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Manipulation Planning with Multimodal End Point Optimization

for Obtaining Multiple Solutions

Takayuki Osa*!*2, Masaya Sato*?, Kazuya Moriki*3, Satoshi Sugiyama*3,

3

Naohiko Sugita** and Masayuki Nakao**

Motion planning for robotics manipulation is an essential component for automating various tasks. In this study we

discuss optimization-based motion planning methods for robotic manipulation. The optimization-based method can

compute smooth and collision-free trajectories with relatively short computational cost. Although existing methods

are often designed to output a single solution, the objective function is often multimodal and there exist multiple

solutions to achieve a given task. On such a task, obtaining multiple solutions gives a user an opportunity to choose

one of the solutions based on factors which are not encoded in the objective function. To address this issue, we

propose a motion planning framework that finds multiple solutions. The proposed method is validated in simulated

environments with a four-link manipulator in 2D space and a 6 DoFs manipualtor in 3D space.
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Fig.1 When grasping a grasping a cylindrical object, there ex-

ist infinite number of postures for grasping, and it is not
trivial to determine the optimal posture. It is also the
case when grasping a planar object
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Algorithm 1 Overview of the proposed trajectory
planning framework

1: Input: Initial starting and goal configurations 58 and 59\77
free rotation axes for start and goal configurations, rs, rg

2: Perform the multimodal optimization of the goal configura-
tion with Algorithm 2 and obtain multiple goal configurations

3: for each goal configuration do

4:  Perform the trajectory optimization with Algorithm 3

5: end for

49—
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§ = argmsinc(ﬁ) (1)

AWF3ECld, CHOMP TRESIN/-b DL kD I A %
s, vhbt, IA MNERIIUTTERZ 5015,

C(é) = Cobs(é) + Csmooth(g) <2>
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c(zw) = é(d(mu) —e)?, if 0<d(z.) <e,
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(-C@) )
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DA% ERALT 2720 DHETH LD, 20X ) Lo Ailcht)
LE, OAMDININEVTY T F 2= a L) EWE
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2%, d(q) MEY BT EEDE-FE25250 714 Fx

L—Yarzkosbwd)Z bk, BEEERMLT 20>
TA4FX2L—2arkROLIEIZELW. LS T, B
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d°(q) =

6" = arg min Dict (dc(q)||d9(q)) (12)
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Wi(q) = L = —¢ 5)
Zl:l Wi(q,) ZzL:1 fédp((;lzl)))
—_ 4l
- ZL f(=Ca)) " 1o
I=1""dp(q;)

THZ6N5, N=F41 T a VB Z ZEBRILICBWTEF v
LV ENTLE D720, FEEICE Z 2587503 hw. &
DEHCL TN EREEEAT HW - HEEELY, IA b
BEANET T 7 IR EET B, EESOLITIHE [6]
WZBWTC, TOXIBRIAMNEAMNES VT v 72 VTR
(12) OFEHREOMBELIF 2 L1E, I X bOR/IMbd 5 0»ix
W ORI EIT) S L LFRFETHE I LIRINT NS,
RET L2 TFEOEREIIBNTIL, 7Y AREETIV (GMMs)
AW CEERO G ERBT AL, OO I AY
EREOTY ABREOMEILTOL ) 12 SN,

@)
de(q) =Y _ p(o)p(qlo) (17)

COHNIAREGETINVEIANERMEF 7)) 712EoT
HEFTL720DOTFTHELE LT, XA ZXEM 7VI) Asz2Hn5b
SrEL mEBEEM 7 ATY XL 5TH GMM %%
B3 TELD, XA XEM ZHW\5Z T, LELY
SAYOREBETHET A LA TEL, XM XEM #Hwv
TGCGMM %274 97427 55hE, Foll BEEETHns
TAY EBEFEEREL I IRAIDEN, BEEEL 7 ITATOH
WEBIH TN ORE LR T 5 7201 LE % I A5 D
BThibrewrb, WETHETIE, BE2E&Lr 525 0H%
RO E AT ENTE, T bbb HEiIcs
BTHLIENTEDLENZ D,
FELIATAREETNVENRT AL, hr 7)) rEh
A T4 F2L =Y arvEEFNFNOITAZIZUTOLD
WCEIVIRD Z ESTE D,

o(q) = arg mz/a,xp(o'|q). (18)

FHENTH I AREETNDEZ T T AF O T 53
V74X L= ards, A MVEBEOE— FICHIET A, T
bbb, jHFEDOE-FISHETE2Ir 74 Falb—a vig,

T (0(a) - )W (a)a,)
Sy (8(ota) - HW ()

THZONB, 22T, 6() BFIWVIEETHY, o=4 %5
iE6o—7) =1TdHh, ZOELOEET S(o—j) =0 &
%5b.

