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Abstract

Previous research on assessing L2 speech has largely focused on evaluating accuracy using the mean values of acoustic
features, while comparatively less attention has been paid to articulatory variability, which reflects the consistency and
consolidation of phonological categories in L2 production. This study investigates the articulatory accuracy and variability
of ten French oral vowels (/i, ¢, €, a, u, 0, 9, y, 8, &&/) produced by ten Korean learners compared to those produced by six
native French speakers. Each vowel was produced 12 times per speaker under a 2 (/b/- vs. /p/-initial CV word) x 2 (one vs.
two CV words in the carrier sentence) x 3 repetitions design, resulting in 1,920 tokens. Five acoustic features were
analyzed for accuracy (vowel duration, F1, F2, F3, vowel space area), and five for variability (VarcoV, formant trajectory
length, formant dispersion, F1/F2 and F2/F3 ratios). Thresholds were empirically defined based on just noticeable
differences from prior studies or, when unavailable, based on statistical dispersion of native speakers’ data. Results showed
that in the accuracy dimension, significant threshold exceedances were observed for /e/ (F1), /o/ and /e/ (vowel duration),
and /y/ (F2, F3). All other vowels (/i, €, a, u, o, c¢/) remained within threshold limits despite statistical differences in some
features. In the variability dimension, exceedances occurred for /o/ (VarcoV), /@/ (formant trajectory length), /y/ (formant
dispersion), /i/, /e/, /¢/, /e/ (F1/F2 ratio), and /e/, /u/, /o/ (F2/F3 ratio). Accordingly, /e/, /a/, /y/, and /@/ exceeded thresholds
in both accuracy and variability, confirming that temporal, spatial, and proportional dimensions operate independently in
explaining articulatory variability. These findings demonstrate that the proposed threshold system effectively differentiates
perceptually relevant articulatory differences that are not captured by statistical significance alone, thereby providing a
multidimensional basis for quantitative evaluation of L2 vowel production.
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Table 1. List of target vowels and stimulus words
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Group Oral vowels | Repetitions | Participants | Tokens
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Native speakers 10 12 6 720
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221. %

dlo
o
=

BN

fo kg o do

gt A4

[
[N

o =

Y
n
2
i

&} (articulatory accuracy)<> Sr5AFS] &3F
Fholl drpht 2 s=A15 H7keh= 7id
HlI 2418 B3l 3 Sael tist 25
hFlege, 1995). =, SF5A12] AbEo] Hx
2 Qbel] ELEAE AFH o 2

> i o
N
1 L
L9 i[O
2 an J
ot

P

2

S 0

)

B oot e
do & oy =
2

oE

3

o
0%
AL
O
ol

=z
ey
|o
i
e
'
ox

E F35(F1, F2, F3)= X2 4@

Itk F13 2= Z242F 52 7
2 HF9J 31t} Bohn & Flege(1992)+= S o] 31212
F2 3t gke] Yojnl x| of dupit
50 0 A FER AQHL, Lee et al.(2006)S 3H=r
9 (o, L, o) AE& O =, FI-F2 HAt
& =9 JEF 371382}, Smith et al.(2019)2
E9FEE o] dhaAke] 17g-olek 1
hzol| A h5akel flojWl 7F H4f FI-F2 3k 7+ 2] (mean
euclidean formant distance)E AlAtsto] 25 A &S A =Fs}s)
Ak

F3> Aed9 74 o] wslel wighel Bz
Gendrot et al.(2008)~>- X &0 3 3}A}e] LHE 2}o|

N
-

i

|
kT o

w (e 8 1o & 2
L os
_(31‘_11

oy
o
o ©X
dlo
ofk
2
X,
o

2 g
[aul
dle
2
e
2
>
o

A Lo
N
1o
[e3:%)
2
1 42
U
dlo

o v
_O‘L
2
BN
[o

go ofN it 2 X of 1o ok
> o

rir

By

1!
2
o
[>
_H_’L‘
e
2
oty
kY
it

2k

N

il
Mo B
1%

it

Hye-Sook Park - Sunhee Kim / Phonetics and Speech Sciences Vol.17 No.4 (2025) 1-15 3



ato] F3o] A Bl 225 Q14| Afol& et OA = AEFHE
1 oJFQ]t}. Kamiyama & Vaissiére(2009)= o] -8-9]
HE S8 Aol A F3o] RS0 25

537 A (vowel space area, VSA)> FI-F2 ¥4 o5

o] #x WA o g JIH BEo] SR obel AA 25 Al
.‘I

A2} 4 A== Vet Flege(2007)= Al2410] 3}}9] B2
F7ko] donit} F4FE A4S Bash o] & 25 59
59 %2 A A5+t Kartushina et al.(2016) HHE & &
YAJolRl EhFate] EFio] BER7k o] g YA &F
B BARCE frelet dAdEs Sdssklon,
Turner(2023):= F5 A5 &8l ot o] == HF 2

