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L INTRODUCTION

The main aim of the present work is the identification of phonetic contexts which cause strong and regular
modifications of the acoustic features of Polish vowels. The research is filly based on the formant data contained in
the phonetic-acoustic database of Polish vowels described in {1]. The analysis of the modifications concentrates on
identifying consonantal centexts inducing significant shifts in the FI and F2 values of a given vowe] for all speakers.
Taking into account the capacity limitations of the database as well us Dukiewicz's statement [2] that the most
strongly modifying contexts in Polish are the polatal and the nasal ones, we decided 10 examine the effect of these two
contexis on relative shifls in the first two formant frequencies of Polish vowels. According to Lobacz [3], the effect of
the preceding consomant is stronger than that of the following one and Gonet [4] says that there is o considerable
difference between the modifications induced by a unilateral and a bilateral context of a given type. For these reasons
it was decided that lefl-hand, nght-hand and biiateral contexrs should be studied separately. Tt was also nacessary [o
consider separately complex nasal-palatal contexts, which were inchuded in the damabase. As vowels in the final
pesition strengly coarticulate with scfwa [ 2 ] (ef [2], [5]) vowels located at the end of a word were additionally
mwestigated as being in a specific context.

2. GENERAL RESULTS
The vowel data contained in the acoustic-phonetic database were grouped, mathematically processed, and confronted
with the results of other experiments presented in the literature. Table 1 includes the average values of the formants Fl
- F5 for the individual Polish vowels, caloulated on the basis of ous dajabase.

Tabie L. Average jormisnl values for Polish vowels reaitzed in veriows coMsonental conlzals.

¥ 7o FIx JgE7

i 358 1742 FRED] 3338 A8
[ 474 1750 206 3337 3011
L] 620 1313 243 3179 34
o 491 1025 2188 2323 381
[u EEE] 918 2156 JHE 1 3708

As can be seen. the largest vanation related to the vowel quality concems formants F1 and F2. F3 assumes similar
values for all the vowels except [ i1, for which it is considerably increased (by 21,88% 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 ail the vowels, which is especially distinet for male speakers. These results seem to confirm the
earlier statements ([8], (7], [8], [9], {10]) to the effect that only the values of ¥! and F2 are directlv related to the
phonetic quality of vowels and that the higher formants must be responsible for other vowel features (for example
speaker-specific as suggested by Mokhtar at al [10]).
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As far as the variation range of individual formants is concemed, Fant.[11] writes that the forrant values of a given
vowel realized in isolation by a group of speakers are characterized by the following standard deviation velues (SD):

a)male: F1 — 35Hz F2 — 90Hz and F3 - |30 Hz
by famale: FI — 45 Hz, F2 — 130 Hz, and F3 — 240 Hz.

As can be concluded from the data contained in the base, the slandard 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 caleulated cn the basis of our database confents are as follows;

a)male: F1 — 71 Hz, F2 — 150 Hz, and F3 = 265 Hz.
b) female: F1 — 97 Hz, F2 — 182 Hz and F3 — 236 Hz.

As for the standard deviation of F4 and FS, it is onty slightly higher than the SD of F3 in spite of the fact that F4 and
F5 assume values in a considerably higher frequency range than F3 {of. table 1). The SD for F4 and F3 was as follows:

a) male: F4 — 257 Hz, F5 — 287 Hz.
b) female: F4 — 297 Hg, F5 — 333 Hz

The relatively slight variation of these formant values throughout the speakers may mean that energy concentrations
abave the frequency of the third formant are not only ndependent of the vowel phonelic quality bw dso of the
speaker-specific features. It might suggest that the encrgy concentrations in the frequency ranges of F4 and F5 are not
connected with the production of a vowel of 2 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, weuld
require a wide multi-languige research, which goes far bevond the scope of the present work.

Fant [12] claims that the differences between the values of the first three formarits for men and women average 17%.
Om further research 11] he states that the differences are actually slightly larger and they range from 18% to 20%. On
the basis of the material investigated in this paper it has been found that they can be even larger and on an aversge
they amount to 26% for ¥1, 20% for F2, and 24% for F3. The differences for F4 and F5 averaged respectively 30% and
34%. It is especially remarkable, however, that the comparison of the second fonmant values of the vowel [ u ] for
male and female voices yields entirely different results. F3 in vowels produced by women is only 5% higher than in
malz articulutions. This irregularity has been reported in the literature and its explanation is still being worked on [13].

