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This paper presents a large-scale study of subglottal resonances (SGRs) (the resonant frequencies

of the tracheo-bronchial tree) and their relations to various acoustical and physiological characteris-

tics of speakers. The paper presents data from a corpus of simultaneous microphone and accelerom-

eter recordings of consonant-vowel-consonant (CVC) words embedded in a carrier phrase spoken

by 25 male and 25 female native speakers of American English ranging in age from 18 to 24 yr.

The corpus contains 17 500 utterances of 14 American English monophthongs, diphthongs, and the

rhotic approximant [�] in various CVC contexts. Only monophthongs are analyzed in this paper.

Speaker height and age were also recorded. Findings include (1) normative data on the frequency

distribution of SGRs for young adults, (2) the dependence of SGRs on height, (3) the lack of a cor-

relation between SGRs and formants or the fundamental frequency, (4) a poor correlation of the

first SGR with the second and third SGRs but a strong correlation between the second and third

SGRs, and (5) a significant effect of vowel category on SGR frequencies, although this effect is

smaller than the measurement standard deviations and therefore negligible for practical purposes.
VC 2012 Acoustical Society of America. [http://dx.doi.org/10.1121/1.4748582]
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I. INTRODUCTION

In studies of speech production and perception, attention

is generally focused on the acoustic properties of the larynx

and vocal tract (i.e., supraglottal airway), such as the funda-

mental frequency (F0) and the frequencies of the first three

formants (Stevens, 1998; Ladefoged and Maddieson, 1996;

Liberman, 1996). Relatively little attention has been given to

the acoustic properties of the subglottal airways until

recently. The subglottal system, composed of the airways of

the tracheobronchial tree and the surrounding tissues, forms

an integral and important part of the human speech produc-

tion apparatus. It is the battery that powers airflow through

the larynx and vocal tract, allowing for the generation of

most of the sound sources used in languages around the

world (Stevens, 1998, pp. 55–126; Ladefoged and Maddie-

son, 1996, pp. 77–90). But it also contributes to the filter and

to the nonlinear interaction between the filter and the phona-

tion source (Stevens, 1998; Fant, 1960; Titze, 2006).

The subglottal resonances (SGRs) are the natural fre-

quencies of the subglottal system and correspond to the

complex conjugate pairs of poles in the subglottal input im-

pedance (measured from the top of the trachea looking

down). During speech, the subglottal system is acoustically

coupled to the vocal tract via the larynx, and the amount of

coupling depends on the configuration of the larynx (e.g.,

coupling is greater when the glottis is open) (Stevens, 1998;

Chi and Sonderegger, 2007; Lulich, 2010) as well as the con-

figuration of the vocal tract (e.g., coupling is greater when

the formants are close to the SGRs) (Hanson and Stevens,

1995; Stevens, 1998). As a result of coupling, the SGRs are

perturbed somewhat toward higher frequencies. The result-

ing SGRs can be measured from recordings of the vibration

of the skin of the neck during phonation, much like speech

formants are measured from microphone recordings. The

lowest three resonances (Sg1, Sg2, and Sg3) have been

claimed to play various roles in speech production and per-

ception (Stevens, 1998; Lulich et al., 2007) and have been

incorporated into automatic speaker normalization algo-

rithms (Wang et al., 2009b; Wang et al., 2009a).

Studies have shown that the SGRs appear in vowel spec-

tra as pole-zero pairs that can interrupt formant trajectories

(Stevens, 1998; Chi and Sonderegger, 2007; Jung, 2009a,b;

Lulich, 2010); they are perceptually salient (Lulich et al.,
2007) and useful in speech recognition technologies (Wang

et al., 2008; Wang et al., 2009b; Lulich and Chen, 2009;
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Csap�o and N�emeth, 2009); they play a role in defining vowel

and consonant contrasts in several languages, including

American English, Mexican Spanish, High German and

Swabian German, Standard Korean, and Standard Hungarian

(Stevens, 1998; Madsack et al., 2008; Wokurek and

Madsack, 2008, 2009, 2011; Jung, 2009b; Csap�o et al.,
2009; Gr�aczi et al., 2011; Lulich, 2010; Wang et al., 2009b);

and they can contribute to either stabilization or destabiliza-

tion of vocal fold motion and various kinds of irregularities

in the phonation sound source (Zhang et al., 2006; Za~nartu

et al., 2007; Titze, 2008; Titze et al., 2008; Za~nartu et al.,
2011). There has also been interest in the use of the subglot-

tal input impedance by clinicians for monitoring aspects of

lung health (Fredberg, 1978; Fredberg and Hoenig, 1978;

Fredberg and Moore, 1978; Suki et al., 1993; Habib et al.,
1994; Mansfield, 1996).

Given the diverse roles and effects of the subglottal

input impedance and its resonances in speech production, it

is critical that their actual properties be known for a large

number of speakers. This has been difficult to achieve

because typical methods for directly measuring the input im-

pedance are quite invasive and/or technically challenging,

requiring access to patients with laryngectomies (Ishizaka

et al., 1976), placing miniature pressure transducers below

the glottis (Cranen and Boves, 1987), or using an endotra-

cheal tube (Habib et al., 1994). An alternative, noninvasive

method is the use of an accelerometer placed against the

skin of the neck (Cheyne, 2002; Chi and Sonderegger, 2007;

Madsack et al., 2008; Wokurek and Madsack, 2008, 2009;

Csap�o et al., 2009; Lulich, 2010; Wokurek and Madsack,

2011; Gr�aczi et al., 2011; Lulich et al., 2011a; Lulich et al.,
2011b). In this case, the source of sound comes from the

phonation volume velocity (as is the case in microphone

recordings of vowels), and the motion of the neck tissues

(and hence the accelerometer) is related to the pressure at

the top of the trachea. This results in a frequency spectrum

closely related to the input impedance but sampled by the

source harmonics and partially shaped by the source spectral

envelope and effects of acoustic coupling with the vocal

tract. One goal of the present study is to establish how accel-

erometer measurements of SGRs compare with measure-

ments using more invasive procedures.

