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ARTICLE INFO ABSTRACT

Keywords: An experiment assessed listeners’ judgement of either relative pitch height or prominence between two
Speech .perception consecutive fundamental frequency (f,) peaks or valleys in speech. The f, contour of the first peak or valley was
Iqo}r:anon kept constant, while the second was orthogonally manipulated in its height and plateau duration. Half of the
Pite . stimuli had a flat baseline from which the peaks and valleys were scaled, while the other half had an overtly
Prominence o . . . .o . .

Declination declining baseline. The results replicated the previous finding that f, peaks with a long plateau are salient to

listeners, while valleys are hard to process even with a plateau. Furthermore, the effect of declination was
dependent on the experimental task. Listeners’ responses seemed to be directly affected by the f, excursion size
only for judging relative height between two peaks, while their prominence judgement was strongly affected by
the overall impression of the pitch raising or lowering event near the perceptual target. The findings suggest that
the global f, contour, not a single representative f, value of an intonational event, should be considered in
perceptual models of intonation. The findings show an interplay between the signal, listeners’ top-down ex-

pectations, and speech perception.

1. Introduction

The definition of prominence has been under intense debates in
speech prosody literature (see Ladd and Arvaniti, 2022 for a recent
survey). In any event, native speakers of West Germanic languages can
judge relative intonational prominence between utterance constituents
(e.g. Cole et al., 2010; Knight, 2008; Turnbull et al., 2017) and they
interpret the prominence in terms of informational salience or impor-
tance (e.g. Chen et al., 2007; Krahmer and Swerts, 2001; van Maastricht
etal., 2016). For instance, in “I bought her a bottle of whisky, but it turns
out that she doesn’t LIKE whisky (see Ladd 2008, Chapter 6)”, the
repeated, second ‘whisky’ is likely to be spoken with reduced pitch,
deaccented, being less informative than the accented word ‘LIKE’.
However, the relationship between accentuation and information load is
not straightforward (see Bolinger, 1972; Ladd, 2008, Section 7.1) and
not all intonational pitch accents are equally prominent. For instance,
studies in German show that pitch accents with a high pitch, arise, a late
peak, or a long flat stretch of the fundamental frequency (f,) are judged
prominent, and they are associated with new information or focus (e.g.
Baumann and Roth, 2014; Baumann and Rohr, 2015; Rohr et al., 2022).
On the other hand, pitch accents with a low pitch, a fall, an early peak, or

All stimuli are available upon request to the author.
E-mail address: hjeonl@uclan.ac.uk.
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a sharp turn of the f, contour are associated with low prominence and
more accessible or given information (e.g. Chen et al., 2007; Gussen-
hoven, 2002; Knight, 2008; Pierrehumbert and Hirschberg, 1990 for
English and Rohr et al., 2022 for German).

The present study tackles how listeners perceive relative pitch height
and prominence for intonational peaks (rise-falls) and valleys (fall-
rises). As further discussed below, a large body of research has explored
the perception of intonational peaks or high prominence. However, little
is known about the perception of valleys or low prominence (see Jeon
and Heinrich, 2022a; Barnes et al., 2023), while the complexity of low
prominence was pointed out from the early stage of the empirical
investigation on intonation (Liberman, 1975). Hereafter, ‘fundamental
frequency (f,)’ refers to the acoustic parameter and ‘pitch’ refers to the
perceptual sensation. This distinction is made because in this study, the
fo contour was experimentally manipulated to examine its perceptual
consequence in pitch. The term ‘extrema’ is used as a cover term for both
peaks and valleys. In the remainder of this paper, we examine listeners’
perception as a function of the precise f, contour shape including the f,
movement direction (peaks vs valleys, see Section 1.1), the precise shape
of the f, turn (i.e. whether it forms a flat stretch of f,, a plateau of 25 ms,
50 ms or 100 ms and how they are paired (Section 1.2), the presence of
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baseline declination (Section 1.3), and the effect of experimental task
type (judging ‘height’ vs ‘prominence’, Section 1.4). Section 2 discusses
the study design and predictions. Section 3 reports a perception exper-
iment and Section 4 presents the experimental results. Section 5 and
Section 6 respectively discuss findings and conclusions.

1.1. The perceptual asymmetry between intonational peaks and valleys

The present study focuses on the perceptual asymmetry between f,
peaks and valleys. For instance, in German, pitch accents with f, rises are
perceived as more prominent than pitch accents with low targets or falls
(Baumann and Roth, 2014; Baumann and Rohr, 2015; Baumann and
Winter, 2018; see Evans, 2015 and Hsu et al., 2015 for discussion on the
physiological and psychological bases). The present study builds upon
Jeon and Heinrich’s (2022a,b) studies which took a psychoacoustic
approach (cf. 't Hart et al., 1990). It was shown that listeners are better
at discriminating the relative height (Jeon and Heinrich’s, 2022a) or
prominence (Jeon and Heinrich, 2022b) between two consecutive peaks
compared to valleys. In both studies (Jeon and Heinrich, 2022a,b), the
experimental materials were resynthesised English question utterances
(e.g. ‘does Nina know Mona?’). All experimental materials had either
two f, peaks or valleys, and the stressed syllable (‘Nina’, ‘Ména’) was
associated with an f, extremum (as in the present experiment; see Fig. 1).
Rather than using naturally produced high (H*) or low (L*) pitch ac-
cents, the experimental materials were created to have the peaks as
mirror images of the valleys. The height and shape of the first extremum
remained constant throughout the experiment, but the second
extremum varied in its height in five steps and its plateau duration.
Native English speakers living in England participated in the
experiments.

Speech Communication 173 (2025) 103267

In two experiments in Jeon and Heinrich (2022a), participants
judged which of the two peaks was higher and which of the two valleys
was lower. The first experiment examined the effect of the extrema type
(peaks, valleys), the second extremum shape (sharp turn, 100 ms
plateau), and the item (four different sentences). The stimuli with two
peaks and those with two valleys shared the baseline at 200 Hz, i.e. the
pitch rose from the baseline to the maximum to form a peak, and it fell
from the baseline to reach the minimum to form a valley. The second
experiment re-examined the effect of the extrema type (peaks, valleys),
using different durational conditions for the second extremum (25 ms,
100 ms plateau) and varying the f, level of the intonational events (high,
200-302 Hz; low, 132-200 Hz). The results established that listeners’
pitch height discrimination was significantly reduced for valleys
compared to peaks. A change in one semitone in the second extremum
height yielded relatively small changes in the responses for valleys than
for peaks. For perceptual equivalence, compared to the peaks, listeners
required a larger f, excursion for the valleys, i.e. when the two valleys
were perceived equal in height, the second valley was physically lower
than the first. The f, forming a 100 ms plateau increased the perceived
pitch saliency compared to a sharp turn or a 50 ms plateau, making a
peak sound higher and a valley lower (see Section 1.2 for further dis-
cussion). However, the pitch-saliency-enhancing effect of a long plateau
was reduced for valleys, suggesting that this effect was potentially
constrained by pitch perceptibility. Furthermore, while listeners showed
good discrimination for the peaks regardless of the f, level, the f,
changes associated with valleys at a low frequency level were not
perceptually weighted as much as the same magnitude of f, changes in
semitones occurring in the higher level.