Table 2 presents average values of the formants F1-F4 for Polish vowels spoken in isclation. The results contained in
the table have been caleulated from the raw data published m [14].

Table 2. Average formant values for Polish vowels realized tn wzolansn,
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According to Lobacz [3], "..the values of F1 and I2 are much more strongly affected by context than by variations in
speech rate.” and further "When isolated vowels are compared with vowels in phrases, the greatest differences are
observed in the F2 values of the most refracted 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 caleulations performed for the present
study that these differences are smaller when we consider vowels in single words instead of vowels in phrases. The
relevant differences averaged 128 Hz for [ o] and 249 Hz for [ u ]. This doesn't alter the fact. however, that (he
realization of any vowels in context is connecied 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 phenomencn was also partially
confinned in identification tests {15], where the presentation of any vowel without the context it had been realized in
resuited in a shift in its identification towards schwa { » ] i.e. the so-called neutral {central) vowel.

Frequancy of F1 (Ha x 188(linear)}

26 24 20 1816 12
Frequency of FZ (Hz x ml(lngarlthnlc))

‘15 .’ A.r':cma.’lan pa[_-.g ons l‘br Pr:-h:.v’ \lawle :pau.u by uzmm (averr.éc valus
Bold Iing - vowels n costest, fin fine - vowels in 15olation (based on tables | .zuaf 2.
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Frequency of F1 (Hz x 188(1inear))

24 Zb 18 1614 12 19 7

9 B
Fraguancy of F2 {Hz x 188{logarithmic))
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SR FI; 5 Irmb:io’_r:p“aﬂbfg‘;ns _ford.“”bf‘l-:h vowels ;pﬁli'e; bjl}m’me vc!ue;i

Bold dtne - vowels in comiext, thin ling - vowels in leolatiost (based on tables 1 and 2).
This centralization, which is different for different vowels, resulted, in the present study, in a similar range of F2 values
for the pairs of vowels [i ]/ ¢ ] and | o}/ [ u ] (see figures | and 2). The centralization was also a factor that
contributed purtially 1o the overlapping of F2 variation renges for the vowels { 1 ). [ i |, and [ & ), which was observed
in the case of some speakers. The main source of this frequency range overlap was, however, the allophonic vanation
of foriuant values related to the appearance of vowels in different contexts, which will be the topic of the next
sections.

3. REGULAR CONTEXTUAL FORMANT VALUE MODIFICATIONS.

As the aim of the reseurch was to identify regular relative shifts in formant values, it was necessary to determine, for
each vowel and each speaker, the so-calted neutral values of formants, related to the appsarance of vowels in neutral
contexts, which would be the reference valuas for any shift caloulations. [t tumed out that the deterrnination of such
reference values was not a simple task. One of the possibilifies was to assume as the contextually non-modified values
{i.e. neutral values) forment frequencies from sustained vowels, However, vowels articulated in this way, which heve
been used in numerous experiments ([11], [14], [16Y), are characterized by very leng duration (2,5 - 5 sec.) and they do
net have mmuch to do with the vowels from natural rate speech. As Fant [11] says, vowels realized like that have much
more 1o do with singing than with natural human speech. For this reason, as Lobacz (3} chaims, typical FI and F2
ranges for isolated vowels cannot be used in research on continuous speech.
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Anather altemative was to use vowels of natural duration, spoken in isolation. One has to remember, however, that
this kind of vowe! realization in Pelish is always connected with the articulation of a glottal stop {7} preceding the
vowel. So it would be very risky to assume thal a single phonetic segment being an element of consonantal systemns in
other languages (in some forms of standard English the glottal stop [?] is an allophone of the phoneme [i], realized in
words ike certain ot button, cf. [17]) is the only determinant of the nentral vowel context in Palish.

