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Abstract

This paper deals with the intonation of polar (yes/no) questions in Greek. An experiment was devised which system-
atically manipulated the position of the focused word in the question (and therefore of the intonation nucleus) and the
position of the last stressed syllable. Our results showed that all questions had a low level stretch associated with the
focused word and a final rise–fall movement, the peak of which aligned in two different ways depending on the position
of the nucleus: when the nucleus was on the final word, the peak of the rise fall co-occurred with the utterance-final vowel,
irrespective of whether this vowel was stressed or not; when the nucleus was on an earlier word, the peak co-occurred with
the stressed vowel of the last word. In addition, our results showed finely-tuned adjustments of tonal alignment and scaling
that depended on the extent to which tones were ‘‘crowded’’ by surrounding tones in the various conditions we set up.
These results can best be explained within a model of intonational phonology in which a tune consists of a string of sparse
tones and their association to specific elements of the segmental string.
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1. Introduction

1.1. Background

This paper presents a detailed study of the into-
nation of polar (yes–no) questions in Modern
Greek. Our central empirical goal is to provide
controlled instrumental data on the realization of
question intonation under differences of word stress
(position of stress in word) and focus (position of
nuclear accent in sentence). Quantitative data of this
sort contribute to the description of Greek prosody,
.
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and can also be relevant for practical applications
such as speech synthesis; as Kochanski and Shih
(2003, p. 345) point out, ‘‘lessons learned from con-
trolled experiments may help us to find the right
model [of intonation for use in TTS]’’. Such an
application is the use in recent Greek TTS systems
(e.g. Zervas et al., 2004; Xydas et al., 2004, 2005)
of the GRToBI prosodic analysis (Greek Tones
and Break Indices; Arvaniti and Baltazani, 2000,
2005), which in turn is based on quantitative data
of the type presented here.

Although our data have a descriptive purpose
and may also be of practical relevance, our more
fundamental theoretical goal is to show that the
acoustic effects of stress and focus are best under-
stood if we draw on the ideas of what Ladd (1996)
termed the ‘‘autosegmental-metrical’’ (henceforth
AM) approach to intonation, based on the work
of Bruce (1977) and Pierrehumbert (1980). Our
basic empirical finding is that there are both gross
differences of contour shape as a function of differ-
ences in focus position and fine differences of tonal
realization as a function of word stress location.
We argue that this provides evidence for the AM
assumption that at some abstract phonological level
of description, an intonation contour is best repre-
sented as a string of tonal elements associated with
specific points in the (prosodically organized)
segmental string, such as prominent syllables and
phrasal boundaries.

This and related AM assumptions have moti-
vated a great deal of research in the past decade
or so, such as work on the alignment of ‘‘tonal
targets’’ with the segmental string (among many,
Prieto et al., 1995 on Spanish; Arvaniti and Ladd,
1995; and Arvaniti et al., 1998 on Greek; Grabe,
1998 on British English and German; Frota, 2002
on European Portuguese; Atterer and Ladd, 2004
on German; Arvaniti and Garding, in press on
American English). Similarly, the burgeoning ToBI
family of prosodic analyses and labelling schemes
for intonation in a variety of languages is solidly
based on AM ideas (for a range of languages cov-
ered, see Jun, 2005). Despite the predominance of
the AM approach that this body of work demon-
strates, we believe that there are still good reasons
for providing further evidence for its validity. First,
there are still fundamental disagreements among
researchers over the best way of analyzing certain
types of distinctions, disagreements that reflect our
imperfect understanding of how the abstract tonal
elements of an AM description correspond to F0
targets in speech production (for relevant discus-
sions, see Arvaniti et al., 2000, in press; Prieto
et al., in press). New detailed data may help to shed
light on the link between abstract tones and concrete
targets. The second reason is that even dominant
assumptions can be faulty, and therefore it is impor-
tant to pay attention when such assumptions are
challenged.

One such key ‘‘autosegmental’’ assumption of the
AM approach is that there is no necessary one-to-
one correspondence between elements of the tonal
string and segments or syllables. For example, pitch
accents (pitch movements at prominent syllables)
may consist of multiple tones all associated with
the same syllable, and conversely, some syllables
may have no tonal specification at all. This assump-
tion leads naturally to a target-and-transition model
of pitch realization, in which tones are realized as
specific F0 points (tonal targets), but the fundamen-
tal frequency of at least some syllables is determined
merely as part of a transition from one target to the
next. Striking evidence for this general idea was
provided by the work of Pierrehumbert and
Beckman (1988) on Japanese, who showed that
the F0 contour on a sequence of unaccented sylla-
bles (traditionally regarded as having High tone
on each syllable) actually behaves like a transition
from one word-initial Low–High tonal sequence to
the next.

A consequence of breaking tunes down into inde-
pendent elements is that overall contour shapes and
movements do not have a special status in the AM
framework: these shapes result from the interaction
between the combination of tones used and the seg-
mental material these associate with, so that if the
same tones associate with different segmental mate-
rials (e.g. a one-syllable word or a long utterance)
the shape of the contour can change without a con-
comitant change of meaning. A case in point is the
(rise-)fall–rise tune of traditional British descrip-
tions of intonation. Simplifying somewhat, this tune
is sometimes realized as a unit, in that the falling
and final rising part co-occur with the most promi-
nent stressed syllable of the utterance, but at other
times the fall and the rise appear on different words.
Fall-rises of the latter kind are treated as compound
tunes (among many, Crystal, 1969; Halliday, 1970;
O�Connor and Arnold, 1973), but such analyses
have serious drawbacks, since they mark compound
fall–rises as exceptional, and cannot account for the
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fact that they function pragmatically in a way simi-
lar to simple fall–rises. In contrast, in the AM
framework the behavior of fall–rises follows natu-
rally from their structure: the fall is seen as the tran-
sition between a high pitch accent followed by a low
phrase accent and a high boundary tone: since each
of these entities is independent of the others, they
may appear close together in some utterances, giv-
ing the impression they form a unit, but quite far
apart in others (for a discussion of these tunes from
various perspectives, see Ward and Hirschberg,
1985; Hirschberg and Ward, 1992; Ladd, 1996, pp.
215–216; Grice et al., 2000).

Finally, an additional consequence of treating
tunes as strings of independent categorically distinct
units is that the functions of intonation (e.g. convey-
ing pragmatic meaning or indicating focus) are not
expected to be directly reflected by quantitative pho-
netic parameters, such as pitch range or average F0.
Rather, it is expected that such functions will be
mediated by phonological structure, i.e. by the
string of abstract tones that makes up an intona-
tional tune at the phonological level; this string is
phonetically realized in different context-dependent
ways that affect, among many things, the range
and span of the F0 curve and its alignment with
the segmental string.

Recent work has called all of these basic aspects
of the AM model into question. First, Xu (2005),
and Xu and Xu (2005) have challenged the target-
and-transition model. Specifically, these authors
argue that each syllable must be tonally specified,
not only in tone languages like Mandarin, in which
most syllables are specified for tone in the lexicon,
but also in languages like English in which AM
claims tones are sparse. Xu�s proposal was devel-
oped largely on the basis of Mandarin data, but it
has recently been expanded to English (Xu and
Xu, 2005). Specifically, Xu and Xu (2005) examine
the realization of focus in English declaratives and
claim that the F0 of syllables seen as tonally unspec-
ified in the AM framework cannot be derived by
interpolation between specified targets. Instead Xu
and Xu (2005) proposed that non-accented syllables
should be specified as having a [mid] target, which
Xu (2005) suggests might be ‘‘near the level of the
habitual pitch’’ and so actively controlled (p. 240).

The idea that contour shapes are just the byprod-
uct of interaction between tones and the segmental
material they are associated with is questioned in
the work of Grabe et al. (2005), and Xu (2005),
albeit from different perspectives. Grabe et al. argue
that the global shape of a pitch contour can be use-
fully quantified in terms of continuous phonetic
parameters, such as average F0 and slope, modeled
as a best-fit sum of Legendre polynomials; more
importantly, Grabe et al. argue that such continu-
ous phonetic parameters can be used to directly
signal the pragmatic force of an utterance. For
example, Grabe et al. suggested that average F0 is
the main contributor to differences between ques-
tions and statements in (some of the) dialects of
British English they examined; similarly F0 slope
is said to distinguish declaratives from declarative
questions (questions not syntactically marked as
such). (Such proposals are by no means new; closely
related claims have been made by e.g. Thorsen,
1979; Grønnum, 1983; Cooper et al., 1985; Eady
and Cooper, 1986.) In Xu (2005) and Xu and Xu
(2005), on the other hand, the building blocks of
intonation are melodic segments that consist of four
melodic primitives, the pitch target (i.e. the shape
and height of each syllable�s F0), pitch range,
strength and duration. According to these authors,
pitch range and span are used to indicate focus,
and by doing so in different ways that depend on
the communicative function of the utterance (e.g.
statement vs. question) they signal utterance type.
Specifically, Xu (2005) argues that in all languages,
independently of prosodic type, declaratives favor a
‘‘sharp F0 decline as early as possible within the
focused item’’ (Xu, 2005, p. 235), while questions
usually show a ‘‘significant F0 increase [. . .] from
the focused element onward’’ (p. 238), though other
types of pitch range manipulation are said to be
possible (these are briefly discussed in Section 4.3).

It is clear that the models discussed above deal
with problematic aspects of the AM framework.
The relation between AM tonal specifications and
pragmatic function is a matter of considerable
debate within the AM literature (see e.g. Pierrehum-
bert and Hirschberg, 1990; Ladd, 1996, chapter 6;
Grabe et al., 1998; Steedman, 2000). Similarly, the
status of pitch range in the AM framework does
require reexamination and we briefly touch upon
this issue in Section 4 (see also Ladd, 1996, Section
4.4.2 and chapter 7 for discussion). Nevertheless, we
believe that the main AM assumptions about the
structure and role of intonation are fundamentally
correct. Thus, we argue here that it is important
to maintain a distinction between the abstract
specification of a tune in terms of distinct tonal
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categories and the continuous phonetic parameters
that affect the realization of the resulting F0
contour.2

Evidence in favor of the fundamental AM
assumptions discussed above comes from the pres-
ent study, which examines the intonation of Greek
polar questions. As mentioned earlier, in this study,
we examine two types of differences between con-
tours: first, global differences of overall contour
shape due to changes in focus position and conse-
quently to the association of tones to segments; sec-
ond, fine differences of phonetic detail due to tonal
crowding, that is small scale differences within gross
overall shapes due to the variable spacing of tones.
We show that the two types of variation we find can
be described simply and elegantly if we assume that
at the phonological level the tune has an abstract
tonal specification. In keeping with AM assump-
tions, this tonal specification is independent of the
segmental material to which it is attached, and
shows no necessary correspondence between the
number of tones and the number of syllables. These
two characteristics of the tune and the way it relates
to the segments have two important consequences.
First, they drive the adjustments of the fine phonetic
detail that we report here, since in some cases the
tones are crowded by being associated with the same
segmental material, while in other cases they are fur-
ther apart. Second, as the contours in Fig. 3 show,
they result in large differences in global shape
depending on focus position, since focus position
dictates the association of the tones with the seg-
ments. In turn, the existence of such large scale dif-
ferences suggests that the realization of focus cannot
be reduced to a manipulation of pitch range as pro-
posed by Xu (2005) and Xu and Xu (2005), however
sophisticated such manipulation might be; rather,
the realization of focus by means of intonation
may involve the use of different accent types and
may result in radical reorganization of text-to-tune
associations. Further, the differences we found
between questions with focus in different positions
show that there is no strong correspondence
between pragmatics and pitch contour—as sug-
gested e.g. by Grabe et al. (2005)—since the polar
2 This division of labor between what is traditionally seen as
phonology and phonetics respectively has been extensively
questioned in the past ten years or so. A detailed discussion is
beyond the scope of this paper, but see Beckman et al. (2004) for
arguments in favor of maintaining separate phonetic and
phonological levels in the grammar.
questions we investigate show superficially very
different contours (cf. panels (a) and (b) of Fig. 3)
that can nevertheless be related in a simple manner
to the same abstract tonal representation.

