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A Unified Framework for Overcoming Motion
Constraints of Robots Using Task Transition Algorithm
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Abstract: This paper proposes a unified framework that overcomes four motion constraints including
joint limit, kinematic singularity, algorithmic singularity and obstacles. The proposed framework is
based on our previous works which can insert or remove tasks continuously using activation
parameters and be applied to avoid joint limit and singularity. Additionally, we develop a method for
avoiding obstacles and combine it into the framework to consider four motion constraints
simultaneously. The performance of the proposed framework was demonstrated by simulation tests
with considering four motion constraints. Results of the simulations verified the framework’s
effectiveness near joint limit, kinematic singularity, algorithmic singularity and obstacles. We also
analyzed sensitivity of our algorithm near singularity when using closed loop inverse kinematics

depending on magnitude of gain matrix.
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obstacle



132 =453 =52 A13A A25 (2018. 6)

31 7Pk el M n¥iA) Pz o] 912) WE] p, € RS,
LA n+ 1A $717)2] 912 WE p, € RP, nA
oA ol 7HI71E WH p, 5 =P~ P, ER*S
IR, pyy & ARIONA ol Eg 71e) 7] 914 WEjo] L, vl

Auko 2 p A BN n4+ 1A B S 717 91A
9E] p, . ERSS Aol a. 910 Aelat 91X WElEe] )
A g a2 (8)F AR

pn,n+1 * pn,ob

Q
Il

®)

pn,n+1 * pn,n+1

a 9] ¥le] whel n WA P2 1ol A el 71 7k
N2 ] P, e E RS T F AL 015 2] (9)° LFERY

et
P dosest = | Pn+1 ifa>1 9
p,tap, .+ ¢lse

21 (9)< o83l BE P visl 913 HEES Tkl p,,
ote] A& vagith 1 oA ol 7S 7k 914
N Dot ERF pp2te] AT E 0] 83l ol =3} 71719
AL J=A] FrE gk

theo e, 2208 wheold 2y} A=k vhHETh
o] el ool A HolA = Wk whe] WY y,,,, oF &
NES T3] 918 R 91X HE 24S 4] (10), (11)2}
[Fig. 2(b)]oll L& © & VeRfSITh

Posest Pob
Ugpop = 10
task || Ddosest — pob " 2 ( )
T = pdosest +kputask (1 1)
2)9] golet B3k %)= 32 o) A vk | ARk ARE-5)

o] Aol B8 3]9)317] 918 u,,,, O] WA= o]g3lod (12), (13)
7} 7ro] B3 27} Ap =]k 3] A ZIT),
Tyek = Ugrgk (T° — Ditpgest) ER (12)

Jta.sk = ug.sk‘]daaeate Rl n (] 3)

Ry 015 A0, Sy 2 WHTE p 17

o) Apzm|ot o]tk

=]

Value of h

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 009 0.1
Distance to Obstacle(m)

[Fig. 3] Value of activation parameter depending on distance
between robot and obstacle

TE z%g}jl x]—(ﬁ xqo] %ﬂgzg A_Q_O]_o:] ;q_cd o /\1—01 ul
2HAEL] GollES Slu|gitt. =i FollE Alo]e] A
2 343} A = 4] (14)2}[Fig. 319 YERARA

I p=pB—y
=310 fp<fB—vy
0.0 else 14

f@)=05+ummL§@—ﬁ%—§)

{f(p) if p< B,
h

P= || Pob = Paosest | ;= ZHIF ol Atole] Az, B,y
& 242} A 712 2k ¥ ¥ (Buffer) 4 <19l 2-& LFERATL [Fig.
312 820.075 m, -2 0.05 m¥ wje] B3} A E ER
o}, whaba] 23 el Abol o] A2 710.075 mE 243t
A F7F0E S7Feb] AlAbshH A 2d o] AF) Ert

23 &3 2y Q9 a

B 2eQ)9) 2 B WA, Sl ezl i 53]
211 shbe] Q)9 2o 4 A g ohe s el wiek WA §-
AR e 4919 WSS Pl UL AY i
3 & 2 B 55 4, 28 51 Gk i
& A=rI9re] Solgrell & wA

ol A2 W= ol
Y3 AL ol 8300] ¢ % o
& 9% 4 e A

/L]

15-17)3} o] 7 @ ik
=h+H+a+i, (15)

q =45

= (BN (& — Jogh)

.’f .’f ." .’f (16)
a5 = (BN Ny, ) * (23— (g1 +0))

s = (LN Noyy Ny ) (2 — Jy (g + @+ dh))