Few studies have collected information about speaker

height in addition to SGRs (Habib et al., 1994; Jung, 2009a;

Lulich et al., 2011a), and few have measured SGRs sepa-

rately in different vowels (Cranen and Boves, 1987;

Wokurek and Madsack, 2008, 2011). Of these, Habib et al.
(1994) and Jung (2009a) measured SGRs in fewer than 10

speakers, and Cranen and Boves (1987) measured SGRs in

only two speakers (i.e., the authors themselves). Wokurek

and Madsack (2008) and Wokurek and Madsack (2011)

measured SGRs in 19 and 16 speakers, respectively, but did

not report on the heights of any of their speakers. Most stud-

ies have not reported any standard deviations either within

speakers or across speakers, and there is currently little em-

pirical data regarding within- or across-speaker variability in

SGR frequencies. No studies have reported the correlations

of SGRs among each other or with F0, the formants, or

speaker age. The present study therefore aims to fill in

several gaps in our current knowledge of SGRs and their

measurement using accelerometers.

In this paper, we present data from 50 adult native

speakers of American English (25 males and 25 females)

whose subglottal acoustics were recorded by an accelerome-

ter placed against the skin of the neck at the same time that

microphone recordings were being made of their speech.

The data were analyzed to determine how the subglottal

resonances vary by gender, height, age, and vowel and

whether they are correlated with each other and with the fun-

damental frequency and formant frequencies.

In Sec. II, we present our methods for recording and

analyzing microphone and accelerometer signals and give a

basic description of the corpus. In Sec. III, we present the

results of our analyses. Section IV provides a discussion of

the results, and Sec. V concludes this study.

II. METHODS

A. Participants

A total of 50 adult native speakers of American English

(25 male and 25 female) were recruited through the Wash-

ington University Psychology Department’s online research

participation website. The majority of participants were

Washington University students, who represent a wide range

of American English dialects. In general, most of these stu-

dents are speakers of the mid-American English dialect,

although we did not specifically inquire into or investigate

the dialects of the speakers. The mean ages for male and

female speakers were 20.47 and 20.58 yr, respectively. The

youngest speakers were 18 yr old, and the oldest speakers

were 24 yr old. None of the participants reported any history

of speech or hearing disorders.

B. The WashU-UCLA corpus

1. Recordings and stimuli

To investigate the acoustic properties of the participants’

speech and subglottal resonances, recordings were made with

a SHURE PG27 microphone and a K&K Sound HotSpot ac-

celerometer while participants sat in a double-walled, sound

attenuating booth. For all of the microphone and accelerome-

ter signals, the sampling rate was 48 kHz, and the bit resolu-

tion was 16 bit/sample. Both the microphone and the

accelerometer signals were recorded in MATLAB using a two-

channel M-Audio MobilePre USB pre-amplifier connected to

a computer running Windows VISTA. The microphone was

placed roughly 20 cm in front of the speaker and slightly to

the right to avoid distortion due to airflow during high airflow

sounds (e.g., the fricative [s] or the release burst of the stop

[p]). The speaker was instructed on how to hold the acceler-

ometer him/herself against the skin of the neck at the cricoid

cartilage below the level of the glottis. The placement of the

accelerometer below the larynx ensures that the formants are

not significantly present in the signal because of canceling

with zeros introduced from the vocal tract on the other side

of the laryngeal phonation source.

Directly in front of the speaker was a computer monitor

that displayed sentences for the speaker to read. Various
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consonant-vowel-consonant (CVC) words were embedded in

the carrier phrase “I said a _______ again” and displayed on

the monitor to be read aloud by the speaker. The CVC words

were divided into two lists, and each list was recorded sepa-

rately. The first list was composed of bVb, dVb, and gVb

words, using seven of the American English vowels; this will

allow for investigations of the effects of coarticulation

between the vowel and its consonantal context with respect to

subglottal resonances in other studies (cf. Gr�aczi et al., 2011).

The second list was an expanded version of the Peterson and

Barney hVd word list (Peterson and Barney, 1952) and

included 14 of the vowels of American English, including the

rhotic approximant, [�]. This allows for a direct comparison of

our corpus with other corpora using the same word list. The

complete set of CVC words in the corpus is given in Table I.

For each list, all of the relevant CVC words were ran-

domly presented to participants at least 10 times each (the

CVb word list was presented first, followed by a short break

and then the hVd word list). Tokens that were judged by the

experimenter to be of poor quality (e.g., because of mis-

reading by the speaker, noise due to movements of the

speaker, or the speaker becoming tongue-tied) were tagged

and appended to the end of the list and re-recorded in the order

in which they originally occurred. After the recordings were

finished, each utterance was screened by another investigator

to ensure that every CVC word was represented by 10 tokens

with minimal background noise in the microphone signal. If

this screening procedure resulted in fewer than 10 tokens of

each CVC word, the speaker was discarded from the database

and another speaker was recorded. This screening process

resulted in 10 speakers being discarded. The speakers are

identified numerically as speaker 9, speaker 10, etc. Speakers

1–8 were not included in the final database due to initial errors

in the recording protocol. In all, 68 speakers were recorded.

The final corpus therefore contains microphone and acceler-

ometer signals from a total of 17 500 utterances (10 repetitions

of 35 CVC words by 50 speakers). In addition, the corpus

includes accelerometer signals of two tokens of the sustained

vowel [a:] produced by each speaker, in which there was spe-

cial emphasis on obtaining high quality accelerometer record-

ings with clear resonance structure up to the third subglottal

resonance (Sg3). These high quality accelerometer recordings

were obtained using WAVESURFER (Sj€olander and Beskow,

2000) by allowing the speaker and the experimenter to interac-

tively adjust the placement of the accelerometer as well as the

vocal pitch (F0) and loudness of the speaker until the best

quality signal was achieved. This was an important step

because the quality of the accelerometer signals during the list

recordings was expected to be somewhat variable.

Also recorded were the speaker’s self-reported height

(converted to centimeters), date of birth (converted to age in

months), and gender.

2. Microphone spectrogram labeling

Using PRAAT (Boersma and Weenink, 2010), the start

and end of the target vowel in each of the 17 500 microphone

recordings were manually labeled by a single investigator (to

ensure consistency). For monophthongs and the approximant

[�], the middle of the steady-state portion of the vowel was

also labeled. This was generally near the vowel mid-point.

For diphthongs, the nucleus was labeled either in the middle

of the steady state, if a steady state existed, or just before the

onset of rapid formant movements. Each microphone record-

ing therefore has a corresponding label file saved in the

PRAAT TextGrid format.

