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Abstract
This article presents the results of a perception study using

hummed F0 contours as stimuli. The original contours were pro-
duced in a production study investigating German wh-questions
and wh-exclamatives, and had previously been classified using
cluster analysis. A previous perception study on the same dataset
had found that the output of the cluster analysis was predictive
of perceived contour similarity, but that contour duration and F0
register (both of which were normalized for the original cluster
analysis) also had a large influence.

In this study, we normalized the stimuli in terms of duration
and F0 register. Original cluster membership was not predictive
of perceived similarity, suggesting that the original clusters did
not form ‘pure’ perceptual classes when correcting for duration
and register. However, cluster analysis applied directly to the
subset of stimuli did result in a clustering that was predictive of
perceived similarity. We also investigated correlations between
acoustic differences and perceived similarity for the four quar-
ters of each contour pair. Results show that only later acoustic
differences have an impact on perception.
Index Terms: intonation, F0, pitch, cluster analysis, perception

1. Introduction
Cluster analysis (CA) of F0 contours is an emerging method
in the analysis of tone and intonation. While CA has been
applied in research of prosody for decades (e.g., [1]), this usually
took the form of it being applied on aggregated data, e.g., on
per-syllable means, or on perception ratings. Lately, CA has
also been used to analyze ‘raw’ F0 contours directly (see [2,
3, 4] for background). Recent studies have investigated a wide
range of phenomena using this method: post-lexical intonation in
Cantonese [5], the Mainstream American English ToBI inventory
[6], the impacts of sarcasm [7] and emotion [8] on intonation in
American English, boundary tones [9] and backchannels [10] in
German, filler particles across languages [11], focus marking in
Mexican Spanish ethnolects [12], and intonation and tone in an
under-researched Papuan language [13].

Cluster analysis necessarily analyzes F0 contours, i.e., sub-
sequent values of (the inverses of) glottal periods. Ultimately,
however, we are interested in pitch contours, i.e., in the psycho-
acoustic percept of F0 (cf. [14] for discussion of this distinction).
This ultimate aim requires an investigation of the link between
F0 and pitch, or between production and perception. A recent
study [3] investigated correlations between various F0 measures,
distance measures and two listener groups (German and Papuan
Malay), and showed that contour perception was quite similar
between the two speaker groups. However, correlations between
the acoustic difference measures and perceived similarity were
only moderate, suggesting that there are still unknown factors

influencing F0 perception, e.g., non-F0 cues or phrasal context.
In this study, we build on and refine the methodology of a

previous perception study [15] using clustered F0 contours [9]
as stimuli. We show that cluster analysis can yield results that
are in line with the outcome of a perception study, or in other
words: cluster analysis can yield perceptually distinct clusters.

2. Background
[9, 15] investigated intonational variation in an experimental cor-
pus of German wh-questions and wh-exclamatives (from [16]; ex-
ample lexicalization: wo die schon überall Germanen erforscht
hat, ‘where she has already researched Germanic peoples’). [9]
focused on the question of whether CA can result in phono-
logically meaningful clusters when applied to a relatively large
dataset of German read speech (number of utterances: 1109).
A special focus lay on the boundary tones, i.e., F0 patterns re-
lated to the edges of phonological phrases. Two separate cluster
analyses were combined in that study: one CA on the entire
utterances and one CA on the final two syllables of all utterances
(which gave ‘extra weight’ to utterance-final pitch). The com-
bined analysis performed well in separating clusters that mostly
corresponded well to ‘canonical’ GToBI [17] nuclear contours,
such as L* H-ˆH% or L+H* L-H%.

Two clusters were singled out for further analysis in [9],
as they did not appear to straightforwardly correspond to one
canonical GToBI nuclear contour: one cluster containing many
late, seemingly boundary-related falls and one cluster containing
medium-high plateaus, some of them downstepped. Note that the
two clusters appeared from the analysis of the final two syllables,
not from the analysis on the whole contour. [9] proposed that
the falling cluster consisted of instances of H-L%, which is not
officially a part of GToBI (and should not be confused with the
boundary tone of the same name in MAE-ToBI, which instead
corresponds to GToBI H-%), while the level cluster seemed
to fall in between H-% and !H-%. !H-% is the boundary tone
occurring in the German calling contour (cf. [18, 19]), but note
that none of the instances of it in this dataset intuitively sounded
like calling contours. In the remainder of this article, we will
refer to the falling cluster as F and to the level cluster as L for
short, so as not to prejudge a phonological analysis.

