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MODEL 

Abstract. The aim of this paper is to propose a theoretical model of phonetic 
interaction between prosodic elements in the Baltic languages. Long syllables, for 
example, sometimes become the field of the synchronic realization of stress, syllable 
accent, and intonation. Therefore, the qualitative and quantitative characteristics of 
certain sounds must represent an entire group of elements in question. A natural 
question to ask, then, is how the distinctive features of all these elements are realized 
and combined. A point of reference for the model of this interaction could be a 
category of sound control/balance, interpreted in terms of F0 dynamics. The data 
presented in this paper allow us to consider the hypothesis that F0 change, viewed 
both in terms of paradigmatic and syntagmatic vectors, is the prerogative of phrasal 
intonation. The other two elements, namely word stress and syllable accents, are to 
be regarded as factors that regulate the balance of F0 change at the intersyllabic level. 
Word stress determines the syntagmatic distribution of tonal dynamics of this kind, 
whereas  syllable accents determine the paradigmatic one.
Keywords: Baltic languages; phonetic interaction; prosody; F0 dynamics; jerk; word 
stress; syllable accent; intonation.

The problem. It is only at first sight that the selection of phonetic 
categories used for describing the prosodic structure of language can appear 
self-evident. It has long been argued, for example, that the acoustic structure 
of word stress in large groups of languages, including Lithuanian, cannot, 
in principle, be characterized by a single acoustic parameter (L ieberman 
1960, 451–454; Leh i s te  1970, 142–146; Paker ys  1982, 111–144; Fant, 
Kr uckenberg  1994, 125–144; Gi rden i s  2014, 265–271; Ladefoged 
2003, 90–91; Or tega-L l i ebar i a, Pr ieto  2010, 73–97; Plag, Kunter, 
Schr amm 2011, 1–29; L ippus, A su, Ka lv ik  2014, 232–235; Gordon, 
Roet tger 2017, 1–11; Zarka, Schupple r, Lozo, Eib le r, Wurzwa l lner 
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2017, 15–44; van  Heuven 2018, 15–59, and others). Moreover, 
experimental research suggests that the probative value of all qualitative 
and quantitative acoustic correlates of stress becomes evident only under 
ceteris paribus conditions. This means that acoustic differences can only 
be found between the same syllable in stressed and unstressed positions. 
The situation is different when it comes to the syntagmatic relationship 
between all syllables, where phonetic prominence does not always lie with 
the stressed syllable. One might suggest that empirical data tend to support 
paradigmatic identification of stress, but of course, such an assumption is 
difficult to reconcile with the syntagmatic nature of stress (Leh i s te  1970, 
106; Gi rden i s  2014, 267). Another group of prosodic elements, namely 
syllable accents also show certain complexity. Although their key difference 
is understood in terms of the dynamics of the fundamental frequency (F0), 
they are usually accompanied by other acoustic correlates too, especially by 
duration (cf. experimental research on syllable accents in the Baltic languages: 
Ger u l l i s  1930, 22; Ekblom 1933; Gi rden i s  1967, 31–41; Gi rden i s, 
Pupk i s  1974, 107–125; Gi rden i s 1974, 160–198; L iepa 1979, 48–151; 
Paker ys 1982, 156–182; Markus 1991, 57–62; Sark an i s 1993, 62–
90; Markus 1993, 39–44; Va i tkev ič iū tė  1995, 45–86; Atkoča i t y tė 
2002, 123–143; Bacev ič iū tė  2004, 83–113; Kudi rk a  2004, 233–246; 
Leskauska i tė  2004, 179–232; Mur in ienė  2007, 171–186; Bacev ič iū tė 
2011, 13–26; Švager i s  2016, 1–9; Bakš ienė  2016; for other languages 
see: Fr ings  1934, 110–140; Br uce  1977, 49; Leh i s te, Iv i ć  1986, 39–61; 
Fi sher-Jørgensen  1989, 1–59; Gus senhoven, Pete r s  2004, 251–285; 
Fourn ie r, Verhoeven, Swer t s, Gus senhoven 2006, 29–48; Jurgec 
2007, 195–207; Gus senhoven, van  den Beuken 2012, 75–107;  
Zin tchenko 2018, 101–203, and others.) More recent research on syllable 
accents in the Baltic languages (Švager i s  2020, 119–157; 2021, 271–305) 
is no exception, because the F0 dynamics are described there as a function 
of time, i.e. distinctive features are determined in terms of the relationship 
between F0 and the duration. Finally, the phonetic form of the third prosodic 
element, namely phrasal intonation is probably the most problematic of all.  
It is usually formalized in terms of two-level tone (high and low) pairs (the 
so-called ToBI transcription; see P ie r rehumber t  1980; P ie r rehumber t, 
Hi r schberg  1990, 271–311, Gus senhoven 2004, etc.), but its acoustic 
expression, of course, is far more complex. Although there has been relatively 
little research to date on intonation in the Baltic languages, it is regarded as 
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a factor behind high phonetic variability of other elements or, in some cases, 
even their neutralization (for general overview of intonation research see Fox 
2000, 267–329; also Švager i s  2020, 121–127).

This phonetic complexity of prosodic elements makes it difficult to 
understand the mechanism of their interaction. Long syllables, for example, 
sometimes become the field of synchronic realization of stress, syllable accent, 
and intonation. Therefore, the qualitative and quantitative characteristics 
of certain sounds must represent an entire group of elements. The natural 
question to ask, then, is how, under such conditions, the distinctive features 
of all these elements are realized and combined. If we fail to resolve (or even 
address) this issue, the risk of misinterpreting or misattributing acoustic data 
increases. One should also not rule out the possibility that the commonly 
invoked concept of phonetic complexity is no more than a convenient 
compromise that allows us to systematize ambivalent empirical data without 
either categorically denying or affirming the significance of any acoustic 
correlate in question.

