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Phonologie

Acoustic and Auditory Characteristics of the
Latvian Monophthong System

Juris Grigorjevs

Abstract

This paper is intended to show the attempt of defining the acoustic and auditory targets of the
Latvian monophthong system. To define the acoustic targets vowels produced in isolation are
analyzed since such a production is the closest to the mental prototype. Different methods of
interspeaker normalization are utilized in order to make productions by informants of different
gender comparable. The auditory targets are registered in perception experiments using syn-
thesized two-formant stimuli. The deviation of experimental results for the front vowels from
the formant values predicted by formulas is explainable by the lack of rounded front vowels in
Latvian. Certain acoustic characteristics of the Latvian monophthongs are employed for the
phonological classification, and the use of particular IPA symbols is suggested comparing the
acoustic data of Latvian monophthongs with those of Cardinal vowels.

1 Introduction

When considering the practical realization of a phoneme (an abstract unit of
speech) the complex phenomenon of a sound target (Rosner & Pickering 1994:
281-285) should be taken into account. Since people learn to speak imitating
pronunciation of others, it is plausible that they store in memory only some kind
of ideal auditory representation (auditory target) of each speech sound and the
information about the deviations from it based upon different language-inherent
rules, instead of storing all the possible productions of the same sound by differ-
ent speakers. This ideal auditory representation is associated with the acoustic
signal of certain quality (acoustic target). The acoustic signal is a mediator be-
tween the speaker and the listener, and conveys the message from one to the
other. It is known that nearly the same acoustic signal can often be generated by
several different articulatory postures. On the one hand it is good, since it ena-
bles such phenomenon as articulatory compensation. On the other hand it pre-
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156 Juris Grigorjevs

vents associating certain acoustic characteristics of a sound with the only possi-
ble corresponding articulatory posture. Since the recognition of the utterance is
based mainly on the acoustic signal and articulatory gestures usually provide
only extra cues that are helpful, but not essential, the information about the
acoustic and auditory targets is very important for the description of the sound
system of any language. The evolution of speech technology is also tightly con-
nected with the available information on the physical characteristics of speech.

Speech is the oldest form of language, and is still today the main stepping-
stone for human communication. The result of speaking is a chain of deliberate-
ly produced sounds, which can be described by the same physical characteristics
as any sound in the world. Vowels due to their sonority and relative consistency
form the basis for speech communication,

Properties of the Latvian vowels have been mainly described from the point of
view of their articulation. The most extensive acoustic research has been done on
vowel quantity and tonal modulation (Liepa 1979), although some research of the
spectral quality of vowels has been done, too (Stelle 1971, Markus 1983, Sarkanis
1993, Bond 1994 etc.). The data on the vowel quality acquired in these investiga-
tions could not be used for the characterization of the vowel targets of Latvian.
There are different reasons for it, e. a. sub dialect, phonetic environment, research
methods etc., therefore it was necessary to undertake a new acoustic and auditory
research of vowels. This research and description of vowel targets covers only the
monophthongs of Standard Latvian. The system of Latvian diphthongs being a
subject of equal importance is worth a thorough investigation in its own right.

2 Acoustic Targets of the Latvian Monophthongs

A wholesome speech communication is impossible without the mediation of an
acoustic signal between the speaker and the listener. The aim of the speaker is to
encode the idea in a string of such acoustic signals, that the hearing system of
the listener would be able to decode it, comparing the acoustic signals with the
auditory targets stored in his/her memory. It is likely, that in the consciousness
of every language speaker there exists an auditory target for every speech sound
used to distinguish the meaning, This auditory target should be shaped on the
basis of an acoustic signal of a certain quality. To draw up a classification of
sounds in any language and to describe the phonological rules operating in it, it
Is important to clarify — what kind of an acoustic signal (acoustic target) corre-
sponds to an auditory target and how it changes under the influence of the pho-
netic and phonological processes occurring in language. Hence the necessity of
investigating acoustic targets. For the materia] of the investigation of the acous-
tic vowel targets isolated monophthongs /#V#/ were chosen!, because when

! For the sake of convenience, in this article the Latvian low mid vowel is transcribed using IPA
symbol /a/, the mid back vowel — symbol /o/, but the length of all long vowels is marked using a
colon (3} instead of the TPA length diacritic (2).
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producing an isolated vowel the speaker usually tries to imitate the mental im-
age of a vowel (auditory target) as close as possible, and the quality of the vowel
is not influenced by the surrounding sounds forming the phonetic environment.

For the present research recordings of 6 informants were used. Every vowel
was recorded pronounced 3 times by each informant. The 6 informants (3 males
and 3 females) were chosen as having faultless articulation of a larger group of
Standard Latvian speakers on the basis of prior investigation data (Grigorjevs
1995), where the pronunciation of vowels in a word context in carrier sentences
by 20 males and 5 females was investigated. The recordings were analyzed by
the computer program for the acoustic analysis CSRE 4.5, registering the dura-
tion of each vowel, its fundamental frequency (FO) and the frequency values of
the first four formants (F1, F2, F3 and F4). From the acquired data for each
vowel statistical means and standard deviations were calculated (Table 1 and 2)
using the computer program SPSS for Windows 7.0.

Fo F1 F2 F3 F4 Duration
Mean| SD |Mean| SD [Mean| SD |Mean| SD | Mean| SD |Mean SD
liz] 117 11 286 42 | 2189 | 76 | 2947 | 155 | 3734 | 286 | 487 | 156
fi] 128 7 312 52 | 2182 | 73 | 2894 | 196 | 3700 | 275 | 207 | 34
[e:] 114 14 426 26 | 1975 | 92 | 2644 | 117 3469 | 75 481 | 159
fe] 118 9 458 37 11921 | 66 | 2630 | 129 | 3483 | 127 | 208 40
[2:] | 113 16 681 58 1532 | B5 | 2488 | 51 | 3442 | 125 | 493 | 118
[] 111 9 675 60 1564 | 81 2485 | 44 | 3475 | 225 | 219 | 33
[a:] 110 12 657 50 | 1005 | 52 | 2668 | 70 | 3452 | 109 | 501 | 114
[a] 108 9 690 63 1044 | 69 | 2546 | 144 | 3458 | 168 | 229 | 40
[o:] 112 11 468 31 731 55 | 2503 | 167 | 3371 | 116 | 488 | 127
[o] 112 10 509 34 787 53 12474 | 81 | 3334 | 102 | 229 | 44
[u:] 120 10 325 41 589 S1 | 2239 | 104 | 3210 | 88 | 436 | 110
[u] 120 8 323 54 642 79 | 2350 | 158 | 3121 | 60 192 | 25
Table 1. The values of the fundamental frequency, the first four formants (in Hz) and the duration
(in ms) for short and long isolated monophthongs of the Standard Latvian. The value of statistical

mean (Mean) and standard deviation (SD) is calculated on the basis of pronunciation data, when
every monophthong was articulated three times by three male informants,

