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Abstract 

Perceiving pitch in spoken utterances is an important part of the speech comprehension 

process. Previous studies on pitch perception concentrated on ‘peaks’, neglecting ‘valleys’, 

thus making it difficult to know how generalisable the findings are. In two experiments, we 

took a factorial approach and contrasted the pitch movement direction associated with a 

stressed syllable (‘peaks’ vs. ‘valleys’), the turning point shape (sharp turn, 25 ms, 100 ms 

plateau), the accent height (varied in one-semitone steps), and pitch levels by shifting the 

whole contour up or down. We employed different sentences and also non-speech stimuli. 

Results showed that listeners were better at discriminating the pitch height between ‘peaks’ 

compared to ‘valleys’. In particular, ‘valleys’ in the low level posed challenges. A long pitch 

plateau forming a flat turn at a ‘peak’ or ‘valley’ made a ‘peak’ sound higher and a ‘valley’ 

lower compared to a sharp turn or short plateau of the same height. Similar results were 

observed across speech and non-speech stimuli. The perceptual asymmetry may lead listeners 

to allocate more attention to ‘peaks’ than ‘valleys’ in speech processing, while the effect of 

listeners’ native language deserves further investigation.  
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Perceptual Asymmetry between Pitch Peaks and Valleys 

 

1. Introduction  

Pitch variation in speech fulfils important roles, such as indicating whether an utterance 

is a statement or question, and signalling word stress, emphasis, speaker identity, and emotion. 

Therefore, accurate tracking of the dynamic pitch is important in speech comprehension and in 

improving communication in challenging situations, such as in noisy backgrounds (e.g., Binns 

& Culling, 2007; Miller, Schlauch, & Watson, 2010; Shen & Souza, 2017, 2018, 2019). 

Although there is an extensive literature on dynamic pitch perception in speech, large 

gaps in our knowledge remain. For instance, the vast majority of previous studies investigated 

high pitch or pitch ‘peaks’ associated with stressed syllables in West Germanic languages (e.g., 

Fry, 1958; Kohler, 2008; Niebuhr & Winkler, 2017). The emphasis on peaks was probably 

because a natural relationship is assumed between prosodic prominence and high pitch (cf. 

Gussenhoven, 2004, p. 85). However, it is not just local pitch ‘peaks’ that appear in high-

information sites in an utterance; ‘valleys’ may also occur. In various languages, prosodic 

prominence can be acoustically realised by low fundamental frequency associated with the 

stressed syllable, particularly in intonational phrase-final position (e.g., Italian, Grice, 1995; 

Dutch, Gussenhoven, 2005; German, Grice, Baumann, & Benzmüller, 2005; and Estonian, Asu 

& Nolan, 2007). Although it is known that a low pitch associated with a stressed syllable may 

be perceptually less salient than a high pitch (e.g., Baumann, 2014; Baumann & Röhr, 2015; 

Zahner, Kutscheid, & Braun, 2019), little attention has been paid to how the ‘valley’ contours 

are perceived. Investigating the acoustic realisation and perception of both ‘peaks’ and 

‘valleys’ is crucial to improving our understanding of the auditory mechanisms of speech 

intonation.  
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Although the terms ‘fundamental frequency (f0)’ and ‘pitch’ are often used 

interchangeably in the literature, we differentiate ‘f0’ as the physical parameter from ‘pitch’, 

which refers to the perceptual sensation. We use the term ‘accent’ to refer to either the local 

maximum point in a ‘peak’ f0 contour or the minimum point in a ‘valley’ f0 contour. Note that 

this use of the term ‘accent’ differs from that in intonational phonology, where it entails 

abstract prominence cued by multiple acoustic parameters, such as duration, pitch, and 

amplitude (Pierrehumbert, 1980; see Ladd, 2008, Chapters 3 and 5). Our choice of the term 

‘accent’ is solely for the sake of simplicity and we by no means suggest that f0 is the only 

correlate of word or sentence stress. Nonetheless, the acoustically defined f0 ‘accent’ is one of 

the cues to phonological prominence (see Zahner, et al., 2019 for a review), and therefore, the 

present study of f0 ‘accent’ has implications for the perception of phonological prominence.  

One important step in the empirical investigation of the relationship between acoustic 

parameters, perceived pitch, and phonological prominence is to describe the f0 contour in 

quantitative terms. In the autosegmental-metrical (AM) theory of intonational phonology (e.g., 

Pierrehumbert, 1980), intonation is analysed as a sequence of low (L) and high (H) targets and 

it is assumed that the pitch is interpolated between the successive targets. Theoretically, the 

tonal targets are abstract, but in the analysis of the f0 tracks as their phonetic correlates, the 

target is commonly represented by two parameters, its scaling, i.e., the f0 height, and its 

alignment, i.e., the temporal coordination of the f0 turning point within the segmental context 

(see Ladd, 2008, Chapters 2 and 5). 

However, the precise f0 turning points can be challenging to identify. The f0 turning 

point is often in the shape of a plateau, i.e., a flat stretch, rather than forming a sharp turn (see 

House, et al., 1999; Knight & Nolan, 2006; Knight, 2008 for a review, and Astruc et al., 2012 

for plateaux in children’s speech). In addition, researchers experience discrepancy between the 

perceived pitch height and the f0 as estimated by the algorithms implemented in the speech 
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analysis tools; perceived pitch of the f0 turning point is affected by factors other than f0, such 

as f0 peak location within the utterance, excursion size, f0 at the utterance onset, the shape of 

the f0 peak, the presence of an intonational phrase boundary, listeners’ expectations, and 

speaker pitch range (e.g., Rietveld & Gussenhoven, 1985; Terken, 1991, 1994; Gussenhoven et 

al.,1997; Gussenhoven & Rietveld, 1998; Knight, 2008). The focus of our investigation is 

directly comparing the accents which differ in the direction of f0 movement associated with 

them, rise-fall vs. fall-rise. 

We contrast Ʌ-shaped f0 ‘peaks’ and V-shaped ‘valleys’ which were a mirror image of 

each other. Although both a ‘peak’ and a ‘valley’ are composed of a rise and a fall, their 

ordering determines the relative height of the turning point. In a ‘peak’, listeners hear the rise 

first, leading to a local maximum f0, but for a ‘valley’, the f0 falls towards the local minimum. 

Such differences may lead to an asymmetry in listeners’ perception of ‘peaks’ and ‘valleys’. A 

rise over a vowel (Evans, 2015; Hsu et al., 2015) or a short tone and a nonsense word (Turner 

et al., 2019) seems to be perceived more saliently and accurately than a fall. Listeners are 

relatively insensitive to variations in the f0 of minima compared to maxima in utterances 

(Sluijter, 1991, cited in Gussenhoven et al., 1997), and discrimination of f0 excursion size is 

easier in rises than in falls in an utterance (‘t Hart, 1991). Similarly, listeners have more 

difficulties in identifying f0 falls than rises with tone glides (e.g., Collins & Cullen, 1978; 

Gordon & Poeppel, 2002; Kishon-Rabin et al., 2004) and also with nonsense words (Turner et 

al., 2019). However, to our knowledge, no study has directly compared listeners’ perception of 

f0 ‘peaks’ and ‘valleys’ with their f0 excursion manipulated in a symmetrical manner in 

utterance-length stimuli.  

Although a high pitch accent (H*) and a low pitch accent (L*) in the AM analysis 

technically refer to a local peak and a valley, respectively, their acoustic forms in speech are 

usually not symmetrical. For instance, in American English, the low pitch accent (L*) is often 
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realised with a long stretch of f0 in the low range of the speaker’s voice, whereas the local peak 

for the high accent (H*) may be clearly definable (see Ladd, 2008, Section 3. 1. 3). 

Accordingly, speech perception or processing studies have used asymmetrical acoustic shapes 

between high and low accents for naturalness. For instance, Kutscheid, et al. (2021) showed 

that German listeners are more likely to associate prominence at the word or sentence level 

with high pitch accents (e.g., L+H*) than with low pitch accents (e.g., L*+H, L*, H+L*). 

Similarly, Zahner et al. (2019) demonstrated the processing advantage of the high pitch accents 

(L+H*) compared to the low pitch accents (H+L*). In these studies, the high accents tended to 

have a clearly defined local f0 peak, whereas the low accents had a gradual fall with a less 

salient f0 movement compared to the high accents. Then, the advantages of the high accents in 

perception and processing might have been due to the lack of sufficient acoustic contrasts for 

the low accents. Therefore, we created acoustically symmetrical ‘peaks’ and ‘valleys’ to clarify 

the source of their perceptual asymmetry.  

Second, we manipulated the f0 turn shape in the stressed syllable associated with an 

accent. Plateau-shaped f0 peaks are perceived higher compared to sharp peaks with the same 

maximum f0 (‘t Hart, 1991; Knight, 2008; see Barnes, Veilleux, Brugos, & Shattuck-Hufnagel, 

2012 for a survey). However, it is not yet clear how the pitch saliency-enhancing effect of 

plateaux interacts with different f0 dimensions. For instance, the effect may be diminished for 

‘valleys’ compared to ‘peaks’ because of the interaction between f0 and duration. Level tones 

higher in f0 tend to sound longer than lower tones (Lehiste, 1976; Rosen, 1977; Jeon & Fricke, 

1997), and the same trend was found in perceiving vowels by listeners whose native language 

was Dutch or Chinese (Gussenhoven et al., 2013) or English (Yu, 2010). On the other hand, the 

experimental results on the duration perception of a tone with a f0 rise or fall are mixed and 

studies show a potential influence of listeners’ linguistic experience. For instance, while native 

speakers of Finnish perceived a tone with an f0 rise longer than that with a fall of the same 
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duration in Dawson, et al. (2017), the opposite was true in Šimko et al. (2015). Listeners’ 

duration perception was unaffected by whether a vowel had a rise or a fall in Yu (2010) and 

Gussenhoven & Zhou (2013). Therefore, while it is unclear how the f0 movement direction 

interacts with the perceived duration in an utterance, a plateau of the same duration may be 

perceived as longer when occurring with ‘peaks’ than with ‘valleys’.  

Third, we examined the generalisability of the effect of f0 manipulation across different 

sentences. The conventional approach in perception studies is to resynthesise one utterance to 

systematically vary the f0 contours to keep other variables under control. However, listeners’ 

pitch perception is affected by segmental properties, such as the intrinsic f0 of vowel (e.g., 

Lehiste, 1970; Whalen & Levitt, 1995), the distribution of acoustic energy (Cangemi, Albert, & 

Grice, 2019), and the intensity or sonority of utterance constituents (Barnes et al., 2011; Barnes 

et al., 2014). The interaction between the acoustic properties of utterance constituents and f0 

poses a broad question which deserves thorough investigation (cf. Barnes et al., 2021). In our 

experiment, different sentences were used as experimental materials, although they mainly 

consisted of vowels and sonorants.  