2 AFE oy AyYATE O R BS AHAIL F,
[e]
=

=
25 AT 7L AR AR,

22.1.2. 25 ZE Bt 7)1+

E Ao A AEA Hr) r)F=E &3k 1 %7t SA] g Rof
o] A3 FH(Koffi, 2018, 2021, 2024; Koffi & Krause, 2020)Y1A]
AAE HAER] Jidel AT HAREX = P2
O 7 A 7Fee 7P AL S Aol & vk, 543 A
7t Y ThsAS wdehs A|712] 7] (perceptual reference
threshold) ©. = &-§-f v} wheba] A2dd 0] gh2ke] 53 #p4o] o]
gt QAIGEE 2HshE A9, Aol AR A A= o 54
2 AL AL 33} o772 4= 7FsAd o] s=thKoff, 2018,
2021; Koffi & Krause, 2020).

08 A EAIZbe #3IA, Koffi(2018, 2021)9} Koffi &
Krause(2020)= F A7} AgtE A28 ¢ Qe HAAHA| = oF
20-25 msE AAIBFATE # A= ] el 2 B
ZF AEAZE 2o 7F A sbrkar 7Y s, ShEAF Hatgte] 9
ORIl G BT} 20 ms 0 Hlojv= A5 484 7+ ol =
IS =
ERE FIE 2] tiajA = AdAT e dAGE S F
2 HESA F12] -9 Mermelstein(1978)<> ©F 60 Hz ©|
A W 7HsAd S 1153 3, KewleyPort(1990) 2} Kewley
Port & Watson(1994)2 1%-2% Z+ 14 Hz =52 2}o] & A7}
7t W82 AAISF T Karlsson & Eriksson(1999)-2 ©] 2] gk
A) A 7)2 4] Weber fraction 738 2 g-3to], A4=2] 71&
FFubd tin] 2 ZF 7hs gt 2 2 M3} u] S (A S AFESFITE 1
A, THE W35 9} FI tf ol wha} oF 0.03-0.14(F, 3%
14%) 2] g2 Zfo] 7 W 7hs gt W9l 2 yeksk o, Bt A
O =2 A8 0.07, 3H3F 0.11 2] 2Fo) 7t F 24 A Z Al
ok IT} Koffi & Krause(2020) 2} Koffi(2021)= ©]& 79
A& Fsto] F19] HAREX & oF 60 Hz 2 AlABFATE

N

r
AN 2

ox I
|o

=

F29] 7%, vt AAlE HAMEX| 7L oA Aolaitt
Mermelstein(1978)-> ©F 176 Hz ©]/3] x}o]of| A Fx7F 259
4 WgkE A% ¢ Qltta Bask3lal, KewleyPort &
Watson(1994)2 715 3k thn] 2F 1.5%2] o] Zjol& W
H 7St o2 AAISHSItE  Flanagan(1955), AHQ1-&-
Karlsson & Eriksson(1999)<>- Weber fractions 2]-8-3}0f ©F 0.03—
0.05(3%—5%)2] A4t ztolE WM 7Hg AAZESZE AA5E]
ko oolgst 7EES T Koffi & Krause(2020) %k
Koffi(2021)= ¢} 200 Hz ©]7d-2] 2}o] & F22] A2 2 AHEA]
2 A|QretTk F39) 73-%, Hawks(1994)= 5& 7]uk 2415 &
3l oF 21% o W AE RISeloM, Koffi &
Krause(2020) 2} Koffi(2021, 2024)< ©]& <= 2F 400 Hz o]
o] xo) & F39] H A E X 2 A 33T

o)g} o] IUE Ful¢ A 52 BF Hz HH = SHH A
ok Apdvte) Hghe] 2719 B X W2 g duigl 7]
TOZ N W A9 2k 7F A AARE FE3] RG]
ot ool ¥ Av= AN 5Ae] Btk dojvl ek
By REEAE 7E0 R 8t z-score gLOE FHALS)
31, 2] £ EFHAKSD) B E A AR AAskelck

5, F1,F2, F39] 25 J 8] 7 25 dojnl Ao F&

A 8] THE g 7)ure
Ao] ofe}, B4l Bg FILF B HRES Afel] 3

»
2
S
=
-
o
td
dlo
1o,
N
R
24

B
o
!
e
1
)
=
o
dlo
%

[aul
dlo
il

i,
N
N
o
dlo
o
ok
)
o
it
)
|o
i
o,
1o
i,
ol rlr =
s I
2 re
o -
gt do 2
do 12 =
ook Hdo (1 oo L
B Q@ N o ox o

=

o°

= O
(convex hull) 2] ™ 2] -&- 3|
It BE5AAS BE BE HEE T3
2% 55 vy oR, AT ¢
lol, /)y EE e A BA @Al A
ShA] ok2 = QAT whEbA i A3 1070 B

T Wgste, 28 T dAES W9

-

2

i,

A

Jp

i)