An additional disadvantage of the above two solutions weuld 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
conscnantal contexts. Thus, it was necessary to search for the neutral formant values within ovr 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 neutrud formant values are their averages, caleulated on the basis of the Fl
and F2 values characterizing vowels appearing in all the potential consonantal contexts. It transpired, however, thut the
base is not only limited in size but also has highly non-uniform distribution of particular phonetic contexts. It was
especially conspicuous that as jnany as fifteen contexts of the vowel [e], out of twenty contained in the base {i.e.
75%), were palital. Mereover, six of them (40%) were bilaterally palatal contexts, Similatly, twelve out of eighteen [o]
¢contexts included in the base (67%) were nasal. This now-uniform representation of particular contexls made it
mipossible to determine any average formant values which might be used as reference values in further calewations.
At the same time, it is highly interesting that the representation of the palatal contexts of {e] and the nasal contexts of
fo] is so high in a database which was based in its construction on the word frequency rates. While the high
proportion of nasal contexts for the vowel {o] may be partially due to the assumption of phonemic status for the
phenes [J7] and [ %] in the present work, it might elso suggest that these two contexts ure the most frequent ones for
the above two Polish vowels. However, the confirmation of this hypothesis would require wide distribution research in
the domain of phonetic 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 chareclerizing vowels
realized in contexts which are neither palatal, nor nasal or word-final and these contexts will be called *neutral’
henceforth.

Afterwards, a tentative analysis of contextual focmant value variation was carried out. The average F1 and F2 values
of a given vowel in a given comtext were compared with the average F1 and F2 values of this vowel in the neual
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% of speakers (i.e. contexts which cause an increase or a decrease of Fl or F2ip a
given vowel forat least 9 out of 10 speakers whose data are contained in the base).

4. ANALYSIS RESULTS AND STATISTICAL VERIFICATION
As o result of the analysis described above, we singled out (for six vowels altogether) a group of 17 contexts involving

regular modifications of vowel formanis for all the ten speakers and a group of 14 contexts which caused regular
vowel formant modifications for 9 speakers (i.e. 90% of the subjects).
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connectad witk regular formant value modifications for all the ten subjects.

CORTFRT:

[il BILATERAL PALATAL F INCREASE
fil LEFT NASAL 2 DNCREASE
{i] LEFT NASAL / PALATAL + RIGHT PATATAL F2 INCREASE
il LEFT NASAJ, / PALATAL F? INCREASE
Lil RIGHT PALATAL F1 DECREASE
14} RIGHT PALATAL F2 INCREASE
il LEFT NASAL + RIGHT PALATAL F2 INCREASE
[el LEFT PALATAL + RIGHT NASAL F2 INCREASE

el LEFT. PALATAL + THE YOCOID [ ]| F1 INCREASE

e LEFT PALATAL + RIGHT NASAL / PALATAL F2 INCREASE

e RIGHT NASAL / PALATAL F2 INCREASE
le) LEFT NASAL/PALATAL ¥l DECREASE
1e) LEFT NASAL / PALATAL ) INCREASE
la] LEFT PALATAL F2 INCREASE
lal BILATERAL PALATAL F1 DECREASE
lal BILATERAL PALATAL F2 NCREASE
o] WORD-FINAL Fl DECREASE

Table & Contaxts canracrad with reguiar j2rmant value madifications /o

EOTRRT -

r 90 95 of the aubjects.
LEFT NASAL f PALATAL Fl INCREASE

[

[i} RIGHT NASAL Fl INCREASE
il LEFT PALATAL F2 INCREASE
el LEFT PALATAL Fl DECEEASE
el LEFT PALATAL F1 NCREASE

el BILATERAL PALATAL F1 DECREASE

S BILATERAL PALATAL F2 INCREASE
e WITH THE YOCOD [ ] Fz INCREASE
e LEFT PALATAL + RIGHT NASAL / PALATAL Fi DECREASE
o, LEFT NASAL F2 DNCREASE

e RIGHT NASAL/ PALATAL F2 INCREASE

o BILATERAL NASAL F2 DECREASE

lu LEFT PALATAL F2 INCREASE

[u RIGHT PALATAL L DECREASE

As the modification regulariies determined above were based exclusively on the comparison of average formant
values, it was necessary to carry out an analysis testing the existenoe of stutistically valid differences between Fl and
F2 frequencies in the neutral context and their values in particular medificational contexts.

