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Abstract
We present an exploratory analysis of F0 ratio, a proposed
method to pick up octave jumps in the speech signal. Such
jumps, often considered errors, are possibly indicative of the
presence of creaky voice. This paper focuses on co-intrinsic
voice quality in Seoul Korean fortis stops, building on previous
data, and on the Danish contrastive voice quality stød. The re-
sults suggest that in Seoul Korean F0 ratio captures a clear jump
upwards indicating a modality switch from creaky to modal
voice, with a gender difference observed. This suggests that
pitch jumps are not necessarily erroneous but may reflect sys-
tematic cues to phonological contrasts cued with creak. In Dan-
ish, F0 ratio captures a rising intonational contour for non-stød
tokens and is able to categorise between stød and non-stød to-
kens with high accuracy, although this leaves open the question
whether F0 ratio captures modality shifts in Danish, or rather a
combination of modality shift and pitch contour differences.
Index Terms: Phonetics, pitch tracking, speech processing,
voice quality

1. Introduction
Pitch tracking algorithms can be used for different goals [1],
one of them being the detection of aperiodicity in the speech
wave caused by irregular vocal fold activity. Such irregular or
aperiodic waveforms naturally occur due to the nature of the hu-
man voice, and can have linguistic and paralinguistic function.
Creaky voice, an umbrella term for different types of aperiodic
and/or irregular voice qualities, is one cause of such irregulari-
ties in the speech signal, with prototypical creak being described
as having an irregular F0 with low rates of vocal fold vibration
[2].

Creak, but also other non-modal voice qualities, can result
in pitch jumps in the tracking algorithm, i.e., sudden octave
changes upwards or downwards. “Real” pitch jumps in algo-
rithms (i.e., not errors) have previously been acknowledged in
the literature (e.g. [3]), and often co-occur with aperiodic creak
(although not all creak necessitates a pitch jump being present).

In recent years it has become common to consider pitch
jumps as errors in the pitch tracking algorithm, with notable
new discussions on how to “smooth” pitch contours to remove
such jumps (e.g. [4]) or to fully remove tokens exhibiting jumps
before data analysis begins, either through manual inspection of
the speech signal or omission of any tokens that appear “audi-
bly creaky” [5, 6]. Other studies, particularly those concerning
Korean, have mentioned “unstable” pitch contours and either
fully removed such tokens, sometimes leading to a large exclu-
sion of data (e.g. [7, 8]), or have measured pitch further into the
vowel to avoid any possibility of pitch jumps in the first part
of the vowel [9]. Often such jumps upwards or downwards are

explicitly labeled as errors, and this is provided as justification
for removal (e.g. [6, 9, 8, 10]). Thus there seems to be a prob-
lem with data exclusion of any token that contains pitch jumps
with this now being extended to anything that “sounds creaky”,
regardless of whether or not pitch jumps occur within that to-
ken. This is especially problematic given the findings in [11]
that suggest that female speakers of Seoul Korean (henceforth:
SK) exhibit pitch jumps more than 20% of the time in their for-
tis stops, possibly indicating a gender exclusion bias in studies
up-to-date. [11] therefore propose that pitch jumps, rather than
being errors of the pitch-tracking algorithm, could in fact be
systematic features of the language in question that should not
be removed before thorough investigation.

Some pitch tracking algorithms disallow general octave
jumps by default, such as Praat‘s raw autocorrelation [12, 13]
which punishes all jumps equally. Others explicitly allow for
octave jumps, while at the same time punishing other forms of
jumps [3]. In this paper we focus on the aforementioned raw
autocorrelation algorithm, and we can account for octave jumps
that are present due to voice quality changes [14] (language-
specific examples include jumps found in Korean as in [8], or
period doubling in Mandarin, as in [10]) by changing the base
settings. In short, pitch jumps can be retained in Praat’s pitch
tracking algorithms by disabling the octave jump penalty (i.e.,
by setting “octave jump cost” to zero, for further details c.f.
[11]). By doing so, [11] could observe that in a selection of
SK fortis tokens there was a clear jump upwards roughly 1/3 of
the way into the vowel from aperiodic to modal voice that ap-
peared systematic (Fig. 1). These pitch jumps in SK were then
quantified as the ratio between F0 in the first third and the fi-
nal third of the vowel (henceforth: F0 ratio). By using F0 ratio,
the creaky tokens that demonstrated pitch jumps could be in-
cluded in their analysis, and a clear difference in F0 ratio was
observed between aspirated and fortis tokens. [11] propose that
F0 ratio could be used as a general diagnostic for differences
in voice quality, namely the switch from modal to creaky voice
and vice versa. Their preliminary research, however, was lim-
ited to a small group of female speakers in a single language
(SK).

