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ABSTRACT:
How we produce and perceive voice is constrained by laryngeal physiology and biomechanics. Such constraints may

present themselves as principal dimensions in the voice outcome space that are shared among speakers. This study

attempts to identify such principal dimensions in the voice outcome space and the underlying laryngeal control

mechanisms in a three-dimensional computational model of voice production. A large-scale voice simulation was

performed with parametric variations in vocal fold geometry and stiffness, glottal gap, vocal tract shape, and subglot-

tal pressure. Principal component analysis was applied to data combining both the physiological control parameters

and voice outcome measures. The results showed three dominant dimensions accounting for at least 50% of the total

variance. The first two dimensions describe respiratory-laryngeal coordination in controlling the energy balance

between low- and high-frequency harmonics in the produced voice, and the third dimension describes control of the

fundamental frequency. The dominance of these three dimensions suggests that voice changes along these principal

dimensions are likely to be more consistently produced and perceived by most speakers than other voice changes,

and thus are more likely to have emerged during evolution and be used to convey important personal information,

such as emotion and larynx size. VC 2024 Acoustical Society of America. https://doi.org/10.1121/10.0027913
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I. INTRODUCTION

In addition to linguistic meaning, human voice also

conveys personal information about the speaker such as

emotion, size, and identity. Many factors can influence the

expression of such personal information in the voice. One

such factor is the physiology of voice production in the lar-

ynx, which may constrain the voice acoustics space to a few

principal dimensions, despite the inherent variability in

voice both within and between speakers. The existence of

such principal dimensions would explain why voice changes

along some dimensions (e.g., from breathy to pressed voice)

can be produced and perceived consistently by most speak-

ers (Kreiman, 2024). Such principal dimensions would also

allow physiological changes aligned with these dimensions

(e.g., emotion) to be consistently and reliably encoded in

and perceived from the voice.

The goal of this study is to investigate whether human

voice and its control are indeed constrained to a few princi-

pal dimensions. One approach to answer this question would

be collecting voice samples from a large number of speak-

ers. However, this approach does not allow us to isolate con-

straints due to biological factors (e.g., anatomy and

physiology) from other sociocultural factors (e.g., language

and culture background), nor does it provide insights into

the physiological mechanisms controlling individual princi-

pal dimensions. In this study, a computational simulation

approach was used. Voice samples were generated from

parametric voice simulations using a previously developed

three-dimensional continuum model of voice production

(Zhang, 2015, 2016a, 2023a), in which vocal fold properties

(geometry, stiffness, and position), vocal tract shape, and

the subglottal pressure were systematically varied in a large

range. The ranges of variation encompassed those reported

in humans, thus sampling voice variations both within and

between speakers. It will be shown below that a few princi-

pal dimensions indeed emerge naturally in this large set of

voice samples, and may have played an important role in the

evolution of how we encode and decode physiological infor-

mation in the voice.

II. METHOD

The three-dimensional vocal fold model has been devel-

oped in our previous studies (Zhang, 2015, 2016a, 2023a).

The model consists of a respiratory system, a three-

dimensional vocal fold model, and a vocal tract. The vocal

folds are modeled as a transversely isotropic, nearly incom-

pressible, linear material with the plane of isotropy perpen-

dicular to the anterior-posterior direction. A reduced-order

formulation is used by projecting the governing equations of

the vocal folds into the space spanned by the in vacuo
eigenmodes of the vocal folds (Zhang, 2015), which signifi-

cantly improves the computational efficiency and makes it

possible to synthesize the large number of voice samples

used in this study. The glottal flow is modeled as aa)Email: zyzhang@ucla.edu
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one-dimensional quasi-steady glottal flow model taking into

consideration viscous loss up to the point of flow separation

from the vocal fold surface, with the flow separation point

predicted by an ad hoc geometric model. Vocal fold contact

is modeled by applying a penalty pressure perpendicular to

the vocal fold surface when the two vocal folds are in contact.

Despite simplifications made to improve computational effi-

ciency, our model has been shown to qualitatively and quanti-

tatively reproduce observations from experiments and fully

resolved simulations [see discussion in Zhang (2023b)].

Two sets of voice data were generated in this study.

The first set includes voice data generated from simulation

without a vocal tract, which allows identifying principal

dimensions originating from laryngeal mechanisms alone.

