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Understanding of Human Assembly Tasks for Robot Execution

Generation of Optimal Trajectories Based on Transitions of Contact Relations
Jun Takamatsu*!, Koichi Ogawara*!, Hiroshi Kimura*? and Katsushi Ikeuchi*!

The planning-from-observation paradigm is widely noticed as a novel robot-programming technique. It consists of
two parts: (1) recognition of a human demonstration from observation as symbolic representation, i.e., a sequence
of movement primitives and (2) execution of the same task. Symbolic representation enables a robot to achieve the
same task even in a different environment. We already proposed a method to build a symbolic representation for
an assembly task. However, for a robot to execute the task, it is necessary to adjust parameters of each movement
primitive to generate appropriate trajectories of objects, especially a path which maintains one of any contact states.
Many researchers have proposed methods to calculate such a path using a non-linear optimization method, for ex-
ample, the potential field method, the probabilistic method, and so on. Although these methods are very powerful
as calculation tools on a computer, their solutions are not optimal. We propose a novel method to calculate such an

optimal path using a linear solution.
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Fig.2 (a) Optimal trajectory and (b) not optimal trajectory

(2) e Nk (D, R LR T 2) DADPBE)
L, #hbstowk (D, BREwARL AT S) (3EL
LTWwW5.

(3) BEMREER 2 58k S A H0EE, IEER), B X ONE
HiOMEDEDS R WEEEESOATEH SN, nlst
IZoWTIRFEb AW,

(4) FpRLEm (Fig. 1 M) Z#F L7 T SR LB
T ElEnwh

(5) RSN/ FBBE FIITEEY IIFAAE L V.

CCTHRELRFLE, WEINTORVWEHBED/NT A —%
WL TEIbD 2 WEED 2 & 2383, BARMIC Fig. 2 IR
ZOO%MIRE L BRT 54, MHIEE ORI ERL
BTE o RSN WD, TR I REHLEIL Fig. 2 (a)
DEITHY, (b) XIKETIE%R V. PRM O L9 ZHERHT
FETRLTLY (a) DX RAPHLND LIZRS v, Fol
PEIZDOWTIE, 3 BOREHUEEREEH ORIz TERL
5.

KR LEDTOL I TR ENTWS, 2ETIE, BEHE
D 72D ILTEE 72 BINENIFIT IS O W TR S, 38T
&, PUNENLIRNT ORE R % W IR AR O e 8 % A S
BHERBARD. 4 BTIE, AFEIST B L £ Ok
HERT. 5ETIEITRY MCEAEEDRAIIONT, 6ET
3BEORRE DOIE, TETRAZLOTI LOE, 8 ETSH
BOBEIZOWTIRRD,

2. WUNEGLAREART

Feald, [RFVICHEI(=Eal—2ar Y27 4][16]
DEZFHDE, MBIV TEEPIA L 2 HAIREER ) S,
A THER L EATTREGEET) 3747 (ThEH TR
FEIESR) O CHLAY. TEEX Tl T2 FEa 4R E LT
VA 1], BARMIZIE, 1 BAREEZ RO L) ) B UNEN
IZHEDWTHHEL, 2. ZOEBIEE D BUNEMOZELL S, 3
BT B TAFNVNERINT L., W) 2ATy IThbhb, o

TR OHIE, ANEOMAT THEEZIMT L2 L THL. Fer b
BRI CTEHIEDB IO LD L#EL#ET 2 2 Eh s, TORBIERYD
DTH5.

ek 2 fHICT 27010, “2o0 N % —DICFLDdTHA.

HAORY MERiE 22 %6 5

ZTIE 1. OBYNERIATIZ O W T, Bl slE 28 5 7-
OV EE L AROERIZOWTIRRD,

RN S 3L HAEY A E OBl 5 1) 2 Wik DT RE 7 e
MERMET V2 HENT 2 HEEREL TS (17, Fhi
L5 &, WREABUINEMIZA (1) OB TRET LI EHNTES.
72720, Fyy(€ R®) I BEE OB (B2, EFEWkom L
REBEVROE AR L TV BI54, Fuy 3O/ X I
Lw) #2£L, AX(€ R%),Q(€ R?) B#h2NfifEs L 0%
BOM/NER %, N 3EME0%, M) & i FH oML
B LSHMEOBEET. £/ Ji(e R¥*5) 13 i HH 0N
DI & MR DAL E BB OM/NER L ORE R TV I
THTHhH5%.