The start of each target vowel from the first (CVb) list

was labeled where the formants become visible immediately

after the initial plosive consonant. Vowels from the second

(hVd) list were labeled when the formants were visible and

the waveform demonstrated a significant deviation from pre-

vious aspirated pulses. In both lists, the end of the vowel was

labeled at the point of closure of the final stop consonant. In

general, the placement of each label was guided by inspec-

tion of the spectrogram and waveform and by listening.

Labels were placed at the first zero-crossing of the waveform

following the negative-going pulse marking the instant of

vocal fold closure.

3. Microphone analysis methods

Microphone signals were down-sampled to 10 kHz and

analyzed using WAVESURFER (Sj€olander and Beskow, 2000).

For automatic formant extraction, a 49 ms long Hamming

window was used with a shift size of 5 ms. The LPC order

was 12, and the pre-emphasis factor was 0.96. For automatic

pitch (F0) extraction, a 7.5 ms long Hamming window was

used with a shift size of 5 ms. The minimum and maximum

pitch parameters were set to 60 and 400 Hz, respectively, and

the entropic signal processing system (ESPS) method was

used (Talkin, 1995). The values of F0, F1, F2, and F3 near

the labeled steady-state part of the vowel were averaged over

five frames centered around the label location. The extracted

F0 and formant frequencies were not manually corrected.

C. Accelerometer analysis methods

The nine vowels [i, I, e, æ, a, ˆ, o, U, u] in hVd words

(4500 tokens in all) were analyzed in this paper. Each token

was inspected, and if the accelerometer signal was of sufficient

quality, the first three subglottal resonances (Sg1, Sg2, Sg3)

were measured as follows.

Each token was down-sampled to between 6 and

10 kHz, depending on how noisy the signal was at high

frequencies, pre-emphasized with a factor of 0.96, and a seg-

ment from the steady-state portion of the vowel was

extracted. This segment was not necessarily centered at the

steady-state label because the quality of the accelerometer

TABLE I. Complete list of CVCs recorded for the corpus. Various vowels

(including the approximant [�]) were recorded in up to four different conso-

nant contexts. Phonological feature specifications are also given for the fea-

tures [low] and [back] (Stevens, 1998, p. 253)

hVd i I e e æ a ˆ o U u aI aU OI �
bVb i � � e � a � � � u aI aU OI �
dVb i � � e � a � � � u aI aU OI �
gVb i � � e � a � � � u aI aU OI �

[low] � � � � þ þ þ � � � �
[back] � � � � � þ þ þ þ þ þ
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recording could vary even within the time-course of the

vowel, sometimes leading to weak or noisy signals immedi-

ately around the steady-state label which were unsuitable for

measuring the SGRs. The length of each segment was

approximately four pitch periods.

Manual measurements of the SGRs were guided by vis-

ual inspection of the discrete Fourier transform (DFT) spec-

trum, the linear predictive coding (LPC) spectrum, and an

estimate of the wideband power spectral density (WPSD)

(Nelson, 1997). In particular, each SGR was measured by

choosing either the LPC peak or the WPSD peak depending

on which of the two provided a more accurate representation

of the DFT envelope. If neither spectral representation was

satisfactory for a particular SGR, the SGR frequency was not

measured. Hence it is important to note that not all three

SGRs were necessarily measured in every vowel token chosen

for analysis. In general, it was more difficult to measure Sg1

and Sg3 than to measure Sg2. While the measurement of Sg1

was sometimes difficult (especially for high-pitched speakers)

due to its proximity to strong low-frequency harmonics, the

measurement of Sg3 was always difficult owing to the attenu-

ation of high frequencies caused by the low-pass nature of the

neck tissues and skin. For Sg1, the WPSD measurements

were generally more reliable than the corresponding LPC

measurements. For Sg2 and Sg3, the two representations were

usually more or less identical. Figure 1 shows the DFT spec-

trum, the LPC spectrum, and the estimated WPSD of a sample

accelerometer segment from speaker 12.

The estimated WPSD can be treated qualitatively as the

envelope of the DFT spectrum. To obtain the estimated

WPSD, the approach outlined in Umesh et al. (1999) was

adopted. The WPSD was estimated by subdividing the vowel

segment into several overlapping frames, calculating an auto-

correlation function for each frame after applying a Hamming

window, and obtaining the DFT of the averaged autocorrela-

tion function. The overlap between successive frames was

fixed at 80% of the frame size, and the frame size itself was

varied between 0.9 and 1.1 times the pitch period such that the

resulting spectral envelope was of the best possible quality.

The total number of Sg1, Sg2, and Sg3 measurements

was 657, 678, and 306, respectively.

D. Fundamental frequency and formant distributions

Table II gives the vowel-specific means and standard

deviations of formant and fundamental frequency (F0) meas-

urements made from the microphone recordings and separated

by gender. The ranges of formant and F0 measurements are

similar to those previously reported for adults by Peterson and

Barney (1952) and Hillenbrand et al. (1995) and somewhat

larger than those reported for adults (ages 25–50) by Lee et al.
(1999). The extent of F0 variability is somewhat larger, and

the mean F0 values for both males and females are slightly

lower than those reported by the same three studies. The coef-

ficients of variation (COVs¼ standard deviation normalized

by the mean, s/�x) are generally between 10% and 30%.

E. Statistical analyses

MATLAB was used for all analyses and statistical calcula-

tions. In the statistical analyses, a significance level of a
¼ 0.05 was used. Correlation coefficients presented in tables

are indicated by an asterisk when statistically significant.

III. RESULTS

A. Gender and vowel dependence of SGRs

Figure 2 shows the distributions of Sg1, Sg2, and Sg3

across all of the measurements made from the corpus (no aver-

aging of any kind has been done) as well as the distributions of

speaker heights. Table III gives the means and standard devia-

tions for each SGR by speaker as well as the height, age, gen-

der, and total number of measurements that were made of each

SGR from each speaker. Note that the female SGR frequen-

cies (660, 1513, and 2426 Hz, on average) are roughly

between 11% and 20% higher than male SGR frequencies

(554, 1327, and 2179 Hz, on average). The within-speaker

COVs are generally less than 5%, with the corresponding

95% confidence intervals ranging from �x�(1 6 0.005) to �x�
(1 6 0.03), indicating that repeated within-speaker measure-

ments can be reliably made.