The aim of the current paper is to assess the claims made in
[11] by evaluating a wider dataset of SK as well as a language
with a different phonological contrast where creak plays a more
prominent role, namely stød in Danish. In addition, the current
research tests how well F0 ratio can distinguish between stød
and non-stød tokens in Danish, and between fortis versus aspi-
rated tokens in SK. To do so, the paper employs linear discrimi-
nant analysis (LDA) to obtain prediction accuracy measures for
each group.

Our hypotheses can be summarised as follows:
• The larger set of SK data (including male speakers) is ex-
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Figure 1: Token /t*a/ of a female SK speaker showing an up-
wards pitch jump in the post-fortis vowel.

pected to continue to show a clear switch from creaky to
modal voice, and F0 ratio is expected to remain a consistent
measure for this.

• For Danish, F0 ratio is expected to capture the contrast be-
tween stød and non-stød tokens, though a change in how to
calculate F0 ratio might be necessary due to a different do-
main (the syllable) of the pitch jump than in SK (the vowel).

• The LDA is expected to have a higher prediction accuracy
for Danish compared to SK because Danish stød is phonolo-
gised, while in SK creak is considered a secondary acoustic
cue as it only occurs with a subset of the fortis stops.

2. Language Backgrounds
2.1. Seoul Korean

SK is a member of the largely extinct Koreanic family, and bears
a three-way laryngeal contrast in stops and affricates between
lenis, fortis, and aspirated, all of which are voiceless in phrase-
initial position. How the three are contrasted is still in discus-
sion, with voice quality being a lesser-researched area. Here we
focus only on the stops. F0 and VOT appear to play a strong role
for two of the three categories (lenis vs. aspirated), but the third
category (fortis) has largely been excluded from previous re-
search, as it is thought to be exclusively distinguished by VOT.
However, fortis stops appear to be accompanied by creaky voice
on the following vowel in certain contexts [15]: how frequently
this creaky voice occurs is unclear. As mentioned in the intro-
duction, creaky voice in SK (often also called “glottalization”)
has been actively avoided, and it has largely become standard to
exclude or adjust creaky tokens where measures are taken be-
fore analysis begins with statements such as “target attainment
F0 values were taken from the vowel duration whose glottal-
ized portions were excluded in order to avoid acquiring low F0
values driven by glottalization” [9, p. 91]. This would exclude
tokens that show the shift found in [11], where a low creaky F0
contour jumps upwards to modal roughly 1/3 of the way into
the vowel (Fig. 1).

Here we compare fortis and aspirated stops, both thought to
be phonologically marked for laryngeal features, but while for-
tis is marked for constricted glottis correlated with a “tense”,
“pressed” or creaky voice quality, aspirated are marked for
spread glottis, and are produced with full aspiration and often
a breathy voice in the following vowel [16, 17]. Creaky voice
quality is seemingly not (yet) phonologised in SK, as not all
fortis stop tokens contain creaky voice and/or pitch jumps.

2.2. Danish

Danish is a West-Germanic language which contrasts two dif-
ferent voice qualities in stressed syllables which have either
long vowels or sonorant codas. The levels of the contrast are
typically referred to as “stød” and “non-stød”. There are sev-
eral cues to the contrast and these cues differ in different vari-
eties of Danish [18]. In the standard variety as spoken around
Copenhagen, the perhaps most salient cue is that non-stød syl-
lables are realized with modal voice whereas stød syllables are
realized with creaky voice [19]. Stød syllables are not creaky
throughout, but are generally recognized as having two distinct
phases: in the first phase, they are modal, typically accompa-
nied by local pitch raising immediately at the syllabic onset,
and in the second phase, they are creaky [20, 21]. As a result,
the creaky phase is typically quite short. Pitch jumps also occur
within stød tokens, although the location is not as consistent as
with SK.

There is an extensive body of literature on the phonetics of
stød (see [22] for an overview). While creaky voice is integral
to the contrast and there is a body of work that aims to quantify
it using various measures of voice quality [23, 24], the corre-
sponding pitch jumps are usually described as pitch tracking
errors.

3. Analysis
As discussed above, both languages have some kind of creaky
voice, although the presence of it differs from contrastive (Dan-
ish) to non-contrastive (SK). In both languages, pitch jumps
have typically been labelled as errors.