3@

jirid
2y oo
o Hr
3l
g
2 <

dlo
1o

N
=

|o
FU off U
=

fob o>
kY
=y
4o

24; )
= =
= g
oo Y
N
3 N g
¢ o
o
o %
G o H
u <&
y Lo 2
-

it
R
rlr 2 dlo
o o oH
W 5 rﬁ
2w YW
o |do
= L o ofy
2y

g
rlﬂ‘- I_m
2 do M ok HE

N
o
N
N
=
|o

.
(A
oX,
ol
ol
K

2 E

E3S2G JBY IS 9 B AT A9F 5T 4
[e]

4 Hye-Sook Park - Sunhee Kim / Phonetics and Speech Sciences Vol.17 No.4 (2025) 1-15



3 254 BhE AT SF AL LA V=
Table 3. Just noticeable difference (JND) thresholds for articulatory accuracy

Feature JND-based threshold
Vowel duration (ms) LM >NM+20 ms
F1 (Hz) |zZLM—NM|>1.0 (i.e., |[AzF1[>1.0)
F2 (Hz) |zZLM—NM|>1.0 (i.e., |AzF2|>1.0)
F3 (Hz) |zZLM—NM|>1.0 (i.e., |AzF3|>1.0)
VSA (kHZ?) |AM / SDN[>1

LM, learner mean; NM, native speaker mean; zZLM / zZNM, z-score
normalized values for LM / NM; AzF1, difference between LM and
NM in z-score for F1 (same for F2, F3); SDN, standard deviation of
the native speaker group (N = native speaker).
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A 5 Eo] FI-R2 33 Al S E o 234 0w e
THE A b s Bkt
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AlA Aol Aol thE shate] ke FéiZP FEds 54
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.
ABA O % B A5E VarcoV, ZHEA A o], THEZAL
FI/F2 HI, F2/F3 120 vl 7HA) A& A 0% 25 W

g s

2222 25 W53 B 1E
VarcoV+= Dellwo(2006: 235)7} Alst W AS(CV) A W
2 Agsiolth el 35AE B oR the e
tlolel 2] Aol A AbEE ek ‘% M Z =of #AIGlo]
73K Field, 2024). A2 0% CV #t°] 30%E =%

h"ﬂ t
Sk 739 At din] AT} - A *?i%*é 1 2 ATo R 7
T3k Aol dRbyoln, o= A3-54-F e FofolA
3]g3t7] oy S0 E EFEUKField, 2024). Wk 2
Aol CV230%E 2o A7 2d WEde] AR
E218H el QAIgke. = A sreih

EHEF A olof tajE Wsds A 5 e HE
$F 2] 7)5Eo] AAJE A AT EA A gkt oo E A

T Aoz gl A A dlolE] R E 7Rke.Z sk A A
ahs At A A o®, SEatel Yojnl Jwke] WEA|
TE vaste] st Aeke] W AlGTE dojvlret oA
o7 AT AT BgolA Wssdo] rka Btk oju W
EA157 B]E(CV ratio)0] A L2 A9 25%¢0] sl oF
1.20) o]4<1 A-9-& vk 7|2 0 % Aokt o] 2] gk vk Ao
ko R = ¥ 6}71 o]&] WAk W zto]& AA| dlolE

A 71HEO 2 wIekA| 2 elr] gt A Afelt) VarcoV B
oA AT o]l /\]7 ALl X}EL Wt S A 20
o oug ;HEH%)\' %)\] OH}H s} 9]:|J~
3 Evl7710] g Arjzto] oyl
MEaﬂﬁ@ﬁiﬂ,k:

Fef 4 Field(2024)7} A A1 3 38 4
E A 4 T(empirical statistical approach) ]l H-¥-3HC},
FEHERARS Brown & Forsythe(1974)2] FAF vl W 2 HS
it o] WS 7 Joko] FdEs V1o dojuAt
= Akt H, BAREA(ANOVA) S F38l Fwk 7 AR 2ol &
HAshe WAl 0 R ¥ Levene 77 KT} o) x| ol & wi7hst
o

=
733k EAE 544 7 (robust test of homogeneity)’
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AEE BEUZ, +10%E W54 ko] A
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Table 4. Just noticeable difference (JND) thresholds for articulatory variability

Feature JND-based threshold
VarcoV LM 230.0%
Formant trajectory length CV ratio>1.2
Formant dispersion SD ratio>1.5

F1/F2 ratio
F2/F3 ratio
LM, learner mean.