[15] ran a perception study using a selection of contours
from the F and L clusters as stimuli. Only utterances that were
originally produced as wh-questions were selected. Contours
were played in pairs and then rated by participants on a 5-point
similarity scale. The contours were presented as hummed tones,
i.e., they contained no lexical or segmental information, con-
sisting entirely of a schwa-like vowel. Besides this removal of
lexical and segmental information, no changes were made to the
F0 contours, i.e., differences in duration and F0 register were
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not corrected for. The study found that within-cluster compar-
isons were indeed judged to be more perceptually similar than
between-cluster comparisons, but there were several confounds.
First, the most similar pairs were not just within-cluster com-
parisons, but also within-speaker (and hence also within-sex)
comparisons. Second, there was a large impact on perceived
similarity from differences in duration and F0 register (both of
which were not ‘visible’ to the original cluster analysis, since
contours are scaled to the same length for cluster analysis and
the contours in [9] had their F0 normalized within-speakers).
Most crucially, the contours in the F cluster differed from the
more level contours of the L cluster in all three aspects, i.e., F0
movements, F0 register / speaker sex, and duration.

Thus, while it seemed likely that the original cluster analysis
indeed resulted in perceptually distinct clusters, we could not
isolate the relative contributions of F0 shape, F0 register and
contour duration. These confounds motivated the present study.
We set out to make exhaustive comparisons between contours
that have been normalized with respect to F0 register and their
total duration, so that only differences in the locations and mag-
nitudes of F0 movements remain as cues. Crucially, these are the
same cues that are available to a cluster analysis of F0 contours.

3. Methodology
3.1. Stimulus selection and normalization

We made the following changes to the methodology relative to
[15]: (i) selection of 5 contours from each cluster, for a total
of 10 single contours (down from 10 contours from each clus-
ter); (ii) selection of contours that were balanced for original
speaker and gender as far as possible (instead of selecting the
most typical contours from each cluster); (iii) where possible,
inclusion of identical speakers in both clusters; (iv) presentation
of all possible combinations of contours, including presenta-
tion of contour pairs consisting of identical contours (instead
of mostly between-cluster comparisons); (v) normalization of
duration of each contour to the mean duration of all 10 contours;
(vi) normalization of F0 register to the median F0 value of all
10 contours. The main goal of F0 register normalization was to
make speaker gender unavailable as a perceptual cue.

Table 1 gives an overview of information about the five
contours that we picked from each cluster. Regarding original
nuclear accent locations, 9 of the utterances featured nuclear
accents on the object, which was roughly located starting at
the halfway point of each utterance (the stressed syllable was
followed by four unaccented syllables). One utterance featured
a nuclear accent on the lexical verb, whose stressed syllable was
the penultimate syllable of the utterance. We come back to this
potential ‘odd one out’ in the Discussion. Finally, again only
original questions were selected.

Fall Level
Speakers f2 (x2), f3, f1, f3,

m3, m4 m1, m2, m3
Nuclear accent Obj. (x4), Verb (x1) Obj. (x5)
Duration (orig.) 1.76 s 1.69 s
Duration (norm.) 1.72 s 1.72 s
F0 median (orig.) 203.21 Hz 160.83 Hz
F0 median (norm.) 176.02 Hz 176.02 Hz

Table 1: Stimulus metadata by cluster. ‘f’ denotes female speak-
ers, ‘m’ male speakers. Underlined speakers are present in both
clusters.

The F0 normalization was carried out using a custom Praat
[20] script, using to the following equation:

Norm(F0i) =
F0i ·median(F0data)

median(F0contour)
(1)

Calculation by means of multiplication and division ensures
correct scaling of the F0 range: contours that are normalized into
a lower register must also be ‘squeezed’ vertically in order to be
perceptually equivalent to the original contour, and vice versa for
normalization into a higher register and ‘stretching’ (see Fig. 1
for illustration).

The order of operations was as follows: (1) normalization
of the duration of the original sound using PSOLA, (2) interpo-
lation of the pitch contour (i.e., filling in unvoiced segments),
(3) smoothing of the pitch contour (10 Hz bandwidth), (4) cal-
culation of the median F0 of the resulting contour, (5) trans-
position of the contour to the normalized F0 register, using
the formula given in Eq. 1, (6) creation of a new sound file
from the resulting Pitch object using the Praat function To
Sound (hum). The Praat script and all stimuli are available
at https://osf.io/fe6w4/.

Acoustic measures related to duration and F0 register before
and after normalization are given in Table 1. Note that cluster F
was normalized downwards, originally containing 3 female and
2 male speakers, and vice versa for cluster L. After normaliza-
tion, our auditory impression of the stimuli was that they were
genuinely ambiguous with respect to original speaker gender.