1.2. Greek polar question intonation

Polar or ‘‘yes/no’’ questions in Greek, as in some
other European languages such as Spanish and Ital-
ian, are syntactically identical to statements, from
which they are only distinguished by intonation.
Yet, if we consider the polar question contour and
the default statement contour as gross contour
shapes, both could be said to involve a falling–rising
pitch movement. Since they are clearly distinct,
more detailed examination of the two tunes is called
for. Indeed, such examination suggests that the
structure of the polar question intonation requires
reference to the location of lexical stresses and the
location of the most prominent word in the utter-
ance, as both these factors play a crucial part in
the realization of the tune. As an illustration of
the difference between statement and question and
the effects of stress and focus location in questions
we discuss below three examples involving one word
utterances (Fig. 1(a)–(c)).

Panels (a) and (b) of Fig. 1 show the statement
and question intonation of a sentence consisting of
one word with antepenultimate stress. As can be
seen, both contours are characterized by a rise–fall.
However, the location of the peak relative to the
stressed antepenult /mo/, and the steepness and
temporal extent of the subsequent fall are quite
different: in statements, F0 is rising on the stressed
syllable, begins to drop towards the very end of that
syllable, and remains low thereafter; in polar ques-
tions, F0 remains rather low until well past the
stressed syllable, while both the F0 peak and the
following fall occur on the word�s last syllable. It
is also essential to note that the statement tune does
not involve a low level F0 stretch before the rise–
fall; in contrast, the question tune clearly does so.

Further, the realization of the question contour
partly depends, as mentioned, on the position of
the stressed syllable. The difference can be seen if
one compares panel (b) of Fig. 1 to panel (c), which
illustrates a question consisting of a single word
with final stress: first, in panel (b) the low F0 stretch
co-occurs with the stressed syllable [mo], while in
panel (c) it continues well into the final stressed syl-
lable [lo]; second, in panel (b) the rise–fall occupies
the entire duration of the last two syllables [Je] and



Fig. 1. Waveforms and F0 contours of the word [xa0moJelo] ‘‘[a] smile’’, uttered as a statement (panel a) and as a question (panel b), and
for the word [xamoJe0lo] ‘‘I am smiling’’, uttered as a question (panel c). The vertical lines indicate syllable boundaries.
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[lo], while in panel (c) the rise–fall occurs at the very
end of the last syllable [lo]. The comparison between
the realization of the rise–fall in the statement
(panel a) with the realization of a similar pitch
movement in the two questions (panels b and c) sug-
gests that in one-word polar questions the stressed
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syllable must remain low (to the extent this is possi-
ble), while at the same time, it is the end of the ques-
tion that is marked by the rise–fall. Note that this is
different from what happens in the statement con-
tour in which the rise–fall always co-occurs with
the stressed syllable independently of this sylla-
ble�s position in the word (Arvaniti et al., 1998,
2000; Baltazani and Jun, 1999; Baltazani, 2002,
chapter 2; Arvaniti and Baltazani, 2000, 2005).
Thus, as a first approximation, the polar question
contour can be decomposed into two elements: a
low level stretch and a right-peripheral rise–fall
movement.

This description needs some refining when
extended to questions with more than one word.
Consider a question like [me to pa0lazJo 0forema]
‘‘with the blue dress?’’: the focus can be either on
[0forema] ‘‘dress’’, which makes the question rela-
tively neutral, or on [pa0lazJo] ‘‘blue’’, which con-
trasts ‘‘blue’’ with some other color. This change of
focus is expressed in Greek, as in English, using into-
nation (see also Baltazani and Jun, 1999; Baltazani,
2002, chapter 2). Specifically, as can be seen in
Fig. 2(a), in order to emphasize [pa0lazJo] ‘‘blue’’
F0 is low on [pa0lazJo] and the final rise–fall starts
on the stressed syllable of the following word, i.e.
the [0fo] of [0forema]. Note that in this case native
speakers do not feel there is particular prominence
on the word [0forema] despite the fact that it carries
the most obvious pitch movement of the whole tune
(this is the intuition of the speakers in our experi-
ment; for similar conclusions see also Baltazani
and Jun, 1999; Arvaniti and Baltazani, 2000, 2005;
Baltazani, 2002, chapter 2; for an extensive discus-
sion of similar contours in other languages see Ladd,
1996; Grice et al., 2000). Now, as shown in Fig. 2(b),
in order to emphasize [0forema] ‘‘dress’’, F0 must
remain low throughout the stressed syllable of [0for-
ema], and then rise and fall again on the last syllable
of that word. This is exactly the pattern we saw when
lexical stress occurs on the antepenultimate syllable
of a one-word question (Fig. 1(b)). This confirms
the observation made for one-word utterances,
which can be generalized to the following: the
stressed syllable of the most prominent word in a
Greek polar question is marked by low pitch, while
the end of the utterance is marked by a rise–fall;
the exact location of the peak of the rise–fall depends
on the position of the most prominent word.

Within the AM theory, we would analyze the low
pitch as a L*, i.e. as a low pitch accent. In fact, since
this accent occurs on the most prominent word of
the question it is by definition the nucleus or most
prominent pitch accent and typically the last accent
of the utterance (Pierrehumbert, 1980). In turn, the
rise–fall appears to behave in two different ways
depending on the location of the nucleus: when
the nucleus is on the last word, the peak of the
rise–fall occurs on the final syllable of the question
(whether stressed or not); when the nucleus is on
an earlier word, the peak occurs on the stressed syl-
lable of the final word in the question. The fact that
the rise–fall can appear on an unstressed syllable,
and is not felt by native speakers to add prominence
to the word with which it co-occurs (even when it
appears on this word�s stressed syllable) supports
the view that this rise–fall movement is not a pitch
accent, but a boundary phenomenon, i.e. a non-
prominence lending pitch movement occurring at
the right edge of the question. Furthermore, the fact
that the position of the peak relative to the end of
the subsequent fall is extremely variable (cf. Figs.
1(b) and (c), 2(a) and (b)) also suggests that the peak
and the fall are not a single unit (i.e. a H+L tone of
some sort), but two independent elements that
sometimes appear closer to each other and some-
times further apart, depending on prosodic condi-
tions. If that is indeed the case, then in an AM
analysis the rise would be seen as the reflex of a
H� phrase accent (realized as the peak), and the fall
as a L% boundary tone (realized as the final F0 of
the question).

1.3. Goals and hypotheses

Our experiment was designed to provide instru-
mental data bearing on the impressionistic descrip-
tion just sketched, and in particular to test
whether the claims below hold in a large corpus
of Greek polar questions in which the position of
the nucleus and that of the final stressed syllable
are systematically varied. Our hypotheses were as
follows:

• the stressed syllable of the most prominent word
in the question is low in pitch;

• the rise–fall is not a holistic movement but con-
sists of two elements, such that:
– the peak of the rise–fall following the nuclear

accent occurs on the question�s last syllable if
the nuclear accent is on the last word;

– the peak of the rise–fall occurs on the stressed
syllable of the last word if the nuclear accent is
on an earlier word;



Fig. 2. In panel (a), waveform and F0 contour of the phrase [me to pa0lazJo 0forema] ‘‘with the blue dress?’’ with nucleus on the first
content word [pa0lazJo] ‘‘blue’’ (early nucleus condition); in panel (b), waveform and F0 contour of the same sentence with nucleus on the
last content word [0forema] ‘‘dress’’ (final nucleus condition). The vertical lines indicate syllable boundaries.
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– in all cases the peak is followed by a fall,
which is completed at the very end of the
utterance.
On the basis of these hypotheses, we expected to
find evidence for three tonal targets, a local dip or
short stretch of low F0 associated with the nucleus
(henceforth NL for Nuclear Low), a peak associated
with the rise–fall (henceforth H for High), and
another low point at the end of the utterance
(henceforth FL for Final Low). Furthermore, we
expected each of these targets to show stable align-
ment and scaling relative to the syllables or bound-
aries they associate with. These alignment
landmarks were as follows: for NL, the stressed syl-
lable of the word in focus; for FL, the end of the
utterance; for H, either the stressed syllable of the
last word (if the nucleus is early) or the last syllable
of the question (if the nucleus is on the last word of
the question).

In contrast to the three tonal targets mentioned
above, we did not expect that the elbow, that is
the low turning point marking the beginning of
the rise–fall movement, would be a target with spe-
cific scaling and alignment. Rather, on the basis of
impressionistic data similar to those in Figs. 1 and
2, we expected to find monotonic interpolation
between NL and the following H. However, infor-
mal inspection of the F0 traces once the recordings
were completed made it very clear that the interpo-
lation between NL and H is not monotonic but
shows a clear inflection point between a relatively
level stretch of low F0 that most often extends
beyond the nuclear syllable and a sharp rise that
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starts shortly before the peak (this pattern can be
most clearly observed in Figs. 2(a) and 3(a)). We
therefore decided to measure the elbow and report
the findings here, even though we had not designed
the materials for this purpose, and the elbow is con-
sequently sometimes obscured by segmental pertur-
bations and voiceless stretches. Similarly, although
we expected that FL would align with the very
end of the utterance, initial inspection of the data
suggested that on many occasions the questions
end in a short low F0 stretch (see e.g. Fig. 3(a)),
the duration of which appears to be related to the
position of the last stress. Thus, we decided to mea-
Fig. 3. In panel (a) waveform and F0 contour of the sentence [ha tom b
think] we will get there before Vironas [leaves]?’’ with nucleus on the
question is preceded by ‘‘Gee! We�re late!’’ In panel (b), waveform and
Vironas� ‘‘Do they live in Vironas [area of Athens]?’’ with nucleus on
question is a response to ‘‘Filippos and Stella are neighbors of yours.’’ T
tonal targets.
sure the alignment of the onset of this low F0 stretch
from the end of the utterance to see the extent to
which it is affected by tonal crowding.

In general, we expected the alignment and scaling
of the tonal targets to be influenced by tonal crowd-
ing, since it has often been reported that in such
conditions targets are regularly either undershot in
scaling or shifted in alignment (e.g. Bruce, 1977;
Silverman and Pierrehumbert, 1990; Arvaniti
et al., 1998, 2000; Nibert, 2000; Prieto, 2005; Schep-
man et al., in press). Specifically we expected that
the position of the last stress would provide infor-
mation about the effects of tonal crowding. Accord-
ro0lavume to 0virona] lit. �will him catch1pl. the Vironas� ‘‘[Do you
first content word [bro0lavume] (Early Nucleus condition); this

F0 contour of the sentence [0menune sto 0virona] lit. �live3pl. in-the
the final content word [0virona] (Final Nucleus Condition); this
he vertical lines indicate segmental landmarks and the position of
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ing to our hypothesis, if the nucleus is early, the
peak of the rise–fall will co-occur with the final
stressed syllable; it follows that if this stressed sylla-
ble is utterance-final, the whole of the rise–fall pitch
movement will have to be realized on that final
syllable. This results in tonal crowding, since there
are two targets (H and FL) competing for alignment
with the same segmental material. The situation will
be exacerbated by final nucleus placement and pen-
ultimate final stress, as in these conditions all three
tones (NL, H, FL) will have to be realized within
two syllables. If the nucleus is final and stress is
on the last syllable of the last word, we anticipated
the most extreme case of tonal crowding, since all
three tones would have to co-occur with that last
syllable. Our experience with other melodies of
Greek (Arvaniti et al., 1998, 2000) suggested that
under conditions of tonal crowding Greek does
not resort to truncation (the non-realization of
tones), as happens in some linguistic varieties
(among several, Palermo Italian (Grice, 1995), Stan-
dard Hungarian (Ladd, 1996), and Belfast English
(Grabe et al., 2000)), or even varieties of Greek
other than the Standard, such as Cypriot Greek
(Arvaniti, 1998). We expected instead to find under-
shoot of the relevant tones, i.e. adjustments to
their scaling (such as lower scaling of the H and
higher scaling of the FL) and shifts in alignment,
such as tones moving to the left or right of their
canonical position in order to make room for other
tones.