Nyy =I=(5N,)" (5M,)

Nyoy = I~ (BN Nyyy )" (N Ny )
z’1 :h@f"'(l_hl)v]i‘.ld[/l]

-"’; :h2-';"c2‘+(1_h2)=72‘.1d[/2] {17
@ = hty + (1= hy) Sy

.i .d .d
321 =hyz,+ (1- h4)J4‘1V4]

4 % 8, i € R™ = m 7)) o Ui
4 37 8] 2, FER™ ", by = 1ol 3 Ap=n] ok}
& 39 219, LERY ™ hy =11
of] thgk zhs1n|ek BB} A 3, ge RPTE Solgkell o
S 9= A, JE RPN by 3= T10) thE) Ahmm ot}
28l AZolth zER(r=1)t Sold 33 2],
J4€R"X", hy= 10 o A=m|ete) &Ads) 2|3 ot
AR 3% A9 s'eRr7L Sl BlE A=
ERE) 7%1311 }oF e  Sof] o3l 3 A E Ao, k, = HE
AR FF A% o] Apziu)el Je RP<m o] oz Bajle 2w
H]Qte] 2] Wik wiE) Sof] o]3) 3171 Zlo|th p= B3 7
2 3E A1) 2, r& 5olgke] 0ol] 71718 ek WE 59
&, IER™ ™ L 9 Holt},

3.4 ¢
o] ol M= 27l A At ’E'i ol 39 dare]Sat 55
ZAAHAE gl &0l A 3.1 “401]*1 !

=
¥ ﬂ@ggvgom.zngm Az
e R R EEEEREEREEE LI
&, 2 7] 8] Hule) o5 Al vhat Wk ¥
& F7b6 0.2 AN, o & of ol vh et Aol 4
sk

12 16‘4

=

i

7

w

T3 YA E sk Y8l [Fig 419k 2ol A=
25 vjyEeole MITSUBISHI PA-1021S AR&3F3AT
[Fig. 4]l 7 F4, 2t &4 5 AR 9 BaFe el ik
o] ZEE TPIEAA Alofslr] fI8] =i AlEHOIE
V-REPP S AH8-3191 1, B2]oll7] © 2= Vortex S A B3}
th AlEHelAE g HFE 9 A2 Intel i7 4.0GHz,
RAM 16GBo]t}. 232] A|o]F7]3=200 Hzo] 31, 252 Ao

dee 25 #A A gholtk

B ARE FEshs Al glsi e 3 S 8E
2| Aste] A7 FE 22k flel7] f18) A (18)3 o] #|
F2 A7]9-8K(Closed Loop Inverse Klnematlcs) 0]-8-3}o]
A 91| #hs A=kl o] 9] o] K 313 #49fof disiA
W] A S5 S5 ] Atete] WA 1A ahs o
skt

i]d =J+(:;:d.-'|l- Ke) (18)

¢ =d""+q At

&dER"% WA £ 8, Jre RT*e & & 2o) ti3k 2
SHIQE o)A} Y, KER™ & H W] ©]5(Gain) H,
FER L 2R En e=gzl—gER S YA FF 23}, s
Ag1e) 249), FERT, TR 212} Ao §12, WA 2
A B, At Ao} F7]o]),

A% Avp= AA S 3 T2 v|uko R 7} 5]y

[ ==
2912 astel A stk B3 LA AE A A
o], Aol ARE-¥ (15-17)] AHd-& 21 (19)3 20yl A=
o) B A2 3T AR AR AEA AR V-5 o]
9= AskelaL, 23 A FE A8 vljoll = (18)0ll A ¢F o]
BE g 94 53 oA e A7) 29)o Hel
Fek, g @l 13 ) A9 4wl vt ael s, ol
Joint 7(+Z)
Link 6 oo
‘::27/\- Joint 6(+Y)
Link 5 :
Joint 5(+Z)
Link 4
[\' Joint 4(+Y)
Link 3
------------- Joint 3(+Z)
Link 2
M\‘ Joint 2(+Y)
Z-axis Link 1 | -0—x=
‘[ ------ ﬁ—--\' Joint 1(+Z)
Y-axis ——

[Fig. 4] 7-DOF manipulator MITSUBISHI PA-10



134 =35:5t3) =524 4137 423 (2018.6)

% sl3le] 9= shie) ot elsaich
'€ R, 3" RY, JERYT, K= 400I€ R*** (19)

:'thR, J; e p1x7

:igER, .]2€R1X7

U,,T:;v,, =:igER3, []ﬂTJ= Jaest
Uz, =:iZER, UrJ=J,e R

(20)

