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Summary

The domestic study for humanoid robot is mainly focused on walking
and running etc. And the study for Robot Arms is emphasizing in motion
that hold goods, but study that robot arms avoids obstacle autonomously is
unprepared. And most study for robot arms is focused on the motion of one
arm and is not considered about the motion of two arms at the same time.

The ultimate target in this paper is to suggest efficient path planning
algorithm about work that is given about 13 DOF upper body with two
arms of humanoid robot Maru-1 and to demonstrate it through 3D
simulation that the real robot is modeled equally.

For this target, in this paper, kinematics of the robot upper body is
analyzed to apply 13 degree of freedoms two arms of robot and body to
path generation algorithm and inverse kinematics is analyzed to get each
joint angle about the inputted target object of robot two arms. And merits
and demerits of each algorithms is reviewed through investigation and
study about classical path planning algorithm and the theory of sampling
based algorithm to be possible to apply to multi-DOF system is analyzed.

There are RRT (Rapidly-exploring Random Tree) and PRM (Probabilistic
Raodmap) in sampling based algorithm. RRT based algorithm is analyzed
in priority in this paper. RRT define free configuration space and choose
random possible configuration repeatedly and connect these configuration
from initial configuration to goal configuration. This method can reduce
unnecessary calculation that is used to construct road map in first step
unlike PRM and is effective to find the path in configuration space of
nonholonomic system and kinodynamic system. In this paper, the acceptance

of these algorithm is demonstrated through the result of 3D simulation.

_iv_



. A

=

vy
N
ﬂzlmaﬂ
A,gﬂnomﬁo
7C_ -
4k wo,@%gﬁl
w X w 5 i)
= — It r T
Wn%ﬂw&ﬁuxwo?w‘_@
ﬁ:myym,waymﬂi%%%z
T mmﬁ AN = = o . o — 5 = L%
& od F TS . N i i 4 % oy M_E ha 3 S 5
Laoeﬂ%mﬁo:oﬂo@uiﬁ%mﬂ G
o /4 .A]] XN S
ga_so suTﬂ EAAJQ o o
%%ATEOEﬂQQHETAﬁHQO%m
@E " mT Hh &m o K o oy 3 oy oﬂ <) " @ oE w—m o
%%_ow cogﬁ%owggaw,ﬁ%aua
o_ . — =
o wﬂtﬂ,_ao,&yﬂqﬁoiauto
ﬂwwﬁmwofz%w_aogmqué
) EM NI _% = < N Ay X o & 2o L T o <° Nfo
| Ly 9 o o ok 7 AN o & S o ) i L_-E
w.gliﬁ; év%wi - ; =
ﬂy%d}ﬂnmﬂnzA%xOEi%
17r1_ﬂﬂ %E ﬂ7:uﬂﬂioﬂaﬁmt
— g — ~
o B N - o Jo M Y 4 o ] % T X Woo M
. i ~ ! H i Iy " T N 7
“ed x EM@ﬂHtﬂwM%%
NH % {F o TR WO EM o W of T o X = i =
+ oy v £z 5= o 7 IoE o ol g =
SEE@7BH7MLJ%Hﬁgﬂ.mmA
JIL. . " 1_ —
fyaqﬂﬂwJw:a%i:%mmhu
& %@rﬂcg s F " oﬁﬂ.qﬂman
OMH]]]%IOL‘_,I‘I‘._.inmoO .
nﬂﬁ_:lﬂ/ﬂ LeqtﬂoxﬁEMA(M\ﬂ7
wﬂﬁw‘_cﬂﬁ7ﬂlﬂﬂﬁ T@uﬂaﬂ
@HMM%% ﬂo_eﬂ_fgm
,o._eﬂxmme%maﬁﬂz
o_Ew.mﬁ7Mﬁ o B =
Aoof.u@lbﬁb H.TJ._I
ﬁoowiwa
qﬂo#]
mHo
Gl