BB ORBEIIIN 25T, TV FZ 7225 DY RS
722 oMM EIZZE 2T, LEITIED A MR- CHE
JEWHHERET S, ERELVAT LBV, £8E2YT
) T BREGA dP & LTS B L s
Br i b 2 7V T XA OE% Algorithm 2 12787,

4. WBREBHIURREZORMMRHEIL
RIEE Tl 72 70 T XA K ) i S e 2 B OR0#

q; (19)

HATRy PFREE 37 & 8 &

Algorithm 2 Mutimodal End-point Optimization Al-
gorithm (MultiEndOpt)

1: Input: an initial goal configuration g%,
2: forl=1,...,L do

3:  sample a goal configuration with a fixed end-effector posi-
tion and a different posture

4: Compute the cost of the sampled configuration

5: end for

6: Perform density estimation with importance sampling using
the weight in Eq. (16)

7: return goal configurations that correspond to the modes of
the objective function

— 51—

Fig.2 We denote by ¢, the rotation angle around the rotation
axis r4 specified by a user

L, REOEBORZEZB LT, HLITTRIPLIEEICHE
Ehv, 2ok, RERHEYEL 02T, KEoREy
EOT, WESELRE(LEIT) LESH D, KETIL, MHA
BB L O AL O RATEELE T BEOEH 217 ) <<
CHOMP % 3¥Ii5ET 5.

Z CTIEBHE OIS, BRI OWTE R L. #
PEDFEALIZ L7725 T, TV FZ 727 5 DY A7 22 LD
HERLEIIZE T, 821D 2 Bl iR > CHHED D 5 LAGE
T5. ZIT, HHEDS 2 MRS vy = [r) ,r) v ] L9
R MVTEZONE LTS, 252 5N EICBITS
LB 2 HliEdh » ) OREROMAEL o, £ T 5 (Fig. 2).
CHOMP & [F#BRMICHLE % fodfb§ % 702 ROV TR

U272, kEOOEHTHESNz#EE 8 = [qF,...,q%]
EL, ZT—UWRAIEEL2#EE €0 = [q),...,q%] & T

5. 7z, EEOOEFTHLNHMBEORMOLH L 12—
DERANARE LB DR OBRO T AL oF L35,
OF & Apg EUOZALEEZ L&, BUEOKEDT Y 7 1 F 2
L—Yay gy ld, ¢ olET

an ~ @5+ Mgy (gh)[0,0,0, 7Y v+ N7 (20)

TEZbN5, 22T, JIEY=Eal—¥OY IE{T5|TH 5.
HECOEHEDOEA Aqy = Apg1[0,0,0,rY 7)), rN]T %
CHOMP & [EIBRICHLESERIHE O 2IEiESE2 2 L T, #il
EROE LN EEHED., Thbh, MEEEOMNA LT

Aty =M [0,...,0,AqN]" (21)
E¥h. ZZTM

[0 0 o 0 |

0o 2 -1

0 -1 2
Mend == 0 0 —1 0 0 ) <22>

0 0 -1 0

2 -1
[0 0 -1 2 |
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THAZLND N x N D5 Mena DEBNFTHITH 5. Bl
DR % AL & BB AR S B AT ORIZ OV T,
S [14] 1D EEDHB SN TV O TR SN0,

PLE% %18 L, #ORmssh s M vy Y BN Ap, 72
DB S THESKE EHT 5 EE, UT0 LS Rt
P LCERILT 2.

Ay, =argmina,C(€ + Afy) (23)

s.t. Aqy = ApgJ 1 (g%)[0,0,0, 7Y, 7] rN]T
(24)
Aty =M [0,...,0,Aqy]" (25)

FELORE A 72, RS R v B D BN Apg
P2 L L 2B O#ED 2 A FOZALELDT O X ) 125l 5.

ACha=C(E" + Aty) —C(£") (26)
TR NER/MET B LI, AR % DR vy B Y Ol
1 oy BUTOLIICHHENS.

ACE

k+1 k end

R (27)
9 9 Ao,

ST, a BFEERLELLERTH A, WuEeEIE, X (22),
(23) 128 L O WCHEHThE I v, Thbb,

gt = ¢ — AL, (28)

Aqy = (5 = 5) I (gh)10,0,0,77 ) YT,
(29)
Agy =M [0,...,0,Aq)]" (30)

DEHIHETHHTE 5.

IR OEZORMEIZONWTY, FARICEFN e/ 2 L8
T&%. kBOOEHRTHES NAPBEOMBRROLEE L 21—
BANCIRIE L 7B O s DD % T I ro = [rD, r), 0]
Y OfMEE oF L35 axMERMET S L9, oF A
T L7200KIZLTOL)IHLENS.