Jeon and Heinrich (2022b) replicated the perceptual asymmetry
using a smaller contrast in the second plateau duration (25 ms vs 50 ms).
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Fig. 1. Sample f, tracks for two stimulus pairs with either two peaks (line) or two valleys (speckles). All f, extrema in this figure form a 25 ms plateau aligned at the
end of the stressed vowel. In each pair, one stimulus has a flat baseline (no declination) and the other has a declining baseline. The numbers indicate landmarks for f,
manipulation (e.g. 1: beginning of the rise/fall, 2: beginning of the plateau, 3: end of the plateau, 4: end of the rise/fall).
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The ERBy number scale (Glasberg and Moore, 1990; Patterson, 1976)
was used to address the concern that the previously observed perceptual
asymmetry might have been a by-product of using the logarithmic
semitone scale. When the f, rises and falls were expressed in semitones,
the perceived magnitude of the pitch excursion could have been smaller
for valleys relative to peaks (Rietveld and Gussenhoven, 1985). The one
semitone step was equivalent to 12-14 Hz for the valleys and 14-17 Hz
for the peaks when the f, varied in the range of 200-302 Hz, whereas
using the ERBy number scale introduced similar f, step sizes in Hertz for
the peaks and the valleys (see Nolan, 2003).

1.2. The saliency-enhancing effect of f, plateaux

A flat stretch of f,, i.e. a plateau, associated with a peak makes it
sound higher and more prominent compared to a sharper peak with the
same f, height (D’Imperio, 2000; Jeon and Heinrich, 2022a,b; Knight,
2008). In Knight’s (2008) first experiment, six listeners judged which
peak was higher after listening to a pair of ‘came with Manny’ utterances
which were resynthesised to have the stressed vowel to have a sharp f,
peak, a 50 ms-long plateau or a 100 ms-long plateau. The plateau
duration was fully crossed within the utterance pair. The results showed
that listeners judged the peak with either a 50 ms or 100 ms-long plateau
to be higher than a sharp peak. No significant difference in listeners’
responses was found between the 50 ms and 100 ms plateau conditions
when each of them was paired with a sharp peak in a trial. When the 50
ms and 100 ms plateaux were paired, however, the 100 ms had a slight
advantage compared to the 50 ms plateau. Knight (2008) concluded that
the 50 ms plateau was sufficient to trigger the saliency-enhancing effect
and the 100 ms plateau did not have a strong additive effect. This finding
was interpreted as evidence for listeners’ stability-sensitive weighting
(Gockel et al., 2001); the pitch perception was more strongly affected by
the steady portions in the signal than where the frequency was changing
rapidly and the 50 ms plateau was sufficient to trigger phase-locking of
the pitch perception mechanisms. Meanwhile, House (1990,1996) pro-
posed that listeners track f, movements as dynamic events only when
enough cognitive resources are available, and when there is a spectrally
stable section in the speech signal of at least 100 ms, as typically pro-
vided by a vowel and a following sonorant consonant. Similarly, Barnes
et al. (2012a,b, 2014) suggested that the plateau coinciding with high
sonority segments are judged higher than those which partially overlap
with less sonorous consonants.

In Knight (2008), Barnes et al. (2012a,b) and Barnes et al. (2014), the
saliency-enhancing effect of the f, plateau was investigated only for
peaks. Meanwhile, Jeon and Heinrich (2022a) showed that the plateau
associated with a valley had a reduced effect. When the second peak
formed a 100 ms plateau with a higher f, than the first peak, listeners’
responses were at ceiling, judging the second peak to be higher than the
first. On the contrary, the ‘ceiling effect’ was not found for valleys; the
valley forming a 100 ms plateau did not achieve a comparable
saliency-enhancing effect as what was found for peaks. While this
finding suggests that the perceptual weight of a plateau is
context-sensitive, it is still not clear how the durational threshold of the
plateau triggering the saliency-enhancing effect is determined. For
instance, Jeon and Heinrich (2022b) provided evidence that even a
small contrast between 25 ms and 50 ms plateaux associated with peaks
was perceived by young listeners with normal hearing. Returning to
Knight (2008) reporting no significant difference in the perception of 50
ms and 100 ms plateaux, one reason could be that each of the 50 ms and
100 ms plateaux was pitted against a sharp peak. A sharp peak might not
allow sufficient time for listeners to detect a stable pitch target, failing to
serve as a robust standard for a comparison. Note that 50 ms and 100 ms
plateaux were in fact discriminated from each other when they were
paired in the same trial. Furthermore, as only six listeners were tested,
the results are not conclusive.
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1.3. Declination

One limitation of Jeon and Heinrich’s (2022a,b) studies was that all
speech stimuli had a flat f, baseline which is unlikely to be found in
natural speech. Declination, i.e. the downward trend of f, in utterances
(Cohen and 't Hart, 1965, Cohen and 't Hart, 1967), is observed across
languages (Ladd, 2008, Chapter 2, and references therein) and it is often
visible in the f, track. The declination implies that the f, excursion
associated with a peak is larger in the earlier than the latter part of an
utterance (e.g., Cohen et al., 1982; Terken, 1991). Its well-known
perceptual consequence is that when listeners judge the relative
height or prominence between two consecutive peaks, the second peak
is usually acoustically lower than the first in f, when they are percep-
tually equivalent. This is probably because listeners perceptually
compensate for their expectation of declination (e.g. Gussenhoven and
Rietveld, 1988; Ladd et al., 1994; Pierrehumbert, 1979; Repp et al.,
1993; Terken, 1991).

However, in some studies, the effect of declination on perception was
smaller than hypothesised (Gussenhoven et al., 1997; Repp et al., 1993),
and the physical presence of or listeners’ expectations on declination
seems to have a complex effect. For instance, Gussenhoven and Rietveld
(1988) reported a positive correlation between the f, of the first peak
and that of the second peak when listeners rated the degree of perceived
prominence, referred to as the “Gussenhoven-Rietveld effect” in Ladd
et al. (1994). That is, the higher first peak creates a stronger expectation
of declination, and consequently, increases the perceived prominence of
the second peak, as listeners overestimate the second peak’s promi-
nence. However, Ladd et al. (1994) replicated the Gussenhoven-Rietveld
effect only when the second peak height did not exceed a certain level
(145 Hz for male voice). When the second peak was higher than 145 Hz,
surprisingly, a reduction of the first peak led to an increase in the
perceived prominence of the second. Ladd et al. (1994) concluded that
the reference line for judging the peak height or prominence is not
calculated directly from the f,, but listeners make categorical, not
continuously variable, judgement on prominence when the peaks are
within a normal, non-emphatic pitch range. That is, listeners glean the
overall degree of emphasis from the pitch range and assess relative
prominence between the accents in a few categories. While the above
discussion suggests that listeners execute some abstraction process for
judging prominence, the acoustic properties of the signal shape lis-
tener’s expectations and responses in some way. For instance, Gussen-
hoven et al. (1997) showed that the f, height of the utterance onset
affected listeners’ prominence judgement of a following peak when the
onset portion was longer than 400 ms. That is, listeners may establish
their reference for prominence judgement based on the acoustic infor-
mation when they can.

The present study questions how acoustically implemented overt f,
declination affects the perception of pitch peaks and valleys. In fact,
there has been little investigation on declination of low accents and for
questions which are used as stimuli in the present study. In questions,
declination may be suspended or the f, contour may uplift (e.g.,
Thorsen, 1980 in Danish, see Vaissiere, 1983 for a review). In any event,
it is reasonable to expect the excursion size in consecutive f, valleys to
decrease as the utterance unfolds in time unless a latter valley is asso-
ciated with a word under emphasis. As no systematic descriptions of
declination for low accents in British English questions seems to be
available, an example of declination in Belfast English where the low
accents are common is presented in Fig. 2.

