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Abstract
This paper presents an exemplar-theoretic account of pitch-
accent variability. Results from two experiments are reported.
The first experiment examines variability / similarity across a
range of pitch-accent contour types which vary in frequency of
occurrence. The results report similar behaviour across the fre-
quency bins and are indicative of pitch-accent immunity from
frequency effects. The second experiment, in order to estab-
lish the impact of lexical frequency on pitch-accent production,
examines the similarity of pitch-accent contours linked to high
and low frequency syllables. The results indicate further auton-
omy on the part of pitch-accents and offer possible evidence for
post-lexical pitch-accent generation.
Index Terms: speech production, exemplar theory, pitch-
accents

1. Introduction
Exemplar Theory has successfully accounted for a number of
language phenomena, including diachronic language change
[1], the emergence of grammatical knowledge [2], syllable du-
ration variability [3, 4], entrenchment and lenition [5], among
others. Unlike more traditional, often generative, rule-oriented
approaches, at the core of Exemplar Theory is the idea that the
acquisition of language is significantly facilitated by repeated
exposure to concrete language input. Key elements of Exem-
plar Theory are the notions of storage, frequency, recency, and
similarity. There is an increasing body of evidence which indi-
cates that significant storage of language input exemplars, rich
in detail, takes place [7, 8, 9]. These stored exemplars are then
employed in the categorisation of new input percepts. Similarly,
production is facilitated by accessing these stored exemplars.
Computational models of the exemplar memory also argue that
it is in a constant state of flux with new inputs updating it and
old unused exemplars gradually fading away [5].

To date, however, little if any exemplar-theoretic research
has examined pitch-accent prosody (but see [6] for memory-
based prediction of pitch-accents and prosodic boundaries). The
experiments presented here aim to address this by examining
how pitch-accents vary with respect to frequency of occurrence.
Two hypotheses motivate these experiments. Firstly, given the
considerable body of evidence for the role of frequency in a
variety of other linguistic domains one might expect signifi-
cant frequency effects upon pitch-accent production. Secondly,
if pitch-accent production is autonomous and independent of
the lexicon, then an examination of pitch-accent on the basis
of lexical frequency should yield limited, if any, frequency ef-
fects. However, an exemplar-theoretic account would suggest
that perceived lexical items could be stored with the accompa-

nying perceived pitch-accent, in which case pitch-accent might
not always operate in an autosegmental fashion.

The pitch-accents employed in the experiments below are
represented in terms of a number of parameters. The Para-
metric Representation of Intonation Events (PaIntE) model is
employed to approximate the F0 contours of GToBI labelled
pitch-accents [10]. This model facilitates dimensionality reduc-
tion and analysis of particular properties (e.g. rising amplitude)
of the F0 contour, which a raw F0 analysis would not permit
so readily. The next section gives a brief introduction to the
PaIntE model. This is followed by section 3 which examines the
first hypothesis and presents an investigation into pitch-accent
variability with respect to pitch-accent frequency of occurrence.
Section 4 then examines the second hypothesis and presents fur-
ther analysis, this time examining pitch-accent variability when
associated with tokens of frequent and infrequent syllable types.
Overall conclusions and opportunities for future research are
presented in sections 5 and 6 respectively.

2. The Parametric Representation of
INTonation Events - PaIntE

The PaIntE model approximates stretches of F0 by employing a
phonetically motivated model function [10]. This function con-
sists of the sum of two sigmoids (rising and falling) with a fixed
time delay which is selected so that the peak does not fall below
96% of the functions range. The resulting function has six pa-
rameters which describe the contour and were employed in the
analysis: parameters a1 and a2 express the gradient of the ac-
cent’s rise and fall, parameter b describes the accents temporal
alignment (which has been shown to be crucial in the descrip-
tion of an accent’t shape [11, 12]), c1 and c2 model the ranges of
the rising and falling amplitude of the accent’s contour, respec-
tively , and parameter d expresses the peak height of the accent.
These six parameters are thus appropriate to describe different
pitch accent shapes. The model’s parameters are illustrated in
Fig. 1.

3. Examining pitch-accent variability.
In order to establish whether or not high numbers of pitch-
accent exemplars affect subsequent productions, a number of
experiments were carried out on pitch-accents found in a Ger-
man radio news corpus of approximately 1 hour of speech [13].
This corpus has been automatically segmented and manually la-
belled according to the GToBI(S) annotation schema [14]. The
first experiment, detailed below, was performed on tokens of
each of the following pitch-accent types (in descending order
of frequency): L*H: 1233 tokens, H*L: 704 tokens, H*: 162
tokens, and L*HL: 70 tokens.
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Figure 1: The PaIntE Model. This is Fig. 1 from [15]. The
model function is the sum of a rising and falling sigmoid and
the time axis is normalised to the syllable’s length.