Vowel

On the basis of analysis of the acoustic measurement data the following conclu-
sion was drawn — the quality of long and short monophthongs produced in isola-
tion differs very little, therefore it is reasonable to single out 6 vowel pairs of
equal quality, where the difference between the members of each pair is deter-
mined by the quantity ratio (on the average the ratio of the short vs. long vowel
is 1:2.3).
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FO F1 F2 F3 F4 Duration
Mean| SD [Mean| SD |Mean| SD |Mean| SD |Mean| SD |Mean| SD

lis] | 223 | 29 | 360 | 30 | 2788 | 107 | 3336 | 182 | 4367 | 236 | 458 | 88
[il 226 | 25 | 352 | 41 | 2767 | 54 | 3287 | 147 | 4353 | 208 | 224 | 68
le:] | 217 | 26 | 604 | 42 | 2411 | 75 | 3038 | 159 | 4359 | 173 | 492 | 74
[e] 221 27 | 634 | 33 | 2411 | 58 | 3054 | 184 | 4329 | 186 | 254 | 59
[:] | 215 | 27 | 881 | 109 | 1863 | 206 | 2986 | 218 | 4299 | 117 | 473 | 71
=] | 218 | 32 | 916 | 90 | 1993 | 137 | 3000 | 265 | 4299 | 150 | 245 | 64
faz] | 211 25 | 892 | 103 | 1313 | 91 |2924 | 167 | 3993 | 168 | 486 | 54
[a] | 218 | 30 | 938 | 120 | 1369 | 141 | 2951 | 253 | 4071 | 151 | 250 | 68
fo:] | 214 | 26 | 602 | 91 960 | 52 | 2780 | 254 | 3884 | 86 | 490 | 75
o] | 216 | 33 | 670 | 44 | 1038 | 60 | 2897 | 219 | 3960 | 109 | 253 | 63
lus] | 213 | 28 | 374 | 44 | 778 | 40 | 3073 | 279 | 4014 | 118 | 428 | 83
[u] | 215 | 27 | 412 | 38 773 47 | 3000 | 267 | 4066 | 146 | 197 | 37

Table 2. The values of the fundamental frequency, the first four formants (in Hz) and the duration
(in ms) for short and long isolated monophthongs of the Standard Latvian. The value of statistical
mean (Mean) and standard deviation (SD) is calculated on the basis of pronunciation data, when
every monophthong was articulated three times by three female informants,

Vowel

If the acoustic data of the vowels are grouped according to the gender of the
speakers (male and female), it can be observed that the data of vowels articulat-
ed several times by different informants of the same gender form a rather com-
pact, non-overlapping vowel quality zone in the F2/F1 plane (Figure 1 and 2).
Thus it is possible to register distinctly separated vowel zones, which corre-
spond to the traditional description of the Latvian monophthongs by the hori-
zontal and vertical position of the highest point of the tongue body.

F2 (Hz)
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Figure 1. The placement of isolated Latvian monophthongs in the acoustic F2/F1 plane on the basis
of the statistical data (Table 1 and 2). The black symbols depict the male, but the white ones — the
female data. The circles are used for the long, but the triangles for the short monophthongs; those
are based on the values of the statistical means. The ellipses are based on the values of standard
deviations and they depict the possible vowel zones.

F1 (Hz)

The arrangement of the female data in the acoustic F2/F1 plane form a vowel
space which resembles the male vowel space but is stretched in the dimensions
of F1 and F2, as well as moved away from the zero crossing of the axis. It can
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be explained from the acoustical point of view in terms of female resonant cavi-
ties being smaller than those of the males, thus resonating at higher frequencies.
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Figure 2. The placement of isolated Latvian monophthongs in the acoustic F2/F1 plane. The coordi-
nates of the vowel points are defined by the values of F1 and F2 acquired in the acoustic measure-
ments. The symbols are used as in Figure 1. The data points belonging to the same quality category
are encircled with a grey line forming a dispersion zone of each vowel. The female vowel points in
zone [o(:)] overlap the male points in zone [a(:)], and the female points in zone [u(:)]slightly overlap
the male points in zone [o(:)].

One has to take the size factor into account if one is going to compare vowel
qualities of male and female groups. To compare the female pronunciation data
to the male data the procedure of interspeaker normalization has to be per-
formed first.

There are three interspeaker normalization methods widely utilized depend-
ing on the goal of an investigation and the use of its results. The simplest of
them is the method of uniform normalization, which takes into account only the
length differences between the acoustic resonators formed by male and female
supralaryngeal cavities (Mol 1970, Nordstrom & Lindblom 1975). Instead of
calculating the normalization coefficient from the vocal tract length measures, it
is often calculated from the acoustic data of specific formants, which are related
to the vocal tract as a whole or to a particular cavity (Fant 1975).

F,
k= (—%L ~1/-100%
Eop
Formula 1. In this formula & stands for the calculable normalization coefficient, F — the frequency

value of the second formant of the vowel [i(:)], m marks the male pronunciation, and f— the female
pronunciation.

In the course of present research different methods for the calculation of the
normalization coefficient were tested. The best result in the uniform normaliza-
tion of the Latvian vowel data (Figure 3 and 4) was achieved using coefficient
k=27% (k=ky;), that was calculated from F2 data of the vowel [i(:)] without
the optimization with G. Fant’s universal coefficients (Fant 1975: 8) according
to the formula 1:
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F1 (Hz)

Figure 3. The placement of the female vowel data points in the acoustic F2/F1 plane before (the
grey symbols) and after (the white symbols) the uniform normalization with coefficient k=27%. The
male data (the black symbols) are used as a reference. The coordinates of the data points are defined
by the mean values in Table 1 and 2.
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Figure 4. The placement of the female vowel data points (the white symbols) in the acoustic F2/F1
plane after the uniform normalization with coefficient k=27%. The male data (the black symbols)
are used as a reference. The coordinates of the male data points are defined by F1 and F2 values
obtained in the acoustic measurements, but the female values are normalized with the coefficient.
The grey line encircles the data points belonging to the same vowel category.

The same numeric value of the coefficient (k=27%) can be obtained if the
coefficient for the uniform normalization is calculated from the F2 data of all
long and short vowels of Latvian; however preference is given to the calculation
from the F2 data of the vowel [i(:)], because it is theoretically bound with the
length ratio of male and female pharyngeal cavities (Fant 1975).

G. Fant has indicated that after the uniform normalization differences be-
tween male and female data are reduced significantly, however not fully. The
remaining differences can be reduced by half if the non-uniform normalization
procedure is used instead of the uniform data normalization (Fant 1975: 13).

e L el e T
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G. Fant concludes that “the non-uniform method removes a greater part of
the language universal trends than the uniform method thus sharpening up any
dialectal differences” (Fant 1975: 12). The advantage of the non-uniform nor-
malization is in the fact that it is category specific and takes into account not
only differences in resonator total lengths, but also the length ratios of the mouth
resonator to the pharyngeal cavity. This is achieved by calculating separate nor-
malization coefficients for each formant of each vowel. The relative stability of
the mouth to pharyngeal cavity ratio ensures the perceptual contrast and invari-
ance of vowels. This stable cavity ratio can be achieved by modifying, if neces-
sary, the articulation of specific sounds by one group of speakers.

Coefficients for the non-uniform normalization were calculated for each
formant of each vowel according to the following formula:

B,
k,=|—-1]-100%
F

n
nm

Formula 2. In this formula & stands for the calculable normalization coefficient, » — for the number
of formant and the corresponding normalization coefficient, m marks the male pronunciation, and f
— the female pronunciation.
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Figure 5. The placement of the female vowel data points (the white symbols) in the acoustic F2/F1
plane after the non-uniform normalization with the coefficients from Table 3. The male data (the
black symbols) are used as a reference. The coordinates of the male data points are defined by F1
and F2 values obtained in the acoustic measurements, but the female values are normalized with the
corresponding coefficients. The grey line encircles the data points belonging to the same vowel
category.

During the investigation it was discovered that for the non-uniform normaliza-
tion of the Latvian vowel data it is advisable to use coefficients that are calculat-
ed from the data obtained by measuring vowel pronunciation in equal or very
similar phonetic environments.