2. Method

2.1. Speech materials

We designed a corpus of 120 test sentences (see
Appendix A), all of which were short polar ques-
tions containing a maximum of two content words.
In this corpus, the placement of the nucleus and the
location of stress in the final word were systemati-
cally varied.

Regarding the placement of the nucleus, the test
sentences fell into two groups of 60 sentences each.
The first group included questions in which the
speakers were expected to place the nuclear accent
on the final content word of the utterance (hence-
forth Final Nucleus). The second group included
questions in which the nuclear accent was expected
on the first content word (henceforth Early

Nucleus). To achieve the desired placement of the
nuclear accent, we established appropriate contexts
by embedding the test sentences in short dialogues,
as in the examples below in which the focus of the
question naturally falls on [vori0no] ‘‘North-facing’’
and [çe0retises] ‘‘you-said-hello’’ in examples 1 and
2, respectively. (Readers whose native language is
English or another Western European language
should be aware that in many cases in Greek, as
in example 2 below, the nuclear accent in questions
is on the verb, not on the last content word; the
interested reader is referred to Grice et al. (2000)
and Ladd (1996, chapter 5), for more detailed dis-
cussion of nucleus placement in Greek and other
languages from Central and Eastern Europe.)

1. Final Nucleus
A: [to çi0mona ipo0fero Ja0ti to 0spiti mu 0ine po0li

0krio] (‘‘In the winter I suffer because my
house is very cold’’)

B: [0ine vori0no] (‘‘Is-it North-facing?’’)

2. Early Nucleus
A: [ti çe0retises ti 0nina] (‘‘Did you say hello to

Nina?’’)
B: [0oçi ðe di 0broseksa] (‘‘No! I didn�t notice

her.’’)
In each of the two nucleus placement conditions
there were 20 questions ending in a word stressed on
the antepenult, 20 questions ending in a word
stressed on the penult (e.g. [0nina] in example 2
above) and 20 questions ending in a word stressed
on its final syllable (e.g. [vori0no] in example 1
above). The aim of this manipulation was to test
the validity of our description, according to which
the rise–fall co-occurs with the last stressed syllable
in Early Nucleus but not in Final Nucleus ques-
tions. The position of the last stress would also pro-
vide information about the effects of tonal
crowding, since, as mentioned earlier, tonal crowd-
ing was expected to be more extreme (a) when
nucleus is final and/or (b) the last stress is on the
penultimate or final syllable of the question.

On the other hand, in the construction of our
materials we wanted to avoid tonal crowding
between the targets we intended to investigate and
any preceding targets, as such crowding would not
allow us to observe the effects of the tonal crowd-
ing we had controlled for independently of other
similar effects, and thus could confound our
results. For this reason, the Early Nucleus questions
were designed so that the stressed syllable of the
final word was always separated by at least two



676 A. Arvaniti et al. / Speech Communication 48 (2006) 667–696
unstressed syllables from the preceding (nuclear)
stress (this did not apply to Final Nucleus questions,
in which the last stressed syllable was also the one
that carried the nuclear accent). Finally, in order
to be able to determine the location of F0 maxima
and minima with relative ease and accuracy, we
chose test words containing mostly sonorants in
the relevant syllables (the only exception being, as
mentioned, the elbow, which we had not anticipated
measuring).

2.2. Speakers

The materials were recorded by eight educated
native speakers of Modern Greek, four females
(DA, KA, VP, and AA) and four males (BG, AH,
TV, and KP). With the exception of VP, all speakers
had been brought up in Athens and spoke standard
Athenian Greek. VP had been brought up in the
Peloponnese and her accent differed slightly from
that of the other speakers. Specifically, she used pal-
atal [ y] and [›] before the front vowels [i] and [e],
instead of the standard alveolars, [l] and [n]. Despite
these differences, we have no reason, on the basis of
her results, to believe that her background affected
the variables under investigation here.

At the time of the recording the speakers were all
in their twenties or thirties and had been resident in
Edinburgh for periods ranging from a few months
to four years (with the exception of AA, the first
author, who was on a working visit). None of the
speakers had any speech or hearing impairment
and all of them, except AA, were naive as to the
purpose of the experiment. AA�s data were included
once it was clear that they were not different from
those of the naı̈ve speakers (see Appendices B and
C).

The reports that follow are based on the record-
ings of seven of the eight speakers. BG�s speech rate
was so fast and his pitch range so narrow that it was
virtually impossible to make meaningful measure-
ments of F0 peaks and valleys; for this reason, we
decided to discard his data.

2.3. Recording and analysis

The recordings were made on digital audio tape
(DAT) on professional equipment in the recording
studio of the Department of Linguistics, University
of Edinburgh. The mini-dialogues containing the
test sentences were typed in Greek on cards, one
dialogue per card. The speakers read through the
entire set of cards once, in random order, speaking
both parts of each dialogue aloud. They were
instructed to read the dialogues as naturally as pos-
sible and take as much time as needed to produce a
natural result. No explicit instructions were given to
the speakers about where to place the nuclear
accent, but in the vast majority of cases speakers
placed the nucleus where we expected. The record-
ings were monitored by the third author (a fluent
speaker of Greek), and the speakers were asked to
repeat any misread dialogues. In order to avoid
‘‘listing’’ effects the cards with the dialogues were
interspersed with cards that contained filler dia-
logues and materials for another experiment (also
in the form of mini-dialogues).

The recordings were digitized at a 16 kHz sam-
pling rate with appropriate low-pass prefiltering.
The third author listened to the digitized data of
each speaker and discarded any problematic tokens.
On average 19 sentences (out of 20) were considered
acceptable for each speaker and each accent and
stress combination. Of the 45 sentences that were
discarded, 11 (1.3%) were produced with a non-
intended contour (e.g. they were uttered as state-
ments or as questions showing surprise), 25 (3%)
were uttered with either accent or stress placement
on the wrong syllable, and 9 (1%) were discarded
because of disfluencies (6 sentences) or extensive
creak that made reliable FL measurements impossi-
ble (3 sentences). After the data had been measured,
another 81 sentences (10%) were removed from the
statistical files because they were missing values for
several measurements, and we thought it best to
base the statistical analysis of all variables on the
same tokens. Thus, the results we report here
are based on 17 sentences per speaker and accent
and stress combination, i.e. on a total of 714
sentences.

2.4. Measurements

Measurements of both duration and F0 were
obtained for the test words, that is, the nuclear word
and the final word in Early Nucleus questions, and
the final word in Final Nucleus questions. These
measurements were obtained using the facilities of
ESPS Waves+ on a Sun SPARC workstation; F0
in particular was extracted using the pitchtracking
facility of Waves+ (with a 49 ms cos.4 window
moving in 10 ms frames).
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The test words were manually segmented and
labeled, by simultaneous inspection of waveforms
and wide-band spectrograms and following stan-
dard criteria of segmentation (Peterson and Lehiste,
1960), supplemented by additional criteria for seg-
ments found in Greek and not dealt with by Peter-
son and Lehiste (e.g. the alveolar tap [|]). F0
points thought to represent the tonal targets were
also located manually. Generally speaking, when
measuring F0, obviously spurious values and obvi-
ous microprosodic effects (such as markedly high
F0 values after a voiceless stop) were discarded.
Most measurements were made by the third author,
though some measurements (specifically, NL, ELB,
and the onset of the nuclear vowel NV, in the data
of the four female speakers) were made by the
second author.

The F0 points measured, shown in Fig. 3, were
the following:

• NL: The lowest extracted F0 value within the
stretch of the nuclear syllable; this value was
taken to be the reflex of the L* nuclear pitch
accent of our phonological analysis. As men-
tioned earlier, we had expected that the stressed
syllable of the word in focus would either
show a dip in F0 or be partly low; instead we
found that in most cases, F0 remained low until
well after that syllable. For this reason, this
target is operationally defined in the way stated
here.

• ELB: The elbow created by the rise from low F0
to the peak of the final rise–fall; ELB was labeled
by eye, and was taken to be the point at which
the low level stretch turned into a clear rise. As
mentioned earlier, since we had not anticipated
the presence of this elbow, the materials were
not optimally designed for measuring this point.
In cases where F0 information for the elbow
was missing, e.g. due to the presence of a voice-
less segment, the first F0 point of the rise was
measured instead.

• H: The highest extracted F0 value at the peak of
the final rise–fall movement and taken to repre-
sent the putative H– phrase accent; in the rare
cases in which there was a series of points with
the same F0, the first one was selected for
measurement.

• FL: The lowest extracted F0 value at the end
of the utterance that did not appear to be spuri-
ous (i.e. ignoring marked outliers due to pitch-
halving or doubling and regions of creaky
voice). If a low stretch of F0 was present, FL
coincided with its beginning, since such low F0
stretches were either flat (see e.g. Fig. 2(b))
or slightly rising (see e.g. Fig. 3(a)), but never
falling.

The above mentioned F0 measurements reflect
the scaling of the various tonal targets. These mea-
surements were in Hz and were later expressed in
units of the ERB scale, using the equation proposed
in Glasberg and Moore (1990). All statistical results
refer to the ERB-transformed values (though it
should be noted that statistical tests run on the
original F0 measurements in Hz lead to the same
conclusions as those run on the ERB transformed
values).

In addition, we measured the alignment of the F0
targets, that is, their time of occurrence relative to
the onset (or offset) of specific segments with which
we hypothesized that these tonal targets co-
occurred. Fig. 3 illustrates how the various measure-
ments were made. The following alignment mea-
surements were obtained:

• NVtoNL, the distance between the onset of the
nuclear vowel (NV) and NL.

• LSCtoELB, the distance between the consonant
onset of the last stressed syllable (LSC) and the
elbow.

• UFCtoELB, the distance between the onset of
the utterance-final syllable�s consonant (UFC)
and the elbow.

• LSVtoH, the distance between the onset of the
last stressed vowel (LSV) and H.

• UFVtoH, the distance between the onset of the
utterance-final vowel (UFV) and H.

• FLtoEND, the distance of the lowest F0 point at
the end of the question (FL) and the actual end
of the utterance.

As a check on the reliability of our measurement
procedures, the third author re-measured 3.5% of
the data measured by the second author. These
duplicate measurements were subjected to t-tests,
all of which yielded non-significant results. Further,
the absolute difference between measurements was
calculated, and means and standard deviations were
computed. The comparison showed good inter-labe-
ler agreement: mean absolute differences ranged
from 7 to 12 ms (s.d.s from 6 to 13). The only case
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of some discrepancy related to the measuring of
ELB (absolute mean difference 31 ms, s.d. 69), a
result that was expected due to the fact that locating
ELB was not as easy as locating the other targets;
thus these results should be treated with some
caution.3

2.5. Statistical analysis

The scaling and alignment measurements were
statistically analyzed by means of two-way repeated
measures analyses of variance (ANOVAs) with
NUCLEUS and LAST STRESS as the independent vari-
ables (where NUCLEUS refers to the position of the
nucleus—early or final—and LAST STRESS refers
to the position of the final stressed syllable of the
question—antepenultimate, penultimate or final).
Differences between levels of LAST STRESS, and
NUCLEUS · LAST STRESS interactions were investigated
by means of planned comparisons since these inter-
actions were expected.