Finally, we examined the effect of the whole f0 contour shifting up or down, 

operationalised as the f0 level. For instance, an adult female with a voice f0 median of 200 Hz 

can raise her voice to be at 250 Hz, while keeping the f0 excursion associated with an accent 

constant. The variation in voice pitch level or range across speakers or within a speaker does 

not seem to be a problem in real life, because listeners linguistically interpret a particular pitch 

contour, for instance, a rise, as signalling a stressed syllable or a question (see Ladd, 2008, 

Section 5. 2). What needs further investigation is the detailed process of how listeners derive 

the linguistic interpretation from the acoustic form. Much research has been carried out to 

model between- or within-speaker variation in f0 range, for instance, in terms of speaker 

characteristics (Patterson & Ladd, 1999) and scaling intonational targets (Shriberg et al., 1996; 
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Gussenhoven & Rietveld, 2000). However, the perception of low or falling f0 in the utterance 

context in varying f0 levels is yet to be examined. It is possible that height discrimination is 

more difficult in the relatively low than high level of human voice. For pure tones, an inverse 

relationship exists between the thresholds for sound pressure level (dB SPL) and f0 in the 

typical adult speech range (70–400 Hz, cf. Fletcher & Munson, 1933; ISO, 2003), and the same 

may be true for speech. That is, at a low f0, listeners may need a higher intensity level to 

achieve sensitivity comparable to that for the higher f0 level. In addition, if high or rising f0, 

but not low or falling f0, captures listeners’ attention (e.g., Hsu et al., 2015), then the 

perceptual ease of ‘peaks’ would be less likely to be affected by suboptimal contexts such as in 

soft sound or at low f0. On the other hand, the low sensitivity to ‘valleys’ might lead to a 

reduced pitch perceptibility at particularly low levels compared with higher levels. We aimed 

to explore the perceptual consequences of the same magnitude of f0 changes in semitones in 

‘peaks’ and ‘valleys’ in different levels. 

Below we present two experiments investigating the effects of accent type (‘peaks’ vs. 

‘valleys’), plateau duration (0 ms, 25 ms, 100 ms) and f0 level (high at 200–302 Hz vs. low at 

132–200 Hz). In addition to the English speech stimuli, Experiment 1 used complex tones and 

reiterated speech, and Experiment 2 used complex tones. In the interests of keeping the paper 

concise, we only present the results of the English speech trials. The results across stimulus 

types (English speech, reiterated speech, and tones) were comparable (see Appendices A and 

B).  

2. Research questions and hypotheses  

The experiments address the following questions: (1) whether there is a perceptual 

asymmetry in discriminating pitch height between f0 ‘peaks’ and ‘valleys’ in utterance 

contexts other things being equal; (2) how the pitch saliency-enhancing effect of f0 plateaux is 
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manifested across ‘peaks’ and ‘valleys’; and (3) whether listeners’ pitch height discrimination 

is comparable across f0 levels. We measured listeners’ ability to identify the relative pitch 

height between two ‘accents’ (cf. Rietveld & Gussenhoven, 1985; Gussenhoven & Rietveld, 

1998; Terken, 1991), rather than their prominence to direct listeners’ attention to speech 

melody. In all auditory stimuli, the first accent’s height was kept constant throughout the 

experiment while the second accent’s height was orthogonally varied in five one-semitone 

steps with the plateau duration. We tested the following hypotheses.  

Hypothesis 1: The effect of f0 height manipulation on pitch height perception is less 

pronounced for ‘valleys’ than for ‘peaks’. 

Hypothesis 2: Listeners’ reduced capacity in perceiving ‘valleys’ interacts with the f0 

contour shape associated with an accent. A relatively diminished saliency-enhancing effect of 

f0 plateaux for ‘valleys’ compared to ‘peaks’ is expected.  

Hypothesis 3: The sentence ‘item’ factor has a significant effect on listeners’ responses. 

Hypothesis 4: Changes in the f0 level has a significant effect only for ‘valleys’.   

3. Experiment 1  

3.1 Method  

3.1.1 Participants 

Twenty native speakers of British English (8 male, 12 female, age Mean = 24.6, SD = 

3.44, range 18–30 years) with self-reported normal hearing and corrected-to-normal vision 

took part in the experiment. Participants were recruited with posters and by online 

advertisements at the University of Manchester. All participants provided written informed 

consent prior to the study. They received a small monetary compensation for participation after 

the experiment. All response data were anonymised for analysis. The study was approved by 
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the local ethics committees of the University of Manchester (2018-4595-6682) and the 

University of Central Lancashire (STEMH 922). 

3.1.2 Experimental design and stimulus types  

The experimental design was a 2 Accent Type (Peaks, Valleys) × 2 Second Accent 

Shape (Sharp Turn, 100 ms Plateau) × 5 levels in Accent Height Difference (-2, -1, 0, +1, +2 

ST) × 4 Items (Lemmy, Nellie, Mona, Nina). All auditory stimuli had two accents, which were 

either two high f0 peaks or two low valleys. The stimuli were based on four English sentences: 

‘is Lemmy near Nellie?’ (‘Lemmy’ Item), ‘is Nellie near Lemmy?’ (‘Nellie’ Item), ‘does Mona 

know Nina?’ (‘Mona’ Item), and ‘does Nina know Mona?’ (‘Nina’ Item). These sentences 

were designed to have words with initial stress (e.g., Lémmy and Néllie) for the accents to be 

aligned to and to contain sonorants to keep f0 perturbations minimal. All sentences were six 

syllables long and were designed to have two accented syllables on the same location on the 

second and the fifth syllables. The same name was placed in different positions in a sentence 

pair to counterbalance a potential effect of intrinsic pitch related to segmental composition.  

3.1.3 Recording and resynthesis of experimental stimuli  

A female native speaker of Standard Southern British English in her 30s read the 

English sentences at a comfortable speaking rate neutrally with ‘peak’ and ‘valley’ accents 

several times (see Figs. 1 and 2). The speech was recorded at a sampling rate of 51.2 kHz using 

a Samurai 2.2.6 sound level meter (Sinus Messtechnik GmbH, Leipzig, Germany) and 

recording software onto a Toshiba Satellite Pro laptop using a calibrated ½-inch condenser 

microphone (Type 4134 Brüel and Kjær, Nærum, Denmark), preamplifier (Type 26AM 

G.R.A.S. Sound and Vibration, Holte, Denmark) and acoustic analyser (Apollo-Box, Sinus). 

Recording took place in a custom-built anechoic chamber at the University of Nottingham and 
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the microphone was positioned 20 cm from the speaker’s mouth with the diaphragm at a 0 

degree orientation. 

All stimuli were resynthesised using Praat ver. 6.0.29 (Boersma & Weenink, 2017). 

Half of the stimuli had an f0 contour with two ‘peak’ accents and the other half had two 

‘valley’ accents. The first accent always formed a sharp turn and the second one formed either 

a sharp turn or a 100 ms plateau. The 100 ms plateau duration was chosen following Knight 

(2008).1 By choosing 0 and 100 ms we intended to maximise the contrast in the plateau 

duration between the two accents to establish a benchmark for future studies investigating the 

effect of varying plateau duration.  

The auditory stimuli were resynthesised from one utterance chosen for each of the four 

English sentences with accent peaks as a base utterance. The utterances with accent valleys 

were not ideal for resynthesis due to creaks which appeared near the floor of the speaker’s f0 

voice range.2 In the process of selecting the base utterance, the f0 and durational properties of 

each utterance were examined and the token which had a similar duration between the two 

areas under the two accents [(3)–(1) and (8)–(4) in Figure 1] was chosen. To prepare for 

resynthesis, in each utterance, the interval between the beginning of the f0 rise and the end of 

the fall around each accent was measured; the duration of the shorter interval between the two 

was chosen as the target duration to be implemented in the resynthesised stimuli. In each 

utterance, the first author who is trained in prosodic analysis identified eight time points for f0 

                                                           
1 The shape of the f0 accent peak varied across previous studies. For instance, Pierrehumbert (1979) used 
resynthesised utterances from natural production without specifying the peak shape, Gussenhoven and Rietveld 
(1998) used sharp f0 peaks, while the f0 contours formed a 30 ms plateau in Terken (1991). 
2 An anonymous reviewer questioned whether the original utterance spoken with peak accents could have 
sounded unnatural and synthetic when resynthesised to create the ‘valley’ stimuli. Indeed, some change in the 
timbre might have been noticed by careful listeners when high pitch was resynthesised to be low. However, such 
changes were unavoidable, because the resynthesis can only reduplicate pulses from the original, while the 
pulse shapes vary depending on the pitch in natural speech production. The trends in the results in Experiment 1 
were replicated when a neutrally spoken utterance was resynthesised into both ‘peaks’ and ‘valleys’ in 
Experiment 2. Therefore, it is unlikely that any artefact in the resynthesis process significantly affected the 
results. 
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stylisation (see Figure 1): (1) the beginning of the first f0 rise, (2) the mid-point of the first 

vowel in the first name, (3) the end of the f0 fall, (4) the beginning of the f0 rise for the second 

accent, (5) a time point 50 ms before the vowel mid-point, (6) the mid-point of the first vowel 

in the second name, (7) a time point 50 ms later than the vowel mid-point, and (8) the end of 

the final f0 fall. Points (2), (5), (6), and (7) were identified first. Then the f0 ‘elbows’ were 

semi-automatically identified by using the minimum pitch detection function in Praat for 

deciding the candidate location of (1), (3), (4), and (8). Then the points were slightly moved 

from the semi-automatically detected ‘elbows’ to an appropriate place if necessary to ensure 

that the duration of the interval under the first f0 curve [(3)–(1)] and that under the second f0 

curve [(8)–(4)] could be the same in each utterance (Mean = 354.75 ms, SD = 28.65). 

Consequently, they were not strictly associated with the precise f0 turning point or the 

segmental boundary in the original utterance. In real speech, the f0 maximum or minimum in 

an accented syllable is not precisely aligned to the vowel mid-point, and the alignment may 

vary depending on the sentential position, being earlier in a nuclear accent than in a pre-nuclear 

accent (e.g., Ladd et al., 2009). The simplistic approach aligning the f0 turn to the vowel mid-

point was taken here to avoid confounds related to the alignment. The mean duration of the 

resynthesised English utterances was 1.18 s (SD = 0.03). The present design did not allow a 

control of the f0 movement slope towards the maximum of a ‘peak’ or the minimum of a 

‘valley’. Implementing the 100 ms plateau resulted in a decreased slope of f0 compared to a 

sharp turn.  
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Fig. 1. The spectrogram and f0 track of the recorded utterance ‘does Nina know Mona?’ with 
two accent peaks. The word boundaries, the location of the eight points for f0 stylisation and 
the segmental boundaries are annotated. In the last tier, segments are annotated as c 
(consonant) and v (vowel). The points (1), (3), (4), and (8) were decided to the same durations 
of the interval under the first f0 curve [(3)–(1)] and that under the second f0 curve [(8)–(4)].  

 

Fig. 2. A sample spectrogram and f0 track of the recorded utterance ‘does Nina know Mona?’ 
with two accent valleys. The word boundaries and the stressed vowels are annotated. 