3.1. Experiment 1.

The purpose of this experiment is to establish the extent to
which frequency of occurrence might affect pitch-accent pro-
duction. For tokens of the pitch-accent types listed above,
each token was modelled using the full set of PaIntE param-
eters. Thus, each token was therefore represented in terms of
a 6-dimensional vector. Vectors which contained outliers (di-
mensional values which fell outside the whiskers of box-and-
whiskers plots) were removed. This led to some reduction in
the data set, namely: L*H: 1006 token vectors; H*L: 526 token
vectors; H*: 118 token vectors; and L*HL: 61 token vectors.
The parameters are computed over the span of the accented syl-
lable and its immediate neighbours (see Fig. 1). For each of the
pitch-accent types the following steps were carried out:

• For each 6-dimensional pitch-accent category token cal-
culate the z-score value for each dimension. The z-score
value represents the number of standard deviations the
value is away from the mean value for that dimension
and allows comparison of values from different normal
distributions. The z-score is given by:

Dimz−score =
Dimvalue −Dimmean

Dimstandard−deviation
(1)

Hence, at this point each pitch-accent is represented by
a 6-dimensional vector where each dimension value is a
z-score.

• For each token z-scored vector calculate how similar it
is to every other z-scored vector within the same pitch-
accent category using the cosine of the angle between the
vectors. This is given by:

cos(�i,�j) =
�i •�j

‖�i ‖‖ �j ‖
(2)

where i and j are vectors of the same pitch-accent cate-
gory and • represents the dot product. Each comparison
between vectors yields a similarity score in the range [-
1,1], where -1 represents high dissimilarity and 1 repre-
sents high similarity.

−1.0 −0.5 0.0 0.5 1.0

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

1.
2

Pitch−accent frequency of occurrence analysis

Cosine Similarity

D
en

si
ty

L*H
H*L
H*
L*HL

Figure 2: Density plot of similarity values for 4 pitch-accents.

3.2. Results 1.

The results of the z-scored vector similarity comparisons for
each pitch-accent type are plotted in Fig. 2. Each density plot
indicates how similar pitch-accents of the same type are to each
other. Before analysing the graph it is important to note that
pairwise comparison of each contour using the (two-sample)
Kolmogorov-Smirnov test yielded statistically significant dif-
ferences in each case (p < 0.05 in all cases). However, while
the differences in distributions appear to rest between 0.0 and
-0.5, Fig. 2 would nevertheless seem to indicate that pitch-
accent frequency of occurrence has little, if any, effect on pitch-
accent production. Similarity comparison scores within high
frequency L*H productions are distributed in a similar fashion
to those within the low frequency L*HL productions. Nor is
there any interesting deviation within those extremes; H*L and
H* behave in much the same way. Why is this ?

Exemplar Theory provides evidence for storage of words
and phrases rich in phonetic detail [7, 8, 9, 16]. It seems plau-
sible that such storage might also include pitch-accent informa-
tion. For example, the German word “oder” (meaning “or”) is
very often placed in sentence-final position and produced with a
rising F0 contour to indicate a question rather than a disjunction.
It seems likely and intuitive, from the perspective of Exemplar
Theory, that this word would be stored, with this interrogative
intonation, as an exemplar in memory, rather than have the word
be incrementally augmented with the pitch-accent during the
production phase. However the expectations of Exemplar The-
ory, as it currently stands, are not clear. On the one hand Bybee
[1] notes that high frequency sequences undergo processes of
entrenchment. If this is always the case one might expect to see
greater levels of similarity for the high frequency L*H curve in
Fig. 2, i.e. a peak towards the right hand side of the graph due to
entrenched behaviour. However, on the other hand, Schweitzer
and Möbius [3] found that high frequency syllable productions
yielded increased duration variability. Interestingly here nei-
ther entrenchment nor increased variability occur. One possible
explanation of this uniformity of behaviour is that while pitch-
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Figure 3: Similarity of H*L accents occurring on frequent and
infrequent syllables.

accents might well be stored in line with exemplar-theoretic ex-
pectations, stored exemplars might only be used for the pur-
poses of perception (e.g. speaker identification, detection of
questions, sarcasm, etc.). Pitch-accent information for produc-
tion however could be added incrementally, i.e. after lexical ac-
cess (perhaps exemplar access) has taken place. This would be
in keeping with Levelt et al.’s theory of lexical access in speech
production [17]. If this indeed is the case then lexical frequency
should have no impact on pitch-accent behaviour either. Sec-
tion 4 below seeks to establish whether lexical frequency has
any effect.