Statistical testing was based on mean values for
each speaker rather than raw data. This was done
in order to avoid two serious problems associated
with the use of raw data (for a thorough discussion
of these problems see Max and Onghena, 1999).
First, using mean values for each speaker, and
thereby treating each speaker as one experimental
unit, avoids violating one of the main assumptions
underlying analysis of variance, namely the inde-
pendence of observations (also referred to as inde-

pendent error effects in repeated measures designs).
Second, by using means, a substantial increase in
type I error, that is the incorrect rejection of the null
hypothesis, is avoided (type I error can increase dra-
matically if raw data are used as experimental units,
due to the large number of degrees of freedom for
the error term, also referred to as the sum of squares

residual in repeated measures designs). Readers
interested in inter-speaker variation, which obvi-
ously cannot be investigated if means are used for
the statistical analysis, can consult Appendices B
and C which provide means and standard deviations
for each speaker�s alignment and scaling data,
respectively.
3 Although these greater differences may cast some doubt on
the validity of the ELB data, it should be noted that in a related
study (Arvaniti and Ladd, in preparation), algorithmic determi-
nation of the elbow did not yield substantially more consistent
results than estimation by eye.
3. Results

3.1. Scaling and alignment of Nuclear Low (NL)

As can be seen in Fig. 4, the scaling of NL was
higher in Early than in Final Nucleus [F(1,6) =
7.2, p < 0.04], but showed no effect of LAST STRESS

[F(2,12) = 0.9, n.s.], and no interaction between
NUCLEUS and LAST STRESS [F(2, 12) = 1.97, n.s.].

The alignment of NL, i.e. its distance from the
onset of the nuclear vowel (NVtoNL) was affected
by both NUCLEUS [F(1, 6) = 103.7, p < 0.001] and
LAST STRESS [F(2, 12) = 17.9, p < 0.001], and also
showed interaction between the two [F(2,12) =
18.8, p < 0.001], illustrated in Fig. 5. The investiga-
tion of this interaction showed that NL aligned ear-
lier in Final than in Early Nucleus when LAST STRESS

was final or penultimate [p < 0.001 for final stress;
p < 0.01 for penultimate stress], but there was no
-50
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Fig. 5. Means and standard errors of the distance of Nuclear
Low (NL) from the onset of the Nuclear Vowel (NV) in ms, as a
function of NUCLEUS and LAST STRESS. Negative values mean that
NL occurs before the onset of the nuclear vowel.
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A. Arvaniti et al. / Speech Communication 48 (2006) 667–696 679
difference between Early and Final Nucleus when
LAST STRESS was antepenultimate (i.e. when tonal
crowding in Final Nucleus was minimal). As can
be seen in Fig. 5, in Early Nucleus, there was a small
effect of LAST STRESS such that alignment was later
with penultimate stress than in the other two levels
[for final vs. penultimate stress, p < 0.02; for penul-
timate vs. antepenultimate stress, p < 0.001]; in
Final Nucleus, on the other hand, NL aligned
before the NV onset when LAST STRESS was final,
but during NV in the other two stress conditions
(between which there was no difference) [p < 0.01
for both final vs. penultimate stress, and for final
vs. antepenultimate stress].

3.2. Scaling and alignment of High (H)

As can be seen in Fig. 6, H was scaled lower in
Final than in Early Nucleus [F(1, 6) = 45.2, p <
0.001], and also showed lower scaling with each
level of LAST STRESS [F(2, 12) = 28.14, p < 0.001;
for antepenultimate vs. penultimate stress, and for
antepenultimate vs. final stress, p < 0.001; for
penultimate vs. final stress, p < 0.02]. There was
no interaction between NUCLEUS and LAST STRESS

[F(2, 12) = 0.39, n.s.].
As we had hypothesized, H showed two modes of

alignment, depending on the position of the nucleus,
appearing closer to the onset of the last stressed
vowel in Early Nucleus and closer to the onset of
the final vowel in Final Nucleus (cf. Fig. 7(a) and
(b)). Specifically, the distance of H from the onset
of the last stressed vowel (LSVtoH) was affected
by both NUCLEUS [F(1,6) = 185.75, p < 0.001] and
LAST STRESS [F(2,12) = 200.86, p < 0.001] and
showed interaction between these two factors
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Fig. 6. Means and standard errors of High (H) scaling in ERB,
as a function of NUCLEUS and LAST STRESS.
[F(2, 12) = 122.01, p < 0.001]. As can be seen in
Fig. 7(a), LSVtoH was overall substantially shorter
in Early than in Final Nucleus irrespective of LAST

STRESS [p < 0.001 for all pair-wise comparisons];
the short duration of LSVtoH in Early Nucleus
shows that H aligned close to the onset of the last
stressed vowel in this condition. In addition
LSVtoH was affected by LAST STRESS: in both Early
and Final Nucleus, H appeared increasingly further
away from the onset of the last stressed vowel (and
increasingly closer to the utterance end), the further
away from the end of the utterance the last stressed
vowel was [p < 0.001 for all pair-wise comparisons,
except Early Nucleus antepenultimate vs. penulti-
mate stress, p < 0.01]; as can be seen in Fig. 7(a),
this effect was much more pronounced in Final
Nucleus.

When H alignment was measured with respect to
the onset of the utterance-final vowel (UFVtoH), it
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was the H in Final Nucleus that occurred closer to
the chosen segmental landmark (see Fig. 7(b)).
UFVtoH showed effects of NUCLEUS [F(1,6) =
166.9, p < 0.001] and FINAL STRESS [F(2, 12) = 207.5,
p < 0.001] and, as expected, interaction between
these two factors [F(2, 12) = 100.14, p < 0.001]. As
can be seen in Fig. 7(b), in Final Nucleus H
occurred within the utterance final vowel and
occurred later than in Early Nucleus at all LAST

STRESS levels [for antepenultimate and penultimate
stress, p < 0.001; for final stress, p < 0.01]. In addi-
tion, in Final Nucleus, H occurred close to the onset
of the utterance-final vowel, except when LAST

STRESS was final, presumably because of pressure
from the preceding NL which must also co-occur
with this vowel and ‘‘pushes’’ the H rightward
[p < 0.001 for all pair-wise comparisons, except pen-
ultimate vs. final stress, p < 0.01]. In Early Nucleus,
in contrast, H aligned increasingly closer to the
onset of the utterance-final vowel, as LAST STRESS

got closer to the end of the question [p < 0.001 for
all pairwise comparisons]; in Early Nucleus, how-
ever, H and the utterance-final vowel co-occurred
only when LAST STRESS was final (i.e. when the utter-
ance-final vowel was the same as the last stressed
vowel).
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3.3. Scaling and alignment of the Elbow (ELB)

As can be seen in Fig. 8, ELB was scaled higher
in Early than in Final Nucleus [F(1, 6) = 11.2,
p < 0.02], but showed no effect of LAST STRESS level
[F(2,12) = 2.6, n.s.]. There was also no interaction
between NUCLEUS and LAST STRESS [F(2, 12) = 0.24,
n.s.].
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Fig. 8. Means and standard errors of Elbow (ELB) scaling in
ERB, as a function of NUCLEUS and LAST STRESS.
Like the alignment of the H, the alignment of
ELB depended on the position of the nucleus. When
ELB alignment was measured from the consonant
onset of the last stressed syllable (LSCtoELB), it
showed NUCLEUS [F(1,6) = 70.5, p < 0.001] and LAST

STRESS [F(2,12) = 36.9, p < 0.001] effects, and also
interaction between these two factors [F(2,12) =
10.9, p < 0.01]. As illustrated in Fig. 9(a), in Early
Nucleus ELB aligned very close to this consonant
onset; in this condition, LAST STRESS did not affect
ELB alignment. In Final Nucleus, on the other
hand, ELB generally appeared well after the conso-
nant onset, and aligned increasingly later as LAST

STRESS moved further from the end of the utterance
[p < 0.001 for all pair-wise comparisons, across
NUCLEUS levels, and across LAST STRESS levels within
Final Nucleus].

Similar effects were in place when ELB align-
ment was measured with respect to the onset
of the utterance-final consonant (UFCtoELB).
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Fig. 9. Panel (a): Means and standard errors of the distance of
the Elbow (ELB) from the consonant onset of the last stressed
syllable (LSC) in ms, as a function of NUCLEUS and LAST STRESS.
Panel (b): Means and standard errors of the distance of ELB
from the onset of the utterance-final consonant (UFC) in ms, as a
function of NUCLEUS and LAST STRESS. Negative values mean that
ELB is realized before the onset of the relevant segmental
landmark.
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UFCtoELB showed effects of NUCLEUS [F(1, 6) =
91.9, p < 0.001] and LAST STRESS [F(2,12) = 277.2,
p < 0.001], and also the expected interaction
between these two factors [F(2, 12) = 32.04, p <
0.001]. As can be seen in Fig. 9(b), ELB aligned
close to the utterance-final consonant in Final
Nucleus, but well before it in Early Nucleus; in both
nucleus conditions, ELB retracted from the utter-
ance-final consonant onset the further away for
the end of the utterance LAST STRESS was. Interest-
ingly, there was no statistically significant difference
between Early Nucleus with final stress and Final
Nucleus with penultimate stress, two levels that
show similarly moderate tonal crowding [p < 0.001
for all other pair-wise comparisons].

3.4. Scaling and alignment of Final Low (FL)

As can be seen in Fig. 10, the scaling of FL was
not affected by either NUCLEUS [F(1, 6) = 5.6, n.s.] or
LAST STRESS [F(2,12) = 1.14, n.s.], and showed no
interaction between these two factors [F(2, 12) =
3.08, n.s.].

On the other hand, the alignment of FL with
respect to the end of the utterance was affected by
both NUCLEUS [F(1, 6) = 37.2, p < 0.001] and LAST

STRESS [F(2, 12) = 29.65, p < 0.001], and showed
interaction between the two [F(2,12) = 9.45, p <
0.01]. As can be seen in Fig. 11, FL was closer to
the end of the utterance in Final Nucleus than in
Early Nucleus [p < 0.001 for all pair-wise compari-
sons within stress levels]. In addition, in Early
Nucleus, FL was aligned closer to the end of the
utterance, the closer to the utterance end LAST

STRESS was [p < 0.001 for all pair-wise comparisons].
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Fig. 10. Means and standard errors of Final Low (FL) scaling in
ERB, as a function of NUCLEUS and LAST STRESS.
A similar but much weaker effect was observed in
the Final Nucleus data, in which FL appeared closer
to the utterance end when LAST STRESS was final than
when it was penultimate or antepenultimate, but
showed similar alignment between these two levels
[for antepenultimate vs. final stress, p < 0.02; for
penultimate vs. final stress, p < 0.04].