4 0)° U,eRY?, U,eRV £ 247} J& Solg)k el
ato] A& Au i wEls T Solgto] & g HE S &

o1gko] 0ol 77k e wEfole,

3.2.1 4 34 39

Lee et al.?& 24 9] 2] A8 (Upper Limit), 348+
(Lower Limit)ol] A4 | 4] W3] -5 Fep3ich =te] w4
AA7F W H < ko= Zo7PA WH 9 jros §Ho]
L5 3= 294E 21 2ol AAIsIiTE B9 o W] &4
A gholl uhe} A3} A R E AE5H o2 wstAlA B o
A2 3|98}t o] Aol A= [Fig. 519} o] 47 ¥
el ¥4 g 39 A S skl

-d ~
zl =k4(qup_q4) (21)
-d ~

z; =k4(‘11o_‘14)

aup = 64 - A
& =g,+) @

Target Ao 4th Joint Limit
Z-axis
X-axis . ¥

[Fig. 5] Desired trajectory for experiment of joint limit
avoidance

B3 d o] £, g, g, & 43 T 917] ko) A, B1eEA
ol k. alg el g 243} X 3 2 914] ol w2} &
ZHA ] (23), (24)°ll HERISATE 09ll4] 1410l £(g,), g(q,)
2 240l Ytk we] kAo skekA= 27t
Srad, —Trad o3 1G] % X rad?1d] o] o)

3 A 8} A F 2 [Fig. 6] YERARITE

10, ifg >7q,
g, fw <u<g,
hi =100, fa,<g<4q, (23)
9(a),if g, < g <4q,
10, if g, < g,

-

Value of h;
o
o

o

-1 -08 -06 04 -02 0 0.2 0.4 0.6 0.8 1
Joint angle(rad)

[Fig. 6] Value of activation parameter depending on joint angle

0.7 |
3
0.65 —— End-effector Position ]
: —— Desired Trajectory
06 Initial Position
’é‘ —w—Final Position
<= 0.55
2
g o0s
N
0.45 -
04 r
0.35 L
0 1 2 3 4 5 6 7 8 9 10
-0.6 T
0.65 —— End-effector Position
’ —— Desired Trajectory
. 07r Initial Position
g —w—Final Position
~— -0.75
2
]
S 08
>
0.85
-0.9
0.95 .
0 1 2 3 4 5 6 7 8 9 10

Time(sec)

[Fig. 7] Desired trajectory and end-effector position over time



3

. T ~ T
0.5+0.5sm(;(q4—q,0) —3)

£(g) =05+05sin(3-(g,~ ,,) —
24
9(94) =

2 z%= [Fig. 5100 Uk} l50] A2 9]
"’ﬂ}ﬂ 4R d 5&74] a3 el /\lt WA S A A

E}J(Cublc splme)6L O]*OLE]’O:] Z Z} 524 F10 % Bt
wrAlo| = AT Wele Y- kel elvh Alofs
%\3’— Z‘ﬂ X—}?j/] 51’*45}7(]41_ 3&’2}0,31‘_’ 41 #4419

A 37 3]y 2SS B %bﬂr ??‘fﬁﬂ?ﬂ o 7 %k
o] 2ol 2 Faf T 34 3] A st
322 5o 3]y

Solg 53] A3 Aamigre] Solgho] ure} 214] o]

1 T T
=
<
K
v 05 —h
=
&
>
0 . | :
0 1 2 3 4 5 6 7 8 9 10
s 1
Activation buffer
=08
E i Yy S, W e
~
e
g
= 06 |
‘e
S
=
Eo4r d
G
]
Fo2f 1
——qs w/ Joint Limit Avoidance
0 ‘—/—q_l w/o Joint Limit Aveoidance N—

Time(sec)

[Fig. 8] Value of activation parameter and 4th joint position
with and without joint limit avoidance task over time

= 135

=
o
o
H
)
i
3%
v
N
1:1:1
m

= [Fig. 9]¢l Whe} o5
A oA 1 51515 el
A NA 2-% 0.7 0.25 moll
1838l 225 24, &

Y-= Hlako] vl

N
dlo
fo
X
=2
o
= rU?_,
=
é
mlo
_\.L
20

Mmoo Lorr o e
r?L'
Ko
o -
fr
rlr
(%]
)
[
el
Lo
o
1%
i
o

e
b~
[
o
oot
oE
S
Lﬁ
n
38
)
£
)
1
ml
= FIO
fru
e
o
=)
L
o
ﬁv‘
N
N

005 9 174 49 &?jgxﬂﬂékﬂ Solde ﬁAo k3
H 22 Solgkell S-S A 7] wiell byl T T
132 5701 3 A9]& = shglet. Solgkel nh 7 2}l 0] &
743} X 3F= Holgke] 0.0015-E] 0.054 0101 A A S =H] o]
< [Fig. 10]°l YERARATE