It is worth noting that the (within-gender) across-

speaker COVs for SGRs are roughly 5% or 6%, about half

the value of the smallest within-vowel COVs of formant and

fundamental frequencies even though the SGRs were meas-

ured across all vowels. This indicates that the SGRs are

much less variable than the formants and roughly independ-

ent of vowel category. Studies by Wokurek and Madsack

(2008, 2011) and Cranen and Boves (1987), however, have

reported small but statistically significant differences of

some SGRs depending on the vowel. To test the hypothesis

that SGRs depend on vowel category, we therefore con-

ducted a 2 ([þlow], [�low]) � 2 ([þback], [�back])

repeated measures ANOVA for each gender as well as an

additional 2 ([þlow], [�low]) � 2 ([þback], [�back]) � 2

(female, male) repeated measures ANOVA for the combined

data. The individual SGR measurements were used as

FIG. 1. (Color online) DFT, LPC, and WPSD spectra of a sample acceler-

ometer signal during the vowel [a] produced by speaker 12. Estimated val-

ues of Sg1, Sg2, and Sg3 are indicated for both the LPC and WPSD spectra.
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dependent variables. (In addition, the means, standard devia-

tions, and number of measurements of each SGR across

female speakers and across male speakers are given for each

vowel separately in Table IV. The [low] and [back] feature

values of each vowel are also given.)

When females were considered alone, Sg1 was found to

be roughly 15 Hz higher in high vowels than in low vowels

[main effect of vowel height: F(1, 316) ¼ 7.87, P¼ 0.0054],

and Sg2 and Sg3 were roughly 25 and 37 Hz higher in back

vowels than in front vowels, respectively [main effect of vowel

backness for Sg2: F(1, 327)¼ 9.89, P¼ 0.0018; for Sg3: F(1,

149)¼ 4.67, P¼ 0.0324]. When males were considered alone,

the trends were similar for each of the SGRs, although smaller

(3, 7, and 20 Hz, respectively) and not statistically significant

(P> 0.18). When males and females were considered

together, the vowel category dependence of each SGR was sig-

nificant [F(1, 649)¼ 5.93 for Sg1, F(1, 670)¼ 9.26 for Sg2,

F(1, 298)¼ 4.54 for Sg3, P< 0.034 for all SGRs], and there

were no significant interactions between gender and either

vowel height or vowel backness (P> 0.148).

The main effects of vowel category in our data suggest

that the relative frequencies of neighboring SGRs and for-

mants (e.g., Sg2 and F2) affect the SGR frequencies by small

but statistically significant amounts, at least for females.

Specifically, if F1 or F2 is lower than Sg1 or Sg2, respectively

(i.e., if the vowel is [�low] or [þback]), then the SGR is

pushed slightly higher in frequency, whereas if the formant is

higher than the SGR, then the SGR is pushed slightly lower.

This agrees with theoretical predictions of natural frequencies

for coupled resonators (Stevens, 1998, pp. 142–148). That

only the females showed significant main effects could be due

to the fact that female speakers are more likely to have an

opening at the posterior end of the glottis throughout the vocal

fold vibration cycle (S€odersten and Lindestad, 1960), resulting

in a greater degree of acoustic coupling between the vocal

tract and the subglottal airways and thus a greater amount of

coupling between the two resonant systems (Hanson, 1996).

It should be noted that although SGRs appear to vary

somewhat depending on the vowel, at least for female speak-

ers, the absolute values of these differences are smaller than

the SGR standard deviations, and it is therefore possible that

random measurement error is responsible for the effects

observed in this study. Further investigation of this phenom-

enon is warranted. In any event, the small magnitude of this

effect suggests that for most practical purposes SGRs can be

considered to be constant and independent of vowel category.

B. Correlations among SGRs, F0, and vowel formants

In some applications, it may be useful to know how the

SGRs are correlated with each other or with the fundamental

and formant frequencies (e.g., Wang et al., 2008; Wang

TABLE II. Means [�x] and standard deviations [(s)] of F0, F1, F2, and F3 measurements (in Hertz) for individual vowels, averaged by gender.

Females Males

F0 F1 F2 F3 F0 F1 F2 F3

Vowel �x(s) �x(s) �x(s) �x(s) �x(s) �x(s) �x (s) �x (s)

i 215 (40) 379 (60) 2787 (381) 3393 (253) 121 (37) 282 (37) 2251 (154) 3020 (247)

I 209 (41) 656 (137) 2109 (290) 3051 (217) 116 (33) 521 (86) 1771 (211) 2628 (206)

e 198 (41) 685 (229) 2019 (651) 2977 (254) 114 (34) 552 (161) 1671 (522) 2685 (257)

e 210 (41) 580 (186) 1814 (336) 2913 (255) 119 (34) 465 (141) 1515 (317) 2602 (317)

æ 195 (43) 919 (149) 1667 (227) 2820 (236) 110 (32) 703 (65) 1443 (247) 2552 (243)

a 192 (41) 870 (130) 1584 (239) 2810 (213) 110 (32) 697 (58) 1309 (181) 2535 (268)

ˆ 207 (37) 629 (151) 1252 (402) 3012 (245) 114 (31) 525 (102) 1067 (320) 2609 (268)

o 211 (37) 458 (103) 2020 (809) 3115 (313) 118 (33) 369 (97) 1663 (613) 2724 (360)

U 209 (39) 672 (122) 1775 (233) 2991 (211) 117 (34) 526 (69) 1475 (234) 2597 (282)

u 207 (43) 642 (264) 1444 (209) 2812 (210) 118 (37) 509 (205) 1223 (231) 2552 (343)

aI 205 (41) 698 (322) 1794 (288) 2804 (224) 116 (32) 536 (235) 1502 (268) 2540 (353)

aU 193 (41) 940 (152) 1678 (122) 2767 (227) 110 (30) 736 (76) 1440 (126) 2472 (234)

OI 205 (40) 604 (102) 1468 (577) 2989 (253) 113 (31) 520 (72) 1273 (464) 2604 (270)

� 208 (39) 548 (66) 1362 (328) 2433 (507) 116 (30) 463 (39) 1210 (292) 2285 (573)