IAF1/F2)|210%
|A(F2/F3)|210%

2.3. A 4
=38 4 A= Montreal Forced Aligner(McAuliffe et al.,

2025)5 AFEale] 4 W E AE A E 3 - Praat(Boersma &
Weenink, 2022)5 o]-g3lo] JE JIrg 502 AESIL
A3 A T8I o] F 71 S4 7] & AF 2 Praat
2] Python QUE]HH|©] Q! Parselmouth(Jadoul et al., 2018)E &3l
s 07 FESTh

B o] B HA =AL olojuly) 8
F Ak et Apo)7t FAH SR f-o) gk ]
AL} o] & Fall AP A3 Y24 2 wiEd
;‘(}0]7]. EAAC 2T F2)3lx] = Felsla
Eg‘fﬁ S 2 A3t A7, YA
2 FoskA] %2 Aok, AAGk oA T FAL SR

A¢E TETOoEMN e dAG R
7 }%ﬂﬂ] SR

O

Q4 Jo 2 oox o
boox 1o ¥ }01'
o ra&' lo

3@ o
o
N
N
i,
L

{0

}_

Mo o%
ol

=54 2807
Mann-Whitney U 7 é—% 2833t

EWE Fob 3 ZHA(FL, F2, F3)> el —%t‘%k 2t
o] BA517] $I5e] SAPHEZE z-score 7 T 3Hz=(x—)/0] 3t
< 7|ECoFE HlwEsick v, 2 X]*’\VJ, %’Lﬂ“ﬂ

ERAL 783 FI/F2 9 F/F3 8] &S €
O

oﬁ
“

5 ‘?i%ﬁ]—r(CV—j%L l~
x100%) 2 AAFSFATE o] A 3= W3} &5 2ol & Akt A
g4 H e 2, 271491 zscore M3 glo| = Atk 7Hu|w ot 7S
SFCHRamus et al., 1999). Dellwo(2006: 235)+= 23} &5 2}o]of
w2 A AEAE] R 7S AF s, o] 1 &
vl Al Hoigk Al HE AT AFS-S AIFSITE White &
Mattys(2007) 528t WAl 57} wks) v Ao Aol 93
e = AT =

olo £ A= VarcoVE AE 719 A EA A
o, xHEH A o] st w3} £ o] ¢
A] Dellwo(2006)2] 45 73} 2] of] wheh

A AEE Ee lelzlﬂ
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Arefe] 2413k

3.3+ 4%
3.0 23 g8 v

¥ 5+ &5 AK(learner, L) AT} o] W (native speaker, N) 7
o 7F 28 A A 7 ms) ] Hit 2ol s} BAA f-94-S Bl
gt Aol o, lelE A LT WA 87 B /i, fel, el fal, hul,
lol, Iyl, Jee/ A= Ak 1F 3t 2o 7h FAIH OE fFo]ahA] ok
%aL, BE 79 doinl ot tiu] 2ke] 7} 20 ms v Rk Qi) RE
W, o e SEAF H o] 166.39 msZ QAoI7 HF 197.08 msH.TH

ZAL-

30.7 ms o}l 218k 1(p<.001), H A EX (20 ms)S 75}
Fh w3t o A S5 220.1 ms, PO 2432 msE 23.1 ms
2] 7} et 98 (p=010), AAHAEAE 233 Ho=7
LpERS T

ES5 B3 ASANHT E A vlw

Table 5. Comparison of mean vowel duration and statistical results

?:r;;" ML |SDL|MN|SDN| Ustest |p-value A];ISA Al\:[nzszo
i 139.4 | 52.5 | 145.1| 60.2 | 847 | 0219 | 5.7
e | 1428|573 |1505| 63.1 | 790 | 0.144 | 7.7
e |1462| 61 |1539] 659 | 920 | 0.284 | 7.7
a | 152.7] 498 | 1594 | 58.7 | 865 | 0202 | 6.7
u | 1405 | 55.6 | 147.7| 59.8 | 830 | 0.174 | 7.2
o | 1448 | 60.1 | 1499 | 66.2 | 875 | 0.238 | 5.1
5 166.4 | 63.7 | 197.1| 725 | 560 [0.000™"| 30.7 vV
y | 236.1| 61.7 |234.0| 66.2 | 9,708 | 0.990 | 2.13
o 2201 | 541 | 2432 71.5 | 8,062 | 0.010" | 23.1 v
e |201.1| 555 |207.1| 52.6 | 8821 | 0.210 | 6.1
"p<.05, " p<.01,""p<.00L.

¥ 62 F A F1 A vl AnkE AAIEE Zlo)t) fe/i
T A 2 2o 7t FAIA 0 F 721388 2.1 (p<.001), z-score Af
O|(Az=1.14)7} £1.0 DAIFES ZH3IA Tk A, fal, I, 1o/, ol Iy,
o= BAH 07 ol g o), B AAIFkE1.0) oWtk vhd
lel, loe/i= E A A S 2 e 8HA] gk o, AIRNE 2 3skA] o

g

X 6.F1 %+ 9 z-score B 1 S5k} HojTl
Table 6. Comparison of mean F1 and z-scores: Learner vs. Native Speaker