)
o%
i B
o \ _
,o A
o N ~ o =
7 N roT
T o = o oo i3
- nEE RS SR
X o 5o P T 5 s R Sl T
o B om B X W ™ 2 = o W ry ®
o o T B P o L X0 =
T _ w 35 2 oy e o N EK =
| = o 4 d T T &K TN ! A U
< T Mo T W % el = & B X w5 oy
A ﬂ,ﬂ@ ! mﬂmiJar% %W% " ce
oF Qo = e L, o WX - F ¥
_ . 5 — Iy =o = —_ _
N m ey 3 N A G ) s i N
X - N Eiw . N\ 3w
N 2 Gl = xﬁ_ﬂ Moo J@ i 5o 9 Mo
— 0 =\ o K J
B MEI ¢ S Uﬂﬁm@a@
3 mm - < M ! W B EJE iy LI LI =
To Bl o S > o # T = BT
ww of = %__ 1) mﬁ o CCICY & g _WrL T W s
~X BV e ] —~ HT_ o o s = o ZU
: mEMQQ%gwﬁﬁaﬁﬂ%ﬂa
— _ 13 = f T ] 1)
& O = a,_amo}ﬁx maaoig s
~ w S o T = o 5 3 o0 o % Al o
N m MEH = R S vy K I )
= .z = S 5 B A A o T =
= " g B 74,73 o Ik A £ o=
= = S o RNy K T
G Ne i
i W o= w KT o )i Tt ) el o 2
uon 25 o ™M & = % q T o £
ol Ik Ly jo= B % e = Mﬂ ) I N g
< B 0 ok T T mo - EA 1) K o ~ ) it m
e = o i wt - = < = = - vl o Z
L _ (I mh EK T T = I " ™
B = o5 %o I w = G 4
Gl oo o ™ o N F N o =
N o M T Nl O~ T 2O h
~ / o—u ° o N ~ .
O T T i 5 I ST
— = ~
N mm N T
EE ﬁo

S Egj
ooH H]

7 o]

I

=

Al

Fol
Maru-1 2% A7)
S A oﬂ EH

°

2
S



1225 §159]

] A

s
R

[e]

a7 F

BE B <1

II.

TR

] A] "ol gt

I
R

[e]

so] 37

o

a7 A3 w2

o] o}y 1

5 ©

e

Q.

A=

ol

-

1

| 2~ € o]l

[e)
1

F A

A

Ze A

Gl
7ol
B

el
Nm
N

o)

et

\mmo

o] 1o wE e

-
=

—
=

<

o] o

o A=

=
T

bA 7

1

-

o] el A

i)
el

70
e
xr

o

15
oo JEH o=

& ojEe

=

Al

i >

S

=]
RN

Al 28HCell Decomposition)

bl ot

1€ R AAH G F

°©

N

2
1.
1

o] UThI2] FelE Pl o=

Eogye el e 57 gelEe] Feo wel 24

il

I

=

3

A

al

wat

p=i
L=

A A R R

=
L

5 o

Tl =

-

Houp A ®a #7o|

1

I~ -
T

Al 7N

A

]
o] Zt} Fig. 1

=

]I:

o,

5171
HolE

°

=

=

g9 4

.

el WAL A e

™

—_
fite)
el

m

o
&
Y
ol
Gt

et

)

—
fite)

1o

il
el

N



Qi e mvle AR FHe Raste] 7o) MG FejEe =

ot

& a1
= A offd et FHE 7w AL o] AES THA wet AFAgste o
A ZILE Ao mokuh 9|7} o Eoll HFAo]ojA dlolE AHd| &o]s)
t}. Fig. 2& el Ed v &40 A 2y e] o & HojFErh 3, A &3
He F5dds A TR Agsty] Wiel EEddd dHelEvt FoER

dag]Fol gtdety Ao A ¢ v s AL

32

i

‘9

S-

'“-l

i

Fig. 2 Cell Decomposition not to depend on the obstacle

1.2 2N EXIZ(Graph Map)
JYPEZA == Figd(D)y o] FoEs E53 tg4ds=2 A8 43y
E9 IHAHoly AP E A A AEE W= Wyt 3] v4dE S %

A AR gelEe] avlntt A 4 mike] thade mAHE wel)



% golEe] PEAA @S dvh g HAHS w=Node)eh s, ®
Helg AA(Edgeeh ok e IARel= AT TAE en HH Y

