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The formant-pattern present in a given vowel sound will be determined by the vocal-tract length (VTL) of
the speaker as well as by phoneme-specific information. Although human listeners tend to associate
lower formant-frequencies with larger speakers, it is unclear whether they are responding to VTL
information in speech sounds, or simply responding to the formant-pattern present in the sound. In this
experiment listeners were presented with pairs of synthetic vowels from the set of (/i & v/), which could
differ on the basis of simulated VTL and vowel category, within-pair. Listeners were divided into groups
based on the number of formants contained by stimulus vowels (2, 3, 4, and 5-formant vowel groups).
For each trial, listeners were asked to indicate which vowel sounded like it had been produced by a taller
speaker. Results indicate that listeners do not rely solely on VTL cues when making speaker-size judg-
ments, and that they exhibit biases towards selecting given phonemes as taller, even when contrary to
the VTL differences between the voices. Furthermore, the higher formants (up to F5) are used by listeners

when making speaker-size judgments, though not in a manner consistent with VTL-based speaker-size
judgments.
© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

It has long been noted that the human voice carries indexical information about the physical and social characteristics of the speaker, in
addition to conveying linguistic information (Labov, 1972; Ladefoged & Broadbent, 1957). The two most important cues to speaker size and
gender are speaking fundamental frequency (f0) and the spectral characteristics of the speaker's voice, typically discussed using the
formant frequencies (see Gonzalez, 2006, for a review). Although f0 is largely under the control of the speaker, a speaker's mean f0 will
largely be determined by the length and mass of their vocal folds (Titze, 1989). The range of formant frequencies (FFs) produced by a
speaker, and the FFs typical for a given phoneme of the speaker’'s language, will be most strongly determined by the speaker's vocal-tract
length (VTL). In general, speakers with longer vocal-tracts produce lower formants overall than speakers with shorter vocal tracts (Fant,
1970). As a result of this, when the entire human population is considered, larger speakers tend to produce speech with lower fO and FFs
overall than smaller speakers (Hillenbrand, Getty, Clark, & Wheeler, 1995; Peterson & Barney, 1952).

Although average fO and FFs vary systematically between age and sex categories, the degree of systematicity between body size and
speech acoustics appears to be much less consistent when one controls for sex and age (Gonzalez, 2004; Hollien, Green, & Massey, 1994,
Lass & Brown, 1978; Rendall, Vokey, & Nemeth, 2007; Van Dommelen & Moxness, 1995). A metastudy by Pisanski et al. (2014) compared
the results of 39 independent datasets reporting correlations between acoustic voice parameters and body size measurements, comprising
observations from over 1000 adult speakers. The authors find that while there is a statistically significant correlation between adult
speaker-size and the acoustic parameters of their voices such as fO or the average FFs, a large number of observations (618 men and 2140
women for f0, 99 men and 164 women for FFs) may be necessary in a given dataset in order to have the statistical power to identify the
relationship.

The weakness of the relationship between speaker size and voice parameters in adults is caused, at least in part, by the restriction of
the variables being considered to adult ranges. This restriction occurs whenever heights (and average fO/FFs) are considered only for
speakers of a given class (i.e., adult females) and not over their entire possible range. All other things being equal, restricting the range of
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variables is very likely to decrease the correlation between them by making the residual error appear larger relative to the amount of
systematic variability remaining in the variables after the range restriction (Myers, Well, & Lorch, 2010, p. 453). For example, consider a
linear function predicting speaker height from speech acoustics, and imagine that this prediction is accurate to within +4 in. When
identifying speaker height from a reasonable human range across the entire population (e.g., 3'-6"4, 42 in. range), 4 in. represents less
than 10% of the range, resulting in a reasonably accurate guess. However, if heights in the range considered were restricted to common
heights for adult males (e.g., 5'6” to 6”4/, 10 in. range), 4 in. of error now represents 40% of the range, a substantially larger error for the
same underlying process/relationship. This reasoning applies regardless of the underlying estimation error, the full underlying variable
ranges, or the restrictions imposed on the covariates by researchers.

The results presented by Pisanski et al. (2014) suggest that although there may be a systematic relationship between size and acoustics
even for adult speakers, the magnitude of the systematic component is small relative to the residual error for these restricted ranges. In
fact, the degree of systematic variability between height and acoustic parameters in adult speakers may be so small relative to prediction
error as to be of limited utility when making any single size prediction. In light of this, it is not surprising that human listeners appear to
not be very accurate at identifying the heights of adult listeners from speech. However, although listener judgments tend to be incorrect
with respect to veridical speaker sizes, it has frequently been noted that these judgments show remarkable consistency is associating
lower fO and FFs with larger speakers, between and within-listeners (Bruckert, Liénard, Lacroix, Kreutzer, & Leboucher, 2006; Collins,
2000; Rendall et al., 2007; Van Dommelen & Moxness, 1995). Essentially, listeners demonstrate sensitivity to the overall covariation of
speaker size, fO and the FFs across the entire human population and reliably identify speakers with lower fO and FFs as larger, even though
this may lead to incorrect size estimates for adult voices.

Results demonstrating the consistent and predictable use of acoustic cues in making speaker-size judgments indicate that these
judgments are the result of the systematic use of the acoustic cues carried by the voices of speakers, on the part of listeners. In light of this,
speaker-size judgments (right or wrong) shed light on listener behavior with respect to the acoustic characteristics of voices. In fact, given
that noise may overwhelm systematic variability in the relationship between acoustics and speaker size when restricted to an adult range,
a focus on accuracy of judgments with respect to the true heights of speakers, rather than on the judgments themselves, could obscure the
fact that listeners are behaving systematically with respect to stimulus properties. The remainder of the discussion that follows will focus
on the use of spectral cues by listeners in the determination of speaker size. The focus will be on the systematic use of this information by
human listeners, and not in any sense on the accuracy of these assessments relative to the real heights of speakers.

1.1. The use of spectral information in the assessment of speaker height

The perception of speaker size has been investigated extensively, using natural, synthetic and resynthesized stimuli, and stimuli
ranging in size from isolated vowels, to words and syllables (Barreda & Nearey, 2012; Collins, 2000; Fitch, 1994; Ives, Smith, & Patterson,
2005; Rendall et al., 2007; Smith & Patterson, 2005; Smith, Patterson, Turner, Kawahara, & Irino, 2005; Van Dommelen & Moxness, 1995).
These experiments have repeatedly found that the FFs and fO are strongly predictive of perceived speaker size, findings which are mirrored
by experiments using statistical classification methods to identify speaker characteristics (Bachorowski & Owren, 1999; Hillenbrand &
Clark, 2009). Further, it has been shown that speaker-size judgments can be well modeled by a relatively simple linear combination of
measurements of stimulus fO0 and FF information (Fitch, 1994; Smith & Patterson, 2005). The systematic use of fO information in these
judgments is relatively clear: all other things being equal, the speaker with the lower fO is very likely to be identified as taller. However,
the use of spectral information (typically indexed using the FFs) may be considerably less straightforward.

In research on the availability or use of size cues in speech, it is common to index variability between speakers using a single parameter
meant to represent VTL variation, such as the log-mean FF (Nearey, 1978), mean FF (Pisanski et al., 2014), F2 of Schwa (Van Dommelen &
Moxness, 1995), formant dispersion/spacing (Collins, 2000), spectral envelope scaling (Smith et al., 2005), or a direct estimate of VTL
(Smith & Patterson, 2005). In addition, is it a standard practice to simulate VTL differences between speakers/stimuli by increasing or
decreasing stimulus FFs by a single! multiplicative scaling-parameter (Assmann, Dembling, & Nearey, 2006; Barreda, 2012; Barreda &
Nearey, 2013; Fitch, 1994; Ives et al., 2005; Rendall et al., 2007; Smith et al., 2005; Smith, Walters, & Patterson, 2007).

When investigating size perception, the use of a single parameter (e.g. VTL) to represent the FFs actually present in a stimulus relies on
the idea that listeners use the FFs present in a speech sound in order to estimate VTL, and then use this VTL information to make speaker-
size judgments. For example, Rendall et al. (2007) suggest that listeners “discriminate size differences based on formant frequency cues to
speaker VTL” (1215), Smith et al. (2007) state that “VTL is an important cue to sex and age because it changes with physical size” (3629),
Ives et al. (2005) state that “size information in speech is available to the listener and changes in VTL alone [can] produce reliable
differences in perceived size” (3822), and Van Dommelen and Moxness (1995) state in their conclusions that “results showed that large VT
values, that is low formant frequencies, were interpreted by the listeners as indicating large body dimensions” (283). Although discussion
frequently centers on the use of a VTL parameter in size perception, and presents VIL and formant information as roughly equivalent, VTL
information is not directly present in the speech signal. This means that VTL information would have to be recovered by listeners on the
basis of the FFs, which are directly present in speech sounds.

Research on the perception of speaker size from speech typically involves experimental designs that control for linguistic content or
only consider aggregate behavior over a fixed set of tokens. For example, Rendall et al. (2007) and Smith et al. (2005) presented listeners
with pairs of stimuli differing in simulated VTL and asked them to identify the taller speaker from the pair. Crucially however, in all cases
stimuli were matched for linguistic content within pairs. These designs result in contrasts such as in Fig. 1a, which compares two vowels
that differ solely on the basis of simulated VTL differences (i.e., a uniform global shift in all FFs). In these cases, comparing any given
formant across the two tokens would yield the same result as using VTL estimates for the two voices: In either case the voice with the
lower FFs would likely be identified as taller. This could give the impression that listeners are responding to differences in apparent VTL
even if they are simply responding directly to one or more of the FFs present in the stimuli being considered. Although these strategies

1 Please see the Appendix A for a discussion of the appropriateness of describing and creating stimuli on the basis of a single formant-scaling parameter.
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Fig. 1. LPC spectra for synthetic tokens of /&/ (dashed line) compared with spectra for other vowels at the same or different VTL levels. (a) A comparison with another
instance of /e/ (solid line) whose formants have been uniformly shifted up by 16%.(b) A comparison with an instance of [u/ (solid line) whose formant frequencies are
appropriate for the same speaker who produced the /&/ in the same panel. (c¢) A comparison with an instance of v/ (solid line) whose formant frequencies have been shifted
up by 16% relative to those of the speaker who produced the /&/ in the same panel.

might seem interchangeable, they make quite different predictions when one considers size judgments across stimuli with varying lin-
guistic content.