4. Examining pitch-accent autonomy
In order to discern the impact of lexical frequency on pitch-
accent realisations, frequent and infrequent syllables which
were produced with H*L and L*H accents were extracted from
the same corpus used in Experiment 1. Analysis by Müller et
al. [18] was employed to define criteria for syllable frequency
and infrequency; the criteria being that high frequency syllables
have a probability of occurrence in excess of 0.001, and low
frequency syllables have a probability less than 0.00005. These
syllable frequency categorisation criteria were based on sylla-
ble probabilities induced from multivariate clustering and have
been successfully employed in previous exemplar-theoretic re-
search into syllable duration variability [3, 4]. This process
yielded the following numbers of tokens per pitch-accent and
frequency-bin types:

• H*L - 167 frequent vs. 149 infrequent syllable tokens
• L*H - 308 frequent vs. 231 infrequent syllable tokens

Note that for both pitch accent types there are a similar number
of syllable tokens in each syllable frequency bin, in particular
for H*L bearing syllables. This is due to a large number of in-
frequent syllable types having a small number of tokens each,
and a smaller number of frequent syllable types having a larger
number of tokens each. Given these data sets the following ex-
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Figure 4: Similarity of L*H accents occurring on frequent and
infrequent syllables.

periment was performed firstly on H*L accented syllables (fre-
quent and infrequent), and then on L*H accent syllables. It is
also important to note that since the number of tokens across the
syllable frequency bins is similar, and the pitch-accent type is
the same, any effects observed must have something to do with
syllable frequency and not merely pitch-accent frequency.

4.1. Experiment 2.

This second experiment operates in a similar fashion to Experi-
ment 1. For each pitch-accent token of a particular type (H*L or
L*H) realised on a given syllable token of a particular frequency
bin (frequent or infrequent) do the following:

• As in Experiment 1 calculate the z-score value for each
dimension so that the pitch-accent is represented by a z-
score vector. It is important to note that the syllable fre-
quency bins for the pitch-accent under investigation are
combined to allow calculation of the mean value, from
which the standard deviation and z-score are calculated.

• Using the cosine of the vectors determine how similar
each possible pair of pitch-accent vectors within a sylla-
ble frequency bin are to each other.

4.2. Results 2

Figures 3 and 4 present density plots of cosine similarities found
for both pitch-accent types and syllable frequency bins. In Fig.
3 plots similar to those in Fig. 2 can be seen; H*L accents
realised on low frequency syllables and high frequency sylla-
bles appear to have very similar distributions. The Kolmogorov-
Smirnov test here was not significant (p = 0.0544). Here, as
in the pitch-accent types in Experiment 1, there appears to be
little effect of frequency, this time lexical frequency, on the be-
haviour of the pitch-accent contours. A Kolmogorov-Smirnov
test on the results in Fig. 4, examining L*H accents, was sig-
nificant (p < 0.001). However, as with H*L pitch-accents on
syllables, the overall behaviour of L*H appears to be indepen-
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dent of lexical frequency.

5. Discussion
At the outset, the goal of this research, motivated by a growing
body of exemplar-theoretic evidence from a variety of linguis-
tic domains, was to establish what extent, if any, frequency of
production affects pitch-accent realisations, and to determine
whether or not lexical frequency also has a role to play.

The results from Experiment 1 and 2 are interesting in that
they neither support predictions of entrenchment nor variabil-
ity, both of which are exemplar-theoretic expectations. Indeed,
both experiments would indicate that pitch-accent realisations
appear to be largely immune to frequency effects and operate
autonomously or autosegmentally (as is often noted in the liter-
ature [19, 20]). This might well be an argument for post-lexical
generation of pitch-accent such as is found in Levelt et al.’s hi-
erarchical, feed-forward model [17]. However, the increasing
weight of evidence behind Exemplar Theory might recommend
a hybrid approach where pitch-accent exemplars are used for
perception only.

6. Future Work
In addition to the results discussed above, this research also
opens up a number of avenues for future research. For example,
given the parametric nature of the PaIntE model, what effects
might analysis on the basis of single dimensions yield? It is pos-
sible that while the overall 6-dimensional distributions of pitch-
accents might not conform to exemplar-theoretic expectations,
single dimensions e.g. temporal alignment, might well behave
as predicted. In addition, it might also be worth investigating
articulatory dimensions such as those proposed by [21, 22, 23].
A further question which arises concerns the possibility of a hy-
brid model, whereby pitch-accent exemplars are perceived and
stored, but are only used for recognition purposes (given that
the results do not support exemplar-based pitch-accent produc-
tion). If this is the case, then evidence for pitch-accent exemplar
storage, which is currently lacking, needs to be established.
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