[Fig. 11]el14 ek 4= 1A= Z-F o2 A= 2o 74

*  Singular Position

) ‘ ‘ Dj;‘iir:r:::::::::::?

r
L

X-axis
L B

[Fig. 9] Desired trajectory for experiment of singularity avoidance

-

Value of hy
o
0

0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
Singular Value

[Fig. 10] Value of activation parameter of task depending on
singular value



136 =453 =57 #1334 A25 (2018. 6)

0.95
0.9 [
= 085
£
3 —— End-effector Position
N 0.75 [ ——Desired Trajectory
Initial Position
07 —w—Final Position

0 1 2 3 4 5 6 7 8 9 10

L -— h4 \‘ J
0 1 2 3 4 5 6 7 8 9 10
Time(sec)

-

Value of hy
o
o

o

[Fig. 11] Desired trajectory, end-effector position and value of
activation parameter over time

V

s}c;gu} G} A g w7 A Eol 7k
ol 0o] HATH}, FZote WA 107 HUT o5&
Aol A Holx] 37] A& Fasto] a7k

] =
23o] Qb0 $29] A2 AFeAT,

A
2
EY
=~
3
o "

Jm
i)
2§
3
(=)

] A= .

$AE97E e 1 e 1 B 9 B3] Agjow
AAegla, 2 A1 B A2 35 190w A4sgi
A7 SN, & ol gt Fallste] Solgrol 0% s &
o] Hgko 20| A4} A|Aste] Lae] Sol S 3]ushie
= 33k

A3 31748 3.1 43 BYs, BE AR 2% [Fig. 12]°]
RN A& 91Roll ] 1o 18 AA tha] A& %
A2 Bolei= 2ot 7 ML ek Ao M Y-

Z0.1m, Z-F0% 025 moll g} A2 37 AEee)
4 ol 8 A7ts 24, 10 2 5 SHo| = e
Atk WHe = y-Z whake] Whojuk 64| E 2 o] 5k L,
1l o) A o) 53] 217} 2 rad, — - rad o] 3L
z 5 rad, k& 0.5% Si3lc ofell thg 3t 2

Ash AL T8 o] A,

(=]

el e I

23]

1st Joint

Z-axis il
Limit
Y-axis |

[Fig. 12] Desired trajectory for experiment of algorithmic
singularity

) ER, J ERY 25)
Jv 4X7 T
Sinsk = J ER™Y, ity = [U:n U.;]SV
g;fw,c #+ K(z*—z) € R* 6
U xthER:S, ']2 UT-];“k]vi R3X7
= Uk &Ry Jy = Ul SN, € BV

ol%k

]

/_k_]' (26)9/] U;‘E-R4><3’ U;eR‘in‘%Z}Z} J2Ni
Bslel Qe A W WEN = % Solgkol 21}

Solgto] 09 717k 3 WiEfol

il
z

oft
J
4

o

=
=

%] A3} [Fig. 13-14]90] VERNRATE [Fig. 1312 Al
w3 2o Eek A XS YERIET, S o]
eare]s Solx ZA oA FAlol 1 ¥ A Blw <
ol Msfsh= FHolng Bt A2 E G es] 5ok 31l
T} [Fig. 14]: AlRbel] wh2 98} A 5 Ve =] B3t
ol s 19 #d o] H ol XI]iate] hyol 7
313laL, darg]F Sol el =dahiA by 7F0 0 FhAste]
EolH g 3]9jagltt. o5 Fal ¥ w=itellA] 4835k 5ol
3)9] darE]F o2 A ko] 9] - 3to] XA At
= arE)E Solds 3]9Ekith



0.95 T T T T
09 )
= 0.85 )
:
w081 1
< = End-effector Position
N 0.75 Desired Trajectory
L Initial Position
0.7 == Final Position
0.65 \ . . . . . . . .
0 1 2 3 4 5 6 7 8 9 10
0.75
0.7 - )

= End-effector Position
0.55 Desired Trajectory 1
3

Initial Position

=—#— Final Position

0.45 I L I I L . L . I
0 1 2 3 4 5 6 7 8 9 10

Time(sec)