On the other hand, it seems that this problem could be easily solved by 
selectively assigning different prosodic elements with different phonetic 
category. For example, the old practice of assigning a prosodic element 
with a dynamic, melodic (tonal), or quantitative1 type is a clear illustration 
of the logic of this sort. This is the path followed by researchers of Latvian 
prosody. The Latvian word stress is commonly regarded as a dynamic (Laua 
1969, 115; Rudzī te  1993, 87–88; LVG 2013, 120) and the syllable accent 
a tonal phenomenon (Ekblom 1933; Kar iņš  1996, 121; Laua 1997, 105; 
Gr igor jevs, Remer t s  2004, 33–50; LVG 2013, 104–106, etc.). However, 
the relationship between Latvian syllable accents and intonation is much more 
problematic in this regard (Hualde, Riad 2014, 668–669; Hualde, Riad 
2018, 27–31, etc.).2 To some degree, the same logic is followed in Lithuanian 
prosody research, too. In early descriptions of Lithuanian syllable accents, for 
example, different interpretations of syllable accents were proposed, focusing 
on tonal and the dynamic aspects (Kurschat 1876; Baranowsk i, Weber 
1882, 29; Jaunius  1911, 33).3 Although intensified experimental research did 

1  On the phonetic precision of all these categories see G i rd en i s  2003, 252.
2  Admittedly, no clear dividing line can be drawn by Latvian syllable accents and 

intonations, either, because the expression of these two elements is mostly related to 
tonal modulations. 

3  One might observe that this distinction may not have been so clear after all (see 
Šv age r i s  2018, 21–68).
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contribute new empirical data to the analysis of this issue, the sheer volume and 
diversity of this data made it impossible to fully clarify the phonetic nature of 
dialectal variations of syllable accents, with the decision to give them neutral, 
presuppositionless names of “acute” and “circumflex” receiving universal 
accord (see Girdenis  2003, 273) and becoming another compromise. The 
genesis of the concept of the acoustic structure of stress was not dissimilar. A 
seminal work in this field was a study by Paker ys  (1982), which established 
the idea that the phonetic essence of word stress in Standard Lithuanian 
consists of a complex of acoustic correlates of uneven power. This concept 
was later adopted and verified by many researchers of Lithuanian dialects 
(Kaz lausk ienė 2001, 39–45; Atkoča i t y tė 2002, 83–103; Bacev ič iūtė 
2004, 29–44; Leskauska i tė 2004, 124–145; Ja ros lav ienė 2010, 29–55); 
although, in the earlier years, research mostly focused on attempting to find 
one key correlate of stress (La igonai tė 1958, 71–100; 1978, 78; Kaz lauska s 
1966, 119–132; Mika lauska i tė 1975, 76; Vai tkev ič iūtė 1995, 5). Most 
recent studies seem to have effectively returned to the issue of what phonetic 
categories actually are related to word stress (Kaz lausk ienė, Sabonytė 
2018, 55–62; Sabonytė, Goldshte in 2021, 119–128). 

Another approach to the solution of the interaction problem is based on 
the concept of a compensatory mechanism. Although its logic is not clearly 
articulated, this concept is commonly used to explain the variability in the 
differential power of acoustic parameters caused by various linguistic factors. 
These factors include intrinsic prosody, phonological and phonotactic aspects 
of linguistic systems, the prosodic structure of language, etc. For instance, if 
there are systems of short and long vowels in a language, the potential of 
the duration factor in determining the stress under such circumstances may 
only be minimal (thus, this correlate of stress must be compensated for by 
another correlate). Conceptually, this is defined by the so-called Functional 
Load Hypothesis (for its critique see van  Heuven 2018, 49–54). Its key 
idea is appeals to the position of the acoustic correlate within the hierarchy, 
which is supposed to depend on the functional load of the correlate at other 
levels of language (see Ber ins te in  1979, 1–59).4 However, compensatory 

4  Cf. the idea of Georg G e r u l l i s  on the acoustic structure of Lithuanian syllable 
accents: “Aus der Mischung dieser vier Komponenten, vielmehr je einer Schattierung 
von ihnen ergibt sich die Resultante, der litauische Akzent. Dabei ist der Stärkegrad 
der einzelnen Komponente bei jedem Akzent verschieden, das gibt ihm seinen eige-
nen melodischen Charakter” (1930, 22).
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modeling of acoustic features requires too high a level of sophistication from 
the language users, it becomes too difficult to verify the form such a prosodic 
system experimentally, and finally, the interactional mechanism turns into 
complicated algorithms (cf. Br uce  1977, 74–92; Gard ing  1983, 11–25; 
P ie r rehumber t, Hi r schberg  1990, 271–311; Gus senhoven, van  den 
Beuken 2012, 75–107, and others). The proposal to rely on the relationships 
of the ratios of stressed and unstressed syllables in Standard Lithuanian and 
to take into account the gradation of power of acoustic correlates (Paker ys 
1982) could be seen as a clear illustration of the problems associated with 
this concept.

The aim of this article is to propose an alternative model of phonetic 
interaction between prosodic elements in the Baltic languages, whose key 
principle would be based on clearer and simpler logic. It should be emphasized 
that the goal is not to categorically refute or reject the existing theoretical 
and experimental achievements in prosodic research, but rather to find a 
principle that would make it easier to systematize empirical data and do so 
more clearly.

The basis of phonetic interaction is sound control. As shown above, 
the characterization of prosodic elements in terms of separate acoustic 
parameters is often problematic and unproductive. For this reason, there 
is a need for a category that would reflect both the general principles of 
linguistic behavior and the basic physics of sound generation (avoiding 
excessive focus on small acoustic details of the elements in question). One 
such category could be based on a broader concept of sound control. This 
choice is motivated by several arguments. First, such a category allows for a 
more comprehensive assessment of the acoustic structure variability found 
in the sounds of a language for prosodic purposes; viz. it enables one to 
discuss the effect of the speaker’s primary intention (not) to control the 
sound on the entire group of parameters. Second, it allows one to avoid 
high-level sophistication of the issue, which is based on the assumption that 
the speaker is able to selectively modify acoustic parameters (sometimes even 
at the micro level) to serve their needs, whatever they may be. Third, this 
alternative provides a logical framework for understanding the very concept 
of prosodic interaction, turning possible differences in sound control into 
various vectors (paradigmatic and syntagmatic).

