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Abstract

Speech is a spatiotemporally coordinated structure of constriction actions at discrete articulators such as lips, tongue tip,
tongue body, velum, and glottis. Like other human movements (e.g., reaching), each action as a linguistic task is completed by
a synergy of involved basic elements (e.g., bone, muscle, neural system). This paper discusses how speech tasks are
dynamically related to joints as one of the basic elements in terms of robotics of speech production. Further this introduction
of robotics to speech sciences will hopefully deepen our understanding of how speech is produced and provide a solid

foundation to developing a physical talking machine.
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1L A&

I 5745 wstslr] fleliA &g sl S 2571
(articulators)= Al &3 0 F Qwakal H348HA] &2 o] of st}
(Browman & Goldstein, 1986, 1992, 1995). ©]#{3+ &55 =&
(articulation)©] 2} 5}, A7k -5 F 71 RISt F Qs
Eolth A 2y 250 B FEo] o B Qe

T2 el A deju7] wiiZel] 33 vjo]g o) vl3) tleo]g 3
o] o} H il &2 H]&-5 | elof shtk(Nam, 2011). o] & o]-{-Z =
e 25 A7 2 5876 vla] EekA] it Hwang,
2019; Son, 2020). F- 1o A= £L-9] ZHE Xof th3k A 1)
HES 2o zm] 5o tigh 1A%, Ee]7] o]3E tist

1, &% wal= 25 ) Aol 7 o) 2A 7)Hke AlFsl
3 gk
2. Z2 Taske} 7| & Q.4 w53

719ke] $49), % 252 A7 54 (action) 9]
< o]8latr] $181a Iz %ae;oﬂ ok ol 7} u
89). Q17+e] 4]

I, 19
%E(task £-2 goal) = "3343}—”“ g o7 olaf
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W8] oA, 58] FEellA, B A AAIY] el
Ay 7hssitt shue] 59 taskE A F 3] A8l 2F (el
o] o] @ 53 M= (synergy)3tA| Htk ol w BE
S taskE AT Ao dAs)y] Q8 EFoR QFEHE
(degrees of freedom) ©]4}2] QA7 AT of| & 5o <ol =

A AL A= AL °‘]77H HAn LA & AT 4= Q)= a5k 0]

A, 7S] S oA ok e BEA, 5, S 24

oI71% 3tk o] 24 2] FY(redundancy) WiiEel A3+
A Y2 T2 task QD ol = B8kl Thekst Wi o] 2-& o] 7}
sttt o] gt

FAZ olsshs Zolok R 217k 592 o]
el gk 7 F dAloln 2R Ale]e] #o|7| e st
(Bernstein, 1967).

25 YEA A $4Y F A B A &
A} ORI 2 task S} 7] 0 258] BARA 0]3) % 5 9)

THBrowman & Goldstein, 1986, 1992, 1995). 13 1> A & (vocal

track) 2Joll A5k T 71 &] A2 thS(discrete) = 71 3HA
=, QE, S, AN, A3 2 71 8ol A 9 tasks 7 ol skar

Atk Zgolehs tasks 7 e 7]HelA e A% E&(vocal
tract constriction)= 913+ 22 0.7 o] & = St} o] s =
2912 T 7HAE oA Ule o= ARl JFE sheAl
(constriction degree) Z2]31 1 FZo] H&3] o YX|QUX
(constriction location)”} Z2731o]t}, & A7 9} A2 1 ¢ =
7F 1= o] Qo B = fx]of tsh 22U F X k. IH
1914 ®.50] {1 (lips) @} S E(tongue tip)¥} & (tongue body)

oA ] 524 taski= FA 1A} HH AERE FEETh =
<ol lip aperture(LA)$} protrusion(PRO), 3 E°l41 tongue tip
constriction location(TTCL)¥} tongue tip constriction degree(TTCD),
145-9] A1 tongue body constriction location(TBCL)¥} tongue body
constriction degree(TBCD)Z T-2Hth. A7l N2 task
= 217} velum(VEL) ¥} glottis(GLO) 2 88 3+t

=]
}\éT':

a9 1. 22783 7t 7| o] 229 task
Figure 1. Articulatory organs and the movement tasks

2.2. Joint

OJEl 252 A& Aol EAEE 74 25 71l M o] 4

o1ehe 49 skt 31ake H402 olafE = 9l ol

Sk 25 taskE AFH 7] SIBIA] A2 ohaksl (el W, &
, A7 % of| K9] 71 @ g0l Hofsh=d] ijloﬂ’ﬂt =5
S AL e 2R Alojo] B st 7] 242 joint H]
k57| 2 Sk, 1% 2+ Mermelstein(1973)0] A2
EARA, g