From the perspective of VTL-based size perception, all linguistic tokens produced by a speaker contain the same information, i.e.,
speaker-dependent VTL information. Further, it is implicit in the very notion of a speaker-dependent VTL estimate that this should be
roughly stable for a given speaker, after all, each speaker has a single VTL. Consequently, VTL estimates that show non-trivial variation
according to linguistic content would seem to functionally cease being a VTL estimate at all. As a result, as long as roughly the same VTL is
implied by two vowels being compared, relative size-judgments should not be significantly affected by vowel category. For example,
Fig. 1b presents a case where [&/ is being compared to /u/, and both vowels have FFs appropriate for a single adult male speaker. Since /a/
represents the high end of F1 and F2, while [uv/ is closer to the low end of this range, /&/ will have higher FFs and more high-frequency
energy than [u/. However, since both vowels imply roughly the same VTL, listeners should have no basis by which to select one or the
other vowel as taller on a consistent basis. Fig. 1c presents another case where /&/ is being compared to [u/, however in this case the FFs of
v/ have been shifted up by 16% relative to in Fig. 1b (a methodology commonly employed to simulate VTL differences between speakers).
If VTL cues are driving the perception of speaker-size judgments, listeners should consistently identify the /&/ in Fig. 1c as having been
produced by the taller speaker (see Fig. 2 for another perspective on these comparisons).

However, as previously noted, VTL cues are not directly present in the speech signal. Instead, even when produced by a single speaker,
spectral information can vary a great deal across different linguistic tokens. If listeners use spectral information directly instead of only
using it to estimate VTL, then speaker size judgments might be expected to vary according to the spectral characteristics of the stimuli
presented. For example, [u/ has much lower F1 and F2 frequencies than &/ within speaker (1b). As a result, large phoneme-specific
formant differences might overwhelm the relatively more subtle VTL differences so that the /u/ associated with a shorter VTL can have
lower F1 and F2 than the /&/ associated with a relatively longer VTL (1c). Because of this, listeners might consistently identify [u/ as taller
than /&/, even when in conflict with VTL information.

As opposed to the comparison in Fig. 1a, those in 1b and 1c allow the following questions to be directly addressed: How does a given
formant pattern lead to a given perception of speaker size? Are the FFs used directly so that low FFs are marginally associated with
perceived taller speakers? Or rather, do the FFs only affect perceived size by informing VTL estimates, so that a low FF affects perceived
speaker-size only to the extent that it suggests a longer VTL? In other words, are FFs used as direct evidence of speaker size, or is a
formant-pattern correction employed so that listeners can use something like a VTL scale-estimate for the speaker? As mentioned pre-
viously, there is extensive experimental evidence that in situations such as those in Fig. 1a, listeners will tend to identify the vowel with
the lower FFs and longer apparent VTL (broken line) as taller.” However, the outcome in 1b and 1c is less certain and would provide useful
insight into the actual use of spectral information by human listeners when assessing speaker characteristics.

In light of this, investigating the perception of speaker size on the basis of individual stimulus properties, rather than only considering
aggregate responses across a range of stimuli, provides a way to test whether listeners are basing speaker height judgments on a VTL
parameter, or whether they are only directly responding to stimulus properties. If listeners base size judgments mostly (or entirely) on
simulated VTL differences between voices, then that is good evidence that they are, in fact, using a VTL parameter in estimating speaker
size. On the other hand, the presence of systematic category-specific preferences or behaviors, in particular if these run contrary to the VTL
cues present in the vowels being compared, would suggest that listeners are not basing size judgments only on speaker VTL, and are
instead directly responding to the formant-pattern present in the stimulus being considered.

1.2. The higher formants

One factor that could potentially facilitate the use of VTL cues in size perception, thereby minimizing phoneme-specific effects on these
judgments should they exist, is a reliance on the higher formants (formants above F2). The frequencies of the first two formants are
considered to be the primary determinants of perceived vowel quality (Joos, 1948; Miller, 1989; Nearey, 1978; Peterson, 1961). Since these

2 In the pages that follow, reference will be made to one vowel or the other being identified as taller. Although the apparent speaker that produced the vowel is actually
being identified as taller, this leads to a cumbersome phrasing as in, for example “the apparent speaker associated with the voice that produced the /i/ was identified as
taller”. Instead, this will simply be stated as “the /i/ was identified as taller”.
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Table 1

For each general speaker class (women, men, children), values express the standard deviation between vowel category means for each formant, divided by the average
standard deviation of the same formant, within vowel-categories. This value is conceptually similar to an F-ratio. Values greater than 1 indicate relatively more between-
phoneme variation in the formant, and values less than 1 indicate relatively more between-speaker variation in the formant. Formant values are taken from Hillenbrand et al.
(1995), representing formant measurements from 139 men, women and children.

Speaker class F1 F2 3 F4

Women 3.09 449 2.09 0.62
Men 3.22 434 2.06 0.54
Children 2.78 4.20 2.03 0.93

formants can vary greatly in order to carry phonetic distinctions, they are not ideally suited for direct usage in speaker-size estimation. On
the other hand, the higher formants are largely free of phonetically-motivated variation, they may provide more direct evidence regarding
speaker VTL than F1 or F2 (Deng & O’Shaughnessy, 2003; Rose, 2003; Rose & Clermont, 2001). For example, the potential problems
associated with identifying the taller speaker in Fig. 1b-c only manifest when one focuses on the lower formants of the vowel sounds, and
the potentially large differences between them across vowel categories. In contrast, if listeners instead focused on the higher formants (F3
and F4) in Fig. 1, they would be able to respond on the basis of VTL scale information with relative ease.

We may get a sense of the utility of the higher formants in making speaker size judgments by considering variability between and
within vowel-categories based on formant number. Hillenbrand et al. (1995) report a large and well-known dataset of formant frequencies
(F1-F4) for 139 men, women and children. In supplemental materials made available online (http://homepages.wmich.edu/~ hillenbr/
voweldata.html), the authors report FF means for each speaker class (man, woman, child) for each vowel category. The authors also report
the amount of within-category (i.e., between-speaker) variation for each formant according to speaker class and vowel category. For a
given formant, these values can be used to find the ratio of the standard deviation between different vowel-categories, divided by the
standard deviation within vowel categories, presented in Table 1. Since these values express between-category variability divided by
within-category variability, they are conceptually similar to the F-ratios used in the analysis of variance. Values larger than one in Table 1
indicate that the formant in question varies more between vowel categories than it does between-speakers, within category. On the other
hand, values less than one indicate that between-speaker variability (even within a speaker class) is larger than between-phoneme
differences for that formant. As seen in Table 1, F4 is the only formant to have value lower than 1, indicating that (in this dataset at least) it
is the only formant that varies more between-speakers than it does between phonemes.

Although there appear to be general tendencies in the location of F4 between vowel categories, these can be overwhelmed by idio-
syncratic speaker-specific tendencies. For example, Hillenbrand et al. (1995, Table V) indicate a tendency for back vowels to have lower F4
values than front vowels. For example, the average F4 for /&/ is higher than the average F4 for /u/ for all speaker classes (men, women and
children). However, a look at the individual formant data reveals that 26% of speakers for whom data is available have lower F4 values for
/u/ than /2/, and for 38% of speakers these formants are within 100 Hz of each other (about 2.5% of typical F4 values). This situation is not
limited to this particular comparison: the large amount of between-speaker variability in F4 coupled with the small amount of between-
category variability means that although there may be general tendencies in the location of F4 between vowel phonemes, these tendencies
are not deterministically true for all speakers. This is very different in kind to the situation with the lower formants. For example, in most
dialects of English we can say with certainty that F1 and F2 will be higher for /e/ than for /u/ for a single speaker.

The idiosyncratic placement of the higher formants in human voices, and their lack of a strong effect on vowel quality is reflected in
Klatt (1980), where the author outlines the use of what would become known as a Klatt synthesizer. Klatt states that since F4 and F5
frequencies and bandwidths do not vary much between vowel phonemes within-speaker, they “help to shape the overall spectrum, but
otherwise contribute little to intelligibility for vowels” and so they can “be held constant [across phonemes] with little decrement in
output sound quality” (980). Effectively, the selection of arbitrary (but plausible) higher formants for use in synthetic vowels mirrors the
idiosyncratic locations of these formants in the spectra of real human voices as determined by speaker-specific anatomical and gestural
characteristics. In both cases, the frequencies of these formants (F4 and F5) can be considered to reflect voice-specific characteristics of the
real or synthetic voice more so than systematic variability reflective of phonetic content.

The combination of more variability between-speakers than between-phonemes, and the idiosyncratic locations of the higher formants
between speakers (in part facilitated by their lack of an important phonetic role) means that formants above F3 may be considerably more
useful when attempting to estimate speaker characteristics (including VTL) than F1 and F2. The potential usefulness of the higher formants
in determining indexical information regarding the speaker has long been noted in literature on forensic speaker identification (Hayakawa
& [takura, 1995; Greisbach, 1999; Rose, 2003; Rose & Clermont, 2001; Vaikova, 2014). Although the usefulness of the higher formants is
well-established when used with pattern-classifiers that attempt to recognize and differentiate speakers, little is known about the dis-
tribution, availability, or use of these human formants by human listeners. The scarcity of research into the perceptual use of the higher
formants is noted by Donai and Lass (2015) who report on a recent experiment investigating the ability of listeners to identify speaker
gender based on isolated vowel sounds that were high-pass filtered at 3.5 kHz. Listeners identified speaker-gender correctly for filtered
vowels in 82% of cases, and results were explainable on the basis of higher-formant information.

