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ACOUSTICAL FEATURES OF ESTONIAN VOWELS
' PRONOUNCED IN ISOLATION
AND IN THREE PHONOLOGICAL DEGREES OF LENGTH

G. LIV

1. MATERIALS AND- METHODS

The vowel system of Estonian consists of 9 phonemes: /i/, [ii/, [e/, [6f, [4], Jul,
o/, /a/, /a/. Each vowel type is represented by a phonologically short, a long and
an over-long sound. Correlations of quality and quantity within the phonetic structure
of Estonian have not been systematically studied by experimental methods. On the
whole, the opinion has hitherto prevailed that vowels in the three phonological degrees
ofi length differ very slightly or are quite identical as regards their quality. The
present investigation on the acoustic as well as articulatory features has shown that
there are considerable qualitative differences in the Estonian vowels of three degrees
of length. From the point of view of the phonological system, however, the differences in
quality of vowels in different degrees of length are considered to be merely
concomitant phonetic phenomena that do not play a decisive role in the perception
of the corresponding degrees of quantity.!

The acoustic features of the Estonian sounds have not been studied hitherto. It
is only I. Lehiste who has given some data in the form of tables "on the
irequencies of Estonian vowel’ formants.? It is well-known that the articulation of
any speech sound in speech flow is a dynamic process, hence the acoustic quality
of vowels changes perceptibly in the course of thejr phonation. In the work under
discussion, however, it is not clear which vowel segments are characterized by the
frequencies listed. As a result the data presented are quite heterogeneous and have
consequently led the author likewise to the conclusion that vowel quantity does not
influence vowel quality. The analysis of the spectral data given in the present work
permits us to take an opposite view, as mentioned above.

I A survey of the divergent views of specialists on the quantitative system of
Estonian and an articulatory analysis of vowels are given in G. Liiv, On Qualitative
Features of Estonian Stressed Monophthongs of Three Phonological Degrees of Length.
«Eesti NSV Teaduste Akadeemia Toimetised — Uhiskonnateaduste Seeria» [“Trans-
actions of the Academy of Sciences of the Estonian S.S.R.”, Series of Social Sciencesl,
Tallinn, 1961, Nos. 1, 2, pp. 41—66, 113—131. For an analysis of quantity of
Estonian vowels see G. Liiv, Eesti keele kolme viltusastme vokaalide kestus ja
meloodiatiiiibid [The Duration and Pitch Patterns of Estonian Vowels in Three Degrees
of Lengthl. «Keel ja Kirjandus» [“Language and Literature”], Tallinn, 1961, Nos. 7,
8, ‘pp. 412—424, 480—490.

2 ] Lehiste, Segmental and Syllabic Quantity in Estonian. “American Studies
in Uralic Linguistics”, Indiana University Publications, Uralic and Altaic Series, Vol. I,
1960, pp. 21—82; the tables are given on pp. 26—34.
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An attempt has been made in the present paper to provide some preliminary
data on the spectral composition of Estonian vowels from the following two aspects:
(1) the analysis of the acoustic parameters of isolated vowels; (2) the
comparative description of the acoustic features of the so-called characteristic
segments of stressed monophthongs in three phonological
degrees of length.

The Estonian monophthongs in stressed syllables of three phonological degrees
of length have been investigated in dissyllabic words. The latter were pronounced
by the informants not separately, but as identical portions of a sentence, as the first
words of declarative affirmative sentences in the indicative mood that do not carry
the logical sentence stress. Both syllables of the words studied were open. The vowels
contrasted = with regatd to quantity occurred in completely identical consonantal
environments in all three, i. e. the short, long and over-long degrees of length. In all
sentences the second word began with a stop consonant. An attempt was made to
form sentences of more or less identical length. The subjects were requested to
pronounce the sentences with a moderate speed of utterance. The linguistic material
was presented to the subjects in random fashion, the sentences containing words
contrasted in quantity being kept as far apart as possible. The speakers were not
informed of the purpose of the work. The reason for this was the desire to avoid
an exaggerated presentation of quantitative distinctions. The list of the experimental
material consisted of a total of forty-five sentences. The investigation was confined
to the Tallinn variety of Standard Estonian.

By way of illustration we are giving only one set of sentences containing words
conirasted as to their degrees of quantity (in spelling): Puri paistis juba eemalt
‘The sail was seen already from afar’; Puuri (II) katus oli purustatud ‘The roof
of the cage was broken’; Puuri (III) pdgenenud loomake virises ‘The little
animal that had fled into the cage was trembling’. The vocabulary used in ana-
logical sentences was the following (the Roman numbers denote the degree of
quantity): ;

tiru ‘gland’, dial., Nominative Sg. — tiiru (II) ’circle’, Genitive Sg. — tiiru (III)
“circle’, Partitive Sg.; pime* ‘blind (person)’, Nom. Sg. — piima* (11) ‘milk’, Gen.
Sg. — piima* (III) ‘milk’, Part. Sg.;

keda '"whom’ — keeda (11) ’boil’, Present Imperative, 2nd pers. Sg. — keeda (III)
‘boil’, Infinitive; kera* ’sphere’, Nom Sg.; — keeru* (II) “turn (in a road)’, Gen.
Sg. — keera* (II1) ‘turn’, Pres. Indic. Neg.;

piri ‘strive’, Present Indicative Negative — kupiiiri (11) ‘omission’, Gen. Sg. —
kupiiiri (111) “omission’, Part. Sg.; kidi* ’husband’s brother’, Nom. Sg. — skadidi*
(I1) ‘Scythian’, Gen. Sg. — piudis* (I11)3 ‘try’, Past Imperfect Indicative, 3rd
pers. Sg.;

pora ‘noise’, Nom. Sg. — pééra (I1) ‘toggle’, Gen. Sg. — pdéra (I1I) ’toggle’,
Part. Sg.; kogin* ‘an inarticulate sound’, Nom. Sg. — kéogi* (II) ‘kitchen’, Gen.
Sg. — toogi* (Il) ‘work/, Nom. Sg. (with an emphatic particle);

kiru ‘hand-cart’, Nom. Sg. — kddru (II) ’‘bend (in a river, etc.)’, Gen. Sg. —
kadru (I11) ’bend’, Part Sg.; kdba* ’‘float (of a net)’, Nom. Sg. — kddbas* ’barrow,
burial mound’, Nom. Sg. — Kadber * (I11) (a proper name);

sama ’'same’, Nom. Sg. — saama (II) ‘getting, acquiring’, Gen. Sg. — saama
(I11) ‘get’, Inf.; kase* ’birch’/, Gen. Sg. — kaasa* (II) ’spouse’, Nom. Sg. — kaasa*
(I1I) “with’ (a word serving to express the Comitative relationship);

* puri ‘sail’, Nom. Sg. — *puuri (1I) ’‘cage’, Gen. Sg. — *puuri (IlI) ’cage’,
Illative Sg.;

* For an explanation of the meanings of the asterisks, see p. 66.
3 Here i was pronounced as an over-long monophthong and not as the
diphthong that one may hear occasionally.
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* kosi ‘ask in marriage’, Pres. Indic. Negat. — * koosi (II) ‘course (of a ship)’,
Gen. Sg. — * koosi (111) “course’, Part Sg.;
* mody ‘mead (drink)’, Nom. Sg. — * moodu (11) ‘measure’, Gen. Sg. — * moodu

(I11) ’influence’, dial., Pres. Indic. Negat*

The spectral composition of isolated vowels has been characterized on the basis
of the analysis of the pronunciation of fourteen speakers. (Six of the speakers
employed here were also used in a series of experiments involving réntgenography,
palatography and the filming of the external organs of speech.) Eight of the subjects
were men. The ages of the speakers ranged from 25 to 50, only three being over 40.
They all speak perfect Standard Estonian with a Tallinn pronunciation and without
any dialectal peculiarities.

The characteristic and transitional segments of vowels in three degrees of
length have been subjected to auditory analysis on the basis of the pronunciation of
five s;\)eakers. Characteristic segments as pronounced by five and transitional
segments in the pronunciation of four informants have been spectrographically analyzed.
Four of the latter work as announcers of the Estonian Broadcasting Service (Eesti
Raadio). Subjects I, II and III are men; Subjects IV and V are women. The ages
of the speakers range from 26 to 46. Speakers I and V have read the sentences
right through silently, pronouncing aloud only the words being analyzed (i. e. the
first words of the sentences). Although the speakers are very experienced radio
announcers, the absolute average lengths of the separate segments are somewhat
longer (this is particularly true in the case of female Speaker V), the relative
durations, however, being substantially the same. The other speakers have read
out the sentences in full. The isolated vowels of these speakers have also been
spectrographically analyzed.

It is a pleasure to record the debt of gratitude which I owe to my informants
E. Ilves, H. Kihno, A. Kiingas, H. Ploompuu, K. Toom for pronouncing vowels in
isolation and reading all the texts of the experimental material. I am also indebted to
V. Hallap, R. Karemde, R. Kull,” M. Neithal, M. Norvik, E. Pajusalu, V. Pall,
A. Ripus, V. Roomere, S. Tasane, L. Vellerand for pronouncing the .isolated vowels.

The experimental materials were tape-recorded in a studio of the Estonian
Broadcasting Service. A Model M33-15 taperecorder (speed 770 milli- -
meters per second) and a dynamic microphone with substantially flat (+2db) responses
from 60—12,000 cps were used. The acoustic experiments were carried out in the
Experimental Phonetics Laboratory of Leningrad State Uni-
versity mainly in 1959 and some additional experiments were made there in
1960—1961.

The author is very grateful to Professor L. Zinder, Head of the Laboratory, for
kind permission to use the necessary equipment and for helpful suggestions made
during the preparation of this work. It is also a pleasure “to acknowledge my
indebtedness to L. Bondarko, research worker at the Laboratory, for her invaluable
assistance and encouragement in conducting the experiments. The author is likewise
indebted to L. Varshavski for his help and friendly advice.

Our conclusions as to acoustical features are based on data obtained by means of
the following electro-acoustical apparatus:

(1) a gating circuit. This device passes only the part ol the sound that lies
between the opening and the closing of the “gate”, thus making it possible to

* In order to keep other conditions equal it was occasionally necessary to use a
negative sentence or words in which the second syllable was closed. In the list of
words analyzed only those meanings of polysemantic words have been given as occur
in the sentences used in the course of the present investigation. The same principle
has been observed in the presentation of word-forms.

5 ENSV TA Toimetised. U-1 1962.
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isolate separate sounds or their segments from tape-recorded speech (single words or
connected discourse) for the purpose of auditory or subsequent objective analysis.
The duration of the sound or segment selected for analysis and the time intervat
irom the opening of the gate to the beginning of the sound or segment selected
can be controlled within a range of 1 millisecond to 1 second with a precision of
1 msec. Thus the investigator can isolate a segment of any duration from any
portion of ‘an endless loop of magnetic tape with a precision of up to 1 msec?

(2) a model MIIO-2 oscillograph, a film speed of 2000 mm/sec and a vibrator
with a fundamental frequency of 10,000 cps were used. Time marker — 500 cps.

(3) a L. F. Spectrometer, model 74100-A, serial No. 22603, Standard Telephone
& Cables Ltd., London, supplied with a set of third-octave filters. A frequency range
of up to 10,000 cps was analyzed (the figures illustrating the present paper contain
frequency spectra plotted only for 100 cps to 6400 cps). The above-mentioned spectro-
meter was used to analyze isolated vowels as pronounced by 14 speakers and the
characteristic and transitional segments of vowels in the three degrees of phonological
length as pronounced by three speakers.

(4) a set of filters consisting of 61 low pass and high pass filters which may
be combined at-will. The cut-off frequencies of the filters were selected according
to the Koenig scale specified as linear below 1000 cps and logarithmic above 1000 cps.
The frequency range analyzed is up to 8616 cps.® Characteristic segments of vowels
in the three phonological degrees of length have been analyzed on the basis of the
pronunciation of one speaker.

(5) a 48-channel dynamic spectrograph. The frequency range of roughly 50 to
10,000 cps was analyzed. Intensity range of about 40 db. The pre-emphasis. for
frequencies above 1000 cps was approximately 6 db/oct. The entire linguistic material
was analyzed in the pronunciation of one speaker. The words analyzed by means
of this spectrograph have an asterisk after them in the corresponding list; those
subjected to spectral analysis by means of other types of analyzers have not been
marked; words analyzed by means of both the dynamic spectrograph and other
kinds of apparatus have an asterisk before them.

A spectrograph sectioner was also used, the filming speed being about 64 sections
per second. Each section is a sample of approximately 10 milliseconds’ duration.?
The experimental material in the pronunciation of two speakers was analyzed.

The actual procedure used in our investigation was the following. Tape-
recorded speech was first subjected to auditory analysis by means of a gating
circuit in order to determine the phonetic quahty and duration of different vowel
segments of relatively homogeneous quality occurrmg in stressed syllables of words

5 A technical description of the apparatus is given in JI. A, BapmaBckui,
O.Bb.Taymxkosa, ﬂpuﬁop JUIS BBIZEJIEHHST 3BYKOB H3 CJOB M 3ByKocoueTaHuil (cenmapa-
top). Hayuno-rexnuueckuit c6opunk, Boinyck 3 (13), Jlenunrpan, 1957, pp. 45—54.

An extensive investigation of Russian sounds has been carried out by means of this
apparatus by L. Bondarko, see JI. B. Bouxapxko, O xapakrepe uaMenennsi GopMaHT-
HOTO COCTaBa PYCCKHX IJVIACHBIX TOJ BJHSHHEM MSTKOCTH COCEIHHX COTJacHbX. Bompocst
¢onernku («Yuenble 3anickn JIeHHHTpaJCKOro rocyAapcTBEHHOro YHHBepcHTera», Ne 237,
Cepust _¢dunonoruvecknx uayk, Brimyck 40, 1960), pp. 83—102; JI. B. Bounapko,
J. A. Bep6uukas, JI. P. 3unpep, 3aBHCHMOCTD BPEMEHHOH XapaKTepHCTHKH corJiac-
HBIX OT HX (oHeTHYecKoro mnoJoxeHnus. Bompockl panuosnektponnkH, Cepus XI, Texuuka
NpoBOAHOI cBsi3H, Buinyck 3, 1960, pp. 122—127; JI. B. Bounapxko, K Bonpocy 06 aky-
CTHYECKOM COCTaBe DYCCKHX YHApPHBIX IJIacHbIX. «BeCTHHK JIeHHHIPaJCKOro yHHBEPCHTETa»,
Ne 2, Cepusi ucTopuu, sidblka H JuTeparyphl, Bunyck 1, 1961, pp. 132—140.