1.4. Pitch height vs prominence judgement

In previous studies using a forced-choice identification paradigm,
participants judged which peak was more prominent (Gussenhoven
etal., 1997; Repp et al., 1993) or higher (Pierrehumbert, 1979; Jeon and
Heinrich, 2022a) than the other. Some studies assumed that the results
would not be affected by whether listeners drew their attention to the
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Fig. 2. An utterance with consecutive L*+H accents in Belfast English from the IViE corpus (see Nolan and Post, 2013). The L*+H accent is annotated at the
minimum f, for each accent and there is a gradual lowering. The declination slope between the first and the third accents is —38.58 Hz/sec (= —2.65 ST/sec).

pitch or prominence (Knight, 2008; Pierrehumbert, 1979). For example,
when half of the listeners were instructed to identify the more prominent
peak and the other half the higher peak in Knight (2008), the results
were similar between the two groups. However, Jeon and Heinrich
(2022b) showed that pitch height and prominence are two different
perceptual dimensions. Listeners in Jeon and Heinrich’s (2022b) study
were native British English speakers in two age groups, younger (18-30
years old) and older (65+ years old). Half of listeners judged relative
pitch height (‘height group’) and the other half judged prominence
(‘prominence group’). The task effect was observed for both age groups.
First, the ‘prominence group’ required larger f, changes to perceive
changes in pitch compared to the ‘height group’. It seemed that listeners
were biased towards perceiving the first peak or valley as prominent,
and probably they required a substantial f, movement of the second
extremum or additional cues in duration or loudness to match its
prominence to the first. Second, although the listeners in the ‘height
group’ could make a relative judgement on which valley was lower, the
‘prominence group’ were reluctant to associate an f, valley with
prominence.

Importantly, different instructions change the nature of the task
(Sutcliffe, 1972). The pitch height judgement constitutes a psycho-
acoustic task probably allowing listeners’ cognitive capacity to directly
track a single melodic dimension, whilst the prominence judgement
would prompt listeners’ subjective interpretations, encouraging them to
correct their auditory or phonetic decision (Studdert-Kennedy and
Hadding, 1973; Terken, 1991). For judging prominence, listeners
readily incorporate other acoustic cues, such as duration and intensity,
their phonological knowledge, and top-down information such as
informativeness and predictability (e.g. Baumann and Winter, 2018;
Bishop et al., 2020; Cole et al., 2010; van Heuven and Turk, 2020;
Kochanski et al., 2005; Turnbull et al., 2017).

2. Study design and predictions

The experiment investigates how the extrema type (peaks vs valleys),
the experimental task (judging height vs prominence), the presence of
overt f, baseline declination (yes vs no), the f, plateau duration (25 ms,
50 ms, 100 ms), the grouping of the durational difference between the

plateaux (‘contrast group’: 25 ms vs 50 ms, 25 ms vs 100 ms), and the f,
height difference between the two extrema (varied in five steps) affect
listeners’ relative judgement of two consecutive f, peaks or valleys. It is
expected that listeners’ reduced ability to perceive f, valleys will have an
overarching impact on perceiving and interpreting other acoustic in-
formation. In all stimuli, the first extremum formed a 25 ms plateau. The
second extremum’s plateau duration varied between 25 ms and 50 ms
for the ‘short’ contrast condition and it varied between 25 ms and 100
ms for the ‘long’ contrast condition (Fig. 3). This design will allow us to

(a) Short (25 ms vs 50ms)

I NN

NN\

(b) Long (25 ms vs 100ms)

Fig. 3. Example f, tracks for the Contrast Group conditions. The second plateau
duration varied between 25 ms and 50 ms for ‘Short” and between 25 ms and
100 ms for ‘Long’.
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examine whether 50 ms and 100 ms plateaux are perceived differently
when presented with a 25 ms plateau respectively, and also conversely,
whether a 25 ms plateau is perceived differently depending on whether
it is presented with a 50 ms or 100 ms plateau.

For manipulating f, in the listening stimuli, the ERBy number scale
was used. It is equivalent rectangular bandwidth rates (Patterson, 1976)
modified concerning psychoacoustic data (Glasberg and Moore, 1990;
also see Moore, 2012, Section 3.3). For denoting the EBRy number, the
unit ‘Cam’ is used for brevity (Hartmann, 1997). Using the EBRy number
scale, instead of the semitone scale used in Jeon and Heinrich (2022a),
can make the perceived degrees of pitch change comparable between
peaks and valleys. Declination was implemented as a gradual lowering
of the straight baseline. Experimental participants were randomly allo-
cated to two task groups; one group was asked to judge the relative pitch
height between the two peaks or valleys, and the other group judged
prominence.

Jeon and Heinrich (2022a,b) analysed listeners’ responses as a cat-
egorical outcome (i.e. whether the first or second extremum was judged
more prominent). Jeon and Heinrich (2022b) also calibrated the Point of
Subjective Equality (PSE) as a measure of the f, difference between the
two extrema at which they are perceptually equal. However, due to a
wide variation in listeners’ responses for valleys, the PSE could not be
reliably estimated, and it was inappropriate for statistical analyses.
Therefore, the present study used only the responses as a categorical
variable for statistical modelling. The following predictions are based on
the previous findings summarised in Section 1.

(1) We expect to replicate the perceptual asymmetry between f,
peaks and valleys; listeners will show reduced discrimination for
valleys compared to peaks.

(2) An interaction between the extrema type and plateau duration

effects is expected; while a long f, plateau will have a saliency-

enhancing effect, the effect is expected to be reduced for val-
leys relative to peaks.

Predicting the ‘contrast group’ effect is not straightforward,

because previous studies did not simultaneously test the effects of

the plateau duration and the pairing of different durations. If
listeners solely use absolute durational information in judging
pitch height or prominence, then the ‘contrast group’ will not
have a significant effect. Alternatively, the way that plateaux of
different durations are paired may affect how listeners treat the

25 ms plateau which is present in both ‘contrast group’ condi-

tions. For instance, when the second plateau duration varies be-

tween 25 ms and 100 ms (‘Long’, Fig. 3), the presence of the long

100 ms plateaux may lead to an overall higher probability of the

second extremum being judged as more salient (e.g. by leading

listeners choose the ‘second’ for ambiguous stimuli) compared to

when the second plateau duration varies between 25 ms and 50

ms with a small contrast (‘Short’, Fig. 3). The ‘contrast group’

effect may also be shown for how listeners treat the 25 ms second
plateaux. The presence of the long 100 ms second plateaux may
make the 25 ms plateaux in the same position sound relatively
less salient, leading to a decrease of the ‘second’ responses when
both the first and the second plateaux in the stimulus are 25 ms
long. In this case, when responses only for the 25 ms second
plateau conditions are compared, the ‘second’ response proba-
bility for the ‘Long’ contrast group will be lower than that for the

‘Short’ contrast group.