Although it is expected that listeners will use information related to the first three FFs in vowel sounds, it is not clear if or how they use
information in the higher spectrum to make speaker-size judgments. In the event that higher-formant information is used by listeners in
estimating speaker-size, it may play a special role in allowing these judgments to be based on VTL, rather than basing these judgments on
vowel-specific formant patterns. For example as noted earlier, the potential ambiguity in selecting the larger speaker in Fig. 1 only arises if
one focuses on F1 and F2 instead of on the higher formants. This leads to three general questions regarding the use of the higher formants
in arriving at speaker-size judgments: (1) Are formants above F3 used by listeners in making speaker-size judgments? (2) If so, does access
to these formants increase the ability to estimate VTL accurately, thereby limiting possible phoneme-specific effects in size perception?
(3) Is there some minimum number of formants required in order to make systematic use of VTL information in speaker height
judgments?
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1.3. The current experiment

The objective of the current experiment is to investigate the hypothesis that listeners use something like a VTL estimate in speaker-size
judgments, and to investigate the role of the higher formants in making these judgments. The experiment employs a similar experimental
task to previous experiments investigating the perception of speaker size (Rendall et al., 2007; Smith et al., 2005). A series of synthetic
vowel sounds were created (/i & v/) and scaled uniformly up or down in frequency in order to simulate VTL differences between voices.
These were presented to listeners in pairs, and listeners were asked to indicate which of the vowels sounded like it had been produced by
the taller speaker. As opposed to previous experiments however, stimulus pairs were not matched for phonetic content but were allowed
to vary within-pair, and results were considered for each trial and not only in aggregate. This resulted in two kinds of trials: same-
phoneme trials where the same vowel phoneme was compared at different VTL levels (Fig. 1a), and different-phoneme trials that com-
pared two different vowel phonemes at the same (1b) or different VTL levels (1c). Additionally, to investigate the role of the higher
formants, listeners were divided into four groups, each of which was presented with vowels with different numbers of formants (2, 3,
4 and 5-formant vowels).

When listeners are presented with the same phoneme across a pair, they are expected to identify the voice with lower FFs (and longer
simulated VTL) as being taller, in accordance with previous experimental findings. If a minimum number of formants (e.g., three) are
required in order to assess speaker size, listeners may display disorderly or unpredictable selections in the groups that were presented
with vowels with an inadequate number of formants. Listeners exposed to vowels with more formants are expected to be more consistent
in their size-judgments, however, this improvement should only continue as long as listeners are using the additional information. In
other words, if listeners do not use F4 or F5 to assess speaker size, there should not be any difference in the results between the groups
presented with three-formant vowels and those presented with vowels with more than three formants. On the other hand, credible
differences between these groups would present direct evidence that the additional formants are being used by listeners.

When listeners are asked to compare different phonemes, one of two general patterns of results may occur. If listeners rely only on VTL
estimates in making speaker-height judgments, these judgments should be explainable solely on the basis of the simulated VTL difference
between the voices being compared, and there should not be significant biases towards identifying some vowels as taller than others.
However, if listeners determine speaker-height using some alternative strategy, including the consideration of FF information directly and
not only to estimate VTL, then results may depend on the specific characteristics of the stimuli being compared in each trial, and not
simply on the VTL differences between the voices. Although it is reasonable to expect some variation in VIL and size estimates across
vowel categories, if this variability is so large as to meaningfully and consistently affect speaker-size judgments, then it would seem that
listeners are not in fact using VTL to estimate speaker size in any real sense.

The precise effect of the higher formants in different-phoneme trials will depend on the presence or absence of a vowel-category effect
on judgments, however, it is generally expected that listeners will respond more strongly to VTL cues when more formants are present,
since these should facilitate the estimation of speaker VTL. However, just as in same-phoneme trials, behavior should only be affected by
the presence of additional formants (e.g., F5) if listeners are actually using the formant in question.

2. Materials and methods
2.1. Participants

Participants were 60 students from the University of Alberta drawn from a participant pool in which undergraduate students take part
in experiments in exchange for partial course credit. All participants were students taking an introductory level, undergraduate linguistics
course, and were native speakers of English. Participants were divided into four formant-groups based on whether stimuli were 2, 3, 4 or
5-formant vowels. Listeners were randomly assigned to formant groups, resulting in 15 listeners within each group.

2.2. Stimuli

Experiments investigating the perception of speaker size often involve the use of a fixed set of stimuli, scaled up or down uniformly in
frequency in order to simulate VTL differences between speakers (Ives et al., 2005; Rendall et al., 2007; Smith et al., 2005). Since formant
frequencies (FFs) are directly specified when using synthetic vowels, VTL differences for synthetic vowels may be simulated by simply
multiplying the specified FFs by a fixed constant (Barreda & Nearey, 2013; Fitch, 1994; Nearey, 1989). The second approach was adopted
here, and VTL differences between speakers were simulated by increasing/decreasing the FFs used to create synthetic vowel sounds by a
single scale factor.

Stimuli consisted of the vowels /i & v/, based on average productions of adult male speakers of Edmonton English (Table 2). These
baseline vowels can be thought of as representing the voice of a single synthetic ‘speaker’, with a single VTL and complete with an
idiosyncratic placement of the higher formants, stable for the speaker. Differences in VIL were simulated by increasing/decreasing the
values in Table 2 in equal logarithmic steps roughly equal to differences of 8% (0. 077 log-Hz) between adjacent VTL levels. The baseline FF

Table 2
Formant frequencies for vowels representing the central VTL step for the low fO voices (L2 in Fig. 2a).

fif |2 lof

F1 295 755 458
F2 2262 1576 1100
3 2900 2441 2392
F4 3500 3500 3500
F5 4500 4500 4500
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Fig. 2. (a) Locations of the low f0 (L) and high fO (H) stimulus voices in an fO x average FF space. Numbers indicate VTL step within the fO level. The experimental task asked
listeners to compare voices that differ solely on the basis of FF/VTL differences (horizontal differences) and never f0 differences (vertical differences). (b) The formant-space
locations of the 9 low-f0 vowels. In general, within-categories, proximity to the lower left-hand corner indicates a larger speaker. However, between-category variation is
such that a global consideration of proximity to this corner in determining speaker size could result in [/ being identified as larger than /®/, regardless of the VTLs implied
by the vowels.

values in Table 2 were shifted down one step, and shifted up 3 steps, resulting in a 5-step VTL continuum (of which the baseline voice is
the second step).

One issue that arises when simulating a wide range of VTL differences, especially when f0 is fixed across a wide range of VTLs, is that
this may result in inappropriate fO x VTL combinations (e.g., the FFs of a small child with the fO of an adult male). As a result, it would not
be possible to use a single fO level for the entire VTL continuum that would result in roughly appropriate fO levels for all voices. To
counteract this problem, the first three VTL steps were combined with an fO that decreased linearly from the beginning to the end of the
vowel from 130 Hz to 120 Hz, and the last three VTL steps were synthesized with fOs that decreased linearly from 260 Hz to 240 Hz. This
resulted in 6 unique combinations of VTL scaling and fO level, each represented by 3 vowels (18 unique vowel stimuli). The locations of
these voices on an fO x VTL space are presented in Fig. 2a. Fig. 2b plots the formant-space locations of the low fO vowels in a manner that
contrasts between-category variability in FFs with variability due to simulated differences in VTL (within-category variability).

The simulated VTL differences resulted in a range of approximately 16% in FF differences between the highest and lowest VTL steps
within each fO level. This difference is large but appropriate based on ranges reported for adult male voices. For example, the log-mean
formant frequency for the first four formants for every instance of /i/ in adult male speakers in Hillenbrand et al. (1995) shows a range of
18% and the same value for Peterson and Barney (1952), for the first three formants, shows a range of 22%. Furthermore, the speaker with
the lowest FFs in the Hillenbrand et al. (1995) data produced /i/ with an fO of 142 Hz, while the speaker with the highest FFs for [i/
produced it with an fO of 133 Hz, indicating that a range of roughly 16% in FFs with a stable fO is appropriate given the distribution of these
characteristics in real voices.

The vowel categories /i @ v/ were chosen for two reasons. First, they represent a broad range of F1 and F2 values and so allow for tests
comparing the effects of relatively subtle VTL differences with those of relatively large differences in F1 and F2 between categories. Second,
because of their locations in the vowel space of the Edmonton English dialect, these vowels are particularly resistant to vowel-category
changes resulting from shifts in fO0 and/or simulated VTL. After synthesis and prior to experimentation, speakers of the local dialect
confirmed the lack of vowel-category shifts in the resulting stimuli.

2.2.1. Synthesis details

Vowels were synthesized using a Klatt-style (Klatt, 1980) parametric synthesis program implemented in MATLAB. F4 and F5 were fixed
across vowel categories at values roughly appropriate for an adult male speaker, following conventions when using synthetic vowels
(Klatt, 1980; Nearey, 1989). Each consecutive formant above F5 was set to 1000 Hz higher than the previous one, up to the 11th formant
(Holmes, 1983). Although no vowel in the experiment contained more than 5 formants, the inclusion of these formants is necessary when
synthesizing vowels at a high sampling frequency to prevent differences in spectral slope that can arise from changes in the distance
between the highest specified formant and the Nyquist frequency (Holmes, 1983). Since the highest specified formant varied as a function
of the VTL scaling applied to the formant pattern, the sampling frequency used for synthesis was varied so that the Nyquist frequency
would fall halfway between the 11th formant, and the expected frequency of the 12th formant, had it been specified. Formant bandwidths
were fixed at 6% of formant center frequencies, with a minimum bandwidth of 60 Hz. All vowels had steady-state formant frequencies and
were 200 ms in duration. Vowels were presented to listeners in pairs separated by 250 ms of silence.