6 For a technical description see JI. A. Bapmasckui, U. M. JIutsaxk, Heccre-
JOBaHHE HEKOTOPHIX (DH3HYECKHX XAPAKTEPHCTHK H (DOPMAHTHOTO COCTABA 3BYKOB PYCCKOi
peun. Hayuno-texunueckuii c6opuuk, Temedonnass akycruka, Bemyck 1—2 (3—4), Jlennn-
rpan, 1955, pp. 30—32.

T A Spectrograph of this type is described in H. Sund, A Sound Spectrometer
for Speech Analysis. “Acta Polytechnica”, Electrical Engineering Series, Vol. 8, No. 4,
298, 1957 (= “Transactions of the Royal Institute of Technolegy”, Stockholm No. 112,
1957); B. WU. Jlun go B, JdunaMiuyeckuii CriekTporpag Ajs HCCAeJ0BaHHs peul. Bonpocst
pamuosnekrponnkH, Cepust XI, Texunka mpoBoan®ii cBs3u, Bemyck 3, 1960, pp. 114—121.
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contrasted as to their quantity. The results of auditory analysis were compared with
changes in the general wave shape as revealed in oscillographic recordings (the
materials obtained from three speakers were used). It was in this way that the so-
called characteristic segments and transitional segments of vowels were determined.

The spectra of separate segments were obtained by means of the L. F. Spectro-
imeter and the above-mentioned set of filters. The results of auditory analysis were
also used in analyzing sonagrams and sections. Our conclusions regarding the
acoustic features of vowels are based on the detailed analysis of about 600 spectra
of different types.

The illustrations include a selection of the specimens of energy density
spectra, sonagrams and sections (108 different spectrograms are given in the present
paper). These specimens are in good -agreement with data obtained from other
speakers.

As regards isolated Estonian vowels then only their average spectrum envelopes
have been given. In the pertinent figure the average ~spectrum envelopes for the
eight male speakers are designated by means of a continuous line, those of the six
female speakers by a broken line. On the curves the centre frequencies of the filters
are marked with filled and unfilled dots respectively. The maximum deviations of
the output voltages of the filters as recorded during the analysis of the pronun-
ciation of different persons are also given; these do not, however, denote the more
frequently occurring intensity levels at the corresponding frequencies. On the whole,
the spectral data obtained from different persons are in fairly good agreement. The
average spectrum envelopes represent details of the spectra as considerably smoothed.
Sonagrams of all the isolated vowels pronounced by one male speaker are also
given in the present work.

In the figures giving the spectrum envelopes of the characteristic segments of
vowels in three phonological degrees of length, a continuous line denotes the
characteristic segment of an over-long vowel, a broken line - - - stands for the
characteristic segment of a long vowel, and a dotted line ... for that of a short
vowel. The filled and unfilled dots and little triangles on the pertinent curves denote
the centre frequencies of the filters. In the sonagrams the characteristic segments are
indicated by vertical arrows.

The results of the auditory analysis of the language material and the acoustic
features of transitional segments of vowels are given in another article.®

It has become the tradition in literature on acoustics to characterize vowel
quality in terms of formant patterns. By a formant we generally mean
a concentration of energy in a certain relatively narrow frequency band. On the whole,
the formant pattern is the set of resonance frequencies of the vocal tract. A formant
has the dimensions of frequency, bandwidth and intensity level. By formant frequency
is meant the frequency of the peak of the reinforced band (in the case of several
peaks with an equal intensity level — their average frequency) or — in a sonagram —
the centre frequency of the darkened frequency band. G. Fant has pointed out
that the formant bandwidths are statistically well correlated with their fre-
quencies; even the intensity levels of formants can be calculated if we have the
frequencies and bandwidths of 3—4 first formants and if the vocal cord spectrum
is known.? The intensity levels (and perhaps also the rates of decay) of formants,
however, are probably not irrelevant from the point of view of perception.

8 See G. Liiv, On the Acoustic Composition of Estonian Vowels of Three
Degrees of Length (to be published in «Eesti NSV Teaduste Akadeemia Toimeti-
sed — Uhiskonnateaduste Seeria» [“Transactions of the Academy of Sciences of the
Estoman S. S. R.”, Series of Social Sciencesl, Tallinn, 1962, No. 2).

9 G. Fant, On the Predictability of Formant Levels and Spectrum Envelopes
from Formant Frequencies. For Roman Jakobson. ’s-Gravenhage, 1956, pp. 109—119;
G. Fant, Acoustic Theory of Speech Production. ’s-Gravenhage, 1960 (Description
and Analysis of Contemporary Standard Russian, II).

5%
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In reality not a single vowel is ideal: in spectrograms one can see minor humps,
dips, and even extra reinforcement at certain frequencies, due to the actual composition
of the voice source spectrum, due to the effects of sinus piriformis, of the larynx tube,
due to the coupling to the subglottal system, due to the effect of the idiosyncrasies of
false vocal cords, of the sinus morgagni, of the epiglottis, etc. Intermodulation from the
recording and analyzing equipment has similar effects. Unfortunately we do not
yet know the relative importance of many spectral details. The determination of the
same details in spectrograms obtained as the result of the analysis of the pro-
nunciation of different speakers is often a fairly difficult task.'®

The data which  have been obtained in the present work by means of different
kinds of analyzers are generally unambiguous. The number of formants and the
details of the parameters seen in the spectrograms are naturally influenced by the
band pass and the responsive curve of the analyzing filters as well as by differences
in the pre-emphasis of higher frequencies, etc. Thus, for instance, formants that are
close in their frequencies are very often visible as one energy concentration area
in the spectrograms obtained with a spectrometer supplied with third-octave filters,
whereas in the sonagrams and sections obtained by means of a 48-channel dynamic
spectrograph one can see several energy concentration bands. It has not yet proved
possible to determine which frequency interval or difference in the relative intensity
of closely located formants is critical in enabling them to be auditorily distinguished
as one or several formants. It is only known that back vowels can be fairly well
synthesized when replacing F, and F,, which are located close to each other, by a
single formant located between their frequencies. Synthetic front vowels can also be
produced by substituting a single formant for relatively close F; and F; (or, in
general, for all formants with higher frequencies)"; in doing this a so-called weighted
average has often been used '2

One must always bear in mind the relative character of a spectrogram, the certain
indeterminacy of its dimensions: it does not consist of an exact determination of
an amount of energy with a precisely definite frequency at an exactly fixed moment
of time, it merely represents a certain amount of energy in the vicinity of this area.
The present work confines itself to a comparative description of spectrograms without
raising the question of which spectral elements are indispensable or not, from the
point of view of the corresponding auditory perception. The study of this complicated
problem calls for an extensive series of experiments with various combinations of low
and high pass filtering and the use of synthetic speech.

10 See, e. g, M. Halle, The Sound Pattern of Russian. 's-Gravenhage, 1959
(Description and Analysis of Contemporary Standard Russian, I), p. 115; G. Fant,
Acousfic Theory of Speech Production, pp. 48—49, 102 et passim; also private
communication from L. Varshavski, April, 196l.

1 P Delattre, A M. Liberman, F. S. Cooper, L. J. Gerstman, An
Experimental Study of the Acoustic Determinants of Vowel Color; Observations on
One- and Two-Formant Vowels Synthesized from Spectrographic Patterns. “Word” 8,
1952, pp. 195—210; R. L. Miller, Auditory Tests with Synthetic Vowels. “Journal of
the Acoustical Society of America” (JASA) 25, 1953, pp. 114—I121; G. Fant, Modern
Instruments and Methods for Acoustic Studies of Speech. The Royal Institute of
Technology, Division of Telegraphy-Telephony, The Speech Transmission Laboratory,
Report No. 8, June I1th 1957, pp. 14—15; E. Fischer-Jgrgensen, What can
the New Techniques of Acoustic Phonetics Contribute to Linguistics? Reports for the
Eighth International Congress of Linguistics. Vol. I, Oslo University Press, 1957,
pp. 62—63; G. Fant, Acoustic Theory of Speech Production, p. 212.

12 The weighted average frequency may be computed according to the. following

formula:
Wifs + Wafs.
Wi +Ww,

where W, denotes the power at one peak, W, — the power at the second peak; f; stands
for the frequency of the first peak, and f, for that of the second peak. ’
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Because of the circumstances referred to, the enumeration of only the centre
frequencies of the often largely conventionally determined formants (as is done in
many works on the subject) does not probably convey all the necessary information
concerning the spectral structure of the speech being analyzed. Generally speaking,
there are grounds for believing that it is the concentration of energy in certain
frequency bands of the spectrum that is relevant in this connection. Proceeding from
this, in the present work the rise of a formant (resp. its lowering) is conditionally
regarded as meaning both the shift of the peak of the reinforced band towards
higher (resp. lower) frequencies as well as, for instance, the increase (resp. decrease)
in the relative intensity of the adjacent components with a higher frequency or the
decrease (resp. increase) in the relative intensity of the components with a lower
frequency, which also indicates a certain_shift in the concentration of energy. As
there are no thoroughly corroborated formulas for a uniform determination of the
formant bandwidths in spectrograms obtained by means of different types of analyzers
(energy density spectra, sonagrams, sections), this work gives only the relatively more
reinforced frequency bands visible in spectrographic pictures and their centre frequencies
or the frequencies of the peaks. It is also of possible interest to observe the changes
in the relative intensity levels of different formants.

The present work likewise confains some brief and tentative excursions into the
correlations of the articulatory and acoustic features of vowels.!® In doing this hitherto
‘available data on this complex problem have been made use of.'*

Notes on transcription

In the present work we have as a rule used a phonological transcription based
on the vowel letters as used in Estonian orthography and on the symbols of the
phonetic alphabet employed in transcribing the Fenno-Ugric languages (FUT). With
regard to the basic symbols for vowel types one should note the following correspond-
ences to the symbols of the system adopted by the International Phonetic Association

(IPA): fi/ = IPA Jyl, J6/ = 1PA /g/, /] = IPA [e], [0/ = FUT [¢] = IPA [o] = [§]
(an unrounded central vowel whose quality could be rendered in narrower transcription
approximately as | €-] or [w+] in the third degree, as approximately [€] in the second
and as [€] or [2] in the first degree of length).

In the field of the notation of quantity the following cases should be pointed out.
In the phonological transcription employed in the present work a vowel symbol without
any diacritic mark denotes the short or first phonological degree of length. The
mark /:[ -standing immediately after a symbol designates the long or second phono-
logical degree of length. The mark /::/ after a symbol denotes the over-long or third
phonological degree of length.

The principal stress in words is denoted in the present paper in accordance with IPA
tradition by means of the mark /'/ placed above and in front of the stressed syllable.
To indicate palatalization we have used the acute accent mark above or after the
consonant symbol, e. g. /§/, /'], etc. ' ‘

13 The articulatory features referred to are discussed in detail in the paper by
G. Liiv, On Qualitative Features of Estonian Stressed Monophthongs of Three
Phonological Degrees of Length.

4 See, e. g, P. Delattre, The Physiological Interpretation of Sound Spectro-
grams. “Publications of the Modern Language Association of America” LXVI, 1951,
pp. 864—875; K. N. Stevens, A. S. ouse, Development of a Quantitative
Description of Vowel Articulation. JASA 27, 1955, pp. 484—493; K. N. Stevens,
A. S. House, Studies of Formant Transitions Using a Vocal Tract Analog. JASA 28,
1956, pp. 578—585; G. Fant, Modern Instruments and Methods for Acoustic Studies
of Speech, section 2.3; E. Fischer-Jgrgensen, What can the New Techniques
of Acoustic Phonetics Contribute to Linguistics?, pp. 66—68, 77—81; G. Fant,
Acoustic Theory of Speech Production.
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2. ACOUSTIC DESCRIPTION OF ESTONIAN VOWELS
PRONOUNCED IN ISOLATION

Fundamental Oppositions in Estonian Vowel System

The distinctions of Estonian vowel types can be described by means of the inherent
features of compact vs. noncompact, diffuse vs. nondiffuse, grave vs. acute (back vs.
front) and flat vs. plain (rounded vs. unrounded).

In earlier works the features compact vs. noncompact and diffuse vs. nondiffuse
have been formulated as one feature compact vs. diffuse: “acoustically — higher
(vs. lower) concentration of energy in a relatively narrow, central region of the
spectrum accompanied by an increase (vs. decrease) of the total amount of energy...” '
Difficulties in the analysis of actual linguistic material (the occurrence of ternary
opposition in the vowel systems of some languages) have led to the replacement of
this feature by the two binary features compact vs. noncompact and diffuse vs.
nondiffuse.'® The feature of diffuseness is acoustically signalled by a maximally low
first formant. The feature of compactness is signalled by a maximally high first
formant. The distinction grave vs. acute has been formulated as follows: “acoustically —
concentration of energy in the lower (vs. upper) frequencies of the spectrum...”!” In
this connection F; or Fs¢ is often used as the criterion of gravity.!® Flattening manifests
itseli by a downward shift of all formants.

The following oppositions occur in the system of Estonian vowels. On the basis of
the measure Fo—F; or Fs¢ —F; (i. e. the difference between the frequencies of these

formants) it is possible to distinguish the vowels [ul, [o0l, [al and likewise [¢&]
(= IPA [€]) from all other vowels. These are grave vowels as opposed to acute
vowels. In the vowels of the grave group the value of F;— F; is about 900 cps or

below if one includes. [€], in the case of the group consisting of [ul, [o], [al it is
sufficient for the corresponding value to be 650 cps or below.