The aim of the analysis was to accept the altemative hypothesis H,, 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
{which is tanfamount to establishing the existence of statistically valid differences between them). Therefore, it was
necessary to reject, in the cousse of the statistical analysis, the Hy hypothesis stating that both samples belong to the
samne data population.

The statisticat analysis was performed with the aid of the Wilooxon rank test, The test eritical values W, () and w o
(@) were calculated for each phonetic context considered in the enalysis and the W slatistic was caleulated for each
speaker and cach context. The W statistic value was an expression of similarity between a given speaker’s formant
values in the neutrnl context and his formant values in the modificational context. If the W statistic vatue for a given
speaker and @ given conlext exceaded the (W, (&)W "o p (@)} Tange, it was possible lo reject the Ho hypothesis and
to accept the allernative hypothesis H; stating the existence of statistically valid differences between formant
values in the neutral context and their velues in 2 given modificational context (for a given speaker and
vowel). Otherwise ( when w,, (@) < W < W *, 5 (@), the rejection of the H, hypothesis was impossible and it was
necessary to assume that the differences betwesn the values fom the above mentioned two samples weren't
statistically valid. The analysis was performed with the standard confidence level 1 —o =95%.
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Table 6 contains the crincal values of the Wilcoxon test for all the contexts considered as well as W statistic values
related to these contexts for all the ten speakers. The last column of the table includes the number of subjects for
whom the differences under investigation proved to be statistically valid.

Tabic & The cntical pownts of the Wilcaxon test for perticular contexts aud the W statistic values jor individual speakers,

Cantexts connected with regular modificanons for 100 %% ef the subjects are placed i the upper part of the tadla,
those bee ragidar for 80 96 of the subjects - in its lowar part.

iR

ALUES
vO! FOR- | Wapm | W'om ! |
EXT . | opL g BW.| TZ | Wl | AD. | AJ | AL | KK )
WEL | ONT MANT | (or | o LI T AL | KK | LR
{ ] | BLLATERAL 13 44 42 | s i1 st o5 3| a1t | as | s, 33 &
) | parATAL
(1] | i EF2 13 | a4 | a2 | st loa3 (35| 3]st [l o] o 3
i] |LEFI NASPAL 13 “ | a2 s s1 | s 0] s1 [ st as | st | s0 [
+ RIGHT PAL.
i} {LEFT F2 3L a4 | o4 ] st osto [ 39 | st st ) a4 | sp 475 |[zas| s
NAS. / PAL !
i} | MGHT F 1w | es | 22| s i s 6 1 n 6 |wal 18 [ 73] 2 [ 7
] PALATAL H
! " = t
3 [i){poHT F2 [ o 6s Jass] w | | 7 | 70 | 78 | 1 | 75 | 68 | & | 8
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[ o] | HEATERAL F1 13| e ] 6 T 1a] s 6 6 | 8 3 7 ) 14 | 8
' [a]|paATERAL F2 R BN EEE RN R 9
[ @] | worD.PouaL Fl 84 141 55 | 63.5 65 | 513 7 106 43 | 47 43 | 878 | 3 ] |
iy
[i] |LEFT Fl 13 | 44 15 | 41 | sio | oas [ az [ 42 81 | a4 | 31| m 6
NASATL / PAT
i1 [RIGHT 13 44 M5 | 51 Ll 37 51 42 32 42 1n 43 4
NASAL
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As & result of the statistical analysis, it was ascertained that there are three phonetic contexts connected with regulas
and statistically valid modifications of formant values for all the subjects. Additionslly, it was determined that there are
8 contexts involving this kind of modifications for % out of ten subjects i.e. for 90% of the speakers. The relevant
contexts are presented in table 7.

tral condext with siatistical validi

Table 7. Coniexts in which vowel formans values are diffarent from their values in the n
PO ALLTHE SPRARER

VOWEL CONTEXT FORMANT MODIFICATION
[e} [|LEFTPALATAL +RIGHT NASAL E2 INCREASE
[e1 |LEFT PALATAL + THE VOCOID[T] F2 INCREASE