 



14 

The f0 baseline was set at 200 Hz, which was close to the speaker’s value near the 

beginning of the utterance (approximately 205 Hz). The height differences between the two 

accents were expressed in the musical semitone (ST) scale, which seemed most appropriate for 

comparing pitch events occurring at different levels (cf. Graddol, 1986; Nolan, 2003). For 

resynthesis of the Peaks stimuli, the first f0 accent maximum was set at 273 Hz (5.4 semitones 

higher than the 200 Hz baseline, Figure 3) in all stimuli. The second accent f0 maximum varied 

in five one-semitone steps (Table 1). The maximum difference between the baseline and the 

second accent, 7.4 ST, was chosen based on Knight (2008). The f0 contours of the Valleys 

stimuli were mirror images of the Peaks counterparts. The accents occurred between 200 Hz 

and 307 Hz for Peaks and between 130 Hz and 200 Hz for Valleys. The root-mean-square 

amplitude of all base utterances was scaled at 70 dB before further resynthesis. Sample stimuli 

are available as Supplementary Materials.3  

 

3.1.4 Experimental procedures 

Sound output was calibrated to 70 dB SPL using a B&K 2250 sound level meter and a 

B&K artificial ear type 4153. Sounds were delivered via a DELL 17-7000 (i7-4510 @2 gHz) 

with Windows 8 Pro, using a Realtek ALC3253CG soundcard with Waves Maxx Audio Pro 

and Sennheiser HD280 headphones. All trials were presented with Praat ver. 6.0.26 (Boersma 

and Weenink, 2017). Testing was carried out in a double-wall sound-attenuating booth 

(Industrial Acoustics Company, Winchester, UK) at the University of Manchester. 

 

 

                                                           
3 In the sample sound files (expt1_English_peaks_sharp.wav, expt1_English_valleys_sharp.wav, 
expt1_English_peaks_plateau.wav., expt1_English_valleys_plateau.wav), the two accents have the same f0 
height at the stressed vowel mid-point.  
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Fig. 3. f0 tracks of the resynthesised stimuli ‘is Lemmy near Nellie?’ with the second accent in 
Plateau (100 ms) in Peaks and Valleys. In the Sharp Turn stimuli (not shown in the figure), the 
f0 maxima in Peaks and minima in Valleys were aligned to (6), the mid-point of the vowel. 
The constant f0 at the beginning, between the two accents, and at the end is referred to as the 
baseline at 200 Hz (Experiment 1).  

 

Table 1. The difference between the first accent height and the second accent height measured 
from the 200 Hz baseline. The first accent height always corresponded to the height for 0 ST 
Accent Height Difference. The negative Accent Height Difference values indicate that the 
second accent had a smaller f0 excursion from the baseline than the first (See Fig. 3., 
Experiment 1).  

 Accent Height Difference Difference from baseline  f0 (Hz) 
Peaks -2 ST 3.4 ST 243.40 

 -1 ST 4.4 ST 257.87 
 0 ST 5.4 ST 273.21 
 +1 ST 6.4 ST 289.45 
 +2 ST 7.4 ST 306.67 

Valleys -2 ST -3.4 ST 164.33 
 -1 ST -4.4 ST 155.11 
 0 ST -5.4 ST 146.41 
 +1 ST -6.4 ST 138.19 
 +2 ST -7.4 ST 130.44 

 

The Experiment consisted of three Stimulus Type blocks (Complex Tone, Reiterated 

Speech, and English Speech). The details of the stimuli, experimental procedure and results of 
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the Complex Tone and Reiterated Speech trials are shown in Appendix A. For all stimuli, the 

presentation order of the blocks was counterbalanced, and within each block, the stimulus 

presentation order was randomised for each participant. Half of the participants listened to the 

‘Lemmy’ and ‘Nellie’ stimulus pairs and the other half listened to the ‘Mona’ and ‘Nina’ pairs. 

Each participant was randomly assigned to the stimulus pair group.  

When given instructions, participants were shown schematic representations of two 

‘peaks’ or ‘valleys’ in line drawings and informed that they would hear auditory stimuli with 

either two ‘peaks’ or ‘valleys’ in the melody. They were instructed to listen to English 

utterances ‘is Lemmy near Nellie?’, ‘is Nellie near Lemmy?’, ‘does Mona know Nina?’ and 

‘does Nina know Mona?’ as appropriate for their stimulus group. Then they were instructed to 

identify which melodic ‘peak’ sounded higher or which ‘valley’ sounded lower respectively by 

listening to the height of the peaks or valleys. There was a practice session with eight stimuli [2 

Accent Type (Peaks, Valleys) × 2 Second Accent Shape (Sharp Turn, Plateau) × 2 Accent 

Height Difference (-2, +2)] before the main experiment.  

Each stimulus was played 0.5 seconds after the onset of each trial. In each trial, the 

question ‘which one sounds higher?’ for the Peaks trials or ‘which one sounds lower?’ for the 

Valleys trials appeared at the top of the screen as relevant to Accent Type. Two buttons 

labelled ‘first’ and ‘second’ appeared on the screen. Participants could repeat the stimulus 

presentation as often as they liked. Participants indicated their choice by clicking the 

appropriate button with a mouse. They were allowed to change their response after repeated 

presentations within a trial. Only the final response, before clicking ‘ok’, was recorded. No 

feedback was given. The experiment was self-paced, and all stimuli were played three times 

throughout the experiment. The experiment lasted approximately 30 minutes. 

3.1.5 Analysis  
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There were 2,400 data points in total [2 Accent Type (Peaks, Valleys) × 2 Second 

Accent Shape (Sharp Turn, 100 ms Plateau) × 5 Accent Height Difference (-2, -1, 0, +1, +2 

ST) × 2 Items per participant × 3 repetitions × 20 participants]. The averaged response 

frequency in percentages for all experimental conditions is shown in Figure 4. We explored the 

effects of experimental factors and their interaction terms by comparing mixed-effect logistic 

models fitted to the response data (the glmer function in the lme4 package, Bates, et al., 2015) 

using R ver. 4.0.3 (R Core Team, 2020). Our data analysis focused on the model comparisons 

rather than fitting the maximal model (Barr, et al., 2014) because of the complexity of the 

experimental design. Our logistic models involved multi-level factors, and a minor decision in 

the model-building process, such as the reference level or the ordering of factors, affects the 

process and results (cf. Clopper, 2013). 

The logistic models estimated the maximum likelihood of the positively coded ‘second 

accent’ response. Initially, a model was fitted with all fixed factors, Accent Type, Second 

Accent Shape, Accent Height Difference, and Item, with Listener as a random intercept. Item 

was incorporated as a fixed factor rather than a random factor so that we could examine its 

interaction with other fixed factors, Accent Type and Accent Shape, in particular. We then 

tested the effect of each fixed factor and their interactions by examining whether the model 

containing the effect of interest (as listed in Table 3) significantly improved the model fit 

compared to a lower-order model built without it. We interpreted that a lower value of the 

Akaike information criterion (AIC, Akaike, 1974) indicated a better fit and used the log-

likelihood test with the anova function (α = 0.05). We tested the two- and three-way 

interactions in the same manner. For instance, for assessing a three-way interaction, we 

constructed a model with all fixed factors, the three-way interaction and all possible two-way 

interactions between the fixed factors involved in the three-way interaction. Then we compared 

it with a lower-order model, which was built with all fixed factors and the two-way 
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interactions. We did not build models with four-way interactions because they are not 

interpretable, and also because we did not observe any significant three-way interactions.  

 

3.2 Results  

The model comparison results are summarised in Table 3. To interpret interactions, we 

present the ‘second accent’ response frequency (%) for all experimental conditions together 

with the frequency averaged for each fixed factor in Table 2. Figure 4 shows the ‘second 

accent’ response functions, and the horizontal reference line is at 50% ‘second accent’ response 

frequency. Although none of the three-way interactions was statistically significant (Table 3), 

Figure 4 presents the results by Accent Type, Item, and Second Accent Shape, because they 

were part of two-way interactions. The point where the response function crossed the reference 

line was regarded as the Point of Subjective Equality (PSE), i.e., the Accent Height Difference 

at the chance-level ‘second accent’ response (50%), indicating perceptual equivalence between 

the height of the two accents. Above the PSE in semitones, listeners perceived the second 

accent as more salient in pitch, i.e., higher for ‘peaks’ and lower for ‘valleys’, than the first 

accent.  

Accent Type was a significant main effect (p < 0.001). Overall, listeners had a stronger 

bias to perceive the second accent as more salient in pitch than the first for Peaks (Mean = 

61.92, SD = 39.52) compared with Valleys (Mean = 49.58, SD = 37.16).  

The main effect of Second Accent Shape (p < 0.001) showed that listeners were more 

likely to perceive the second accent as more salient than the first for Plateau (Mean = 63.33, 

SD = 38.27) than for Sharp Turn (Mean = 48.17, SD = 37.94). Further, Second Accent Shape 

did not interact with any other fixed factors; Plateau had a consistent effect of increasing the 

pitch saliency across Second Accent Shapes and Items. In Figure 4, the response functions for 
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Plateau were relatively shifted up compared to Sharp Turn in each Item pair. In addition, in all 

Plateau–Sharp Turn pairs, the PSE was lower for Plateau; i.e., a smaller f0 difference between 

the two accents, when the second accent was lower than the first for Peaks and higher for 

Valleys, led to perceived equivalence in pitch for Plateau more than for Sharp Turn.   

Item did not have a significant main effect, and listeners’ ‘second accent’ response 

frequency was 50-60 % across Items.    

The Accent Height Difference effect shows the significant change in listeners’ 

responses evoked by a one-semitone f0 change in the second accent height. In Figure 4, 

listeners’ heightened capacity to perceive the second accent height change resulted in a steep 

positive slope of the response function, while a flat function indicates that listeners reacted 

little. Accent Height Difference had a significant main effect (p < 0.001); in all experimental 

conditions, the response function showed a positive slope (Fig. 4).  

The absence of a significant Accent Type × Second Accent Shape interaction effect 

could be interpreted as indicating that the Sharp Turn vs. Plateau contrast had a comparable 

effect across Peaks and Valleys. On the other hand, there was a significant Accent Type × Item 

interaction effect (p < 0.001). Listeners’ stronger bias towards the second accent saliency for 

Peaks than for Valleys was shown for two out of the four Items, Lemmy (Peaks, Mean = 63.33, 

SD = 47.71; Valleys, Mean = 49.67, SD = 34.97) and Mona (Peaks, Mean = 69, SD = 33.92; 

Valleys, Mean = 34.33, SD = 32.64). For these Items, the response functions for Peaks and 

Valleys (Figure 4) were clearly separated. In addition, the difference in the PSEs for Peaks and 

Valleys was notable, showing that listeners needed a larger f0 excursion from the baseline for 

Valleys than for Peaks to achieve pitch equivalence between the two accents. In particular, 

Figure 4 shows markedly low ‘second accent’ response frequency for Mona, Valleys. On the 

other hand, the Peaks vs. Valleys difference was relatively reduced and the response functions 
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were clustered for Nellie (Peaks, Mean = 58.33, SD = 40.86; Valleys, Mean = 60.67, SD = 

36.81) and Nina (Peaks, Mean = 57, SD = 40.56; Valleys, Mean = 53.67, SD = 39.33). The 

PSE differences between Peaks and Valleys were minimal for Sharp Turn for these Items. The 

main source of the Accent Type × Item interaction is likely to be Nellie, which was exceptional 

in that overall listeners’ ‘second accent’ response frequency was slightly higher for Valleys 

(Mean = 60.67, SD = 36.81) than for Peaks (Mean = 58.33, SD = 40.86). However, the Peaks 

vs. Valleys asymmetry was still present for Nellie. Despite the marginally higher overall 

‘second accent’ response frequency for Valleys than for Peaks, the response function for 

Valley for Nellie (Fig. 4) still has a less steep slope than for Peaks.  