4. Discussion and conclusion

4.1. The autosegmental representation of Greek

polar question intonation

The results of the experiment presented here lar-
gely supported the hypotheses we set out to test.
First, our results show that the stressed syllable of
the nuclear word has low F0 (and as we further
show in Section 4.4 it is often associated with the
lowest F0 in the entire question, barring FL). Sec-
ond, our results show that Greek polar questions
also end in low F0, as we had anticipated. Most
importantly for the description of this melody, our
data confirmed our hypothesis that the peak of the
rise–fall pitch movement is aligned in two different
ways, depending on which word in the question is
the nucleus. When the nucleus is early, H co-occurs
within the last stressed vowel of the question; when
the nucleus is on the last word, H occurs within the
final vowel of the question, irrespective of the posi-
tion of the last stressed syllable.

On the other hand, our experiment provided us
with data that cannot be easily accommodated by
our initial hypotheses. First, the scaling and align-
ment properties of ELB, which we originally did
not consider a target, strongly suggest that it must
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be the reflex of a L tone and therefore a tonal target.
Our results show that the alignment of this L tone,
just like the alignment of H, depends on the position
of the nucleus. They also show that the L precedes
the H tone in a consistent way: the L tone aligns
with a segmental landmark close to H, the conso-
nant onset before the vowel with which the H aligns.
This suggests to us that this L tone is closely con-
nected to the H, and most probably forms a bitonal
L+H entity with it. Within the AM framework, the
dual patterning of this L+H entity can best be
accounted for if L+H is analyzed as a phrase accent
(i.e. L+H�), a type of tonal unit that has been
shown to exhibit two modes of alignment in several
languages (Grice et al., 2000). Specifically, accord-
ing to Grice et al. (2000), phrase accents are bound-
ary tones that can have two types of association, a
primary association to a phrasal boundary, and a
secondary association to a specific tone-bearing unit
(such as the penultimate syllable of the utterance-
final word, as in Hungarian polar questions). Phrase
accents are thus realized in two different ways: when
the tone-bearing unit to which they have a second-
ary association is available (i.e. not associated with
another tone), they co-occur with it; when it is not,
their primary association takes over and they
appear at a phrasal edge.

In the case of yes–no questions in Greek, the
tone-bearing unit to which the phrase accent has
a secondary association is the last stressed syllable.
If it is available, i.e. if it is not already associated
with the nuclear L* pitch accent, then L+H� co-
occurs with it. If the secondary association is not
possible—as happens when the nucleus is on the
final word, in which case the last stressed syllable
is already associated with L*—then L+H�
appears on the final syllable of the utterance. This
happens even when there are two syllables avail-
able after the nucleus, as is the case in questions
with Final Nucleus and antepenultimate stress
(see Fig. 7(b)). Although the co-occurrence of
L+H� with the penultimate syllable in this case
would avoid crowding the following L% boundary
tone, this is not the alignment we observe; rather,
L+H� still aligns with the final syllable. This
alignment with the utterance-final syllable provides
further support for analyzing L+H as a tonal unit
with a primary association to a boundary, i.e. a
phrase accent. Thus, on the basis of our results
we conclude that the appropriate AM analysis
of the Greek polar question intonation is L*
L+H� L%.
4.2. Accounting for differences in gross contour

shape

As mentioned in the introduction, we believe that
our results have repercussions not just for the AM
analysis of Greek polar question intonation but
for the more general validity of the basic AM prin-
ciples about the structure of intonation and the
relation between its phonetics and its phonology.
Specifically, taken all together our results suggest
that although it is possible to describe the basic
melody of Greek yes–no questions as a rise–fall
pitch movement that starts with low pitch, such a
characterization would be too simplistic to ade-
quately account for the patterns uncovered by this
study. First, it is clear that the contour is not a unit
that can be stretched to accommodate any number
of words or syllables; rather, it is composed of sep-
arate elements, the exact realization and location of
which depends on the position of the nucleus (final
or not) and the position of the last stressed syllable
in the utterance (if the nucleus is not on the final
word). Thus, for example, the low level F0 stretch
that roughly starts on the nuclear syllable can be
as short as half that syllable—when the nucleus is
on the final word and this word is stressed on the
ultima—or it may stretch for several syllables—if
the nucleus is on a non-final word and the last
stressed syllable appears much later.

The differences in the contours of Greek polar
questions are difficult to accommodate in a model
that treats contours holistically, that is as overall
shapes, such as Grabe et al. (2005). Even in short
questions, like those discussed here, it is clear that
the shape of the tune is strongly affected by the posi-
tion of the nucleus and of the last stressed syllable,
as Fig. 3 amply demonstrates. And such differences
are likely to proliferate in longer questions because
of additional rising prenuclear accents on content
words before the nucleus (Baltazani and Jun,
1999; Baltazani, 2002; Arvaniti and Baltazani,
2005). Thus, in a framework like that of Grabe
et al. one would most likely be forced to conclude
that—at the very minimum—questions with the
same segmental material but different nucleus loca-
tion have different melodies. Reaching such a
conclusion, however, would not only make the anal-
ysis lose a significant generalization and become
more complex, but would also be incorrect in that
it would go strongly against the intuitions of native
speakers that all polar questions share the same
basic tune. Thus, although a quantification of pitch
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contours along the lines proposed by Grabe et al.
may be useful for the phonetic modeling of intona-
tion and for practical applications, it cannot obviate
the need for an abstract representation.

4.3. The realization of focus

Our results also have consequences for our
understanding of the intonational marking of focus,
by showing that the realization of focus in Greek
polar questions cannot be analyzed as simply a mat-
ter of pitch range manipulation, as some have
suggested. For example Xu and Xu (2005) argue
that English declaratives have a constant tune in
which three pitch range areas are distinguished: a
neutral prefocal area, an ‘‘on-focus’’ pitch range
expansion and a post-focal pitch range suppression
(p. 189). Within this scheme, parts of the same con-
stant contour may expand or shrink but they remain
otherwise the same. According to Xu and Xu (2005,
p. 186) the F0 drop that is expected after focus ‘‘is
largely equated with focus itself [emphasis in the ori-
ginal]’’. As mentioned in the introduction, Xu
(2005) takes this evidence one step further and sug-
gests that this drop in F0 early in the focused item is
not only found in English and Mandarin, but drives
pitch modifications in languages of all prosodic
types. Further, Xu (2005) argues that a similar
cross-linguistic pattern is in place for questions,
which are said to show rising pitch from the focused
element and beyond.

Our results clearly show that this view of focus is
too simplistic to account for our data. (Incidentally,
it does not seem to be appropriate for all tonal
languages either: e.g. Pan (in press) shows that in
Taiwanese Min duration is used more consistently
to signal focus than expanded F0 range.) First, it
is clear that if we were to follow the method of
Xu and Xu (2005) and superimpose the contours
of Greek questions with early and final nucleus onto
each other, we would not see the same contour with
different local ranges, but two quite different con-
tours (cf. panels (a) and (b) of Figs. 2 and 3). This
alone suggests that much more than just pitch range
is necessary to account for the patterns shown here.

We do not of course dispute that pitch range may
be part of what signals focus; e.g. as we discuss
below, unlike other tones, the nuclear L* does not
appear to be undershot under conditions of tonal
crowding, suggesting that pitch span may be locally
expanded during the realization of the nucleus. On
the other hand, however, our data also show that
the F0 of the item in focus is low, and that the over-
all F0 level is substantially the same for a large part
of the contour both before and after the nucleus.
This in turn suggests that the stressed syllable of
the word in focus is not a pivotal point regarding
pitch range changes, as Xu and Xu (2005) and Xu
(2005) suggest. In addition, all questions end with
very low F0, as the scaling of FL indicates (cf. Figs.
4, 8 and 10). This is equally inconsistent with the
idea of a raised pitch range that Xu (2005) associ-
ates with questions: if FL, which is post-focal, was
produced within a high pitch range, we would
expect it to be higher than NL, but in fact it is sub-
stantially lower [F(1,6) = 15.7, p < 0.01]. To be sure,
Xu (2005) does suggest that languages that do not
use pitch raising to show focus in questions may
be using a reduced (and low) post-focal range, like
Neapolitan Italian (D�Imperio, 2001). But this
appears inconsistent with our Greek data as well,
given that the post-focal stretch includes a pitch
peak (the proposed L+H� phrase accent) that is
typically the highest in the sentence.

Most importantly, what the foregoing discus-
sion shows clearly is that the relationship between
focus and pitch range is not the same in every
language; different combinations of pitch range
and pitch span in different subdivisions of the sen-
tence can be used to indicate focus in different lan-
guages. This suggests that the relationship between
pitch, focus and utterance type is in some sense part

of the grammar of each language. This means that
we cannot universally equate pitch range factors
with focus as Xu and Xu (2005, p. 186) do. As
far as the intonation of the Greek polar questions
is concerned, this means that we must in addi-
tion to any pitch range effects assume the presence
of a specific tone, in this case a L* tone, that must
co-occur with the stressed syllable of the word in
focus.

4.4. Fine differences in tonal realization

As already mentioned, in addition to the differ-
ences in gross contour shape due to the position
of nucleus and the last stressed syllable, our results
show fine-grained differences in the realization of
all targets across different prosodic conditions, sug-
gesting that tonal targets exhibit scaling and align-
ment adjustments to phonetic effects such as
declination and tonal crowding. We believe that
our AM analysis captures not only the gross differ-
ences in contour shape due to the location of the
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nucleus, but can also account for these fine-grained
differences in the scaling and alignment of the
targets.

Regarding scaling, most targets (NL, ELB and
H) show effects of declination, in that all are scaled
lower when the nucleus is final—that is when they
all appear later in the utterance—than when the
nucleus is early. On the other hand, not all targets
are influenced by tonal crowding in the same fash-
ion. NL shows no scaling undershooting due to
tonal crowding (this is consistent with the claim of
Xu (2005) that focus—i.e. the nucleus—is realized
with a widened pitch range). In contrast, H is scaled
lower in both Early and Final Nucleus when the last
stressed syllable is final than when it is penultimate
or antepenultimate, i.e. when tonal crowding is
more acute. Similarly, ELB is scaled lower in Final
Nucleus, i.e. when it appears closer to another L
target, NL.

The only exception to this trend for scaling
adjustments is FL, which was stable across all con-
ditions. This result contrasts with the initial hypoth-
esis that FL would be undershot in cases of tonal
crowding. Although we cannot exclude the possibil-
ity of small effects that our statistical analysis did
not detect, this finding corroborates reports from
other languages, which show scaling stability of
utterance-final L tones (e.g. Menn and Boyce,
1982 and Liberman and Pierrehumbert, 1984 for
English; Connell and Ladd, 1990 for Yoruba; Ladd
and Terken, 1995 for Dutch). Further, the present
results on the scaling of FL provide solid quantita-
tive evidence against a widespread misconception—
which appears to date back to Waring�s (1976)
impressionistic description of Greek intonation—
that the Greek yes–no question intonation ends
with a ‘‘fall to mid pitch’’ (Mackridge, 1990, 90ff.;
Holton et al., 1997). Indeed, a comparison of
the scaling of NL, ELB and FL shows that FL is
the lowest of the three low targets [for FL vs. NL,
F(1,6) = 15.7, p < 0.01; for FL vs. ELB, F(1,6) =
60.4, p < 0.001].