[Fig. 13] Desired trajectory and end-effector position over time

-

Value of hy, hy
=)
o
T

=)
o
-
N
w
»
o L
(-]
~
©
w0
-
=)

Time(s)

[Fig. 14] Value of activation parameters of tasks for algorithmic
singularity

3.24 FE 39

FollE 319 g g2l ol tiste] 244 7ol
ol =S A g5} 7453}0%}_ %}{ ﬁi 4= [Fig. 15]°1
iﬂ_é}oﬂbtﬂ g o = = -025m, Z-5
0.125 mel 9131k 3124 X‘M E% =4 =ol. X}OH
B2 kA o] 9] 501 0.05 mo] L, ek G| & )

B X-FOF -025m, Z-F O 7 -0.125 moll §1%]8kaL ‘E} &
of &-2] X-F $JA]+= 21%0] 0.03 mo]aL F7]7F3 29 AR jJr
FE 2 W= HASI ) A 2= 3 22Tl 3¢
B3to] 5 2 5t ol Ete S AT el Y-S5
HJ%’%%%XB}E% %1013} AL, 1 2]l o) &3t A3
}o1 o] S48} 4| K kg, by S A
=3 %}OH%:’@]?M‘ o] &3} A 3= [Fig. 317} 2ol
o] 2R3 ol & Atol o] A]el uet FAE (1) k,&

FH [Uf

Lu

Fa

‘Im

13

%

oy WK
o it & o2
32 rlo L o,

-

S

23} 7R A3} 2| T F7 s A el el
A oA = Wake] 2kg]o] A E o] Fell &S 33 gt o]
of] th3k Le) = [Fig. 16]3 [Fig. 17]¢1 YFERARA AL, AJ71)

Target *~.

@

Moving
Obstacle
]
Z-axis . ﬁ B _i
L B
X-axis
n =

[Fig. 15] Desired trajectory for experiment of obstacle avoidance

0.8 [
g o
e | —— End-effector Position
'g 0.7 —— Desired Trajectory j
N Initial Position
06 F —«— Final Position -+
0 5 10 15
0] ;
— —— End-effector Position
é -0.1 ——Desired Trajectory g
E Initial Position
A —w— Final Position 4
T -0.2
>
-0.3
10 15
Time(sec)
[Fig. 16] Desired trajectory and end-effector position over time

Value of hy
o
o
T
L

Distance(m)

Time(s)

[Fig. 17] Value of activation parameter and distance between
robot and obstacle along time

23 AL [F

Fig. 18]° YERIATE [Fig. 16]2 A1zt
F 2 AR} wo %

e
of o ﬂﬁﬂ%HHWMWSé%ﬂ

o



138 =383 =522 #1338 A23 (2018. 6)

A | é
® . ® ‘

- - ;- -

O] B O

[Fig. 18] Snapshots of simulated manipulator with obstacle avoidance. From left to right, the shots of robot avoiding obstacle were taken

at0s,2s,4s,6sand 8 s during experiment

S AR R Aol Bo] 7P| F7191 3 Zujr) 2o &
¥ A2E A8 —irf 3HA] H3k3Aek o] = el 319 29
23F X“ﬁ_“i‘:‘r l'171 L‘HTOIE‘r [Flg

ong yols) A2l eslize] 2ebizel /1451l v
29 491e] BA3 AT 21T AelEo] Hol A wA

¢

325 8¢ =Y
S el aE Al /A AlgE 208 STl sk
A 3l9]shs A Sl A skl 38 A= 22 [Fig. 19]

o] T Al 7 HrAE AA= A %
S 7FOZ X-FO 7 -0.05m, Z-F 22 0.05 mol| Y=]3 5
T4 18 AR A2 2A o= Aol Aozl A
o] 5]9]3te] of ghrk. Aol -2 NHAF-0]0.05 mS] A o]
o, Wk AR S 7|F0R X-FHOE 0125 m, Z-FOE -
0.125 mell Y1xIekaL ok ol ee] X-F $A1= okl A3t
EHBA 0] 0.03 mo]aL 717} 3 291 ARRIE e
e AAelr)h theo R B 1S 7]|FOR X-FH O
0.25m, Z-52.2 0.25 mol] #3334 20 sk 4=
el =324 2 FA M= 4HA B0 A G} FolF
&jo]7] mlZol] o] 2 FAlol 2lujstofof gt wix|ut F =
£ 7|70 R 7-F02 -02mol X3 EEH 30
o]t} A= 32 222R] g8 o &ato] 22
SH=5 5 M 15 2 53t o] woke s
kgl HE9TRE Ao oh ﬂiﬂ
5

olaL

I -
=3
l
l\)

ng}
FIF
m&

7
=

_O|L

N~

o

O:

©
I

Y

O

oot

M oox o H1orlr 0.9,
i
=5
i)

r 2 >“

o«

ol

£

r_lr‘

N

)

|

&

|

|

Y
Lo -
0%
S,

1

i
r1o

=
o
12
lo,
At
flo

e
<
&

25

o= 39 29T} Ho
[Fig. 3], [Fig. 10]°l wh

fJ

0.55 o}‘ﬁv} 34 XP%‘A 24
-(11)°] k3.0 B8k

% 319 29l gk 23} A3
185t

RS
=2
<§"
rlo
O

oE

F1F02ii?[~£4>oé

2 ?9 ra
_IN U_u _E‘
ru

Target 2 x?

v
@ Target 3
Target 1 @,
@+ =
Moving : w
Obstacle 4th Joint Limit
Z-axis
X-axis

—— End-effector Position
—— Desired Trajectory

0.7 Initial Position
—w— Final Position
0.6 :
0 5 10 15
0.4 T
g -05[ / |
5 /
i+t —— End-effector Position
« 06 k- —— Desired Trajectory | |
ol Initial Position
—w—Final Position
-0.7 ! :
0 5 10 15

Time(sec)

[Fig. 20] Desired trajectory and end-effector position over time



-

o
®

o
)

o
N

Value of h;, he, and hy
o
»

(=]

N
—hy |
—h,
hy|
5 10

Time(s)

o
-
o

[Fig. 21] Value of activation parameters of tasks for unified
framework

AF ANE [F g 2017} [Fig. 2119 A=]3FAT. [Fig. 20]&
2o} et A=) 9] QA& YER=d], 3
A HEJJr TV AA B A2 E D]
34 %ﬁ}aii, Z ZANANH 12 2 A7 34
Al W3 GG} ol wdste] 3 A2E g8 F
FHNM = BE A2 AT >
S A e A xE Y
ERISITE 3 %, 5 &2 & iMW ol &3 7P A A by 7F 57
ST} ]9 ate] thA] hAeginh 8 2 ZAell A H 12 =
AT hy & S7FFATF OA 0 0.2 7HASFSA AL, by 7
23T OhAl 1 2 S7Fs3iT) ol M| 53 el el aE
&3l Al 1A Algk 218 SAlel aEshEA 398 4 ol
3L, P8 SR 80 BAEA flo) AAS AT 5 AN
3.2.6 HF= 97)78e] gl o] 5
A 3y gaeFe] A= 74
2] (18)¢] #F2z 7]78hs A8slo] RS Alo|dd o,
HHQ) o] 5 d ko] izt A gk A AAE, B A
2 FEoe e A S =Y ok s ol 2
AN A= 3|7t ket ] AXI} o] gisl Ko
ZE A2 fholl whE 2 =l 4] 483k -‘E—Ol@ 39 &g
o] Wik sl ARtk A g $-2 3. 1A A
ek 49 s dsh, H3E 91X+ [Fig. 9]<>ﬂfﬂ A7t 914
o} FUsIh ARE3A A5 B E o) 83l 5 25U #
20| e AAJBIGaL, § Z o] Foll = A= A AT
—EY-—'— ekl WeIvk §A S AloJEIGith Solgk
o) w2 FA 3} 2| F = [Fig. 10)7 SD3HA 44810t K&
400 7001, 10001°J 7850l tisiA A3 aL ofof gk A
I}= [Fig. 22-24]°l YeRATh
[Fig. 22]& A7t b2 23 7 2o} whet 4x] 9] %= Y}
WA=l Ko] thz} At whol] wha 7 A =] Zpel 7k A< )
3L, FolA 319 AP o2 QlE K ARE BT FEIR
S8k [Fig. 23] ATl e Solxd 3]9] 44941 41 2t
31o] B3 A B2 et K71 100073) 73971 A1 D

B4 ol mre Fol

rlr
ol rUlO
o &
I

(
=

il

0.95
0.9
—~ 0.85 =——— End-effector Position(K=1000I) | |
g = = End-effector Position(K=700I)
E’ ====End-effector Position(K=400I)
?é 08 Desired Trajectory
N Initial Position
0.75 —w— Final Position
0.7
0.65 -
0 1 2 3 4 5 6 7 8 9 10

Time(sec)