2.2.2. Number of formants

Each vowel to be used in the experiment was synthesized a single time for a single combination of VTL and fO levels, resulting in 18
unique, eleven-formant vowels (6 VTL and fO combinations x 3 vowel categories). The vowels to be used for the different formant-groups
were all based on these original vowels. The procedure for the creation of vowels for each formant-group was as follows. First, the vowel
sound was low-pass filtered with a cut-off frequency set at halfway between the highest formant to be included, and the first formant to
be excluded (see Fig. 3). After filtering, each vowel was resampled to a sampling frequency of 22,050 Hz. As mentioned previously, vowels
were originally all synthesized with 11 formants simply to ensure that there were not large differences in spectral tilt associated with the
different number of formants in the different groups, or with the different synthesis sampling frequencies used for the various VTL scaling
levels. The result of these manipulations is that the vowels presented to listeners in the different formant groups differed only in the
presence/absence of a given number of additional formants.
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Fig. 3. LPC spectra of stimulus vowels for the baseline, low fO voice, L2 in Fig. 2b. Formant frequencies for these vowels are provided in Table 2. Dotted lines show filter cutoff
frequencies used for the creation of 2, 3, 4 and 5 formant vowel sounds.

2.3. Procedure

Listeners were presented with vowel sounds in pairs and asked to indicate which of the vowels sounded like it had been produced by a
taller speaker. Listeners were only asked to compare vowel sounds synthesized at the same fO level, and never across fO levels. For
example, this means that in Fig. 2a, low fO voices (L) would be compared to other low fO voices, but never to voices at the higher fO step
(H). Consequently, relative speaker-size judgments provided by listeners can be said to result from spectral differences (simulated VTL or
vowel category), and not from information related to f0.

Each stimulus vowel was combined with every other sound at its fO level (except for itself), resulting in 72 combinations for each fO
level. Trials were blocked by fO level so that listeners first responded to vowels at one fO level, and then responded to vowels at the other fO
level. These blocks were separated by a self-timed pause. Block order was balanced across subjects. Each combination of vowel pair and
VTL difference was repeated 3 times, resulting in 216 responses per block, and 432 overall. Within each f0-level block, vowel pairs were
presented randomized along all stimulus dimensions, blocked by repetition. Vowels were balanced for order across all stimulus dimen-
sions and repeated across voice-size groups resulting in 12 responses per listener for each combination of vowel pair and VTL difference (3
repetitions x 2f0 levels x 2 orders).

Listeners were told that they would be hearing a series of synthetic voices patterned after male voices from a wide range of ages, from
children to adults. This was done to minimize the possibility of an effect for perceived speaker gender, in particular for the high-f0 voices.
Listeners were instructed that they would be hearing the vowels in the words ‘heed’, ‘had’ and ‘hood’ presented in pairs, and that they had
to decide which of the two vowels had been produced by a taller speaker. Sounds were presented over headphones, in a sound-attenuated
booth. Listeners provided responses by clicking on a specially designed graphical user interface that contained two response buttons: the
button on the left labeled ‘First Voice’, or the one on the right labeled ‘Second Voice’. The response buttons were labeled ‘HEED’, ‘HOOD’ or
‘HAD’ as appropriate given the trial to further remind listeners of which response button corresponded to which vowel. The user interface
also contained a button marked ‘Replay’ that allowed listeners to replay the presented stimulus up to three additional times for each trial.
After the listener had made a selection, the next stimulus was played after a one second pause. Every listener completed both blocks of the
experiment.

2.4. Statistical analysis: Bayesian multilevel logistic regression

The experimental task asked listeners to decide whether the first or second voice in each pair sounds taller, resulting in a dichotomous
outcome variable. Results were analyzed using a Bayesian multilevel logistic regression model, which simultaneously models the results of
individual subjects, while also pooling information across all subjects to estimate group-level effects. Analyzing data using a Bayesian
multilevel model offers several advantages relative to more traditional maximum-likelihood estimation techniques, such as detailed
information about credible values for all parameters, jointly credible values (or differences in values) for groups of parameters, and
protection against multiple comparisons without the resizing of credible/confidence intervals (Gelman, Hill, & Yajima, 2012; Kruschke,
2014, 2010; Kruschke, Aguinis, & Joo, 2012).

Bayesian inference relies on the posterior distribution of parameter values given the data and the prior probabilities of the parameters.
Although the exact form of the posterior cannot usually be determined analytically for even moderately complex multilevel models, these
distributions may be approximated using Markov Chain Monte Carlo (MCMC) methods as implements by software such as JAGS (Plummer
et al., 2003). These methods find the distribution of jointly-credible values for all model parameters by taking a series of random ‘steps’
through the joint parameter space. After a given number of these steps, the result is a ‘chain’ of parameter values which can be used to
assess credible, and jointly-credible, values for parameters or combinations of parameters. If a value of interest (e.g. 0) is very atypical
given the distribution of values in the posterior distribution (the ‘chain’) it is deemed to not be a credible value for that parameter.
Conversely, if the value of interest is within the bounds of the values in the chain, it is deemed to be a credible value for the parameter (for
more information on Bayesian model-fitting and inference please see: Gelman & Hill, 2006; Kruschke, 2014; Kruschke & Vanpaemel,
2015).

Results will be considered in two general cases: same-phoneme and different-phoneme trials. In same-phoneme trials, each pair
consisted of the same vowel phoneme presented at different VTL levels. These two kinds of trials will be analyzed independently. In each
case, trials will only be considered as a function of VTL and vowel-category differences between voices, meaning results will be collapsed
across f0 levels.
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2.4.1. Same-phoneme trials

Same-phoneme trials featured clear expectations regarding listener behavior. Based on previous experiments, it is expected that lis-
teners would identify the speaker with the longer simulated VTL (i.e., the lower average FFs) as being taller. Since this expectation is
supported by a good deal of experimental evidence, these responses will be considered ‘successful’ in the sense that the listener is
conforming to expectations. The adoption of the term ‘successful’ rather than ‘correct’ for trials where listeners associated a longer
simulated VTL with a taller speaker is a conscious decision to avoid the implication that these trials represent the accurate use of acoustic
cues with respect to some real speaker height. The probability of a successful response in any given trial can be modeled as a logistic
function of the parameter @ as in (1).

The @ parameter can be broken down further using an ANOVA-style decomposition as in (2). This models the parameter & as a linear
combination of the intercept (ap) and groups of deflection terms indicating deviations from the overall mean (a) due to the main effects
and interaction terms, with a group of deflection terms associated with each predictor and interaction term. The predictors included in the
model are: formant group (aF, 4 levels: 2, 3, 4, 5), vowel category (ay, 3 levels: /& i u/), absolute VTL difference (axayy, 2 levels: 1 step or
2 steps), subject (as, 60 levels), the formant group by vowel category interaction (ar.v, 12 levels), the VTL difference by formant-group
interaction (@avrr < r» 8 levels), and the VTL difference by vowel interaction (aavr « v» 6 levels).

| logistic(0,) — _XP0)
p(success;) = logistic(6;) = exp(0) +1 (M
6 = o+ ap+ oy +OayL + s+ OFxv + AAVTLF + QAVTL.Y -

In order to make the parameter estimates in a decomposition as in (2) identifiable, the deflections associated with main effects in (2)
were constrained to sum to zero around «g, and the interactions were constrained to sum to zero within-factors, as described in Kruschke
(2014, Chapter 20). As recommended in Gelman and Hill (2006, p. 494) each group of deflection terms associated with the parameters in
(2) was modeled as coming from a separate, higher-level distribution with a mean of zero (following from the sum-to zero constraints
imposed on the parameters) and a parameter-specific variance also estimated from the data. For example, the 60 subject deflections (as)
were modeled as coming from a normal distribution with a mean of yg (set to 0) and a variance of %, while the 12 formant-group by
vowel interaction terms (ar.v) were modeled as coming from a normal distribution with a mean of y,, (set to 0) and a variance of 012=xv-
Vague priors were used in all cases: uniform priors were used for all the higher-population variance parameters (Gelman, 2006), and the
intercept term (ap) was given a prior mean of zero and a prior variance of 16, which is quite large relative to typical variation in logistic
coefficients.

In all, 103 parameters (including 7 variance parameters, one for each bundle of deflection coefficients in Eq. (2)) were estimated from
the data. The posterior samples for all parameters were generated using JAGS (Plummer et al., 2003) and R (R Core Team, 2015). Four
independent chains were run, with each chain being a total of 2500 steps in length, for a total of 10,000 steps. A 10,000 step burn-in
period was used and chains were thinned every 200th step to reduce autocorrelation in the chains and to maintain a reasonable file size
(500,000 total steps were run). The chains mixed well, with the effective sample sizes of all lower-level parameters (controlling for
autocorrelation in estimates) being nearly 10,000.

2.4.1.1. Predictions regarding directions of effects. Success in same-phoneme trials is expected to differ primarily according to the VTL
difference between voices (a7 ), with larger VTL differences leading to more successful responses. So for example, success rates should
be higher for aayp _» than for aayg — 1, which also means that aayr - » —@ayp - 1 Should have a positive and credibly non-zero value.

Of particular interest in same-phoneme trials is the change in success rates according to the number of formants present in vowel
stimuli (ar). As outlined in Section 1.2, a difference in performance based on the presence of a given higher formant (e.g. F5) presents
evidence that listeners use that formant in assessing speaker size. On the other hand, a lack of difference in performance between
formant-groups differing by a single formant would suggest that the formant differentiating the groups is not being used by listeners. This
may be assessed by investigating the difference in deflection-parameter estimates between any two given formant groups. For example, a
credible difference in success rates based on the presence of F4 may be assessed by inspecting the distribution of the difference between
the deflection estimates for the 3 and 4 formant groups, ar — 4 — af _ 3, while af _ 5 — ar — 4 would yield information regarding the use of F5
if present.

