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INTRODUCTION DATASET STATISTICAL DESIGN RESULTS (continued)
« Speakers vary in terms of shape & « Participants: 10 Tongan & 10 New Zealand English « All raw data were imported to & normalized * Plots below show intervals of significant difference for
NZE) speaking trombone players (1 female each If applicable) in R (version 3.6.2 GAMM smooths for note Bb2 at forte intensit
morphology of vocal tract (cf. Heyne 2016) (NZE) sp J players ( ) (it app ) ( ) Y
« Mean age 40.3 (SD=18) for NZE vs 27.2 (SD=8.3) for Tongan players « SSANOVAS fit on all datapoints arouped bv note & . raw e s M
« Shape of hard palate & alveolar ridge impacts articulatory (for details see Heyne 2016) intensity (but without specﬁfying g_ny i?}teragtions) v e W= o
strategies (e.g., Dediu et al. 2017, 2019; Dediu & Moisik « Tongan is a typical Pacific language with small phoneme inventory using Jss package (GU 2013) / by i /
2019; Lammert et al. 2013a&b), although acoustic (Garellek & White 2015) W, Ny AW D LSS\
consequences seem reduced due to individual adaption, _ _ o «  Average splines visualized using plotly package (Sievert 2017) . SR S@% LTS & T X\
e.g., for high front vowel /i/ * Recorded musical passages & word list reading Iin with regions of significant difference calculated where 1.96*SE \\ \ L // \\\ 9L ot
atio of palatal & oh Vol - | respective native languages using a GE Healthcare confidence intervals did not overlap N
* Ratio of palatal & pharyngeal volumes influences vowe Logiq e (version 11) ultrasound machine with wide- A - T
. _ _ » Auto-regressive GAMMSs fit using mgcv package i smoot 210 Tngonsifors 10
production (Fuchs et al. 2008; Lammert et al. 2013b) band microconvex array transducer (4.0-10.0 MHz) (Wood 3017) g mgcv p g o fol
« Overall size of vocal tract -> more acoustical variability in

_ ) _ « Transducer held in place using non-metallic jaw
females (Diehl et al. 1996; Simpson & Ericsdotter 2007; brace (Derrick et al. 2015) -> see photo on right

Weirich & Simpson 2014; Whiteside 2001) vs more
articulatory variability in males (Simpson 2001 & 2002)

« Fixed factors: Interaction of Language, Note, & Intensity (between-
splines)
-> pam(rho ~ langNotelnt.ord + ..., data=dfNotes, discrete=TRUE)

« US screen images & audio recorded using

shotgun microphone saved on external laptop at « Smooths: Angle values (~time series) adjusted by interaction between \///
58-60Hz R Language, Note, & Intensity -> + s(theta, bs="cr", k=10) - - NZE.Bb2.forte -~ Tongan.Bb2.forte
> I\/Iajor impact on Ultrasound Tongue Imaging « US frames manually traced at vowel midpoint, 1/3 of Factor smooth interactions: Angle value by speaker (between-subject) « GAMM smooths display smaller regions of significant
Iy ¥+ note duration usina GetContours (Tiede & Whalen adjusted by interaction between Language, Note, & Intensity (within- - : - -
(UTI) due to lack of eaSlIy identifiable J ( subject) -> + s(theta, subject, bs="fs", k=10, m=1, by=langNotelnt.ord) ditference, “kely due to inclusion of random effects

2015) in MATLAB (version 2015a)

anatomical landmarks +  Outcome variable: Tongue distance from virtual origin  Similar results for raw & /i, 0, a/ normalized datasets

| o | 7,834 NZE & 4,422 Tongan vowel tokens, notes shown in Table below (normalized & raw Rho values)
« Various normalization techniques have been proposed to » Percent difference plots below for SSANOVAs (left) &

' « Optimal models ch b ' & using R?2 . A : )
ry (0 account o these factorsusig.. GANIMS (1ight) show similarites in regions of
. Intensit piano | mezzo- | mezzo- |forte | piano | mezzo- | mezzo- |forte * Predicted smooths visualized using plot1ly with regions of Signiﬁcance
Curvature of selected tongue shapes (Dawson et al. 2016 ---- Cicances apamad vamg g1t SEsc ) & Lo St ) from