Although sound control is likely conveyed by all acoustic parameters in 
one way or another, for the sake of clarity and simplicity we will rely on 
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the dynamics of fundamental frequency (F0). In short, we will focus on F0 
variations over time. Each voiced sound5 is an object of phonation, i.e. the 
result of the transformation of expiratory airflow energy into acoustic one (for 
basic principles, see Stevens  2000; Ti t ze  2000; Plan t, Younger  2000, 
170–177; Hol l i en 2014, 395–405; Zhang 2016, 2614–2635, etc.). This 
process is well-defined in the myoelastic-aerodynamic theory of phonation 
(van  den Berg 1958, 227–244; Ti t ze  2006; for recent studies on this 
topic, see Švec, Schut te, Chen, Ti t ze  2023, 305–313). It suggests that 
phonation is the result of the interaction between aerodynamic and myoelastic 
(muscular elasticity and stiffness) forces (for simplicity, we will call them 
Acting Acoustic Forces or AAF in this paper). The vocal folds, acting like a 
valve, block the path of the airflow rushing out of the lungs. As they close, 
subglottal pressure begins to rise, and when it reaches a critical threshold, the 
lower edges of the vocal folds begin to open, followed by the upper edges. As 
they separate, the air rushes out with full force, and the subglottal pressure 
drops instantly. This phase lasts until the restoring force of the vocal folds 
counterbalances the effect of the pressure drop, and the folds return to their 
initial position (for criticism of certain aspects of this theory, particularly the 
impact of the Bernoulli effect on phonation, see Zhang 2016, 2619–2620).

Therefore, following the logic of the myoelastic-aerodynamic theory, we 
may say that F0 dynamics directly reflect the changes in AAF. We may treat 
F0 dynamics as a measure of how efficiently expiratory energy is utilized for 
phonation. Large F0 perturbations show uneven vocal fold vibrations, which 
are attributable to a certain ratio of subglottal pressure and vocal fold mass/
tension. Since these two parameters are non-constant variables, no strict 
correlation between them is possible, of course.6 According to the logic of 
classical mechanics (to be more precise, Newton’s second law), all information 
about the changes in AAF should be provided by the F0 acceleration (i.e. 
the derivative of changes in F0 over time) parameter. The greater the F0 
acceleration of the sound in question (both positive and negative), the greater 
the change in the AAF. In experimental research, arguably the most popular 
indicator conveying this sort of information is F0 range. The difference 

5  For the purposes of this paper, it will be held that the main prosodic information 
is concentrated in this group of sounds.

6  It is important to keep in mind that the correlation between intensity and F0 is 
more evident only in the higher pitch registers (P l a n t, Younge r 2000, 170–177; Ho l -
l i e n 2013, 395–405). 
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between the maximum and minimum pitch points (however, not over time) 
also indicates changes in the ratio of subglottal pressure and vocal fold mass.

Of course, F0 acceleration cannot be regarded as a parameter of sound 
control. It is important to assess not only the magnitude of changes between 
AAFs, but also their dynamics. Tone curves with the same range/acceleration 
can differ in shape, and it is therefore necessary to find a parameter that 
would capture the differences in the F0 contours (not just their “height”). 
In other words, the quantity of force is not the only relevant aspect: we also 
need to know its distribution over time. Rising-falling pitch contours, for 
example, indicate variations in the changes between AAFs, and a flat contour 
illustrates greater stability and a more balanced AAF. This type of information 
is provided by the derivative of F0 acceleration over time, the so-called jerk 
(for a physical explanation of it, see Eager  2016, 1–11; Ra jpa, Pat i l  2016, 
82–87). This could be considered a measure of the linearity of F0 change. 
If F0 rises or falls in a linear trajectory, it is reasonable to assume a stronger 
intention to stabilize and control the activity of vocal folds and to counteract 
more proportionately the changes in the force acting on them. Of course, 
the very fact of change indicates changing control, but the type of change 
is equally informative, as it allows us to discern the speaker’s intentions. In 
terms of physics, elastic bodies like vocal folds are deformed by the forces 
acting on them, and the deformation itself is a function of the tension and 
said forces. If the changes in force (acceleration) are small, the jerk values are 
very small, and the deformation in this case can be considered instantaneous 
with respect to acceleration/change of force. To better understand the 
physical meaning of this parameter, we can draw an analogy with the human 
body’s movements. Jerk limits are necessary, for example, to maintain body 
balance. The position of the body is controlled by the balance of antagonistic 
muscle forces. Only by controlling these forces can the desired balance be 
achieved. If one of the forces changes too quickly, the muscles cannot relax 
or contract fast enough, resulting in a temporary loss of balance. The time 
of response to changes in force depends on the physiological properties of 
the muscles and the attentiveness of the brain: an expected change will be 
stabilized faster than an unforeseen sudden decrease or increase in force (for 
more details, see Hogan 1984, 2745–2754; Roren, Mazagu i l, Vaquero-
Ramos, Deloose, Vida l, Nguyen, Rannou, Wang, Oudre, Lefèv re-
Colau  2022, 1–14). Since vocal folds also consist of a layer of muscles, 
these principles, even in the most general sense, can be applied to the AAF 
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interaction, which is represented by F0 dynamics. This may be one argument 
for including the jerk parameter into the analysis.

Finally, it is important to add that the relationship between these two 
parameters (i.e. F0 acceleration and F0 jerk) and the concept of sound control 
proposed in the present study directly depends on the duration of the sound, 
too. Sounds with the same F0 acceleration and F0 jerk can differ in duration 
(despite both of them being derivatives of time). For this reason, sounds 
with identical pitch contours but different in duration should be interpreted 
differently. It is likely that a stronger intention to balance AAF would be 
signaled not only by F0 acceleration and F0 Jerk values that are approaching 
zero, but also by longer sound duration. In this regard, maximum sound 
control would be understood as an F0 with zero acceleration and with zero 
Jerk sustained for a longer period of time. 

Therefore, based on all the arguments above, we can propose the following 
working hypothesis: acoustic differences in F0 control could be reflected in 
the combination of these three parameters:7

F0 Range (st)8

F0 Jerk (st/s3)9

Duration (s)

The principle of graphical analysis. This section describes the 
principle of graphic analysis. Given that three acoustic parameters are to 
be simultaneously analyzed and related to prosodic elements, this requires 
a three-dimensional graph, where the elements under study are treated 

7  All these parameters were automatically generated using Praat script (see Š v age r i s 
2020, 119–157; 2021, 271–305).