In contrast to the rather small effects on scaling,
our data show significant adjustments in tonal align-
ment under conditions of tonal crowding. Thus, in
Early Nucleus, which results in minimal crowding,
the leftmost targets, NL and ELB, show stable
alignment with the nuclear vowel and the last
stressed consonant respectively. In Final Nucleus,
on the other hand, both ELB and NL show align-
ment adjustments. NL occurs earlier when the
nucleus is on the penultimate syllable of the utter-
ance than when it is on the antepenult, and even ear-
lier when the nucleus is on the final syllable, the only
condition in which NL appears before the nuclear
vowel. Similarly, in Final Nucleus, ELB is generally
aligned with the utterance-final consonant, but its
alignment is not stable: ELB aligns very close
to the onset of this consonant when last stress is
antepenultimate, i.e. when tonal crowding is not
extreme, but it aligns closer to the consonant�s offset
when last stress is final, i.e. when tonal crowding is
at its worst. It is also worth noting that in condi-
tions of comparable crowding, these targets show
similar alignment across nucleus positions; e.g. in
Final Nucleus questions with antepenultimate
stress, which result in little tonal crowding for NL,
this target aligns in a similar fashion to Early
Nucleus questions; likewise, ELB alignment is simi-
lar between Early Nucleus and Final Nucleus when
last stress is final and penultimate respectively, both
conditions in which the last syllable of the utterance
must accommodate three tones, the L and H of the
L+H� phrase accent and the following L% bound-
ary tone.

The adjustments in the alignment of NL and
ELB suggest effects from the upcoming tones on
NL, and from the preceding NL on ELB. This inter-
play between anticipatory and carryover effects is
most evident in the alignment of H, which is affected
both by the preceding NL and ELB and by the
upcoming FL. In Early Nucleus, in which pressure
is due to the upcoming FL, H aligns earlier when
the last stress is final than in penultimate and ante-
penultimate stress, which do not create tonal crowd-
ing. In contrast, in Final Nucleus, in which the
pressure is mainly due to the preceding NL and
ELB, H aligns later when the last stress is final than
in the other two conditions.

In addition, the Greek data show that tonal
crowding influences not only the scaling and exact
alignment of targets, but may also affect other
aspects of their realization. This is the case, e.g.,
with FL, which is realized as a low level stretch in
the Early Nucleus condition, but as a low F0 point
in Final Nucleus (i.e. when it is more crowded by
preceding tones). As mentioned in Section 4.2, sim-
ilar effects are observed for NL, which is always
realized as a low F0 stretch, but with a duration that
varies depending on the degree of tonal crowding.

The variability in the realization of the FL and
NL suggest that some low tones are not realized as
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F0 points but as stretches of low pitch. This is the
case with FL and NL here; similar evidence comes
from recent results of Arvaniti and Garding (in
press) which show that the L tone of the American
English L*+H pitch accent is also realized as a low
level stretch. On the other hand, it is clear that
other L tones are simply not realized in this way,
but rather in a manner similar to H tones, that is
as local F0 points; this is, for example, the case
of ELB in the present data, of the L in L+H* in
American English (Arvaniti and Garding, in press),
and of the L of L+H accents in Greek (Arvaniti
et al., 1998). It is at present unclear why these
differences exist, but their presence suggests that
further research is necessary before we can gain a
clear understanding of the relationship between
phonological tones and their exact phonetic
realization.

Although the findings about the realization of L
tones indicate that the basic AM assumption that all
tones are realized as F0 points may be too strong
and should be revised with respect to low tones,
overall our results are compatible with the AM
approach. First, they confirm that high tones are
indeed realized as specific F0 points, i.e. as high
peaks. They also confirm what is shown in much
other work (among many, Bruce, 1977 for Swedish;
Silverman and Pierrehumbert, 1990 for American
English; Prieto et al., 1995 for Spanish; Arvaniti
et al., 1998 for Greek; Atterer and Ladd, 2004 for
German; Prieto, 2005 for Catalan; Arvaniti and
Garding, in press for American English), namely
that the position of such peaks is substantially
affected by tonal crowding and therefore they may
not consistently occur within the syllable they are
associated with, or consistently outside it. Thus
indirectly our results provide evidence for the posi-
tion of Arvaniti et al. (1998) that strict alignment
between targets and segments cannot be expected,
whether one adopts the AM view of the relationship
between the two, or espouses the view that F0 levels
or movements are synchronized with syllables (e.g.
Xu, 2005; Xu and Xu, 2005). Data like those
presented here show that the relationship between
tones, targets and segmental material is much more
complex than either view suggests, and in need of
further research.

Nevertheless, it should be noted that AM has the
advantage that it can predict both anticipatory and
carryover effects of tonal coarticulation, and this is
exactly what we found here, as amply discussed
above. Such combination of both anticipatory and
carryover effects in tonal coarticulation has been
reported even for tonal languages (in which a close
relationship between syllables and F0 levels or
movements is plausible) such as Taiwan Min (Peng,
1997; Wang, 2002) and Thai (Gandour et al., 1994).
These results further support the view that a simple
equation between syllable and tone duration does
not hold. Although it does appear to be the case
that carryover effects are stronger than anticipatory
effects, the existence of both seems now fairly well
documented (and is hardly surprising since it simply
shows that F0 gestures are coordinated in the same
fashion as other articulatory gestures). Given the
above results, any suggestions that anticipatory
effects are virtually non-existent in tonal coarticula-
tion (cf. the claims of Xu (2005) and Xu and Xu
(2005) about Mandarin and English) are clearly
too strong.

4.5. Accounting for fine differences in tonal

realization

As shown, the fine adjustments of tonal target
realization discussed above are easy to account for
within the AM framework; however, they are not
so easy to accommodate in other models of intona-
tion. First, holistic quantitative models like Grabe
et al. (2005) may not be fine-grained enough to
include the kind of small scale differences that we
are discussing here, or at least would require much
more complicated modeling in order to do so.
Moreover, such differences, though significant and
linguistically relevant as we show elsewhere (Arvan-
iti et al., in press), do not stem from the function to
which the contours are put, and therefore would be
hard to accommodate within a model like that of
Grabe et al.

Accounting for our crowding data is equally
difficult for full specification models, like Xu
(2005) and Xu and Xu (2005). Such models would
encounter several problems. First, if all syllables
are tonally specified, it is impossible to account for
the fact that in some circumstances targets show
more adjustments (suggesting greater tonal crowd-
ing) than in others, and for the fact that the direc-
tion of the adjustments differs depending on
context. If all syllables were tonally specified, we
should observe similar types of adjustments in all
cases, as tonal crowding would be present to
the same degree in all conditions. Likewise, the
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direction of the adjustments should also be the same
in all cases. This more balanced adjustment between
tones is largely what is observed in languages like
Mandarin as shown by Kochanski et al. (2003a,b),
Xu (2001, 2005) and Xu and Wang (2001) among
others. But there is no a priori reason why intona-
tion, as manifested in a language like Greek, in
which tones are not lexically specified, should be
equated with the phonetic parameters that affect
the realization of lexical tones in languages like
Mandarin, in which the tone of practically every syl-
lable is specified in the lexicon.

Note also that the small scale adjustments we
report here would not respond well to the notion
of articulatory strength (Xu, 2005; Xu and Xu,
2005) which ‘‘specifies the speed at which a local
pitch target is approached’’ (Xu, 2005, p. 243;
see also Kochanski and Shih, 2003 for a similar
use of the term strength). The problem is that
strength affects both the scaling and the alignment
of a target and our results clearly show that the
two are independent of each other. The NL and
FL, which are undershot primarily in terms of
alignment but not in terms of scaling, are a case
in point.

Finally, Greek data are problematic for full-spec-
ification models for another reason: syllables
between the nucleus and the post-accentual rise
are as low as the nucleus, a pattern that cannot be
accounted for if all of these syllables have [mid]
pitch, which is actively controlled as Xu (2005) sug-
gests. If it were so, we should at least see a small rise
after the end of the nuclear syllable and a return to
the same low level just before the beginning of the
final rise, but as Figs. 1–3 demonstrate this is not
the case. In contrast, the low F0 of these syllables
falls out naturally from the AM description: these
syllables are found between two low targets, L*
and the L of L+H�, and thus they remain low
because the course of F0 is interpolated between
the two L tones.

We acknowledge of course than in a complex
model like that presented in Xu (2005) and in Xu
and Xu (2005) it may be possible to set parameter
values for strength, pitch range, pitch span, etc. so
as to eventually produce the ‘‘right’’ result, but in
our view that may prove only that those models
are too powerful. This point is echoed in a comment
of Kochanski and Shih (2003) that in their model
(Stem-ML) ‘‘the same pitch contour can often be
approximated many different ways [sic], using differ-
ent sets of tags, some of which may well be linguis-
tically unreasonable’’ (p. 344). This may not be an
issue for a model primarily intended for synthesis
purposes, but unlike Kochanski and Shih (2003),
Xu (2005) and Xu and Xu (2005) say that the prim-
itives in their model constitute a symbolic represen-
tation. If so, then the question that arises is what
type of representation this is. If it is a detailed
presentation of phonetic implementation, then it is
legitimate to ask whether anything is gained by pro-
viding tonal specifications for all syllables if the
same result can be achieved without them. Parsi-
mony suggests that we should not increase, beyond
what is necessary, the number of entities required to
explain a phenomenon, and postulating that all syl-
lables need to be tonally specified in a language
without lexical tone goes against this basic principle
of modeling and theory building. If, on the other
hand, this model is meant to be a phonological
representation (or, more likely, a hybrid between
phonetics and phonology; see Xu, 2005, 242 ff.),
then it is not clear that providing distinct represen-
tations for practically each and every tune that
an individual will utter in the course of a lifetime
is a desirable feature. In other words, even though
at some level quantitative information is necessary
in order to produce a tune, an abstract representa-
tion that allows the language learner to generalize
over different tunes with the same pragmatic
meaning is still necessary; and this is precisely the
kind of generalization that an AM representation
provides.

4.6. Conclusion

In conclusion, our experimental data largely sup-
ported our original AM analysis of the intonation of
yes–no questions in Greek, but also provided us
with evidence that lead us to revise this analysis in
order to incorporate the presence of the L tone we
uncovered. We propose, therefore, that the autoseg-
mental analysis of the Greek yes–no melody is
L* L+H� L%. Our data also show that the
L+H� phrase accent of this melody has two
modes of alignment, depending on nucleus place-
ment. Further, the data show that the alignment
and, to a lesser extent, the scaling of targets is
subject to adjustments due to tonal crowding.
Specifically, it appears that all targets are subject
to alignment shifts in order to accommodate preced-
ing and following targets, although their scaling
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proved to be less prone to such modifications. These
results have consequences for our understanding of
Greek intonation, as well as practical implications
for its modeling for speech synthesis. Most impor-
tantly, the results are significant from the point of
view of the phonology and phonetics of intonation
more generally, as they provide robust evidence in
favor of the autosegmental-metrical theory of into-
nation and strongly suggest that measuring the scal-
ing and alignment of specific points in an F0
contour is essential for understanding the workings
of a contour and its interaction with the segmental
string.
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Final Nucleus, antepenultimate last stress

1. [0lepane v|o0molopa]
2. [0kanis avpo0lemono]
3. [pa0tuses sta vro0mone|a]
4. [fo0|esate ce 0malina]
5. [0vazis ðenðro0livano]
6. [0pipane sto 0mepa|o]
7. [0mazepse v|o0xone|o]
8. [to› 0fe|ðises sto 0domino]
9. [0fe|ondan a0napopa]
10. [ha 0minune sta 0Janena]
11. [0ine ap ti 0mi|ina]
12. [me0palose sta 0mepa|a]
13. [na 0piJena 0moni mu]
14. [0menune sto 0vi|ona]
15. [0ekane ka0|ubalo]
16. [pno0|izis to xa0|iðimo]
17. [0e|ixne ço0none|o]
18. [se voi0ha ce sto ma0Ji|ema]
19. [xri0azete si0ðe|oma]
20. [0ine tu vla0ðimi|u]
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Appendix A. Materials

The test materials are presented in IPA transcrip-
tion, together with a gloss. For reasons of space,
only the yes–no questions are presented, not the
entire dialogs they were part of. The sentences are
divided into six sets of 20 sentences each; the first
three sets include Final Nucleus questions; the other
three include Early Nucleus questions. Within each
group, the first set has questions that end in a word
with lexical stress on the antepenult, the second set
has questions that end in a word with lexical stress
on the penult, and the third set has questions
that end in a word with lexical stress on the final
syllable.
‘‘Were they cursing?’’
‘‘Are you making egg-and-lemon sauce?’’
‘‘Did you step in the sewage?’’
‘‘Did you even put on woollies?’’
‘‘Do you use rosemary?’’
‘‘Did they go to Megaro [Athens Concert Hall]?’’
‘‘Did it gather rainwater?’’
‘‘Did you beat him at dominoes?’’
‘‘Were they ill-mannered?’’
‘‘Will they settle in Ioannina [Greek city]?’’
‘‘Is he from Mirina [Greek city]?’’
‘‘Did he grow up in Megara [Greek city]?’’
‘‘Should I have gone alone?’’
‘‘Do they live in Vironas [area of Athens]?’’
‘‘Did he get a bump?’’
‘‘Do you know Charidimos?’’
‘‘Was it sleeting?’’
‘‘Does he also help you with the cooking?’’
‘‘Does it need ironing?’’
‘‘Is it Vladimiros�s?’’