5t o3

T 25 AofelMAT 7L s

A TR =N &
2
oﬁ

F = condyle
C = tongue body center
B = tongue blade

T = tongue tip

J=jaw

CL=FC

TL= AT

13 2. Mermelstein =& 24
Figure 2. Mermelstein’s articulatory model

WA H(0)2 B4 §7](condyle) ZHF-E 127 F o] 2] segment
QIFIOl &3] A4 =] Qlek g9 A= FBAE 7Fo2 4
ole JAe] 23l A7 ¥t 3 (tongue body)> BCE REA]E2
E o= dom HYHa, g nixyAE 1 9 4RI cE
S condyle ¥ o] AZAFC)=| o] ATt €2 A= T2 91A|, S FI
o A F-E] A3t ¥4 Z}(joint angle)?] CAll 23l A7 ¥ Tl CA
PRk ol FC B3 W 7Hssto] C 9IA1E 24l =tk Q.oF
aF, €2 91A1= JA, CA, FCeoll oJ3f) A€t o714 Q4
9] 7 9] A= vhA] diFETh 852 AX|(C)F 3=
Hash AREw 22H(x, y)Hl, REe] AA= 3709 a4
(JA, CA, FO)7F 7l gt} o] el gk @ 4r2] 79 254_@_01]/\1 5
At T Tl g Wol & T 18A] ¢
2 YEldt) &' (tongue blade, BT)> 4
Mo R HE HEAA Hlﬁokgi 0.55m2] $121(B)°l
o] ZEA FoEtt. HEe A= HE Tk

0, 52 o

15} FI
A

o~
T
FJ7

B

ﬁ F

E(M7H
g Zole] BT}

e Oixuﬂ TA®] 23] A4t 99]47} o}
Y& Aot 50 7hest 247 UHSE LHE 4 o€l ©17]

A FCo} BC= B9 d¥Ad& #18l CL, TL= F-E2t Joint W
T % JA, CA, TAT revolute joint©] 37, UH, LH, LX3= prismatic
jointo]tF, AulA © 7 g R0 22 segment= AT/} obd
2 E Fke]a, jointRko] Wg=o]t), W, Mermelstein o 2
< joint¥® o€} segment T3t ‘E"ﬂ“’?ﬂ' Href: CL, TL). ©]3&
AV 20 m3o) By} 710 weluli ) Q17k] 287 o]

=
Zo|7t g 4 9= & ~’F§}7 |(muscular hydrostat)2H= S

riu
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1:110

task Z5-E{ joint = 2] v}

Zi%% el i3t o]l F5 task WSS joint W

£ 2o BAE olsIg o w2 B4 sl A, 2 e
A L AV ATk 1 12 task ‘ﬂ—?@r joint }579}12]
YHAIE VeIt 2} task o]l thaliA] o i & joint H77} ¢
o5o] =AE B =k

¥ 1. Task-joint 7|
Table 1. Task-joint relations

LX|UH|LH | JA |CL|CA|TL | TA | NA |GW
PRO | O
LA O 10
TBCL
TBCD
TTCL O
TTCD O
VEL ®)
GLO O
PRO, protrusion; LA, lip aperture; TBCL, tongue body constriction
location; TBCD, tongue body constriction degree; TTCL, tongue tip
constriction location; TTCD, tongue tip constriction degree; TBCL,
tongue body constriction location; VEL,velum; GLO, glottis.

O|0|0|0|0
O|0|0|0
O|0|0|0
o0

X 104 B 4 Ql%0] BE task WGV} BE joint 9L A
o] A= Ak e 5] A FA e sdete
taskQ! PRO joint W15=Q1 LX T RIS Wb, 9l A-(LA)
3 Fsh= task?] LAE joint 5 UH, LH, JAl| &JaiA & 71
3}t}. JAE PRO, VEL, GLOE A £]3t TE taskel] Foldl Z1&
& 4= itk T3k CLY CDi= 34 taskq! TBCL, TBCDH o}
2} ¥ task?] TTCL, TTCDO % ¥olE]o] Q) L tasks!
TTCL, TTCD:= &% task¢] TBCL, TBCDI <F414 jointol] B} 8}
o] TL, TA %3+ 2 0 & ¥t} VELY GLOX= PROS} T 0] task
o}joint?F Aol of-&- 0.2 2= o] 9t