FIG. 2. (Color online) (Left) Distributions of speaker height for males and females. Twenty-five values in each distribution are plotted in 10 bins. (Right)

Distributions of Sg1, Sg2, and Sg3 measurements for males and females. Up to 348 measurements of each SGR (for each gender) are plotted in 100 bins each.
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et al., 2009b). Figure 3 gives scatterplots showing the corre-

lations among the SGRs for males and females, and Table V

gives the r values for each correlation. When both males and

females are considered together, the correlations among the

SGRs are rather high (r> 0.75). Considered separately for

males and females, Sg1 is not strongly correlated with Sg2

or Sg3 (0.27< r< 0.58), but Sg2 is strongly correlated with

Sg3 (r> 0.73). The poor correlations involving Sg1 are pre-

sumably due to the effects of the subglottal tissue resonance,

which was shown to be in the vicinity of Sg1 (Lulich et al.,

2011a) and which may variably affect the Sg1 frequency

(without altering the Sg2 and Sg3 frequencies) depending on

the mechanical properties of the tissue and the proximity of

Sg1 to the tissue resonance. The strong correlation between

Sg2 and Sg3 was noted before (Lulich et al., 2011a) and, to-

gether with the fact that the mean ratio between Sg3 and Sg2

(1.62) is roughly equal to the expected relation 5/3, is evi-

dence that at frequencies far from the tissue resonance the

subglottal system behaves like an equivalent uniform tube

closed at the glottal end and open at the distal end.

TABLE III. Speaker ID, age in months, height in centimeters, number of measurements [Number] made of each SGR, and means [�x] and standard deviations

[(s)] of SGR frequencies in Hertz for each speaker. The total number of measurements and the grand means and standard deviations for males and females sep-

arately are also given at the bottom. Data from female speakers are in the left half of the table, and data from males are in the right half.

Females Sg1 Sg2 Sg3 Males Sg1 Sg2 Sg3

ID Age Height Number �x(s) Number �x(s) Number �x(s) ID Age Height Number �x (s) Number �x (s) Number �x(s)

9 232 157 15 679 (37) 16 1562 (40) 7 2513 (63) 11 244 183 16 532 (43) 18 1269 (32) 7 2096 (38)

10 247 175 15 660 (26) 15 1562 (66) 3 2446 (131) 12 297 180 27 545 (22) 27 1387 (12) 17 2305 (50)

14 258 173 15 673 (19) 15 1530 (27) 10 2519 (49) 13 250 180 25 622 (21) 27 1402 (27) 6 2330 (26)

16 268 155 25 721 (25) 26 1535 (30) 15 2566 (53) 15 243 178 27 520 (36) 27 1254 (29) 17 2054 (55)

18 226 168 9 580 (24) 9 1478 (25) 0 — 17 231 178 9 588 (63) 9 1343 (36) 4 2217 (83)

19 255 163 9 637 (27) 9 1548 (31) 5 2548 (19) 21 239 201 27 531 (32) 27 1256 (23) 12 2106 (39)

20 269 170 9 719 (25) 9 1515 (29) 4 2494 (45) 22 263 173 9 513 (16) 9 1310 (29) 3 2208 (132)

24 279 168 9 641 (18) 9 1488 (15) 1 2336 (�) 23 266 178 9 534 (23) 9 1373 (25) 3 2284 (98)

25 244 168 9 623 (17) 9 1444 (27) 1 2293 (�) 29 267 170 12 565 (12) 12 1491 (26) 3 2430 (48)

26 239 170 8 642 (49) 9 1391 (19) 9 2315 (37) 31 238 165 9 567 (47) 9 1384 (52) 4 2304 (53)

27 261 160 14 590 (33) 15 1417 (50) 7 2277 (38) 38 248 175 9 545 (30) 9 1325 (30) 2 2246 (61)

28 254 170 12 625 (46) 11 1444 (33) 1 2273 (�) 41 239 178 9 543 (14) 9 1216 (10) 6 2050 (34)

32 248 163 11 710 (29) 11 1586 (20) 0 — 43 245 185 16 504 (39) 17 1306 (34) 7 2170 (75)

33 279 173 14 636 (35) 15 1382 (29) 11 2281 (40) 44 224 180 9 529 (33) 9 1226 (20) 8 2039 (44)

35 221 163 8 669 (22) 11 1506 (37) 2 2391 (66) 45 232 173 17 567 (26) 17 1425 (22) 5 2255 (66)

36 259 163 18 678 (22) 18 1540 (25) 16 2444 (39) 49 222 180 9 523 (25) 9 1306 (41) 6 2097 (67)

37 225 152 13 679 (68) 11 1584 (47) 2 2447 (8) 52 238 173 9 529 (22) 9 1283 (25) 4 2051 (7)

40 242 155 14 651 (28) 14 1513 (32) 4 2379 (78) 53 239 183 10 526 (25) 10 1234 (44) 4 2051 (92)

42 222 167 16 669 (25) 18 1531 (42) 4 2428 (38) 57 233 188 14 534 (26) 15 1282 (35) 7 2181 (70)

47 269 157 3 711 (57) 9 1610 (38) 6 2493 (70) 62 236 175 9 556 (41) 9 1430 (29) 4 2393 (22)

50 240 157 15 672 (22) 8 1553 (33) 10 2435 (57) 63 238 174 11 529 (28) 11 1370 (22) 5 2298 (62)

56 230 173 15 640 (42) 15 1436 (24) 6 2363 (25) 64 228 175 11 547 (23) 14 1333 (43) 9 2171 (76)

58 260 160 16 624 (29) 16 1496 (33) 13 2348 (43) 65 261 185 11 492 (30) 11 1244 (36) 3 2129 (105)

59 222 155 13 675 (42) 17 1593 (40) 3 2503 (6) 67 294 180 8 575 (20) 9 1299 (31) 2 2079 (33)

66 226 155 14 662 (19) 15 1534 (30) 12 2428 (46) 68 226 170 16 555 (29) 16 1390 (44) 6 2296 (108)

Overall: 319 660 (47) 330 1513 (69) 152 2426 (101) Overall: 338 554 (42) 348 1327 (77) 154 2179 (126)

TABLE IV. Number of measurements [Number], means [�x, in Hertz] and standard deviations [(s), in Hertz] of SGR frequencies for each vowel, separated by

gender. The 6 value for the features [low] and [back] are also given for each vowel.

