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Potential Based Path Planning for an Object
Convey by Multiple Manipulators

Student: Kai-Guo Liu Advisor: Dr. Jen-Hui Chuang

Institute of Computer Science and Engineering
College of Computer Science
National Chiao Tung University

ABSTRACT

An algorithm for path planning of ‘an object conveyed by multiple manipulators is
presented in this thesis. The proposed algorithm utilizes a generalized potential model
to evaluate repulsion between manipulators and obstacles and between object and
obstacles in workspace, so collision avoidance of the planned path can be guaranteed.
Without converting information in workspace into C-space, which is computationally
expensive, the proposed path planning approach is very efficient. We add a movable
object into the workspace. By using the manner of convey between several
manipulators, we can transport the object to a remote goal plane, and also make

possible some tasks which can not accomplish by a single manipulator.
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A& (surface divergence ) °
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g SR A A A K o

~ O (origin)
Y

-

Bl32 Z@azme - B Mmp COR3TY 28 Senilv - )26 5 587,SehTa Qo

5 SR - FMCBe 7 5 S22 Tg QipM B R E LR 32
Her'eCe % 4 H - M pl™ » AP iEx
dAn (r-r')>0 (3-2)

MRS A d 1 3] Q hEER o

324 E ik
BRAIL Y e & ST AR T AT Gt

fn (R)P (3-3)

He PESY RBAENIDEE T Argd7 raQl ek o



# 31 ehp n L& K, (RRE
1
R Vs - (f,(R)P) (3-4)
B bt 3¢ s V(L) E T AR e e R0 4 (divergence ) e iF o 5V
(G-4)x ¥ IV A A - PR A AR

EL:V%W>P+ﬁAmvyP

—(R-P)f/(R)+2f (R)

=%2f (R)+2f,(R) (3-5)

o R B s AR AT BT R S (S I ke g g
%)
1 1-m
fo(R)=— [RITAR

logR

RZ__dZ’ m=2
K 3-6
=l m=2 (3-6)

(m ___2)Rm—2(R2 _dz) 9

CfR)Ap§ ¢ 62019 * >0 2 4 AR B £ Sk o )

3.3 B & it Fenfair 2
1 G 32 ) H et (R) HF L 1=y R=d BRI, (R)§ 2% 5
BRI o AL S, 2T SH Q¥ g & Flw v & 5 FIZADFlAR R A

FRE-D ST TEEATA A i Vo B 4T

ﬁ—hmDV (f,(R)P)dS + S{R }

S

—jf (P - adl + lim —jg f (m)dg ” pdpdé

00 (p+a2):
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=>4, j f;(1)dl+ g, (), (3-7)

H2e
foo(1) = f (R =12+d>+(P°)?), (3-8)
alogd, m=2
On(@)=y___ & M) (3-9)
(m-2)d™*’ ”

BN(3-8)¢ o PO A, & Co2 B el LRI r aC R EnF L S e nd
B o R EF eI O AS PRS2 Fl¥ & - Bol ki § a=27F 1,
BSPI o m =1, &SRt cdrkr, &SP AR iFf kg E'Ja,?%

FizAaf@end b o (5 RGPPSR )

___________

(a)

(b) (c)
B33 2 adFiazaz®9 ab]so(a)i- BI 2> RHCE 42452 5 2t S0a] ek

GRS AFL TR0 F z=0 > BT % OABC “7Thjie H it HA4 F %

, WAL (X +y?)/2 ,

AW (0¥ x=y = (Y7 P Bln % OBDE #7fjie H it 34 F ¥ R -
B P B AR o B AR

331 & i (4 m=1p)

A20JALZEM T AL A i B F m=1 B B F4eT hE A
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RO 4+1* d Id
f(hdl =1 —| tan™ 3-10
ll() 0gR44+W{an WR} (3-10)

Ra PR FIAF LR KPP F ot 5 4 (force) LR o - B
THOPRBAEFERFERY APBERS - 22O ERSEIFFL TR (4
Bl 33(a)) > &K E = > e E R AR (£10,£10,£10) c A e g A
RPN IE B D 5 (5 L[20])° B 3.3(b)% B 3.3(0)A W& F 2=0% x=
YR B2 RPN hE R o (d S B33 E N x>0% y>
0384 o B 33CRET FHX>00y>02% 2>0 03040 ) NPT gk BLE
EEVRELE T g e RE i AR O R a3 o
BLEHRAIEVER Y o AP E AL ARE Y 2 R R RERE A R