[Fig. 22] Desired trajectory and end-effector position over time
depending on magnitude of feedback gain matrix

-

—— hy(K = 1000I)
—— hy(K = 7001)
ha(K = 400I)

Value of hy
o
2

Time(s)

[Fig. 23] Value of activation parameter over time depending on
magnitude of feedback gain matrix

35

- = |[haad]I (K = 10001)

— ||&4]| (K = 1000I)

=== ||h4d§|| (K = T00I)

—— |l&{||(K = 700I)

= = ||ha@{||(K = 4001)
ll&4l| (K = 4001)

30

25

N
o
T

Error(m)

-
o
T

%
\

— \J
— ‘ R . ‘ ‘ .
0 1 2 3 4 5 6 7 8 9 10
Time(s)

[Fig. 24] Error norm of singularity avoidance task over time
depending on magnitude of feedback gain matrix

5

S eI K7F 100008 E$-7F K7) 4002 700
Ho} 27} o wh2 a1 wol F7FskR| vk 249 38) #|
= 74] 00 *Eﬂr‘s}Efé Eolx o) 4] ksl

>.\.L
mlo
o -
sy
ot
O
%0
S
iy
r
2 kd
k2
JEge 0 o

o, £
fa no, Lo
(0]
oy
g
(]

=
tilo
&
1
38
T



140 =35:5t3) =524 133 423 (2018.6)

AU RAAE dHHom T3l
%3 o]-g-8to] Folla-2 3] v]sh= dare]
3

[¢)
51—74] Eo]x% X]—OH%O 3

2 o, 3|95k shte) o
CEEE REEEE RUES BEESEECIRE m

i vl ol E) 2 o] g3 ALEelo1 4 874 el
o AL AT 2L 242 31515k 115} B4 Telst
o] ]33k 112 Fste] A Ak

3 Qo] §4 AR ke ek 2 Aol 5
A 7] 782 7WHO.R e B e AAE AN A
R e A X LEECE o
Aoleh. w3 ol & A 23] 4 §3te] TAE o]k

IH
?0

N

>~1

References

[1] R. M. Murray, Z. Li, and S. S. Sastry, “A mathematical
introduction to robotic manipulation,” CRC Press, 1994.

[2] H. H. An, W. 1. Clement, and B. Reed, “Analytic inverse
kinematic solution with self-motion constraint for the 7-dof
restore robot arm,” 2014 IEEE/ASME International Conference
on Advanced Intelligent Mechatronics, Besacon, France , pp.
1325-1330, 2014.

[3] Z. Cui, H. Pan, D. Qian, Y. Peng, and Z. Han, “A novel inverse
kinematics solution for a 7-dof humanoid manipulator,” 2012
IEEE  International ~ Conference on Mechatronics — and
Automation, Chengdu, China, pp. 2230-2234, 2012.

[4] Y.-L. Kim and J.-B. Song, “Analytical inverse kinematics
algorithm for a 7-dof anthropomorphic robot arm using intuitive
elbow direction,” Journal of Korea Robotics Society, vol. 6, no.
1, pp. 27-33, Jan., 2011.

[5] J.-H. Lee, J.-Y. Kim, J.-H. Lee, D.-H. Kim, H.-K. Lim and S.-H.
Ryu, “Inverse kinematics solution and optimal motion planning
for industrial robots with redundancy,” Journal of Korea
Robotics Society, vol. 7, no. 1, pp. 35-44, Jan., 2012.

[6] C.-G. Kang, “Solution space of inverse differential kinematics,”
Journal of Korea Robotics Society, vol. 10, no. 4, pp. 230-244,
Dec., 2015.

[7]1 C. W. Wampler, “Manipulator inverse kinematic solutions based
on vector formulations and damped least-squares methods,”
IEEE Transactions on Systems, Man, and Cybernetics, vol. 16,
no. 1, pp. 93-101, Jan., 1986.

[8] D. E. Whitney, ‘“Resolved motion rate control of manipulators
and human prostheses,” [EEE Transactions on Man-Machine
Systems, vol. 10, no. 2, pp. 47-53, Jun., 1969.

[9] H. Zghal, R. V. Dubey and J. A. Euler, “Efficient gradient
projection optimization for manipulators with multiple degrees
of redundancy,” IEEE International Conference on Robotics and
Automation, Cincinnati, OH, USA, vol. 2, pp. 1006-1011, 1990.

[10] Y. Nakamura and H. Hanafusa, “Inverse kinematic solutions
with singularity robustness for robot manipulator control,”
IEEF/ASME Journal of Dynamic Systems, Measurement, and
Control, vol. 108, no. 3, pp. 163-171, Jul., 1986.