Females Males

Sg1 Sg2 Sg3 Sg1 Sg2 Sg3

Vowel [low] [back] Number �x (s) Number �x(s) Number �x(s) Number �x(s) Number �x(s) Number �x(s)

i � � 33 664 (53) 41 1516 (73) 19 2405 (104) 38 545 (46) 39 1329 (67) 27 2183 (109)

I � � 37 667 (46) 37 1489 (72) 22 2394 (99) 37 549 (43) 37 1327 (87) 20 2160 (130)

e � � 30 659 (46) 33 1499 (67) 19 2428 (104) 36 550 (41) 37 1325 (76) 12 2180 (163)

æ þ � 45 655 (44) 42 1494 (73) 18 2406 (74) 41 541 (48) 42 1313 (72) 16 2153 (128)

a þ þ 44 652 (46) 49 1529 (54) 18 2466 (120) 45 538 (39) 46 1327 (77) 17 2153 (120)

ˆ þ þ 32 645 (44) 32 1533 (66) 13 2435 (112) 34 548 (40) 36 1321 (81) 16 2206 (139)

o � þ 36 667 (51) 33 1513 (72) 17 2419 (111) 38 541 (44) 38 1332 (83) 14 2182 (102)

U � þ 32 672 (45) 32 1514 (73) 14 2444 (86) 35 547 (35) 37 1330 (75) 15 2228 (138)

u � þ 30 667 (45) 31 1531 (62) 12 2462 (90) 34 542 (43) 36 1342 (77) 17 2176 (122)
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None of the SGRs is strongly correlated with F1, F2, or

F3, either when males and females are considered together

(jrj< 0.44) or separately (jrj< 0.48). However, when averages

of each speaker’s SGRs are considered and not separated by

gender, somewhat stronger correlations are observed, as shown

in Table VI. For females and males considered separately, the

SGRs are not strongly correlated with F0 (r< 0.48 when all

data are considered, r< 0.7 when averaged data are consid-

ered), but when male and female data are combined, the corre-

lations are somewhat stronger (0.65< r< 0.85), both when

non-averaged and averaged data are considered (see Table VI).

C. Height and age dependence of subglottal
resonances

Figure 4 shows the relation between the SGRs and

speaker height. The solid lines show the relation for quarter-

wavelength resonances of a tube closed at one end and open

at the other, whose length is given by the speaker’s height, h
(in centimeters), divided by a scaling factor, ka¼ 8.802,

using the equation:

SgN ¼ ð2N � 1Þc
4h=ka

: (1)

For Sg2 and Sg3, the wave propagation velocity is

c¼ c0¼ 35 900 cm/s, which is the speed of sound in fully

saturated air at body temperature. For Sg1, the wave propa-

gation velocity is increased to c¼ cw¼ 46 586 cm/s as a

result of the nearby wall tissue resonance (Lulich et al.,
2011a).

The value for ka was obtained by allowing it to vary and

minimizing the sum of squared errors (SSE) between the

predicted and measured values of Sg2 and Sg3 for all speak-

ers combined (except for Sg3 of speakers 18 and 32 because

no Sg3 measurements were obtained). Subsequently, the

value of cw was obtained by minimizing the SSE between

predicted and measured Sg1. We also calculated ka and cw

for males and females separately. These values, and the asso-

ciated root-mean-square (RMS) errors, erms, are given in

Table VII.

It is interesting to note that the difference in ka between

males and females indicates a somewhat longer trachea rela-

tive to height for males. This is consistent with data reported

by Chong et al. (2006) for Chinese adults and Mungu�ıa-

Canales et al. (2011) for Mexican adults. In those studies,

FIG. 3. (Color online) Scatter plots of Sg1 vs Sg2, Sg1 vs Sg3, and Sg2 vs

Sg3 for males and females. The number of data points in each subplot and

the correlation coefficients are given in Table V.

TABLE V. r values (and number of data points) for the correlations among

SGRs for males and females both separately and combined.

Males Females Combined

Sg1 vs Sg2 0.4585* (337) 0.5195* (292) 0.8026* (629)

Sg1 vs Sg3 0.2781* (146) 0.5727* (131) 0.7572* (277)

Sg2 vs Sg3 0.8474* (154) 0.7389* (145) 0.9133* (299)

TABLE VI. Correlation coefficients between SGRs, F0, and the formants. The values not in parentheses were calculated by including all of the available data,

whereas the values in parentheses were calculated based on each speaker’s average SGR, F0, and formant frequencies. The averages were made irrespective of

vowel category. In general, only when averages were used and the two genders were combined were the correlations somewhat strong (bold type). The number

of data points in each correlation was based on the number of SGR measurements made as given in Table III. Thus for the averaged data, there were 25 data

points for the Sg1 and Sg2 correlations as well as for male Sg3 correlations, there were 23 points in the female Sg3 correlations, and for the combined-gender

correlations, there were 50 or 48 data points, accordingly. For the non-averaged data, the number of data points for each correlation can be found in the bottom

line of Table III.

Sg1 Sg2 Sg3

Females F0 0.1767* (0.4235*) 0.2057* (0.2686) 0.0752 (0.2191)

F1 �0.0577 (0.0072) 0.0473 (0.2284) 0.0437 (0.2120)

F2 0.0054 (�0.0639) �0.1313* (�0.3360) �0.2041* (�0.3226)

F3 �0.0304 (�0.0616) �0.0238 (�0.0007) �0.1639* (�0.1082)

Males F0 0.4725* (0.6947*) 0.4098* (0.4458*) 0.3221* (0.4190*)

F1 0.0076 (0.3503) �0.0304 (0.3301) �0.0389 (0.2330)

F2 0.0549 (�0.0717) �0.0171 (0.1585) �0.0295* (0.2204)

F3 0.1004 (0.0475) 0.0780 (0.2447) 0.0548* (0.3277)

Combined F0 0.7260* (0.8479*) 0.7310* (0.7674*) 0.6558* (0.7265*)

F1 0.2586* (0.6107*) 0.2762* (0.6371*) 0.2932* (0.5833*)

F2 0.2544* (0.7031*) 0.1939* (0.6240*) 0.1124* (0.5783*)

F3 0.4205* (0.6917*) 0.4301* (0.6912*) 0.3841* (0.6418*)
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mean values for height and trachea (or vocal folds-to-carina)

length were reported separately for males and females. From

these mean values, ka could be estimated with ratios between

male and female ka values falling between 0.956 and 0.991.