In the acute vowel group the criterion. Fy - F; or F, - Fse, this sum being smaller
than the critical value, makes it possible to distinguish the vowels [ii] and [6] from
[il, [e]l and [&]. They are flat acute vowels contrasted with plain acute vowels. Our
insufficient spectrographic material does not warrant the determination of a universally
valid critical F, - Fy-value. In all the spectrum envelopes presented here the flat acute
vowels are distinguished from all plain acute vowels by the value of the measure
Fy -+ F’5, which is about 2300 cps or below for male voices and 2950 cps or below in
the case of female voices. (F; is used conditionally to designate the peak frequency
of the energy concentration region that is located in the relatively higher frequencies
of the spectra of vowels [iil, [6], [i] and [e] (or .their average frequency if there are
two peaks of equal intensity) and the weighted average of the peaks of the second
and third energy concentration regions in the spectra of [4].) These values may, of
course, only be preliminary tentative data which need not be valid in the case of
spectrograms obtained by means of other types of equipment.

5> R. Jakobson, M. Halle, Fundamentals of Language. 's-Gravenhage.
1956, p. 28.

16 See M. Halle, In Defense of the Number Two. Studies Presented to Joshua
Whatmough. ’'s-Gravenhage, 1957, pp. 65—72; M. Halle, The Sound Pattern of
Russian, Chapter I, section 3.32; Chapter V, section 4.1.

7 R. Jakobson, M. Halle, Fundamentals of Language, p. 3l.

18 Fge is the symbolic designation. of the perceptive substitute for the second
and higher formants of naturally produced front vowels, which corresponds to only F;
in back vowels. It has been called the effective pitch of the higher formant group,
by which is generally meant the weighted average of these formants (some other
formulas have also been suggested for its computation), see, e. g, -G. Fant, Madern
Instruments ‘and Methods for Acoustic Studies.of Speech, p. 14; G. Fant, Acoustic
Theory of Speech Production, p. 212. 4 . .
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Further identification of vowels within the vowel groups distinguished in this
manner with the help of the oppositions grave vs. acute and flat vs. plain, viz. [ul [o]
fal — [i] [e] [4] — [il [6] may proceed by applying the criteria of the distinctions
compact vs. noncompact and diffuse vs. nondiffuse, i. e. mainly on the basis of the
location of the first formant. The frequency of the first formant in Estonian compact
vowels is usually over 600 cps in the case of male voices and over 700 cps in female
voices. On these grounds the vowels [al and [4] may be termed compact, the vowels
{ul [i] [i] — diffuse, and [o] [e]l [6] — nondiffuse and noncompact. In producing
[ul and [o] the rounding that occurs is not a distinctive but a redundant feature.

The vowel [€] occupies a somewhat special position within the system of Estonian
vowels. It may be characterized in general terms by the following oppositions: [€]1] [ul

as plain vs. flat, [¢&]1/[i]l as grave vs. acute, [é]/[al as noncompact vs. compact.

As a criterion for the mechanical recognition of the [é]l-vowel type within the group of

grave vowels one could perhaps employ the measure F,—~ F,, whose value for [¢] is
ihe greatest in this group, i. e. its degree of graveness is the smallest.

Comments on Details of the Spectral Composition of Estonian
Vowel Types :

The following discussion contains a comparative description of the spectral com-
position of Estonian vowels pronounced in isolation.

Fig. 1 gives the average spectrum envelopes of isolated Estonian vowels as
obtained from the analysis of eight male voices (marked with a continuous line) and
six female voices (indicated by means of a broken line). (The spectra have been
obtained by means of a L.F. Spectrometer supplied with third-octave filters.) A more
detailed picture of the spectral composition of the vowels is provided by Fig. I (Plate I)
which gives sonagrams of vowels pronounced in isolation by Subject 1 (male). In thesc
sonagrams it is possible to see a greater concentration of energy in approximately the
following frequency bands:

[il [el [a]
_F, reinforced {irequency f, up to 750; f, up to 950;
band (f,) up to 550
cps;
Fy f, 2100—2000, centre  f, 1800—2400, f, 1450—2000,
frequency (i) 2500; f. 2100; Y. 1725;
F, (°F3+ Fy) f, 3000— f, 2500—3000, f, 2400—3000,
4000, i, 2750; i, 2700;
f. 3500;
F, f, 3400—4000, f, 3450—4050,
f. 3700 f, 3750;
(actually F,, F; and F,
represent o single darlc
1800—4000 cps);
[l [6]
Fy f, up to 550; f, up to 750;
Fy fy,  1750—2150, iy 1500—2000,
f. 1950; i, 1750; e
F3 £, - 2300—2750, f, 2050—2700,
i, 2550; : f. 2375;
Fy £y, 2950—3500, f, 3000—3750,
i, 3295; i, 3375;
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* [ul [o] [al
Fi+Fy, fy up to 725; f, up to 1030; fy, up to 1500;
(? Fo  f, 6756—725, (f, 850—1050, (f,  1000—1500,
. 700;) . 950;) f. 1250;)
F; f, at about 2250; f, 2600—3300, f, 2800—3000,
f.r 2950; 3050—3200,
3300—4300,
¥, 3550;
[é] (=IPA [§])
~ Fy iy up to 700; $
! Fy £, 1100—1550,
f. 1325
F3 £, 2200—2800,
i, 2500
Fy i, 2950—3550,
i 3250.

It should be pointed out that the analysis of the spectral composition of vowels
pronounced in isolation, on the whole, enables us to characterize only the general
acoustic structure of the corresponding vowel type (even in the pronunciation of
one and the same person an isolated vowel often does not correspond to the
concrete occurrence of that vowel in any phonological degree of length).

Plain Acute Vowels. A comparison of the spectrographic pictures of the vowel
types [il, [e]l and [4] reveals that in the case of [i]l the enmergy concentration regions .
are located relatively farthest at the ends of the frequency spectrum,
in the spectral composition of [e] they are nearer to each other, and in the case of [dl
Fy and F, (Fs¢) have shifted relatively farthest towards the central region of the
spectrum. In the average spectrum envelopes F; may be observed to shift in the case
of male voices from approximately the 250 cps region for [il (the peak of this energy
concentration region ranges between 200—320 cps in different persons) to about 400 cps
when [e] is sounded (variation within a range of about 320—400 cps) and to about
640 cps (about 570—720 cps) in the spectral structure of [4] (a certain reinforcement
at about 250 cps is probably merely a reinforced 2nd harmonic). The corresponding
figures for female speakers are about 400 cps (about 400—500 cps) in the case of
[il and [el (the expected shift cannot be recorded here probably because of the
relatively high fundamental pitch — 200 cps — in female speakers) and an average of
800 cps (about 800—1000 cps) in the case of [d] (the reinforcement at about 400 cps
is likewise probably only a reinforced 2nd harmonic). In the relatively higher frequencies
of the spectra the peak of the energy concentration region shifts from about 3200 cps
(maximum fluctuation about 2500—4000 cps) for [il to the 2000 cps region (about
2000—3600 cps) for [el, in the spectrographic picture of [d] the higher formants can
be recorded in the proximity of 1600, 2500 and 3500 cps (in this case the weighted
average of Fy and Fj is about 1800 cps) for male speakers. The corresponding shifts in
the case of female speakers occur from the 3250 cps region (about 2500—4000 cps) .
for [i] to the 2850 cps region (about 2500—3200 cps) for [el, in sounding [d]1 the
energy concentration may be observed in the 2000 and 3200 cps regions (weighted
average about 2200 cps). Ci. ¢he corresponding sonagrams in Fig. I, Plate I (numericai
data are presented above).
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For numerical data and reference to this
figure see p. 78.

Note. In the sonagrams the char-
acteristic segments are indicated by
vertical arrows.
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Fig. III. Sections of Estonian (A) over-
long /i::/ (/'ti::ru/, the section was taken
at about 120 msecs from the beginning of
the sound), (B) long /i:/ (/'ti:ru/, the
section was taken at about 80 msecs from
the beginning of the sound), and (C) short
/i/ (['tiru/, the section was taken at
about 50 msecs from the beginning of the
sound). Subject II.

For numerical data and discussion see p. 78.
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Flat Acute Vowels. The spectral structures of the vowel types [ii]l and [6] differ
from, those of the vowels [i]l and [el above all in a relatively lower location of the
acoustic energy concentration region in the higher frequencies. Thus, the peak of the
region mentioned in the spectrum envelope for [iil is approximately at 2000 cps (no
individual variation has been recorded in the case of different persons) as compared
with about 3200 cps in the average spectrum envelope for [il characteristic of male
speakers. The corresponding figures for female speakers are about 2500 cps (about
2000—2500 cps) for' [iil, as compared with about 3250 cps (about 2500—4000 cps) for
[il. The average spectrum envelopes for [6] and [e] yield analogous peak [requencies
of 1600 cps (about 1600—2000 cps) and 2000 cps (about 2000—3600 cps) for male
voices, and about 2000 cps (no individual variations being recorded) and 2850 cps for
female voices. These differences in the distribution of acoustic energy stand out even
more markedly in the corresponding sonagrams (Fig. I, Plate I). The difference between
the spectral composition of vowel type [6] and that of [l is analogous with the
distinction between the pertinent plain vowels, which was discussed above.

Grave Vowels. The more essential differences of the spectral structures of the
grave vowels [ul, [o] and [al comprise a shift of the greater concentration of
energy from the lower to the central region of the frequency spectrum (if F,- F2
is used as a measure, the value of the parameter increases accordingly). In the
average spectrum envelopes one may see here only a single region of the greater
concentration of energy, which is due to the relative proximity of F, and F, and to
the broad band pass of the filters as well as to the smoothing of spectral details
when averages ‘are computed. The peak of the energy concentration region mentioned
shifts in this case from about 250 cps (with a maximum range of 250—400 cps
in different persons) for [ul to the region of 500 cps (with a variation of about
400—500 cps) when [o] is sounded. In the spectrum envelope characterizing [al
the peak is in the proximity of 640 cps (about 640—800 cps) (the relatively high
intensity level of the 800—1280 cps frequency band is also noteworthy). These data
are valid for male voices. In the corresponding spectrum envelopes for female voices,
owing to the relatively high fundamental pitch of the speakers, the peak of the
energy concentration region occurs in the proximity of 400 cps for both [ul and
[o]l (in sounding [o] the peak has ranged between 400—500 cps), but tlie greater
amount of energy in the relatively higher frequency band in the spectral composition
of [o] is indicated by a perceptibly higher intensity level at 500—640 cps; in the
spectral composition of [al the energy is concentrated primarily in the 800—1280 cps
frequency band, the peak occurring here at about 1000 cps (individual variations
ranging between 800—1280 cps) (the reinforcement in the 400 cps region is probably
merely a reinforced 2nd harmonic). Some reinforcement may be observed in the
3500—4500 cps band for [ul, in the 3000—4000 cps band for [o], and in the
2000—3500 cps band for [al. It is also characteristic in this connection that the frequency
band just mentioned has relatively the lowest intensity level in the case of [ul
and the highest in the spectral composition of [al. The differences in the spectra
of the grave vowels analyzed may also be seen in the pertinent sonagrams (see
Fig. 1, Plate I; for the corresponding numerical data, see above).

A marked distinction between F, and F, is the conspicuous difference ihat serves

to distinguish the spectral structure of the [é]-type from those of all the other
vowels in the grave group. In the average spectrum envelopes the frequencies of
the peaks of the F; and F, regions are located at about 400 cps (with a variation
of 320—400 cps in the case of individual male speakers, and 360—400 cps in female
speakers) and 1280 cps (there is a noteworthy stability of energy concentration
in the F; region in the case of both male and female speakers, which possibly
emphasizes the essential part played by F; in the spectral composition of the [é]-vowel
type). In accordance with the location of the first formant, the [€él-vowel type may
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be called noncompact and nondiffuse, but in comparison with the [ol-vowel type
it is somewhat more diffuse and, judging by the position of F, more acute. A third
energy concentration region in the proximity of 3200 cps can also be clearly seen
in the spectrum envelopes (this peak ranges between 2500—3200 cps in male speakers
and between 3200—4000 cps in female speakers). In the corresponding sonagrams
there are two distinct energy concentration areas in this frequency band - (see
Fig. 1, Plate I; for numerical data, see the list given above).

3. ACOUSTICAL CORRELATES OF CHARACTERISTIC"
SEGMENTS OF VOWELS IN THREE DEGREES OF LENGTH

The auditory and spectral analysis of the language material proves that there
are regular qualitative differences between vowels of three degrees of length. The
acoustical correlates of the qualitative differences associated with quantity are often
presented in terms of the opposition tense vs. lax. It is of particular interest that
in Estonian one has a ternary opposition of the acoustical correlates of qualitative
diiferences (a three-degree gradation of differences). The distinction tense vs. lax
has been expressed as follows: “acoustically — higher (vs. lower) total amount of
energy in conjunction with -a greater (vs. smaller) spread of the energy in the
spectrum and in time...”'® “Spread of the energy in time refers simply to the
duration. Spread of energy in [requency should be interpreted as deviation from the
neutral F-pattern...”?® By a neutral position of the vocal tract is meant the position
of the speech organs in producing very open [d4] where the resonances appear at
approximately 500, 1500, 2500 cps, etc.?! The Estonian /a::/ of the third degree of
length stands close to this neutral vowel (in the pronunciation of the male Speaker I
illustrating the present paper the frequencies of the formants of the vowel are
about 800 (reinforced frequency band up to 900), 1800, 2650, 3750 cps in the sonagram
and about 800, 1800, 2500, 3500 cps in the spectrogram obtained by means of the
L. F. Spectrometer.)