FlHz) | ML | zL | MN | zN | U-test | p-value | ABS Az | Az|>1.0
i 1323.75]0.29 |286.69|-0.49 5.170 0.000™"| 0.78
e [538.51]0.43423.36|-0.71] 3,060 |0.000""| 1.14 |
€ [533.62]0.08 |511.42|-0.13] 4,919 | 0.152 | 0.21
a  [892.55[0.11|849.34|-0.19]| 8.221 | 0.029" | 0.3
u_ [394.98]0.26 |334.36|-0.44| 4.614 10.000"™"| 0.7
o 1450.76| 0.1 | 431.6 |-0.16] 8.135 | 0.025" | 0.26
o |547.47|-0.32]646.53] 0.53 |14.641(0.000""| 0.85
v 1338.13]0.24 1299.07 |-0.39]13.4030.000™"| 0.63
o |474.21]0.18 1430.69|-0.29]12.33710.000"™"]| 0.47
e 1592.6610.03 |584.49|-0.04]10.018 0.606 | 0.07
"p<.05, " p<.01, " p<.001.

& 7 A=k F2 A4 vlw A 35 A A g Aot fel, w,

fol, Iy/i= p<.001, fi/= p<.01, /el p<.052 B FAIZA 2 79

IR, Jel, al, fol, Joli= -2 BFA] Skt iy & Al 9] 8 L 4]

B39 zscore XF0]i= £1.0 FAIGL oIS o1 fy/i= Az=1.01 %2
1A%k v Al8HAl 233kt

X 7.F2 %+ 9 z-score H] 1L
Table 7. Comparison of mean F2 and z-scores

F2(Hz)| ML |[zL| MN |z N |U-test|p-value RERA - [

i [1,994.950.07 [2,166.47 |-0.11|7,364 | 0.001” | 0.18

ke

e 1,931.8 | 0.2 |2,257.57 | 0.34 |12,831]0.000

e |2,281.15|-0.14(2,199.82 | 0.23 3,800 | 0.124 | 0.37
a  |1,298.54]0.02 | 1,291.7 |-0.03|9,817 | 0.888 | 0.04
u  [1,01699] 0.2 | 869.52 |-0.33|4,132 [0.000” | 0.53
o | 84854 |0.06 | 818.85 [-0.09]9,531 | 0.843 | 0.15
o [1,061.47|-0.19| 1,186 |0.32 |13,403[0.000™"| 0.51
y  |2,281.87]0.38 |1,930.82 |-0.63|15,619(0.000”" | 1.01 Vv

o |1,543.52|-0.02| 1,554.1 | 0.03 ]9,436 | 0.679 | 0.05

e [1,60338]/0.07 | 1,555 |-0.12{11,172| 0.027" | 0.19

“p<.05, " p<01, " p<.001.

T 1 SO sk AeIw(O) ] B FIF2 HEE ST ¥

el Yepd A o2 B 7F AT A 93] Apol & A Ao r

HojErh flonl A whe] Mg ¥ S5l AR A, fe),

Jel, [/ 7 0101 A I, $-Zofli= TH RS f, fof, lo7F MR B AF2E
Y JeElE B A ATES Wy, lol, lee/s A G F
%Oﬂ AX ATt srEA J%ﬂ DRI AvEo® &
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Figure 1. F1-F2 vowel space: native speakers vs. Korean learners

38 F Awhe] F3 A wlm S AN Aol fyolA
p<001, /e/, /al, I/, ol /ol A p<.01, i/, [e/ WA p<.05 FF2 2 5
AX o2 Folgt xol7F Yo, Jo/, e/l 121314
eroke. fyE A9 e A 259 z-score Aol £1.0 A7k
ol O, fyli= Az=1.03% UAIFS Z3}skdt)

X 8. F3 %+ 9 z-score Hl 1L
Table 8. Comparison of mean F3 and z-scores

z L
2.51
0.2
0.1
-0.76
—0.83
0.57
0.36
0.43

M N
3,235.1
3,044.32
2,997.56
2,555.68
2,591.38
2,860.96
2,820.04
2,397.88
2,674.13
2,606.72

z N
1.86
1.08
0.89
-0.9
—0.76
0.34
0.17
—0.72
—0.09
—0.14

ABS Az
0.66
0.88
0.79
0.15
0.07
0.24
0.19
1.15 v
0.14
0.22

t-test
-2.276
3.423
2.481
-2.695
-3.464
-3.514
-2.716
16,598
10,540
10,694

p-value
0.024"
0.001”"
0.014"
0.008™
0.001""
0.001""
0.007"
0.000™"
0.231
0.131

Az|>1.0

F3(Hz)| M L
i [3,336.29
2,909.88
2,892.95
2,733.95
2,720.5
2,979.09
2,939.84
2,832.19
2,714.19] 0.05
2,679.23] 0.08

"p<.05, " p<.01, " p<.001.