Accent Height Difference was observed in significant two-way interactions. First, 

although the effect of Second Accent Shape × Accent Height Difference (p = 0.58) did not 

reach the statistical significance threshold, Figure 4 shows that Plateau led the ‘second accent’ 

responses to ceiling at +1 and +2 ST Accent Height Differences for Peaks. Second, the Accent 

Type × Accent Height Difference interaction (p < 0.001) was shown by the steeper response 

functions for Peaks than for Valleys (Fig. 4), i.e., listeners’ discrimination was heightened for 

Peaks. Third, the Item × Accent Height Difference interaction (p < 0.001) indicated that the 

response function slope was significantly different across Items.  

To summarise the results, an asymmetry in perception of different accent types, f0 

‘peaks’ and ‘valleys’, was observed. Listeners showed heightened discrimination for ‘peaks’ 

than for ‘valleys’, and they were more prone to perceive the second accent as salient in pitch 

than the first for ‘peaks’ than for ‘valleys’. The ‘accent type’ had a significant interaction effect 

with ‘items’, i.e., the four utterances used in the experiment (‘Lemmy’, ‘Nellie’, ‘Mona’ and 

‘Nina’), but the ‘peaks’ vs. ‘valleys’ asymmetry shown in the response functions was 

consistent across the ‘items’. The plateau-shaped accent seemed to have a constant pitch-

saliency-enhancing effect for both ‘peaks’ and ‘valleys’. Listeners were more likely to perceive 
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an accent with a 100 ms plateau as salient compared to an accent with a sharp turn other things 

being equal. In addition, for the ‘plateau’ stimuli, listeners were highly likely to perceive the 

second accent as more salient than the first when the second accent was lower in f0 than the 

first by 1–2 semitones, particularly for ‘peaks’.  

Table 2. Frequency (%) means and standard deviations of listeners’ ‘second accent’ responses 
for each Item (Experiment 1).  

  Lemmy  Mona  Nellie  Nina  Total  

Shape Type Mean SD Mean SD Mean SD Mean SD Mean SD 

Plateau Peaks 74.67 37.23 74.00 31.07 64.67 41.19 64.67 39.50 69.50 37.48 

 Valleys 56.67 37.04 43.33 34.50 69.33 36.79 59.33 40.57 57.17 38.16 

 Total 65.67 38.04 58.67 36.12 67.00 38.92 62.00 39.93 63.33 38.27 

Sharp Peaks 52.00 43.20 64.00 36.17 52.00 39.93 49.33 40.54 54.33 40.14 

 Valleys 42.67 31.62 25.33 28.22 52.00 35.10 48.00 37.59 42.00 34.61 

 Total 47.33 37.96 44.67 37.67 52.00 37.40 48.67 38.90 48.17 37.94 

Total Peaks 63.33 41.71 69.00 33.92 58.33 40.86 57.00 40.56 61.92 39.52 

 Valleys 49.67 34.97 34.33 32.64 60.67 36.81 53.67 39.33 49.58 37.16 

 Total 56.50 39.00 51.67 37.47 59.50 38.81 55.33 39.88 55.75 38.83 
 

 

 

Fig. 4. The averaged frequency of ‘second accent’ responses (%) across all participants by 
Item, Second Accent Shape, and Accent Type in Experiment 1.  
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Table 3. Results of the model comparisons (α = 0.05). The reference level for all models was 
Accent Type-Peaks, Second Accent Shape-Sharp Turn and Item-Lemmy (Experiment 1).  

  χ2 df p  
Accent Type 50.34 1 < 0.001 *** 
Shape 75.54 1 < 0.001 *** 
Item  5.31 3 0.15 
Difference  582.01 1 < 0.001 *** 
Accent Type × Shape 0.038 1 0.85 
Accent Type × Item 67.26 3 < 0.001*** 
Accent Type × Difference 57.63 1 < 0.001*** 
Shape × Item 1.26 1 0.73 
Shape × Difference 3.6 1 0.58 
Item × Difference 25.33 3 < 0.001*** 
Accent Type × Shape × Item 4.17 3 0.24 
Accent Type × Shape × Difference 7 7 0.43 
Shape × Item × Difference 4.91 3 0.18 

 

 

3.3 Discussion of Experiment 1   

Hypothesis 1 that listeners’ discrimination would be relatively heightened for ‘peaks’ 

compared with ‘valleys’ was supported. However, the direct source of this effect is ambiguous, 

because ‘peaks’ and ‘valleys’ differed in two dimensions, the direction of the f0 movement 
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(fall-rise vs. rise-fall) and the f0 level at which the f0 movements occurred (‘peaks’ in the range 

200–307 Hz, ‘valleys’ in 130–200 Hz). For ‘valleys’, it was not only the fall-rise of the f0 

movement that could have posed challenges for listeners but also its low level. Comparing the 

speech results with those for complex tones speaks to the question of whether listeners’ 

stronger bias for the second accent saliency for ‘peaks’ than for ‘valleys’ is more likely to be a 

psychoacoustic or linguistic effect. If it were a linguistic effect, one might suggest that the bias 

could originate from listeners’ expectations about ‘declination’ in speech, i.e., the downtrend in 

f0 over an utterance (Collier, 1987), while they may have an opposite bias for ‘valleys’. 

However, this is unlikely to have happened as similar results were observed for complex tones, 

which were not likely to evoke listeners’ linguistic expectations (see Appendix A). 

We did not find strong evidence for Hypothesis 2 that the pitch-saliency-enhancing 

effect of an f0 plateau would be reduced for ‘valleys’ compared to ‘peaks’; the interaction 

between the accent type (‘peaks’ vs. ‘valleys’) and the second accent shape (‘sharp turn’ vs. 

‘plateau’) was not statistically significant. For the ‘plateau’ condition, the response functions 

were shifted up, the PSEs were lower, and the averaged frequency of the ‘second accent’ 

responses was higher compared to the ‘sharp turn’ condition. For a plateau-shaped accent, the 

f0 reached the maximum for a ‘peak’ or the minimum for a ‘valley’ earlier in comparison to the 

f0 in the accent with a sharp turn. Although the steeper slope of f0 movement towards a plateau 

could hinder listeners’ f0 tracking, the disadvantage seemed to be compensated by the stability 

that the maximum or minimum f0 was maintained for 100 ms.  

Hypothesis 3 was supported in that the utterance type (‘item’) significantly affected the 

listeners’ responses. For instance, while all items were subject to asymmetry, the ‘peaks’ vs. 

‘valleys’ asymmetry was more notable for ‘Lemmy’ and ‘Mona’ than for ‘Nellie’ and ‘Nina’ 

(Fig. 4). The response functions were relatively flat for ‘Mona’.  
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Despite addressing several hypotheses, there are remaining questions. First, as 

discussed above, the direct source of the ‘peaks’ vs. ‘valleys’ asymmetry remains ambiguous. 

Second, although the interaction effect between the accent type (‘peaks’ vs. ‘valleys’) and 

shape (‘sharp turn’ vs. ‘plateau’) was not statistically significant, the variance across the four 

utterances might have led to this outcome. Finally, throughout the experiment, the first accent 

always formed a sharp f0 turn. Such a sharp f0 turn is unlikely to be produced in real speech 

and the lack of stable f0 could have made pitch tracking challenging for listeners, and 

consequently, they may have based their judgements on guessing, more biased towards the 

‘second accent’ response for ‘peaks’ than for ‘valleys’. Experiment 2 addressed these issues. 

The ‘accent types’ and f0 ‘levels’ were crossed, and we used only one English utterance ‘does 

Nellie know Lenny?’ to focus on the effect of f0 manipulation. We improved the stimulus 

design to approximate speech more closely. In all stimuli, the first accent had a 25 ms plateau 

while the plateau duration of the second accent varied (25 ms vs. 100 ms). The accent ‘peak’ or 

‘valley’ was aligned at the end of the stressed vowel. 

 

4. Experiment 2 

4.1 Method  

The experimental design was: 2 Accent Type (Peaks vs. Valleys) × 2 f0 Level (High vs. Low) 

× 2 Second Accent Shape (25 ms vs. 100 ms plateau) × 5 Accent Height Difference (−2, −1, 0, 

+1, +2 ST).  

4.1.1 Stimuli 

As in Experiment 1, half of the stimuli had an f0 contour with two accent ‘peaks’ and 

the other half had ‘valleys’. The stimuli were based on the English sentence ‘does Nellie know 

Lenny?’. We intended the two names, Nellie and Lenny, to have the same vowels to minimise 



25 

the effect of the intrinsic f0 of vowels. A female native speaker of Standard Southern British 

English in her 20 s read the English sentence several times at a comfortable speaking rate with 

two accent ‘peaks’ and ‘valleys’ and also monotonously, trying to sound neutral without 

emphasising any particular part of the sentence. The speech was recorded at a sampling rate of 

44.1 kHz using a Sennheiser MKH40 cardioid microphone (Wedemark, Germany) and a 

MixPre-6 digital recorder (Sound Devices, Reedsburg, USA). The microphone was positioned 

20 cm from the speaker’s mouth. Recording took place in a sound-attenuated booth in the 

Phonetics Laboratory, the University of Cambridge.  

One monotonously spoken utterance was selected as the base for resynthesis. Ten 

points were identified for f0 stylisation (see Fig. 5), but the end of the plateau was aligned with 

the end of the stressed vowel, i.e., the plateau was stretched backward in time rather than being 

symmetrical about the vowel mid-point as in Experiment 1. This change was made from 

Experiment 1 because the f0 turn tends to be aligned towards the end of the vowel in Southern 

British English (Knight & Nolan, 2006). The f0 rise or fall time associated with each accent 

with a 25 ms plateau, i.e., duration between (2) and (3), (4) and (5), (6) and (8), (9) and (10), 

was controlled at 140 ms (Figs. 5 and 6). The duration control also allowed the f0 movement at 

the beginning of the first accent to occur after the voiceless interval in ‘does’. When manually 

identifying (1)-(10), the points (4) and (9), which were the end of the stressed vowel were 

annotated first. Once these points were fixed, the points (3), (7) and (8) were determined as 

appropriate for desired plateau duration. Then the points (2) and (5) for the first accent and (6) 

and (10) for the second accent were marked to keep the duration under each accent curve at 

140 ms.    