g/IOelnBa;‘gcbe)t al. 2012; Stolar & Gick 2013; Zharkova Bb2 (233Hz) 7 579 574 itsadug package (van Rij 2015) = mostvariation at front of tongue; differences at back more consistent
F3(349Hz) 26 55 1,169 79 52 63 1,089 99  Comparison of SSANOVA & GAMM curve estimates [ S [ ol i
* Relative articulatory height & fronting of a certain vowel Bb3 (466Hz) 42 17 1,042 62 55 37 986 72 by examination of size of intervals of significant e mees] Ieu e ipeet ioeeei iesst - |
tongue shape (Lawson & Mills 2014; Lawson et al. 2015; D4 (597HZ) 25 6 385 32 25 13 368 24 difference for /i, a, o/-normalized & raw datasets - ;o |
Noiray et al. 2014) ol i BRI ! o o= SEE! |
F4 (698Hz) 6 1 129 11 6 0 126 13 EUER (PR R B ERR BRI ERSA RPN X1 PR T IGIEN R EELE] hs LRI PSP RPN
RESULTS = . s 0 o, t | . | |
' i X BRI & .- eftgefedotsl mitetg | ecCog s, L [eetgeteslth
» Here, we hypothesize that an advanced . - — . CASaaE) IMSSR] LYREM HEE et [E252{ 122850 i
S | yph | o NORMALIZATION PROCEDURE Plots below show intervals of significant difference for 8 . .k
statistical technique, generalize SSANOVA average tongue contours for note Bb2 at ' | e :
additive (mixed) models (GAMMS) can « Normalization method from Heyne 2016 forte intensity
° Estimate ‘virtual’ 6) s 2o - i/ normalize S vs Tongan orte
1) Account for within & between-subject variation origin of ultrasound i i Ay ] dSSA/NfVA o DISCUSSION & RECOMMENDATIONS
probe on a by- Y //rcr --------- B s _ _ _ D e
2) Provide more accurate tongue contour estimates than subject basis (e /// * Our results show differences in regions of significant
smoothing spline analysis of variance (SSANOVA) 2015) -> se o/ SN P New ) AT difference for both raw & normalized datasets
example image on = z S | L. N4 Raw data findi .
right AN, | e ~L oy . aw data findings more conservative
| \\\\\‘Jk:’ //,/ \“\‘\\\\jﬁac—_--f""// B . .
STATISTICAL TECHNIQUES . Transform poins on tongue contours o Cartesian cordinatest e e " SAMMS cuperio SSANOVA due 0 ase n modeling randon
SSANOVA (G 2002) pOIar coordinates using virtual origin = [O’O] /a/ normalized SSANOVAs NZE vs Tongan Bb2_forte /o/ normalized SSANOVAs NZE vs Tongan Bb2_forte
() u Y “"‘/2” ~Sm =% . . . . . .
- Estimate highest point of average tongue contour for vowel /i/ due to I TS  Normalization using /il less variable than with /o/ or
. Standard technique for UTI data following Davidson (2006) 1z:aonraégrr:]\|caallrli;&Oa:;tab|I|ty cross-linguistically -> here we also used /o/ & /a/ 2 N N\ L /a/ -> more variation observed in % difference plots
| . o P | WA \\'" for /o, a/l-normalized data compared to raw &/or /i/
* Not routinely used to model within & between-speaker variation _ /O
* Rotate angle values (Theta) & scale radial length (Rho) to match L A \ . L OONNTA N A _ o
- Data need to be expressed in polar coordinates to avoid errors most f’f'ggj rcr):? dsdelra/To?oioiLStggarlc()svr ‘évétlg v?/ rnoatlrI]eeSrtpcl)cr)?é (;?]\g\tkl’ f;vs(zg ashed red T~ W \\\ =t * GAMMs provid € powe rful fram EWOrk to m odel within
pronounced at edges (Heyne & Derrick 2015; Mielke 2015) lines) vs normalized (blue solid Iine’s) vowel SSANOVA average curves - - NZE - Tongar -~ NZE - Tongan g‘f % eetr\:\gel'znésa.liltgr?gtﬁ{:]feégggsznagleOWIng emergence
* GAMMs (WOOd 2017) S S S e SSANOVAS estimated on raw & normalized data show dat > - -
— imilarities i ' ianifi ' c R mmendation normalization ni
* Model non-linearity in time series (Hastie & Tibshirani 1986; Wood similarities in regions of S_lgmflcant difference (Shaded deCO d € dat 0 U?e lg| a. ha;t/o tec i qu.e
2006 & 2017) by fitting smooths to curves (cf. polynomial regression) 300- o areas; 95% Cl) at front (right edge) & back of tongue a gpte Ito ataset, preterably with /i/-normalization
s or bite-plate
* Increasingly used in phonetics research to account for variation across > 200- Y > e Over-confidence in regions of significance -S> Iikely
time, e.g., formant trajectories (Soskuthy 2017), positional changes of R : : - Raw data modelled with GAMMSs show similarities, albeit with slightl
a single EMA sensor (Wieling 2018), or vocal tract constrictions in real- 100- inflated Type' error due to omitted random effects more variation & smaller regions of significant difference. o
time MRI (Carignan et al. 2020)
" : S « All normalized datasets perform similarly to raw data,
«  Previously applied to UTI with fixed (Heyne et al. 2019) & variable ' vy T (L : L REFERENCES
tlmepOIntS (AI-TamImI 2018) SSANOVAs S15_tongan_vowels SSANOVAs 5168 tongan_vowsls SSANOVAS 515 tongan_vowsls although Contours IOOk IeaSt nOISy for /I/ normallzatlon
. Alow modeling of witin & between-subject variation using randon . . Contours fiton /a, of-normalized data show adiional inflections at
effects or factor smooths, fixed effect interactions, & non-linear oo . edges, especially at back of tongue
Interactions between time-series & predictor and/or factor smooths 200 - ,,
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« Similar to mixed effects models with random intercepts & slopes but 100~ 100-

iInteractions can be non-linear within spline smooths & random effects
(Al-Tamimi 2018; Heyne et al. 2019; Tamminga et al. 2016)
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