8  The F0 range parameter is chosen instead of average acceleration of F0 for purely 
mathematical reasons. The fact of the matter is that the average value in certain cases 
(for example, when the contour of the tone is in the shape of a semicircle) is not sensi-
tive enough and does not convey important information about F0 dynamics. Adding a 
modulus to the formula does not solve the problem either, because in this case informa-
tion about the general direction of the pitch change - rise or fall - is lost (i.e. it is no 
longer known whether the acceleration is positive or negative). The F0 range parameter 
is somewhat of a compromise in this regard, but, of course, a mathematical way to solve 
this problem must be found in the future. 

9  For mathematical reasons, all F0 jerk values were converted to positive ones (mod-
ulus of average differences of F0 acceleration was calculated).  
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as mathematical functions that would ideally distribute specific phonetic 
realizations to separate clusters. An absolute zero can be chosen as a reference 
point that will help to determine possible differences between compared 
sounds and (according to the conception proposed in this paper) allow to 
assess the level of sound control. According to our model, any deviation 
from the zero point indicates a shift in F0 towards greater or lesser control 
(balance). As already mentioned, the increasing F0 balance should be 
reflected in a longer sound duration, accompanied by zero-approaching F0 
range and F0 jerk values. Obviously, a quantitative parameter of any sound 
of speech can only take positive values, as there can be no negative or zero 
duration of sound in principle. In turn, a zero value of the F0 range (and F0 
jerk) indicates that the F0 trajectory is a simple horizontal line since not even 
a minimal change in F0 is present. If a suitable mathematical method could 
be found, all of F0 changes should be reflected in positive and negative F0 
acceleration values.

Figure  1. The reference point in acoustical three-dimensional space

The change in F0 jerk values, which is the last of the parameters discussed, 
is dependent on the type of the F0 acceleration. In simple terms, when F0 
acceleration is unstable, a greater or lesser deviation in the pitch contour is 
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observed. If both the positive and the negative F0 acceleration stays constant 
for the entire phase of pronouncing the sound in question (though this never 
really happens in reality), F0 rises and falls along a linear trajectory, and F0 
jerk approaches zero. F0 jerk values change in the opposite direction when 
two separate parts of the sound differ in F0 acceleration. More precisely, 
negative F0 jerk values occur in two cases: when the F0 fall suddenly slows 
down or the F0 rise speeds up; positive F0 jerk values are obtained when the 
F0 fall accelerates or the F0 rise decelerates. For clarity, let us present the 
relationship between F0 acceleration and F0 jerk schematically:10

 
 

F0 dynamics

Quasistatic regime of vocal 
fold vibration (no changes in 

AAF)
No change in F0

Zero acceleration

Zero jerk

Non‐static regime of vocal 
fold vibration (changes in 

AAF)

Linear change in F0

Non‐zero acceleration

Zero jerk

Non‐linear change in F0

Non‐zero acceleration

Non‐zero jerk

Figure  2. Relationship between dynamic F0 parameters 

The key takeaway from this diagram is the relationship between F0 
acceleration and F0 jerk: constant acceleration (whether it’s zero, negative, 
or positive) results in zero jerk and changing (nonlinear) acceleration results 
in non-zero jerk. As mentioned above, this dichotomy allows us to think in 
terms of two categories: the amount of force and its distribution over time. 
This difference could serve as a starting point for explaining the interaction 
between prosodic elements: in this case, some elements would be understood 
as resulting in F0 changes, and others would ensure the stability and balance 
of those F0 changes over time.

10  For positive and negative F0 jerk values see Footnote 9. 
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Analysis of specific cases. The stress pattern in Standard 
Lithuanian.11 Let us begin the verification of the proposed model by 
analyzing the stress pattern in Standard Lithuanian. Presented below is a 
graphical analysis of the minimal pairs [2ˈlʲeːlʲeːs; ▲/▲] and [lʲeː2ˈlʲeːs ●/●].12 
Although all long stressed syllables in Lithuanian have syllable accents, this 
factor is neutralized here, as the accent of both syllables (when they receive 
stress) is identical (in both cases it is circumflex). Our analysis required a 
word whose phonetic structure would not affect F0 dynamics (at least on 
lower degree). This happens, for instance, when short vowels are located 
between plosives (see Gus senhoven 2004, 9). Lateral consonants in the 
onset and coda of the syllable should reduce this risk. For the same reason, 
long vowels were chosen for analysis rather than short ones. The only thing 
to note is that the syllable types differ, with the first syllable being open and 
the second closed. This could affect the duration of the vowels (open syllable 
vowels tend to be slightly longer). However, this latter factor should not have 
a significant impact on model verification. Its significance could increase only 
if the distribution of the other two parameters shows no clear tendencies.

So, the three acoustic parameters – namely, F0 range, F0 jerk, and 
duration – transferred to the 3D graph should, in effect, reflect the differences 
in tonal dynamics (in a broader sense, of sound control or balance) 
between stressed and unstressed vowels. The words were pronounced with 
a declarative intonation in sentence-final positions and emphasized with a 
focus. Vowel positions are marked with different colors: gray dots ● represent 
the realizations of pretonic vowels [lʲeː], gray triangles ▲ represent posttonic 
vowels [lʲeːs], black triangles ▲ represent initial stressed [2ˈlʲeː] vowels, and 
black dots ● represent final stressed [2ˈlʲeːs] vowels. It can be seen that in the 
three-dimensional space, the data are grouped into separate clusters, as all 
vowel groups are distinct from each other (there is a high probability that the 
ternary acoustic model successfully responds to a stress position change in 
the word;  p=3.82E-26).13 The phonetic realization differs not only between 
stressed and unstressed vowels but also between unstressed ones too (compare 
the groups of gray triangles and gray dots). Since the distribution principle 

11  Here and in all other cases acoustic data were taken from previous studies con-
ducted by the present author.

12  (Lith. lėlė; Eng. a doll). It is a Nominativus Pluralis in the first form and Genitivus 
Singularis in the second.