(4) There may be a three-way interaction between the extrema type,
the experimental task, and declination. If the different tasks
(judging pitch height vs prominence) lead listeners to pay
attention to different aspects of the f, movements, there will be an
interaction between the task type and the declination effects. In
the experimental stimuli, the peak or valley height remains
constant while acoustically overt f, declination is either present
or absent. If the ‘height’ task leads listeners to compare the

3

-
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maxima of the peaks and the minima of the valley, the presence
or absence of declination will not affect their judgement. On the
other hand, if listeners need a larger acoustic difference in the f,
excursion size for prominence than height perception, the pres-
ence of declination may hinder listeners’ prominence perception,
particularly for valleys; the declination decreases the f, excursion
size for the second valley and may make it sound ‘less deep’ (see
Fig. 1). Therefore, for valleys, the presence of declination will
lead to a decrease in the ‘second’ response probability for the
prominence task. Conversely, for peaks, the baseline declination
increases the f, excursion size of the second peak, potentially
leading listeners to overestimate its prominence and increasing
the ‘second’ response probability.

3. Experiment
3.1. Participants

Eighty-two participants were recruited on Prolific (www.prolific.co).
They were native speakers of British English, living in England. They
were under the age of 30 (average = 29.96 years, range 18-30 years)
and reported no impairment in hearing or vision. Only those with no
professional music training (e.g. without a degree in music) were
recruited. The analysis is based on the data from 81 participants (51
female, 29 male, 1 non-binary). Data from one participant who
constantly chose the same response throughout one experimental block
were removed before the statistical analysis.

3.2. Experimental stimuli

The stimuli were based on the English sentence ‘does Néllie know
Lénny?’, designed to have two disyllabic names with initial stress. The
sentence consisted mainly of sonorants to keep f, perturbations at
minimum. The following factors were crossed in the stimulus design:
Extrema (Peaks, Valleys) x Declination (Yes, No) x Second Plateau
Duration (25, 50, 100 ms) x Height Difference (—0.5, —0.25, 0, 0.25 and
0.5 Cams).

A female native speaker of Standard Southern British English in her
20s read the English sentence several times at a comfortable speaking
rate with either peaks or valleys, and also monotonously. A Sennheiser
MKH40 cardioid microphone (Wedemark, Germany) and a MixPre-6
digital recorder (Sound Devices, Reedsburg, USA) were used to record
the speech at a sampling rate of 44.1 kHz. Recording took place in a
sound-attenuated booth in the Phonetics Laboratory at the University of
Cambridge. One monotonously spoken utterance (duration 0.89 s) was
selected as the base for resynthesis.

Praat ver. 6.1.16 (Boersma and Weenink, 2020) was used for
resynthesizing the experimental stimuli. The built-in ‘manipulation’
function was used for the base sound file as the manipulation object.
New pitch tiers were created with the target f, values (Table 1) and
temporal markers as described below. Then the manipulation object’s
pitch tier was replaced with a newly created pitch tier. The ‘publish
resynthesis’ function using the PSOLA algorithm (Moulines and Char-
pentier, 1990) was used to generate all experimental stimuli. Half of the
stimuli had two f, peaks and the other half valleys (Fig. 1). The first
extremum always formed a 25 ms plateau but the plateau duration of the
second extremum varied to be 25 ms, 50 ms or 100 ms long. In the base
utterance, time points were identified for f, stylisation to mark the
accented vowels and turning points (see Jeon and Heinrich, 2002a for
details). The f, rise (e.g. the distance between (1) and (2) and that be-
tween (5) and (6) in Fig. 1) or fall time (e.g. the distance between (3) and
(4) and that between (7) and (8) in Fig. 1) associated with each
extremum with a 25 ms plateau was controlled at 120 ms. The f, plateau
was aligned to the end of the stressed vowel.

The flat baseline for Peaks was at 200 Hz, for Valleys at 260 Hz (see
Fig. 1). The f, contours of the valley stimuli were mirror images of the
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Table 1

‘Difference’ refers to the difference between the first and the second extrema.
The negative Difference values indicate that the second extremum had a smaller
fo excursion size from the flat baseline than the first. ‘Height’ for the second
extremum was measured from the 200 Hz flat baseline for Peaks and from the
260 Hz flat baseline for Valleys.

Difference (Cams) Height
Cams Hertz Semitones
Peaks
-0.5 6.55 234 14.75
—0.25 6.80 247 15.66
0 7.05 260 16.54
0.25 7.30 273 17.41
0.5 7.55 287 18.25
Valleys
—0.5 6.34 224 13.94
—0.25 6.09 212 12.98
0 5.84 200 12.00
0.25 5.59 189 10.99
0.5 5.34 178 9.94

peak counterparts. The first extremum was always at the height of
0 Height Difference (260 Hz for Peaks, 200 Hz for Valleys, Table 1). The
second extremum varied in five 0.25 Cam steps in its height. The ERBy
number (Cam) was converted from Hertz using the formula in Moore
(2012, p. 76, ERBy number = 21.4 x log1¢(4.37 x Hz/1000 + 1)). When
expressed in Hertz, the difference between the consecutive steps was
13-14 Hz for Peaks and 11-12 Hz for Valleys.

The declination slope —1.33 Cams/sec was implemented for the
Declination-Yes condition. We referred to our recordings to determine
an appropriate slope, but the slope varied widely across utterances be-
tween —28 and —88 Hz (—1.07 and —3.20 Cams) per second. In the
experimental stimuli, it had to be ensured that the slope of the f, fall
associated with a valley was larger than that of declination; if not, the f,
valleys would not be created. For the Peak stimuli in the Declination-Yes
condition, the utterance initial f, was at 200 Hz and the final f, at 170
Hz. For Valleys, the utterance initial f, was at 260 Hz and final fo at 226
Hz. For both Extrema, the difference between the utterance initial and
final f, was 0.67 Cams. (Applying the IPO model for the declination
slope (D = (—11)/(t + 1.5, where D is the slope in semitones and t is time
in seconds, "'t Hart et al., 1990) caused a problem for Valleys. The steep
declination caused the f, contour associated with the second valley to
move upward from the declining baseline.)

3.3. Experimental procedure

The Gorilla Experiment Builder (www.gorilla.sc) was used to run the
experiment (Anwyl-Irvine et al., 2019). Data were collected between 22
July and 25 August 2020. The study was approved by the Business, Arts,
Humanities and Social Science Ethics committee of the University of
Central Lancashire (BAHSS2 0122).

All participants used a desktop computer and headphones. Before the
experiment, they filled in questionnaires on their variety of UK English,
gender, age, musical training and experience, and a consent form. Lis-
teners’ English variety and musical experience (e.g. how often they
listen to music and for how long they have taken music lessons) varied,
but none was professionally trained in music. Seven participants indi-
cated that they had absolute pitch.

Participants were asked to wear headphones and adjust the volume
to a comfortable level while a 1 kHz pure tone was played at 70 dB for 10
seconds. They took a headphone screening task (Woods et al., 2017)
with 12 trials. Participants who were correct for fewer than 10 trials
could not proceed to the experiment. Sixteen catch trials were devised to
ensure that participants were paying attention to the tasks. They were
simple mathematical operations with the correct answer either 1 or 2 (e.
g., 4 — 3 = ?) which were visually presented on the screen.