The best results for the normalization of isolated vowels (Figure 5) were
achieved using coefficients calculated from the data of isolated vowels (Table 3).
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Vowel k1 k2
li] 20% 27%
[e] 40% 24%
[=] 33% 25%
[a] 36% 31%
[o] 31% 32%
[u] 22% 26%

Table 3. Normalization coefficients k1 and k2 common for the long and short Latvian vowels calculat-
ed separately for F1 and F2 of each vowel from the mean data of long and short vowels in Table 1 & 2.

These coefficients yield good results not only for normalizing mean data of
female pronunciation, but also for every separate female pronunciation data
point obtained in the measurements (Figure 5).

A hypothesis was made that, to find a universal set of normalization coeffi-
cients which would be equally efficient in eliminating sex determined inter-
speaker differences in all phonetic environments, these coefficients have to be
calculated from the data of both isolated vowels and vowels in all possible pho-
netic environments.
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Figure 6. The placement of the female vowel data points (the white symbols) in the acoustic F2/F1
plane after the non-uniform normalization with the universal coefficients from Table 4. The male
data (the black symbols) are used as a reference. The coordinates of the male data points are defined
by F1 and F2 values obtained in the acoustic measurements, but the female values are normalized
with the corresponding coefficients. The grey line encircles the data points belonging to the same
vowel category.

Since the author of the present research had an access only to data of isolated
vowels and vowels pronounced in the phonetic environment of /t/ (Grigorjevs
1995), the normalization coefficients were calculated on the basis of these data
(Table 4). The coefficients are universal only for vowels in zero and /t/ phonetic
environments. In all the other environments they should be regarded as quasi-
universal. As stated before, the calculation of genuinely universal normalization
coefficients should involve the use of vowel data from all possible phonetic
environments.
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Vowel k1 k2
[i] 22% 28%
[e] 26% 26%
[2] 23% 25%
[a] 24% 26%
|o] 23% 23%
[u] 19% 17%

Table 4. The universal normalization coefficients k1 and k2 common for the long and short Latvian
vowels calculated separately for F1 and F2 of each vowel from the mean data of the long and
short isolated vowels (Table 1 and 2) and vowels in the phonetic environment of /t/ (Grigorjevs

1995).

F2 (Hz)

F1 (Hz)

Figure 7. The placement of the female vowel data points in the acoustic F2/F1 plane before (the
grey symbols) and after (the white symbols) the non-uniform normalization with the universal
coefficients from Table 4. The male data (the black symbols) are used as a reference. The coordi-
nates of the data points are defined by the mean values for vowels in the phonetic environment of /t/
(Grigorjevs 1995).

The non-uniform normalization with the universal coefficients calculated from
the data of isolated vowels and vowels pronounced in the phonetic environment
of /t/ gave satisfactory results reducing interspeaker differences in the data of
isolated vowels (Figure 6) and the data of vowels in the phonetic environment of
/t/ (Figure 7).

Both methods described are associated with the production phase in the pro-
cess of speech communication, because they are normalizing differences in the
acoustic data determined by the articulatory mechanisms. The normalization of
the acoustic data is possible also from the viewpoint of speech perception, tak-
ing into account the anatomy and functions of the hearing system. To perform
such normalization the physical units of acoustic measurements have to be
changed to psychophysical ones reflecting the subjective perception of sound.
Since the perception of pitch and spectral composition of a sound, as well as the
perception of a sound’s energy, i. €., loudness is of logarithmic nature (especial-
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ly in frequencies over 1000 Hz), all the most popular psychophysical scales are
also logarithmic — at least to some extent. The transformation of the acoustic
data into psychoacoustic alone does not remove the dissimilarity of male and
female pronunciation data, but it balances the spread of the vowel space in the
horizontal and vertical dimensions. In hearing research it has been found that the
frequency analyzer located in the inner ear reacts to sound as to the matrix of
energy.

F2-F1{Z)

Figure 8. The placement of the Latvian vowel data points in the psychophysical plane. The coordi-
nates of the data points are defined by the tonotopic distances F1-F0 and F2—F1 in Barks (Z), esti-
mated from the mean values of the acoustic data (Table 1 and 2) transformed to psychoacoustic units
using Traunmiiller’s formulas. The female data are shown by the white symbols, the male data - by
the black symbols. The diameter of the symbols is 1 Z that relatively corresponds to the size of
vowel zones.

The pattern of energy distribution in the spectrum of a sound and the corre-
sponding excitation pattern along the Basilar membrane of the inner ear are
more important in perception of the sound than precise characteristics of each
peak of spectral energy or displacement of Basilar membrane (Traunmiiller
1981). According to the Space-pattern theory, every sound can be characterized
by tonotopic distances between the peaks of the spectral energy generated by
resonances of the vocal tract. Tonotopic distances between the fundamental
frequency and the first formant (F1-FO0) and between the first and the second
formant (F2-F1) were chosen for characterization of the vowel system of
Standard Latvian, because the first of these distances is closely related to the
openness of the vowel, and the second to its frontness or backness. Characteriz-
ing vowels with these tonotopic distances, the optimum results of interspeaker
normalization (Figure 8 and 9) can be achieved using the Bark scale (Miller
1989: 2119).

.
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Figure 9. The placement of the Latvian vowel data points in the psychophysical plane. The coordi-
nates of the data points are defined by the tonotopic distances F1-FO0 and F2-F1 in Barks (Z), esti-
mated from the values of the acoustic data obtained in measurements and transformed to psychoa-
coustic units using Traunmiiller’s formulas. The grey line encircles the data points belonging to the
same vowel category.

To calculate the perceptually important psychophysical units Barks, which cor-
respond to the placement or sequential number of the auditory filter along the
Basilar membrane, from the data of vowel formant centre frequencies in Hertz
the formula (Formula 3) suggested by H. Traunmiiller (Traunmiiller 1988) was
used:

z= 26.81-—L— -0.53
1960+ f

Formula 3. In this formula z is the value of Critical Bands in Barks, and f— frequency in Hertz.

If z < 2.0 Barks, to account for the differences in perception of low frequencies
the other Traunmiiller’s formula (Formula 4) was used:

Z'=z+0.15-(2-2)

Formula 4. In this formula z is the value of Critical Bands in Barks, which is calculated by the
previous formula and is under 2 Barks (z < 2.0), and z’ — the final value of Critical Bands in Barks.

It can be observed that after the transform to psychophysical units and using
values of tonotopic distances instead of formant centre frequencies, the differ-
ence between the placement of the male and female data points has been re-
duced to a great extent (cf. Figure 2 and Figure 9). In most cases, vowel points
are placed less than 1 Bark apart; therefore not only short and long vowels but
also vowels produced by the male and female informants are perceived as be-
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longing to the same quality category. The Bark scale is also useful because it
allows the transformed acoustic data to be used for phonological classification
of vowels (Miller 1989; Fant 1983; livonen 1987).

During the investigation, it became clear that any method of interspeaker
normalization independently of its type significantly reduced the differences in
the acoustic data of vowels pronounced by the male and female informants. The
use of a particular method should be considered on each occasion according to
the goal of investigation and application field of the obtained results.