Final Nucleus penultimate last stress

1. [0fo|aJe ti 0puna] ‘‘Was she wearing the fur coat?’’
2. [0isuna sto 0ba›o] ‘‘Were you in the bath?’’
3. [0tavale sti 0Jala] ‘‘Did she put them in the bowl?’’
4. [xti0pai to ku0ðuni] ‘‘Is the bell ringing?’’
5. [0ine himo0meni] ‘‘Is she angry?’’
6. [fo0|use ce ple0|eza] ‘‘Was she also wearing a mourning veil?’’
7. [0tavale ma0zimu] ‘‘Has she taken against me?’’
8. [meta0komisan sto 0ðoma] ‘‘Did they move into the loft?’’
9. [0pinis lemo0naða] ‘‘Are you drinking lemonade?’’
10. [0pno|ises ti 0|ena] ‘‘Have you met Rena?’’
11. [sta 0mesa tu Je0na|i] ‘‘In the middle of January?’’
12. [se 0pi|akse i 0Ji|i] ‘‘Did the pollen affect you?’’
13. [0eçi lano0lini] ‘‘Does it contain lanolin?’’
14. [0vazete le0vanda] ‘‘Do you use lavender?’’
15. [a0nevice sto 0vima] ‘‘Did he go on to the podium?’’
16. [ha se pe|i0meni i ma|i0lena] ‘‘Will Marilena wait for you?’’
17. [0psaxnis Ja ve0lona] ‘‘Are you looking for a needle?’’
18. [0iðes to ma0Jo mu] ‘‘Have you seen my swimsuit?’’
19. [0iðes to sti0lo mu] ‘‘Have you seen my pen?’’
20. [0menune sti 0|omi] ‘‘Do they live in Rome?’’

Final Nucleus, final last stress

1. [ha 0pane sto ba0li] ‘‘Are they going to Bali?’’
2. [0pi|e to proi0no] ‘‘Did he take the morning [train]?’’
3. [mi0lai sova0|a] ‘‘Is he serious?’’
4. [0eçi maida0no] ‘‘Does it have parsley?’’
5. [a0fti me to be0|e] ‘‘The one with the beret?’’
6. [0ine vo|i0no] ‘‘Is it north-facing?’’
7. [0ine pala0na] ‘‘Are they blue?’’
8. [0fipane ma0zi] ‘‘Did they leave together?’’
9. [0evale Ja0 ya] ‘‘Has he started wearing glasses?’’
10. [pe|pa0tusan aNga0 ya] ‘‘Were they walking arm in arm?’’
11. [0exo mela0›a] ‘‘Do I have a bruise?’’
12. [e0ðo a|iste0|a] ‘‘Here to the left?’’
13. [su 0fenete almi0|o] ‘‘Does it seem salty to you?’’
14. [0ekane zi0m›a] ‘‘Did he make a mess?’’
15. [0itane ka0lo] ‘‘Was it good?’’
16. [0eçi gale0|i] ‘‘Does he own a gallery?’’
17. [na 0ine Je|a0ni] ‘‘[Do you reckon] that they are cranes?’’
18. [0eçi |ande0vu] ‘‘Does she have a date?’’
19. [0kapço mapa0zi] ‘‘[Is it] some [kind of] club?’’
20. [mi0la me tin 0i|o] ‘‘Is she talking to Iro?’’
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Early Nucleus, antepenultimate last stress

1. [ton epi0skevasan to ne0|omilo] ‘‘Did they repair the watermill?’’
2. [a0vpa su kaha0|izune] ‘‘What�s so funny about it?’’ [lit. Is someone peeling eggs for you?]
3. [tin anapno0|isate tin 0i|iða] ‘‘Did you recognize Iris?’’
4. [ksana0pipate stin 0eJina] ‘‘Have you visited [the island of] Aegina before?’’
5. [ti pno0|izete tin 0elena] ‘‘Have you met Elena?’’
6. [su a0|esun ta ksi0nomila] ‘‘Do you like crab-apples?’’
7. [ton 0iðes to xa0|iðimo] ‘‘Have you seen Charidimos?’’
8. [pe0|isepse |i0zopalo] ‘‘Is there any rice-pudding left?’’
9. [a0lihça to no0mizune] ‘‘Do they really believe that?’’
10. [ha 0fipun ap to 0livano] ‘‘Will they leave Lebanon?’’
11. [a|0Ji to laðo0lemono] ‘‘Is the oil-and-lemon sauce going to take long?’’
12. [ma o|i0masan ta ko0|omila] ‘‘But have the plums ripened?’’
13. [ma 0e|ikse ço0none|o] ‘‘But was it sleeting?’’
14. [ha 0ftasi to |o0ðone|o] ‘‘Is there enough rosewater?’’
15. [ha ton p|o0lavume to 0vi|ona] ‘‘[Do you think] we will get there before Vironas [leaves]?’’
16. [to hi0mase to 0nume|o] ‘‘Do you remember the number?’’
17. [ha me si0kosi to mo0nozipo] ‘‘Will the horizontal bar hold me?’’
18. [ta0po|asan ta o0molopa] ‘‘Did they buy the bonds?’’
19. [0pame tu|ko0limano] ‘‘Shall we go to Tourkolimano [Pireus neighborhood]?’’
20. [si0nipo|o se 0valane] ‘‘Did they appoint you their council?’’

Early Nucleus, penultimate last stress

1. [ðe 0bame sto ka0vu|i] ‘‘Shall we go to Kavouri [Athens suburb]?’’
2. [a0po|ases le0mo›a] ‘‘Did you buy lemons?’’
3. [hi0mase pos ti 0lene] ‘‘Do you remember her name?’’
4. [ti çe0|etises ti 0nina] ‘‘Did you say hello to Nina?’’
5. [ma xo0|ane sti ba0›e|a] ‘‘But do they fit in the bathtub?’’
6. [to 0lavate to 0ðema] ‘‘Did you receive the package?’’
7. [se vo0levi mesi0me|i] ‘‘Does afternoon suit you?’’
8. [ta 0iðes ta pla0|o›a] ‘‘Did you see the sea-gulls?’’
9. [ti pno0|izis ti ma0|ina] ‘‘Do you know Marina?’’
10. [su a0|esi to 0vazo] ‘‘Do you like the vase?’’
11. [tu 0a|ese to 0ðo|o] ‘‘Did he like the present?’’
12. [ta ka0ha|ises ta 0mila] ‘‘Did you peel the apples?’’
13. [na 0vpume sti ve0|anda] ‘‘Shall we go out on the veranda?’’
14. [kselabi0ka|ise to ne0|o] ‘‘Is the water clear again?’’
15. [ma mas xo0|ai to di0vani] ‘‘But is there enough room for us on the couch?’’
16. [ta fu0skosan ta ba0lo›a] ‘‘Did they blow up the balloons?’’
17. [me to po0ðilato pi0Jeni] ‘‘Does he go [there] on bicycle?’’
18. [psi0hikan ta la0za›a] ‘‘Is the lasagna done?’’
19. [le0çazi to me0lani] ‘‘Does ink stain?’’
20. [to 0hes to maksi0la|i] ‘‘Do you want the pillow?’’
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Early Nucleus, final last stress

1. [ta 0t|os ta laðe0|a] ‘‘Do you eat [vegetables] cooked in oil?’’
2. [ha bo0|usa na se 0ðo] ‘‘Could I see you?’’
3. [na 0katsume e0ðo] ‘‘Shall we sit here?’’
4. [sa0|esi to me0nu] ‘‘Do you like the menu?’’
5. [ta 0pi|es ta Ja0 ya] ‘‘Did you get the glasses?’’
6. [ti 0vlepis ti ma0Ja] ‘‘Can you see the yeast?’’
7. [ðe 0vazis ce ana0na] ‘‘Won�t you add some pineapple?’’
8. [ha 0fas ka|ame0le] ‘‘Will you have some crème caramel?’’
9. [to 0kse|is to pu0ði] ‘‘Do you know Goudi [Athens neighborhood]?’’
10. [mu 0ðinis m›a pu0 ya] ‘‘Could you give me a sip?’’
11. [ðo0cimases me0ze] ‘‘Have you tried the starters?’’
12. [to 0iðes to mo0|o] ‘‘Did you see the baby?’’
13. [ha su 0ftasi to ma0li] ‘‘Will you have enough wool?’’
14. [ksanama0Ji|epses |a0pu] ‘‘Have you made ragout before?’’
15. [sas 0eftase i bo0Ja] ‘‘Did you have enough paint?’’
16. [ka0ha|ise i vro0m›a] ‘‘Did the stain wash out?’’
17. [ha 0valete m›a0lo] ‘‘Will it knock sense into you?’’
18. [ti 0vlepis ti mo0ni] ‘‘Can you see the monastery?’’
19. [ma0zevi to li0no] ‘‘Does linen shrink?’’
20. [ti bo0 yasan ti mi0 ya] ‘‘Did they graft the apple tree?’’
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Appendix B
Means and standard deviations of all durational measurements (in ms), for each speaker separately. FN

stands for Final Nucleus; EN stands for Early Nucleus.
Speaker NVtoNL—Nuclear Vowel to Nuclear Low