Participants were randomly assigned to one of four groups created as
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a result of an orthogonal combination between the two tasks
(Task-Height and Prominence) and two groups for differentiating the
second extremum plateau duration (Contrast Group-Short, 25 ms vs 50
ms and Long, 25 ms vs 100 ms). For each listener, the main experiment
consisted of four blocks (2 Extrema x 2 Declination). In each block,
there were 10 stimuli (2 Plateau Duration x 5 Height Difference). Each
stimulus was presented three times in the block. The presentation of
stimuli including four catch trials was randomised for each listener. The
order of blocks was counterbalanced in four lists. Two lists (lists A and B)
started with Extrema-Peaks, and then the order of Declination was
counterbalanced (i.e. the order of conditions for list A: (1) (Extrema—)
Peaks-(Declination-)Yes, (2) Peaks-No, (3) Valleys-Yes, and (4) Val-
leys-No, list B: (1) Peaks-No, (2) Peaks-Yes, (3) Valleys-No, (4)
Valleys-Yes). The other two lists (lists C and D) started with
Extrema-Valleys.

The written instructions informed the participants that they would
hear ‘does Nellie know Lenny?” with two high ‘peak’ accents or two low
‘valley’ accents in the first vowel in each name, NEllie and LEnny. On the
screen, there were two buttons, ‘Peaks’ and ‘Valleys’, which a partici-
pant could press to listen to a practice stimulus. There was a practice
session before the first block and after the second block. The practice
session consisted of 8 trials (2 Plateau x 2 Declination x 2 Height Dif-
ference [-0.75 Cams, +0.75 Cams]) with the stimulus presentation order
randomised for each participant. Participants in the Height task group
were instructed to focus their attention on accent height and to identify
which accent sounded higher for Peaks or lower for Valleys. Participants
in the Prominence group were instructed to identify which accent
sounded more prominent, standing out or emphatic. Participants were
not informed about the order of blocks in advance.

The stimulus was automatically played 0.5 s after the onset of each
trial. Participants could repeat the stimulus presentation up to 20 times.
In each trial, a question appeared on the top of the screen. Participants in
the Height group were asked: ‘which one sounds higher?’ for the stimuli
with peaks or ‘which one sounds lower?’ for the stimuli with valleys.
Participants in the Prominence group were asked ‘which one sounds
more prominent?’. Two buttons on the bottom labelled as ‘NEllie’ and
‘LEnny’ gave the response options. Participant indicated their choice by
clicking the appropriate button with a mouse. The experiment auto-
matically progressed to the next trial when participants pressed a
response button. No feedback was provided in the practice session or the
main experiment.

3.4. Statistical analysis

Seven participants declared to have an absolute pitch, but their data
were included in the analysis. When each participant’s response func-
tions were examined, the response functions of one participant with
absolute pitch showed the canonical S-shape indicating high accuracy
for pitch perception (see Klein, 2001). The other six participants’
response functions did not notably deviate from those without absolute
pitch. There was one error for the catch trials by one listener, but no one
was excluded in the analyses based on the catch trial results.

All statistical analyses were conducted with R Version 4.3.1 (R Core
Team, 2023) and R Studio 2022.07.1 + 554 (R Studio Team, 2022). We
used the package tidyverse Version 2.0.0 (Wickham et al., 2019) for data
processing and the package brms Version 2.21.0 (Biirkner, 2017) for
Bayesian logistic regression modelling. All data and analysis codes are
available under the OSF repository (https://osf.io/akwez/,
10.17605/0SF.I0/AKWEZ). The categorical predictors were sum-coded
to facilitate the interpretation of the model as indicated in the squared
brackets below. The predictors were Extrema (Peaks [1], Valleys [—1]),
Contrast Group (Short: 25 ms vs 50 ms [—1], Long: 25 ms vs 100 ms [1]),
Task (Height [1], Prominence [—1]), Declination (No [1], Yes [—1]), the
second Plateau duration (first contrast: 25 ms [1], 50 ms [0], and 100 ms
[—1]; second contrast: 25 ms [0], 50 ms [1], and 100 ms [—1]), and
Height Difference (five Cam steps).
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The logistic models estimated the maximum likelihood of the ‘second
(Lenny)’ response. The Height Difference effect indicates the change in
listeners’ ‘second’ responses along the five steps. While we aimed to
construct a model without an overcomplicated and uninterpretable
structure, we incorporated the interaction terms involving Extrema to
assess its potential overarching effect, Contrast Group x Task x
Extrema, Task x Declination x Extrema, and Declination x Extrema x
Plateau. Listener was incorporated as a random slope for Extrema
because each listener’s sensitivity was expected to differ between Peaks
and Valleys (Jeon and Heinrich, 2022a).

Default priors were used for the intercept. The weakly informative
priors with normal distributions centred at zero (SD = 0.5) were used for
the coefficients. Hamiltonian Markov Chain Monte Carlo (MCMC)
sampling was conducted with four chains and 10,000 iterations (2000 of
which were warm-up), resulting in a total of 32,000 posterior samples
used for inference. There was no indication of convergence issues (all
Rhat values = 1.00).

4. Results

Overall, 51 % of the listeners’ responses are the ‘second’ (‘Lenny’);
this shows that listeners were not inherently biased towards one
response. The ‘second’ response rates varying across experimental
conditions (Table 2) indicate that the experimental manipulation
affected listeners’ responses. For instance, the lowest ‘second’ response
rate (23 %) is found for the condition combining Contrast Group-Long,
Task-Prominence, Extrema-Peaks, Declination-No, Plateau—25 ms. The
highest ‘second’ response rate (71 %) is found for the condition
combining Contrast Group-Long, Task-Height, Extrema-Peaks,
Declination-Yes, Plateau-100 ms. In Table 2, the ‘second’ response rates
are always at or below 52 % within Task-Prominence, while the rates
widely vary for Height.

Table 3 summarises the results of the Bayesian logistic regression
modelling. A positive log odd coefficient (f > 0) indicates that the
relevant predictor is associated with an increase in the ‘second’ re-
sponses whilst a negative parameter (f < 0) indicates a decrease. The 95
% credible interval (CI) not straddling zero is interpreted as indicating a
reliable effect of the predictor concerned. The posterior probability in-
dicates the posterior sample distribution of the estimated coefficients.
For instance, if the posterior probability of the coefficient being above
zero is 1 (Pr(# > 0) = 1), this means that not a single posterior sample for
this coefficient was below zero, indicating a strong positive effect. Below
only the effects with strong evidence assessed based on the credible
interval were discussed. Figs. 4-6 show the predicted probability of the

Table 2
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Table 3
Output of the Bayesian regression model (c_1: the first contrast, c¢_2: the second
contrast).

p SE Lower Upper Posterior
bound bound probability
Intercept -1.93 0.04 -2 -1.85 1.00
Extrema 0.1 0.03 0.04 0.17 1.00
Contrast Group —0.08 0.04 —0.16 0.01 0.96
Task 0.24  0.04 0.16 0.31 1.00
Declination —-0.04 0.02 —0.07 0 0.98
Plateau_c1 —0.18 0.02 —-0.23 —-0.13 1.00
Plateau_c2 —0.08 0.04 —0.16 —0.01 0.99
Height Difference 1.5 0.05 1.4 1.6 1.00
Extrema x Plateau_cl —0.11 0.02 —0.16 —0.07 1.00
Extrema x Plateau_c2 —-0.07 0.04 -0.14 0 0.97
Contrast Group x 0.03  0.04 —0.05 0.1 0.75
Task
Extrema x Contrast —0.08 0.04 -0.15 —0.01 0.98
Group
Task x Extrema —-0.04 0.03 —0.11 0.02 0.91
Task x Declination —0.05  0.02 —0.08 —0.02 1.00
Declination x 0.03 0.02 —0.01 0.07 0.95
Extrema
Declination x —0.01 0.02 —0.06 0.03 0.69
Plateau_c1
Declination x 0.02 0.03 —0.04 0.07 0.73
Plateau_c2
Contrast Group x 0.01 0.03 —0.05 0.07 0.63
Task x Extrema
Task x Declination x 0.02  0.02 —0.01 0.06 0.92
Extrema
Declination x 0.02 0.02 —0.03 0.06 0.79
Extrema x
Plateau_cl
Declinationl x 0.02 0.03 —0.03 0.08 0.81
Extrema x
Plateau_c2

‘second’ responses as a function of Height Difference and the predictors
in interactions. The response functions from the raw data are provided in
the OSF repository (https://osf.io/akwez/, 10.17605/0SF.I0/AKWEZ).