ST B AR oo T A PR T R 0 G & i SR
332 B & a4 (3 m>2 )

$har m=2 ek end @ g (1) 5 B g A ot m S B f ()Rl

SRR % M=2 AR T HPR S kR 4o P2 OpE
SRR PGER )
|d I"d
f.(hdl = tan ™' —tan™ 3-11
i 3() |: P()R_ P0R+:| ( )
1 1 I* |-
f,(Hhdl = —|tan” ——tan"' —
i 4() 2d2|:R0|: RO R0i|
1 -1 |+ -1 I_
~ 5o tan E—tan P (3-12)

Fod #3G7) APPE SR MY hF - Th 2 i £ R ek T A5
S5 R MATA A R e bldo o F ME3 R NGB)F B A T AN

dS AZ[®3I(X =1",y,,2 ) (xi =Ii+,yi,z)+% (3-13)
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A

EXG-13)¢ o E BC ks v X o Y, 0 2(z=d>0)wa s El o —0 2

A8 > AR P RBR =h ¢ 0 C ot a0 enD(XY,2) R

e
E

XZ

YA X + Yy 47

D,(X,Y,2) —Lan (3-14)
Z

3440 x4
BOSHE- T (XY,2) A4 T4 T £3-13) 0 RHAFRE
E B = e AR S S
—ZVi[CI)&i(xi =1,y ) 3I(x =1",y.,z )]+%iZ (3-15)
He » ViEnC Akl o Bt v JiEs 4 7o f|* THE NS 7

5% F19

o0 ] (3-16)
X  (X+y WXy +7’
oD, _ —X(X* +2y* +2°) a1y
O (CHYNY WX+ + 7
tan™' Xz
oD, Y/ X+ Y+ 2
oz yau
Xy(x* +y*) (3-18)

z(x +y )(y +2 )qlx +y +2°
35 R & i RS RBIF AR
PR & i S - BRFIGFMERG AL i TS TR b
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AERAPRALPEAZRZEY BRI FEF O BE D S g

e

FpiAz > 12 mdhenjiy Bk o B eni & -E S RRRERG] A T 5 S Rk

B R R AR P R TR ERY cFARAPE 45

R LR enL (ETRE 0 BT K LE £ PR TR0 o B ls A G DI AL
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IR IER R

Rehe ST L & LA (FE R 5 B R AR 0L A T

310 4ol 41 5757 0 F A0 A e il R £ RFena (g 7

gt R
ARG e BAF oo~ w5 SR (manipulator )~ 4% @ R4 (object) ~ FLFE &

(bottleneck ) ~ fi#td» (obstacle) o B Rl g RERF 3 § B & > & B 3573

£

S BRIER Y R TSR AL ARAR A BARZ b o &S
WO DR FHE S § RS P BRI R il

ST L SR P S I ERE S Y

27

(T 451enp Rpr > AR 5 (guideplane) o 12 - BAkdy R M BRI

o 0 NPT L ¥ BT G (goal plane) e
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TSRS

FOE AR T 0 e R B IE S A e BEBGE T 4 B

m o

17



manipulatTr
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\ bottineck
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- BRSSO DR T UL ST B

(1) *z#& k¢ & (Revolute joint) - 1-DOF joint

(2) # & 8 & (Sliding joint) - 1-DOF joint

(3) [F4L2; 8¢ & (Cylindrical joint) - 2-DOF joint

(4) 43>8 & (Helical joint) - 1-DOF joint

(5) =258 & (Spherical joint) - 3-DOF joint

(6) T & B & (Planer joint) - 3-DOF joint

ZRZEYOBRIFLIENNGEOERNZE RS AR P AR

B et A PR Z A B IR AR § kAT Bl B o o 4.3 T 5 SRR

g - B3 o

B43 =Zapd BEME O

4y

|
A
ol

N
NN
=
'q >

42 ¥ £ RS RAIR B

YAl E s AR AP RER N FE 0 P E R SRR R
e o b Ardpide gl BUE P H BT G o ip- P G THGE | F TS FE 0 R R

Bkt A LR & o ) ode it B A E & (endlink) 2t BiEs £ Flig

A
.