13  For this purpose, two-way ANOVA with normalized data was performed. 
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is the most relevant for our purposes, we will not pay much attention to 
specific values this time. The realization of posttonic vowels (gray triangles) is 
distributed most widely in the 3D space. Their large deviation is particularly 
visible in terms of F0 jerk. This indicates a very low F0 balance, strong 
deformation, sharp curvature, and “scattering” of F0 points.14 

This result should not be very surprising, as unstressed syllables in the final 
position are often subject to reduction and thus to a large F0 perturbation. 
According to the logic of our model, we could say that the control of the F0 
of these vowels is the weakest. In turn, pretonic vowels seem to lose their 
prosodic weight due to the largest shift towards the center point (the acoustic 
zero). Their realizations are not only of the shortest duration, but also those 
closest to zero values of F0 range and F0 jerk. All of this means that, from a 
phonetic perspective, pretonic and final posttonic syllables are different. This 
is because the position of the stress determines the distribution of acoustic 
energy throughout the word: when the stress falls on the final syllable, the 

14  Syllable accents are marked using adopted IPA symbols (B ak š i e n ė, Čep a i t i e n ė 
2017, 105–135). 

Figure  3. [2ˈlʲeːlʲeːs; ▲/▲] and [lʲeː2ˈlʲeːs ●/●]14 parameter distribution (de-
clarative intonation, final position, + phrasal stress)
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pretonic syllables cannot be reduced to the same degree as the posttonic 
ones, since the energy must be maintained until the stressed syllable. It 
seems that the prosodic neutrality/passivity and energy transfer functions of 
these syllables are realized through static F0 dynamics. Their pitch changes 
are minimized (low F0 range and F0 jerk values) and the duration is reduced, 
but their remaining greater resistance to reduction allows to distinguish 
them from posttonic vowels in this case. If the opposite were true, i.e. if the 
phonetic realizations of unstressed syllables were identical, this could lead 
to problems in determining the prosodic boundaries of the word. Moreover, 
this phonetic non-equivalence of unstressed vowels is probably the most 
problematic one when attempting to determine the prosodic contrast using 
traditional methods.

As already mentioned above, stressed vowels are not all made equal, either. 
They occupy an intermediate position between prosodically weak syllables. 
The greatest difference between them is in terms of the F0 range. It is clear 
that the stress on the final syllable halted the deformation of the tone to an 
extent and made it more balanced. This is shown by the graphical difference 
between the gray triangles and black dots: although the F0 range values 
of both groups of vowels are more or less the same, the difference is very 
obvious in terms of F0 jerk (values of the black dots are much farther from 
zero). In other words, we get the most information about the differentiation 
of final syllables (stressed and unstressed) from the ratio between F0 range 
and F0 jerk parameters. Although the range of variation is about same, the 
dynamics are radically different.

All these tendencies, namely the phonetic differences between unstressed 
vowels, the intermediate position of stressed syllables in the 3D graph, the 
noticeable shift of pretonic vowels towards the acoustic zero, the greatest tonal 
perturbation of final posttonic vowels, and the information provided by the 
ratio between F0 range and F0 jerk values, all of them suggest that, at least 
in this specific case, the acoustic effect of stress is created by intersyllablic 
differences in tonal balance. When stress is placed at the beginning of a word, 
tonal control only concerns the first syllable, and the final syllable is simply 
reduced:  F0 balance drastically decreases, with its perturbations coming 
to the fore (we might say that the inertial tonal chain breaks at the initial 
stressed syllable). It may be presumed that in such cases, the speaker does 
not attempt to articulate the posttonic final syllable with a lower pitch (or 
make it shorter and less intense), but rather is more inclined not to articulate 
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(control) it altogether. A different scenario is observed when stress shifts to 
the final syllable of a word. In that case, the F0 dynamics of the pretonic 
vowel change into a static state: F0 range and F0 jerk values drastically 
decrease, and the duration shrinks. This arrangement of tonal features is 
probably determined by two factors: the need to avoid prosodic competition 
with the stressed syllable and the necessity to maintain the distribution of 
acoustic energy, to carry it forward to the final (stressed) vowel (i.e., not 
to break the tonal chain). Therefore, stress, in this case, functions not as 
a factor of focusing acoustic energy on a single syllable, but as a means 
of constructing tonal/prosodic chains and marking their boundaries. The 
possible acoustic advantage of stressed syllables over unstressed ones is rather 
a side effect (which is not always detectable), more often observed when 
comparing stressed initial syllables to unstressed final syllables (due to the 
latter’s significant reduction under certain intonational conditions). In simple 
terms, the direction of acoustic analysis of word stress should be not vertical 
(i.e. one should not compare mean or maximum levels of pitch or intensity) 
but horizontal, i.e. one should focus on the static/dynamic, deformed/non-
deformed, linear/non-linear (more generally, controlled / not controlled or 
balanced/non-balanced) F0 sequences of vowels. It is the extreme element 
of such sequences, formed by a more prominent change in tonal control, 
which is to be considered the phonetic expression of the syntagmatic nature 
of stress.

Of course, all the above arguments would be rendered meaningless if it 
turned out that the presumed phonetic form of the stress is not resistant to 
changes in intonational conditions. Figure 4 shows members of the same 
minimal pair pronounced with an interrogative intonation in the focus. The 
first thing to note is the increased F0 range values in the final syllables (both 
stressed and unstressed). This means that the F0 of these syllables, regardless 
of stress, changes (rises) intensively for the majority of the sound duration. 
Nevertheless, the data stays divided (p=1.67E-34), with the gray triangles 
and black dots once again forming separate clusters. This differentiation 
is attributable to the separation of realizations along the F0 range axis. It 
might be argued that the tone of stressed vowels simply rises to a greater 
extent. However, one should note that this difference also determines a 
different relationship between the F0 range and the F0 jerk values. Recall 
that the increasing values of these parameters weaken tonal control and 
decreasing values strengthen it. A straightforward logic follows from this:
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Figure  4. [2ˈlʲeːlʲeːs; ▲/▲] and [lʲeː2ˈlʲeːs ●/●] parameter distribution (inter-
rogative intonation, final position, + phrasal stress)15

if a tone with the same extent of change has different F0 jerk values, then the 
control level also differs. The gray triangles, compared with the black dots, 
represent a vowel group characterized by a smaller pitch range, while their 
F0 jerk values are almost identical. Therefore, the F0 range / F0 jerk ratio 
of unstressed final syllables is smaller once again (i.e., the intensity of pitch 
change is accompanied by an equally intense pitch deformation, resulting 
in a lower balance of F0) than that of the stressed ones. The only difference 
is that when the same words were pronounced with statement intonation, 
the identical ratio was determined by strong posttonic syllable reduction. It 
is important to understand that the intention to use more acoustic energy 
does not directly imply its distribution over time. From all these instances, 
it becomes clear that the decrease or increase in acoustic forces depends on 
intonation, while the balance of these forces (from a syntagmatic perspective) 
depends on stress. Of course, when analyzing the differentiation of stress 
under interrogative intonation, one should not focus exclusively on the final 
syllables. The difference in the dynamics of stressed and unstressed syllables 