ACE
k+1 k st
s =Ps — & <31>
¥ Ao
ZZT
ACE = C(g" + Ag,) — C(&h), (32)
Aqy = ApsJ10,0,0,79, 7y, r2]’ (33)
Ag, = M} |[Aqy,0,...,0], (34)
[ 2 -1 0]
-1 2 0
0 -1 0 0 0
Mg=1| 0 -1 0 0, (35
2 -1 0
0 -1 2 0
| 0 o0 .. 0 0|
THo. EEEROEFIZOVTIIL,
Mt = €8 — Ag, (36)
Aqpy = (o5 = 8) T (g6)[0,0,0,70, 79,72 T,
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i B HE ZE PR K Z

AE) = M1 [Ag),0,...,0]". (38)

DEHTHEzEN.

BELSHE L O E LB ORRELEZ1T), CHOMP %1k
BL7Z7 VT A% Algorithm 3 12RY. RETRT I I 2
L—2a IZXBEHITHE, q) BLU ¢ ZI8EL, BB
T2 L TREOTHEAZEEL, RKE527.. 20l
OB OG- 2 7L LTI, STOMP % & THWHRT
WB XD, FERMARTETT ¥ ¥ ALE)E B lAAA TR
AWML 2 2 L BMRETH B 7). M8 L ORITICREET D
B AR OS5 2 T3 2N ZNOMEHREIZE > TRZ L5 2
F&D7) v = HWTCWBEEEIZIE, 7)) v/ s— DRI EIE
TLFEIH L CRELRAHEG 25 L OEEIZBWTHE
BT s eEZONDL. FlZIE, EMIROWAZIEHE LEH S
%59 %y X7 OBERECTHIUL, FoREMIROWIEO K
FHiaxiamB L O EOBHBEHE L5 2 500HATH
LLEZLNL, ZOLE, WEROEMTTMIE, 7Y v/3—0
AT 2 P Lok L CRIE 2 A L —3d 5.

Algorithm 3 CHOMP with Start and Goal Configu-

ration Optimization

1: Input: Initial trajectory &1, free rotation axis 7o, TN
2: fork=1,..., Kdo
3: Compute the cost gradient
4:  Update the trajectory with Eq. (10)
5: Perturb the start configuration:
90 — 490 + Aqq
where Agy = AgosJ’l[O,O,O,rg,rg,rg]T
6: Compute the change of the cost function:
ACs = C(€F + Ag,) — C(€")
where Agy = MSTt [Aqg,0,... 0T
7:  Update the trajectory using Eq. (36)
8:  Perturb the goal configuration:
ay — ay +Aqy
where Agy = AgagJ_l(qﬂ“V)[O,O,O,réV,Tév,rév T
9: Compute the change of the cost function:
ACend = C(gk + AgN) - C(ﬁk)
where Agy = M:nd[O7 ., 0,AqpN]T
10: Update the trajectory using Eq. (28)
11: end for
12: return the optimized trajectory

5. YIal—YarilL Bl

RETHROGHE2ERST L7720, Y IaLb—va v TR
FFEOFMEIT-72. 9, THALYAES % 2R FE LT
D4 v BEOBLERE 21TV, FHI AT o7z, kI, =R
T LECTe HHERHo~v=Yal—&Iicxt L, BREFEC
L BWERTE 24T o 7.

5.1 ZRxFELTOHMERE

ZITE, ZRCFEETEET 54 v v =2l —¥
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(c) (d)

Fig.3 An example of trajectory optimization using the pro-
posed method. In (a), a solid circle represents an obsta-
cle, and given configurations at the start and goal points
are shown in gray and black, respectively. The given
goal configuration has a collision with the obstacle. (b)
shows two collision-free goal configurations obtained by
the proposed method. (c) and (d) shows two trajectories
obtained by applying the proposed method summarized
in Algorithm 3
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(b) (c)

An example of trajectory optimization for a four-link ma-
nipulator in 2D space. In (a), a solid circle represents an
obstacle, and given configurations at the start and goal
points are shown in gray and black, respectively. (b)
shows the result of CHOMP, which does not optimize
the start and goal configurations. (c) shows the result of
the proposed method summarized in Algorithm 3. One
can see that the start and goal configurations are up-
dated from given ones. Especially, the start configura-
tion is updated so that the manipulator is away from the
obstacle

Fig.4
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Fig.5 The first problem setting for 6 DOF manipulator. A
cylindrical obstacle needs to be avoided to reach a cylin-
drical target object. The left figure shows a given start
configuration, and the right figure shows a given goal
configuration. The given goal configuration has a colli-
sion with the obstacle

(b)

Two trajectories obtained by the proposed method for
the first problem setting. Each trajectory reaches the
target object with different postures

Fig. 6

Fig.7 The second problem setting for 6 DOF manipulator. A

cylindrical obstacle needs to be avoided to reach a planar
target object. The left figure shows a given start config-
uration, and the right figure shows a given goal configu-
ration. The given goal configuration has a collision with
the obstacle
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(a)
Fig.8 Two trajectories obtained by the proposed method for

the second problem setting. Each trajectory reaches the
target object with different postures
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