1 R. Jakobson, M. Halle, Fundamentals of Language, p. 30.

20 G. Fant, Acoustic Theory of Speech Production, p. 224.

2 R. Jakobson, C. G. M. Fant, M. Halle, Preliminaries to Speech
Analysis; The Distinctive Features and Their Correlates. Massachusetts Institute of
Technology, Acoustics Laboratory, Technical Report No. 13, Second Printing with
Additions and Corrections, 1952, p. I8.
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The Phonemes /i/ and /e/

The inherent fealures of the spectral structures of [i] and [e] in three phonological
degrees of length are characterized by the f[ollowing principal tendency: the longer
the degree of length, the more do the regions of the concentration of energy shift
towards the relatively higher and lower frequencies, i. e. the [irst formant F, decreases,
while the second and upper formants increase; certain changes also take place in the
formant bandwidths and in relative intensity (the spectral differences mentioned may
be interpreted as acoustical correlates of relatively closer and more advanced
articulation). If one uses the Fs¢ (Fy)—F,\-parameter as a criterion in distinguishing
vowels, then the value of the parameter grows with an increase in the degree of length.

The fore-going is illustrated in Figs. 2, 3, II, 1II and 4, IV', N
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Fig. 2. Energy density spectra of Estonian over-long /i::/ (3rd segment of 110

msecs duration in the word /'ti::ru/; the spectrum was taken at 200 msecs from the

beginning of the sound), long /i:/ (2nd segment of 80 msecs duration in the word

/'ti:ru/; the spectrum was taken at 40 msecs from the beginning of the sound), and

short /i/ (2nd segment of 40 msecs duration in the word /'tiru/; the spectrum was
taken at 30 msecs from the beginning of the sound). Subject V.

Note. In the figures giving the spectrum envelopes of the characteristic segments ol
vowels in three phonological degrees of length, a continuous line denotes the character-
istic segment of an over-long vowel, a broken line —— — stands for the characteristic seg-
ment of a long vowel, and a dotted line ... for that of a short vowel. The filled and unfilled
dots and little triangles on the pertinent curves denote the centre frequencies of the filters.

Fig. 2 gives energy density spectra of Estonian over-long /i::/ (3rd segment of
110 msecs duration in the word /'ti::ru/; the spectrum was taken at 200 msecs from
the beginning of the sound), long /i:/ (2nd segment of 80 msecs duration in the
word /'tizru/; the spectrum was taken at 40 msecs from the beginning of the sound),
and short /i/ (2nd segment of 40 msecs duration in the word /'tiru/; the spectrum: .
was taken at 30 msecs from the beginning of the sound). Subject V (female speaker).
It is obvious that an increase in the degree of length is attended by a greater
concentration of energy at the ends of the spectrum, the diiference between the
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second and third degrees of length being more conspicuous here: the peak of F,
region shifts from about 500 cps in the case of short and long /i/ to approximately
400 cps for over-long /i::/; more energy is also concentrated, correspondingly, in the
region of higher frequencies, namely, the peak of the latter is observed at about
3200 cps in the case of /i/ in the first and second degrees of lengih (notice the
relatively higher intensity level at about 4000 cps for™ long /i:/), whereas in the case
of the over-long /i::/ the greatest energy concentration occurs in the ‘frequency band
of about 4000—5000 cps. Due to the relatively broad band pass of the analyzing
filters, F, and the higher formants are expressed here only as one energy concentration
region. y
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Fig. 3. Energy density spectra of Estonian over-long /i::/ (2nd segment of 50 msecs
duration in the word /'tiz:ru/; the spectrum was taken at 80 msecs from the
beginning of the sound), long /i:/ (2nd segment of 40 msecs duration in the word
['ticru/; the spectrum was taken at 30 msecs from the beginning of the sound), and
short /i/ (2nd segment of 40 msecs duration in the word /'tiru/; the spectrum was
taken at 30 msecs from the beginning of the sound). Subject III

Fig. 3 gives energy density spectra for over-long /i::/, long [i:/ and short
Ji/ as pronounced by Subject III (male). The spectra have been obtained by means:
of a set of filters consisting of 61 low pass and high pass filters where the band
passes between cut-off frequencies of combined filters are narrower. The greater
concentration of energy in the relatively lower frequencies is probably expressed
here by an increase in relative intensity at about 250 cps and its marked decrease
in the 550 cps region. One can clearly see the greater concentration of energy in
the relatively higher frequency bands as the degree of -length increases: in the case
of short /i/ the greatest concentration is at about 2650 cps, in the case of over-long
fizz/ it is in the region of 3600 cps, in the spectrographic picture of long /i:/ one can
see two regions of the greater concentration of energy, the weighted average of
whose peaks are located between the two at about 3436 cps.

Fig. II (Plate II) gives sonagrams of the Estonian words (A) /'pi::ma/, (B) /'pi:ma/,

and (C) /'oime/, as pronounced by Subject I (male). The measurement of ihe spectral
composition of the characteristic segments (indicated by vertical arrows in the
figure) of vowels in stressed syllables yield the following results:



78 G. Liiv

fiz:/ li:l hil
Fy f, up to 480; f, up to 500; fy, up to 520;
F, f, 2100—2300, . at about 2100; f, 1950—2600,
f. 2200; f, 2275;
Fs (?Fs+ Fy) f,, 3000—4000, f,, 2800—4000,
f, 3100—4000, f, 3500; f. 3400.
f, 3550;

Here one can clearly see the relatively greater concentration of energy at the
ends of the frequency spectrum as the degree of length increases.

In Fig. III (Plate II) are presented the sections of Estonian (A) over-long /i::/
(/'tiz:ru/, the section was taken at about 120 msecs from the beginning of the sound),
(B) long /i:/ (/'ti:ru/, the section was taken at about 80 msecs from the beginning of the

sound), and (C) short /i/ (/'tiru/, the section was taken at about 50 msecs from -the
beginning of the sound). Subject II (low bass voice). The regions of energy
concentration occur in this pronunciation in approximately the following bands:

lizzf [iz] fil
F, reinforced  frequency f, up to 525, f, up to 525,
band (f,) up to 225 1 LE0; f, 1505

(450), frequency of
peak (resp. peaks)

(fy) 150;
Fy f, 1950—2700, f, 1850—2100, f, 1850—2400,
fn 2100—2250, 2550— fn 1950; Iy ‘1950;
2700;
F3 f,, 3300—3600, f, 3300—3600, f, 3150—3450,
f, 3450; f, 3450; i, 3300—3450;
F4 at about 4050; 2 o o 5

Fig. III shows clearly that a greater concentration of energy in the higher
frequencies accompanies an increase in the degree of length. The growth of the
relative intensity of F; is characteristic. Thus, for instance, the acoustic correlates
of the conspicuously close and palatal articulation of over-long /i::/ are a decrease
in F,, a noticeable increase in F,, a growth of relative intensity in F; and some
supplementary reinforcement at about 4050 cps.

Fig. 4 gives energy density spectra of Estonian over-long /e::/ (2nd segment
of 70 msecs duration in the word /'ke::ta/; the spectrum was taken at 50 msecs
from the beginning of the sound), long /e:/ (2nd segment of 70 msecs duration in

the word /fke:ta/; the spectrum was taken at 50 msecs from the beginning of the

sound), and short /e/ (2nd segment of 40 msecs duration in the word /'keta/; the
spectrum was taken at 30 msecs from the beginning of the sound). Subject I
A comparison of these energy density spectra shows that the longer the duration
of /e[, the more the energy concentration regions shift away from each other.
(There are grounds for assuming that a certain reinforcement in /e/ of the first
degree of length at about 250 cps is merely a reinforced 2nd harmonic which is
not part of F;. A reinforcement of this component, regardless of the location of
F,, may be recorded quite consistently in the case of almost all vowels with a relatively
more open articulation.) '
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Fig. 4. Energy density spectra of Estonian over-long /e::/ (2nd segment of 70 msecs

duration in the word /'ke::ta/; the spectrum was taken at 50 msecs from the begin-

ning of the sound), long /e:/ (2nd segment of 70 msecs duration in the word /'ke:ta/:

the spectrum was taken at 50 msecs from the beginning of the sound), and short

/e/ (2nd segment of 40 msecs duration in the word /'keta/; the spectrum was taken
at 30 msecs from the beginning of the sound). Subject I.

Fig. IV (Plate III) gives sonagrams of the Estonian words (A) /'ke::ra/, (B) /'ke:ru/,

and (C) /['kera/, as pronounced by Subject I. Measurements of the spectral composition
of the characteristic segments of the vowels /e/ in the words mentioned yield the
following data:

fesi} le:] le]

F, i, up to 600; f, up to 700; “f, up to 800;

F, f,, 2000—2900 f, 1800—2400, f, 1650—2300,
(ot By i, 2100; f, 1975;

F3 at about 2700; f,, 2500—2800,
f, 2650;

F4 1, 3500—4000, f, 3300—4000, f,, 3300—4000,
i 3750, - f, 3650; f, 3650.

It is characteristic that there is FoFs proximity in the case of /e::/ of the third
degree of length, whereas in the case of /e:/ .of the second degree the interval
between the formants mentioned is relatively small and there is a clear-cut difference
between F, and F; in /e/ of the first degree. Cf. the formant pattern of /e/ of
different lengths with the formant pattern of the so-called neutral vowel (/d::/ of
the third degree): the deviation of /e/ from the latter grows with an increase in
the degree of length.

In Fig. V (Plate III) are presented the sections of Estonian (A) over-long [e::/

(/'ke::ta/, the section was taken at about 50 msecs from the beginning of the sound),
(B) long /e:/ (/'ke:ta/, the section was taken at about 80 msecs from the beginning of

the sound), and (C) shori /e/ (/'keta/, the section was taken at about 30 msecs from
the beginning of the sound). Subject IV. In the sections presented a concentration of
energy may be seen in approximately the following frequency bands:
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Je::/ le:/ le/
Fi i, up to 675, f, up to 600, f, up to 675,
iy 2256—375; fn 450; frn 450;
Fy (?Fy+ F3) f, 2850—3450, f, 2400—2700,
f, 2700—3000, i 2850—3000; P 2550;
i, 3000; ;
F3 (?Fy)
f, 3900—4400, f,, 4050—4800,
i, 4400; i, 4050; =

<

The voices of Speaker IV (low female voice) and of Speaker 1 (male) have notable
individual differences (it is also possible that the differences are due to the different
types of spectrographic pictures used). In the numerical data presented above the
energy concentration region that is conditionally designated as F» corresponds possibly
in the sonagrams to the two energy regions marked as Fp; and F; in which case F;
corresponds to the energy concentration region designated as F, in the sonagrams.

Despite the individual differences of the speakers and the distinct features of
the spectrographic pictures obtained by means of different equipment, all the differences
in the spectral composition of the vowels of different lengths that have been analyzed
are characterized by a fundamental trend in common: the longer the degree of length
of the vowels /i/ and /e/, the more energy is concentrated at the ends of the
frequency spectrum. ;

The Phonemes /ii/ and /o/

The acoustic features of the labial vowels [i] and [6]- of different degrees of
length with their different timbre consist of a lowering in all formants and the
greater attenuation of intensity in the upper formants as the degree of length
increases (these features are matched on the genetic level by generally closer degrees
of labialization and some increase in the volume of the pharyngeal cavity due to the
lowering of the larynx). If the F,-}- Fye(Fy)-parameter is used as a criterion to
distinguish vowels, then its value decreases with an increase in the degree of length.

The spectral differences mentioned are represented in Figs. 5, VI, VII and 6, VIIL

Fig. 5 gives energy density spectra of Estonian over-long /ii::/ (3rd segment
of 50 msecs duration in the word /ku'pii:ri/; the spectrum was taken at 96 msecs
from the beginning of the sound), long /ii:/ (3rd segment of 40 msecs duration in
the word /ku'pii:ri/; the spectrum was taken at 100 msecs from the beginning of
the sound), and short /ii/ (2nd segment of 30 msecs duration in the word /'piiri/;
the spectrum was taken at 30 msecs from the beginning of the sound). Subject I.
In the figure one can see the difference in the spectral composition of /ii::/ of the
third degree of length. This difference consists above all in a notable decrease of F;:
in the case of short and long /ii/ F, is located at about 400 cps, in that of over-long
fi::[ it shifts to about 250 cps (the relatively lower fundamental pitch may also
contribute somewhat to this shift).

Fig. VI (Plate 1V) gives sonagrams of the Estonian words (A) /'pii:tis/, (B)

[iskii:ti/, and (C) /'kiit’i/. Subject I. The spectral dimensions of the characteristic
segments are the following:
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This figure is discussed on p. 79.
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may be found on p. 81.
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long /ii::/ (/ku'pii::ri/, the section was taken
at about 50 msecs from the beginning of the
sound), (B) long /i:/ (/ku'pii:ri/, the sect-
ion was taken at about 60 msecs from the
beginning of the sound), and (C) short /ii/
(/'piiri/, the section .was taken at about 30
msecs from the beginning of the sound).
Subject IV.

For numerical data and discussion see p. 82.
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fii::/ Jii:/ [/

F, iy, up to 460; fy, up to 500; f, up to 550;
F, §, 1700—2350, f, 1800—2500, f,, 1700—2500,
fo 2015; f. 2150,  greater concentr- fc 2100;
ation of energy in the fre-
quency band 2100—2450,
f. 2275;
F; at about 3250; at about 3550; f, 3500—3800,

f. 3650.

Here one can notice a lowering in all formants and a narrowing of the reinforced
frequency band in the case of the upper formants and a fall in relative intensity in
the longer degrees of length. The higher position of F, in the case of long /[ii:/ as
compared with its position for short /ii/ is possibly due to the relatively closer and
more palatal articulation. :
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Fig. 5. Energy density spectra of Estonian over-long /ii::/ (3rd segment of 50 msecs

duration in the word /ku'pii::ri/; the spectrum was taken at 90 msecs from the

beginning of the sound), long /ii:/ (3rd segment of 40 msecs duration in the word

/ku'pii:ri/; the spectrum was taken at 100 msecs from the beginning of the sound),

and short /ii/ (2nd segment of 30 msecs duration in the word /'piiri/; the spectrum
was taken at 30 msecs from the beginning of the sound). Subject I.