3 Auditory Targets of the Latvian Monophthongs

In the prior research carried out by phoneticians of different countries it has
been proved that in the listener’s perception, the formant frequencies of auditory
targets of any vowel seldom corresponded to the formant frequencies that could
be observed in the pronunciation of the same vowel by any informant in normal
speech conditions (Eek & Meister 1994, Johnson et al. 1993b). It is explained
by a more even distribution of the vowel targets and the variants of their possi-
ble realization in the psychophysical sphere of perception in comparison with
the acoustic sphere of production. The acoustic properties of the articulatory
vowel targets are usually associated with the pronunciation of isolated vowels,
when an informant consciously tries to pronounce the vowel according to
his/her comprehension of the ideal sound of the particular vowel. For the fixa-
tion of the perceptual, i. e. auditory vowel target, several variants of the vowel
are played to the listener, from which the listener is to choose the variant that is
the closest to his/her concept of the ideal sound.

For a long time in acoustic phonetics, a view was maintained that the acous-
tic quality of a vowel is best characterized by the frequency values (F, and F;)
of the first two vowel formants. The value of F1 centre frequency is usually
associated with the vertical position of the tongue or mouth opening (meaning
the opening between the highest point of the tongue and the palate, not the lip
opening), and the value of F2 centre frequency — with the position of the highest
point of the tongue in the mouth in the front-back dimension and also with labi-
alization. In fact, the formant frequencies of a given vowel are related to the
cavity sizes of the resonator determined by the postures of the speech organs,
and to the size ratio of these cavities. This is why it would be advisable to char-
acterize vowels by the place of vocal tract’s maximum constriction and not the
place of the highest point of a tongue (Rosner & Pickering 1994).

The research on spectral integration (Chistovich & Lublinskaya 1979; Chis-
tovich et al. 1979; Johnson et al. 1993a) suggests that formants, closely located
in the spectrum of a sound, in perception form a single peak of spectral energy,
the so called “centre of gravity”, thus estimating in perception the quality of a
vowel which substitutes the information provided by centre frequencies of sepa-
rate formants. This agrees with the hypothesis that the value of F,—F, (F, — fre-
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quency value of the first formant, Fy — frequency value of the fundamental) is
more important in determining “closeness™ or “openness” of a vowel than the
frequency value of F1 (Traunmiiller 1981; Traunmiiller & Lacerda 1987). The
increased value of the effective second formant? of synthesized two-formant
front vowels in comparison with the value of the second formant of the corre-
sponding four-formant vowels can also be explained by the influence of the
“centre of gravity” (Carlson et al. 1970; Bladon & Fant 1978). As the theory of
the perceptual domain of vowels is based to a great extent on a research using
two-formant vowel stimuli, synthesized two-formant vowels were chosen also
for the estimation of the auditory targets of the Latvian vowels. By using this
method the results obtained in this investigation are comparable with the results
of other similar investigations. Moreover, the use of two-formant vowels in the
parametric synthesis of speech allows reducing the load on computer memory
resources.

To detect fixed auditory vowel targets in the listeners’ memory, phonological
experiments were needed. The stimuli would be arranged in such a way that the
sequence started with a synthesized four-formant vowel as a reference, followed
by two-formant stimuli with gradually changing frequencies of the first or the
second formant. In such an arrangement, the reference stimulus provides the
listeners information about the target vowel to which the following stimuli have
to be compared in order to find the best match. Since the reference stimulus is
heard only once in the beginning of the stimuli sequence and the pauses between
the stimuli are sufficiently long so that the respondent (listener) looking for the
best matching two-formant stimulus is guided not by the quality of the reference
stimulus, but by the quality of the auditory vowel target stored in his/her
memory. By this procedure it is possible to define both the coordinates of each
auditory vowel target and the approximate boundaries of vowel zones in the
perceptual space. To begin with, two experiments were carried out with the
Latvian respondents using two-formant stimuli with changing F2.

For the first, i. e. pilot experiment synthesized two-formant vowel stimuli
were generated? in Kay CSL 4300 using LPC synthesis (software version ASL

2 F2' — the effective second formant in synthesized two-formant vowels, where F2' substitutes
all formants higher than F1, i. e., F2, F3, F4 etc.

* Formants higher than F2 were deleted. The amplitude values of the base vowel as well as the
bandwidths of F1 and F2 and the linkage to FO were preserved. The F2 frequency of the two-
formant stimulus was altered in 0.33 Bark increments. Two sequences of two-formant stimuli were
created for each vowel (/i:, e:, &, a:, o, uy/). The first sequence was organized in a way that it
started with the stimulus in which F2 was well below the frequency of a naturally produced base
vowel. The F2 frequency of each following stimulus was increased by 0.33 Bark until it reached the
frequency that was well above the frequency of a naturally produced base vowel. In the second
sequence the same stimuli were arranged in the opposite order. The minimum and the maximum F2
frequency in the sequence was chosen so that it fell, if possible, in the frequency range of another
vowel of approximately the same openness. The aim of this was to check if the boundary between
two vowels of approximately the same openness, e. g. [e:] and [0:], was perceived with the help of
some F2 value falling between the frequencies typical to [e:] and to [0:], or if each of these vowels
had a certain range of frequencies (making up the quality zone in F2 dimension) where it was recog-
nized as a realization of a certain phoneme. Outside this range the sound by its auditory quality
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4304) proceeding from the LPC spectrum of the base vowels pronounced by one
of the informants. The pilot experiment was carried out at the University of
Latvia with 16 listeners as experimental subjects: 3 phoneticians, 4 linguists and
9 fourth year students of Linguistics. After instructions, each sequence of stimuli
was played to subjects 3 times. The responses of all subjects were summarized
and a statistical analysis of the acquired data was carried out. The results
showed that every vowel had an F2 zone, inside which the changes of F2 were
perceived as quality changes corresponding to allophonic realizations of the
same phoneme. If the value of F2 was outside such a zone, the vowel was per-
ceived as “not belonging to the Latvian vowel system”. The F2 zones corre-
sponding to Latvian vowels were mutually isolated, i. e. they did not form a
common boundary for two vowels of similar openness.

To synthesize stimuli for the second experiment, the synthesis software
SENSYN (produced by Sensimetrics Corp.) was used. The four-formant refer-
ence stimuli were synthesized using the formant data of naturally pronounced
vowels. The unvarying F1 frequency of two-formant stimuli also agreed with
the F1 frequency of the corresponding vowel, but the F2 frequency was altered
in 0.33 Bark increments. The duration of all the stimuli was 300 ms. The fun-
damental frequency was made equal for all vowels — in the beginning of the
vowel it was 90 Hz, during the first 100 ms it gradually increased to 100 Hz,
then gradually decreased reaching the value of 80 Hz in the end of the vowel.
The amplitudes of spectral harmonics were computed automatically on the basis
of the location of formants in the spectrum. The formant bandwidths were also
made equal for all vowels: bandwidth of F1 was 60 Hz, of F2 — 90 Hz (for four-
formant reference stimuli: F3 — 150 Hz and F4 — 200 Hz). Like in the first ex-
periment, the stimuli were arranged in sequences. There were two stimuli se-
quences for each vowel: the first with an increasing, the second with a decreas-
ing frequency of F2. Every sequence started with a synthesized four-formant
reference vowel. There was a 3-second pause between all stimuli in a sequence,
and the pause between two sequences starting with the same reference vowel
was 5 second long. Since the results of the pilot experiment pointed to the exist-
ence of mutually isolated F2 zones conforming to the quality of each vowel, the
number of stimuli could be reduced, as there was no need for the highest or
lowest F2 values falling into the zone of a neighboring vowel. The two-formant
stimuli in sequences were generated so that the minimum value of F2 was lower
and the maximum higher than in the naturally pronounced vowel. The extreme
values of F2 were chosen well below and well above the marginal values of the
F2 zones determined in the first experiment.

should not correspond to any vowel phoneme of Latvian. In the beginning of each sequence there
was a synthesized four-formant stimulus (in the process of LPC synthesis all spectral information
above F4 in a naturally produced vowel was deleted) that was used as a reference for estimation of
the ideal two-formant vowel. The duration of all stimuli in the sequence was equal — 300 ms. There
was a 2 second pause between all stimuli in a sequence, and the pause between two sequences
starting by the same reference vowel was 5 second long.