ZA L Fo] Utk FPA TP ZA == Fig3(2)9F o] Zzbe] oA Hol=

= ARE AYAN AR, F F gge 948 Ax F ¥ oz

HAo] HeE AEWNS IAE ARE FAaYgE A= 3o} Fig.3(3)2

fzol FHIT ol& 2357 Ash HAIHZAENAN ==7te] AT

JAZAEe durgel Fels HATREA e, FATYLARE F
SA FAEe seiztol & w) AgHAM, ntaPAgEARE 2¥o] Fof
Bol 4 Do) WolAA Falslor & W AgHT

JUEARE Gl B HANE Hopok su, RAHERTE FAHS B

o gelE 79e B2 wEolof 3
a1, th2he

=

=

rlo

(1) (2) (3) (4)

Fig.3 (1)Graph (2)Spine Graph (3)Tangential Graph (4)Mark Link Graph



1.3 Elastic Strips

Elastic Strip W2 Z 3o A& vt Edolg 7MAS ] FeollEs bd
sHA 3l3 st =s Sk ol tH4] FolE " Al A Aloldl 7Y o] #&
stth= AdA s AFAAA Md = FARIY 53X -171A 9 =g FoF &4

gol Agdrks dA AFALAT nie v AdH Fd &S
AFEE FigAA @ o wels WY A3 9% o] A k] mie] 73

oo T AL Fatel FalH MEel WG Yol s mio] BEALS

oft

filo
b

| &
i

of Mol UR @3t 9% Fol £Al =, WY Pe ziol AW

AHge] Gartole] 2ol Ansle] Yuk FRAh o] AHOE oF F

of AAS ofgdatA HW o] AA S olekg WASHY] flete] BA A -
9 o] #AEste]l dao AXS A Zmokwth olwf A4S Bo] o]EsiA H
Ao ol AXA HW A AFEHAZ AAA ATEAAA EHE A AP
Wi glo]l HaetA "vh o 32 Asols 2R AR Agoly AY ¥
el A el HAS wel F= glo] BAARA o]EstES st o
24 xdld "= 94 (Potential Fields Method)#} fA}sicl, Leld Hx= o
He 2RS xHA 5 9T e EAZ HAwste ol x4 #



Mo

il
I

] &

%

HAl vk ek, Fig. 5

)

2 7l A Werke @d=

1

Obstacle

Obstacle

(a)The environment (b)Goal Field (c)Obstacle Field

Goal configuraion

(d)Potential Field

Fig. 5 Potential Field Method

[5]

=
=1

£ 7 (Sampling) 7| ¥t¢] &g

Al
=

2.

o] Aol ®od HF

3|
2|

I, of AHgEe] 23 Az A

)

g0l 7bs

3|
S|

A HeE 5 =2

=N
=

local minima®l] 4

(Potential field)=

1=

X

Do

o3

<0
&y
A

K

ol
G

]

TH

!

N
2!

)
H-

il

alg

ol

B
B

=Y (local

=24

SCERELERESS

o 2 HE

HET

3

:rL

]

ik

9]

planner)el] 2]

1= IR=]
T

tek e o

S

23l 487b5

=
T

gomA o o

M



A= dug == thEFoes PRM(Probabilistic  Roadmap) ¥}
RRT (Rapidly-exploring Random Tree)”} Ath. o] HoMd= F L1y &5
Hlauste] ] 2 EAES Ay & Flo|t

2.1 PRM(Probabilistic Roadmap)[5]
PRM(Probabilistic Roadmap)= & 20| *| &= HolE AlolE 7Mooz &
Qo= BEO HFE BEE At 4= A8 WHEo|th PRM2 =4

=l
o wkgo] waw Aol Aag £33 Altsls AS dste] A= A

PRMd = <5 ©A(Learning Phase) ¢ # 2 ©A(Query Phase) 7+ T
2 FAEHY A g5 dAdAM = 22 Z Y (Local Planner[6])o] 2o]3] =
Bol olojo] A F7H(Random Free Configurations)S AAlstal 7r&3}HA
IRAES AAso 2 Probabilistic roadmaps T3tk 22 Zg o] 9
3 Al4bE :=Z=(configuration)®} =52 AZASF= AA(path segment)E 1
HEZ= A3 Fig. 6olld= 2=9 5 A S Hetidla, Fig. 7@+
EEE AR ddg a”lolth o] IFA B 2T X7 wrEAH o