Voice simulations were performed with parametric variation

in model control parameters. These include vocal fold

geometry (anterior-posterior length L, medial surface verti-

cal thickness T, and medial-lateral depths of the body and

cover layers Db and Dc), vocal fold stiffness (transverse

stiffness in the coronal plane Et, and longitudinal stiffness in

the body and cover layers Gapb and Gapc), initial (prephona-

tory) glottal angle a, a measure of vocal fold approximation

in the horizontal plane, and the subglottal pressure Ps. The

ranges of variations are listed in Table I. For each condition,

a half-second long sustained phonation was simulated, for a

total of 221 400 conditions. Note that not all combinations

of vocal fold length and depth were simulated. Specifically,

considering that shorter vocal folds often have smaller

depths, conditions combining a vocal fold length of 6 or

10 mm with the largest value of the body and cover layer

depths were not simulated. This led to a positive relation

between vocal fold length and depths in the PCA analysis,

as discussed further below.

In order to investigate possible effects of vocal tract

adjustments and source-filter interaction on the principal

dimensions, a second set of data were generated from voice

simulations with a vocal tract (Fig. 1). To reduce the number

of simulation conditions, a small subset of the vocal fold

conditions listed in Table I was simulated, with the number

of parametric values reduced for vocal fold depths and vocal

fold AP shear moduli. These parameters have been shown to

have relatively small impact on the voice source in previous

studies [e.g., Zhang (2021), (2023b)]. For each vocal fold

condition, simulations were performed first with a 17.5-cm

long uniform vocal tract, then with vocal tract shapes with

constrictions varying in degree introduced at the levels of

the false vocal folds, aryepiglottic folds, pharynx, oral cav-

ity, and the lips, respectively, similar to Zhang (2023a), for

a total of 144 000 conditions.

For each simulation condition, selected voice outcome

measures were extracted. These include voice source mea-

sures of perceptual importance, as identified in the psycho-

acoustic model of voice quality proposed by Kreiman et al.
(2021), as well as other measures often included in studies

of vocal expression of emotion [e.g., Patel et al. (2011) and

Sundberg et al. (2024)]. For voice acoustics, these include

the fundamental frequency (f0), sound pressure level (SPL),

cepstral peak prominence (CPP), harmonic to noise ratio

(HNR), and subharmonic to harmonic ratio (SHR). From the

glottal flow, the differences between the first harmonic and

the second harmonic (H1-H2), the fourth harmonic (H1-

H4), the harmonic nearest 2 kHz (H1-H2k), and the har-

monic nearest 5 kHz (H1-H5k) in the spectrum of the time

derivative of the glottal flow waveform were extracted. The

mean (Q0) and peak-to-peak amplitude (Qamp) of the glot-

tal flow waveform, closed quotient (CQ) of the glottal flow

waveform, maximum flow declination rate (MFDR), and

normalized MFDRN (MFDR normalized by p�f0�Qamp)

were calculated. The mean (Ag0) and peak-to-peak ampli-

tude (Agamp) of the glottal area waveform were also

extracted. The glottal resistance (GR) was calculated as the

ratio of the subglottal pressure and the mean glottal flow.

The peak vocal fold contact pressure (Pc) over vocal fold

surface during vocal fold collision was also extracted as a

measure of risk of vocal fold injury (Zhang, 2023a).

Principal component analysis (PCA) was then per-

formed to identify potential low-dimensional patterns in the

voice outcome space. The analysis was then repeated using

the voice outcome data combined with the corresponding

model control parameters, in order to identify physiological

control mechanisms of the potential principal dimensions.

III. RESULTS

The PCA analysis revealed similar patterns, at least for

the first three dominant PCA modes, whether it was applied

to the voice outcome data alone or the data combining voice

outcome measures and control parameters. Thus, the follow-

ing focuses on results from the PCA analysis applied to the

combined data of voice outcome measures and model con-

trols, for simulations without a vocal tract. This produced a

total of 27 PCA modes. The result is shown in Fig. 2. The

left panel of Fig. 2 shows the percentage variances

explained by individual PCA modes. Two dominant modes

can be observed, with the first and second PCA modes

explaining about 28% and 15% of the total variance, respec-

tively. The third PCA mode also captured a significant per-

centage (about 9%) of the total variance. The percentage of

variance explained decreased slowly for the remaining 24

modes. The next three panels in Fig. 2 show the contribution

of individual model controls and voice outcome measures

TABLE I. Simulation conditions.

Transverse Young’s modulus Et¼ [1, 2, 4] kPa

Cover AP shear modulus Gapc¼ [1, 10, 20, 30, 40] kPa

Body AP shear modulus Gapb¼ [1, 10, 20, 30, 40] kPa

Vertical thickness T¼ [1, 2, 3, 4.5] mm

Cover layer depth Dc¼ [1, 1.5] mm

Body layer depth Db¼ [4, 6, 8] mm

Vocal fold length L¼ [6, 10, 17] mm

Initial glottal angle a¼ [�1.6�, 0�, 1.6�, 4�, 8�]

Subglottal pressure Ps¼ 50–2400 Pa (18 steps)

Vocal tract minimum constriction [0.2, 0.4, 1, 2] cm2
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to the first three PCA modes. In the following, we

focus on outcome measures with a load equal to or larger

than 0.2.