The main predictors with a significant effect are discussed first. First,
there was strong evidence for the Extrema effect (§ = 0.1, CI [0.04,
0.171, Pr(B > 0) = 1). Listeners were more likely to choose the ‘second’
response for Peaks relative to Valleys. Second, a positive coefficient for
the Task (# = 0.24) was reliable with the 95% credible interval away
from zero (CI[0.16, 0.31]) and high posterior probability (Pr($ > 0) =
1); the ‘second’ response probability was higher for Height compared to
Prominence. Third, there was strong evidence for the Declination effect

The response frequency (count and percentage for the ‘second’ (‘Lenny’) responses. Data were collapsed over the Height Difference conditions.

Contrast Group-Short

Contrast Group-Long

Task-Height

Extrema Declination Plateau Nellie Lenny ( %) Plateau Nellie Lenny ( %)
Peaks No 25 ms 162 138 (46%) 25 ms 181 119 (40%)
50 ms 141 159 (53%) 100 ms 111 189 (63%)
Yes 25 ms 161 139 (46%) 25 ms 179 121 (40%)
50 ms 133 167 (56%) 100 ms 86 214 (71%)
Valleys No 25 ms 183 117 (39%) 25 ms 176 124 (41%)
50 ms 174 126 (42%) 100 ms 145 155 (52%)
Yes 25 ms 135 165 (55%) 25 ms 137 163 (54%)
50 ms 137 163 (54%) 100 ms 129 171 (57%)
Task-Prominence
Peaks No 25 ms 191 124 (39%) 25 ms 231 69 (23%)
50 ms 180 135 (43%) 100 ms 150 150 (50%)
Yes 25 ms 202 113 (35%) 25 ms 219 81 (27%)
50 ms 201 114 (36%) 100 ms 143 157 (52%)
Valleys No 25 ms 221 94 (30%) 25 ms 208 92 (31%)
50 ms 213 102 (32%) 100 ms 200 100 (33%)
Yes 25 ms 220 95 (30%) 25 ms 210 90 (30%)
50 ms 215 100 (32%) 100 ms 197 103 (34%)
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Fig. 4. Estimated ‘second’ response conditional probability by Extrema and

Plateau Duration.
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Fig. 5. Estimated ‘second’ response conditional probability by Extrema and
Contrast Group.

(8 = —0.04, CI[—0.07, 0], Pr (8 < 0) = 0.98), showing a lower ‘second’
response probability for No compared to Yes. Fourth, the Plateau effect
was reliable; the negative estimate of the first contrast suggested a
decrease in the ‘second’ response probability for the 25 ms condition
relative to the 100 ms condition (f = —0.18, CI[-0.23, —0.13], Pr (§ <
0) = 1); the second contrast also showed a decrease for the 50 ms con-
dition relative to the 100 ms condition (8 = —0.08 CI[-0.16, —0.01], Pr
(f < 0) =0.99). Last, there was strong evidence for the Height Difference
effect; a step increase was associated with an increase of the ‘second’
response probability (§ =1.5, CI [1.4, 1.6], Pr($ > 0) = 1).

None of the three-way interactions in the model was significant
(Table 3). However, importantly, all predictors (apart from Height Dif-
ference which was not incorporated in interaction terms), Contrast
Group, Extrema, Task, Declination, and Plateau Duration, were involved
in two-way interactions. First, there was evidence for the Extrema X
Plateau interaction (Extrema x Plateau_cl, p = —0.11, CI[-0.16,
—0.07], Pr(p < 0) = 1; Extrema x Plateau_c2, f = —0.07, CI[-0.14, 0],
Pr(p < 0) = 0.97). The negative coefficients suggest that the ‘second’
response probability showed a larger magnitude of decrease for the 25
ms-long plateaux compared to the 50 ms-long plateaux (c1) and also for
the 50 ms-long plateaux compared to the 100 ms-long plateaux (c2) for
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Fig. 6. Estimated ‘second’ response conditional probability by Task and
Declination.

Peaks than for Valleys. Although, for both Peaks and Valleys, the ‘sec-
ond’ response probability increases along the Height Difference steps for
both Peaks and Valleys in Fig. 4, the slope of the increase is steeper for
Peaks compared to Valleys, particularly when the second plateau formed
a 100 ms plateau.

Second, the Extrema effect was dependent on the Contrast Group
effect ( = -0.08, CI[-0.15, -0.01], Pr($ > 0) = 0.98). The negative co-
efficient indicates a decrease in the ‘second’ response probability for the
condition combining Extremum-Peaks and Contrast Group-Long. Fig. 5
shows that for Peaks, the ‘second’ response probability for Contrast
Group-Short is higher relative to Long. On the other hand, the Contrast
Group effect is not clear for Valleys. The Contrast Group effect also
provides insight into how listeners perceived the 25 ms plateau
depending on what it was paired with. When the ‘second’ response
probability was examined only for the second 25 ms plateau extremum
conditions, for Peaks, the ‘second’ response probability was higher for
Short (mean = 0.42, SE = 0.04) than for Long (mean = 0.34, SE = 0.04),
whereas there was no obvious difference for Valleys (Short, mean =
0.35, SE = 0.04; Long, mean = 0.36, SE = 0.04).

Third, the Task predictor interacted with Declination (§ = —0.05, CI
[-0.08, —0.02], Pr(# < 0) = 1). The negative coefficient indicates a
decrease in the ‘second’ response probability for the condition
combining Task-Height and Declination-No. Fig. 6 shows that for
Task-Height, the presence of declination increases the ‘second’ response
probability relative to when there was no declination. For Task—Pro-
minence, listeners’ ‘second’ response probability is lower with a less
steep slope for the probability function compared to Height; further-
more, the ‘second’ response probability is slightly higher without overt
declination.

To summarise, the ‘second’ response probability increased together
with an increase in the second plateau duration (Plateau-25 ms, 50 ms,
and 100 ms) and also along the increase in the f, excursion size of the
second extremum from the baseline (Height Difference- —0.50, —0.25,
0, +0.25 and +0.50 Cams). The presence of overt baseline declination
increased the ‘second’ response probability, but this effect did not
interact with the Extrema (peaks vs valleys) effect as expected. Impor-
tantly, first, the Extrema effect interacted with the Plateau Duration
effect (Fig. 4). The slope of the ‘second’ response probability function
was steeper for the peaks, indicating that listeners’ perception was more
strongly influenced by the variation in Plateau Duration conditions (25
ms, 50 ms and 100 ms) relative to the valleys. Second, the Extrema effect
was also dependent on the Contrast Group effect (Fig. 5). The Contrast
Group effect was obvious only for the peaks where the ‘second’ response



H.-S. Jeon

probability was higher when the second extremum’s plateau was shorter
at 50 ms. In addition, for the peaks, the ‘second’ response probability for
the 25 ms second plateau condition was higher when it was presented
with the 50 ms plateaux compared to the 100 ms plateaux. Finally, the
experimental task type interacted with the presence of overt baseline
declination (Fig. 6). The ‘second’ response probability increased more
steeply as a function of an increase in the second extremum’s excursion
size for the height judgement task compared to the prominence judge-
ment task. The ‘second’ response probability was higher with declina-
tion for the height judgement, whereas the declination had an opposite
effect for the prominence judgement.