Figure 1: Two example contours before (black line) and after
(red line) normalization of duration and F0 register. The contour
on the left is an F contour by a female speaker; the one on the
right an L contour by a male speaker.

3.2. Procedure

The experiment was run using PsyToolkit [21, 22]. 27 native
listeners of German participated, who were recruited from the
student population of the University of Cologne. Contours were
played in pairs, and listeners then judged the perceived similarity
of each pair on a five-point scale (the end points were labeled
identisch, ‘identical’, and unähnlich, ‘dissimilar’). The instruc-
tion made reference to the Satzmelodien, ‘sentence melodies’, so
intonation was explicitly highlighted (in layman friendly terms),
but any potential functions of intonation, such as communica-
tive intentions, were not. Each listener judged all 55 contour
pairs. There were no fillers. The order of stimulus presentation
was randomized for each participant. In total, the experiment
resulted in 1485 similarity ratings. We excluded comparisons
of identical contours from the statistical analysis, which left
1215 ratings. For the statistical analysis, we fitted cumulative
link mixed models (CLMMs) using R package ordinal [23].
Both of the models we report feature by-subject and by-stimulus
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random intercepts and by-subject random slopes for the predic-
tor, and they both used treatment contrasts with between-cluster
comparisons as the intercept.

4. Results
4.1. Direct comparison of original clusters

The results of the perception study are shown in Fig. 2. The
visually most striking result is that participants were clearly
able to identify pairs of identical contours, indicated by the vast
majority of ‘identical’ ratings (5) on the right side of the plot.
Turning to the comparisons of different contours, original cluster
membership did not have a significant impact on perceived simi-
larity. While there is a slight trend for F-F and L-L comparisons
to receive more ‘identical’ ratings than the between-cluster F-L
comparisons, this was not significant (all p > 0.1).

Figure 2: Distribution of similarity ratings by membership in
original clusters. Pairs of different stimuli are shown on the left,
pairs of identical stimuli on the right.

4.2. Post-hoc analyses

Since the original cluster analysis clustered all 1109 contours
from [16], and since the two clusters investigated here repre-
sented ‘mixed’ clusters (i.e., they fell into the same cluster based
on the whole contour, but different clusters based on the final
two syllables), we wanted to investigate to which extent cluster
analysis applied only to this subset of 10 contours would cor-
relate with perceived similarity. To this end, we ran a cluster
analysis on the 10 stimuli (using F0 in Hz – since the stimuli
were already normalized – with a euclidean distance metric and
hierarchical agglomerative clustering with complete linkage).

The best clustering solution consisted of two clusters: one
cluster consisting of the three late-falling contours from the F
cluster and one cluster consisting of the seven other stimuli,
see Fig. 3. An analysis using three clusters still clustered the
three late-falling contours into the same cluster, so for ease
of presentation we only discuss the cluster analysis using two
clusters. We refer to the original cluster analysis (1109 contours)
as ‘original’ and to the results of the cluster analysis on the 10
stimuli as ‘subset clusters’, using the numeric labels shown in
Fig. 3 to refer to the subset clusters.

Fig. 4 shows the similarity ratings split by subset cluster
membership. It can be seen that the three late-falling contours
(labeled ‘2’ in Figs. 3 and 4) were judged to be more similar to
each other than comparisons between subset clusters (labeled
‘1-2’). For the more level contours in subset cluster ‘1’, a similar
picture obtains, although the within-cluster comparisons are not

Figure 3: Results of the cluster analysis of the 10 stimuli

as similar as for the late-falling contours. A CLMM predicting
perceived similarity from subset cluster membership confirms
these effects (1-1 vs. 1-2: p < 0.05; 2-2 vs. 1-2: p < 0.01).

Figure 4: Distribution of similarity ratings by membership in
the subset cluster analysis. Pairs of different stimuli are shown
on the left, pairs of identical stimuli on the right. Cluster labels
refer to the labels shown in Fig. 3.

4.3. Locus of perceived differences

We also investigated which differences between contours had
larger impacts on perceived similarity. To this end, we calculated
two measures of acoustic similarity for the four quarters of
each contour pair separately. The two measures were F0 range
and ∆F0. F0 range was a simple measure of the difference
between maximum F0 and minimum F0 within each quarter
of one contour; Fig. 5 shows the absolute differences between
contour pairs in F0 range on the x-axis and mean perceived
similarity on the y-axis.

∆F0 was calculated as follows:

∆F0 =
1

n

n∑
i=1

|F0i − F0i+1| (2)

This is a measure of the mean difference between adjacent F0
points (in Hz). Fig. 6 shows the absolute differences between
members of a contour pair in terms of ∆F0 on the x-axis and
mean perceived similarity on the y-axis.