Final Nucleus Early Nucleus

FN-antepenult FN-penult FN-final EN-antepenult EN-penult EN-final

AA Mean 64.0 61.9 �49.6 83.0 89.0 86.6
s.d. 59.0 56.5 41.2 31.9 43.7 37.6

AH Mean 3.6 �20.1 1.1 41.9 57.4 55.8
s.d. 22.8 37.7 3.7 29.9 33.0 30.1

DA Mean 85.2 95.8 �64.4 76.3 100.4 84.2
s.d. 50.7 43.0 43.5 22.9 33.4 27.1

KA Mean 70.0 55.2 �78.2 47.1 75.7 73.3
s.d. 35.7 26.4 43.0 22.7 35.1 30.9

KP Mean 81.4 48.4 �5.7 68.4 77.5 59.9
s.d. 10.6 41.4 22.2 24.4 22.0 21.0

TV Mean 74.4 58.2 0.2 81.9 96.5 87.5
s.d. 54.7 55.2 0.8 39.9 39.6 34.9

VP Mean 56.3 51.6 �53.8 77.8 103.7 81.2
s.d. 42.3 37.8 32.9 27.9 29.4 21.7



Speaker LSCtoELB—Last Stressed Consonant to Elbow

Final Nucleus Early Nucleus

FN-antepenult FN-penult FN-final EN-antepenult EN-penult EN-final

AA Mean 266.4 232.2 123.2 �34.7 �44.0 �55.9
s.d. 32.5 36.2 41.9 62.4 75.8 62.7

AH Mean 128.4 103.8 46.5 3.1 �3.8 �36.3
s.d. 44.8 24.3 31.9 26.9 30.8 89.1

DA Mean 326.7 249.8 99.5 �0.2 0.9 �26.2
s.d. 44.5 41.8 32.2 34.1 24.2 57.9

KA Mean 247.1 204.1 44.7 �4.4 14.8 �9.3
s.d. 49.1 24.3 40.8 24.1 29.3 19.4

KP Mean 255.7 197.7 72.3 6.4 �60.8 �5.9
s.d. 52.4 39.3 38.3 25.8 157.6 35.2

TV Mean 250.9 201.9 84.5 13.5 39.5 16.1
s.d. 88.8 47.8 48.0 23.0 29.2 33.2

VP Mean 223.3 206.3 58.5 173.3 �9.1 �32.9
s.d. 49.2 46.6 34.7 84.4 64.5 57.6

Speaker UFCtoELB—Utterance-Final Consonant to Elbow

Final Nucleus Early Nucleus

FN-antepenult FN-penult FN-final EN-antepenult EN-penult EN-final

AA Mean �55.4 4.4 123.2 �332.7 �262.2 �55.9
s.d. 26.8 28.8 41.9 60.4 75.9 62.7

AH Mean �129.6 �58.6 45.3 �236.5 �151.2 �38.5
s.d. 53.5 20.2 32.4 19.9 26.6 91.3

DA Mean �25.5 19.1 99.5 �337.9 �242.8 �26.2
s.d. 41.6 36.2 32.2 37.1 29.7 57.9

KA Mean �63.7 �10.0 44.7 �305.5 �206.4 �9.3
s.d. 44.2 11.7 40.8 48.5 35.4 19.4

KP Mean �26.4 12.1 72.3 �248.2 �233.1 �5.9
s.d. 39.5 34.0 38.3 26.5 161.2 35.2

TV Mean �90.1 �22.5 83.9 �319.1 �200.9 17.9
s.d. 92.7 54.7 49.8 37.8 41.7 33.7

VP Mean �111.8 �22.8 58.5 �342.3 �239.9 �32.9
s.d. 42.4 39.5 34.7 56.4 56.8 57.6

Speaker LSVtoH—Last Stressed Vowel to High

Final Nucleus Early Nucleus

FN-antepenult FN-penult FN-final EN-antepenult EN-penult EN-final

AA Mean 336.2 271.8 164.8 82.3 80.5 34.8
s.d. 19.1 23.5 28.4 20.8 20.9 17.4

AH Mean 204.6 143.0 71.4 40.6 37.6 �0.2
s.d. 35.9 22.1 13.6 15.2 19.8 22.6

(continued on next page)
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Appendix B (continued)

Speaker LSVtoH—Last Stressed Vowel to High

Final Nucleus Early Nucleus

FN-antepenult FN-penult FN-final EN-antepenult EN-penult EN-final

DA Mean 347.4 253.2 105.7 75.6 62.6 14.0
s.d. 26.3 32.8 22.5 20.1 19.2 20.1

KA Mean 281.2 222.7 64.1 86.9 78.7 15.3
s.d. 23.5 27.8 27.5 21.0 22.8 22.6

KP Mean 285.9 209.9 84.2 84.8 76.1 23.8
s.d. 27.5 27.6 17.0 33.5 22.6 16.2

TV Mean 321.0 238.5 103.4 87.9 78.0 28.7
s.d. 40.8 25.0 16.8 16.5 25.4 17.9

VP Mean 328.3 267.5 110.9 92.9 72.2 34.5
s.d. 37.7 16.0 26.8 23.9 22.2 15.9

Speaker UFVtoH—Utterance-Final Vowel to High

Final Nucleus Early Nucleus

FN-antepenult FN-penult FN-final EN-antepenult EN-penult EN-final

AA Mean 33.8 38.8 164.8 �225.6 �141.3 34.8
s.d. 22.6 22.6 28.4 15.3 29.8 17.4

AH Mean �37.6 �0.9 71.4 �196.5 �111.3 �0.2
s.d. 37.6 24.8 13.6 26.6 17.3 22.6

DA Mean 5.8 12.5 105.7 �282.1 �187.1 14.0
s.d. 30.9 20.6 22.5 35.5 26.7 20.1

KA Mean �16.8 2.6 64.1 �219.1 �138.7 15.3
s.d. 24.3 15.9 27.5 34.2 29.9 22.6

KP Mean 29.4 34.7 84.2 �165.9 �90.9 23.8
s.d. 19.2 27.3 17.0 36.2 19.5 16.2

TV Mean 8.9 20.5 103.4 �248.8 �149.4 28.7
s.d. 24.9 10.6 16.8 28.0 30.0 17.9

VP Mean 9.5 34.0 110.9 �241.5 �149.6 34.5
s.d. 26.1 16.2 26.8 39.4 30.0 15.9

Speaker FLtoEnd—Final Low to End (of utterance)

Final Nucleus Early Nucleus

FN-antepenult FN-penult FN-final EN-antepenult EN-penult EN-final

AA Mean 33.2 23.7 18.3 91.4 56.6 10.6
s.d. 15.0 9.9 12.9 31.5 33.8 10.4

AH Mean 25.9 29.6 22.1 53.9 40.2 12.7
s.d. 12.2 14.9 11.0 17.0 14.3 11.7

DA Mean 66.0 55.6 39.7 110.8 77.1 74.1
s.d. 36.0 32.8 16.9 42.2 39.1 32.5

KA Mean 51.0 63.0 38.2 94.4 95.5 79.3
s.d. 22.1 25.0 17.8 29.5 29.8 22.2
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Appendix B (continued)

Speaker FLtoEnd—Final Low to End (of utterance)

Final Nucleus Early Nucleus

FN-antepenult FN-penult FN-final EN-antepenult EN-penult EN-final

KP Mean 31.8 22.1 22.1 53.7 48.2 25.0
s.d. 14.1 12.9 10.5 31.4 17.3 17.5

TV Mean 43.9 38.9 40.3 103.5 94.3 63.7
s.d. 20.3 19.4 23.3 25.1 33.2 19.8

VP Mean 40.5 40.8 25.6 97.9 82.1 50.1
s.d. 20.4 29.3 20.6 23.4 37.5 30.4
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Appendix C
Means and standard deviations of all F0 measurements (in ERB), for each speaker separately. FN stands
for Final Nucleus; EN stands for Early Nucleus.
Speaker NL—Nuclear Low

Final Nucleus Early Nucleus

FN-antepenult FN-penult FN-final EN-antepenult EN-penult EN-final

AA Mean 5.3 5.3 5.3 5.5 5.4 5.4
s.d. 0.1 0.2 0.2 0.2 0.2 0.3

AH Mean 3.8 3.7 4.5 3.9 3.9 3.9
s.d. 0.2 0.2 0.4 0.2 0.2 0.3

DA Mean 5.4 5.5 5.4 6.2 6.4 6.2
s.d. 0.2 0.3 0.2 0.3 0.5 0.4

KA Mean 5.3 5.3 5.1 5.5 5.6 5.7
s.d. 0.2 0.2 0.1 0.3 0.3 0.2

KP Mean 3.1 3.1 3.2 3.2 3.2 3.2
s.d. 0.1 0.2 0.2 0.1 0.2 0.2

TV Mean 4.3 4.1 4.3 4.7 5.0 4.7
s.d. 0.2 0.2 0.3 0.2 0.4 0.3

VP Mean 5.5 5.5 5.6 5.9 5.8 5.8
s.d. 0.2 0.1 0.2 0.2 0.3 0.2
Speaker ELB—Elbow

Final Nucleus Early Nucleus

FN-antepenult FN-penult FN-final EN-antepenult EN-penult EN-final

AA Mean 5.6 5.5 5.6 5.9 5.8 5.9
s.d. 0.2 0.2 0.3 0.3 0.3 0.3

AH Mean 4.2 4.1 4.1 4.9 4.8 4.7
s.d. 0.4 0.2 0.3 0.3 0.3 0.5

DA Mean 5.6 5.7 5.5 5.9 5.9 5.7
s.d. 0.2 0.3 0.2 0.3 0.3 0.3

KA Mean 5.4 5.4 5.2 5.5 5.6 5.6
s.d. 0.2 0.2 0.1 0.2 0.3 0.3

(continued on next page)



Speaker H—High

Final Nucleus Early Nucleus

FN-antepenult FN-penult FN-final EN-antepenult EN-penult EN-final

AA Mean 7.0 6.8 6.6 7.3 7.2 7.3
s.d. 0.2 0.3 0.3 0.2 0.2 0.2

AH Mean 5.6 5.5 5.5 5.8 5.8 5.5
s.d. 0.5 0.7 0.3 0.3 0.3 0.3

DA Mean 6.4 6.2 6.0 7.0 6.9 6.6
s.d. 0.4 0.3 0.3 0.4 0.4 0.5

KA Mean 6.2 6.2 5.7 6.8 6.3 6.8
s.d. 0.2 0.2 0.2 0.3 1.8 0.3

KP Mean 4.0 3.8 3.8 4.4 4.2 4.0
s.d. 0.4 0.3 0.3 0.4 0.4 0.5

TV Mean 5.9 5.7 5.5 6.2 6.2 5.7
s.d. 0.3 0.6 0.6 0.3 0.3 0.5

VP Mean 7.1 6.9 6.7 7.5 7.5 7.5
s.d. 0.3 0.2 0.3 0.1 0.3 0.3

Appendix C (continued)

Speaker ELB—Elbow

Final Nucleus Early Nucleus

FN-antepenult FN-penult FN-final EN-antepenult EN-penult EN-final

KP Mean 3.2 3.3 3.2 3.3 3.1 3.2
s.d. 0.2 0.2 0.1 0.2 0.2 0.3

TV Mean 4.6 4.3 4.3 4.6 4.7 4.5
s.d. 0.3 0.3 0.3 0.3 0.3 0.4

VP Mean 5.6 5.7 5.7 6.0 6.0 6.1
s.d. 0.2 0.2 0.3 0.3 0.3 0.3

Speaker FL—Final Low

Final Nucleus Early Nucleus

FN-antepenult FN-penult FN-final EN-antepenult EN-penult EN-final

AA Mean 5.5 5.5 5.7 5.1 5.2 5.7
s.d. 0.2 0.2 0.3 0.1 0.1 0.3

AH Mean 3.7 3.9 4.1 3.3 3.3 3.6
s.d. 0.2 0.4 0.3 0.1 0.1 0.1

DA Mean 5.3 5.2 5.2 5.1 5.1 5.2
s.d. 0.3 0.3 0.2 0.1 0.1 0.2

KA Mean 4.8 4.8 4.7 4.7 4.5 4.8
s.d. 0.4 0.2 0.1 0.1 1.3 0.2

KP Mean 2.8 2.8 2.8 2.9 2.8 2.8
s.d. 0.2 0.1 0.1 0.1 0.1 0.1

TV Mean 4.1 4.1 3.8 3.9 4.3 3.9
s.d. 0.4 0.4 0.3 0.2 0.4 0.3

VP Mean 5.4 5.4 5.3 5.1 5.2 5.4
s.d. 0.2 0.2 0.2 0.1 0.1 0.2
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