5. Discussion

Based on the previous findings (Section 1), this study aimed to
investigate how the perceptual asymmetry, i.e. the relative perceptual
advantage of peaks compared to valleys, would affect the role of other
factors in perception (see Section 2 for the study design and predictions).

To summarise the findings, first, this study replicated the previously
reported perceptual peaks vs valleys asymmetry and the saliency-
enhancing f, plateau effect. One indication of the perceptual asymme-
try was that the ‘extrema’ (peaks vs valleys) effect interacted with the
second extremum’s plateau duration which was manipulated to be 25
ms, 50 ms or 100 ms. The longer plateau had a more notable saliency-
enhancing effect for the f, peaks compared to the valleys. Second, the
‘extrema’ effect also interacted with the ‘contrast group’ effect (see
Fig. 3); the ‘contrast group’ effect was shown only for the peaks, and the
presence of the 100 ms-long second plateau decreased the ‘second’ re-
sponses. For the peaks, when the responses for stimuli with the 25 ms-
long second plateau were specifically examined, listeners were more
likely to choose the ‘second’ response when 25 ms-long plateaux were
presented with 50 ms-long plateaux compared to 100 ms-long plateaux.
Third, while the declining f, baseline had an overall effect of increasing
the ‘second’ response probability for both peaks and valleys, the
experimental task type interacted with the presence of declination. The
‘second’ response probability was higher with declination for the height
judgement, whereas the declination had the opposite effect for promi-
nence judgement. These findings are further discussed below.

5.1. The peaks vs valleys asymmetry and durational settings

The slope of the response probability functions for valleys tended to
be less steep than those for peaks (Figs. 4 and 5). That is, changes of f,, in
0.25 Cam steps had a stronger influence on listeners’ judgement for the
peaks compared to the valleys. The interaction effects between (i) the
extrema type and plateau duration factors and between (ii) the extrema
type and contrast group factors suggest that the perceptual asymmetry
between f, peaks and valleys affected listeners’ interpretation of the
temporal properties in the stimuli as expected (Section 2).

First, the saliency-enhancing effect of f, plateaux was more notable
for peaks than for valleys. For the peaks, the increase in the plateau
duration led to an increase in the ‘second’ response probability; the
response probability functions for the three plateau conditions (25, 50,
and 100 ms) were clearly separated (Fig. 4). On the other hand, the
saliency-enhancing effect of plateaux was relatively reduced for the
valleys. Fig. 4 showed that, for the valleys, listeners were less likely to
differentiate a 25 ms plateau from a 50 ms plateau, while the 100 ms
plateau did have some saliency-enhancing effect compared to the
shorter ones. This result corroborates the potential ‘asymmetrical
weighting’ between f, rises and falls briefly reported by Barnes et al.
(2012b). While investigating the timing of the Tonal Center of Gravity
(TCoG) for the L + H* (rise-fall) accent in American English, they
observed that any changes occurring in the rising portion seemed to be
more heavily weighted in the perception of the timing and scaling of the
pitch accent compared to the analogous changes in the falling portion.

Furthermore, the present finding has an implication for the
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relationship between the f, contour alignment and perception. Previous
studies (e.g. Barnes et al., 2012a,b; House, 1996) suggested that the
pitch information should be available over a spectrally stable interval
such as a vowel for successful pitch tracking. However, the present re-
sults showed that the threshold value of the saliency-enhancing effect of
an f, plateau is not absolute or invariable. The perceptibility is affected
by the f, movement direction, and the alignment between an f, event
and spectral stability is probably a necessary but not sufficient condition
for a perceptual ‘sweet spot’ (Barnes et al., 2012a,b, p. 353). Even when
areasonably long f, plateau is aligned to a substantial portion of a vowel,
listeners would not hear or interpret it as prominence-lending or —cueing
if preceded by a falling f,, although the role of the slope of the fall needs
further perceptual validation (cf. Barnes et al., 2010a).

The perceptual asymmetry between f, peaks and valleys also pro-
vides an account for the findings that low accentual valleys with the f,
minimum aligned to the stressed vowel are not as effective as high peaks
for signalling high informational load (e.g. Baumann and Roth, 2014;
Zahner and Braun, 2018; Zahner et al., 2019). For instance, Baumann
and Rohr (2015) suggested a prominence hierarchy in German: L + H* >
L*+H > H* > H+!H* > H + L* > L* > no pitch accent (for their sche-
matic representations, see Grice et al., 2019). In this hierarchy, the most
prominent accent has a rising f, in the accented syllable (L + H*). For the
second most prominent L*+H, the timing of the rise is later than that of L
-+ H*, followed by H* which has a high f, in the accented syllable. On the
other hand, the low plateau associated with the accented syllable (L*)
and the low plateau following a fall (H + L*) are not perceptually as
prominent. Baumann and Rohr (2015) concluded that rises and high f,
were perceived more prominent than falls and low f, and that a steep f,
excursion increased the perceived prominence. However, as Baumann
and Rohr (2015) controlled the stimuli in such a way that all pitch ac-
cents were followed by a low boundary tone (L %), the prominence hi-
erarchy of the pitch accent types may be manifested differently in
different tonal contexts, such as when the accents are followed by a
different phrasal tone or high boundary tone. Therefore, it is worth
further investigating the relationship between more fine-grained
acoustic shapes and their interpretations by listeners as exemplified in
different tonal contexts. Another domain for further investigation con-
cerns potential cross-language differences in how the plateau duration,
the direction of the f, movement and its slope are weighted in relation to
the prominence hierarchy. As different languages differ in how they
code f, movements in the linguistic structure (e.g. D' Imperio and House,
1997; House et al., 1997; Jongman et al., 2017; Jun 2005; Krishnan
etal., 2005), we do not expect the prominence hierarchy to be universal.

Second, the ‘contrast group’ effect shows that listeners’ perception of
auditory objects is affected by the stimulus presentation context. In the
experiment, the first plateau duration was constant at 25 ms. Listeners
were, in general, more likely to choose the ‘second’ response when the
second peak’s plateau duration varied between 25 ms and 50 ms
compared to when it varied between 25 ms and 100 ms (Fig. 5). For the
latter case, probably listeners could make use of the reliable durational
information of the 100 ms plateaux to judge the second as higher or
more prominent. On the other hand, listeners who listened to the 25 ms
vs 50 ms contrast dealt with a smaller difference introducing a higher
level of ambiguity. As the durational cue was not strong, probably they
were swayed to choose the ‘second’ even when the first and the second
peaks had the same plateau duration at 25 ms. For valleys, the contrast
group effect was not shown; the ‘second’ response probability was
overall low, indicating that listeners were biased to choose the ‘first’. It
seems that the valley stimuli were too hard to perceive to introduce
ambiguity which can interfere with the decision process.