[11] B. Dariush, Y. Zhu, A. Arumbakkam, and K. Fujimura,
“Constrained closed loop inverse kinematics,” 2010 IEEE
International ~ Conference on Robotics and  Automation,
Anchorage, AK, USA, pp. 2499-2506, 2010.

[12] S. Chiaverini, “Singularity-robust task-priority redundancy
resolution for real-time kinematic control of robot manipulators,”
IEEE Transactions on Robotics and Automation, vol. 13, no. 3,
pp. 398-410, Jun .,1997.

[13] A. A. Maciejewski and C. A. Klein, “Obstacle avoidance for
kinematically redundant manipulators in dynamically varying
environments,” The International Journal of Robotic Research,
vol. 4, no. 3, pp. 109-117, Sep., 1985.

[14] T. F. Chan and R. V. Dubey, “A weighted least-norm solution
based scheme for avoiding joints limits for redundant
manipulators,” IEEE Transactions on Robotics and Automation,
vol. 11, no. 2, pp. 286-292, Apr., 1995.

[15] J. Kim, G. Marani, W. K. Chung, and J. Yuh, “Task
reconstruction method for real-time singularity avoidance for
robotics manipulators,” Advanced Robotics, vol. 20, no. 4, pp.
453-481, Apr., 2006.

[16] G. Schreiber and G. Hirzinger, “Singularity consistent inverse
kinematics by enhancing the jacobian transpose,” Advances in
Robot Kinematics: Analysis and Control, Lenar¢ic¢ J., Husty M.L.
eds, Springer, Dordrecht, 1998, pp. 475-482.

[17] F. Chaumette and E. Marchand, “A redundancy-based iterative
scheme for avoiding joint limits: application to visual servoing,”
IEEE Transactions on Robotics and Automation, vol. 17, no. 5,
pp. 719-730, Oct., 2001.

[18] K. Glass, R. Colbaugh, D. Lim, and H. Seraji, ‘Real-time
collision avoidance for redundant manipulators,” IEEE Transactions
on Robotics and Automation, vol. 11, no. 3, pp. 448-457, Jun., 1995.

[19] K.-K. Lee and M. Buss, “Obstacle avoidance for redundant
robots using Jacobian transpose method,” 2007 IEEE/RSJ
International Conference on Intelligent Robots and Systems, San
Diego, CA, USA, pp. 3509-3514, 2007.

[20] S. R. Buss and J.-S. Kim, “Selectively damped least squared for
inverse kinematics,” Journal of Graphics Tools, vol. 10, pp.
37-49, Jan., 2011.

[21] J. Lee, N. Mansard, and J. Park, “Intermediate desired value
approach for task transition of robots in kinematic control,” I[EEE
Transactions on Robotics and Automation, vol. 28, no. 6,
pp-1260-1277, Dec., 2012.

[22] S. Kim and J. Park, “Singularity avoidance algorithms for
controlling robot manipulator: a comparative study,” Journal of
Korea Robotics Society, vol. 12, no. 1, pp. 42-54, Mar., 2017.

[23] K Oonishi, N. Oonishi, and K. Shimoyama, ‘Producing and the
latest development programs of the portable general purpose
intelligent arm 'Mitsubishi PA-10',"” Advanced Robotics, vol. 15,
no. 3, pp. 333-337, Apr., 2001.



[24] E. Rohmer, S. P. N. Singh, and M. Freese, “V-rep: A versatile
and scalable robot simulation framework,” 2013 IEEE/RSJ
International Conference on Intelligent Robots and Systems,
Tokyo, Japan, pp. 1321-1326, Nov., 2013.

xae
2016 et 7B EEAD
2016-84) AehStn SR A,
HAL B

e |
‘1/?‘

FHJHEok: Mobile Manipulator, Motion Planning

U Y3

2012 A gtieh /AR E RS HESAD
2012-3) A TSt § e A, uh)
94

rO

FHA)F0k Robot Hand, Dual Arm Manipulator

A
ut 4 5

2017 -2t ERER(FHAD
- 2017-%A) A&t SRS AL 2L

et 3

Ao} Mobile Manipulator, Planning

ut
1995 Agthshal 5933 HE D
1997 5 hotel BT TIARHEIY
2006 Stanford University Aero/Astro

OIOII

(ZsheA)
2009~ Aerhehn $Rs et Ere
S

P40k Robot-environment Interaction, Multi Contact Control,
Whole Body Control