SRET O RNRABE T MBS TR T AR B R LI T
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Move the end link toward |
the guide plane

end

A

Adjust end-link position no yes
Adjust joint angle of end link

A /
nen-1 he guide plane is

arrived
i
A
Connect n-th link to the
joint with previous link
and adjust the joint angle
no
yes Adjust the last two
links

W44 H- IR R ER 29 N2 FnR -

42.1 % &% i

YeBl 450 B2 RFZEY 0 0 B RFRFLPFRIRFR G e o AP
R& i B B0 RS B S enald S o (PR E e ) 1k
G LR RS S e BHFEYR O LT X E LT riiEe 22 R B AR
40 PIRR E PR R R 0 £ 02 1F G T suEd £ R

FRREL B SHE] T EEL
[ T * 7

—

SR RREF L RARE & gENE
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@
A

Calculate the
attractive force

A

Move The end link
by J toward guide |« o=012
plane

A
*ycs
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422 # & T e

V_Plane

goal plane

forward direction

Bl 46 ZE£DPHETe (goalplane) shexsl+ » ¥ A3l 4 S22 0T 5 (V Plane) }
e .
Eﬁ%ﬁ%é‘éﬁi@ﬁﬂﬁéf%iﬁ’ﬂfﬁﬁ A B S B 3 gl 4 S 5
w g T e (f 5 V_Plane) “F & V. Plane H A &3 F > @ S &0 Fp o

&% V Plane [+ e qc & M BE O A Fﬁ"ﬁ g T P L b o 4B 4.6 P o
ProdElaapM> e AAdXpET GR35 R TFRBHDE

i Bl BEor 40 V_Plane ~ 88 E B~ PTG g 5B R o

4@ 4.7 "$ T IV Plane 2. ¢t > BE AL E L LA & - FFEREE
Fi A OPEP T e BRSO T MBI D R ISR A E 2

if T BB o F AN P E ML ende T 4 > ¥4 4 LB F] V_Plane
2o @R - BAA Pl ei B PO o BB AE BB SRR

ApRER - SRS ERARPEF L @I R FEF Rl

Foe  FFeRBFEXEF TRABEAFENG PR BEA DY -
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start

A

Find V_Plane using
attractive force of guide
plane

A

Calculate the total repulsive force
toward the end link and find its
projection on V_Plane, F

S yeS

A

Record present position
asp

A

Move along the direction of F,

and Check force direction after

each translation until the force
direction is opposite

end

no

Record position p”  of
the end link and
calculate the movement
D=|p-p’ |
y

Continue 1D potential
minimization, each time halve
the translation distance

W47 3 &858 a1 (v -




a;"_j
£'d
&/'16 &8

&'32

minima of potential
W48 IFF- AT ALE -

42.3 o T {70 B
IRETRERABBAFL AT LERL e - Sl BRES
- ERE R T G T D] A t"&«émﬂiﬂn PR R e Tk A
10 B 2P k-t Bl - BEE T i I SN ST FrzERgae oy (L
B BB TR AT BALAG A e s AL - BB A b
4.4 §FHP 5 P4 b ARG gl B g AT o aH - pd R
AR BT e A 004 B T ez f;ﬁ‘ TSN ot g PR BEATR Bl g 4
T T RemnEAE T iagh e o CEE P FEFHR TS
S e B D A BB T 0 2 5 RS A HEE o AP LR b R
aREGOCHEHPHEIFEEA B TRARREH THAPYTED T > ik
T & T2 wiplkeps > APBEH T 5@l o ¥ vmf P e ;
F2 PR &gl F1% gk A FZH I ES T el 2 H T e e oo A
PP EFTI D AEFLITACE FREABME TP T RINER - A
ERBarS e  F BB ERRAEZN EHEAK] E 2 HeeiF

o Aede® 4.9 o
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start end

no

A

Record present

position as p e
A
Record position p”  of
Calculate the torque T the present link and
of the present link calculate the movement
D=[p-p’ |