€
a
u
o
b)
y
2}
[

%9+ T AT B3 vl ARE A g Floltt,
FAFS] B2 0470 kHZ, FoiW12] 72 0.536 kKH2 O =,
T Apol= -0.066 kHzol™M FAIAOE freolahA] gttt
(p=2875). ©] 3t o] E Yolnl o] HFEHXN0.216 kHA) Z Ve
031, Ajgho] 71F 0.2 g st +12] 2] el sidst
Atk wEbd 22 Y B 7)ol s o E A E s

St

Ry~
3

H9.VSA Bt 5l 5 Bl
Table 9. Comparison of mean VSA and statistical results

AM/ | |AM/
(:;2) M_L|SD_L |MN|SD N|U-testlp-value| ‘o | oo
0.470]0.102 [0.536| 0.216 | 28.0 | 0.875 |-0.306

p<.05,"p<.01, ""p<.001.
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Figure 2. Vowel space area: native speakers vs. Korean learners

25 AE A AR 22 e
th F1elA & feroll AWt QA 227 2= 9,
ZHA A= fo/9} for A A RE AAIRES 2338k kol YT iy
= F29) F3olA B QAIES 29813tk Hhd /i €, a, u, o, e/
= A gk o)zt FAF S & fo g ATt Sy ek,
TE Ao A AAIZL o el § =151 Tk

3.2. 25 WA 4

102 7 J VarcoV H 3L A5 A At Zlolth BE
BgelA Aek 2k atolE AR 02 frelskal oM (p<.001), B
LA} fo/2) BEH(33.5%, 0.335)2 VarcoV 715(30%)> Z7}a}
ATk YA i/ 23.5%(0.235), fe/ 26.6%(0.266), /¢/ 25.1%(0.251),
) 253%(0.253), M/ 27.9%(0.279), /o/ 29.4%(0.294), Iy
26.1%(0.261), /o/ 24.6%(0.246), /@/ 27.6%(0.276)= F5F 715 ©]
Hlel] <3hict.

EN
S
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X 10. VarcoV g+ B 5 vl
Table 10. Comparison of mean VarcoV and statistical results

F12. TUNEZN B4 9L 57 vla
Table 12. Comparison of mean formant dispersion and statistical results

VarcoV| M L | M N U-test p-value | ABSAM | LM230(%)
i 0.235 | 0.275 0 0.000™" | 0.04
e 0.266 | 0.276 0 0.000™" | 0.01
€ 0.251 | 0.258 0 0.000"™" | 0.007
a 0.253 | 0.277 0 0.000™" | 0.023
u 0.279 | 0.306 0 0.000™" | 0.027
0 0.294 | 0.272 | 8,568 | 0.000™" | 0.023
5 0.335 | 0.281 | 8,640 | 0.000™" | 0.054 vV
y 0.261 | 0.283 0 0.000™" | 0.022
o 0.246 | 0.294 0 0.000"" | 0.048
@ | 0276|0254 | 19,332 | 0.000™" | 0.022
"p<.05, " p<.01, " p<.001.
¥ 112 F we] xHEHAA L] AFAFCV)Y vl

5 AAgE Aot} BE B9 AFAG= A o2 27
Yelkom, /i/68.1%), /e/(64.0%), /0/(59.9%)7F 7} T
16/(49.6%), M/(55.6%), 1y/(56.3%)= St 50| 3L, /a/(42.4%)
9} 10/(40.6%)= TN A O SESITE /e/(46.5%) 9} /ee/(54.5%) FE
g s A7 A Hebde A ZF HE Al HE(CV ratio)

S 7150 F g, CVratio>1.25 233 52 /o/ 3k 7| A T)

H11. THEH X Do) HHF U EA v
Table 11. Comparison of mean formant trajectory length (FTL) and statistical
results

Formant

disF]f[rZS)ion ML |SDL| MN |SDN [SDratio| U-test | p-value [SD ratio 1.5

1,506.27 (171.20 |1,474.21| 190.18 | 0.9 {10,684 | 0.159

ok

1,185.68 [155.69 [1,310.48| 154.86 | 1.01 | 5,562 |0.000

1,179.66 |148.76 |1,243.07| 128.54 | 1.16 | 3,380 | 0.008"

920.7 [301.72|853.17 | 242.64 | 1.24 {13,281 [0.000™"

1,162.76 [137.93 |1,128.51| 138.83 | 0.99 |11,6350.004

1,264.17 [116.18 [1,214.68| 130.9 | 0.89 |11,615]0.004™

1,196.19 [158.79 1,086.75| 190.72 | 0.83 {13,563 |0.000""

1,247.03 [166.65|1,049.4 | 105.4 | 1.58 |16,423|0.000™" v

Q<o o |e & oo =

1,119.99 (114.13 |1,121.72| 127.67 | 0.89 | 9,641 | 0.909

o®© 1,043.28 (134.27{1,011.11| 189.95 | 0.71 {10,508 | 0.217

“p<.05, " p<.01, "p<.001.