There were two conditions for f0 Level (High vs. Low): for High, the f0 contours were 

within the range 200–302 Hz and for Low, 132–200 Hz. The first accent was always at the 

height of 0 ST Accent Height Difference, and the height of the second accent varied in five 
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one-semitone steps (Table 4). Consequently, the f0 range, the difference between the maximum 

f0 and the minimum f0, for each Level expressed in Hz was narrower for Low (68 Hz) than for 

High (102 Hz). The f0 baseline was at 200 Hz for Peaks, High Level and for Valleys, Low 

Level, which was close to the speaker’s value near the beginning of the utterance 

(approximately 195 Hz). The baseline was at 132 Hz for Peaks, Low Level and at 302 Hz for 

Valleys, High Level. The root-mean-square amplitude of all stimuli was scaled to 70 dB and 

they were converted to mp3 files for an online experiment. Praat ver. 6.0.29 (Boersma & 

Weenink, 2017) was used for all sound editing and (re)synthesis procedures. 

 

 

 

 

 

Fig. 5. The spectrogram and f0 track of the base utterance for resynthesis, spoken 
monotonously. The ten points for f0 stylisation, stressed vowels (V) and word boundaries are 
annotated.  
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Fig. 6. Example f0 tracks for Peaks vs. Valleys in High vs. Low Levels. Both accents in an 
utterance have a 25 ms plateau in this figure (Experiment 2).  

 

Table 4. The difference between the first accent height and the second accent height. The 
baseline (in brackets) refers to the f0 at the start of the utterance, at the stable stretch between 
the two accents, and at the end of the utterance (Experiment 2).  

 Accent Height Difference Hz from baseline (ST) 
Peaks    
High Level (200 Hz)  -2 ST 240 3.16 

-1 ST  254.27 4.16 
0 ST 269.39 5.16 
+1 ST 285.41 6.16 
+2 ST 302.38 7.16 

Low Level (132.24 Hz)  -2 ST 158.72 3.16 
-1 ST 168.16 4.16 
0 ST 178.16 5.16 
+1 ST 188.75 6.16 
+2 ST 200 7.16 

Valleys    
High Level (302.38 Hz) -2 ST 251.93 -3.16 

-1 ST 237.79 -4.16 
0 ST 224.44 -5.16 
+1 ST 211.84 -6.16 
+2 ST 199.95 -7.16 

Low Level (200 Hz)  -2 ST  166.63 -3.16 
-1 ST 157.28 -4.16 
0 ST 148.45 -5.16 
+1 ST 140.11 -6.16 
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4.1.2 Participants  

Monolingual native speakers of British English who were born and living in England 

and aged between 18 and 30 were recruited through Prolific (www.prolific.co). None of the 

participants had self-reported speech, vision, hearing, or cognitive impairments. In total, 66 

listeners participated in the experiment. Data from participants who failed the screening test 

were excluded (see Section 4.1.3) and data from 57 participants (37 female and 20 male) were 

analysed (age Mean = 24.26, SD = 3.71). The study was approved by the local ethics 

committee of the University of Central Lancashire (BAHSS2 0122). 

4.1.3 Experimental procedure  

The Gorilla Experiment Builder (Anwyl-Irvine et al., 2019) was used to create and host 

the experiment. Data were collected between 22 June and 11 October 2019. All participants 

were asked to use a desktop computer and headphones. Before the experiment, they filled in a 

consent form and questionnaires on their variety of English, gender, and age. They were then 

asked to wear headphones and adjust the volume to a comfortable level while a ten-second-

long pure tone of 1000 Hz at 70 dB was played. Participants took an intensity discrimination 

task with twelve trials, which identified whether they were wearing headphones or listening in 

free-field (Woods et al., 2017). Only those wearing headphones could correctly identify the 

softest tone out of three in each trial and participants who were correct for fewer than ten trials 

were excluded. In addition, eight catch trials, which were simple mathematical operations with 

the correct answer either 1 or 2 (e.g., 4 - 3 = ?), were constructed to monitor whether 

participants were paying attention to the tasks. All participants provided correct answers to all 

catch trials and therefore no one was excluded on that basis.  

+2 ST 132.24 -7.16 

http://www.prolific.co/
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The main experiment consisted of eight blocks (2 Accent Type × 2 Level × 2 Stimulus 

Type). The details of the complex tone stimuli and results can be found in Appendix B. Each 

block had five stimuli from the five Accent Height Difference conditions in the same Accent 

Type, Level, and Stimulus Type. Each stimulus was presented three times in each block. 

Within each block, the presentation order of the experimental and catch trials was randomised 

for each participant. The order of blocks was counterbalanced across the eight groups.  

The instructions for participants were the same as in Experiment 1. There was a 

practice session before the main experiment. The practice session consisted of eight trials (2 

Accent Type × 2 Level × 2 Accent Height Difference [-3 ST, +3 ST]) with the stimulus 

presentation order randomised for each participant. In the practice session, listeners were given 

feedback on their choice and they could repeat the practice session if they wanted. (Note that 

feedback was not provided in the practice session in Experiment 1 which was carried out in a 

laboratory. In Experiment 2 which was conducted online, participants did not have an 

opportunity to seek immediate clarification from the experimenter. Instead, feedback was 

provided to ensure that participants understood the experimental task.) No feedback was 

provided in the main experiment.4  

The stimulus was automatically played 0.5 seconds after the onset of each trial. 

Participants could repeat the stimulus presentation as often as they liked, up to 20 times. In 

each trial, the question ‘which one sounds higher?’ or ‘which one sounds lower?’ appeared at 

the top of the screen as relevant to Accent Type, together with two buttons labelled ‘first’ and 

‘second’. Participants indicated their choice by clicking the appropriate button with a mouse. 

                                                           
4 An anonymous reviewer commented that the feedback in Experiment 2 could have had a priming effect 
influencing listeners’ performance. Although we cannot ascertain to what extent the methodological differences 
between the two experiments contributed to the results, the findings in both experiments are similar (discussed 
in Section 5), indicating that the results are replicable. For instance, the mean frequency (%) of listeners’ ‘second 
accent’ responses was similar between the experiments, confirming that the methodological differences did not 
bias listeners in a particular way (Experiment 1, ‘peaks’, mean = 61.92, SD = 39.52, ‘valleys’, mean = 49.58, SD = 
37.16; Experiment 2, ‘peaks’, mean = 58.16, SD = 40.49; ‘valleys’, mean = 46.99, SD = 36.37). 
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The experiment automatically progressed to the next trial when the participant pressed one of 

the response buttons. The experiment lasted approximately 30 minutes.  

4.1.4 Analysis 

There were in total 6,840 data points (2 Accent Type × 2 Level × 2 Second Accent 

Shape × 5 Accent Height Difference × 3 repetitions × 57 participants). The analysis methods 

were the same as in Experiment 1.  

4.2 Results   

As in Experiment 1, we present the response frequency (%) functions for all 

experimental conditions (Fig. 7) and the averaged response frequencies (Table 5).  

Accent Type showed a significant effect (p < 0.001) in that listeners had a stronger bias 

to perceive the second accent as salient in pitch for Peaks (Mean = 58.16, SD = 40.49) than for 

Valleys (Mean = 46.99, SD = 36.37). Figure 7 shows that the response function for Peaks was 

shifted up compared to Valleys in all panels.  

Second Accent Shape also had a statistically significant effect (p < 0.001) and it did not 

interact with Accent Type or Level. That is, the longer plateau had a consistent pitch-saliency-

enhancing effect. In addition, the 100 ms plateau reduced the PSE compared to the 25 ms 

plateau in all Accent Types and Levels (Fig. 7). This means that in order to perceive the pitch 

of the two accents as equivalent, listeners required a smaller height difference between the 

accents for the 100 ms plateau than for the 25 ms plateau when the second accent was lower 

than the first in f0 for Peaks and higher for Valleys.  

Level did not have a statistically significant effect.  
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The overall effect of Accent Height Difference (p < 0.001) as shown in the response 

functions (Fig. 7) was that listeners perceived the second accent more salient as the Accent 

Height Difference level increased. 

There was no significant Accent Type × Second Accent Shape interaction effect. That 

is, the Peaks vs. Valleys asymmetry was not dependent on the plateau duration. However, it is 

worth noting that the PSEs show that listeners needed the larger excursion associated with the 

second accent for perceptual equivalence only for Valleys with the 25 ms plateau. When there 

was a 25 ms plateau, the PSEs were around 0 ST for Peaks for both Levels, but for Valleys, the 

PSE was close to 1 semitone. On the other hand, for the 100 ms plateau, the pitch-saliency-

enhancing effect of the longer plateau led the PSE to be around -1 semitone for Peaks for both 

Levels. However, for Valleys, the PSEs were around 0 ST for both Levels.  

Accent Type interacted with Level (p < 0.001). For Peaks, the ‘second accent’ response 

frequency was slightly higher for Low (Mean = 59.06, SD = 45.85) than for High Level (Mean 

= 57.25, SD = 48.13), whereas for Valleys, it was higher for High (Mean = 48.13, SD = 36.03) 

than for Low Level (Mean = 45.85, SD = 36.70). However, the difference in the response 

frequency between Peaks and Valleys for each Level was marginal and the response functions 

did not reveal any striking trends supporting the effect of Accent Type dependent on Level. 

The source of the interaction effect is probably the relatively flat response functions for the 

experimental condition combining Low Level, 25 ms Second Accent Shape, and Valleys. This 

interpretation is supported by the nearly significant three-way Accent Type × Second Accent 

Shape × Level interaction effect (p = 0.06). In Table 5, the response frequency for both Peaks 

(High, Mean = 63.63, SD = 40.23; Low, Mean = 64.33, SD = 38.69) and Valleys (High, Mean 

= 52.87, SD = 36.43; Low, Mean = 53.33, SD = 38.07) seems unaffected by Level for the 

100 ms plateau. However, for the 25 ms plateau, for Peaks, listeners’ bias towards the second 

accent saliency was slightly stronger for Low (Mean = 53.80, SD = 41.22) than for High Level 
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(Mean = 50.88, SD = 41.26). On the other hand, for Valleys, listeners’ second accent saliency 

bias was reduced for Low (Mean = 38.36, SD = 33.71) compared to High Level (Mean = 

43.39, SD = 35.05).  

The significant Accent Type × Accent Height Difference interaction was shown by the 

steeper response functions, i.e., heightened perceptibility of the f0 change of the second accent, 

for Peaks than for Valleys. The significant Second Accent Shape × Accent Height Difference 

interaction suggests that a change of one semitone in the second accent height led to different 

consequences for the 25 ms and 100 ms plateaux. This interaction is probably ascribed to the 

flattened response function for +1 and +2 semitone Accent Height Differences for the 100 ms 

plateau. That is, the effect of a one-semitone increase between +1 and +2 Accent Height 

Difference was more pronounced for the 25 ms plateau than for the 100 plateau. In particular, 

the ‘second accent’ response frequency reached the ceiling for Peaks with a 100 ms plateau. 

Finally, the Level × Accent Height Difference interaction was not statistically significant. 

To summarise the results, listeners showed heightened discrimination ability to ‘peaks’ 

than to ‘valleys’. The long plateau (100 ms) had a consistent pitch-saliency-enhancing effect. 