For both languages, a linear discriminant analysis (LDA)
was used to test how well category prediction could be made on
the basis of F0 ratio. LDA was chosen since we are examining
auditory cues for a phonation-type contrast, it makes sense to
look at what percentage of tokens can be classified correctly
from those cues, given a simple classification algorithm.

All acoustic analyses described below were conducted in
Praat [12] using raw autocorrelation [13].

3.1. Seoul Korean Analysis

All SK data were taken from the Seoul Corpus [25]. All 40
speakers were included, divided evenly by gender. 933 for-
tis and 643 aspirated stops were extracted. The procedure de-
scribed in [11] was maintained for consistency: all word-initial
fortis plosives followed by an /a/ vowel were extracted, and F0
ratio (dividing the F0 of the first by that of the last third) calcu-
lated. Pitch floor and ceiling were adjusted for male speakers at
50 and 300 Hz respectively, and for female speakers at 75 and
500 Hz. Manual inspection confirmed the original claim that
speakers produced a jump (i.e. an F0 ratio of over 1.7 for dou-
bling and under 0.6 for halving, consistent with [11]) roughly
1/3 of the way into the vowel (cf. Fig. 1). No noticeable intona-
tion rise was observed in the target vowel at any point during the
investigation. Aspirated stops were also extracted in the same
way, albeit with a higher pitch floor and ceiling to accommodate
for a higher F0 (75–400 Hz for males, 100–500 Hz for female
speakers). Summary statistics (Left panel, Fig. 2) indicated that
for fortis stops female speakers produced jumps more often than
male speakers: 36.5% of fortis tokens for female compared to
13.9% fortis tokens for male speakers showed F0 jumps. Pitch
doubling was far more common than pitch halving, at 33% for
female and 11.2% for male tokens. For aspirated stops, only
4.2% of all tokens showed a jump, with 7% of female tokens
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Figure 2: Summary statistics of SK (left) and Danish (right) in
terms of category distribution.

compared to 1.7% of male tokens showing jumps. To assess
further, the MASS package [26] in RStudio [27] was used to
conduct an LDA. A random sample of fortis tokens was taken to
match the number of aspirated tokens exactly (643 each). Based
on F0 ratio alone, a prediction accuracy of 64% was produced
(Fig. 3). As can be seen in Fig. 3, the category prediction switch
was made at an F0 ratio of just over 1.

A linear regression model was fitted using the lme4
package [28] in RStudio [27]. The model assessed F0 ratio
based on category (fortis or aspirated), and modelled the
interaction effect between gender and category. By-speaker
random intercepts were included as well as by-speaker random
slopes for category, speaker, and their interaction:

f0Ratio ∼ category ∗ gender + (category | speaker)

Significant main effects were found for category, with for-
tis stops produced on average with a 0.27 higher F0 ratio than
aspirated stops (CI = 0.21 .. 0.33, t = 8.886, p = 7.6 · 10−11),
as well as for gender, with female speakers producing on av-
erage a 0.17 higher F0 ratio than male speakers (CI = 0.11 ..
0.24, t = 5.438, p = 3.9 · 10−6). These main effects are qual-
ified by a significant interaction between gender and category:
the female-minus-male difference in F0 ratio is greater for fortis
than aspirated stops, by an estimated 0.27 (CI = 0.15 .. 0.40, t =
4.333, p = 0.00010).

3.2. Danish Analysis

The Danish data come from 12 speakers of the Copenhagen
variety of Modern Standard Danish (10 female), who were
recorded in late 2023 for a forthcoming study on co-intrinsic
pitch. These materials are also suitable for our purposes here
since they systematically vary stød and non-stød. Recordings
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Figure 3: Korean LDA results with predicted category vs ac-
tual ratio (left) compared to actual category and actual F0 ratio
(right).

were made in sound-attenuated recording booths at the universi-
ties of Copenhagen and Aarhus using respectively a Sennheiser
MKH40 microphone and an AKG P420 microphone through
a Zoom H5. The speakers each read 137 sentences aloud that
were prompted on a computer screen using SpeechRecorder
[29]. The sentences were alternative questions of the type Er
det dine eller er det mine? ‘Are they yours or are they mine?’,
where the first part of the sentence was designed to elicit a
high intonational pitch target, and the second part a low target.
Recordings were force-aligned using the DanFA module of the
Autophon tool [30] and manually corrected. For this study, we
use a subset of 60 suitable sentences and focus only on syllables
with high pitch targets.