2.4.2. Different-phoneme trials

In different-phoneme trials (i.e., trials where the pair contrasted different phonemes) there was not a clear expectation of how listeners
would behave. To explore these trials with as few assumptions as possible, /& was selected as the reference phoneme in these trials, and
Ju/ and [i] acted as the alternative vowels. This means that the different-phoneme analysis focused on the trials featuring /a&/-/i/ and
/&/-/uv] comparisons. The VTL difference between vowels was coded as a continuous predictor expressing the difference in VTL step
between the reference vowel and the alternative vowel (VTLgeference — VTLaiternative), Which could take on integer values between —2 and 2.
This coding leads to a logistic function as in (3), where the probability that the reference vowel (/®/) was identified as taller is broken
down in (4) into VTL difference effects (f) and an intercept term (a).

exp(6;)

p(reference vowel is tallerg:logistic(ﬁﬁ:m
i

3)

91‘ = a,‘—l—ﬂi X VTLi (4)

Since positive VTL difference values indicate that the reference vowel had a longer VTL, VTL difference is expected to be positively
related to the selection of the reference vowel as taller. The intercept term reflects the probability that the reference category will be
selected as taller when the VTL difference between voices is equal to zero, indicating that vowels have the same VTL. However, because the
only linear predictor included in the model (VTL difference) is centered at zero, a non-zero intercept term will also reflect an overall
tendency to identify one vowel as taller than the other in a given pair. As a result, the intercept terms are indistinguishable from response
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biases, and variability in estimated intercept terms can be interpreted as variability in these biases. The slope and bias/intercept terms in
(4) can be further decomposed as in (5) and (6).

i =+ ar+ay +as+ Ay )

Bi=Po+Br+Pyv+Ps+Pr.v (6)

Eq. (5) models vowel biases as linear combinations of the mean intercept (@g) and predictors: formant group, (ar, 4 levels: 2, 3, 4, 5),
the alternative vowel category (ay, 2 levels: [i uf), subject (as, 60 levels), and the formant group by alternative vowel interaction (ag,v,
8 levels). The analogous decomposition holds for (6). Just as in the same-phoneme trials, each of the deflection terms associated with the
effects in (5) and (6) was constrained to sum to zero around their respective overall means, and interactions were constrained to sum to
zero within-factors. For example, the four o terms were constrained to sum to zero about @y, while the four 5 terms were constrained to
sum to zero around f3,. As with the same-phoneme analysis, each group of deflection terms in (5) and (6) was modeled as coming from a
separate, higher-level distribution with a mean of zero and a parameter-specific variance, which were also estimated from the data.
Uniform priors were used for all the higher-population variance parameters, and the intercept terms (o, o) were given a prior means of
zero and a prior variances of 16.

In all, 158 parameters (including 8 variance parameters, one for each group of deflection coefficients) were estimated from the data.
Posterior samples for all parameters were again generated using JAGS and R. The same approach was used as for the same-phoneme
model: Four independent chains were run, with each chain being a total of 2500 steps in length, for a total of 10,000 steps. A 10,000 step
burn-in period was used and chains were thinned every 200th step to reduce autocorrelation in the chains and to maintain a reasonable
file size (500,000 total steps were run). The chains mixed well, with the effective sample sizes of all lower-level parameters (controlling for
autocorrelation in estimates) being nearly 10,000.

2.4.2.1. Predictions regarding directions of effects. The effects in different-phoneme trials that most directly address the research questions
posed here are the vowel-category biases (ay), the interaction between these biases and the number of formants presented (af.yv), and the
effect of number of formants on the use of VTL differences (f;). If listeners only use VTL cues in making speaker-size judgments, the
intercept term should not be affected by vowel category so that all the ay terms should only randomly vary around zero. In other words, if
listeners base their size estimates only on VTL cues, phoneme-specific biases in size perception should not exist. As for the ar,y terms, if
the higher formants facilitate the use of VTL cues, these may result in a diminishing of any phoneme-specific biases, should they be
present.

In terms of the VTL difference effects (f), a positive VTL difference indicates the reference vowel has a longer simulated VTL
(VTLreference — VTLajternarive) SO that a positive VTL difference should result in the reference vowel being perceived as taller at a higher rate.
This means slopes should be positive if listeners are behaving roughly as expected. If more formants in a stimulus facilitate size estimation
by providing more information, the VTL difference slope will be higher for groups exposed to vowels with more formants. However, as
noted previously, these differences should only manifest if listeners actually respond to the formant differentiating the groups being
compared. Credible differences in these slopes between groups may be assessed by inspecting differences in f; terms. For example, a
credibly non-zero value for f; _ , — fr _ ;5 would indicate that listeners use F4 in estimating speaker size since behavior is credibly affected
by the presence of the formant.

3. Results

Results will be considered in two general cases: same-phoneme and different-phoneme trials. In same-phoneme trials, each pair
consisted of the same vowel-phoneme presented at different VTL levels. In different-phoneme trials, each pair consisted of two different
phonemes, presented at the same or different VTL levels.

Inferences regarding different effects on the perception of speaker size will be made with the use of the models outlined in Section 2.4.
The posterior distributions of parameters will be summarized using the upper and lower bounds of the 95% HDI (Highest Density Interval),
which indicates the range of 95% of the posterior distribution of a parameter such that every point inside the range is more probable than
every point outside the range (Kruschke, 2010). The mean and the percent of samples above or below zero (as appropriate) will also be
reported. Inferences regarding differences between parameters will be assessed by finding the difference between parameter estimates at
each step in the chain, and by inspecting the distribution of these differences just as with the distribution of the original parameters.

Before continuing, some pertinent characteristics of logistic regression coefficients will be discussed. Logistic regression coefficients are
expressed in logits, which are the log-odds, In (l’%p), that an event p will occur. A logit value of 0 equals a probability of 0.5 and prob-
abilities approach 1 as logit values approaches positive infinity, and 0 as values approach negative infinity. Probabilities may be found from
logits by replacing the 6 term in Eq. (1) (or 3) with the appropriate logit value. Logit values expressing mean performance for a particular
group/condition have a straightforward interpretation as probabilities via the use of Eq. (1). However, care must be taken when con-
sidering changes in logits since equal, linear differences in probabilities may be dramatically different when considered in logits,
depending on their location between 0 and 1. For example, an increase in performance from 70% to 71% is equal to an increase of 0.048
logits, while an increase from 90% to 91% equals 0.116 logits, and an increase from 95% to 96% is equal to 0.234 logits. For this reason, logit
values will also be presented as probabilities in figures where these describe fixed probabilities for specific listening situations. However,
these will not be provided when they express differences between groups, since these cannot be interpreted as changes in probability in
the absence of some specific baseline value.

This also highlights another important aspect of working with probabilities, namely that relatively small differences in probability near
the bounds of the range (0 and 1) can in fact be much more meaningful than seemingly larger differences in probability towards the center
of the range (0.5). As a result, summarizing differences in performance on the basis of the arithmetic mean of probabilities may obscure
important, yet potentially subtle, differences in listener behavior, and a focus on the logistic analysis is more appropriate.
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3.1. Same-phoneme trials

All subjects responded to 108 same-phoneme trials, divided equally among the three vowel categories, for a total of 6480 responses.
Same-phoneme trials represent the sorts of comparisons typically employed in previous experiments investigating the perception of
speaker height. These trials serve two primary purposes: to confirm that listeners behave as expected in same-phoneme trials and
associate longer simulated VTLs with larger speakers, and to investigate the use of the higher formants in the determination of speaker
size. As mentioned in Section 2.4.1, trials where the listener identified the vowel with the longer simulated VTL as taller will be referred to
as successful trials in that listeners are successfully using simulated VTL cues in the expected manner. This terminology is being adopted in
order to avoid any implication that a real height is being correctly estimated.

Average success rates for each listener are presented across different experimental factors in Fig. 4. Please note that in the figure, each
listener contributes one point to each vowel category and each VTL difference within formant-group, but that different listeners are
represented in each formant group. Listeners exhibited a strong tendency to identify the voice with the longer simulated VTL as taller,
doing so in 79.7% of all same-phoneme trials.? In light of these results, and in keeping with the earlier discussion, same-phoneme trials
where the voice with the lower VTL was identified as being taller will be considered successful responses.
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Fig. 4. Points represent the percent of successful responses averaged within-participant, presented according to different combinations of experimental factors. (a) Success
rates for different VTL differences across formant groups. (b) Differences in success rates between vowel phonemes across formant groups. Boxplots indicate medians and
interquartile ranges; whiskers have been omitted so that outliers can be clearly seen.

Fig. 4 suggests that success rates vary systematically according to formant group, the absolute VTL difference between the voices being
compared, and vowel category. Analysis of same-phoneme trials will be based on posterior samples of parameter values using the model
outlined in Section 2.4.2. First, data will be analyzed with a Bayesian Analysis of Variance using the finite-population standard deviations
as suggested in Gelman (2005). The finite-population standard deviations are estimated for each group of predictors by finding the
standard deviation for the relevant predictors at each step in the chain, and then inspecting the distribution of these estimates across all of
the steps in the chain. For example, the variance of the formant group parameters can be estimated by finding the variance of the ax_»,
Qr_3, Ar—4 and Qr_s parameters at each step of the chain (3 degrees of freedom). This approach focuses on finding the primary sources of
variation in success rates, and on estimating their relative magnitudes, rather than focusing on accepting or rejecting potential sources of
variance as zero or non-zero (Gelman, 2005). As recommended in Gelman and Hill (2006, Chapter 22) this analysis will then be used to
guide the inspection of effects and contrasts as appropriate.

The results of this analysis are presented in Fig. 5. Results indicate that success rates (i.e., the association of longer simulated VTLs with
taller speakers) varied primarily as a function of individual differences between participants (as), the number of formants in the vowel
(ar), the VTL difference between the vowels (aay ), and the vowel category presented (ay ). The largest source of variance is differences in
the individual abilities of different listeners which, as is evident in Fig. 4, is quite substantial. For example, within the 5-formant vowel
group of listeners, six listeners responded successfully in at least 105 of 108 same-phoneme trials, and another three listeners responded
successfully in fewer than 68 trials. There is no evidence that any of the interactions considered reflect important sources of variation in
success rates as the 95% HDIs for all interaction terms contain values very near to zero. This suggests roughly additive effects for vowel,
formants and VTL differences on success rates. Fig. 5b presents HDIs for posterior distributions of estimates for selected parameters based
on the results presented in Fig. 5a.