N M(i)
ﬂUFz;Ji<AQX>20 W
i g

KL TIE, MUNERL % screw FRBL[18] & WV TERT. screw
RITI, MNEMNE D LR - 7-d0EES) & 2 & [FE U
EHLET B NEEFOMASLEE LTRIT A, BARN
12, WREERTHOME % Sy, fOfEE P, NifnEE)
2T BT OEEE p LT 5 &, FOMNERMIZ, A
RIENRT MV [So,S1] E LTERBENAL, 72721, screw K
57 S11& S1 =P x So+pSo Zii/zT. p=0 DL I

Ko MEREgI 2R L, p = oo DEE, DF 1 screw KA

lim [% %] — [0, So] DR, Lk HEER) & 2T
p—00

FEBIZ screw RHEH w2 L, X (1) 33X (2) ok icE
Ez ons, 72720, Py 1 FHOEMSOME L KT 18]

N M(i)
mUFij'Sl+(PiXFij)'SOZO (2)
g

FOBHLEER OBIIE, & 2 HAUIREE 2 HERF Ll 5 $lE %
S 5 2 ENTRENG. Z0YE, BEGETISHFEIET 5
BETY, F0EEn L a2 B E)  LEFH HDT, WhHER
WNEMIZE (3) TEIT LA TES.

N M(i)
mmFij'Sl+(PiXFij)~So:O (3)
(2

UDRNIELEZEICEY, KX (3) 3% 58BN
%A, 7 (3) @ Rank 2 @REEBE L EHT L.

Screw FIHTIL, WHEMNEMIZ So =0 TEEINLD,
X (3) 128y =0 FMALTESNAR (4) IR IE R
INER R

ﬁFi'S1:0 (4)

X (4) © Rank * WERBHBAE L CHT 5.

AR MR D[R X 1E Sg TERENB 720, M. TH W
Fij O&fAGHEEEAL S1 2HETHZLIZED, So D
Aok 5L, L)) LIRS ##KT HERNEEDL 2 L
T&%. BERMICITHIZEMZ TR W Fyy OMAEDEZHDT
{Hy,---Hy,} &¥5E, X (5) YD, 7270 Vi,ei #0
Thh.

2004 £ 9



754 o O ONIE
ZCiHi =0 (5)

X (B) OmMBIZ S, LoFREELLZLI2LY, KX (6) 2%
EN5.

iCiHi . Sl =0 (6)

X (6) 12X (3) ZMRAL, X5IC&HAEHLEIIH LT
BEEZEVEST I EICEY, &0 bEiREomE %2323
(7) BB LENTES.

NG -s0=0 (7)

X (7) ® Rank *AEREBHE L EHKT .
3. REEEERE

RETIE, ZOOBEHEBEIREZHAINE, B X U208
REA W72 TR ELRBN G2 5N &, FOEMIRE
BREE EHT 2 I AROELE % £ T 5 HEICOWTERS,
T, BEMICHRTEBBZROEMRED&EFEARED
HHEREVET L, b LF) THEVEEIZIE, HoEBYEH
TAHWEEERL, FOMEEMICTS I LI2L Y HiEHEE
ERTHIENTESL., MO0, HFEER L By RE
ERIE—HLTwE b0 L, FRICERO B A3 I U R
RTERENTVDLHDET S,

B2 0N " o0HEMINEIEREERTRETH 20T, Hik
REBERN oW, NirdEEHEL, BRZEOZNLOHE
LT TR TELES v, Mg E HESBRi#Z LD
Lk &, BERMOATEINSHEITEPETH 5 L
EFT H. b LARIEHHESBBZICHENT 2581E, &
WLE |2 RN 7 &, DT CIRTE OIEEEN O A D4
&, BB ORI OB A5V TRoMBE AR 2 EHE T 5.