In our study, the ratio is 8.720/8.874¼ 0.983.

The reason for a difference in cw between males

and females is less clear. One possibility is that the tissue res-

onance in females is closer to Sg1 because the smaller

(narrower) trachea (Griscom and Wohl, 1986) yields a higher

tissue resonance frequency, resulting in a higher wave propa-

gation velocity in the vicinity of Sg1 (Lulich et al., 2011a).

It is also worth noting that there is substantial individual

variation in the relationship between height and SGRs and

that the correlation between height and SGRs does not

appear to be particularly strong within-gender. This has

recently been investigated by Arsikere et al. (2012).

In the age range represented in this database (18–24 yr),

SGRs do not correlate with age, either for males and females

separately or combined (jrj< 0.21) as shown in Fig. 5 and in

Table VIII.

IV. DISCUSSION

This paper presents the first large-scale study of SGRs

and their dependencies on a number of factors. Fifty speak-

ers (25 males, 25 females) participated in the experiment,

which involved simultaneous microphone recordings of

speech and accelerometer recordings of subglottal acoustics,

resulting in 17 500 utterances in the entire corpus. This study

focused on monophthongs in hVd context of which there

were 2250 tokens for females and 2250 tokens for males. Of

these, Sg1 was measured in 319 female tokens and 338 male

tokens; Sg2 was measured in 330 female tokens and 348

male tokens; and Sg3 was measured in 152 female tokens

and 154 male tokens. The results of the present study indi-

cate that the SGRs are, on average, in the vicinity of 660,

1513, and 2426 Hz for females and 554, 1327, and 2179 Hz

for males. Table IX summarizes the results of this study in

comparison with previous studies.

FIG. 4. (Color online) Relation between height and SGRs for males and

females. The quarter-wavelength resonances of a uniform tube with length

equal to h/ka [see Eq. (1)] are shown by solid lines.

TABLE VII. Values of ka and cw, and their associated RMS errors, erms, for

females and males considered separately and combined. The RMS errors are

calculated for each SGR separately, as well as for Sg2 and Sg3 combined.

erms (Hz)

ka cw (cm/s) Sg1 Sg2 Sg3 Sg2þSg3

Females 8.874 48,431 37.7 75.8 114.3 96.2

Males 8.720 44,324 28.4 59.6 104.4 85.0

Combined 8.802 46,586 46.0 72.6 108.9 92.2

FIG. 5. (Color online) Relation between age and SGRs for males and

females.

TABLE VIII. Correlation coefficients between the mean SGRs and age. The

number of data points for each correlation are 25 for female and male Sg1

and Sg2 correlations and for the male Sg3 correlation, 23 for the female Sg3

correlation, 50 for the combined male-female Sg1 and Sg2 correlations, and

48 for the combined male-female Sg3 correlation.

Sg1 Sg2 Sg3

Females 0.0968 �0.2004 �0.0981

Males 0.0606* 0.1765* 0.1946

Combined 0.0702 0.0334* 0.0945*
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van den Berg (1960) (VDB in Table IX) famously

obtained values of the first three SGRs that have never been

replicated [see Lulich et al. (2011a) for a possible explana-

tion of these values]. Ishizaka et al. (1976) (IMK), measured

the input impedance of the subglottal airways through the

tracheostomata of five male Japanese patients. Their Sg1 and

Sg2 values are relatively high. However, Ishizaka et al.
(1976) noted that “an average ratio of the tracheal lengths

between Japanese and Western anatomies” was 0.941. Multi-

plication of their measured SGRs by this factor yields 602,

1317, and 1976 Hz, which are more in line with other stud-

ies, including the present one.

Habib et al. (1994) (HB) measured the subglottal input

impedance of seven male and two female subjects through

an endotracheal tube as the subjects were undergoing a bron-

choscopic alveolar lavage procedure. They reported Sg1 for

each speaker and Sg2 for each of the males. Oddly, their sub-

ject number 7 was the tallest of the males, and yet his

reported SGRs (732 and 1670 Hz) are more in line with our

female data than with our male data. For the two females in

their study, the reported Sg1 frequencies are abnormally

high: 920 and 926 Hz, respectively. One possible explanation

for the abnormally high SGRs in their female subjects and

male subject number 7 is that for these three subjects the end

of the endotracheal tube was advanced further into the

trachea than for the other subjects (Habib et al., 1994

commented on precisely this with respect to the two female

subjects), resulting in a shortening of the “acoustic length” of

the equivalent uniform tube representing the subglottal air-

ways. One way to evaluate this possibility for subject number

7 is to examine the ratio of Sg2/Sg1. Habib et al. (1994)

reported values of Sg2/Sg1 between 2.36 and 2.53 for subject

numbers 1–6, and 2.28 for subject number 7. According to

our data (III), the mean value of Sg2/Sg1 for males is 2.45

and that for females is 2.30, which is close to the value for

subject number 7. Thus it seems that the data of Habib et al.
(1994) are in good agreement with our own data, and the dis-

crepancies can be accounted for by the artificial shortening of

the trachea based on placement of the endotracheal tube. For

this reason, their subject number 7 and their two female sub-

jects were excluded from the calculation of the Sg1 and Sg2

means and standard deviations given in Table IX.

Cranen and Boves (1987) (CB) used miniature pressure

transducers passed through the posterior glottal opening to

measure subglottal pressure waveforms directly (Cranen and

Boves, 1985).

Additional studies of subglottal resonances have made

use of non-invasive measurements using various kinds of

accelerometers placed against the skin of the neck below the

glottis: Hanson (1996) (HA); Harper et al. (2001) (HR);

Cheyne (2002) (CH); Chi (2005), Sonderegger (2004), and

Chi and Sonderegger (2007) (CS); Jung (2009a) (JE for Eng-

lish data, JK for Korean data); Wokurek and Madsack

(2009) (WM); and Gr�aczi et al., 2011 (GR). Wokurek and

Madsack (2011) reported only means and standard devia-

tions averaged across both genders: 586 and 69 Hz for Sg1

and 1325 and 122 Hz for Sg2.