LEFT PALATAL + RIGHT NASAL / PALATAL F2 INCREASE

YOWEL CONTEXT FORMANT MODIFICATION
[e] |BILATERAL PALATAL Fl DECREASE
[e] |BILATERAL PALATAL F2 INCREASE
[€] |RIGHT NASAL/PALATAL F2 TNCREASE
(€] |LEFTNASAL/PALATAL Fl DECREASE
{21 |LEFTNASAL/PALATAL F2 [INCREASE
[ LEFT NASAL -+ RIGHT PALATAL F2 TNCREASE
[t LEFT NASAL + RIGHT PALATAL F2 INCREASE
{ol |BILATERAL PALATAL F2 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 spakers (both for Fl and FZ). Therefore, we
decidad to uphold the claim that at the confidence level 1 = a = 95% this context involves statistically valid
modifications of formant values for 90% of speakess. In the case of the other contexts we decided to caloulate the
confidence level o al which the modilications of the given formant values arc statistically valid for all the ten speakers.
The t-Student statistical test was used for this purpose. The maximum confidence levels 1 - & st which the differences
between the compared samples are stll statistically valid were calculated for partioular confexts and speakers. The
minimum value for a given context (incleded in the column 1 = & of table B} was, at the same time, the maximurn
confidence level ut which the differences between formant values in the neutral context and in a given modificational
context were statistically valid for all the ten speakers. As can be scen in table 8, in some cases the maximum 1 - a
level ranged from 80% to 30%, in other cases, however, it was much lower and it reached only about 50%.

Tabl;x:d B.JTiuz mininseni @ at which the diffarences are statistically valid for the individial speiers,
tf: i

1} = at which the differances are statistically vaitd jor ol the 10 peakers,
T AKEY,

CORTEXT: ;

Yow. Context For. JL J KL P.W. T.ZL. W, A.D. AL

tel | (RISHT | pz [ o002 | oms | o 1oosas {oooon | gexy | 0 o | os20 | 0003 { t633 |4367%
[e) NAS ", pa | F1| 0018 | 0080 | 000t 0162 | 0043 0 013 L0044 | 311D 1 0012 | 511} |4B.39%
[e] N.AS'“E,FEM Fz | .0005 | .000S [ 0104 [ 0 .289%4 0 0 Q 2894 | 71.06%
il | LEFTNASAL | b | 963 | o | oom | oom | oosz | o | o096 | .m0s3 | coe | 0323 | 0963 |90.37%
] ﬂ‘gﬁﬂ 2| o | bow7{.0wr | uszr | o002 | wosa | o | o2 | .oso1 | o295 | 1621 |83.79%
{a] m F2 0 0002 0 [ 0 2991 | 00158 [ 0002 | .0001 | .2991 | 70.09%
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5. FINAL CONCLUSIONS

In the course of the investigation we have identified three contexts of the vowel [e] which always involve a statistically
valid increase of the second formant of this vowel:

+ left palatal context + fght nasal context

+ left palatal context + the voceid {11

+ left palatal conlext + right nusal-pulalal context

It 1s remarkable that none of the three contexts was a simple unilateral nasal or palatal context. On the contrary, all of
them were camplex bilateral contexts involiving nasalization and palatalization at the same time,

With an acvepluble confidence level {70% - 90%) we can also consider as general and statistically valid sn increase of
F2 of the vowel in the fallowing four contexts:

+ the left nasal-palatal context of the vowel [¢]

¢ the left nasal + the right palatal corsext of the vowel [i ]

¢ the left nasal + the nght palatal context of the vowe! {i]

+ the bilateral pulatal context of the vowel (a]

Another strong contextual formant modification that, however, doesn’t apply to all the speakers is a decrease of Fl
with a simultaneous increase of F2 of the vowel [e] in the bilateral palatal context. which is in accordance with
Gonet's results [4].

The fact that all the above formant value modifications display statistical 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 the
relevant vowel phonemes. Hawever, a precise deseription of those allophones in acoustic terms is still very difficult as
the extent of modifications wasn't identical for all the speakers. Usuaily, the relative formant shifts in relation to their
values in the neutral context averaged 20% but in the case of some speakers they ranged from 15%% 1o nearly 40%.
Furthermore, we have to remember that our data corpus included articulations of ten speakers only and any
generalization of the obtained results requires further research on a larger scale. Nonetheless, the results of the present
work should be taken into consideration in the design of autcinatic speech recognition systems as well as in the
realization of speech synthesis by rule,
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