As discussed in Section 2.4.1.1, it was expected that success would vary as a function of the VTL difference between voices. This effect
may be assessed by subtracting the difference between the estimates for trials with different VTL differences, aayg — o — @ay7r — 1, Which
has a mean difference of 0.563 with none of the differences being less than zero (HDI=0.419, 0.718; 0% < 0), confirming this expectation.
Unexpectedly, success also varied as a function of vowel category with the taller voice being identified most successfully for /i/, followed
by /&/ and then [u/. Both the difference in successes between [i/ and /2| (ay — ; — Qy— 2, mean=0.352; HDI=0.172, 0.532; 99.97% > 0) and
the difference in successes between /&/ and [u/ (Xy—2—av — ,, mean=0.309; HDI=0.147, 0.481; 100% > 0) were credibly greater than zero.

Of primary interest in same-phoneme trials were differences in success rates according to formant group, and in particular, differences
in these rates associated with the presence or absence of higher formants. One question was whether listeners could make consistent

3 The reason for the apparent disparity between this value and the values presented in Fig. 5b is that calculating the average proportion of successful trials using the
arithmetic mean underestimates performance by undervaluing values near 100%. Please see the discussion at the beginning of Section 3.
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Fig. 5. (a) Results of a Bayesian Analysis of Variance using the finite-sample standard deviations for each effect. Effects are indicated using the appropriate subscripts.
(b) Posterior distributions of parameter estimates for selected predictors. These values represent the sum of the appropriate sum-to-zero deflection coefficient and the «, term
in Eq. (2), indicated with the vertical dotted line. In both panels circles indicate means, bold lines indicate 50% HDI, and thin lines indicate 95% HDI for posterior distributions.

speaker-size judgments in the absence of higher formants (i.e., the 2-formant vowel group). Results indicate that performance for this
group was well above chance, with estimated success rates of 75.6% (aq+aF—2, mean=113; HDI=1.00, 1.26; 100% > 0). Another
important question was whether or not listeners use F4 and F5 when estimating speaker size. Since the formant-group stimuli differed
only in the presence/absence of higher formants, credibly different success rates between formant groups offer strong evidence that
listeners use the additional formant in making speaker size judgments. Results indicate credibly non-zero differences in success rates
between 2 and 3 formant groups (ar -3 —ar—,, mean=0.450; HDI=0.253, 0.639; 100% > 0), 3 and 4 formant groups (ar_4—Qr_3,
mean=0.419; HDI=0.191, 0.640; 99.99% > 0) and 4 and 5 formant groups (ar — 5 — ar — 4, mean=0.525; HDI=0.244, 0.838; 99.99% > 0). In
each case, the presence of an additional formant results in a higher rate of associations between lower FFs and larger speakers. These
results indicate that listeners will use formants above F3, if available, in order to make speaker size judgments that conform to the
expected association between a longer simulated VTL and a perceived larger speaker.

3.2. Different-phoneme trials

All subjects responded to 216 different-phoneme trials for the /i/-/a/ and [u/-/®/ vowel pairs, for a total of 12,960 responses across all
listeners for these pairs. Unlike in same-phoneme trials, there was not a clear expectation for how listeners would behave. On the one
hand, if listeners base speaker size judgments solely on VTL cues, the vowel with the longer simulated VTL should be identified as taller
with no systematic preferences for one vowel category over another. On the other hand, if listeners consistently identify some vowels as
taller than others, especially when in conflict with apparent VTL differences, this would present evidence that speaker-size judgments are
not solely based on VTL cues. To investigate the presence of vowel-category effects on speaker-size judgments, different-phoneme trials
were considered in terms of whether the reference vowel &/ was chosen as taller. Within-participant averages are presented in Fig. 6.
Please note that in the figure, each listener contributes one point to each of the vowel pairs at each VTL difference, but that different
listeners are represented in each formant group.

Fig. 6 shows that listeners do not have a strong preference for selecting /i/ as taller than /&/, selecting /i/ in 55.4% of all cases. However,
there is a strong tendency to identify /u/ as taller than /®/, and [u/ was selected in 74% of cases overall. This tendency persisted even when
in conflict with relatively large VTL cues. Although in Fig. 6a the selection of the larger speaker varies primarily according to VTL cues, in
6b even large VTL differences barely lead /&/ to be selected as the taller vowel. For example, even when [u/ had a simulated VTL that was
2 steps smaller than /&/ (a difference of approximately 16%), listeners still identified [u/ as the taller vowel in 53.5% of cases.

Please note that although the magnitude and direction of biases towards one or another vowel category will depend on the selection of
the reference vowel, it is not their exact magnitude or direction but rather their very presence that indicates that these decisions are not
made solely using VTL cues. Essentially, if listeners determined speaker size solely on the basis of VTL all results in Fig. 6 should look
something like those of the 2 or 3 formant groups in 6a: Variation would be primarily according to VTL and listeners would have no strong
preference for one or the other vowel in the absence of a VTL differences between voices. Instead, there are clear, systematic differences
between the results presented in 6a and 6b.

The model presented in Section 2.4.2 independently models the effects of VTL differences between vowels (Eq. (6)) and biases towards
specific categories (Eq. (5)) as a function of formant group and the alternative vowel. These can be visualized with the aid of Fig. 6. The
slope terms express variation between boxes according to VTL differences, but also variability in these slopes between different formant
groups and vowel pairs. For example, consider the greatly differing slopes for 3-formant vowels in Fig. 6a and b. The intercept terms
express the distance between boxes and the horizontal line at 50% when VTL differences are equal to zero, while also reflecting overall
tendencies to select one vowel or the other as taller (i.e., response biases). For example, again consider the greatly differing values for 3-
formant vowels at 0 VTL difference in Fig. 6a and b.

Analysis of the different-phoneme trials will be based on posterior samples of parameter values using the model outlined in Section
2.4.2. Data will again be analyzed with a Bayesian Analysis of Variance using the finite-population standard deviations in order to guide a
more detailed analysis of the estimated effects. Fig. 7 shows the results of the Bayesian ANOVA, presented in terms of (a) intercept effects
and (b) VTL slope effects. Variability in the intercept will be considered first. Fig. 7a indicates a large non-zero average intercept (ag) that
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varies primarily due to the alternative vowel category (ay) and speaker-specific differences (as). Interestingly, whereas in same-phoneme
trials individual subject variability had a standard deviation nearly three times that of vowel-category effects (Fig. 5a), in different-
phoneme trials these are roughly equal in magnitude. This indicates that there is a good degree of consistency in vowel-category biases
relative to the degree of variation between listeners.

Although the effects for number of formants, and the number of formants by vowel category interaction are relatively small, these are
both also credibly non-zero (based on the lower extent of their respective HDI). To investigate these effects, the intercepts for different
conditions were found by adding together appropriate parameter estimates. For example, the intercept for /i/ for the 4-formant group is
equal to: g+ — 4 +ay — j +aF — 4y — i, While the intercept for v/ for the 3-formant group is equal to: ag+ar_3+ay — ;+Qr _ 34y — .. The
distributions of these reconstructed effects are presented in Fig. 8a.

The purpose of investigating vowel-category biases was first, to see if they exist at all and second, to see if these diminished as more
higher-formant information is presented in the vowel. First, it is clear from Fig. 8a that, on average, /&/ is identified as smaller when
compared to either /i/ (mean= —0.32; HDI=-0.379, —0.264; 100% < 0) or [u/ (mean= —1.22; HDI= —1.29, —1.16; 100% < 0). Furthermore,
more higher-formants present in vowels did not result in a reduction of these vowel-category biases. Instead, the higher formants had no
effect on the rate at which [u/ was selected as taller compared to /&/, and more higher-formants resulted in credible increase in the bias
towards identifying /i/ as taller (ay - if—4—ay —ir -3, mean=0.529; HDI=0.367, 0.686; 100% > 0).

Fig. 7b indicates a large non-zero average slope (/3,) that varies primarily according to the vowel category (/3 ), the number of formants
(Br), and speaker-specific differences (fs). Unlike for the intercept terms in 8a, there is no formant group by vowel interaction on slopes
indicating that these may be analyzed in terms of independent formant group and vowel category effects. The posterior distributions of
these effects, found by adding the appropriate deflection coefficient to the overall slope, f3,, are presented in Fig. 8b and c. Differences in
slope arising from the different alternative vowels were investigated by finding the difference between vowel deflection terms
(Bv _i— Py _,) which indicated a credibly larger VTL-difference slope for /i/ relative to /u/ (mean=0.284; HDI =0.209, 0.36; 100% > 0),
likely arising from the larger overall bias towards identifying /u/ as taller. Credible differences in slopes were found between 2 and 3-
formant vowel groups (B _ 5 — fr _ », mean=0.14; HDI=0.038 to 0.243; 99.61% > 0), as well as between the 3 and 4 formant vowel groups
(Pr_4—Pr_3, mean=0.178; HDI=0.068, 0.287; 99.94% > 0) and the 4 and 5 formant vowel groups (f;_s—fr_4 mean=0.334;
HDI=0.214, 0.461; 100% > 0), indicating that listeners will use F4 and F5 in assessing speaker-size, if available.
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4. Discussion
4.1. Phoneme biases in speaker-size perception

The experiment outlined here presented listeners with pairs of stimuli at different simulated vocal-tract length (VTL) levels, and asked
listeners to identify the taller speaker in the pair. In this respect, it is very similar in its design to studies previously carried out inves-
tigation the perception of speaker size (Rendall et al., 2007; Smith et al., 2005). Crucially, in this experiment linguistic content was not
fixed across stimulus pairs, thereby allowing for a direct investigation into the use of spectral information in determining speaker size on a
trial by trial basis. If listeners estimate speaker size using a recovered VTL parameter, then size judgments should be based solely on the
simulated VTL differences between voices. On the other hand, if listeners use the FFs directly to make these judgments, and not only to
inform VTL estimates, then some categories may well be consistently perceived as taller than others.

Results presented in Section 3.2 (Figs. 6 and 8a) indicate listeners showed an overall tendency to identify /i/ as taller than /a&/, although
this tendency varied as a function of the number of formants in the vowel (this will be discussed in more detail in Section 4.2.). However,
this bias towards /i/ not very large, so that the results in Fig. 6a are generally similar to what would be expected if listeners were using VTL
differences between voices to estimate relative size differences. That is, the probability that the reference vowel (/&/) is selected as taller
varies primarily as a function of the VTL difference between the voices, and is strongly influenced by them. Furthermore, the reference
vowel is selected as taller in roughly 50% of cases at a VTL difference of 0, and results are roughly symmetrical about the horizontal line
at 50%.