15  Data from a previous study is used here (see Š v age r i s 2015). 
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would receive the greatest functional load only if the initial syllables of the 
word with different prosodic status would coincide in their tonal structure. 
Nevertheless, it is evident that a change in intonational conditions has little 
effect on acoustic structure of pretonic vowels. They are once again closest 
to the central point of the 3D space. This implies a static, even inertial, 
change in their pitch. The prosodic weight of stressed initial syllables seems 
to be increased slightly by more intense F0 dynamics (i.e., higher F0 range 
and F0 jerk values) and by a larger quantity. Even if we assume that the F0 
dynamics of initial syllables, regardless of stress, are very similar, the trend 
lines connecting the realization of stressed and unstressed vowels would still 
differ. In other words, the trend line connecting black and gray triangles is 
steeper than the corresponding trend line connecting gray and black dots. 
This should also mean a greater change in F0 control between the syllables, 
an extension of the tonal chain to the end of the word when the stress is 
on the final syllable, and its interruption when it is on the first. The same 
tendency was observed in the previous graph (see Figure 3). It should be 
emphasized that the arguments outline by no means imply strict deviations 
of the tonal control parameter or its absolute values. The ratio of syllables is 
more important in this regard. A greater need for making the impression of a 
more carefully modulated pitch under interrogative intonation, presumably, 
arises when the stress falls on the first syllable. As previously mentioned, 
the interrogative intonation raises the level of phonation in the final syllable, 
thus creating additional competitive conditions for the stressed syllable 
(we might say that in such cases the distinguishing features of intonation 
and stress compete with each other). There is less competition when both 
prosodic elements are in the same zone of activity, i.e. when the final syllable 
is stressed in a word pronounced with the interrogative intonation and the 
first syllable with the declarative. In these cases, even a small modulation 
might be enough to differentiate it from a static (short flat pitch) the pretonic 
and especially the deformed posttonic final syllables (reduced syllable). 
Without taking this circumstance into account, the prosodic importance of 
the differences between stressed and unstressed syllables in one position can 
be overestimated. In other words, despite established differences between 
syllables in the same position, the focus should be on the syntagmatic axis: 
one should compare the dynamics of tonal transfer from one syllable to 
another. As seen above, declarative intonation resulted in a gradual decrease 
in acoustic energy between the syllables, while the interrogtive intonation 
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caused an increase. When the stress falls on the first syllable, the acoustic 
effect of a tonal chains being interrupted at the midpoint of the word in both 
cases was due to the decreased level of tonal control for both final posttonic 
vowels (the decreased F0 range and F0 jerk ratio). When the word’s final 
syllable was stressed, the impression of a two-part tone chain (consisting of 
both syllables of the word) was created. This was likely caused by the acoustic 
zero-approaching dynamics of the pretonic vowel tone, accompanied by a 
slightly more balanced F0 range / F0 jerk ratio in the stressed final syllables.16

Syllable accents in Lithuanian and Latvian.17 Since the aim of this 
article is to explain the principle of prosodic interaction as clearly as possible, 
rather than providing a detailed acoustic analysis of all prosodic elements (in 
all possible positions), we will immediately proceed to another key issue. It 
is also crucial to determine whether the same ternary acoustic model is able 
to capture the differences between syllable accents in Baltic languages.18 If 
our analysis of stress focused on the horizontal (syntagmatic) comparison, 
this time the vector is rotated to examine the paradigmatic relation between 
syllables. The only difference, however, is that this time we will look to 
answer the question of whether the vowels pronounced with different syllable 
accents differ in tonal control. It should also be noted that although it is 
sometimes presumed that syllable accents in the Baltic languages used to 
be realized in non-stressed syllables (according to Saussure’s law), currently 
their differences are more prominent only in stressed syllables.

The following 3D graphs (see Figures 5 and 6) show the phonetic 
realizations of the syllable accents of two Lithuanian and Latvian dialects.19 
The test words are pronounced with declarative intonation and emphasized 
with phrasal stress in a central position of the phrase. The phonetic structure 

16  On similar tendencies of the acoustic structure of stress in Lithuanian and Latvian 
languages see Š v age r i s  2022, 71–95. 

17  It bears mentioning that the functionality of syllable accents, especially of long 
vowels in Standard Lithuanian and a number of its dialects has been debated for quite 
some time. The syllable accents of diphthongs differ mainly in the quality of the first vo-
calic component and seem to be determined by the position of the stress. In other words, 
one need not invoke the concept of syllable accents in this case (see K a z l a u s k a s 1966, 
127; Pake r y s  1982, 147).  

18  For syllable accents in the Baltic languages and their interrelation see End z e l ī n s 
1951, 34–48; Rud z ī t e 1993, 99–115; G i rd en i s  2014, 287–387. 

19  All data used here comes from the present author’s dissertation (see Švage r i s 2015).  
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of the Lithuanian examples, where the test vowel is situated between plosives 
(compared to the Latvian examples, where it is between sonants), may have 
had some negative impact on the accurate reflection of tonal dynamics. In 
fact, standard Lithuanian and Latvian syllable accent terms (such as falling, 
rising, etc.) inherently imply differences in tonal dynamics, which should 
make them easily detectable using the methodological tools employed in 
this article. The data distribution illustrated in Figure 5 clearly supports 
this hypothesis. The realizations of both acute/falling (black dots) and 
circumflex/rising (gray dots) vowels form separate clusters (p=4.47E-08). A 
tendency towards maintaining a smoother tonal dynamic (or sound control 
in a broader sense) is indicated by the longer duration of circumflex vowels 
and a higher ratio of F0 range to F0 jerk. This means that in such cases, the 
longer tonal curve is much less deformed (this is particularly evident from 
the lower F0 jerk values). In turn, acute (falling) vowels are often associated 
with glottalization (though it is not always regular), which is the main factor 
causing tonal deformation.