THAEA 2 zol A= Aol Z YE]IH

I g A SAdAE 2 A G Teld 2Ege ugoes %7
T4 AE(Start configuration)® =3 4 A H(Goal configuration)S 9=
&Fal Distance Metricsg ©l-&3te] o] F koA 71 7h7ke 74 AH

(configuration)& AM gt 2ths o] F 7M7be 4 EjAlel o] AEZE A
qbeto] ZEo] Ad 7t ARE 9 AU Fig7h)oA s 7 493 F
Fo AR RS yekd ¢t} Thierry Simeond o] dug&5S Wy &



6

BUILD ROADMAP

1 G.inif(); =0;

2 while iKN

3 if a(2) €C 4, then

4 G. add _vertex(a(7)); i<—i+1;

5 for each q= NEIGHBORHOOD(a(7)), G)

if ((! G. same _component(a(z7), q) and CONNECT(a(7)) then
7 G. add _edge(a(7), q);

Fig. 6 The construction algorithm for roadmap

A Start s ] Goal,
vy . a4 =5 /
/\; ' // \ " T # Al
Vo =\ -
» | /ﬁ / \ /. M o R
\ 4 9 » A
\ 7/ e v ! ¢
: e /// 0 / LS // \\ \\
" | » !
/\/ 1R \\ S : \

(a)Learning Phase (b)Query Phase

Fig. 7 PRM process

PRMS 54 =7 74 FHS H3x 74 ZHe A4S &+ o AEsA
steld Zuiide]l 74 AHE g Bol FEste] REYS o] wwstA g
7F ot ALk A[zto]l ol Aulopgtt. il AR AY Aol 1HEZE
A FEoF HER HE FE 9o EH8% SRS 74 AH Ee A
o Alite]l @otd 4 glom=w o] wapA wilo] = 4 drd el o]
Adug]ES AWkA <l nonholonomic planning A9} kinodynamic Aol &=
A gotA g



2.2 Rapidly—exploring Random Tree (RRT)

RRT[S] ¢nel5e A4 74 #14¢ Fan 27 74 2d(g, )% =

< TFote 548% Adte]l Folen 8 v ARE Alzdle 2 A
sk ® olyg} Aol E 3} nonholonomic A]Z~#l kinodynamic A]Z~®lS 7FA =
A IS W] e &34 o] HH9).
James J. Kuffner, Jr. + RRT®} Connect heuristice Z %3 RRT-Connect
]_

[10]. o] 23BEE RRTSE 22 ¢,.9% 4,

ol

ol

s

od L

2
Z AAstE "ol 71F RRT Rtt AHe Zol 9 &
9lth, RRTE F2 %99 Frwolt ZHo|kw wo] H8¥ 1 9t} Eiichi
Yoshida: Fig. 83 2 30A4f+% HRP-2 ZEo] FE3y 9 A Zy
of A&343[11], James Kuffner= Fig.9¢} #& H6 =49 wWyFEd oA
2] Ao H&ATHIZL e FelA = o] RRTE18F53 2EE RRT

S EEL B, APtust s Froweols 2i e Aol A
A7 HE oNE Wug Bk

_10_



Fig. 8 Avoidance of HFP-2 Fig. 9 Manipulation of H6
M Fowol= 22 439 7788 34

2 AFo| A AFESE Fr|xol= 2E S Fig.l09A4 E& vlel o] Maru-1
ot} o] ZRe Qwe] ohAWi} KAISTE Fuste 9o Weg)ag 288

of 2R 9o AFH A2dS B3 dFE AABHH ¢

rlr
Q
)
>
=
o
fr
fc
0
il =
et
-
¥

Maru-19¢] 7]=150cmo] i Z5-A= 67kg, H o] B E£5= A& 0.9kmo]
o AaEe 4 oy 64 E, 4 & 6ARE, 4 £ 48R, B 223, 3§
g IAFERE F BAFEZ o|Fojx] o AMZE 2HHL i, v

AE9 i EAE 24 T 5 dE Y/ED AN, A A4S

_11_



FRONT - SIDE e
e P
il AHMS w

E] .
microphone i 58em
Tiem ;