& 81(Task dynamics)

27l AEAd 570 Z2a71 el M9 taskE skl
task7} 22 E2E] o|H jointE3 AA|E O] Q=A] Lot HS
t}. 37l A o] 2] 3t task 2} joint 7S] WSH & 7|WEO & oW A
=98] 0] ZREAS] B o] Fo A 4= Ql=A] Lol &
THKay, 2003). 2, £ taskol] thal] E3xgko] Fol S uj o]
Al dshs Zio] FAol=A ol thgt A& dokidth ¥ 74
A O Z task9} joint WF7F Algbe] whet oW A WA E,
task 2} joint 2] $1X] 9} =5 A|7FS] <= (time function)ZE 7|
El=2

=]
AR

o

24 JlN

3.1. &4 I A A B (Two-Joint Arm System)

3.1.1. £ = 25 8H(Forward kinematics)

X
(x.x2)
elbow
shoulder
X,
(0.0) )
% 3. 234 Z A 2= A 9] task
Figure 3. A task in two-joint system
X
shoulder X

O 4. 234 F A ="l o] X4 9] joint
Figure 4. Joints in two-joint arm system

9 3, 4% 47 238 2 A AEo| A €] task S} jointel] Hi St
Aljoltt 23 F AL 13Ee] F FA S Fddte 7t
T80 2 F7H9] segment(L), L)E 7FAaL AL
jointQ! o1 7ll(shoulder) 2} Z35 ] (elbow) = o] F-1 4 3t} o] &
Tl Al 13 3A | A= 2] A4S sh S R task7F o3
thH 19 404 2] 25 jointE oG A FA ook sh=Al= 1¥
Al S gt EA7F okt 9] A task= 17EE] wHAd ]
A FFolRIth Al28] A& Stttk Zlo] Q1718 T4
FHal] HolAwk 212 AR = ¥
& A Q3] F2o] EEoA F o] TR LS

& 2ol k. B 2 o]t BAE Aol

o,

} e W

i
X
o
m&
_Y:I,
i:‘

:(,)l:g'
OQJFIFE_%:n

oo i 4 2 i}
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Somoax e
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ol
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o
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o
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(o]
0,
By
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o
HU
(i
>,
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i
»
ri
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Sk
_O|LI

=
ol
oL

A F3EhRs 24 H HolARk 7H jointE ©1%4 A
A5 1o} stehd A5 %) ok FAITh
9 3o A B A9 A7) B oA 9 taskE HIFFE

E F}H(Cartesian coordinates) ol ZH A|AHES] EH

[*3
0
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(end-point)©ll 2]l g o] H . tF2] task7} Z2] B &0
FALA] BEAZ TP = FF= S 0% olF|shd
o} wbd 22 A4 jointis 17 40flA 9}k Rro] =
(polar coordinates) 3ol A1 7 ] T}, o] 2 & task-joint TAl= =
59 a3 Fdsi) vk 239 task- joint TAE 8712
task M1 1070 2] joint M2, 288 - A28 F 719 task
W I 2, F 719 joint A= G, 6% 2w}

AAxe]E FAUS RAEs
% % WS 7SR S 5 WY AE
(Saltzman & Munhall, 1989). Task ¥, joint H

HHom 1 4AUS BT 5 o, Qur

B R

o
o
N
o
o
2
o)

P
2
1o
=2
>

T

W 21S A olsiet ml(o1714 270) 9] task W4(©17]
x)oll tiali A 2] (1) ¥} o] 22} vl g 2 o) el 2 g o

1o

z=M"(—Br — Kz —x,)) D

T, 1, T, e mx1(9] 7] 4] 2x1) ME] 2A] task WG9 75,
&5, 91A, Fagholal, M, B, K= mxm(O1 714 2x2) izt 4
(diagonal matrix)ZA] A& (mass), 72](damping), TIAIG
(stiffness)oll ¥ T} o] w] M, B, K& thZ3 A=A ke
task H= 1+ A2 AAIEA] e-S(uncoupled)S 2] v] 3t} -3
2 o)l thall A task 2713k, & 2, 20] FoIA A 22L& YA
stA Ho

BFARE, o] &% WA 0 &= task?] 2 US HoEh=
o] 2] 25 M2l jointE Alojshz 22 ol th S A|~H
o B9 FA AR o) g W o] AA| ojd A FHofof
sh=A el gt jointe] Al lell thalixf = THofakar QlA] fdrh
ThA] e, Q17EE] el A €] B-A1]), 5 task ] &2 el o
sk ARt Ho] glan, 22 FelA S 29, = jointe]
2ol thgt F 2= Ho] A Pt o]} o] T W2
Fot AU HO= task AR S joint &2
joint®] 582 taskZH-E ®g7}sslty RHA SR = 5