‘ *
Use T as the rotation axis and . .
. Continue 1D potential
check torque direction after S .
minimization, each time

each rotation until direction is .
. halve the rotation angle
opposite

B 4.9 # & REnL (TR ALE o

424 LR R A o T TR

AEREDAEARE L KEF T IR ARG L A B RS §lpe
NRkFHPRFIEFZE T LFHTUAS DRESAE T EAS &5
ZARE G T gk b G U che AR AP RR S S B S P R

o BAEEA A > 4B 410 9T A B & Ao FE R 0 T i A R i

ZERHOER T RO RS AR AL BARER ) B E A
T RN L P R B o deB 411 ndR o AERFLRIBEH A

AESE R KB A SRS Y 2 G AR B AT RN TS
R LAY S LB A SRR LR o X TR BRI 2 R
Bed o SEPLTIHAST F5TET koo Plaf s orir
AR BRIASE  F R BIA P (RS & g A A BT T e 2 A
WEFRBITEN SR B AREPFSDEZ L LKA SO F A E > Bl
VLR Bt Sk SR R MR B E S BERZE AS Hai
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N8
i

o
i
9

start

Connect the last two links
with collision detection

end

Adjust the joint angle of
the last two links with
fixed joint locations

Use T as rotation axis and check
torque direction after each
rotation until direction is
opposite

A

Continue 1D potential
minimization, each time
halve the rotaion angle

Bl 411 R & &3 a1 (TR 420 o
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43 % £ RFHE % R

start

4

Send the closest

manipulator to get end
object

Transport. the object by
manipulators

Retreat all manipulators

B 4.12 £ BB vk i1 (TR ARE) o
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— m=m+1
yes
4
Single-arm path planning
using the bottleneck apas [«—noe— an is arrived
guide plane
istance between end effec
and nearest grasp point is less n
than d
yes
_— . v
Slpgle arm pth plannlpg Connecting to the
using grasp point as guide e anoint
point £aspp
no Connected? yes end
Bl 4.14 FEEEFH G a1 (7R
Goal point
-
- -
- -
- -
-
-
Manipulator
V_Plane =
Bl 4.15 £ X3P %2 (Goalpoint) ewxsl4 5 & 411314 L2 £ehT g (V Plane) + 1%

G
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Working manipulato
is long enough

yes

Working

toward goal plane

bject reached goa

end l«—Yyes——
plane

manipulator moves [«

Working manipulator retire and
transfer one supporting
manipulator

T

yes

Supporting manipulator
grasped the object

Supporting
manipulator moves
toward the object

Y

upporting
manipulator is
working

manipulator is
workin,

no

¥

Select a manipulator as
supporting one from the
group of sleeping
manipulators

yes

433 VR A AR Z PR 0F

IR PP BT R NS S

v

o g KPR e

T ko AGEBHTEE RS LE
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AL BRAE 0 20 B RS2 2R D 2 47405k &8 (initial state ) 0 #4
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B2 i & R FE_E R g dok i - T H YA R Mk B T AR
FiFP BT F mpEpkaiel o v £ P Rk i (present state > K
B BYE AR Z PR TE2 R AL ) FUEST i B M R AR AT NP E U AR TR
LR TR R PE € BT HG AR e fl o do Rl 4.17 0 AP s R G ok
BA TPk > 32 % sy (stack) #-F Bk fE 5% & (pushin) 3 fpi » %

TP PR ESE B3k 5 B0k (popout)r B I A7 dosk fE AR B )

Set the
manipulator to
initial state end
A
- yes

Plan the
manipulator to
P> present state step
by step and push

each step

Stack is empty

Pop out each step
and apply to the |«
manipulator
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Total number of end link translations Computation time (sec)
403 23.281

Total number of link rotations Number of steps

Link [1]: 594 31

Link [2]: 538
Link [3]: 724
Link [4]: 566
Link [5]: 652
Link [6]: 470
Link [7]: 509

Number of rotations per step Computation time per step (sec)
130 0.751
D B Y B 5 RF T
Total number of end link translations Computation time (sec)
531 23.499
Total number of link rotations Number of steps
Link [1]: 563 35
Link [2]: 507
Link [3]: 713
Link [4]: 760

Link [5]: 767
Link [6]: 423
Link [7]: 389

Number of rotations per step Computation time per step (sec)
117 0.671
B T3
Total number of object translations Computation time (sec)
240 5.252
Total number of object rotations Number of steps
212 30
Computation time per step (sec)
0.175
% ‘i? E2 N
Computation time (sec)
51.843
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Total number of end link translations

Computation time (sec)

364 103.099
Total number of link rotations Number of steps
Link 907 33

(1]
Link [2]: 682
[3]: 798
Link [4]: 709
Link [S]: 765
Link [6]: 409
Link [7]: 500

Number of rotations per step

Computation time per step (sec)

144

3.124

DAL AP E L

Total number of end link translations

Computation time (sec)