The present study cannot determine whether the contextual effect is
an outcome of listeners’ low-level hearing or high-level decision-making
(cf. Davis and Johnsrude, 2007). Nonetheless, the results show that
exposure to long plateau-shaped f, peaks can shift listeners’ perceptual
threshold or meta-correction strategies. The context effect was not
observed when listeners faced perceptual challenges for the valleys and
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established a bias.

5.2. The effect of baseline declination for judging pitch height vs
prominence

Different experimental tasks seemed to have drawn listeners’ atten-
tion to different dimensions of the speech signal. For the height judge-
ment task, the ‘second’ response probability was higher compared to the
prominence judgement task, and listeners’ discrimination was relatively
heightened. On the other hand, listeners showed a stronger bias towards
the ‘first’ response when judging prominence as reported by Jeon and
Heinrich (2022b). One possible reason for the bias is that in the auditory
stimulus ‘does Néllie know Lénny?’, ‘Néllie’ was never deaccented, i.e.,
it was always realised with a normal f, excursion size in the speaker’s
range without any other kinds of phonetic reduction. The first f, peak or
valley always had an excursion size of 60 Hz from the flat baseline. As
listeners perceived the first peak or valley as reasonably prominent, they
might have required strong acoustic cues associated with the second one
to judge it as more prominent to override the already-perceived prom-
inence of the first.

The present finding concerning the interaction effect between
declination and the experimental task has broader implications on the
question of how to represent intonation. Researchers so far have taken
two broadly different approaches, decomposing intonation into either a
sequence of static low and high tonal targets or dynamic movements of
rises and falls (for a review, see 't Hart et al., 1990; Ladd, 2008, Chapter
3; Nolan, 2022). Whether one takes the target-based or movement-based
approach has a consequence in mapping acoustic correlates with the
perceived prominence. Taking the target-based approach, for instance,
an f, peak would gain prominence because of its high f,. On the other
hand, based on the movement-based approach, the peak’s prominence
has to do with the rise. The target-based approach formed a basis for
widely used transcription systems such as the Tones and Break Indices
(ToBI, cf. Beckman et al., 2005) and for intonational phonology (cf.
Gussenhoven, 2004; Ladd, 2008). However, the fact that we have
established an analytic framework does not mean that we understand
the perceptual process (Barnes et al., 2012a,b, p.340); recent studies
emphasise the necessity to incorporate the dynamic f, movement in
modelling intonation on the perceptual grounds (e.g. Barnes et al.
2010a,b, 2012a,b, 2021; D’Imperio, 2000; Niebuhr et al., 2020).

The overtly declining baseline used in this study increased the f,
excursion size for the second peak but decreased it for the second valley
(see Fig. 1). Therefore, if listeners relied on the excursion size as a cue,
the declination would have given some advantage for the second peak,
leading listeners to overestimate the second peak height or prominence.
On the other hand, for the valleys, the declination was expected to
hinder listeners’ judgement by reducing the excursion size, making it
sound ‘less deep’ and increasing their ‘first’ responses. However, con-
trary to the expectation, there was no statistical evidence for the decli-
nation effect interacting with the extrema type effect.

Nevertheless, there was an interaction effect between the task type
and declination; the declining f, baseline had an effect of increasing the
‘second’ responses for judging pitch height but decreasing them for
judging prominence. That is, the declining f, baseline made the second
peak sound higher but less prominent, and it made the second valley
sound lower and less prominent (see Fig. 5).

This result is interpreted that a large falling f, movement is not a
requirement for creating a sensation of ‘lowness’. For the 25 ms or 50 ms
valley plateaux posing perceptual challenges, it would have been greatly
difficult for listeners to track either the f, movement or the f, minimum
associated with the valley. Then the generally declining f, contour from
the utterance onset probably served as a context for the perceptual
target moving downwards in pitch. Consequently, listeners may have
relied on the global impression of the f, movement to carry out the
height judgement task for the valleys. On the contrary, when listeners
judged relative prominence, the declining baseline decreased the second
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extremum’s perceived prominence. This result is intuitively explicable
for the valleys; the declining baseline had an effect of decreasing the f,
excursion size and the mass of the ‘area over the curve’ for the second
valley (see Fig. 1), decreasing its overall acoustic energy. On the other
hand, for the peaks, the result suggests that listeners relied neither on
the increased excursion size nor the mass of the ‘area under the curve’
for judging prominence. As discussed above for judging the relative
height between the valleys, listeners probably relied on the global
impression, perceiving their perceptual target moving downward in the
context of the overall f, downtrend.

What listeners did for judging the relative height between the peaks,
tracking the f, excursion size, might be an unusual strategy which is not
always relevant to interpreting speech which is characterised by com-
plex and dynamic intonational variation. For carrying out the height
judgement task with the peaks, listeners were provided with the
experimental setting facilitating their pitch-tracking with a psycho-
acoustic task and the trackable stimuli. On the other hand, for carrying
out a more linguistic ‘prominence’ task or for dealing with a perceptual
challenge of listening to the valleys, listeners seem to have been strongly
affected by the global pitch context surrounding their perceptual target.

The present results highlight the importance of the overall f, contour
over the time-bound f, target in perceiving intonational prominence.
This conclusion may seem to contradict the previous findings arguing for
the intonational target’s importance (e.g. see Ladd et al., 1994). The
discrepancy may be attributable to the differences in the experimental
setup. In previous studies, such as Gussenhoven et al. (1997) and Terken
(1991), listeners engaged in active tasks such as adjusting the f, to match
the degree of prominence between two peaks or rating prominence using
a scale. By contrast, the present study tested naive listeners’ intuitive
judgement using forced-choice tasks. The present experimental setup
may have discouraged listeners from finely scaling the degree of
prominence, while no non-phonetic information such as the informa-
tional context was provided (cf. Cole and Shattuck-Hufnagel, 2016). The
intuitive judgement task used in the present study is perhaps closer to
language users’ daily experience of rapidly identifying relative promi-
nence between words in short utterances compared to the tasks
requiring listeners’ full attention to pitch as a single prosodic dimension
or a single intonational peak in an utterance.

6. Conclusions

The experimental results showed the perceptual advantage of f,
peaks compared to valleys. Listeners showed enhanced sensitivity to the
fo change for the peaks and the saliency-enhancing effect of a long f,
plateau was stronger for the peaks. These findings support the associa-
tion between high rising pitch and high-level attention (e.g. Evans,
2015; Gussenhoven, 2002; Hsu et al., 2015) and that pitch accents with a
steep rise and high pitch are perceived more prominent than those with
a fall and low pitch (Baumann and Rohr, 2015). Furthermore, the
presence of f, peaks associated with a 100 ms-long plateau seemed to be
perceptually salient and affected listeners’ overall response rate for
other stimuli. The findings suggest that the absolute duration of an f,
plateau associated with an accent would not be a reliable acoustic
correlate for its prominence. Importantly, perceived prominence did not
seem to be directly derived from a handful of independent acoustic di-
mensions. Neither f, nor durational variation, even when it was above
the perceptual threshold as shown in the results of the height judgement,
seemed to be a reliable cue that listeners use for judging prominence.
Unless listeners were carrying out an explicit psychoacoustic task
judging the relative height between two f, peaks, listeners seemed to
have based their prominence judgement on the overall impression about
pitch, incorporating where the perceptual target was located relative to
the preceding target. Therefore, for perceptually modelling speech
intonation, we will need to seek a holistic approach than solely ana-
lysing local f, measures such as an accent’s f, height or excursion size.
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