F0 ratio was calculated in a similar way as for the SK
data, using the first third divided by final third of the syllable
(instead of the vowel). Tokens containing stød produced a
lower F0 ratio than non-stød tokens (Right panel in Fig. 2). A
mixed-effects model again in RStudio using the lme4 package
[28] was created, in the same style as SK with by-speaker
random intercepts and by-speaker random slopes for stød:

f0Ratio ∼ stød+ (stød | speaker)

No gender effect was included as there were not enough
male speakers to model this effect. A significant effect of stød
type on F0 ratio was observed, with non-stød tokens producing
a ratio 0.35 higher on average compared to stød tokens (CI =
0.28 .. 0.43, t = 9.438, p = 0.00000141). The LDA analysis was
performed using the stød classes as the classifying variable and
produced an accuracy of 79.3% for predicting stød vs non-stød,
better than the SK data. As can be seen in Fig. 5, the model
predicted non-stød values above roughly 1.2, although there is
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Figure 4: Non-stød token of the word “bule” demonstrating a
rising pitch contour.

still overlap between the two. Therefore the ratio provided a dif-
ference between the two categories, but there is not an absolute
distinction using F0 ratio alone.

4. Discussion
As seen in [11], SK fortis stops appear to show a systematic pat-
tern of pitch jumps, that we here find to be stronger for female
speakers. This supports the point made in the introduction that
removing such jumps could be detrimental to the study of SK.
The measure of F0 ratio was shown to be a working diagnos-
tic for pitch jumps, however, it does not demonstrate where the
jumps occur, and for SK it does not imply that fortis stops not
containing jumps are modal; rather it appears good at detecting
modality switches from creaky to modal voice. Although this
implies that creak is present (somewhere) in that token, it does
not entail that all creaky tokens have jumps. Though not ex-
plicitly stated, it is therefore likely that SK female speakers are
more at risk than male speakers of being excluded from studies
involving fortis stops.

In terms of categorisation results, F0 ratio appeared to
struggle to distinguish between aspirated and fortis tokens for
SK, although it did perform above chance level. However, the
reader should be aware that little was done to “prepare” the data
– that is to say, no account was taken of sentence structure,
speech rate, word type, etc. The corpus used is conversational
speech, which makes this even more striking. With a more struc-
tured dataset and more controlled variables, we expect F0 ratio
to perform even better at identifying the difference between the
two stop categories. To fully understand the performance of the
present model, introduction of the third stop type, lenis, which
was not included here, would be required.

Danish stød appeared to perform better, which is most
likely due to the fact that this is a phonologised category in
the language, but could also be influenced by the fact that the
dataset is more controlled (i.e. matched for word, length, and
sentence position). However, it seems possible that the LDA
categorisation model focused on an intonation rise in non-stød
tokens (c.f. Fig. 4) rather than pitch jumps: future research could
provide a systematic overview of where these jumps occur, and
then a more complex ratio could be employed to account for
jump locations.

The results therefore indicate that F0 ratio appears to be
useful as a general measure for inferring changes in the pitch
contour, be that an intonational rise or pitch jumps. It functions
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Figure 5: Danish LDA results with predicted category vs ac-
tual ratio (left) compared to actual category and actual F0 ratio
(right).

well for both conversational as well as structured datasets, and
with further adjustments reliant on language-specific knowl-
edge it is possible that the accuracy of pitch jump identification
and the subsequent creaky voice will increase.

4.1. Considerations and Future Research

This paper has looked at F0-based cues for the phonation-
type contrasts at hand. Future research will have to include
other types of cues, perhaps spectral ones such as H1–H2 (the
strength of the first harmonic with respect to the second har-
monic [31, 32]) and combine the results to compare with the
output of F0 ratio. This is particularly relevant given the fact
that not all tokens that are aperiodic contain jumps; this needs
to be confirmed with spectral analysis. The first consideration
would be to assess datasets that are equally structured: future
research could evaluate if SK improves in accuracy with a more
systematic (non-conversational) database that controls for word
and word-frequency. This is in combination with the suggestion
to include the third category, lenis.

Additionally, we did not adjust F0 ratio beyond a simple di-
vision between the first third and the final third of the vowel or
the syllable. It is possible that accuracy could be improved for
languages where multiple jumps occur if the ratio is adjusted; a
suggestion is to consider this possibility for Danish stød which
can contain multiple pitch jumps, and see if changing the ratio
to include language-specific patterns assists in category classi-
fication.
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