R it
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7 listeners participated in the second experiment: 1 phonetician and 6 per-
sons whose native language is Latvian and whose pronunciation does not bear
traits of dialectal accents. At the time of the experiment, none of the subjects
had any speech or hearing disorder that could affect the results. After instruc-
tions, each sequence of stimuli was played to the subjects 3 times. The respons-
es of all subjects were summarized and a statistical analysis of the acquired data
was carried out. First the mean value of the preferred F2 was calculated for each
sequence, and then the value of F2' was calculated using the mean values of two
sequences of each vowel,

Measured F2 F2' (2nd exp.) Calculated F2'
Yieat Hz Z Hz Z Hz Z

i 2177 13,58 2597 14,75 3058 15,81
e: 2048 13,17 2196 13,64 2296 13,98
2 1639 11,68 1763 12,17 1704 11,94
a: 1147 9,37 1128 9,26 1152 9,39
0: 868 7,70 872 7,73 869 7,71
u: 699 6,52 688 6,44 702 6,54

Table 5. Values in Hertz and Bark of the second formant in sustained isolated pronunciation by one
informant (Measured F2), values of the effective second formant (F2') obtained in the experiment,
values of the predicted effective second formant (Calculated F2"),

As expected, the data for back vowels were in close agreement with the theoret-
ically predicted* values (Table 5). The results of the second experiment were
taken into account in preparing the material for the third experiment.

The stimuli for the third experiment were generated using the same equip-
ment and the same methodology as in the second experiment. Four-formant
reference vowels were synthesized on the basis of formant frequency data of
naturally produced vowels. The unvarying F2 frequency of two-formant stimuli
for each vowel agreed with the F2 frequency of the stimulus, which during the
second experiment was most frequently marked as the best match to the refer-
ence stimulus of the corresponding vowel (this frequency value was not the
same as calculated value of F2'1). The varying F1 frequency was altered in 0.33
Bark increments. All the other synthesis parameters and principles for the stimu-
li presentation were the same as in the second experiment. The two-formant
stimuli sequences were generated so that the minimum value of F1 was lower
and the maximum higher than in the naturally pronounced isolated vowel. F1
values for vowels of the same tongue advancement (i. e., front or back vowels)
were overlapping — e. g., the highest F1 values of close vowels were chosen in
such a way that they corresponded to the F1 values of mid vowels.

4 The predicted values of the effective second formant F2' were calculated from the pronuncia-
tion data using formula suggested by Bladon and Fant (Blandon and Fant 1978: 3).
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12 subjects (6 of them participated in the second experiment) took part in the
third experiment: 1 phonetician and 11 persons whose native language is Latvi-
an and in whose pronunciation there are no traits of dialectal accents. At the
time of the experiment none of the subjects had any speech or hearing disorder
that could affect the results. After instructions, each sequence of stimuli was
played to subjects 3 times. The responses of all subjects were summarized and a
statistical analysis of the acquired data was carried out. First the mean value of
the preferred F1 was calculated for each sequence, and then the value of F1' was
calculated using the mean values of two sequences of each vowel.

Vowel Measured F1 F1I' 3rd exp.) Calculated F1'
Hz Z Hz Z Hz Z

i 314 3,17 383 3,85 226 2,26

e: 458 4,55 504 4,95 295 2,91
e 681 6,38 730 6,75 - -
a: 768 7,02 773 7,05 - -
o: 529 5,17 531 5,19 — -

u: 328 3,31 314 3,17 233 2,33

Table 6. Values in Hertz and Bark of the first formant in sustained isolated pronunciation by one
informant (Measured F1), values of the effective first formant (F1") obtained in the experiment,
values of the predicted effective first formant (Calculated F1").

It can be concluded on the basis of the results obtained for close vowels in the
third experiment that there has been neither spectral integration between the
fundamental frequency and F1, nor has the frequency value of F1 decreased due
to the effect of “perceptual hypersphere” (Table 6). On the contrary, the increase
in the preferred value of F1 frequency of open vowels conforms to the assump-
tion that in the perceptual sphere, open vowels become even more open (John-
son et al. 1993b).

To see whether auditory vowel targets differ from acoustic targets signifi-
cantly, a set of complimentary experiments was prepared and carried out. The
aim of these experiments was to establish two-formant stimuli, which were the
best match to the synthesized four-formant reference stimuli (not the auditory
vowel targets). To achieve this goal, the stimuli in sequences have to be orga-
nized in pairs, where one member of the pair is a reference stimulus, and the
other — a two-formant stimulus with altered F1 or F2 frequency. To make the
comparison of the two stimuli easier, pauses between the members of each pair
had to be shorter than or equal with the duration of the stimuli. Such pairs of
stimuli were prepared using the material generated for the second and the third
experiment. Using this material two complimentary experiments (“matching
experiments”) were carried out. The same subjects who took part in the second
and the third experiment (conventionally referred to as “phonological experi-

3 The predicted effective first formant was calculated as a midpoint between values of F1 and
fundamental for vowels where the tonotopic distance between FO and F1 was less than 3.5 Bark.
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ments”) participated in these experiments. The responses of all subjects were
summarized, and a statistical analysis of the acquired data was carried out corre-
sponding to the principles described above in relation to the phonological exper-
iments.

FI't | F2't | F1') | F2') | F1*t [ F2o1 | FO° L | F2*y
(Hz) | (Hz) | (Hz) | (Hz) | (Hz) | (He) | (Hz) | (Ho)
Mean | 757 | 1141 | 781 | 1120 | 734 | 1141 | 781 | 1101
SD 36 54 39 30 24 38 50 48
Mean | 696 | 1742 | 720 | 1811 | 689 | 1654 | 697 | 1773

VOWEL

i SD 36 | 162 | 64 | 127 | 36 | 132 | 47 | 203
o —Mean | 478 | 2127 | 523 | 2210 | 447 | 2084 | 472 | 2198
' SD 28 | 116 | 58 | 156 | 30 | 248 | 48 | 239
i —Mean | 331 | 2587 | 343 [ 2617 | 330 | 2530 | 336 | 2546
: SD S5 | 133 | 66 | 235 | 41 | 277 | 45 | 207
o —Mean | s16 | 890 | 535 [ 838 | 520 | 880 | 529 | 863
) SD 29 79 32 42 20 27 33 32
y —Mean | 314 | 701 | 303 [ 672 | 314 | 701 | 325 | 635

SD 27 45 32 54 34 16 25 37

Table 7. The mean values of F1 and F2 and their standard deviations in Hertz calculated from the
results of the phonological and matching experiments with the Latvian respondents — arrows point-
ing up mark the results for corresponding stimuli sequences with the increasing formant frequency
value, but arrows pointing down — with decreasing formant frequency value,

The values F2°and F1° obtained in the matching experiments are closer to the F2
and F1 values of naturally pronounced isolated vowels than the values F2' and
F1' obtained in the phonological experiments, but in general they reveal the
same tendencies (Table 7). To carry out the analysis and interpretation of the
auditory experiments easier, all the obtained data were plotted in the psycho-
physical F2/F1 plane (Figure 10). The large white dots correspond to the regis-
tered values of naturally pronounced isolated vowels, the coordinates of the
large grey dots are determined by the theoretically predicted (Bladon & Fant
1978) values of F2' (only front vowels are shown, because the calculated F2' of
back vowels are equal to F2 values registered in the acoustic measurements).
The results of the phonological experiments are depicted by the small black dots
and black ellipses, and the results of the matching experiments — by the small
grey dots and grey ellipses. The size of the measured and the predicted data
points is chosen as 1 Z in order to mark in the psychophysical F2/F1 plane the
zones belonging to a certain quality category and to make the comparison with
vowel zones (marked by ellipses) established in auditory experiments easier.
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Figure 10. The placement of the Latvian vowels in the psychophysical F2/F1 (Z) plane according
to: a) the values registered from the pronunciation data (the large white dots), b) the values of the
calculated F2' (the large grey dots), c) the values registered in the phonological experiments (the
black dots and black ellipses), d) the values registered in the matching experiments (the little grey
dots and grey ellipses).