S E35to] Q7ke] B task WS A|oJ3IAL taske}
joint Aol & AAAIFI O 2H TFA 02 E ZR-E Alofehe A
2Hlo] &g Ftt o] 28l task s} jointe] A4S fEA &
AAo| Jeh}= task W2 ,20,25 £59Y joint W
9,0,0% TaAs ok s} 2 (2)~(4)9) task S} jointZFe] %
TAIE o]-&35F task HIE joint W2 S H task W
Ao 5 S joint A= ¥ 5 PO EH
A ek o] 8} gk 53] WS AMAM A7 2R HTE
Aoyt e A|ARlo] FHE L

ta

i N o oo

RER

o2

o

o~
T
foig
o
PN
T
PN

Z R

pua
L
L

8
Il
8
<
=

®))
3
0+ 700,0)0 @)

8

Il
=~
<
-

—_ —

J(9

8
I

WA task WS x= joint A= 69] &2 A 2] 2)2F 2ol 4
OE a1 EE 258 Blogkal FT} xi= mx1(917]4] 2x1)
o WEjo] 1L &= nx1(91714 2x1)e] #WE otk 117 ¥ Aol
segment 9} joint2] gko] FARE wl E5 9 A= vha3 2ol
AZYehe] A o 7 A AAtE

x, =L,cos(f,)+ Lycos (0, +0,)
xy = L;sin(0,) + L,sin (6, +6,) (5)

3.1.2. Jacobian 3§ &

o Ao w2, 247t joint W2] W gkl et joint®]
TN 27249 task W8] WS 7 &Jsljof st} o] 2] 3§k thiH
7 Hu|F(partial derivative) FHS Jacobian FHolz} Fhrt
(Saltzman & Munhall, 1989). ©]1] joint] Zkell whe} HAw| & 7o

W3 Y 2 Jacobian HHL joint?] Febal g = ok wEE

Sk, AWk, o] F2(<]l: segment, joint)7} A 2 0] #] ¢
S A~ E9E Folst ndle gA o7 EA A 9] w

3ol Jacobian FF-E HOJE|ZHE] AHH R T o]

0x, Oxq
W, W,
0ry 0Ty
o0, 96, 6)

Jacobian 3 Ho] HoH™ A A (chain rule)s ©]-8-3F
21 (3), (4)2F 2o x5 joint G F 38} thA] n|Rato] 1 &
joint ¥ WAZHSICE AFZY Jacobian S ERE 431 Q1O V)
A task 2] 22 Alo)7} 7Fsettt £, o1 task7t T
o) F & W, joint7} A FA] ook 3F=A| 7} ALE stk o
& 591 joint 1579} task M) A 7S &3l 1S v task
9] E-HxFho] 2o AP, Jacobian< 7 task W9 HE
of] thal joint W7} o] @Al A ook AFH =] =A ol gk A F
TAAE E 9 Tk J7F joint(©) 9] F<EO] LR joint W gkl
wre} W\ ske} 919 212 @A 9 joint HTA(Q 8l Hamake]
o2 A taskE 2w w2 071(&) 13 AAE] jointE
Arht AS(SOA AL st=AE D3l F=Th o AR R
Jacobians & 5F Alo]= ¥ Ak X E 58 BES o]
g3kl @A joint FEHENE @A task FEHE TSI
Task®] F3Egke] Wako ® &E Q3T R olof &jointe] §
@} Do 11 o] 65 dAL 6ol A 35 Hrt o] =fst 7
= task®] F3Egko] B3 wizkA] NiEE] A Hok o] W &7
U A =¥ =49 A8 2AR] ex7F AR A "t ol
St b2 O % ol 7l taskell whet RS Aloje 4= U HE, A

glo] F-AI5 3L £E7} F 5] wlite] msk W, 2 £49)

=)
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$2900] A1 27 Eatel.

3.1.3. Task dynamics

21 ()9 task 718 25 W22 A (2)~@)ollA] 2l task
9} joint FG7+E] kinematic ¥HA|2]-& ©] 83k 2 (7)¢] joint 7]
HE 2% 1hg 2] © 2 W 81 Ul Saltzman & Munhall, 1989).