E 132 F A FUF2 HE vl AE AAISE Flolt).,
le/(p<001), /e/(p=011), /a/(p=.001), /o/(p=020), /o/(p=011),
/ﬂ/(p= 001), /y/(p=.006)°1] EA 2 © 2 2|3k o] 7} LEREA]
9k AL, I, el e Skl MEA 71 10%) S 27t
TS [e/(+61.88%), /e/(+22.13%), /il(+14.97%), /o/(+13.73%) %
SRl =] Sl

H13.FI/F2 Bl B¢ 2 B vl
Table 13. Comparison of mean F1/F2 ratio and statistical results

Fi/F2ratio | M L | M N | U-test | p-value |Aratio(%) |[AF1/F2)| 210%

TS i 0.169 |0.147 |10,786 | 0.119 | 14.97 vV
FTL(Hz) | M_L |CV_L | M_N |[CV_N | CVratio | U-test | p-value 2 e 0.327 |0.202 | 16,594 0.000™ | 61.88 N
i [255.8]0.681[281.1/0.625| 1.09 | 8,609 | 0.139 € 0.309 0.253 | 5,340 | 0.011" | 22.13 vV
e [270.8] 0.64 |219.1]0.623| 1.03 | 11,539 |0.003™ a 0.691 ]0.656 |11,963 | 0.001™ | 5.34
e |288.9]0.496(290.6|0.555| 0.89 | 4,550 | 0.652 u 0.401 |0.407 | 9,800 | 0.845 | -1.47
a  [212.6]0.424233.7]/0.571| 0.74 | 9,549 | 0.803 o 0.543 | 0.53 | 11,256 | 0.020° | 2.45
u_ |161.4]0.556] 262 |0.561| 0.99 | 5,517 ]0.000"" > 0.528 10.553 | 7,973 | 0.011" | —4.53
o [145.5]0.599]171.4/0.593 | 1.01 | 8,055 | 0.018" y 0.152 10.156 | 7,825 | 0.006™ | =2.55
5 |168.6]0.406|216.8]| 0.46 | 0.88 | 6,957 0.000"" @ 0.317 10.278 | 12,009 | 0.001™ | 13.73 vV
y_ [191.1]0.563 | 128 |0.651 | 0.86 |13.649 |0.000™" ® 0.384 | 0.38 | 8,716 | 0.163 1.11
o |137.4]0.465] 128 |10.375| 124 |10,171 | 0.510 | V *p<.05, "'p<.01, "p<.001.
e |164.9]0.545|175.9]0.637 | 0.86 | 9.371 | 0.665
"p<.05, " p<.01,""p<.00L.

¥ 12¢ F Ade ¥ HE R K formant dispersion) H] . A 37}
= AT Flolth /e/(SD ratio=1.01, p<.001), /e/(1.16, p=.008),
fa/(124, p<.001), /u/(0.99, p=004), /0/(0.89, p=004), /5/(0.83,
p<.001)ellA] BAIA o2 {25k 2po] 7k vrEbLTE. A, /i/(0.90,
P=159), /6/(0.89, p=909), /ee/(0.71, p=217)= F-2|3}x] ¥k

B B8 5 /y/SD ratio=1.58, p<.001)7to] AAGk(21.5)S JX_JJr
Bk o], U A g8 BF 715 oWl Sl

X 145 7 A FF3 vl& vw A9E A gk Aol
(p<.001), /e/(p=.001), /a/(p=.001), /w/(p<.001), /o/(p=.021),
Il(p<.001)= EAZ O E 53 xfo]S B oW, /e, Ny, lol,

fefi= AroetA ST WEd TIEEI0%) 2 Bad
MW/(+13.81%), /0/(—14.65%), /e/(-10.99%) & L}EFC}.
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¥ 14.F2/F3 v & W 9 A vl
Table 14. Comparison of mean F2/F3 ratio and statistical results

F2/F3 ratio M_L M_N U-test p-value Aratio (%) | |A(F2/F3)| 210%
i 0.676 | 0.665 | 12,255 | 0.000™" | 1.65
e 0.656 | 0.737 | 7,482 | 0.001™ | -10.99 vV
€ 0.683 | 0.728 | 4,535 | 0.681 | —6.18
a 0.502 | 0.525| 7,411 | 0.001" | —4.38
u 0.379 | 0.333 13,178 | 0.000™" | 13.81 v
0 0.286 | 0.289 | 8,099 | 0.021" | -1.04
5 0.367 | 0.43 | 5,637 | 0.000™" | -14.65 vV
y 0.807 | 0.807 | 10,586 | 0.206 1.0
o 0.57 |0.585| 8,996 | 029 | 0.975
® 0.599 | 0.604 | 10,611 | 0.166 | 0.991

"p<.05, " p<.01, " p<.001.