For both F0 range and ∆F0, it can be seen that later differ-
ences have a larger impact on perceived similarity. Only in the
third and fourth quarter are there correlations between acoustic
similarity and perceived similarity. Early differences in the first
halves of the contour pairs do not seem to have much of any
impact on perceived similarity. Note that early differences do
exist and are of comparable magnitude to late differences, so
the greater impact of later acoustic difference is not simply an
epiphenomenon of later acoustic differences being larger.
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Figure 5: Correlations between F0 range (x-axis) and mean per-
ceived similarity (y-axis), shown separately for the four quarters
of each contour pair. Every dot is one contour pair. Identical
pairs have been excluded from this plot.

5. Discussion
Our results are two-fold: first, the original clusters from [9]
were indeed ‘mixed’. Given that these clusters were the results
of a combination of two separate cluster analyses on different
time domains, this finding is maybe not surprising. Second,
despite this mixture being present in the stimuli, cluster analysis
performed directly on the 10 stimuli themselves is successful in
forming perceptually distinct clusters, as shown by the results of
the subset cluster analysis.

We nevertheless want to advise caution, in particular with re-
spect to drawing wide-reaching phonological conclusions about
German intonational phonology. The reason for this is that the
stimulus preparation necessarily stripped the stimuli of all lexical
or segmental cues to stress, accentuation and alignment (in terms
of tonal targets and syllables). To give a concrete example of
what this entails, consider the late-falling contours labeled ‘2’ in
Fig. 3: we cannot say whether these contours were perceived to
be more similar to each other because the listeners all tended to
perceive, say, an H-L% boundary tone (following a low-rising
accent), or because the listeners all tended to perceive a late and
perhaps an unusually wide peak accent. With pure F0 contours
that contain no clear cues to syllable structure, these differences
in alignment will be hard to impossible to perceive. As a mat-
ter of fact, the contour pair with the highest mean similarity
rating (among non-identical contour pairs) is a pair involving
the one stimulus with a late nuclear accent on the verb, which
was compared to a ‘boxy’ plateau following a low accent on the
object. That this pair received the highest mean similarity rat-
ing suggests that accentual peaks and boundary-related (falling)
plateaus were perceived similarly.

Regarding the finding that listeners are more sensitive to
acoustic differences later in the utterance, we remain agnostic on
whether this sensitivity represents a pure recency effect, or might
be taken to represent a sensitivity specifically to the nuclear
part of the contours. We consider a recency effect to be more
likely, since – as we just discussed – it is not clear that the
stimuli contained any cues to what constituted the nuclear part
of each contour, besides the perhaps trivial cue that nuclear

Figure 6: Correlations between ∆F0 (x-axis) and mean per-
ceived similarity (y-axis). All other aspects are like in Fig. 5.

accents tend to occur late in utterances by definition (nuclear
accents being the final accent in a phrase). Even then, a late
F0 movement could instantiate an accent or a boundary tone, as
just pointed out, and these two phonological objects might have
different perceptual effects, at least in the presence of lexical and
segmental information (cf. [24]). That said, it is also possible
that, in general, the nuclear part of an intonational contour is
important to perception because of recency effects, which would
mean that the two concepts cannot be disentangled.

6. Conclusion
With the caveats we just presented in mind, the present study
shows (a) that phonologically untrained listeners of German can
successfully perform the relatively abstract task of giving ratings
of perceived similarity for hummed contour pairs, and (b) that
cluster analysis ‘agrees with’ these listeners to a substantial ex-
tent. Taken together, these findings suggest that F0 contours can
be analyzed holistically, since CA and listeners arrive at compa-
rable categorizations of contours. Although this categorization is
not representative of natural language nor of natural intonation, it
may very well be a task that listeners do continuously (alongside
integrating all cues that we stripped off).

The findings of the present study raise the issue of what
to cluster – only CA applied directly to the set of 10 stimuli
is in line with the perception of participants, while the original
CA applied to the entire dataset was not. The results indicate
that focusing closer on the phenomenon of interest yields better
results. In other words, the original cluster analysis, in clustering
the entire dataset, lost sensitivity for differences in this subset
of 10 contours. That said, CA can still be helpful to semi-
automatically sort a large dataset.

We close by pointing out two potential avenues for future re-
search: the potential recency effect could be tested by assessing
listener’s working memory capacity (WMC). If listeners with
weaker WMC show stronger correlations between late differ-
ences and perceived similarity, this would indeed point towards a
recency effect. Regarding the stimuli, it might be possible to use
the amplitude envelope in order to construct stimuli that keep
the syllabic structure (more) intact and potentially retain cues to
stress, while still being free of lexical information.
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