0=0 (M (~BJO—K(z(0) —=,)))—J"J0 (7
o] uj o] £ WA 9] M= task WSl 2, 2,20 ofg}
g ol o] Qlek shAIRE A A ELE F Al 8F
Al = AFQA M, B, Kz, J, J= task 51 2] w70t} =,
Sro A Iz T Y task HH S W™ joint 7
2o g 75 Alo)7t 7hsaxink o] 21 & joint 741k
< ODE solverE &3l 1 3lIQ! jointE 7+ 4 913 o
O QoFeT]

WA joint Z71FOE 0,00 FolA gloka 71gE )
forward kinematics @& 7,25 AAMSICE 1,25 forward
dynamics ®.2-& Fato] 25 ek o|FA Pl &2, 2T}
joint-task ¥H7| kinematicsE ©]-83F0] =&¥ 99| joint7]{F &
= A4S The-0] timepoint] 0,02 TF51Al Bk o] gk 7}
& ksl 230 A AAZL AR

E.
2.
£
3
rO
&
N
s}
K

d

10, o off O
oX o ol
> oon X

o
o

32. 25 st il
T e LiE Sds] fsiA e 2k 2 Al
=

B1o] 5 719 task 2} T 712 joint W22 A E 27 oA 2] 87
9] Z5 task®} 107019] joint W14=2 T A sk7] 9k shA o), A,
forward model<> 1% 22| Mermelstein Z 2 el A 7 2] & joint ¥
FEPE AEEE 7N taskE A4S 5= QU 9 A
T35 Jacobian matrixt= X = 2, = joint oA
+r task= ] WF o] WAIZQl So] FHE FolRE A
+ & &oto] GAl =E hs it A (6)9] 23 F A~
of] 22 2x2 Jacobian matrixi= 8x102] 2} 0.2 FhrjETh
¥ 12 A2 Jacobian matrix @A 0] obd @A YERH AL Q)
th 25 598 7S A% R Y2 23 B A AR

19 o= ZR-2 A5 25 T4 7 (articulatory synthesizer)
[e]

=
2 vt AL ogusith 2% S 24 A (speech

catenative synthesis)o|tt FAI7|9F wtelulE]  §(statistical
parametric synthesis)©] A+ 7} A-8-2] -2 thals) git} 3]

FH = HEd(deep learning) 71HFY] &4 §HAdo] Aot
H] g0l 4] &3k A 3= 15.0] 31 QI THShen et al., 2018).

Dohs 225 ThEths A8 54 282 AlE(planning), X
w7188 T4, 54 =99 A8 5 A7 53HE 2Ee] A
ukS oul st By 1 F 28799 2 2oyl 26k

(force, torque)= & A4 oF st} o] &
I 3k EaeAE vhREA] gtk Bk 2573 FAe}Y|
S =4 skl AFoe 3FtH(Nam & Saltzman, 2003;
Nam et al., 2004). 57139 52 &2 & 54 gesture?}al -
224 9] gestures oH 2 78S ARESHEA, target,
stiffness, A 7-%H(time interval) 22 g H.7} 7 o] F]of o} s}, <
£ =59 viEkE 45 W7] EiAE LA gesture”} E Q. 5]
target-=- 0 mm, stiffnessi= 8 Hz2] =5 7} gesture”} 80msec
&< 4d 3Kactivation) $HH= A BE F-o g oF $Fr}. Gesture=
A Z2AZ XA overlapo] 7Fs8tt) 5, 3 257 o] B2}
T B O 2871l S4Y 4 Ut o]H 3 gestural
overlap% FA i%(coarticulation)gl 714 &7t ?JD}(Fowler &
Saltzman, 1993). 0] &5 & ©ol & Al = 3}s7] 218l = o
] 25 7] He X 9 gestureE S Al¥ 1A O F (spatiotemporally)
2 43] o]-& o $H(coordination). ©]213F 27 W3lo] Al
< YYo= 25 7)ol FH o)A ) 2L 7o) gFoH
] W35l A F(vocal tract) T % (area function)S 7 T | A]
TH501 71 voice sourcel filter &8H-S St} =33t A= o
w02 RE YAFE g2 A7 Ak o2 A4 H(temporal
concatenation) . 2= X & 0] 54 W31} 755k Ht.
U9 5 Aats T Tl Bl vulek A3 AT o
71 AT )& 58] AR USHA o]FolA A ki QT
wie 570 Bkl AlFo] He 25S 258, 9% 2R
20 el Aoz 252 A E olsfish= Ul

E)

s 2.

82 FaA vk w7 QTSR s 43 21919
Ug Al 7

"
to
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