Figure  5. Lithuanian (dialect of North Žemaitian) syllable accents 
[1dji:ks]20 (acute) and [2dji:ks]21 (circumflex) 

20  Eng. Will sprout
21  Eng. lazy
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The tone of glottalized vowels most frequently rises sharply in the initial 
phase of the sound and then falls rapidly or is no longer present in the second 
phase (when phonation is interrupted in the central part). The result of such 
articulation is a significant curvature (or even a break) of the tone contour, 
indicated by sharp increase in F0 jerk values.

The same scenario is repeated in the Latvian examples (see Figure 6). The 
type of parameter distribution can be considered identical. Vowels of the level 
tone (gray dots) are characterized by longer duration and a higher F0 range / F0 
ratio, while broken tone vowels (black dots) show the opposite characteristics 
(p=7.37E-15). This recurring pattern of data is especially important for the 
logical justification of the interaction principle. It shows that intense tonal 
changes in these cases do not interfere with the realization of syllable accents. 
In other words, the intonation-related increase in the F0 range (in simple 
terms, an increase in force) does not prevent syllable accents from achieving 
different F0 balances (F0 range / F0 ratios + duration). It should also be noted 
that in the cases discussed, the words contain only one syllable.

Figure  6. Latvian syllable accents (Middle dialect) [plâ:ns]22 (broken 
tone) and [plã:ns]23 (level tone) 

22  Eng. thin
23  Eng. A plan
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The situation changes when other syllables in a multisyllabic word start 
competing with the stressed syllable pronounced with a syllabic accent. 
The distribution of acoustic energy among all syllables of a word, as well as 
its inertia, particularly affects the vowels with deformed tones. As already 
mentioned above, the static tone of pretonic vowels is not reduced to the 
same extent as that of the unstressed ones in the final syllable of the word. 
It is probably for the same reason that, under certain prosodic/intonational 
conditions, acute/broken tones become deglottalized, since the need to 
maintain the inertia of acoustic energy until the more prominent posttonic 
syllable (e.g. due to a secondary stress or interrogative intonation) is hardly 
compatible with strong F0 deactivation, even in the primary stressed 
syllable (see Ka z lauska s 1968, 6; Gi rden i s  1974, 160–198; 1996, 
71–84; Švager i s 2020, 119–157). The most favorable conditions for this 
dynamic type of F0 (as in the cases analyzed) occur when the influence 
of adjacent (non-stressed) syllables is minimized, i.e. when the glottalized 
vowel is pronounced before the pause (e.g. at the end of the phrase) and has 
a strong phrasal stress. All of these symptoms once again confirm that the 
prosodic structure of a word is the result of a combination of the intensity 
of tonal change (a relative equivalent of acoustic force) and the its balance 
(the distribution of acoustic force) over time. The necessity to balance the F0 
dynamics of syllabic nuclei and create the effect of a syntagmatic tonal chain 
is the main factor correcting/modifying/determining the prosodic structure 
of a word and a syllable.

The influence of phrasal focus on the phonetic realization of word 
stress. To further develop the ideas of the previous paragraph and verify the 
interactive model from another perspective, we can examine the effect of phrasal 
stress (i.e. the intonational factor) on the phonetic realization of word stress. 
In this case, once again, we use the prosodic data of the Standard Lithuanian. 
The illustrations (see Figures 7 and 8) show the realization of the same words, 
both stressed (darker color tones) and unstressed (lighter color tones) with 
phrasal focus. However, this time, the words were taken from the initial part 
of the phrase to avoid sentence-final effects (see Berkov i t z  1984, 255–256 
for more on this). Admittedly, it is not difficult to guess how the intersyllablic 
tonal dynamics would change when the words are in a prosodically weak 
position. It has long been argued that the acoustic characteristics of a word 
tend to fade under such intonational conditions. Now, based on the empirical 
material presented here, this prosodic phenomenon can be explained in 
detail. The 3D graphs clearly illustrate that the F0 dynamics of syllables 
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of words that lost phrasal stress “undergo centralization”, i.e., regardless of 
the word stress factor, the tone of the vowels starts approaching the acoustic 
zero and the F0 change becomes static, losing its prosodic independence 
(p= 1.13E-32). This is particularly evident when the stress is on the first 
syllable of the word ([2ˈlʲeːlʲeːs ●/●] and [2ˈlʲeːlʲeːs ͈•/•]; see Figure 7). When 
the same word is emphasized with focus, the previously observed difference 
becomes apparent: the F0 Jerk values of the unstressed vowels at the end of 
the word increase (bigger gray dots), indicating weakened tonal control in 
this position (again, referring to the F0 range / F0 Jerk ratio). When the same 
final unstressed vowel is pronounced in a weak position (smaller gray dots), 
the tonal deformation is clearly slowed down, presumably because under 
such conditions the syllables are accentually slide towards the emphasized 
word in the phrase. Similarly, the tone of the initial stressed vowel also slides 
towards the acoustic zero (compare the ratio of bigger and smaller black 
dots). The acoustic difference between syllables of different prosodic status 
under different phrasal conditions is maintained only by the duration (the 
stressed vowels are slightly longer), but it remains an open question how 
much weight this feature preserves in such cases.

Figure  7. [2ˈlʲeːlʲeːs ●/●] and [2ˈlʲeːlʲeːs ͈•/•] parameter distribution (declar-
ative intonation, initial position, +/- phrasal stress)
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This tendency remains the same when the location of the stress in words 
has been changed (p=0.03). When stress shifted to the end of the word, the 
shift of the tonal dynamics of all syllables of the word towards the acoustic 
zero remained the same. We can be reasonably sure that the prosodic 
neutralization of words (or at least a clear weakening) in the weak phrasal 
position is manifested by the leveling of the tonal dynamics of vowels, which 
makes them static and fully inert. It may be observed that in this case, the tonal 
expression of pretonic syllables coincided with the effect of the intonational 
factor in question on the prosodic structure of the word. For this reason, the 
tonal characteristics of all vowels in these positions are similar, and only the 
final syllables of the emphasized words with phrasal stress are separated from 
the rest in the graph (see the bigger black dots in Figure 8). This proves once 
again that intersyllabic differences in F0 dynamics are the distinctive feature 
of stress, detectable using the method applied in this study. Furthermore, the 
chosen concept of sound control, based on the trinary acoustic model, seems 
to clarify the prosodic hierarchy. There is good reason to believe that the 
prosodic structure of the linguistic segments under consideration is primarily 
determined by the prosodic factors at the phrasal level and only then those at 
the word (word stress) and syllable (syllable accent) levels.