In contrast to this, there was a large and persistent tendency to identify /u/ as taller than /&/, regardless of the VTL differences between
the voices. First, consider Fig. 6b which presents a very strong bias towards identifying [u/ as taller than [/ when presented at the same
VTL level. In these situations these vowels were presented with formant values representing an average male speaker of the dialect, and at
the same fO level. If listeners were only using VTL cues to estimate speaker height, there is no reason why there should be such a strong
and consistent bias towards selecting [u/ as taller in these cases. Although it is reasonable to expect there might be error in VTL estimation,
the biases evident in Figs. 6b and 8a are not indicative of random error, but of persistent and predictable effects that are stable across a
large group of sixty listeners. Even stronger evidence of this tendency is evident if one considers results for VTL differences of +2 in
Fig. 6b. These correspond to situations where /&/ had a 16% lower formant scaling than the [u/, suggesting a considerably longer VTL. Even
in these cases, [u/ was selected as taller in a majority of cases (53.4% percent).

Rather than respond to VTL cues, listeners appear to use the FFs directly, and simply associate lower formants with larger speakers
regardless of the VTL implied by them. Although the results in Fig. 6b may not be explainable solely on the basis of simulated VTL
differences between the voices, it seems plausible to consider that listeners might identify /u/ as taller because it has much lower F1 and
F2 frequencies. Similarly, the approximately equal preference for /&/ and /i/ may be attributable to the fact that although /i/ has a much
lower F1 than /&/, this may be offset by its higher F2 and F3 frequencies. Although this limited stimulus design cannot hope to explain the
exact relationship between specific FFs and size perception, the intention of this experiment was simply to establish whether this behavior
existed at all.

Taken as a whole, the results presented here offer good evidence that listeners do not solely base speaker-size estimates on the basis of
an estimated VTL parameter. Instead, they may be strongly influenced by phoneme-specific formant frequencies in the stimuli presented.
The result of this is that listeners may not provide stable size estimates for speakers across vowel categories, and the apparent size
difference between two given speakers may vary as a function of the spectral content of the tokens being considered.

4.2. The use of the higher formants

Listeners were divided into groups based on whether they heard 2, 3, 4 or 5 formant vowels. As described in Section 2.2.2, the creation
of the stimuli was such that the vowels presented to these groups differed only in the presence/absence of a given number of formants. As
a result if, for example, there were credible differences in response patterns between the 3 and 4 formant groups, then this is evidence of
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the fact that listeners are using the F4 in making speaker-size judgments. On the other hand, if result patterns were roughly equivalent for
the two groups, this would indicate that the additional formant was not used by listeners.

Listeners were more likely to associate lower FFs with taller speakers (success rates, Fig. 4b) when more formants were presented, and
this improvement continued with the addition of each formant, even up to F5 (Fig. 5b). Similarly, the effect of simulated VTL differences in
different-phoneme trials became stronger with the addition of both F4 and F5 (Fig. 8b). In same-phoneme trials, a higher success rate
indicates consistent associations between lower FFs (and implied VTLs) and larger speakers, while in different-phoneme trials a larger VTL
slope indicates that global differences in the FFs between voices had a stronger effect on responses. From the perspective of using voice FFs
in a predictable manner, both of these differences can be considered to reflect improved performance on the part of listeners. As a result,
taken together these results offer strong evidence that listeners will use information at least up to F5 when making speaker-size judg-
ments, if available.

However, it is not the case that higher formants are necessary in order to make size judgments, as results were highly systematic even
for two formant vowels. Furthermore, it is not the case that the presence of more higher-formants reduced phoneme biases. In the case of
the /®/-/u/ comparison, more higher-formants had no effect on the tendency to select [u/. In the case of /®/-/i/, more higher-formants
actually led to the increase of a bias towards selecting /i/ as larger. Although the reason for these preferences are not exactly clear, their
existence is not entirely surprising given that listeners appear to make direct use of formant patterns when estimating speaker size (see
Section 4.1). In light of this, the addition of formants to a pattern, or the movement of one or more formants in a pattern, may lead to
differences in apparent speaker size, regardless of the VTL implied by the formant-pattern as a whole.

Since synthetic vowels were used, and these require higher formants to be explicitly specified, it may be tempting to attribute some of
these results to inappropriately specified higher-formant frequencies for the different vowel phonemes used in the experiment. However,
as discussed in Section 1.2, there appears to be relatively little between-category variability in the higher formants within-speaker, and
what variability there is appears to be overwhelmed by idiosyncratic speaker-characteristics. This suggests that, unlike for F1 and F2 (and
perhaps to a lesser extent F3), it is not clear if the higher formants can be ‘wrong’ for a given phoneme as long as they are plausible values
for the speaker. Consequently, if listeners do have strong expectations about the placement of the higher formants for different phonemes
(and it is not clear that they do), the higher formants of most real speakers will tend to defy these expectations to a greater or lesser
extent. As a result, if deviations from expected frequencies in the higher-formants are a source of variability in speaker-size judgments,
then these will occur frequently when size judgments are made for real voices, even within-speaker.

For example, although /i/ and /&/ appear to have almost identical mean F4 values within speaker-class for men, women and children
(Hillenbrand et al., 1995, Table V), we might imagine that for whatever reason, listeners in this experiment expected a higher F4 for /i/ than
for /&/, for the same speaker. Since in this experiment these vowels were presented with the same F4 for a given VTL level, this would
have resulted in the F4 used for [i/ in this experiment to suggest a slightly larger speaker by being lower than expected, even within VTL
level. However, 40% of speakers in Hillenbrand et al. (1995) have lower F4 frequencies for [i/ than /®/, and there is a good amount of
variability in the difference between F4 across these phonemes, within-speaker in the same dataset (sd=447 Hz). As a result, if the
shifting bias for /i/ for vowels with F4 (presented in Fig. 8a) is simply the result of F4 being ‘too low’ then this exact same effect should be
present when listeners estimate the size of the nearly half of real human voices that also defy these expectations. Please note that this is
not meant to suggest that vowel category biases are driven by mismatches in expectations regarding the higher formants, but simply to
note that even if this is the case, then any such effects will also be abundant in the judgments of speaker size from real human voices.

4.3. VTL estimation in size perception

It has been suggested that listeners could use knowledge of the relative formant-patterns for different vowel categories to employ a
pattern-correction on observed FFs and estimate speaker VTL from the FFs in this manner (Nearey, 1978; Nearey & Assmann, 2007; Turner,
Walters, Monaghan, & Patterson, 2009). Other researchers have made strong claims that the human peripheral auditory system auto-
matically segregates size (VTL) information from speech sounds so that size is actually an independent dimension of sound, and that this
information is both available to listeners and the driving force behind speaker-size estimates (Irino & Patterson, 2002; Ives et al. 2005;
Turner et al., 2009; Smith et al., 2005, 2007; Smith & Patterson, 2005; Patterson & Irino, 2014). Results indicating substantial vowel-
category biases in speaker-size judgments are generally problematic for theories that make strong claims about the availability of a
speaker-dependent VTL estimate for human listeners, or regarding the use of these estimates in the determination of speaker size.

The differing levels of successful trials by vowel quality in same-phoneme comparisons (Fig. 5b) is also problematic for accounts where
reasonably accurate VTL estimates are the driving force behind speaker size perception. Given that all vowel categories featured identical
differences in their FFs for equivalent VTL shifts, it is not clear why there should be consistently differing success rates across categories. To
the extent that the assessment of speaker size is based on a VTL estimate, and this is estimated with roughly the same accuracy for
different vowel categories, there is no reason to expect an effect for vowel category on the ability to associate lower FFs with a larger
speaker. Instead, results suggest that perhaps speaker-size estimation may operate at a low level of perception, without any kind of
correction for linguistic patterns or estimation of speaker VTL. In light of this, it may be more accurate to say that listeners are responding
to FFs shifts in stimuli even when it might appear that they are responding to VTL differences between speakers, real or synthetic.

The results presented here may go some way towards resolving a long-standing problem in speaker-size perception regarding the
strong influence of fO on speaker-size judgments despite the fact that fO is not a good predictor of size in adult speakers. For example,
Rendall et al. (2007) state that it is “important to consider why, if FO cues are inherently unreliable markers of adult size, listeners’
impressions of size are sometimes biased by them” (1216), and Pisanski et al. (2014) state that “[i]n the absence of a strong physical
relationship, the strong perceptual association between FO and size poses a paradox” (95).

If, as it appears, listeners use formants directly when estimating speaker size such that [/ may sound larger than /&/ for a single
speaker, this would seem to be roughly analogous in its approach to the inappropriate use of fO in determining speaker size for adults. For
example, Rendall et al. (2007) report that fO differences as small as 20 Hz can overwhelm relatively large VTL cues in speaker size
perception, even though a difference of 20 Hz is a very small relative to the fO range employed by a typical speaker. In both cases, cues that
should not be interpreted as strong evidence of differences in size (a 20 Hz difference in f0, a linguistically motivated difference in FFs
within-speaker) are being used as such, leading to inaccurate size estimates. Taken together, this suggests a general association between
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low-frequency acoustic cues and larger perceived speakers, regardless of the more nuanced veridical relationship between acoustic voice
parameters and speaker size.

5. Conclusion

The current study investigated the use of spectral information in the perception of speaker size by human listeners. Results indicate
that speaker-size estimation is not solely on the basis of a phoneme-independent, speaker-dependent vocal-tract length (VTL) estimate.
Instead, it appears that listeners identify speaker size on the basis of the particular FFs contained in the stimuli presented to them.
Although this generally will not lead to stable speaker-size estimates, it is well known that these estimates tend to be inaccurate for adult
speakers (Bruckert et al., 2006; Collins, 2000; Rendall et al., 2007; Van Dommelen & Moxness, 1995). Therefore, this finding is very much
in line with, and may help explain, the general lack of accuracy in size judgments for adult speakers. However, even though the use of
spectral cues may be suboptimal such that it will tend to lead to inaccurate speaker-size judgments, there is good evidence that use of the
spectral content in vowel sounds is systematic nonetheless. For example, although listeners demonstrated a strong bias towards iden-
tifying [u/ as taller than &/, regardless of VTL differences, listeners were generally consistent in these biases.