In Fig. VII (Plate IV) are presented the sections of Estonian (A) over-long [ii::/
(/ku' pii::ri/, the section was taken at about 50 msecs from the beginning of the sound},

(B) long [ii:/ (/ku'pii:ri/), the section was taken at about 60 msecs from the beginning

of the sound), and (C) short /ii/ (/'piiri/, the section was taken at about 30 msecs
from the beginning of the sound). Subject IV. The regions of the concentration of
acoustic energy for this voice occur at about the following frequencies:

6 ENSV TA Toimetised. U-1 1962.
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Jiiz:/ T i/
Fy iy up to 525, f, up to 525, f, 375—600,
fm 150—300, 450; fn, 450 (225—450); fn, 450 (375—525);
Fy fy, 1650—1950, f, 1650—1750, f, 1550—1950,
f,, 1650; f, 1650; £ 1650—1750;
R - f, 3000—3150;
P e i f, 4400—4800,
f, 4400.

It may be seen from the sections presented here that an increase in the degree
of length of /ii/ is atiended by a somewhat greater concentration of energy in rela-
tively lower frequencies in the F, region. There is a markedly lower intensity of Fs
in the second and third degrees of length. In the case of short /ii/ there is a certain
reinforcement also in the higher frequencies which is completely lacking in the
case of long and over-long /ii/. Generally, it may be pointed out that in the
pronunciation of the last speaker analyzed the location of F, on the frequency scale
is surprisingly low and, on the whole, the reinforcement in higher frequencies is
unusually small in the case of long and over-long /ii/; the auditory impression,
however, is that of an entirely correct pronunciation of /ii/.

REEATIVE: FEVELCRBY

10* 2 T L 2 S $300
FREQUENCY (CPS)

Fig. 6. Energy density spectra of Estonian over-long /6::/ (2nd segment of 70 msecs
duration ‘in the word /'po::ra/; the spectrum was taken at 30 msecs from the
beginning of the sound), long /6:/ (2nd segment of 70 msecs duration in the
word /'po:ra/; the spectrum was taken at 60 msecs from the beginning of the
sound), and short /6/ (2nd segment of 60 msecs duration in the word /'pora/; the
spectrum was taken at 30 msecs from the beginning of the sound). Subject II.

Fig. 6 gives energy density spectra of Estonian over-long /6::/ (2nd segment
of 70 msecs duration in the word /'p6::ra/; the spectrum was taken at 30 msecs
from the beginning of the sound), long /6:/ (2nd segment of 70 msecs duration in
the word /'po:ra/; the spectrum was taken at 60 msecs from the beginning of the
sound), and short /6/ (2nd segment of 60 msecs duration in the word /'pora/; the
spectrum was taken at 30 msecs from the beginning of the sound). Subject II. The
figure shows a gradual decrease in F, as the degree of length increases: in the
case of short /6/ Fy is at about 500 cps, for long [6:/ it is at 450 cps and for
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over-long [6::/ at about 400 cps. Another difference of the spectrographic picture of
/6::] of the third degree of length from that of /6:/ of the second degree is the
greater attenuation of the higher frequencies in comparison with the intensity level
of Fl.

In Fig. VIII (Plate V) are presented sonagrams of the Estonian words (A) /'t6::ki/,
(B) /'ko:ki/, and (C) /'kokin/, as pronounced by Subject I. Measurements of the
spectral composition of the characteristic segments of the vowels /6/ in the words
mentioned yield the following data:

[6::/ : l6:] - 6]

Fy Ty up to 725 fy, up to 700; fy, up to 750;

F, f,, 1350—1950, f,, 1600—2100, f,, 1500—1950,
f. 1650; f. 1850; AR T L

Fs fy, 2050—2700, f,, 2150—2950, f,, 2100—2500,
f. 2375; f. 2550; f. 2300;

Fy T 3100—3750, f,, 3150—4050, f,, 3300—3750,
f, 3425; f. 3600; f. 3525.

In the pronunciation analyzed the spectral composition of /6::/ of the third degree
of length differs from that of /6:/ of the second degree primarily in the relatively
lower Fy, F3 and F,. The relatively higher location of F,, F3 and F4 on the frequency scale
in the spectrographic picture of long /6:/ as compared with the corresponding energy
concentration regions for short /6/ is possibly due to the somewhat more advanced
articulation of the former in this pronunciation.

Hence, it can be seen that somewhat different spectral elements dominate in
individual pronunciations, but that the corresponding changes produce an essentially
identical result: the longer the degree of length of /ii/ and /6/, the more does the
acoustic energy concentrate in the relatively lower frequencies. :

The Phoneme /d/

When pronouncing [d| in the longer degrees of length, -F, increases and there is
an upward shift even of the upper formants. In the case of [a::| of the third degree
of length one may often observe a marked increase in the relative intensity of the
upper formants and some supplementary reinforcement of the higher frequency band.
The spectrum of |d::] of the third degree of length has, on the whole, rather blurred
contours. The spectral differences referred to are probably the acoustical correlates of
the widening of the air-passage and also of the somewhat more advanced articulation.

Figs. 7, IX, X illustrate the fore-going.

Fig. 7 gives energy density spectra of Estonian over-long /a::/ (3rd segment of

60 msecs duration in the word /'kéd::ru/; the spectrum was taken at 100 msecs from
the beginning of the sound), long /4:/ (3rd segment of 70 msecs duration in the word

/'kd:ru/; the spectrum was taken at 80 msecs from the beginning of the sound), and

short /d/ (2nd segment of 50 msecs duration in the word /'kdru/; the spectrum was
taken at 30 msecs from the beginning of the sound). Subject I. One can clearly see
here that F, grows gradually as the degree of length increases: in the case of short
/d/ F, is in the region of 570 cps, in that of long /4:/ it is at about 640 cps and in
over-long /é::/ at about 800 cps (the reinforcement at about 250 cps is probably merely
a reinforced 2nd harmonic). In the spectrographic picture of over-long /d::/ one can
notice a relatively stronger reinforcement at about 2500 cps. The intensity level at

6* <
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3200—4000 cps is also relatively somewhat higher (in comparison with the intensity
at about 1600 cps). Owing to the relatively broad band pass of the filters used the
higher formants are given here without any conspicuous dips.
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Fig. 7. Energy density spectra of Estonian over-long /d::/ (3rd segment of

60 msecs duration in the word /'ki::ru/; the spectrum was taken at 100 msecs from

the beginning of the sound), long /d:/ (3rd segment of 70 msecs duration in the

word /'kéd:ru/; the spectrum was taken at 80 msecs from the beginning of the sound),

and short /d/ (2nd segment of 50 msecs duration in the word /'kdru/; the spectrum
was taken at 30 msecs from the beginning of the sound). Subject I.

In Fig. IX (Plate VI) are presented sonagrams of the Estonian words (A) /'ka::per/,

(B) /'ki:pas/, and (C) /'képa/, as pronounced by Subject I. The pertinent measurements
of the characteristic segments of stressed vowels yield the following results:

lé:] la:] /é/
Fy f, up to 900; f, up to 850; f, up to 800;
F, fy, 1550—2050, f, 1450—1950, f, 1400—1950,
f. 1800; f. 1700; f, 1675;
Fs f, 2400—2900, f, 2400—2800, f, 2300—2800,
f. 2650, f. 2600; f. 2550;
Fy £, 3400—4100, f, 3300—3900, f, 3200—3950,
f. 3750; i, 3600; ; f. 3575.

In the pronunciation analyzed the differences between the formant patterns of
/d/ in different degrees of length find expression in a consistent shift towards relatively
higher frequencies as ‘the degree' of length increases. (The relatively great changes
in the spectrographic picture of over-long /d::/ reflect the fact that the speaker
pronounced this vowel as a diphthongoid.)

Fig. X (Plate VI) gives the sections of Estonian (A) over-long /a::/ (/'ka::ru/, the
section was taken at about 30 msecs from the beginning of the sound), long /a:/ (/'ké:ru/,
the section was taken at about 60 msecs from the beginning of the sound), and short
/a] (/'kdru/, the section was taken at about 30 msecs from the beginning of the sound).
Subject IV. The spectral distribution of energy at different frequencies is as follows:
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Fig. VIII. Sonagrams of the Estonian words (A)
'to::ki/, (B) ['ko:ki/, and (C) /['kdkin/. Subject I.

This figure is discussed on p. 83.
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Fig. X. Sections of Estonian (A) over-long
/a::/ (/'kd::iru/, the section was taken at
about 30 msecs from the beginning of the
sound), (B) long /a:/ (/'kd:ru/, the section
was taken at about 60 msecs from the
beginning of the sound), and (C) short /4/
(/'kdru/, the section was taken at about 30
msecs from the beginning of the sound).
Subject IV.

For numerical data and discussion see p. 85.
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Jas] Ja] fél
Fy fy 750—1150, f, 600—1050, f, 675—1050,
i 975; i 825; i, 825—900;
F, f, 1950—2550, f, 1950—2100, f, 1950—2100,
i 2400; fm 1950; fr 1950;
F3 f, 3150—3300, f, 2550—2700, f, 3150—3300
f, 3300; : fm 2550(2); (very weak);
F,4 T, 3900—4400, — f, 3900—4050,
f, 4050; fn 3900 (very weak).

Notice should be taken of the supplementary reinforcement in higher frequencies
and the relatively great intensity in the spectrographic picture of over-long /a::/. In
the case of long /4:/ the reinforcement of frequencies at about 1950 and 2550 cps
actually represents but one region of energy concentration whose weighted average
frequency is greater than the corresponding irequency at which a certain amount of
energy is concentrated in the case of short /a/.

Thus, generally speaking, an increase in the degree of length of /4/ is attended by
a relatively greater concentration of energy in the relatively higher frequency bands.

The Phoneme /a/

As the degree of length of [|a] grows, there is an increase in F; (this is probably
an acoustical consequence of the degree of oral cavity opening) and a decrease in F,
(which is possibly due to a shift in the place of the narrowest supra-laryngeal stricture
towards the rear of the vocal tract); thus there is F\F, proximity in the case of the third
degree of length (the configuration of the vocal tract with its wide mouth opening and
compressed pharynx closely approximates a horn).

Figs. 8, XI, XII illustrate the spectral composition of /a/ in the three phonological
.degrees of length.

In Fig. 8 are presented energy density spectra of Estonian over-long ja::/ (2nd
segment of 100 msecs duration in the word /'sa::maf; the spectrum was taken at
40 msecs from the beginning of the sound), long /a:/ (2nd segment of 90 msecs
duration in the word /'sa:ma/; the spectrum was taken at 30 msecs from the beginning
of the sound), and short /a/ (2nd segment of 30 msecs duration in the word /'sama/;
the spectrum was taken at 30 msecs from the beginning of the sound). Subject II.
The somewhat greater concentration: of energy in relatively higher frequencies in the
F, region (at about 640 cps) as the .degree of length increases is indicated by the
correspondingly lower intensity level at about 500 cps (in comparison with the peak
intensity of the formant region). This difference is most marked between the second
and third degrees of length. A comparison of energy density spectra shows that in
the case of short /a/ F, appears at about 1280 cps as a distinct formant. In the
spectrographic picture of long /a:/ F, (at about 1000 cps) has shifted to the immediate
proximity of F;; in the case of over-long /a::/, however, the relative intensity of Fj
(as compared with the intensity level of F)) is markedly lower (by about 7 db).

Fig. XI (Plate VII) gives sonagrams of the Estonian words (A) / 'ka::isa/, (B)
/' ka:sa/, and (C) /'kase/, as pronounced by Subject I. The characteristic segments of
vowels /a/ have the following dimensions:
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[a::/ : Ja:/ /a/

Fy+ Fp f, up to 1350; fy up to 1450; f, up to 1500;
(?F, f,, 1200— 1450, (?F» f, 1200—1500,
f. 11325;) fe.1350;)
F3 f, 2550—3000, f, 2800—3200, f, 2500—3200,
£ 2775; f. 3000, f. 2850;
Fy fy 3500—4050, f, 3800—5000, f, 4000—5200,
f c

AT f, 4400; f, 4600.

The shift of the upper frequency limit towards lower frequencies shows that an
increase in the degree of length of /a/ is attended by a decrease in Fj. Scrupulous
observation of the spectrographic pictures of short and long /a/ permits one conditionally
to distinguish the first formant from the second, whereas in the case of over-long
/a::/ these formants are almost completely merged.
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Fig. 8. Energy density spectra of Estonian over-long /a::/ (2nd segment of
100 msecs duration in the word /['sa::ma/; the spectrum was taken at 40 msecs
from the beginning of the sound), long /a:/ (2nd segment of 90 msecs duration in
the word /'sa: maf the spectrum was taken at 30 msecs from. the beginning of
the sound), and short /a/ (2nd segment of 30 msecs duration in the word/'sama/;
the spectrum was taken at 30 msecs from the beginning of the sound). Subject lI

In Fig. XII (Plate VII) are presented the sections of Estonian over-long /a::/
(/'sa::ma/, the section was taken at about 80 msecs from the beginning of the sound),
long /a:/ (/'sa:mal/, the section was taken at about 50 msecs from the beginning of the
sound), and short /a/ (/'sama/, the section was taken at about 30 msecs from the
beginning of the sound). Subject IV. In the pronunciation analyzed the energy
concentration regions occur at about the following frequencies:
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Fig. XV. Sonagrams of the Estonian words
(A) ['ko::Si/, (B) /'ko:$i/, and (C) 7'koSi/.
Subject I.

It should be pointed out that here the interval
between the second and first formants of the
vowel /o/ is almost invisible. In the original,
however, both the formants are distinguish-
able, and this is also reflected in the energy
density spectra obtained by means of a
L. F. Spectrometer as well as by means of a
set of low pass and high pass filters.

For numerical data see p. 89.
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Fig. XVI. Sections of Estonian (A)
over-long Jo::/ (/'ko::§i/, the section
was taken at about 50 msecs from the
beginning of the sound), (B) long /o:/
(/'’ko:§if, the section taken at
about 50 msecs from the beginning of
the sound), and (C) short /o/ (/'koSi/,
the section was taken at about 30 msecs
from the beginning of the
Subject FV.

was

sound).