. ARAIALA e,
pase sensor B

force/torque
sensor

150cm

Fig 10. Appearance of Humanoid Robot Maru-1
2. FHxol= 22 A JFE 4

2.1 7173 a4

B AlgEE 289 AAle 44 647 = (Degree Of Freedom)<!
¥ 23 s IJAFoRE o= 1AFEY FAZ 749 F 13-DOF Al
dolth, 28 Ao A AAL Fig. 119 2o

_12_



Z6 X6

Fig. 11 Setting the coordinates system of each joints
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Table. 1 Denavit-Hartenberg Parameters

Link | 6 | d | o Q; 0,

B-U | 0, | I, | d | 7/ 0
L1 01 - ll O - 7T/2 - 7'('/2
L, 0, | dy 0 /2 /2
L3 93 l?, 0 — 7T/2 7T/2
L4 94 0] 0] 71'/2 0]
L 05 | I 0 | — 72| —7/2
Ly O 0 lg 0 —7/2

I, = 0.284
d, = 0.04
I, =0.1615
I, = 0.061
I, = 0.224
d, = 0.0055
I, = 0.225
I, = 0.041

291 7 2E HEALE] WHAALL
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0 0
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sin© ,

0
0

—/,sin® ,+d ,cosO
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o

Ly

BT s =rol(z, © yu)tran(x,d tran(z, 1 ,)rol(x,%/2) tran(z, — (1 y+ 1))
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0

Ly
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0 0
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_|sin®, 0 cos®; 0
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0 0 0 V
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cos® 3 0 —sin®5 0
_|sin®5 0 cos© 3 0
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° 0 I N
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0 0 0 1
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0
6
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BUILD RRT(q;,;)

1. 7.init(qy, );

2. fork=1to K do

3. (,uq < RANDOM CONFIG;
4. EXTEND(7,q,.q);

5. return t;

—

EXTEND(7)
l. q,car ¢ NEAREST NEIGHBOR(q,7);
2. if NEW_CONFIG(q, qcar > G new ) then
3. 1. add_vertex(q,.,);

4. t.add _edge(q ey Qpew )s

5. if q =qthen

6. return Reached;

7. else

8
9

return Advanced;

. returnr Trapped;

Fig. 18 RRT(Rapidly-exploring Random Tree) Algorithm
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Fig. 21 Voronoi Diagram Implementation
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g5 227 A4 wolustmg J]2 RRT urhe A At @52
4= 9t} Fig23 A& T Eg st wo] vrts A4S e

CONNECT(T,q)
1 repeat
2 S — EXTEND{T,q);
3  until not (5 = Advanced)
4  Return 5;

RRT_CONNECT_PLANNER(ginit, @g0al )
1 T,.init(gine )i Tp-nit(geea);

for k= 1to i do
Grand ‘— RANDOM_CONFIG();
if not (EXTEND(T,, gyand) = Trapped) then

if (CONNECT(T;. pes) =Reached) then
Return PATH(T,. T,);

SWAP(T..T);

Return Failure

00 =] 0 O = L3 B2

Fig. 22 The RRT-Connect algorithm

Xrand ~near
near

Xgoal
X. . goa
init

Fig. 23 EXTEND of RRT-Connect
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3. Goal-biased RRT €138 &

712 RRT <a12]59] random sampling ¥ A=E= ¢, 0 7t g .4

BUILD RRT(zinit)
1 T .init (il?init);

2 fork=1to K do

3 Trand — RANDOMSTATEQ;
4 EXTEND(T, Zrand);

5 Return T

BIASED RANDOM_STATE() +——
1. toss «— COIN _TOSS();

2. if toss = heads then

I, retyra £ 4%

4. else
5. return RANDOM STATE();

Fig. 24 Goal-biased RRT algorithm
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4. RC-RRT(Resolution Completeness—-RRT) €18 F
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R e B 00
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5 d— P'f-'?'- Lrandom JI'

G 0 < g
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Tpest! < T

1 dmin — oc ) 9 r — random number in [0,1];
2 for all » in &G 10 ifr =olx)
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<RC-RRT ¢xdgd&F FHL&>
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