Comparing the results of the phonological and the matching experiments with
the registered and theoretically predicted data (Figure 10) it can be observed
that:

- data points of the two-formant stimuli for the vowels [a:], [0:] and [u:] per-
ceived as the best matching to reference in both the phonological and the
matching experiments, which are allocated by mean values of F1 and F2, as
well as the zones determined by standard deviations of these values and
marked by ellipses overlap with the points of the registered pronunciation
data;

- the values of the front vowels obtained in the phonological experiments
differ more from the values of the pronunciation data than those obtained in
the matching experiments;

~ the F2 values of the vowels [i:] and [e:] registered in the experiments are
amid the F2 values registered in measurements of pronunciation and the F2'
values calculated using the formula by Bladon and Fant, but the F2 values of
the vowel [@:] are even higher than the calculated F2'.

Summarizing the observations presented in Figure 10, it can be concluded that
the results of the phonological and the matching experiments do not differ sig-
nificantly — the most noticeable differences can be observed for the vowel [e]
(in dimension of F1) and the vowel [:] (in dimension of F2), but expressed
numerically they do not exceed 0.5 Bark. This means that the responses of sub-
jects present a little evidence to the effect of perceptual hypersphere. If this
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effect is valid, the points representing the results of the phonological experi-
ments ought to be displaced towards the periphery of F2/F1 plane much more
than the points representing the results of the matching experiments. The data of
front vowels obtained in the matching experiments confirm the phenomenon of
spectral integration showing the influence of closely spaced higher formants on
F2 — the F2 frequency of these vowels is increased in comparison to the regis-
tered pronunciation values. A conclusion can be drawn that for the vowels [e:]
and [z:] the spectral integration involves F2 and F3, and for the vowel [i:] - F2,
F3 and F4. This could be predicted taking into account the tonotopic distances
between the formants of these vowels. The fact that F2' and F2° values of the
vowels [i:] and [e:] registered in the experiments do not agree with F2' calculat-
ed using formula suggested by Bladon and Fant (Bladon & Fant 1978), does not
automatically point to the shortcomings of this formula. The difference can be
explained by the lack of rounded front vowels in Latvian. Thus there is no need
to mark the perceptual difference between rounded and unrounded front vowels,
but the perceptual contrast with back vowels is sufficient even with F2 values
being much lower. The data from auditory experiments with Latvian vowels
confirm that the subjects have perceived as unrounded front vowels even those
two-formant stimuli, whose F2 frequency has been equal to or lower than the F2
frequency in pronunciation of these vowels. In similar experiments with Estoni-
an vowels (Eek & Meister 1994) it was discovered that in order to increase the
contrast between rounded and unrounded vowels of the same openness Estonian
subjects for unrounded front vowels had chosen two-formant stimuli with F2
frequency even higher than that predicted by formula. Thus the disagreement of
the data obtained in the experiments with the Latvian vowels with the data theo-
retically predicted (calculated by the formula) or observed in languages that
have an opposition of rounded and unrounded front vowels, can be explained
by the conditions of providing sufficient perceptual contrast (Liljen-
crants & Lindblom 1972). The same phenomenon can be used to explain an
increase in F1 frequency of the vowel [i:] — the increased F1 frequency does not
affect the perceptual contrast between [i:] and [e:], which is strengthened by a
very high F2 frequency of [i:]. Drawing a general conclusion about the values of
F1, it can be inferred that the subjects have given preference to the two-formant
stimuli, which have the tonotopic distance between F1 and FO equal with or
close to the distance observed in the pronunciation data. This hypothesis has to
be tested by additional research.

4 Phonological Interpretation of the Latvian Monophthong System
The phonological classification of the Latvian vowels is a seemingly unsophisti-

cated task, because the twelve Latvian vowels form six vowel pairs. In stressed
positions members of a pair significantly differ only by their quantity. The quali-
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ty differences between members of each vowel pair are within the scope of
1 Bark, and therefore are not significant for the categorization of these vowels.

Traditionally monophthongs of the Latvian language are classified according
their articulation, characterizing them by their length, tenseness, labialization,
the rows of articulation (depending on the horizontal position of the highest
point of the tongue) and by the degree of the tongue elevation (associated with
vowel openness). Difficulties start when an attempt to draw up a phonological
classification upon objective physical data acquired in an acoustic research is
undertaken. The role of speech production (articulation) is to supply sufficient
encoding of the thought in order to ensure contrast and maximum distinctive-
ness in perception (Fant 1983: 1) and, consequently, correct decoding. The
speech production process therefore should be considered as output-oriented,
i. e. aimed at production of a certain acoustic signal. Not all the acoustic proper-
ties of vowels are significant in their perception. The main information for the
characterization of vowels is given by the centre frequencies of the first four
formants. Often the values of only the first three formants (F1, F2 and F3) are
used, and vowels are characterized as points in a three-dimensional vowel space.

To make the acoustic classification closer to the traditional two dimensional
articulatory description related to the sagittal cross-section of a head and show-
ing the positions of the speech organs, the concept of an effective second for-
mant (F2’) has been introduced. This system is used for the phonological classi-
fication of Latvian vowels, since it is the only relatively developed system the
author of the present paper is familiar with, where the distinctive features are
clearly defined by their relation to acoustic data. The same system has been used
by A. Eek in drawing up the phonological classification of the Estonian vowel
system (Eek & Meister 1994). The acoustic-auditory data used for the classifica-
tion of Latvian vowels were calculated from the pronunciation data in the same
way as the data used for the classification of the Estonian and Swedish vowels
(Table 8). In one of his articles G. Fant has suggested the method for the phono-
logical classification of vowels (Fant 1983: 13-14) and illustrated it on the ma-
terial of Swedish. The back vowels are separated from the others using the pa-
rameter —(F2—F1), which corresponds to the feature [+grave] (where [+grave] =
F2-F1<3.5 Z). These are the only vowels in Latvian that have opposition by lip
rounding. Since the feature [flat] expressed by the parameter —(F2'+F1) is
strongly related to the lip rounding and velarization it can be successfully used
to separate [+grave] vowels on the basis of both of these properties.

To express three degrees of flatness” in binary oppositions two binary fea-
tures are introduced — [+flat] and [+extra flat]. Since the vowel [a(:)] has a high
F1 value related to a wide jaw opening and a low tongue position, it has the
highest F2'+F1 value (Table 8) and the lowest degree of flatness, and it could be

& The term ‘row’ could be substituted with “place’, because it presumes a place of the highest
point of the tongue ranging from the front of the hard palate for front vowels to the soft palate for
back vowels.