For numerical data and discussion see p. 90.
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Fig. XVIII. Sections of Estonian (A)
over-long /6::/ (/'mo::tu/, the section

é was taken at about 140 msecs from
3 20 the beginning of the sound), (B) long
& A,5 | /6:/ (/'mo:tu/, the section was taken at
i about 80 msecs from the beginning of
S the sound), and (C) short /6/ (/'motu/,
< the section was taken at about 50

msecs from the beginning of the
sound). Subject II.

Numerical data and text concerning this
figure are presented on p. 92.
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The Phoneme /o/

As regards the spectral composition of the allophones of [6/ in different degrees
of length, one can point out the following: F, decreases with an increase in the degree
of length (this is probably an acoustic consequence of the narrowing of articulation);
the second and upper formants also generally tend to decrease, a more conspicuous
shift towards lower ~frequencies attended by a noticeable reduction of the relative
intensity of the higher formants occurs mainly in the third degree of length of
jo::] (this change is probably an acoustic correlate of the relatively more velar
articulation). More energy is thus concentrated in the relatively lower [requency bands
when [6] is produced in the longer degrees of length.

Some details of the spectral structure of /6/ are given in Figs. 11, XVII, XVIIL.
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Fig. 11. Energy density spectra of Estonian over-long /6::/ (4th segment of 100
msecs duration in the word /'md::tu/; the spectrum was taken at 170 msecs from the
beginning of the sound), long /6:/ (3rd segment of 50 msecs duration in the word
/'mé:tu/; the spectrum was taken at 100 msecs from the beginning of the sound),
and short /6/ (2nd segment of 40 msecs duration in the word /'métu/; the spectrum
was taken at about 30 msecs from the beginning of the sound). Subject II.

In Fig. 11 are presented energy density spectra of Estonian over-long /[6::]
(4th segment of 100 msecs duration in the word /'mé::tu/; the spectrum was taken
at 170 msecs from the beginning of the sound), long /6:/ (3rd segment of 50 msecs
duration in the word /'mé:tu/; the spectrum was taken at 100 msecs from the beginning
of the sound), and short /6/ (2nd segment of 40 msecs duration in the word /'méotu/;
the spectrum was taken at about 30 msecs from the beginning of the sound). Subject II.
In the pronunciation of this low bass voice F, shifts from about 500 cps in the case of
short /6/ to about 400 cps when long /6:/ is sounded, the concentration of energy at
even lower frequencies in the case of over-long /[6::/ is indicated by the relatively high
intensity level at about 250—320 cps. A second energy concentration region may be
seen here at about 1280 cps. A relatively low intensity should be noted for F, in the
case of long [6:/. In the spectrographic picture of short /6/ a third region of greater
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energy concentration may be clearly seen at about 3200 cps, in the case of long
/6:/ it has shifted to the 2500 cps area, whereas the energy density spectrum of
over-long /6::/ does not show any separate reinforced frequency band here (there is
some reinforcement of frequencies at about 2000 cps). Notice should also be taken of
the decrease in relative intensity in the third energy region as the degree of length
increases.

Fig. XVII (Plate X) gives sonagrams of the Estonian words (A) /'mé::tu/, (B)
/'md:tu/, and (C) /'motu/, as pronounced by Subject 1. The characteristic segments
have the following dimensions:

[6::/ [o:/ /o]

Fy f, up to 650; fy, up to 700; f, up to 750;

Fy f,, 1100—140C, f, 1200—1600, f, 1200—1500,
f. 1250; f, 1400; f. 1350;

Fs f,, 2050—2550, fp, 2200—2700, f, 2250—2850,
f. 2300; f, 2450 f, 2550;

Fy Ty 2950—3250, f, 3000—3500, f, 3000—3500,
f. 3100; f, 3250; f, 3250.

In Fig. XVIII (Plate X) are presented the sections of Estonian (A) over-long /o::/
/'md::tu/, the section was taken at about 140, msecs from the beginning of the sound),
(B) long /[6:/ (/'mo:tu/, the section was taken at about 80 msecs from the beginning
of the sound), and (C) short /6/ (/'motu/, the section was taken at about 50 msecs
from the beginning of the sound). Subject II. The concentration of energy may be
seen here in the following frequency bands:

[6::/ o/ /6]
Fy iy up to 525, f, up to 525, f, up to 525,
fn 375; f, 450—525; i, 450;
Fy 1, 975—1150, fy, 975—1250, fp, 1150—1350,
fm 1150; fn, 1150; fn 1250;
F3 at about 2250, f, 2100—2400, fy, 1950—2250,
£ 2250; : fn 2100—2250;
F, T, 2850—3150, f, 3150—3300, f, 2850—3300,
f m 3000; fm 3300; f, 3150.

In addition to the data that have been presented above and which characterize
shifts in formant frequencies, it is of interest to compare the changes that occur in
formant intensity relationships in connection with- variations in the degree of length.
It is characteristic that an increase in the degree of length is attended by a
decrease in the relative intensity of Fy (in comparison with the intensity level of Fy).
The very weak intensity of F3 is also very conspicuous in the case of over-long
/6::/ as compared with the corresponding energy concentrations for long and short
/6. One should also take note of the relatively great intensity of the F, region in
the spectrum of short /6/, and of the decrease in the relative intensity of the

components of higher frequencies adjacent to the F, region as the degree of length
increases.
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On the strictly acoustical level it would be possible to label the changes
occurring in the spectral composition of vowels of longer degrees of length as an
expression of the higher degrees of the inherent features in ternary gradation: the
degrees of diffuseness and acuteness in the case of [i] and [e/, degrees of flatness
in Ji| and |6/, degrees of compactness and graveness in the case of [a/, degrees of
graveness in [u] and |o/, degrees of diffuseness in the case of [6] (accompanied by
a certain shift towards greater graveness). It is common fto refer to qualitative
differences dependent on quantity jointly under the tenseness feature. The tenseness
Jeature and the f[eatures mentioned above, it is true, plag different roles on the
Junctional level of language structure.

Academy of Sciences of the Estonian S.S.R., Received
Institute of Language and Literature November 5, 1961

ISOLEERITULT JA KOLMES FONOLOOGILISES VALTUSASTMES HAALDATUD
EESTI KEELE VOKAALIDE AKUSTILISED TUNNUSJOONED

G, Liiv
Resiimee

Uurimuses esitatakse moningaid preliminaarseid andmeid eesti keele vokaalide
spektraalse koosseisu kohta, ldhtudes isoleeritud vokaalide akustiliste parameetrite
analiiiisist ja pearchulise silbi kolmes fonoloogilises valtusastmes esinevate monofton-
gide nn. karakteersete segmentide akustilistest tunnusjoontest. Viimaseid on uuritud
kahesilbilistes sonades, mida katseisikud ei hddldanud iiksiksonadena, vaid kui lause-
foneetiliselt enam-vdhem identseid lauseosi, nimelt kindla koneviisi jutustavate jaata-
vate lausete esimeste sonadena viljaspool loogilist lauserohku. Kestuselt vastandatav
vokaal esines koigis kolmes valtusastmes tapselt samasuguses konsonantiimbruses.
Uurimismaterjali kogumisel piirduti eesti iihiskeele Tallinna haaldusega.

Isoleeritud vokaalide spektraalset koosseisu on iseloomustatud neljateistkiimne
diktori hddlduse analiiiisi pohjal. Kolmes viltusastmes esinevate vokaalide karakteer-
seid segmente analiiiisiti nii kuuldeliselt kui ka spektraalselt viie katseisiku héddlduse
alusel. Akustika-alased katsed tehti Leningradi Riikliku Ulikooli eksperimentaalfoneetika
laboratooriumis pohiliselt 1959. aasta jooksul, méningad tdiendused jargnesid 1960.—
1961. aastal, kasutades selleks separaatorit (segmentaatorit), ostsillograafi MITO-2,
firma Standard & Cables Ltd. (London) helisageduste spektromeetrit, mudel 74100-A,
seeria Ne 22603, madal- ja korglabivusfiltrite komplekti (61 filtrit), 48 filterkanaliga
diinaamilist spektrograafi ja selle lisaseadist, mis voimaldab saada amplituudvaartuste
labiloikeid.

Helilindistatud konet analiilisiti esmalt auditiivselt separaatori abil, kusjuures maa-
rati kvantiteedilt vastandatud sonade peardhulises silbis esinevate vokaalide suhteliselt
homogeense kvaliteediga eri segmentide foneetiline kvaliteet ja kestus. Kuuldelise
analiiisi tulemusi vorreldi héilelainete iildkuju muutumisega ostsillograafilistel iiles-
kirjutustel, mis olid valmistatud kolme diktori keelematerjalist. Nii mdiarati vokaa-
lide nn. karakteerne segment ja siirdesegmendid. Eri segmentide spektrid saadi heli-
sageduste spektromeetri ja madal- ning korgldbivusfiltrite komplekti abil. Kuuldelise
analiilisi tulemusi on kasutatud ka sonagrammide ja amplituudvédirtuste labilgigete
analiiiisil. Uldse pohinevad jareldused vokaalide akustiliste tunnusjoonte kohta ca 600
mitut tiiiipi spektri detailsel analiiiisil.

Isoleeritud vokaalide spektraalanaliilisi andmeil esinevad eesti keele vokaalitiiiipide
siisteemis jargmised pohilised opositsioonid. Mgotme F, —F, voi Fs¢ —F, (nimetatud
formantide sageduste vahe on vidiksem teatavast kriitilisest vaartusest) alusel voib
graavis(taga)vokaalid [ul, [o], [a] ja ka [€] eristada koigist teistest, s: o. akuut(ees)-
vokaalidest. Akuutvokaalide rithmas vGib kriteeriumi F; 4 F, v6i F;- Fse (nimetatud
formantide sageduste summa on viiksem teatavast kriitilisest véairtusest) péhjal
eraldada bemolltonaalsed (labialiseeritud) akuutvokaalid [il ja [6]1 lihttonaalsetest
(labialiseerimata) akuutvokaalidest [il, [e] ja [4]. Selliselt opositsioonide graavis/akuut
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ja bemolltonaalne/lihttonaalne pohjal eristatud igas grupis: [ul, [o] ja [al; I[il,
lel ja [4]; [il ja [6]1 — voib vokaalide identifitseerimist jatkata distinktsioonide kom-
paktne/mittekompaktne ja difuusne/mittedifuusne alusel, s. o. pohiliselt esimese for-
mandi asukoha pohjal. Vokaalil [€] on eesti keele vokaalide siisteemis monevorra
erilaadne koht, mida voiks iildiselt iseloomustada jargmiste opositsioonidega. [&1/[ul,
s. 0. lihttonaalne/bemolltonaalne, [€1/[il, s. o. graavis/akuut, [¢&l/[a], s. o.
mittekompaktne/kompaktne; graavisvokaalide grupis voiks [¢€1-vokaalitiiiibi mehaani-
lisel identifitseerimisel kriteeriumina kasutada voib-olla moodet F, — F,, mille vaartus

on [¢] puhul selles grupis kdige suurem, s. t. ta graavise aste on kdige viaiksem.
Isoleeritud vokaalide spektraalse koosseisu vordleva kirjelduse osas. voib markida
jargmist.  Vokaalitiiiipide [il, [e]l ja [&] spektraalsete piltide vordlus néitab, et
[il puhul asuvad energia suurema kontsentratsiooni piirkonnad suhteliselt koige kauge-
mal sagedusspektri ddrte pool, [e] spektraalses koosseisus .on nad teineteisele ldhemal,
[d] puhul on F; ja F, (Fs¢) nihkunud suhteliselt koige enam spektri keskosa piir-

konda. Vokaalitiilipide [iil ja [6] spektraalse struktuuri erinevusena vastavalt vokaa-
lidest [i1 ja [el tuleb esmajoones mainida korgemate sageduste osas esineva akus-
tilise energia suurema kontsentratsiooni piirkonna suhteliselt madalamat asukohta.
Graavisvokaalide [ul, [ol ja [al puhul voib akustilise energia spektraalse distribut-
siooni olulisema erinevusena markida energia suurema kontsentratsiooni piirkonna
nihkumist spektri madalamate sageduste osast sagedusspekiri tsentraalse piirkonna
poole (kui mootena kasutada F,-- Fy, siis parameetri vdartus vastavalt suureneb).

Vokaalitiitibi [€] spektraalse ehituse silmatorkavaks erinevuseks koigist teistest graa-
visgruppi rithmitatud vokaalidest on F; ja F, markantne eristatus.

Keelematerjali spektraal- ja auditiivne analiiis naitab, et kolmes fonoloogilises’
valtusastmes esinevatel vokaalidel on seaduspéraseid kvalitatiivseid erinevusi. Eri-
vélteliste /i/ ja /e/ spektraalse struktuuri eripdrasusi iseloomustab pohitendents, et
mida pikem on véltusaste, seda enam nihkuvad akustilise energia suurema kontsent-
ratsiooni piirkonnad suhteliselt madalamate ja korgemate sageduste poole (seda roh-
kem energiat kontsentreerub sagedusspektri aartel), s. t. esimene formant madaldub,
teine ja korgemad formandid aga korgenevad; teatavad muutused leiavad aset ka for-
mantide ribalaiuses ja suhtelises intensiivsuses. Nimetatud spektraalseid erinevusi voib
interpreteerida kui suhteliselt ahtama ja eespoolsema artikulatsiooni akustilisi korre-
laate. Kui eristamisel kasutada parameetrit Fie(F;) — Fi, siis viltusastme pikenedes

suureneb selle vdartus (vt. joon. 2, 3, II, 1II; 4, 1V, V).

Labiaalsete vokaalide /ii/ ja [6/ pikkusastmeti esinevate eritambriliste allofoonide
akustilisteks tunnusjoonteks on koigi formantide madaldumine ja kdorgemate for-
mantide suhtelise intensiivsuse langus valtusastme suurenedes. Geneetilises aspektis
vastavad sellele ahtamad labialisatsiooniastmed, samuti faariinksi ruumala méoningane
suurenemine eelkdige laariinksi madaldumise tulemusena. Kui kriteeriumina kasutada
parameetrit Fy -+ Fse, siis viltusastme pikenedes véheneb selle vadartus (vt. joon. 5, VI,
VIl 6, VIH). .