The long plateau at ‘peaks’ could clearly lead listeners to perceive the second accent, which 

was physically higher in f0 than the first, as more salient than the first, as demonstrated by the 

ceiling effect. On the other hand, the ceiling effect was absent for ‘valleys’. The accent type 

(‘peaks’ vs. ‘valleys’) interacted with the f0 level, because of listeners’ markedly reduced pitch 

discrimination for ‘valleys’ when combined with a short plateau (25 ms) for the low level.  

 

Table 5. Frequency (%) means and standard deviations of listeners’ ‘second accent’ responses 
(Experiment 2). 

  Level      
  High  Low  Total  
Shape Type Mean SD Mean SD Mean SD 
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25 ms Peaks 50.88 41.26 53.80 40.22 52.34 40.73 
 Valleys 43.39 35.05 38.36 33.71 40.88 34.45 
 Total 47.13 38.43 46.08 37.88 46.61 38.14 

100 ms Peaks 63.63 40.23 64.33 38.69 63.98 39.43 
 Valleys 52.87 36.43 53.33 38.07 53.10 37.22 
 Total 58.25 38.72 58.83 38.74 58.54 38.71 

Total Peaks 57.25 41.21 59.06 39.78 58.16 40.49 
 Valleys 48.13 36.03 45.85 36.70 46.99 36.37 
 Total 52.69 38.95 52.46 38.82 52.57 38.88 

 

 

 

 

 

Fig. 7. The averaged frequency of ‘second accent’ responses (%) across all participants by 
Level, Second Accent Shape (25 ms vs. 100 ms plateaux) and Accent Type in Experiment 2. 

 

Table 6. Results of the model comparisons (α = 0.05). The reference level for all models was 
Accent Type-Peaks, Second Accent Shape-25 ms and Level-High (Experiment 2).  
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  χ2 df p 
Accent Type  115.17 1 p < 0.001 *** 
Shape 131.16 1 p < 0.001 *** 
Level 0.051 1 0.82 
Difference  1742 1 p < 0.001 *** 
Accent Type × Shape 0.03 1 0.85 
Accent Type × Level 3.91 1 0.04* 
Accent Type × Difference 159.59 1 < 0.001*** 
Shape × Level 0.62 1 0.43 
Shape × Difference 12.93 1 < 0.001*** 
Level × Difference 0.07 1 0.8 
Accent Type × Shape × Level 3.41 1 0.06 
Accent Type × Shape × Difference 2.91 1 0.09 
Shape × Level × Difference 1.43 1 0.23 

 

4.3 Discussion of Experiment 2  

The hypothesis about listeners’ heightened discrimination for ‘peaks’ was supported 

(Hypothesis 1). We did not find strong evidence for the hypothesis that listeners’ reduced 

capacity in perceiving ‘valleys’ would in turn reduce the pitch-saliency-enhancing effect of a 

long plateau compared to ‘peaks’ (Hypothesis 2). However, there was a nearly significant 

three-way interaction between the accent type, the second accent shape, and the f0 level in line 

with the hypothesis. A long plateau associated with the second accent could lead to listeners’ 

‘second accent’ responses reaching the ceiling for ‘peaks’ when the second accent was 

physically higher in f0 than the first by one or two semitones, but this was not the case for 

‘valleys’. For the ‘valleys’, the pitch-saliency-enhancing effect of a plateau seemed to be 

constrained by listeners’ reduced capacity to perceive variation in f0. In addition, the PSEs 

were around 0 semitones for the ‘valleys’ with a long plateau, in contrast to the negative PSEs 

that were observed for ‘peaks’ (Fig. 7). This indicates that listeners needed the long plateau in 

the second accent in order to perceive pitch equivalence between two ‘valleys’ with the same 

minimum f0.  
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Finally, as hypothesised, the f0 level interacted with the accent type (Hypothesis 4). 

The interaction was demonstrated for a short plateau. The response function for ‘valleys’ in the 

low level was notably flat when the second accent formed a 25 ms plateau. This indicates that 

listeners’ capacity to perceive f0 changes was extremely reduced in the experimental condition 

for the ‘valleys’ combined with the 25 ms plateau and the low f0 level. Similar results were 

found in the complex tone trials (Appendix B).  

5. General discussion 

The plethora of existing research on the perception of intonation has a strong focus on 

pitch rises or high accents, while falls or low accents have been neglected. As we endeavour to 

understand the relationship between the acoustic forms and linguistic interpretations, 

examining listeners’ perception of various pitch shapes at the pre-linguistic level will inform 

the methodological choices. The present study offers a useful basis for further investigation on 

how to model intonation taking account of the perception and also on how listeners in different 

backgrounds, such as foreign language speakers or those with hearing loss, process intonation 

differently.  

  In two experiments, the auditory stimuli were question utterances with either two 

‘peak’ or two ‘valley’ accents aligned to the stressed syllable. The f0 properties associated with 

the first accent were kept constant throughout the experiment and those of the second accent 

were varied in f0 contour shape and height. Listeners carried out a two-alternative forced-

choice task judging whether the first or the second accent was more salient in pitch (‘higher’ 

for ‘peaks’ and ‘lower’ for ‘valleys’). The judgment of relative prominence would be a more 

linguistically relevant task than the judgment of pitch height. However, the prominence 

judgment carries a number of potential problems including the risk that listeners might judge 

the word prominence rather than the local pitch properties of a vowel or syllable, and the fact 
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that individual listeners rely on different cues for prominence judgement (Turnbull et al., 2017; 

Baumann & Winter, 2018). By using psychoacoustic rather than linguistic instructions we 

hoped to reduce between-listener variance.  

The two experiments differed in the stimulus and experimental design. In Experiment 1, 

the first accent in the stimulus always formed a sharp turn, while the second accent shape 

varied between forming a sharp turn and a 100 ms plateau. The f0 turn or plateau was aligned 

to the mid-point of the stressed vowel. The stimuli were based on four English utterances 

(‘Lemmy’, ‘Nellie’, ‘Mona’, and ‘Nina’, see Section 3.1.2). For Experiment 2, all auditory 

stimuli were resynthesised from one utterance. We approximated the acoustic properties of the 

stimuli to those in real speech more closely than in Experiment 1, by aligning the f0 accent to 

the end of the stressed vowel and replacing the sharp f0 turn used in Experiment 1 with a 25 ms 

plateau. The plateau duration for the second accent was varied (25 ms vs. 100 ms). The 

experiment was conducted online.  

Our findings are robust given that similar results were observed between the two 

experiments. To summarise the findings, listeners exhibited heightened discrimination for 

‘peaks’ compared to ‘valleys’ (Hypothesis 1). Listeners’ reduced discrimination for ‘valleys’ 

constrained the plateau effect which enhances pitch saliency in general (Hypothesis 2). One 

difference in the results was that the interaction between the accent shape and the accent height 

difference was found only in Experiment 2. This is probably because in Experiment 2, the 

variation associated with multiple utterances was removed. The long plateau led listeners’ 

‘second accent’ responses to ceiling when the second accent was physically higher in f0 than 

the first for ‘peaks’ (Fig. 7), while this effect was not consistent across the utterances in 

Experiment 1 (Fig. 4). It is also possible that the relatively small size of the response data set 

(2,400 data points from 20 participants) in Experiment 1 compared to that in Experiment 2 

(6,840 data points from 57 participants) was not sufficient for the interaction effect to emerge. 
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The hypothesised utterance type (‘item’) effect was observed (Hypothesis 3), but the effects of 

the accent type (‘peaks’ vs. ‘valleys’) and shape of the f0 turn (i.e., plateau duration) were 

generalised across the items. The interaction effects involving the item are difficult to account 

for, because the four utterances differed in segmental composition, loudness contours and the 

overall spectral properties which affect perceived pitch. In manipulating f0, the mid-points of 

the accent and the stressed vowel were aligned, and as a consequence, different portions of the 

rise or fall were allocated relative to the segmental string across the items (see House, 1996 and 

Barnes, et al, 2021, for discussion on the perceptibility of f0 movements occurring in high 

sonority regions). For instance, for ‘does Mona know Nina? (‘Mona’)’, particularly for 

‘valleys’, listeners were notably biased for the first accent saliency. This may be because the 

stressed syllable in ‘Mona’ had higher acoustic energy than that in ‘Nina’, and also because of 

the intrinsic f0 of vowels. The stressed vowel [i] in ‘Nina’ may have sounded higher than [o] in 

‘Mona’ when they were equal in f0, because of the higher intrinsic f0 of [i] (e.g., Lehiste, 1970, 

section 3.4.1; Whalen & Levitt, 1995). Finally, the hypothesis on the interaction between f0 

level (f0 events occurring at 200–302 Hz vs. 132–200 Hz) and accent type (‘peaks’ vs. 

‘valleys’) was supported in that listeners’ discrimination was significantly reduced for ‘valleys’ 

at the low level (Hypothesis 4). 

5.1 Perceptual asymmetry between ‘peaks’ and ‘valleys’  

The experiments established that listeners’ heightened capacity to perceive f0 ‘peaks’ 

compared to ‘valleys’ is largely due to the direction of f0 movement, the rise preceding the fall 

in a ‘peak’. The perceptual disadvantage of falls in f0 observed with short stimuli or complex 

tones in previous studies (see Section 1) is not merely a local effect of an auditory stimulus 

presented in isolation, but the disadvantage persists when the fall forms the early part of an 

accent in an utterance context. The asymmetry seems to be a psychoacoustic effect, as shown 

by similar results from reiterated speech and complex tone trials (Appendices A, B). The 



38 

auditory mechanism responsible for the asymmetry is out of the scope of our discussion, but it 

may be linked to how the pitch movements are linguistically coded and tendencies in speech 

production (see Section 5.3).  

Although f0 valleys and low pitch accents are present in speech cross-linguistically, 

their acoustic shape tends to be asymmetrical to those of peaks and high accents. For instance, 

low pitch accents tend to be realised as a long plateau (see Asu & Nolan, 2007 and references 

therein), and this could be due to both articulatory ‘ease’ and perceptual need. High pitch is 

produced by speakers’ forceful articulation involving muscular tensioning and increased rates 

of airflow through the vocal folds (Lieberman et al., 1969; Baer, 1979; Titze, 1989; Alipour & 

Scherer, 2007), whereas pitch falls are less effortful to produce. Meanwhile, the long plateau in 

the low accent may allow listeners to compensate for the intrinsic perceptual challenges of the 

falling or low pitch (see Baumann, 2014, for discussion on longer duration for syllables with 

low than high accents in German).  

The perceptual asymmetry could also play a role in categorising pitch accents into low 

prominence (L*) or high prominence (H*) in such a way that the same degree of f0 excursion 

creates less ambiguity for H* than for L*. Theoretically, the difference between H* and L* 

could be about which tonal target falls on the stressed syllable (cf. Pierrehumbert, 1983). For 

instance, for a f0 rise followed by a fall, H* indicates that a high target is located in the stressed 

syllable, while L* indicates that a low target is located in the stressed syllable (H+L*). 