The first mode describes coordination between the

respiratory and laryngeal sub-systems in a way that facili-

tates air passage through the larynx, and thus is likely to

play an important role in breathing in order to get as much

air in and out of the lungs as possible. This is achieved by

laryngeal adjustments to reduce the glottal flow resistance

when increasing the subglottal pressure Ps. Such laryngeal

adjustments include reducing vocal fold adduction (increas-

ing glottal gap a and reducing vocal fold vertical thickness

T) and/or increasing vocal fold length L. When applied to

phonation, these adjustments increase vocal intensity SPL at

the expense of increased airflow consumption Q0 and

reduced glottal closure (a reduced closed quotient CQ). As a

FIG. 1. (Color online) Computational model of human voice production used in this study with vocal fold controls and different vocal tract shapes.

FIG. 2. (Color online) The percentage of variance explained by each PCA mode (left) and the contribution of individual control parameters and voice out-

come measures to the first three PCA modes (right). See text for the definition of individual controls and voice outcome measures.
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result, the increase in vocal intensity is mostly associated

with an increase in energy at the fundamental frequency,

and comes at the cost of reduced harmonic energy at high

frequencies, as reflected in the increase in the spectral slope

measures H1-H2k and H1-H5k. This mode of respiratory-

laryngeal adjustments appears to have little effect on the

peak vocal fold contact pressure, thus allowing the use of

high subglottal pressure without significantly increasing the

risk of vocal fold injury.

In contrast, the second PCA mode describes a vocal

control strategy in which increasing the subglottal pressure

Ps is accompanied by simultaneously increasing vocal fold

vertical thickness T and reducing vocal fold transverse stiff-

ness Et, which can be achieved by activating the thyroaryte-

noid muscles (Zhang, 2016b). This adjustment allows

simultaneous increase in vocal intensity SPL and high-

frequency harmonic energy (reduced H1-H2k and H1-H5k).

While the increase in vocal intensity increases the peak-to-

peak amplitudes (Agamp and Qamp) of the glottal area and

glottal flow waveforms, the increase in the mean flow rate

Q0 is much smaller in comparison, thus conserving air con-

sumption while increasing vocal intensity. The duration of

glottal closure during phonation is significantly increased, as

reflected in a significantly increased closed quotient CQ.

However, this adjustment of vocal fold thickening while

increasing subglottal pressure does significantly increase the

peak vocal fold contact pressure Pc, thus potentially increas-

ing the risk of vocal fold injury.

The third PCA mode mainly functions to control the

fundamental frequency f0. This is achieved by a combina-

tion of adjustments including increasing subglottal pressure

Ps, increasing vocal fold approximation (decreasing a), and

shortening (reducing L), stiffening (increasing Et, Gapc, and

Gapb), and thinning (reducing T) the vocal folds. Such

adjustments tend to increase the peak vocal fold contact

pressure Pc, which is mostly due to the significantly

increased subglottal pressure.

Note that the first and third PCA modes have a moder-

ate contribution from the vocal fold cover layer depth,

despite the small effects of vocal fold depths on the voice

source identified in previous studies [e.g., Zhang (2021)].

This is likely due to a positive relationship between the

vocal fold length and cover layer depth in the simulation

design, as mentioned earlier in the method section, rather

than a direct effect of cover layer depth on the voice out-

come measures.

Similar observations can be made when the PCA was

applied to the voice outcome data alone. The first three PCA

modes were almost identical to the PCA modes in Fig. 2,

and each accounted for 37%, 20%, and 9% of the total vari-

ance, respectively.

The same three PCA modes were observed when the

PCA analysis was applied to the second set of data, or voice

data simulated with a vocal tract. When applied to the com-

bined data of outcome measures and control parameters, the

first three PCA modes captured 23%, 17%, and 11% of the

total variance, respectively. This suggests that these

principal dimensions are robust enough to remain the same

across different vowels.

IV. DISCUSSION AND CONCLUSION

Our results showed that three principal dimensions in

the voice outcome space emerge naturally from the physiol-

ogy of voice production. These dimensions accounted for

about 66% of the variance in the voice outcome space and

52% in the combined voice outcome-control space. These

principal dimensions remain almost unchanged with or

without a vocal tract, and across different vocal tract shapes.

The dominance of these three dimensions suggests that

voice changes along these principal dimensions are likely to

be more consistently produced and perceived by most

speakers than other voice changes, and thus are more likely

to have emerged during evolution and be used to convey

important information. For example, the first two dimen-

sions reflect energy balance between low- and high-

frequency harmonics. Variations in this energy balance lead

to voice changes along the continuum from a breathy to

pressed voice quality, which are reliably produced and per-

ceived by most speakers (Kreiman, 2024) and have been

used to convey meaning in many languages [e.g., Keating

et al. (2023)].