7 Correspond to three degrees of lip rounding in articulation — unrounded, rounded and labial.

s Sl —mranir  wens
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described as [-flat]. The vowel [o(:)] has a medium F2'+F1 value and a medium
degree of flatness associated with the tongue rising towards the soft palate
(velarization) and a medium lip rounding, therefore it can be described as
[+flat]. The vowel [u(:)] has the lowest F2'+F1 value and the highest degree of
flatness determined by a very high tongue position (close to the soft palate) and
an explicit lip rounding, protrusion, and reducing the area of lip opening, there-
fore it is described as [+extra flat], which automatically includes [+flat]. During
the production of the vowel [o(:)] the lip rounding is significantly smaller, and
although it is [+flat], it is therefore classified as [—extra flat].

o Ju [ ] [ fo:] | [o] |[a:] | [a] |[e:]|[] |[e:]|[e] [i:] | [i

Fl 33 33|46 |50]62]64] 64 63 |43 |45|29 |31

F2' 57 161|68]72]86]89 11.6]11.7|140(13.8|152(15.0
F2-Fl | 24 | 282122 24 | 24|52 |54]98)93 123|119
F2+FI | 89 [93[114 122]148|153]17.9|18.1|183|18.418.0 18.2
El=Fp |.21 |21 36 (39 5154|5353 |31[34(17]19
F2-F1 | 24 [28]|21]|22 24| 23| 49 |50|87|82]107]105
F3—F2 | 81 |80 78 |73 64|58 |32 (31]19[21(20]19
F4—F2 [ 105]99]97 |92 80| 78| 53 |52 3739|3434
Table 8. The acoustic-auditory data in Barks (Z) of the isolated vowels (male pronunciation) used

for the phonological classification of the Latvian vowels. The transform into Barks was performed
using formula suggested by H. Traunmiiller.

Since there are no central vowels in Latvian [~grave] vowels can be only front
vowels characterized by F2-F1>3.5 Z and F3-F2<3.5 Z (Table 8). Not a single
vowel of the group has the lip rounding opposition (they are unrounded); there-
fore the feature [+flat] cannot be used for their separation. The characteristic
feature of front vowels is spectral spread, but the feature [spread] has four de-
grees and cannot be used in binary oppositions. Instead G. Fant suggests the use
of two binary features — [+diffuse] and [+sharp]®. G. Fant describes [+diffuse]
vowels as “less open front vowels” (Fant 1983: 16). The vowel [#(:)] can be
separated from the other front vowels by the feature [+diffuse], because it is
pronounced with a wide jaw opening and a low tongue position, that results in
high value of F1 and a lot of energy between spectral peaks and is therefore
described as [+compact] or [-diffuse]. Following Fant’s suggestion the diffuse-
ness is used to separate the vowels [i(:)] and [e(:)] as [+diffuse] from [e(:)]. In
this investigation the vowels are [+diffuse], if F2'“F1>7 Z (Table 8).

® It scems that G Fant has mechanically divided four-degree feature [spread] into two binary
features, since all these features are based on the value F2-F1.
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Parameter Feature u(:) o(:) a(:) ®(:) e(:) i(:)
—(F2-F1l) [Fgrave] + + + - - -
~(F2'+F1) | [#flat] [ | & | o o b= | =
~(F2'+F1) [Eextra flar] + -
F2-FI [Hdiffuse] - + (+)
F2-F] [Esharp] - +

Table 9. The distinctive features used for the phonological classification of the Latvian vowels and
the corresponding acoustic-auditory parameters suggested by G. Fant (Fant 1983),

To separate the vowel [i(:)] from [e(:)] G Fant used the feature [£sharp] explain-
ing that this feature involves palatalization, i. . a more advanced articulation. An
advancement of articulation in palatal region results in frequency increase of F2’
and decrease of F1 thus increasing the spectral spread and the numerical value of
F2'-F1. For the Latvian vowels the boundary of [+sharp] was estimated as F2'—
F1>10.5 Z. Using this value, the vowel [i(:)] has been classified as [+sharp], but
the vowel [e(:)] — as [~sharp] (Table 8). The results of this classification are sum-
marized in Table 9. The same classification can be graphically represented as a
distinctive feature branching tree for the Latvian vowels (Figure 11).

[grave]
[fiat]
[extra flat]
[diffuse]

[sharp]

ey Jo(¥ ia(y AGY ey feC)

Figure 11. On acoustic-auditory parameters based distinctive feature branching tree for the Latvian
vowels.

To test if the classification using features suggested by G. Fant is universal the
author of the present paper has attempted to classify according to it the whole
IPA vowel system. Since it was necessary to make a distinction between front,
central and back vowels in IPA system, the feature [+acute] associated with
frontness was used additionally to the feature [+grave]. In such a way back
vowels are characterized as [+grave] and [-acute], front vowels — as [~grave]
and [+acute], but central vowels — as [~grave] and [-acute]. To make a distinc-
tion between four degrees of vowel openness, the feature [+compact] was used
along with features [+diffuse] and [+sharp]. The feature [+compact] is associat-
ed with a large articulatory opening. Using this feature it is possible to separate
open vowels, which are [+compact] and [-diffuse] (automatically [-sharp]),
from open-mid vowels, which are [-compact] and [diffuse] (and [-sharp]).
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[grave]
[acute]
[fat]
[extra flat] &
[diffuse]
[sharp]

[compact]

uonamvaAyammiegeueaigeg
Figure 12. A version of distinctive feature branching tree for IPA vowel system.

According to this system close-mid vowels are characterized as [-compact],
[+diffuse] and [-sharp]. To separate close vowels from close-mid vowels using
the features suggested by G. Fant, the only solution was to use [+sharp] for all
close vowels, despite the fact that this feature is related only to an advancement
of front vowels. The graphical result of such a classification is shown in Figure
12. Even though such distinctive feature branching tree (Figure 12) includes
nearly all IPA vowels, the classification has several shortcomings. First of all,
the feature [+sharp] can be assigned only to front vowels because it is attributed
to narrow palatal opening, which acoustically manifests as a high F2'-F1 value.
Close central and back vowels do not have such values and therefore should be
characterized as [-sharp]. Thus the use of [+sharp] for close central and back
vowels is not accurate, however, it was introduced because of the need to sepa-
rate close vowels from close-mid vowels using available distinctive features.
The author of the present research would suggest substituting the inappropriate
feature [+sharp] with the feature [+extra diffuse] whose acoustic correlate is a
very low value of F1-FO0 and therefore it could be related to all close vowels.
Secondly, the use of the feature [+extra flat] is not justified, because there is no
threefold opposition made possible by lip rounding for vowels of the same
tongue position in the IPA vowel system. There is only a binary opposition
rounded vs. unrounded that can be sufficiently marked by the feature [+flat].
Abandoning the feature [+extra flat] and replacing the feature [£sharp] with
[+extra diffuse] would allow classifying most of the vowels of IPA system cor-
rectly. Other classification problems are related with the intermediate stages of
openness: between close and close-mid (e. g., /1, v, u/), close-mid and open-mid
(e. g., /3/), open-mid and open (e. g., /2/ and /e/, too). English phoneticians
have used the feature [+tense] related to the duration and formant values of
vowels to separate the vowel /i/ from /1/ and the vowel /u/ from /u/. It is pos-
sible that this feature can be used also to separate the vowel /y/ from /v/, the
vowel /a/ from /&/ and the vowel /o/ from /3/ (if needed — also /e/ form /3/).
This problem needs to be addressed in a separate investigation. Since the author
of this article did not have access either to audio data of IPA vowels pronounced
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by several informants or to the valid data of the acoustic measurements, it was

impossible to develop the robust, reliable scheme for the phonological classifi-
cation based on acoustic facts,