Z5 WA Ao ] AR 27 S o Eh
VarcoVoll A= fo/olAqut AAIZE 2371 gelE g, EHE)
A Z0)(FTL) A fo/, EHEFAKFD)o A= /fy/ell Aak
#2327 vrebst . vl 24 0] A9 FI/F2 Bl oA +=
@/7}, F2/F3 H]Eol A= fe, u, o/ 7F 242 A7 Z3ak3itt
okl WsAd APE A AAIGE 3= T2l o, y, o/ 3
H EelA] BEE 3, YA BEelx= g ddol

. T
4] QX

=t

33. K gl A
I 15% &0 1070 B3, fel, fel, fal, l, [ol, 1o, Iyl fel,
fefyell eNell, B Akel elofnl 3 2F 23 AR o] FAA #-24
Hp<.05), 5 e W WEA bl o] dAIRL 2k of %
5 Tiate] AAE Zlel,
WA RedrlEH)E v, 494
ApdollA shgate} foful 2k SAH 0% F23 Alol &

Za A s

E_EL/lesauooy,ﬂ ®/=, 107] &

A=A et AR 7 7 o] A el A

[e/(F1), 1o/} lo/(Fg RS A17Y), fy/(F2, F3)= LFERSTE vhd 4,
€, a,u, 0, /= ZAA O Z {23 xpo] 7} H B E BE A} o]
AA W2 ol 33t
N5 ZFolA] gt 7)) o] o] A el A shgatel Yojnl 7k
EAACZE 53 2}o] & HOl B5L /oe/E A28, e ¢, a,u
0,0, y, @] 97l B5olqitt. o] 7k AAIRLE 29 Bae
fiI9F [e/FI/F2 B, MlF2/F3 B8, /e/(FI/F2, F2/F3 B]£),
/o/(F2/F3 H]&, VarcoV), /y/(EW —Er 1}) le/(CEAE A A Ao,
FU/F2 18 = vebstth. WA ), /o, fe/i= B AR elA] 9
Agks 278HA] A3kt
o2 AAIMEEH)Z B, JE Aol Bg A&

17Pw 1o/} o/ A S5 Ake} ojrl 7k 2ol 7k BAIA O &
P?izui T BE 25 AARS 236k FIS e/ 9 e/
Al o) U 2] BLEeA] SAA & {2813 a1, o] F /7t
DA S 23 EATE F23= /e, fal, Jol, fo/ S A 213 YA B
A frefetaiom, jymt QAIGkS ekt F32 fo/ 9t e/
AlQleh = BgollA felatgl o, o] F yRt Ak
S A=
HEA 2= VarcoV7F B
o)t o, fo/7F AAIRK(B0%) S 35k
1, [l fal, 1ol /5 A 2]3F LA
fo/F A GHCV ratio >1.2)2 Z33F Tk 4?1_5-@4 1/, lef,
lee/ 5 A2 A BEeA folakl o, iy/7h 1AIRKSD
ratio >1.5)2 2 8FITE FUF2 B8-S /i, A/, foe/ S A 9] 8 Lo
A BgollM 525k 0w, A/, fel, e/, lol7} £10% 7152 Z3)5}
Atk F2/F3 BI&-2 Je/, Iyl lol, foe/ S A 2] 3 U 2] BSofl M &
s3It
lel, o], Iyl, el 7}, W73 2ol A
S AL, lel, I¢l, Il 1l 1yl 1ol 7t 23 2F Skt o] 2d2] AR el A QA 7k
S 238k 7 0 7 Vet

L

mlm =2,

r1r 1o,

o3k o, e/, I/, 1617} £10% 7| 5S 23
L), A Ak elA =

15 258 A ol H QAR 23 o5
Table 15. Statistical significance and threshold exceedance by vowel
Vowel i c € a u o 3 y [} ®
VD v v
Accu F1 v v v v v v v v
o racy F2 v v v v v v
Statistically F3 N N N N N N N N
significant VarcoV J J J J J J J J J J
features
. FTL v v v v v
(P=09) | Varia [0 v v v v v v v
Y E R v v v v v v v
F2/F3 v v v v v v
VD v v
Accu F1 v
racy F2 v
Features F3 v
exceeding VarcoV v
threshold Varia FTL v
bilitly LD J
F1/F2 v v v v
F2/F3 v v v

VD, vowel dration; FTL, formant trajectory length; FD, formant dispersion; F1/F2, F2/F3, F1/F2, F2/F3 ratios.
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FAlO T3 B 25 5439 vl 7]&o] 7hsS
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A ZAE 232004 A AEF 7

O] FAIA FE} HARTEA] R el AR AA 7sE 5

PR EA S dv ek

5 AT A dlE AHAIRE
B3 A o] ol 714 2pde] EekE Qlek A &A]Rte] A
-, F Ak 23 2ol IF-E 10 ms ©]8F% 2.1, 20 msE
ZF B5E fo/ 8} fo/ 2 AN S QT 23 2fo]= B 20~
25 ms W 9]ol EEZE a1, o)i= T3 oA A E FHAAEA]
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54%
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