Vokaali /4/ hddldamisel pikemates véltusastmetes F; korgeneb ja korgemadki for-
mandid nihkuvad sagedusskaalal iilespoole. II1 véltusastme /a::] puhul vaib korgematel
formantidel sageli taheldada ka suhtelise intensiivsuse margatavat kasvu ning monin-
gat tdiendavat resonantsvoimendust korgemas sagedusribas; iildiselt on 111 valtus-
astme /[d::/ spekter kiillaltki ebamééraste piirjoontega. Nimetatud muutused vokaali [4/ -
spektraalses koosseisus on toendoliselt Ghukanali avardumise ja moningaselt eespool-
sema artikulatsiooni akustilisteks korrelaatideks (vt. joon. 7, IX, X).

Vokaali [a/ véltusastme pikenedes F, korgeneb, mis toendoliselt on suudone ava-
tuse suurenemise akustiliseks konsekventsiks, ja F, madaldub, mis voib-olla seostub
kitsaima supralariingaalse ahtuse asukoha nihkumisega konetrakti tagaossa. III vil-
tusastme [a::/ puhul ldhenevad F, ja F, maksimaalselt, kusjuures konetrakti konfigu-
ratsioon avara suuava ja ahenenud faariinksiga meenutab sarve kuju (vt. joon. 8,
XI, XII).

Vokaali Ju/ pikemates valtusastmetes esinevate allofoonide spektraalse koosseisu
pohiliseks erinevuseks on F, astmeline madaldumine, kusjuures voib tdheldada ka F,
moningat nihkumist madalamate sageduste poole, mis toendoliselt on artikulatsiooni
suurema ahtuse ja velaarsuse, samuti ka moningaselt aktiivsema labialisatsiooni akus-
lilisteks korrelaatideks. Iseloomulik on, et I véltusastme Ju/ puhul on F, ja F, inter-
vall koige suurem, viiksem on see II viltusastme /u:/ puhul, /u/ hddldamisel III val-
tusastmes liituvad F, ja F, tdiesti. Kui eristamisel kasutada parameetrit F, 4 F), siis
véltusastme pikenedes viaheneb ta vaadrtus, s. o. suhteliselt seda rohkem akustilist
energiat kontsentreerub madalamatel sagedustel (vt. joon. 9, XIII, XIV).

Vokaali /o/ kvalitatiivsete erinevuste akustilised korrelaadid on jdrgmised: Fg
tunduv madaldumine ning suhtelisé intensiivsuse langus véliusastme pikenedes; II vil-
tusastme Jo:/ erineb I viltusastme /o/-st ka mirgatavalt madalama F; poolest; toe-
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ndoliselt on I ja II viltusastme /o/ eespoolsema artikulatsiooni akustiliseks konsek-
ventsiks ka teatav resonantsvoimendus korgematel sagedustel, seejuures on II viltus-
astme /o:/ puhul kolmas ja neljas energia kontsentratsiooni piirkond korgemad kui
I viltusastme /o/ puhul (voib-olla seostub see kitsaima supralariingaalse ahtuse monin-
gaselt eespoolsema asendi ja nimetatud striktsiooni ristldbiloike védiksema pindalaga
fo:f foneerimisel); resonantsvéimenduse tdielik puudumine korgematel sagedustel III vil-
tusastme /o::/ puhul on oletatavasti vastavuses ta velaaris-fariingaalse artikulatsiooniga.
Fy ja F, on koige rohkem eristatavad I viltusastme [o/ puhul, nende vahe on viiksem
Il véltusastme /o:/ spektraalses koosseisus, maksimaalselt lahenevad F; ja F, III véltus-
astme /o::/ puhul. Kui eristamisel kasutada parameetrit F, - F,, siis véheneb tema
vaartus véltusastme pikenedes (vt. joon. 10, XV, XVI).

Vokaali /6/ eri valtusastmetes esinevate allofoonide spektraalse koosseisu kohta
tuleb maérkida, et véltusastme pikenedes F; madaldub, mis tdenéoliselt on artikulat-
siooni ahenemise akustiliseks konsekventsiks; samuti madalduvad teine ja korgemad
formandid, kusjuures ilmekam nihe madalamate sageduste poole koos kdorgemate for-
mantide suhtelise intensiivsuse margatava langusega leiab aset eelkoige III véltus-
astme /6::/ puhul; arvatavasti on see muutus suhteliselt velaarsema artikulatsiooni
akustiliseks korrelaadiks. Seega kontsentreerub /6/ héddldamisel pikemates valtusast-
metes rohkem energiat suhteliselt madalamates sagedusribades (vt. joon. 11,
XVII, XVIII).

Uksnes akustilise tasapinna analiiiisi pohjal voiks pikemate viltusastmete vokaalide
spektraalses koosseisus esinevaid muutusi madrkida kui vastavate iseloomulike tunnus-
joonte korgemate astmete viljendust ternaarses gradatsioonis: difuussuse ja akuudi
astmed /i/ ja [e/ puhul, bemolltonaalsuse astmed /ii/ ja /6/ puhul, kompaktsuse ja
akuudi astmed /4/ puhul, kompaktsuse ja graavise astmed /a/ puhul, graavise astmed
/u/ ja [o] puhul, difuussuse ja ka graavise astmed /6/ puhul. Uldiselt on tavaks kvanti-
teedist olenevaid kvalitatiivseid erinevusi ithendada pingsus-(tensiivsus-)tunnusjoone alla.
Keele struktuuri funktsionaalsel tasapinnal etendavad kiill pingsus-tunnusjoon ja eespool
mainitud tunnusjooned erinevat osa. G

Eesti NSV Teaduste Akadeemia Saabus toimetusse
Keele ja Kirjanduse Instituut 5. XI 1961

AKYCTHYECKAS XAPAKTEPHUCTHKA 3CTOHCKHX TIJIACHbIX
B M30JIMPOBAHHOM NPOU3HECEHHUH U B TPEX ®OHOJIOTHYECKHUX
CTENEHSX AOJITOTHI

I'. Jluiis

Pesrome

B paGoTe npHBOASTCS HEKOTOpble NepBOHAYyaJbHbIE AaHHbBlE O CINEKTPalbHOM COCTaBe
3CTOHCKHX TVIACHBIX, HCXOJsl M3 aHAJH3a aKyCTHYECKHX NapaMeTpPoB H30JHPOBAHHBIX IVIACHBIX
W CPaBHHTEJBHOTO ONMHCAHMs AKYCTHYECKHX MPH3HAKOB XapaKTEPHBIX CErMEHTOB MOJAYAapHBIX
MOHOGTOHTOB B Tpex (DOHOJOrHYecKHX creneHsx aojroThl. Ilocieanne nayyadauch B JABYX-
CJIOKHBIX CJIOBaX, NMPOH3HOCHMBIX B ONpeJleJeHHOM KOHTEKCTe, NMpHUeM HX CHHTaKCHYecKas
poab 1 (oHeTHUECKoe NoJioXKeHHe Bo (pase GbUIH MO BO3MOMKHOCTH TOXKAECTBEHHBI AJs BCeX
cayyaeB (TmepBble CJI0BA MOBECTBOBATEJNbHBIX YTBEPIAHTENLHBIX NMpPeAIOKEeHHH H3bsBHTENbHOIO
HaKJOHEeHHs! BHE JIOTHYECKOrOo yJaapenusi npeiajoxkenus). I'nacueii ¢oHOMOrHUECKH MPOTHBO-
NOCTABJIEHHEIX CTeNeHeil JAOJrOTbl HAaXOAWJCS B ONHHAKOBOM KOHCOHAHTHOM OKDPYIKEHHH.
HccnenoBanoch TONBKO TAJVIHHCKOE TPOH3HOLIEHHE 3CTOHCKOTO JIHTEPATYypPHOro sA3bIKa.

CnexTpaJibHBlii COCTAB H30JHPOBAHHBIX IJIACHBIX OXapaKTepH30BaH HAa OCHOBE aHaJH3a
npousHowenns 14 pukropos. Ilpu cayxoBoMm M crmekTporpadHueckoM aHajH3e XapaKTepHBIX
CerMEeHTOB TJIACHBIX TPEX CTeNeHell 0JroThbl GbIIM HCMOJb30BaHbI 3BYKO3aIMHCH MATH JHKTO-
poB. OnbiTel MpoBOAHMHCL B JIaGopaTOpHH 3KCIepHMeHTaJbHO# (OHeTHKH JIeHHHrpajacKoro
roCyJAapCTBEHHOr0 YHHBepCHTeTa B OCHOBHOM B 1959 r. (HeKoTOpble IOMOJHHTENbHbIE IKCIIe-
puMeHTHl npoBeaensl B 1960—1961 rr.) mpu moMouu caeaylouieil 3JeKTPOaKyCTHUECKOH amnma-
patypel: cenapaTtop (cerMmeHtarop), uueiddHbii ocuuanorpag MITIO-2, TperTs-OKTaBHBI
crniektpomerp ¢upmel Standard Telephone & Cables Ltd., London, momeas 74100-A, cepus
Ne 22603, koMmieKT GUIbTPOB HHXKHHX M BepXHuX uactorT (61 ¢uabTp), AMHAMHYECKHIT
crniekTporpad ¢ ycTpPOHCTBOM /A MOJydYeHHsi pa3pe3oB aMIIMTYAHLIX 3Hauenuii. Bcero mnpo-
avaausupoBaHo okojo 600 cnekrporpaMM pasHbIX THIIOB.

B cucreme 3CTOHCKHX TIJIacHBIX MOKHO OTMETHTBH CJeAylOlllHe OCHOBHBIE NMPOTHBOMNOCTAB-
JeHHsi (Ha OCHOBE CHEKTPaJbHOrO aHajn3a H30JHPOBaHHBIX IiacHbix). Inmacuwie [ul, [o],
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lal u [¢] (= [€]) pasanualoTcs OT BCeX OCTaMbHBIX TVIACHBIX Ha OCHOBe KpuTepus Fp— F

HWiH Fqse — F (pa3HHia Mex/1y YacTOTAMH YKa3aHHBIX (OPMAHT BCeraa MeHblie Ofnpe/elen-
HOMi KPHTHYECKOi BeJIHYHHbI). DTO IacHble HH3KOH TOHAJBHOCTH (3alAHero psiga), NpOTHBO-
TI0CTaBJIeHHBIe TJIaCHBIM BBICOKOH TOHAJBLHOCTH (nepeaHero psiza). B rpynme riacHbix BbiCO-
KOl TOHAJbHOCTH TpPEACTABJSETCs BO3MOMKHBIM N0 Kputephio Fy + Fy uau F, -+ Fee (cymma
4acToT yKa3anHbiX (opMaHT) pasdauuutb raachbie [l u [6] or [il, [e] u [d]: ans rpynmsi
6eMoabHBIX (Mabnann3oBanHbIX) raacHbix [U] u [6] 3Ta Benuunna Bceraa MeHblue, YeM AJsI
TPYNNBl TIPOCTHIX TJIACHBIX BBICOKOH TOHAJbHOCTH. [PYNMBl TacHBIX, pasrpaHHuyeHHbie Ha
OCHOBE MPOTHBOMOCTABJEHHH HH3Kasi TOHAJbHOCTbH/BBICOKAsl TOHAJBHOCTb H OeMOJbHas
TOHAJbHOCTb/NpocTasi ToHaJbHOCTh, T. €. [ul [o] [al — [il [el [d4] — [l [6], moryT
3areM pasJHYaThCs M0 KPHUTEPHIO MPOTHBONOCTABJEHHSI KOMMAKTHOCTH/HEKOMIAKTHOCTL M
aupdysHocTb/HeAHGY3HOCTb, T. €. B OCHOBHOM 110 MECTOPACHOJIOKeHHIO NepBoii GOPMaHTHI.
nacubiit [€] 3annMaer B cHcTeMe IJIACHBIX HECKOJIBKO 0c000e TN0JIoXKeHHe, KOTOPOe MOMKeT
ObITb TIPEACTABJEHO CJeAYIOLHMH TNpoTHBOMocTaBieHusimu: [€]/[u] kak npoctoii/Gemoab-
Hblit 3ByK, [€]/[i] Kak HH3KOTOHA/bHbIH/BEICOKOTOHAMBHBIH, [€]/[a] Kak HeKOMmakTHbIil/
KOMTaKTHBII; AJsi pasauyeHns raacHoro [€] B rpynme riaacHbiX HH3KOH TOHAJbHOCTH MOXKET

npHuMeHsiTbest KpuTephii Fo — Fy, Beanunna Koroporo s [é] B 3toit rpynne camas GoJbluasi,
T.e. CTeneHb HH3KO{l TOHAJBHOCTH HAHMEHbIIAS.

OTHOCHTEJNIbHO COMOCTABJEHHsI CMEKTPAJbHOIO COCTaBa OTAENbHBIX TJACHBIX OTMETHM
BKpaTtue caeayiouiee. CpaBHeHHe CleKTpadbHbIX KapTuH raacHbix [il, [e] u [4] nokaswbiBaer,
yto npH [i]l ob6aacTu Goabliell KOHUEHTpalUHH aKyCTHYeCKOH 3HeprHi pacroJoKeHbl AaJblie
BCero K KpasiM crnektpa, ajs [el stu oGaactn Haxomstcs GaniKe APYr K Apyry, a npu [d]
Fy u Fy(F,¢) cnBuraiorcsi CHJIbHee BCEro B CTOPOHY LEHTPaJbHOI yacTH crekTpa. CrekTpadb-
Has cTpyKTypa raacubix [ii] u [6] pasanuaercs cooTBeTcTBeHHO OT raacHbix [i] u [el Goaee
HI3KHM T10JI02KeHHeM 00J/1acTH GoJblueii KOHUEHTPAUHH aKyCTHYeCKoii 3Heprun B uacti GoJee
BbICOKHX uacToT. Bosiee cyuiecTBeHHBIM pasjnuiieM pacnpejeseHisi aKyCTHYECKOH 3Hepriu
B CIEKTpaX TIJacHbIX HH3KOil ToHaabHocTH [ul [0l m [a] MoxkHO cuuTaTh cABHIH 00JacTH
GoJsblIeil KOHUEHTPALHH SHepruH ot Gojiee HH3KHX YacTOT K LEHTPaJabHOil 4acTH CMeKTpa
(ecau napamerpoMm cuutath Fi—+ F, To 3Ta BeanunHa GyaeT COOTBETCTBEHHO BO3PacTaTh).