However, the location of the f0 turning point of a ‘peak’ or a ‘valley’ is not an unambiguous 

cue (see Ladd, 2008, Sections 2.2 and 5.1). In our stimuli, the ‘peaks’ were probably 

unambiguously identified as high prominence (H*), but the ‘valleys’ could have created 

ambiguity when the height difference between the two accents was not clearly perceivable with 

a short plateau, which could potentially be interpreted as H* preceded by a low tone (i.e., 

L+H*) rather than L*. The categorical ambiguity of a ‘valley’ is probably not specific to our 
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stimuli. Even when the f0 minimum in a valley-shaped contour is located within a stressed 

syllable, the accent may still be identified as H* depending on the precise alignment of the 

adjacent peak and the slope of the f0 rise. For example, in ‘there’s an anómaly in it’ (in Barnes, 

Brugos, Shattuck-Hufnagel & Veilleux, 2012), even when the local minimum of a rise-fall 

contour is in the stressed vowel, the f0 peak occurring in the stressed syllable or in the early 

portion of the following syllable (e.g., nó or ma in ‘anómaly’) leads to a L+H* percept, while 

for L*+H the f0 peak would be aligned later. For unambiguous categorisation of an f0 ‘valley’ 

as L*, the minimum f0 probably needs to be close to the bottom of the speaker’s voice range, 

the f0 minimum might need to form a long plateau, and/or there should be a steep f0 rise from 

the local minimum (see Dilley & Heffner, 2013 on the complications in distinguishing H* from 

H+L*). Indeed, the low prominence seems to be somewhat unnatural and hard to process. For 

instance, in Zahner, et al. (2019), native German speakers were more accurate in judging the 

location of lexical stress when the stressed syllable had high pitch than when the peak preceded 

or followed the stressed syllable with low pitch. Low accents (e.g., H+L*, which is formed by 

a valley-shaped f0 contour with the f0 minimum associated with the stressed syllable, or L* 

followed by a high boundary tone) inhibited lexical processing while high f0 aligned to the 

stressed syllable had advantages, and the rise leading to a low pitch accent in H+L* tended to 

be mistaken as high prominence. On the other hand, high peaks seem to be perceptually salient, 

potentially serving as a cue to word segmentation in the language acquisition process (Zahner, 

et al., 2016; Zahner & Brown, 2018). 

 

5.2 Pitch scales in quantifying ‘peaks’ and ‘valleys’ 

It is unlikely that the perceptual asymmetry between f0 rises and falls is an artefact of 

our choice of the semitone scale, as the asymmetry has been reported in studies using the Hertz 
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scale. For instance, Kishon-Rabin et al. (2004) showed that when the reference frequency of a 

pure tone was at 200 Hz, the pitch discrimination threshold was smaller for an ‘increments’ 

paradigm (threshold mean = 3.23 Hz) where the comparison tone increased in f0 by 0.5 Hz in 

the range of 200.5–210 Hz compared to the ‘decrements’ paradigm where the f0 of the 

comparison tone was lowered in 0.5 Hz steps in the range of 190–199.5 Hz (threshold mean = 

4.09 Hz). Turner et al. (2019) also showed that listeners achieved higher accuracy and a lower 

frequency threshold for categorising speech stimuli into rises (just noticeable difference at 

35 Hz) compared to falls (just noticeable difference at 40 Hz) when the stimulus onset was at 

250 or 350 Hz with the magnitude of change in 5–50 Hz.  

The logarithmic semitone scale is commonly used for normalising between-speaker 

variation in production data (Graddol, 1986; Traunmüller & Eriksson, 1995; Nolan, 2003; 

Carlson et al., 2004). We intended to implement an equivalent magnitude of f0 change between 

a rise and a fall, and also across f0 levels, as the change of, for instance, three semitones 

moving either upwards or downwards forms a musical interval of equal size. The semitone, 

which is useful in expressing perceptual equivalence in the melodic contour when transposed 

to different keys, was deemed a reasonable choice. However, the ‘peaks’ vs. ‘valleys’ 

asymmetry would be diminished if the relatively linear Hertz or ERB-rates (equivalent 

rectangular bandwidth rates) scales were to be used. In the frequency range relevant to human 

speech (below 500 Hz), the semitone scale is logarithmic, the Hertz scale is linear, and the 

ERB-rate scale (Patterson, 1976) is in between (see Nolan, 2003 for comparisons).  

Our results imply that the semitone scale does not result in equal salience in perceived 

pitch for falls vs. rises or peaks vs. valleys. When a constant baseline for height comparisons is 

given, as in the present study, a (close-to) linear scale might be a fairer choice in addressing the 

perceived equivalence. For instance, Rietveld & Gussenhoven (1985) reported that Hertz may 

be better than semitones for measuring excursion size in relation to accent strength. In Hermes 
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& van Gestel (1991), the excursion sizes of the accents in the low and high level were equal 

when expressed on the ERB-rate. When expressed in semitones, the excursion size was 

overestimated in the high level but underestimated in the low level, while the opposite problem 

was noted when it was expressed in Hertz (cf. Terken & Hermes, 2000, who reviewed 

aforementioned studies and favoured the ERB-rate).  

Variation in f0 levels did not have an overarching effect on listeners’ pitch height 

judgements in general. Our results were that a change of one semitone had perceptually similar 

consequences across the f0 levels (high, 200–302 Hz, range 102 Hz = 7.13 semitones; low, 

132–200 Hz, range 68 Hz = 7.19 semitones) other things being equal. However, f0 level 

interacted with accent type (‘peaks’ vs. ‘valleys’). As long as the f0 accent formed ‘peaks’, 

listeners’ capacity to perceive changes in one-semitone steps was not affected by variation in 

the f0 level. The main source of the interaction seemed to be that the ‘valleys’ occurring at a 

low frequency was not perceptually weighted as much as the same magnitude of f0 changes in 

other conditions.  

For the ‘valleys’ in the low-level condition, the results may be partially a by-product of 

our choice of the semitone scale. The one-semitone step (Table 4) was only 8–9 Hz for the 

‘valleys’ in the low level, while it was equivalent to 12–14 Hz for the ‘valleys’ in the high 

level, 9–11 Hz for the ‘peaks’ in the low level, and 14–17 Hz for the ‘peaks’ in the high level. 

In other words, the f0 change on the linear Hertz scale for the ‘valleys’ in the low level was 

less perceivable compared to the other conditions. However, as discussed above, using a linear 

scale for f0 manipulation is unlikely to remove the perceptual challenges altogether.    

There are further implications of the choice of pitch scale on perceptual modelling of 

intonation and the f0 level variation. As discussed in Section 1, the identification of f0 turning 

points associated with the tonal target is a crucial step in the acoustic analysis of intonation (see 
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Ladd, 2008, Chapters 2 and 5). Then the saliency-enhancing effect of a plateau raises a 

question about the identity of the target – the ‘plateau’ effect suggests that the precise shape of 

f0 movement affects the perceived pitch. Rather than the scaling and alignment of the f0 

maximum or minimum point, the overall acoustic prominence of the syllable may be a better 

correlate of the speaker’s intended target. This issue is not new and alternative models of pitch 

accent prominence have been proposed, such as Segerup & Nolan’s (2006) Pitch Integral, and 

Barnes, Veilleux, Brugos, & Shattuck-Hufnagel’s (2012) Tonal Centre of Gravity. Both 

integrate f0 and temporal information to calibrate the overall acoustic prominence, but they are 

based on the ‘area under the f0 curve’ for peak-shaped accents. Given the perceptual 

asymmetry between ‘peaks’ and ‘valleys’, further consideration should be given in applying 

these models to low accents. 

For demarcating a plateau-shaped peak, for instance, House et al. (1999) and Knight & 

Nolan (2006) suggest including all the contours within 4% or 6% of the maximum frequency in 

Hertz as this approximates the threshold of perceptual equivalence (’t Hart, 1981; Rosen & 

Fourcin, 1986). Using these criteria, the 4% cut-off for a peak with a maximum f0 at 200 Hz is 

8 Hz, and the 6% cut-off value is 12 Hz. However, for a low pitch accent with a minimum f0 at 

150 Hz, the 4% cut-off value is 6 Hz, and the 6% cut-off value is 9 Hz. That is, using this 

percentage criterion underestimates the plateau duration and perceived prominence of a low 

accent. Our results (Fig. 7) showed that when there was a 100 ms plateau at the f0 turn for a 

‘peak’, then the second accent had a smaller excursion than the first accent when the two 

accents were perceived as equivalent in pitch height. However, for a ‘valley’, listeners needed 

the long plateau to perceive the second accent to be as low as the first for the two accents that 

were equivalent in physical f0.  

Finally, our results confirm that the pitch discrimination or processing difficulties found 

at particular f0 levels are direct consequences of the acoustic properties of the auditory stimuli. 
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In previous studies, the difficulties tended to be ascribed to the unnaturalness of the auditory 

stimuli. For instance, Rietveld & Gussenhoven’s (1985) study on the relationship between the 

f0 excursion size and perceived accent prominence used stimuli which resynthesised a female 

voice into a low male-voice pitch range, and this could have caused some unnaturalness of the 

stimuli. In Hermes & van Gestel’s (1991) study on the perception of f0 excursion at different 

levels, they used a falsetto voice in the high level (see Section 5.1 for a summary of these 

studies). In our stimuli, the female voice in the low-level condition was not within the typical 

range of a female voice but close to that of male one (Fairbanks, 1940; Peterson & Barney, 

1952). However, similar trends found with complex tone stimuli (Appendix B) allow us to rule 

out the explanation based on listeners’ expectations of speaker gender and other speech-

specific properties.  

5.3 Future directions 

So far, we have discussed the perceptual advantages of the f0 peak and rises in the 

context of pitch height discrimination, categorisation, and processing of pitch accent types. The 

source of the peak vs. valley asymmetry in the human voice frequency range could be a general 

property of human auditory mechanism or an outcome of continuous exposure to high 

prominence in speech. Corpus-based studies suggest that high prominence is more common 

than low prominence (Grabe, 2004, for British English, and Dainora, 2006, for news readers’ 

speech in American English), and the bias towards high prominence may be learned and 

enhanced. In Kutscheid et al. (2021) where native German speakers identified either low or 

high prominence in a word or sentence after 3 minutes’ exposure to utterances with only high 

accents (L+H*) or low accents (L*+H, L*, or H+L*), listeners who were exposed to high 

accents were more likely to identify high accent with prominence than those who were exposed 

to low accents.  
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If the association between high information load and high or rising pitch forms part of 

the top-down knowledge of listeners, the strength of such association, which presumably 

differs across languages, may have a direct influence on listeners’ pitch-processing capacity. 

Although there is extensive literature on differences in pitch processing between speakers of 

tonal and non-tonal languages (see Maggu et al., 2018 and references therein), the question of 

whether the mapping between particular pitch contours and high-information sites in languages 

affects pitch perception is yet to be investigated. One fruitful avenue for further research is to 

examine the perceptions of listeners whose native language has frequent low pitch accents, 

such as Donegal Irish (Dalton & Chasaide, 2005) and Glaswegian English (Smith & Rathcke, 

2020).  