Three studies have estimated SGRs on the basis of their

effects on vowel or aspirated sound spectra, usually by not-

ing the frequency of “extra” spectral peaks, or the frequency

at which a formant transition becomes discontinuous. Fant

et al. (1972) (FA) reported peaks in the vicinity of 500,

1000, and 1500–1700 Hz. Except for the peak around 1000

(which could be the so-called “chest resonance”) (cf.

Wokurek and Madsack, 2011), these peaks could be due to

Sg1 and Sg2. Klatt and Klatt (1990) (KK) identified peaks

near 700, 1700, and 2500 Hz for females and near 1500 and

2200 Hz for males (though with considerable variability).

Both Fant et al. (1972) and Klatt and Klatt (1990) made their

measurements in aspirated sound segments, during which

TABLE IX. Means [�x] and standard deviations [(s)] (in Hertz) of the SGRs for males and females in the present study and in previous studies. The results of

previous studies are in good agreement with our own.

Males Females

Sg1 Sg2 Sg3 Sg1 Sg2 Sg3

Method �x(s) �x(s) �x(s) �x(s) �x(s) �x(s)

Present study Accelerometer 554 (42) 1327 (77) 2179 (126) 660 (47) 1513 (69) 2426 (101)

VDB Input impedance 314 890 1390 - - -

IMK Input impedance 640 1400 2100 - - -

HB Input impedance 586 (53) 1426 (96) - - - -

CB Miniature pressure transducer 510 (26) 1355 (61) 2290 (200) - - -

HA Accelerometer - - - 625 1540 2110

HR Accelerometer 644 1220 2059 - - -

CH Accelerometer 566 1400 - 628 1450 -

CS Accelerometer 606 1359 - 680 1499 -

JE Accelerometer 541 - - 651 - -

JK Accelerometer - 1322 - - 1545 -

WM Accelerometer 519 (12) 1368 (26) - 568 (21) 1554 (35) -

GR Accelerometer 581 1319 - 562 1484 -

FA Spectrum 500 1500-1700 - - - -

KK Spectrum - 1500 2200 700 1700 2500

LU Formant discontinuity - 1486 - - - -
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the glottal area is larger than during vowels. An increase in

the glottal area (either via a posterior gap or an abducted

glottis) leads to increased coupling between the subglottal

and supraglottal airways, with a concomitant increase in

SGR frequencies (Lulich, 2010), and this may explain the

relatively high values reported by these two studies. Lulich

(2010) (LU), measuring Sg2 as the frequency at which an F2

transition became discontinuous, reported a value of

1486 Hz for one male speaker.

Within-speaker standard deviations of SGRs have been

reported by Chi and Sonderegger (2007), Chi (2005), Son-

deregger (2004), Jung (2009a), and Gr�aczi et al. (2011).

These are summarized in Table X.

Overall, the results of previous studies are in good

agreement with our own, regardless of the methodology used

to measure the SGRs. Among males, Sg1 measured by HR

and CS and Sg2 measured by HB, are relatively high in fre-

quency compared with the remaining studies and our own

(the high values of IMK, FA, and KK can be accounted for

by other factors, as described above). Among females, Sg1

measured by WM and GR, Sg2 measured by CH, and Sg3

measured by HA, are relatively low in frequency. WM report

much smaller standard deviations than other studies, includ-

ing the present one, suggesting that their subject population

was relatively uniform.

Wokurek and Madsack (2008, 2011) and Cranen and

Boves (1987) reported small but significant differences in Sg1

and Sg2 depending on the vowel. Wokurek and Madsack

(2008) found that Sg2 was on average 4 Hz higher in [i] and [u]

than in [a], and Wokurek and Madsack (2011) found that Sg1

and Sg2 could be as much as 20 Hz higher in long vowels than

in homorganic short vowels. Cranen and Boves (1987) found

that Sg1 was approximately 20 Hz higher in the high vowels [i]

and [u] than in the low vowel [a]. In the present study, we

found that for females, Sg1 was approximately 15 Hz higher in

high vowels than in low vowels in good agreement with Cra-

nen and Boves (1987), and Sg2 was approximately 25 Hz

higher in back vowels than in front vowels in contrast to

Wokurek and Madsack (2008). For males, we did not find any

significant vowel dependence of the SGRs. As was noted in

Sec. III A, a significant dependence of SGRs on vowel category

may require a relatively large posterior glottal opening, which

is common in females but less common in males. The fact that

Cranen and Boves (1987) had passed pressure transducers

through the posterior glottal opening of their subjects may have

led to an increase in its cross-sectional area, therefore revealing

the vowel dependence in their male speakers.

V. SUMMARY AND CONCLUSION

In this paper, we have presented the first large-scale

study of subglottal resonances. Overall, our data are in good

agreement with previous studies that used relatively small

numbers of subjects and restricted sets of vowels. On aver-

age, female SGRs are between 11% and 20% higher than

male SGRs, and the COVs across males and females are on

the order of 5%. Although the SGRs are roughly constant,

there is a statistically significant tendency for female SGRs

to vary with vowel categories. These variations are hypothe-

sized to be due to increased coupling with the vocal tract via

the posterior glottal opening, and the effects of the coupled

subglottal and vocal tract resonators on the natural frequen-

cies of the combined system. Although the variations are

statistically significant, they are also small compared with

the possible measurement error and with the standard devia-

tions of the SGR measurements. For practical purposes, the

SGRs can therefore be considered constant.

Although Sg2 and Sg3 are strongly correlated with each

other, neither is strongly correlated with Sg1, presumably

because of the wall tissue resonance present in the vicinity

of Sg1. None of the SGRs is strongly correlated with any of

the formants or the fundamental frequency.

All three SGRs have been found to be successfully

described as quarter-wavelength resonances of an equivalent

uniform tube the length of which is related to the height of the

speaker, and the parameters of this model (ka and cw) are simi-

lar for both males and females. There is no correlation between

the SGRs and speaker age within this age group (18–24 yr).

The results of this study provide normative data on

SGRs that can be used in future studies of the effects of sub-

glottal acoustics on various aspects of speech production,

perception, and technology.
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