F2(T™m)

1500 ] 1700 1600 1500 e 300 1200 1o 1000 %00 BOC 00 &00
0
[ 1 ]
I
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=] w00

() _

Figure 13. The representation of the mean values of the Cardinal vowels (the large white filled dots)
and the Latvian vowels (the large grey filled dots) in the psychophysical F2/F1 plane, The units of
measure are Technical Mel. The zone of the Latvian vowels is enlarged in proportion and displaced

so that the points of vowels [i] and [u] coincide as much as possible with the corresponding Cardinal
vowels

To choose the IPA transcription symbols for the Latvian vowels without such
reliable classification, the acoustic data of Latvian vowels were compared with
the data of Cardinal vowels, because the system of Cardinal vowels forms a
base for the IPA vowel system. In the present research the placement of Latvian
vowels in the acoustic (F2-F1)/F1 plane and the psychoacoustic F2/F1 or F2/F1
plane was compared with the placement of Cardinal vowels as represented in
the phonetic literature (Catford 1988; Jassem 1973; Ladefoged 1975). It was
noted that the data of Cardinal vowels taken from different sources made a
noteworthy dispersion in the acoustic and psychoacoustic plane.

A similar observation was made by the prominent American phonetician
P. Ladefoged when he analyzed the Cardinal vowels pronounced by the creator
of the system D. Jones and by 10 of his disciples (Ladefoged 1975). The record-
ing of the material was supervised by D. Jones himself, and he also checked the
recorded material for compliance to the auditory quality of the Cardinal vowels.
P. Ladefoged (Ladefoged 1975: 97) concluded:

[...] the exact phonetic quality of a vowel sound does not depend on the absolute values of its
formant frequencies, but on the relationship between the formant frequencies for that vowel
and the formant frequencies of other vowels produced by that speaker.

e RS, T VA S <L e T TV 2 s e
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Front Central Back

Close ': i LS - . *
BN luw
Close-mid e (i-" s _.,_ J
: ; |
EX-;
Open-mid . w
e |\ ada
Open s - S _Jl.

Figure 14. The representation of the Latvian vowel system in the TPA vowel quadrilateral, using
TPA symbols corresponding to the acoustic-auditory quality of the Latvian vowels.

Ladefoged’s conclusions are taken into account making comparison of the Lat-
vian vowel system with the system of Cardinal vowels (Figure 13). In creating
Figure 13 several important factors were taken into account. Firstly, since the
goal of the investigation was to compare the pronunciation data of speakers
representing certain systems (the vowel system of Standard Latvian and the
system of Cardinal vowels), the mean values were used. The Latvian data reflect
the male pronunciation of isolated vowels (Table 1), and the Cardinal vowel
data reflect the pronunciation by 11 informants (Ladefoged 1975: 88-89). Sec-
ondly, to compare placement of vowels, the zone of the Latvian vowels was
enlarged in proportion and displaced so that the point of the vowel [i] coincided
with the corresponding Cardinal and the point of [u] overlapped the correspond-
ing Cardinal as much as possible (Figure 13). The appropriate IPA symbols and
the diacritic marks specifying the deviation in pronunciation of the Latvian
vowels from the pronunciation of the Cardinal vowels (Figure 14) were chosen
after the thorough analysis of Figure 13.

Since the data point of the Latvian back mid vowel almost equally overlaps
with the points of the Cardinal vowels [o] and [2] it is possible to choose be-
tween the two symbols for its notation. It has to be taken into account that the
auditory quality of the Latvian vowel, judging by hearing, is closer to the quality
of the Cardinal vowel /5/ therefore the author of this article would suggest to
transcribe it using the symbols 2 and :. The author is aware that more extensive
research on the articulation, acoustics and perception of Latvian vowels can
provide more detailed information, which will affect the current placement of
Latvian vowels in the IPA vowel quadrilateral and influence the phonological
classification of these vowels and the choice of symbols for their transcription.
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5 Conclusions

(a) The hypothesis of the qualitative equivalence of the long and short Latvian
vowels was tested using the data of the acoustic vowel targets. It was dis-
covered that the difference in the acoustic characteristics of the long and
short vowels is not significant, since their data points were overlapping in
both the acoustic and psychophysical F2/F1 plane, and the differences in the
placement of the long and short vowel zones did not exceed 1 Bark.

(b) Different normalization methods of the articulation data were evaluated. The
correlation analysis was performed to determine whether there was a statisti-
cally significant difference between results obtained by the methods of nor-
malization used. The analysis showed no statistically significant difference
between the uniform and non-uniform normalization (z=0.00— 0.236,
p>0.05). It can be concluded from the results that for technical needs the uni-
form data normalization is advisable, because it is simple but sufficiently ef-
fective for the elimination of vowel data differences caused by gender and
age of speakers. The best results for the normalization of the data of the Lat-
vian acoustic vowel targets were achieved using coefficient k = 27%, which
was calculated from the ratio of the F2 centre frequencies of vowel [i(z)].

—  For the non-uniform normalization of the Latvian vowel data it is ad-
visable to use coefficients calculated from the data of vowels pro-
nounced in equal or eventually close phonetic environment.

— To acquire as compact vowel zones as possible, before the normaliza-
tion of differences determined by the gender, the data of speakers of the
same gender should be normalized in respect to the data of a male or
female prototype.

(c) From the theoretical literature and the experiments carried out for this re-
search a conclusion is drawn that it is advisable to transform data from the
acoustic units (Hz) to psychophysical units (Z) and to characterize the vow-
els by the tonotopic distances between the formants. In this way it is possible
to relate the acoustic parameters of vowels with their perception, simultane-
ously almost completely eliminating vowel pronunciation data differences
determined by the age and gender of speakers.

—  Characterizing vowels by the tonotopic distances between their for-
mants, 1 Bark interval suggested by A. livonen can be used determin-
ing qualitative resemblance of both members of the long and short
vowel pair and data from male and female pronunciation.

(d) As a result of the analysis of the vowel targets in Latvian established by the

auditory experiments carried out for the present research it was realized that:

—  for back vowels the values of the effective second formant determined

in experiments (F2' and F2°%) and calculated by Bladon and Fant’s for-

mula (F2') agree with the values of F2 obtained in the acoustic meas-
urements of the pronunciation data;
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—  for front vowels differences are observed between frequencies of the
effective second formant obtained in the experiments and theoretically
predicted, that can be explained as follows — since there are no rounded
front vowels in Latvian, there is no necessity to increase the perceptual
contrast of unrounded front vowels increasing the frequency of their ef-
fective second formant;

— since the frequencies of F1 and F2 of two-formant stimuli correspond-
ing to the auditory vowel targets do not differ significantly from the
frequencies obtained in the matching experiments, the conclusion can
be drawn that as a result of phonological experiments the effect of per-
ceptual hypersphere is not observed.

(e) The results of the auditory experiments point to the necessity of extensive
further experiments varying the parameters of auditory stimuli to concretize
the quality of auditory vowel targets and the shape of vowel zones in human
perception, as well as to clarify, why the psychoacoustic data of the Latvian
vowels described in this research differ from the data of other languages.

(f) The acoustic database of the Latvian vowels acquired as a result of the pre-
sent research, the establishment of the acoustic and psychophysical parame-
ters essential for the perception of vowels, as well as the tested methodology
of research is a substantial contribution to the development of the acoustic
phonetics of the Latvian language and in providing material for typologic re-
search of world languages.
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