The results presented here suggest that research into speaker-size perception by human listeners would benefit from a shift in focus
towards how specific acoustic cues are used by listeners on a trial by trial basis rather than only considering aggregate behavior across a
range of stimuli. Collecting size judgments for multiple vowel categories and modeling average judgments is representative of listener
behavior if and only if all tokens produced by a single speaker contain the same information (i.e., VTL cues). On the other hand, given that
listeners appear to respond to token-specific information, all stimuli cannot be said to contain the same information, and so details
regarding listener behavior may be lost when only considering aggregate behavior. Consequently, modeling speaker-size judgments for
each given stimulus as a function of the specific characteristics of that stimulus may yield richer information, and a truer representation of
how listeners are actually estimating speaker size on any given trial.

Appendix A. Between-speaker variation in formant patterns

Within-phoneme variability between speakers of a single dialect is primarily (but not exclusively) attributable to differences in vocal-
tract length (Fant, 1970). The effects of differences in vocal-tract length (VTL) between speakers on the formant-patterns they produce can
be modeled as uniform multiplicative increases or decreases (i.e., uniform scaling) of the formant-patterns produced for a given vowel-
category, with good accuracy (Barreda & Nearey, 2013; Nearey & Assmann, 2007; Nearey, 1978; Turner et al., 2009). This means that, if two
productions of /e/ by two speakers differ by 10% in their F1 frequencies, then they are also expected to differ by roughly the same amount
in their F2 and F3 frequencies on average, across all speakers of the dialect. Variation of this kind only requires a single parameter (e.g.,
VTL) to describe formant-pattern differences between speakers of a dialect since these differences will manifest equally across all
formants.

Alternatively, it has been suggested that differences in the oral and pharyngeal cavity lengths between males and females result in non-
uniformities in the scaling of formant-patterns between speakers (Fant, 1975). Further, since these non-uniformities are hypothesized to
result from the proportionally shorter pharynxes of female speakers, non-uniformities were predicted to vary as a function of vowel
height. Under this hypothesis, a different scaling parameter is needed for each formant for each vowel category, for males and females, so
that scaling of formant patterns is not uniform across genders and vowel categories. If this were true, it would not be appropriate to
discuss differences in formant-patterns using a single parameter (e.g., VTL), nor would it be appropriate to simulate VTL differences by
scaling the spectral content of speech sounds up or down by a single parameter. However, no evidence of robustness of this effect, or of its
importance to perception exists in the literature. On the contrary, there are good reasons to believe that potential differences in oral/
pharyngeal cavity ratios do not deterministically result in non-uniformities in formant patterns between males and females.

For example, Turner et al. (2009) report a reanalysis of the Fitch and Giedd (1999) VTL data and find that the data provides no empirical
support for a male-female gender binary in oral/pharyngeal cavity ratios. Instead, they find that this cavity ratio varies continuously as a
function of speaker height (and VTL) so that there is a good deal of overlap between males and females (just as there is in height). In fact,
this suggests that all speakers will have slightly different oral/pharyngeal cavity ratios so that a large amount of non-uniformities in
formant patterns might be expected. Despite this, Turner et al. (2009) report that an investigation of several large formant data sets,
including developmental data, reveals that there is no evidence of any non-uniformities in formant patterns. The authors conclude that
“the anatomical distinction between the oral and pharyngeal divisions of the vocal tract is immaterial to the acoustic result of speech
production. For a given vowel, the tongue constriction is simply positioned where it produces the appropriate ratio of front-cavity length
to back-cavity length, independent of the location of the oral-pharyngeal junction” (2379).

We may estimate the inappropriateness of uniform scaling of formant patterns as a working hypothesis by investigating the error
incurred in predicting formant patterns when these are constrained to vary uniformly between speaker-classes. Fig. A1 presents variability
according to gross speaker type and vowel category for three large data sets, comparing this to the direction of expected variation
according to uniform scaling (dotted lines). Although there are many small, random deviations from uniform scaling, there are not sys-
tematic deviations that are consistent across all three data sets and, in particular, no systematic deviations from uniform scaling on the
basis of vowel height. The lack of a consistent effect across dialects is an important point since the persistence and robustness of non-
uniformities in formant patterns across data sets is a central component of the sort of anatomical determinism espoused by the non-
uniform scaling hypothesis (i.e., that possible differences in cavity ratios must necessarily manifest in acoustic patterns). In fact, the extent
to which uniform scaling seems to hold is striking given that data is taken from 369 different speakers, from very different dialect areas,
and several decades apart.

Fig. A2 presents the same data presented in Fig. A1, contrasted with dotted lines that indicate where vowel categories could fall if
between-speaker variation within-category were exactly constrained to be according to a uniform scaling factor. These lines pass through
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Fig. Al. Average vowel category positions for vowels from three large data sets. (a) Peterson and Barney (1952) contains data from 33 men, 28 women and 15 children of
either gender. (b) Syrdal (1985) contains data from 52 men, 51 women and 51 children of either gender. (c) Hillenbrand et al. (1995) contains data from 45 men, 48 women
and 46 children of either gender. In each panel, the lowest, left-most instance of each category is the adult male mean, the middle point is the adult female mean, and the
top, right-most point is the child mean. Dotted diagonal lines indicate the expected direction of variation according to uniform scaling (i.e., equal multiplicative increases to
F1 and F2). When variation between speaker classes is according to uniform scaling, lines connecting the same vowel category across speaker classes will be parallel to the
dotted lines.
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Fig. A2. The same datasets and category means are presented as in Fig. A1, but IPA symbols have been omitted for the sake of legibility. In each panel, the dotted lines pass
through the mean F1 and F2 values for all speakers for each vowel category, but are constrained to have a slope of 1 in a logarithmic space (thereby indicating the direction of
uniform scaling of formant patterns). It can be seen that the uniform scaling hypothesis offers a very close approximation of observed formant patterns.

the mean for each vowel category for the three speaker classes, but are constrained to have a slope of one in a log space, meaning they
vary along the axis of variation representing equal multiplicative scaling of F1 and F2.

There is a very close alignment between the observed category mean for each speaker class, and the closest point on the appropriate
dotted line. Constraining category means for all speaker classes to vary according to uniform scaling results in an average error in F1 and
F2 of only 2.3%, based on Cartesian distances between observed category means and the nearest point on the dotted lines indicated in Fig.
A2. Given that it seems likely that at least some of the deviations from uniform scaling in Fig. A2 are due to noise and/or measurement
error and do not represent veridical speaker-class characteristics, it is debatable whether this 2.3% average deviation from uniform scaling
should even be considered error. In fact, the magnitude of this error is much smaller than even the amount of variability that can be
observed for productions of a single vowel by a single speaker. Peterson and Barney (1952) report two repetitions for each vowel, for each
speaker, and these repetitions have an average error of 9.4% in their FFs (based on the Cartesian distance in F1 and F2 between repetitions).

There is also evidence suggesting the lack of an important perceptual influence for potential non-uniformities in formant-patterns.
When creating stimuli for research, it is common practice to simulate VTL differences by linear scaling of the spectral envelope/FFs of
stimuli (Assmann et al., 2006; Ives et al., 2005; Rendall et al., 2007; Smith et al., 2005, 2007), for example by using vocoders such as
STRAIGHT (Kawahara, Masuda-Katsuse, & de Cheveigné, 1999) or those offered by Praat (Boersma & Weenink, 2001). These more modern
processing methods are similar in effect to an old and commonly used recording technique of recording voice actors at one speed, and
then playing back the recording at a different speed in order to effect perceived size-changes (Lawson & Persons, 2004). This technique
results in uniform scaling of the spectral envelope (and FFs), and has been used in countless films and television shows going back to at
least 1939 (Winer, 2012, p. 199). If non-uniform scaling of formant patterns between speakers of different sizes were an important aspect
of human speech perception, we should expect to see substantial vowel-quality changes in all of the aforementioned cases, leading to
generally less intelligible speech. Instead, the use of the aforementioned techniques appears to have no negative perceptual consequences
at all, suggesting that even if non-uniformities in formant patterns exist, they do not play an important role in speech perception. There is
also evidence indicating that speech maintains a high degree of naturalness when uniform FF shifts are paired with appropriate fO shifts
(Assmann et al., 2006), and that vowel sounds remain highly identifiable when shifted up or down uniformly in FFs (Assmann & Nearey,
2008), even when male vowels are shifted to female ranges and vice versa.
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In light of the scant empirical evidence supporting the persistence and robustness of non-uniform scaling in formant patterns between
speakers, the lack of any considerations regarding non-uniform scaling in acoustic manipulations of speech (particularly those used in
speech research) with no negative consequences for perception, and the lack of any notable error in the prediction of formant patterns
according to uniform scaling, it seems reasonable to adopt uniform scaling as a working hypothesis, at least in the absence of more
compelling evidence as to the inescapability and importance of non-uniform scaling effects. In fact, the adoption of the uniform scaling
hypothesis is in accordance with the main line of research being carried out in the perception of speaker size for the last several decades.
Any time a researcher uses linear scaling of the spectral envelope in order to simulate differences in VTL (Assmann et al., 2006; Barreda &
Nearey, 2013; Fitch, 1994; Barreda, 2012; Ives et al., 2005; Rendall et al., 2007; Smith et al., 2005, 2007), and any time a researcher uses a
single parameter to index speaker spectral characteristics (Collins, 2000; Ives et al., 2005; Pisanski et al., 2014; Rendall et al., 2007; Smith
& Patterson, 2005; Smith et al., 2005; Van Dommelen & Moxness, 1995), they are at least tacitly relying on the appropriateness of uniform
scaling in formant patterns between speakers of a language, if only as a useful first approximation to variation in formant patterns
between speakers of a language.
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