6. Conclusions 

Two experiments established that listeners’ pitch discrimination is reduced for f0 

‘valleys’ compared to ‘peaks’ when judging the height of two ‘accents’ within an utterance. 

The f0 turn at the maximum of a ‘peak’ or the minimum of a ‘valley’ forming a long plateau 

increased the perceived pitch saliency compared to a sharp turn or a shorter plateau, making a 

‘peak’ sound higher and a ‘valley’ lower. However, this effect was constrained by pitch 

perceptibility; the pitch-saliency-enhancing effect of a long plateau was reduced for ‘valleys’. 

Listeners’ discrimination for the ‘peaks’ was high regardless of the f0 level (low, 132–200 Hz; 

high, 200–302 Hz), but ‘valleys’ in the low level posed challenges. In addition, the relationship 

between f0 and perceived pitch may be linear rather than logarithmic in the human voice range, 

when listeners judge height from the same baseline. The effects related to the ‘peaks’ vs. 

‘valleys’ contrast and the f0 level are not specific to human speech, as similar results were 

observed with non-speech stimuli. Listeners’ insensitivity to ‘valleys’ in the low level may lead 

listeners to drop their attention in speech processing, while the effect of the listeners’ native 

language deserves further investigation.  
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Appendix A: Stimulus Type Effect in Experiment 1 

Reiterated Speech and Complex Tone Stimuli  

Experiment 1 had additional trials with Reiterated Speech and Complex Tone stimuli. 

The English speech, Reiterated Speech and Complex Tone triplets had an identical f0 contour, 

loudness contour, and duration. Reiterated speech was considered intermediate between 

complex tones and English speech in terms of its acoustic and linguistic complexity (cf. 

Pierrehumbert, 1979; Terken, 1991; Gussenhoven & Rietveld, 1998). Sample sound files are 

available as supplementary materials.5 

To create the base stimuli for Reiterated Speech, the speaker (see Section 3.1.3) 

recorded a sequence of na syllables alternating in stress, at two speaking rates (normal and 

slow) several times (e.g., ná-na-ná-na-ná-na-ná-na-ná-na). One reiterated utterance as a base 

was resynthesised by editing one stressed syllable ná and one unstressed syllable na out from 

the middle of the recorded utterance spoken at a slow speaking rate (stressed ná 363 ms, 

unstressed na 400 ms). These two syllables were not adjacent to each other in the original 

utterance, and the slowly spoken ones were chosen because shortening rather than lengthening 

in the resynthesis process resulted in more natural-sounding stimuli. The ná and na syllables 

were concatenated, with a 10 ms overlap to avoid clipping, as an utterance nanánananána with 

the same stress pattern as the English sentences. The root-mean-square amplitude of all base 

utterances was scaled at 70 dB before further resynthesis.  

 Four resynthesised base tones for the Complex Tone stimuli were created as harmonic 

complexes with an f0 of 200 Hz and all harmonics present up to 6 kHz with a sampling rate 

51.2 kHz in the sine phrase. The four tones shared spectral properties but differed in duration 

                                                           
5 expt1_English_peaks_sharp.wav, expt1_English_valleys_sharp.wav, expt1_English_peaks_plateau.wav., 
expt1_English_valleys_plateau.wav, expt1_reiterated_peaks_sharp, expt1_reiterated_valleys_sharp.wav, 
expt1_tone_peaks_sharp.wav, and expt1_tone_valleys_sharp.wav. 
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so that they were equal in length to each of the four English utterances. The tones were filtered 

so that the spectral slope decreased by 6 dB/octave above 200 Hz. The same resynthesis 

procedure for duration, intensity, and f0 was applied to the Complex Tones as in the English 

Speech and Reiterated Speech stimuli. The duration and intensity properties of the English 

utterances were copied onto the reiterated utterances for each annotated interval using a Praat 

script (written by Kyuchul Yoon) which automatically performed resynthesis for duration and 

intensity respectively (PSOLA for duration, non-PSOLA for intensity). The script automated 

the process of taking the duration and the intensity contour from each annotated interval from 

one utterance and embedding it in the corresponding interval of the other utterance. Then the 

pitch tier which had the linearly stylised f0 track (Fig. 3) was superimposed to create each 

stimulus.  

Experimental Procedure 

The main experiment consisted of three Stimulus Type blocks (Complex Tone, 

Reiterated Speech, and English Speech). The presentation order of the blocks was 

counterbalanced, and within each block the stimulus presentation order was randomised for 

each participant.  

Analysis and Results 

 We used the modelling methods described in Section 3.1.5. Here we report only the 

results pertaining to Stimulus Type (Table A.1). Data in Figure A.1 were collapsed over 

Second Accent Shape, which did not interact with Stimulus Type.  

Stimulus Type had a significant main effect (p < 0.05) and it interacted with Accent 

Type (p < 0.001). Stimulus Type and Accent Type also interacted with Item (Stimulus Type × 

Accent Type × Item, p < 0.001). Figure A.1 shows that for three out of four Items (Lemmy, 

Mona, and Nellie), the differences between Stimulus Types were larger for Valleys than for 
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Peaks. Stimulus Type interacted with Accent Height Difference (p < 0.05), showing that the 

response function slope differed across the Stimulus Types.  

Table A.1 Results of the model comparisons (α = 0.05). 

 χ2 df p 
Stim Type 6.22 2 0.04* 
Stim Type × Accent Type 59.07 2 < 0.001*** 
Stim Type × Shape 1.13 2 0.57 
Stim Type × Item 12.32 6 0.06 
Stim Type × Difference 9.21 2 0.01* 
Stim Type × Accent Type × Shape 0.47 2 0.79 
Stim Type × Accent Type × Item 68.52 6 < 0.001*** 
Stim Type × Accent Type × Difference 0.88 2 0.65 

 

Fig. A.1 The averaged frequency of ‘second accent’ responses (%) across all participants by 
Item, Accent Shape, and Stimulus Type.  

  

Discussion 

Fig. A.1 shows the perceptual asymmetry between ‘peaks’ and ‘valleys’ for reiterated 

speech and complex tones. Some previous studies reported that listeners generally show 



60 

reduced sensitivity to acoustic variation in speech compared to pure or complex tones (e.g., 

Klatt, 1973; ’t Hart et al. 1990, p. 7; Green et al., 2004; Moore, 2008; Heeren, et al., 2012; 

Turner et al., 2019). However, our ‘item’ effect suggests that this is not always the case and the 

extent of divergence in listeners’ responses related to stimulus type depends on its precise 

acoustic shape. When four utterance items were used, in some cases, the response functions 

overlapped across the stimulus types (English Speech, Reiterated Speech, and Complex 

Tones). When the acoustic complexity of the non-speech stimuli or the task complexity 

increases from the traditional psychoacoustic experiment on discrimination between syllable-

length sounds, we may not observe significant differences between speech and complex tones 

(cf. Studdert-Kennedy & Hadding, 1973; Tang et al., 2017).  
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Appendix B: Stimulus Type Effect in Experiment 2 

Complex Tone Stimuli 

Experiment 2 used Complex Tone stimuli in addition to Speech stimuli. The tones were 

harmonic complexes created with an f0 of 200 Hz and all harmonics up to 6 kHz, at a sampling 

rate of 44.1 kHz. The complex tones were equal in duration to the English utterance (0.94 s) 

and they had an identical f0 contour to the speech stimuli. The base tone was filtered so that the 

spectral slope decreased by 6 dB/octave above 200 Hz before further resynthesis. The intensity 

rose gradually at the beginning and fell gradually at the end over a 50 ms duration. 

Experimental Procedure 

The main experiment consisted of eight blocks (2 Accent Type × 2 Level × 2 Stimulus 

Type). Each block had five stimuli for the five Accent Height Difference levels. The order of 

blocks was counterbalanced across the eight groups. Four groups started with Speech, then the 

order of Accent Type and Level was counterbalanced (i.e., Speech-Low Level-Valleys, 

Speech-Low Level-Peaks, Speech-High Level-Valleys, Speech-High Level-Peaks, etc.). The 

other four groups started with Complex Tone. Listeners were randomly allocated to the eight 

groups (8 listeners × 2 groups, 7 listeners × 5 groups, 6 listeners × 1 group).  

Analysis and Results 

The same analysis methods were used as in Appendix A. Stimulus Type had a 

significant main effect (p < 0.001). It was also part of the Stimulus Type × Accent Type 

interaction effect. The interaction effects Stimulus Type × Accent Height Difference (p < 

0.001) and Stimulus Type × Accent Type × Accent Height Difference interaction (p < 0.05) 

were also significant. Therefore, we interpret the three-way Stimulus Type × Accent Type × 

Accent Height Difference interaction here.  
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Data in Figure B.1 were collapsed over Second Accent Shape and Level, which did not 

interact with Stimulus Type. Figure B.1 shows that for Peaks, the response functions for 

Speech and Complex Tones did not markedly differ, although listeners had a stronger ‘second 

accent’ saliency bias for Speech, with a steeper slope of the response function. For Peaks, the 

PSE was lower for Speech than for Complex Tone, indicating that a smaller excursion for 

Speech than for Complex Tone led to perceived equivalence in pitch between the two accents. 

On the other hand, for Valleys, response functions for both Speech and Complex Tone were 

flat. The slope was slightly steeper for Speech, suggesting that listeners’ discrimination was 

relatively reduced for Complex Tone compared to Speech. The PSEs for Speech and Complex 

Tone overlapped between zero and one semitone. For both Speech and Complex Tone, 

perceived equivalence between the two ‘valleys’ was achieved when the second accent was 

slightly lower in f0 than the first.  

Table B.1 Results of the model comparisons (α = 0.05) 

 χ2 df P 
Stim Type 12.82 1 < 0.001*** 
Stim Type × Accent Type 17.11 1 < 0.001*** 
Stim Type × Shape 0.05 1 0.82 
Stim Type × Level 1.89 1 0.17 
Stim Type × Difference 37.11 1 < 0.001*** 
Stim Type × Accent Type × Shape 0.45 1 0.5 
Stim Type × Accent Type × Level 3.18 1 0.07 
Stim Type × Accent Type × Difference 4.23 1 0.04* 
Stim Type × Shape × Level 1.59 1 0.21 
Stim Type × Shape × Difference 0.53 1 0.47 
Stim Type × Level × Difference 0.5 1 0.48 
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Figure B.1 The averaged frequency of ‘second accent’ responses (%) across all participants by 

Accent Type and Stimulus Type 

 

Discussion 

The perceived asymmetry between ‘peaks’ and ‘valleys’ was replicated with complex tones at 

different f0 levels. The source of the Stimulus Type × Accent Type × Accent Height Difference 

is probably the markedly flat response function for the complex tones with the f0 ‘valleys’, 

suggesting listeners’ reduced discrimination. The results show that listeners’ discrimination 

was not heightened for the complex tones compared to speech (see Appendix A for similar 

discussion). It is possible that listeners relied more on the spectral cues than f0 in when judging 

pitch height when they found the task challenging with the ‘valleys’, and the richer spectral 

cues in speech than in complex tones could have resulted in the steeper response function (cf. 

see McPherson & McDermott, 2017 for different mechanisms for pitch perception).  
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