 - a. = 95%.
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Table 6 contains (h: critical values of {he Wilcoxcn lest for all the comexts consldm‘cd as well as W statistic values
related to Ihese cantexls for all vhe Ienspeakers The lasl column of the table includes the number of subjects for
whom thc djl‘fmnces under invcstigalim proved to be statistically valid.

Tabic a. m rnncal pal/U: aflhz warm-l Inst/Errpamcular comm: and Ma li'nafim’c w/mfar {mm-(dual {DE/1km.
Gama: connected mm mgular modlficmoufir we as ofllm sub/'12:]: amp/med m m- uppcrpa/roflha tabla,

Ina-2.5g: mularfirvoeso’tl‘ b l :I    
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[ i I LEFT NASAL'
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I e ] LET PAL ‘

Juan-r ms“.
LmPAMn']
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TRIGHT
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ms». I m.
LEFK'
NASAL / PAL.
LEI-T PALATAL

11me
PALATAL
BEL-\TERAL
PALA‘I’AL
WORD-FINAL
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LETI' PALATAL

 

LEPr PALATAL
BMTERAL
PALATAL
IIme
PALATAL

l WITH I T ]
Lm Pmr.+
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LEIT PAM'IAL

RIGHT
PALATAL
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As a result of the statistical analysis. it was ascertained that there are three phonetic contexts connected with regular

and statistically valid modifications of formant values for all the subjects. Additionally, it was determined that there are

8 contexts involvingthis kind of modifications for 9 out often subjects Le. for 90% of the speakers. The relevant

contexts are presented in table 7.

  rum willl slulirn'ml vnlr'

[ e 1 LEI-‘1' PALATAL + RIGHT NASAL INCREASE
[e 1 LEFT PALATAL + THE vocou) U1 INCREASE -
[ ] LEFT PALATAL + RJGHT ' INCREASE

BILATERAL PALATAL
BILATERAL PALATAL INCREASE

 

RIGHT NASAL / PALATAL INCREASE

LEFT NASAL I PALATAL DECREASE

LEFT NASAL / PALATAL [NCREASE

LEFT NASAL + RIGle PALATAL INCREASE

LEFI‘ NASAL + RIGHT PALATAL INCRE RE

BILATERAL PALATAL INCREASE

 

As for the bilateral palatal context of the vowel [e], the tenth speaker was characterized by a slight formant value

modification in the opposite direction to what was the case with the other speakers (both for Fl and F2). Therefore. we

decided to uphold the claim that at the confidence level 1 - a. = 95% this context involves statistically valid

modifications of formant values {or 90% of speakers. 1n the case of thc other contexts we decided to calculate the

confidence level a. at which (he modifications of the given formant values are statistically valid for all the ten speakers

The I-St'udent statistical test was used for this purpose. The maximum confidence levels I — a. at which the differences

between the compared samples are still statistically valid were calculated forlpam'cular contexts and speakers. The

minimum value for a given context (included in the column 1 - a. of table Bums, at the same time, the madmum

confidence level III which the difi'erenccs between formant values in the neutral context and in a given modificatinnal

context were statistically valid for all the ten speakers As can be soon in table 8. in some cases the maximum 1 — a.

level ranged fiom 80% to 90%, in other cases. however, it was much lower and it reached only about 50%.

Table 5. The tru’niuwn a at whxch the dbf'imncsr are gamma-ally valid/777 theindile pmkerr.

43.67 '3’-

 

45.“ Va

 

“.0691:

  

90.37 %

  

83.79 Pi:

            

70.09 7’0
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5. FINAL CONCLUSIONS

In the course ofthe investigation we have identified three contexts ofthe vowel [e] which always involve a statistically
valid increase ofthe second formant ofthis vowel:
0 led palatal context + right nasal context
0 [ch palatal context 1 the vocoid [I]
6 hell palatal context + tight nasal-palatal context
It is remarkable that none ofthe three contexts was a simple unilateral nasal or palatal context. On the contrary, all of
them were complex bilateral contexts involving nasalizntion and palatalization at the same time.

With an acceptable confidence level (709 - 90%) we can also consider as general and statistically valid an increase of
F2 offlte vowel in the following four contexts:
a the lefl nasal-palatal context of the vowel [e]
0 the lefi nasal + the right palatal context ofthe vowel [i ]
o the lefi nasal + the right palatal context ofthe vowel [i]
9 the bilateral palatal context ofthe vowel [0]

Another strong contexmal fomtant modification that however, doesn’t apply to all the speakers is a decrease of Ft
With a simultaneous utcrease of F2 of the vowel [e] in the bilateral palatal context wluch is in accordance with
Gonet‘s results [4].

The fact that all the above formant value modifications display stau'stical validity and that they are typical of all the

subjects whose data were analyzed in the research gives foundation for distinguishing nasal-palatal allophones of die
relevant vowel phonemes. However. a precise description ot‘those allophones in acoustic terms is still very ditficult as

the extent of modifications wasn‘t identical for all the speaker's. Usually, the relative formant shins in relation to meir
values in the neutral context averaged 20% but in the case of some speakers they ranged from 15% to nearly - ",6.
Furthermore, we have to remember that our data corpus included articulations of ten speakers only and any

generalization ofthe obtained results requires further research on a larger scale Nonetheless, the results of the present
work should be taken into consideration m the design of automatic speech recognition systems as Well as in the
realization of speech synthesis by rule
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