825 116.609

Total number of link rotations Number of steps
Link [1]: 1794 53

Link [2]: 912

Link [3]: 1014

Link [4]: 923

Link [5]: 742

Link [6]: 526

Link [7]: 419

Number of rotations per step

Computation time per step (sec)

119

2.200

SR LA T

Total number of end link translations

Computation time (sec)

624 112.064
Total number of link rotations Number of steps
Link [1]: 1122 40

Link [2]: 863
Link [3]: 902
Link [4]: 678
Link [5]: 690
Link [6]: 434

Link [7]: 468

Number of rotations per step

Computation time per step (sec)

128

2.801

WAL T

Total number of object translations

Computation time (sec)

1076 31.071
Total number of object rotations Number of steps
722 59

Computation time per step (sec)

0.527
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Computation time (sec)
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Ay

Total number of end link translations

Computation time (sec)

213 6.812

Total number of link rotations Number of steps
Link [1]: 288 11

Link [2]: 155

Link [3]: 207

Link [4]: 129

Link [5]: 325

Link [6]: 172

Link [7]: 136

Number of rotations per step Computation time per step (sec)
128 0.619

2 AR L AL

Total number of end link translations

Computation time (sec)

251 10.186

Total number of link rotations Number of steps

Link [1]: 260 18

Link [2]: 271

Link [3]: 335

Link [4]: 278

Link [5]: 413

Link [6]: 199

Link [7]: 170

Number of rotations per step Computation time per step (sec)

107 0.566
WA

Total number of object translations

Computation time (sec)

185 6.346
Total number of object rotations Number of steps
154 10

Computation time per step (sec)

0.635
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Computation time (sec)
23.125
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Total number of end link translations

Computation time (sec)

825 58.275

Total number of link rotations Number of steps
Link [1]: 814 23

Link [2]: 605

Link [3]: 714

Link [4]: 605

Link [5]: 611

Link [6]: 451

Link [7]: 314

Number of rotations per step Computation time per step (sec)
179 2.538

RG22 SRS RF T

—

Total number of end link translations

Computation time (sec)

392 34.718
Total number of link rotations Number of steps
Link [1]: 397 20

Link [2]: 379
Link [3]: 372
Link [4]: 435
Link [S]: 363

Link [6]: 270

Link [7]: 234

Number of rotations per step Computation time per step (sec)
123 1.736

H LR iv2 L FFE N

Total number of end link translations

Computation time (sec)

442 92.158

Total number of link rotations Number of steps
Link [1]: 630 30

Link [2]: 493

Link [3]: 520

Link [4]: 524
Link [5]: 541
Link [6] : 581
Link [7]: 599
Link [8]: 586
Link [9]: 569

Link [10]: 630

Link [11]: 673

Link [12]: 597

Link [13]: 337

Link [14] : 336

Number of rotations per step Computation time per step (sec)
254 3.072
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Total number of end link tanslations Computation time (sec)
109 56.485

Total number of link rotations Number of steps

Link [1]: 892 56

Link [2]: 941

Link [3]: 1091

Link [4]: 1253

Link [5]: 1391

Link [6]: 750
Link [7]: 868

Number of rotations per step Computation time per step (sec)
128 1.009
R T
Total number of object translations Computation time (sec)
24 1.625
Total number of object rotations Number of steps
213 24
Computation time per step (sec)
0.068
% .f‘fu? L
Computation time (sec)
58.047
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Ay

Total number of end link translations

Computation time (sec)

1733 42718

Total number of link rotations Number of steps
Link [1]: 5650 40

Link [2]: 752

Link [3]: 353

Link [4]: 378

Link [5]: 389

Link [6]: 253

Link [7]: 242

Number of rotations per step

Computation time per step (sec)

200

1.068

DR L AT

Total number of end link translations

Computation time (sec)

338 39.357

Total number of link rotations Number of steps
Link [1]: 519 29

Link [2]: 631

Link [3]: 832

Link [4]: 608

Link [5]: 637

Link [6]: 448

Link [7]: 467

Number of rotations per step

Computation time per step (sec)

143

1.357

WORF T

Total number of object translations

Computation time (sec)

2594 27.098
Total number of object rotations Number of steps
672 10

Computation time per step (sec)

2.710

%, z‘Aﬁ_}% .

Jrgo F{ ¥

Computation time (sec)

137.282
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