Figure  8. [lʲeː2ˈlʲeːs ●/●] and [lʲeː2ˈlʲeːs •/•] parameter data distribution 
(declarative intonation, initial position, +/- phrasal stress)
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The principle of phonetic interaction of prosodic elements. 
Therefore, based on everything that has been presented in this article, it 
is possible to clarify and illustrate the principle of phonetic interaction of 
prosodic elements in the Baltic languages on a graph (see Figure 9). Although 
the development of this model, understandably, is still in its embryonic stage, 
the results of a preliminary analysis of empirical data provides at least an initial 
broad overview that could become the subject of further analysis and critique. 
The point of reference for the model is the category of sound control/balance, 
interpreted in terms of F0 dynamics. Any change in vowel tone, in line with the 
main principles of myoelastic-aerodynamic phonation theory, is determined 
by the interaction between AAF (aerodynamic expiratory airflow force and 
the elasticity and tension forces of the vocal folds opposing it). It is important 
to distinguish two aspects here, the rate of F0 change and its stability. To put 
it in terms of classical mechanics, we focus on the F0 acceleration and its 
derivative with respect to time (F0 jerk). Newton’s second law, even in a very 
simplified form, allows us to regard F0 control as expression of changes in 
AAF and its stability or balance (in other words, of the amount of force and 
its distribution over time). This very distinction serves as the logical/physical 
basis for understanding the interaction of prosodic elements: some elements 
imply the amount of force (the rate of F0 change), and others its distribution 
over time (stability/instability, continuity/discontinuity of F0 change). For 
the sake of accuracy, these two parameters must be assessed in the context of 
the duration parameter, because in very short sounds, the prosodic weight of 
the F0 dynamics can be strongly restricted.
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All data and arguments presented here allow us to consider the hypothesis 
that F0 change, viewed both in terms of paradigmatic and syntagmatic vectors, 
is the prerogative of phrasal intonation. As has been seen in the 3D graphs 
above, especially when comparing the syllable accents in Lithuanian and 
Latvian languages, differences in the F0 range parameter (which was chosen 
instead of the acceleration parameter for mathematical reasons) did not affect 
the type of data differentiation. It was evident that vowels of different prosodic 
status equally successfully formed separate clusters, simply by shifting up or 
down along the F0 range axis. Therefore, the rate of F0 change on both 
the syllabic and intersyllabic levels is determined by intonation. The other 
two elements, namely word stress and syllable accents, are to be regarded as 
factors that regulate the balance of F0 change at the intersyllabic level. Word 
stress determines the syntagmatic distribution of tonal dynamics of this kind, 
and syllable accents determine the paradigmatic one.

The gray area not yet covered by this interactive model is a clearer 
understanding of prosodic neutralization phenomena. As has been shown by 
the distribution of data in the graphs, both words stress and syllable accents 
lose their phonetic identity in weak positions of the phrase due to the transition 
of their tonal dynamics to a static-inertial state. However, it is necessary to 
clarify how this phenomenon depends on the center of intonational emphasis 
in the phrase. Presumably, description of such prosodic processes may 
benefit from the concept of inertia. The level of phonation in a syllable, 
determined by the prominence of phrasal emphasis, probably has a direct 
effect on the tonal dynamics of adjacent syllables. This scenario is suggested 
by the blurring boundaries between syllable accents and word stress under 
certain intonational conditions, but all these aspects require further analysis. 
This could be a useful direction in developing and improving the interactive 
model proposed in this study.

FONETINĖ BALTŲ KALBŲ PROZODINIŲ ELEMENTŲ
INTERAKCIJA: GALIMAS TEORINIS MODELIS

Santrauka

Šio straipsnio tikslas pasiūlyti fonetinės baltų kalbų prozodinių elementų interakcijos 
modelį. Teorinis ir eksperimentinis šios krypties tyrimų įdirbis byloja, kad šios problemos 
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ne(iš)sprendimas didina klaidingo akustinių duomenų interpretavimo ar priskyrimo 
vienam ar kitam prozodiniam vienetui riziką. Ilgieji skiemenys, pavyzdžiui, kartais 
tampa kirčio, priegaidės ir intonacijos sinchroninės raiškos lauku, todėl kai kurių garsų 
kokybiniai ir kiekybiniai rodikliai vienu metu turi atstovauti ištisai elementų grupei. 
Kyla natūralus klausimas, kaip tokiomis sąlygomis yra realizuojami ir suderinami visų 
jų skiriamieji požymiai. Kol kas išsamaus atsakymo į šį klausimą neturėta, todėl buvo 
privalu imtis naujo tyrimo esamai probleminei situacijai spręsti.  

Pagrindinis šiame straipsnyje siūlomo modelio atskaitos taškas yra garso kontrolės 
kategorija, interpretuojama per F0 dinamikos prizmę. Vienoks ar kitoks balsių tono 
kitimas, atsižvelgiant į svarbiausias mioelastinės-aerodinaminės fonacijos teorijos 
nuostatas, yra sąlygojamas sąveikos tarp aerodinaminės ekspiracinės oro srauto jėgos 
ir jai besipriešinančių balso klosčių tamprumo, įtempimo jėgų. Čia svarbu išskirti 
du aspektus – F0 kitimo intensyvumą ir stabilumą. Ši skirtis ir yra loginis / fizikinis 
prozodinių elementų interakcijos pagrindas – vieni elementai implikuoja akustinės jėgos 
kiekį (F0 kitimo spartą), o kiti – tos jėgos distribuciją laike (F0 kitimo pastovumą /
nepastovumą, tolydumą / netolydumą). Išanalizuoti duomenys ir išsakyti argumentai 
leidžia svarstyti hipotezę, kad pats F0 pokytis, žvelgiant į jį tiek pagal paradigminį, 
tiek pagal sintagminį vektorių, yra frazės intonacijos prerogatyva, o kiti du elementai, 
kirtis ir priegaidė, laikytini veiksniais, kurie reguliuoja skirtingą F0 pokyčio balansą 
tarpskiemeniniu lygiu. Kirtis lemia sintagminę tokios tono dinamikos distribuciją, o 
priegaidė – paradigminę.
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