Since laryngeal anatomy predates the emergence of lan-

guage, it is likely that voice changes along these principal

dimensions may have evolved to convey primarily physio-

logical differences or changes in the speaker’ physiological

state, rather than linguistic contrasts, in both humans and

animals [see, e.g., Anikin et al. (2023)]. The existence of

these principal dimensions suggests that physiological

changes aligned with these dimensions can be more reliably

encoded in the voice and perceived from the voice than

other physiological changes. One such example is emotion,

which strongly impacts both respiratory and laryngeal activ-

ities. Much previous research on vocal expression of emo-

tion in humans has shown that different emotions can be

differentiated along a small number of principal dimensions

in the voice acoustic space (Laukka et al., 2005; Patel et al.,
2011; Scherer et al., 2017; Sundberg et al., 2024).

Interestingly, the three principal components identified from

human voice data in Patel et al. (2011) are qualitatively sim-

ilar to the first three PCA modes identified in our study using

data generated from computational simulations: our three

modes qualitatively correspond to their second, first, and

third components, respectively. Voice changes along a con-

tinuum aligned largely with the first two principal dimen-

sions of this study also signal arousal across many species

[see, e.g., Congdon et al. (2019) and Schwartz et al. (2022)].

In addition to the principal dimensions of the voice outcome

space, in this study we were also able to identify the physio-

logical control mechanisms underlying the first three dimen-

sions. A better understanding of how emotion impacts

physiology underlying the principal dimensions may allow

different emotions to be better differentiated and monitored
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at the physiological level than at the acoustic level, which is

worth further investigation in the future.

Larynx size differences related to sex and age are

another example of physiological properties directly impact-

ing the three dimensions, and can be reliably perceived from

the voice. In general, male vocal folds are longer and thicker

than female vocal folds, which are again longer and thicker

than vocal folds in children. These differences in length and

thickness align perfectly with the third dimension, which

impacts mostly the fundamental frequency of the voice, and

thus can be reliably encoded in the voice primarily through

changes in the fundamental frequency. Size differences can

also be encoded separately along the first two dimensions:

the length difference can be encoded along the first dimen-

sion and the thickness difference along the second dimension.

Thus, changes in voice quality, which are described in the first

two dimensions, may also influence voice gender perception,

depending on how a specific voice is represented along the

first two principal dimensions. This potentially differential

encoding of size differences along the three principal dimen-

sions may partially explain why gender perception from the

voice is dominated by the fundamental frequency, but may

also be manipulated by changes in voice quality [e.g., Skuk

and Schweinberger (2014) and Zhang et al. (2022)].

Both the second and third PCA modes of this study

have a large impact on the peak vocal fold contact pressure,

an important contributing factor to vocal fold injury. This

large impact is mostly due to the use of high subglottal pres-

sure and to a lesser degree the increased vocal fold thick-

ness. Both dimensions are often considered an indicator of

arousal [e.g., Patel et al. (2011)]. This appears to support the

general impression that angry voices, produced with high

arousal and power, tend to be harmful to the vocal folds,

due to the potentially high vocal fold contact pressure. On

the other hand, the first PCA mode suggests that the nega-

tive impact of high subglottal pressure on the peak vocal

fold contact pressure can be mitigated by reducing vocal

fold adduction, although at the cost of reduced harmonic

production at high frequencies. A balance between high-

frequency harmonic production and peak vocal fold contact

pressure can be achieved at some combinations of the first

two PCA modes, which may correspond to a flow phonation

configuration described in Gauffin and Sundberg (1989) or

those targeted in resonant voice therapy (Verdolini-Marston

et al., 1995).

In this study, the principal dimensions were identified

from simulation data generated from parametric variations

in the independent model control parameters. In humans, the

model controls are not necessarily independent of each

other. For example, vocal fold geometry, stiffness, and glot-

tal gap are controlled by the same set of laryngeal muscles

and thus often co-vary [see a review in Zhang (2023b)].

Tongue movement may affect the vertical position of the

larynx, which again impacts both vocal fold configuration

and vocal tract length (Vilkman et al., 1996). In addition to

these anatomical and physiological factors, how we produce

voice is also influenced by socio-cultural factors. The fact

that the three principal dimensions in this study only account

for about 50% of the variance suggests that there is plenty

of room for other factors to come in and further shape the

way speakers produce and perceive voice. Understanding

how these additional factors further constrain vocal control

and the voice outcome space would provide important

insight into how emotion and other physiological informa-

tion of the speaker are encoded in the voice and how to reli-

ably extract such information from the voice. This will be

addressed in future studies.
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