XapakTepHbIM CMeKTPaJbHbIM NMPH3HAKOM TJIacHOro [€], OTJAHYAEIOUIHM ero OT BCeX OCTalb-
HbIX TVIACHBIX HH3KOIl TOHAJbHOCTH, SIBJISIETCS YeTKOe pa3belHHeHHe ero nepBoii H BTOPOIl
¢opManT.

CnyxoBoii W CMeKTpaJbHblil aHaJH3 3KCIepHMEHTAJbHOrO0 MaTepHala AaeT BO3MOXKHOCTDH
YTBEpXKAaTh, YTO TJIacHble Tpex (POHOJOTHYECKHX CTeneHeil AOJroThl HMEIOT 3aKOHOMepHble
KaueCcTBEHHbe pa3jnuns. Pa3nnuusi CekTpaJbHOIl CTPYKTYphl IJacHBIX /i/ u [e/, BhicTynaio-
KX B (HOHOJOrHYECKH IPOTHBOMOCTABJEHHBIX CTeMEHsiX MOJrOTbl, XapaKTepH3yioTcs cJe-
aywouleii o6ueil TeHaeHuHei: yeM GoJbllie CTeNmeHb JOJArOThbl, TeM JaJjblue APYr OT Apyra
OTOABHIAlOTCST 0GJAcTH GoJblueii KOHUEHTPAUMH = aKyCTHUECKOil 3Heprudl COOTBETCTBEHHO
B CTOpOHY GoJiee HH3KHX H (oJiee BBICOKHX 4acTOT (TeM GoJibliie 3Hepru KOHUEeHTPHPYeTCs
Ha Kpasix CrneKTpa), T. e. nmepBas ¢opMaHTa NOHHKAeTCs, a BTopas H 0oJiee BbICOKHe (op-
M@HTbl TOBBILIAIOTCS; ONpe/eseHHble H3MEHeHHsi OTMEeYaloTCst M B LIHPHHE TOJOCHl YCHJeH-
HbIX YaCTOT M OTHOCHTEJBHOTO YPOBHSI (OPMAHTHBIX cbJacTeil (mepeudc/jeHHble CileKTpaJb-
Hble pas3JIHuhsi MOTYT HHTEpPIpPeTHPOBATHCS KaK aKyCTHUeCKHe KOppessiThl GoJblieil 3aKpbl-
TOCTH W NaJaTajJeHOCTH apTHKyJsiuuu).Ecau 3a napamerp npuusite Fee (Fy) — Fy, To npn
6oJiee JOJTHX CTeNeHsiX BesqMuuHa ero Gyjaer yBemnunsathest (cm. puc. 2, 3, I1, I11; 4, IV, V).

CrekTpasbHBIMH NIPH3HAKAMH BAPHAHTOB JIaGHANH30BAHHBIX IJIACHBIX /il 1 [0/, BBICTYNAIO-
LHX B Pa3HBIX CTENEHsX JOJTOTbI, SBJIAIOTCS MOHHKeHHe BceX (OPMAHT M MOHHIKEeHile OTHO-
CHTEJIbHOTO YPOBHSI BBICOKHX (OPMaHT npH OGoJblueil AJMHTENbHOCTH (B apTHKYJAALHOHHOM
acrnekTe 3TO COOTBEeTCTBYeT (oJiee Y3KOH JaOW/IM3alHH, a TakkKe HEKOTOPOMY YBEJHUYEHHIO
of'beMa TOJOCTH TJIOTKH B pe3yJbTaTe onyckauus ropranu). Ecau 3a xpuTepuii npHHATb
Fy -+ Fee, To nas Gojiee JOJTHX CTeleHeil ero BeqHyHHa Oy/leT yMeHbiaTbesi (CM. pHC. 5,
Vi V1136, VL) .

ITpu dounauun /4/ B Gonee HOJNrHX CTeNeHsX nmepBasi (GOpPMaHTa MOBBILIAETCS, TPH 3TOM
3aMeTeH H CABHr GoJjiee BBICOKHX (OPMAHT B CTOPOHY GoJiee BBICOKHX udacToT. B cmektpe
/d::/ TpeTbeil cTeneHi XOJArOThl YaCTO MOXKHO 3aMeTHTb H POCT OTHOCHTEJbHONH WHTEHCHBHOCTH
Goslee BBICOKHX (POPMAHT, a TaKikKe HEKOTOpOe JOMOJHHTEJNbHOE YCHJeHHe MO0JOCHl BBICOKHX
Y4aCTOT; B LEJIOM CIIEKTP CBePXJAO0Jroro /a::/ nMeer MOBOJLHO HeuyeTKHe KOHTYpbl (mepeulc-
JIeHHble pa3JHulsi B CNEKTPaJbHOM COCTaBe TJIaCHOTO [d/ sIBASIIOTCS, BEPOSITHO, aKyCTHYe-
CKHMH KOppeJsATaMH pacliMpeHHsl BO3AYLIHOro cTosiba H HECKOJIbKO GoJjee nepeineil apTHKY-
asuuu) (cMm. puc. 7, IX, X).

ITpu Gosee MOJTHX CTeNMeHsX /a/ MOXKHO OTMETHTb TOBbIleHHe NepBoii hopMaHTH (Be-
POSITHO, 3TO SIBASIETCS AKYCTHUECKUM KOPPEJNSITOM YBeJHUYeHHsi OTKPBITOCTH POTOBOI MOJOCTH)
W TOHHIKeHHe BTOpOiH (GOopMaHTBl (BO3MOXKHO, YTO 3TO COOTHOCHMO C MNepeMeLleHHeM MecTa
MAaKCHMAaJIbHOTO CY2KeHHsi HaArOpTAaHHBIX IOJOCTeH B 3a/HIOI0 4acThb peyeBoro Tpakra). Ilpu
/a::| TpeTbeil cTeneHH AOJrOTHl MepBasi H BTopas (OPMaHThl COMIXKAIOTCS MAKCHMAJbHO (CM.

puc. 8, XI, XII).
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OCHOBHBIM pa3JiHuHeM CNEeKTPaJbHOIO COCTaBAa BAPHAHTOB [u/ Pa3HLIX CTeneHeil JOJTOTHI
ABJISIETCS] TOHHXKeHHe BTOpPOii ()OPMaHThI; MOJKHO TaKXe OTMETHTb HEeKOTODHIl CABHT H Tep-
BOii opmanTHOl 06JacTH B CTOpoHY Gojlee HH3KHX YacTOT (BEpOSITHO, 3TO aKyCTHYECKHe
KoppeJsisiThl GoJiee Y3KOii H BeJsipHON apTHKYJsiuuu). XapakTepHo, uTo NpH [u/ mepBoil cre-
NeHH JOJTOTHl HHTEPBaJ MKy MepBoil H BTOpoHl (opManTamu HauGoJbiumii, npH [u:/ BTO-
poii cTeNmeHH 3TOT WHTEPBAJ MeHbIIe, a TpH [u::/ TpeThbeil creneHH nepsasti W BTopast op-
MaHThl 06Pa3yIOT NMPaKTHYECKH OAHY 06JacTh KOHUEHTpauuu sHepruu. Ecau npu pasmnuenus
3a KpuTepHil npuHATh Fp -+ Fj, TO ero BequunHa OyJAeT yMmeHbmiaThcsi B GoJiee JOJTHX CTe-
neHax AOJrOThHI, T. €. YeM JOJblle IJIacHblf, TeM GoJblle aKyCTHYECKO# 3HEPrHH KOHIEeHTPH-
pyercsi B obaactn Gosee HH3KuX yactor (cM. pue. 9, XIII, XIV/).

AkycTHUeCKHe KOpPe/siThl KaueCTBEHHBIX Pa3JHUHil [VIaCHOro o/ ciepylolue: MOHHKeHHe
YacTOTHl H OTHOCHTEJNBLHOTO YPOBHs BTOpPOii (opMaHTH B GoJiee JOJrHX CTeNeHsIX HOJrOTHI;
JoJroe [o:/ oTaHYAETCss OT KPAaTKOro /of) u Gosiee HH3KOil MepBoii GOPMAHTOlN; aKyCTHUECKHM
KoppeJasToM GoJiee nepejHell apTHKYMSUAN [0/ NepBOii H BTOPOi CTeneHeil LO0JATOTH SIBJASETCS,
MOJKHO ToJIaraTh, HEKOTOpPOE YCHJEHHe BHICOKHX YacTOT, TIPH 3TOM JoJroe [o:/ umeer GoJjee
BBICOKHE TPETBhIO H YeTBEPTYIO 06GJAacTH ycHJeHHs1 (BO3MOXKHO, YTO MocjejHee 06CTOATENLCTBO
COOTHOCHMO C HECKOJIbKO GoJiee NMepelHHM MeCTOpacnojoXKeHHeM MAaKCHMaJbHOTO CYXKeHHST
B HaJATrOPTAHHBIX IOJOCTSX H MeHblIeil MJIONAaAbIO NMONEPeYHOro paspe3a B yKa3aHHOM MecTe
npH oHanuu /0:/); MONHOE OTCYTCTBHE YCHJIEHHSI BBHICOKHX YACTOT NpPH [0::/ TpeTbeil cTeneHu
JIOJITOTHl COOTBETCTBYET, MOMKeT GHITb, ero BeJsipHO-(apHHraJbHOil apTHKyJsuuu. [lepsas
H BTOpast (opMaHTHl pasjnyaiorTcs GoJblue BCero mpH [o/ mepBoil cremenH, npu [o:/ BTOpOi
CTeNeHH 3TO pa3jiMuHe MeHblue, a NpH [o::/ TpeTbeil CTemeHH AOJrOTH NepBas H BTOpast
(opMaHThl COJAMKAIOTCH MakcHMaabHO. Ecau npu pasianueHud 3a mnapaMeTp TIPHHATH
Fy+ Fy, To 3Ta BeauunHa GynerT yMeHbLuaTbesi NMPH GoJiee JOJTHX CTENEHsX TJIacHOro (cM.
puc. 10, XV, XVI).

OTHOCHTeJIBHO CIEKTPaJbHOTO COCTaBA BAPHAHTOB IJIACHOTO /G/ pasHBIX CTeneHeil 0J-
rOTHl CJeAyeT OTMETHTb, YTO B CBSI3H C YBeJHUYEHHEM CTeNeHH JOJATOTHl NepBas (opManrta
TIOHHKaeTcsi (BeposITHO, 3TO aKYCTHUECKHH KOPPEJSIT CYXKeHHsl apTHKYJsIHH); BTOpas u 6o-
Jiee BhICOKHEe (PODMaHTHI TakxKe B 06LIeM TOHHIKAIOTCS, MpHUeM GoJjiee 3HAUHTEJNbHLIH CABHT
B CTOpPOHY GoJiee HH3KHX YacTOT BMeCTe C TOHHIKEHHEM OTHOCHTEJbHOTO YDOBHS BBICOKHX
dopMaHT BelcTYnaer npH /0::/ TpeTbeii CTENeHH OJTrOTHl (BEpOsITHO, 3TO aKYCTHUECKHH KOp-
pensT Gosbluel BeasipHOCTH apTHKyJAsunu). CienoBarenbHo, npu ¢onaunn /6/ B Gosee HoJ-
IHX CTeNmeHsX AOJroThl GoJiblile 3HEPrHH KOHLEHTpHpyeTcsi B Mojocax Gojlee HH3KHX YacTOT
(eM. puc. 11, XVII, XVIII).

OcHOBHIBasiCb TOJNBKO Ha aHajlH3e aKyCTHYECKOTO YPOBHS, MOXKHO 3aKJIOYHTb, YTO pas-
JIMYHsl CNEKTPAJbHOTO COCTaBa TJacHBIX Gojlee JOJTHX CTeneHeil MOrJH Obl HHTEpPIpETH-
poBaThcsl KaK BbipaxeHHsi GoJiee BHICOKHX YPOBHeH COOTBETCTBYIOUIMX XapaKTEPHBIX NPH3HA-
KOB B TPEXCTYNEHUYaTOH rpajanuu: crenedu AHGQY3HOCTH H BBICOKOMH TOHAIBHOCTH TIpH [i/ 1 [e/,
cTeneHn GeMOJb-TOHANBHOCTH NpH [ii/ H /6/, CTeneHH KOMMAKTHOCTH H BBHICOKOH TOHAJLHOCTH
npu /d/, crenedn KOMMNAKTHOCTH M HHM3KOH TOHAJLHOCTH NpPH [a/, CTENEHH HU3KOH TOHAJIbHO-
cti npu [u/ u [o/, crenenn AuddysHocTH, a TaKkKe W HH3KOH ToHambHocTH TpH [O/. Kaue-
CTBeHHble Pa3JHuHsi, BO3HHKAIOIIHE B CBSI3H C KOJHYECTBEHHBIMH Da3JHUYHSIMH, 4acTO 0GBeIH-
HAIOT TOJI Ha3BaHHWeM TpH3HaKa Hamnpsi:keHHocTH. C TOYKH 3peHHst (YHKIUHOHAJBHON CTPYK-
TYpH $3bIKa HaNpsKEHHOCTb H BHIIIENEPEYHCJEeHHBle NPH3HAKH BHLIMOJHAIOT pas/IHUYHbIE:

yHKIHH,

HHucTutyr asblka u auTeparypol IMocTynuaa B pelakuuio
Axademuu wayx Icronckoid CCP 5. XI 1961

7 ENSV TA Toimetised. U-1 1962.
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