3.1 IWEEM

3.1.1 FoEELEDOEE

B B EMAREE Cs 55 & 2 HAIREE C. 1S HEZERLD A TIB
BTOHEIIOVTER L. 4, THHEMIREEZ 7 081k
DIELS qs = (£5,0),9e = (£,0) BEZON72ET 5.
72721, t.(€ R®) WZhiE%, © (€ SO(3) : 3 x 3 HAATH)
FES Y E S

DL E, TNENOEMLIRIEICBI 2 TRELZN At(c R?)
ko LB Y (8), (9) DX iE s TS
EMNTEDL. L F,eRY3, F.e R ThbET o,

FAt=0 (8)
F.At=0 (9)

AFEZEAL DA T L VIGE, WERPLEETH L &) FELD,
IEHRLE T HIE D HMIIREE & HERF L 72 270 ROBEANRRE~ERS
BIENTELDT, WERDPHEIZEE q(s) = (t(s),0(s))(0 <
s<1) TH2OLNB. 727201, t(s) = sAtg + ts, O(s) = ©
THY, D q(s)(0<s< 1) IFEAKE C & q(1) F5m
R C. 272 TUWHRONBLLETHL LT 5.

JRSJ Vol. 22 No. 6

N s

W W oW
Table 1 Classification based on rank

[Rank F, | Rank Fe |

0
1 3 Case 1.
2
0 2 } Case 2.
1
0 1 } Case 3.
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Fig.4 Case 3: Redundant solution in translation
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Optimal trajectory

me orientation as each o

Fig.7 Case 4: Redundant displacement in rotation
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Fig.8 Result of assembly-task recognition
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Fig.9 Optimal trajectory

Observation data

Optimal trajectory

Fig.10 A trajectory from observation and calculation of an op-
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Success case

Fig.11 Fail to calculate an optimal trajectory

Fig.12 Edge-face contact
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Fig.14 Optimal trajectory
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Fig.16 Robot arm
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Make-contact in
translation and rotation

Fig.24 Robot execution

I2ZEboTLE ) EMERICHRT 2moBH A (L—L#
DA I TE 2 ) QTS BT S, Ihk
AW TAFVORTRHET L ENTESL, 12720,
DHOPIHHET &R T O P HERE L 2 o823 2 LAt
TELRPoIEERTONEXRTH I LT L.

ZFIT, BT OMUREMD U7z C Y Va7V 7 4 — KNy
JIZEDHET A FEDNEASNEY, X YMHEETEE LT,
Vo2 AT LEE LTROY TAFNVEFEITTL W) HE
WhHb., BELRLIE, T5 LEEISE T LTV WIRETIE,
ROV TAFNVEEFTTERVWIEDNLZVRLTHA.

5.5 FE&

&t (4) ZEBT L7012, 1. HEEZ —EIL—2F oI
R L TWSDLENHL I E, 2. ZRTTORTA v HF—a v
TRROLZBEYVTELILICL ST, BIETESNLZISID
BEMRIEASTELE T B HEEATE VY, L WA S, Kt
BRTA Y= a e ERRE L TGEAR, 72720, EH)
AR ZRICZEM Tl o 72, EBICT KRy bASH CHLA TR
¥ LM% T 5T % Fig. 24 1T

KERTIE, £, BXUO K OEOKE S, fEE2S F (%
TEND L) ITHEBIC A FTHE L2, Fig. 25 (3O % v
KPS, DELTHEELITY, FLTTRL LEIERIToC
WK (Fig. 24 @ LEERSY) @, L TR0 5 ] DEERZ
bZELTWE., ZOEBRTOHEHOMHEIZ 50 [gf] TH 5.

5.2 [s] fHECRBAR I MM L TO & U TEHEITET L
ol B% L, TR LBESIFOHEN TS, Z0RE4 I
Tlidd LD EHBETIOfE 50 [gf] IZPURL TWwb. 154 [s] £ T
X, W—HEEMASTEE L2 Il A oA ERIB LT, ¥

1 [s] RilECTROT T AF VAT LIza, #THE0KM & HlTL T
(AN

JRSJ Vol. 22 No. 6

KA I A <)
100
80 Al
60 Nv V\ LASA M
I At A TN W
T 40 II vy V‘V\\
.:_‘3 20
o 1fn .A.A'm/\m/‘ . h\
VV"“ ‘ 4V 6 8 10 12 14 16
20 |-
-40
time(s]
Fig.25 Force sensor date from the 1st subskill to the 3rd sub-
skill
45
40
ot I
% (@) ® @~
. @)@W@Wﬁﬁ,
R il
I I e AN = e I
" -
A v |
0 . .
-5 5 16 15
-10 T
timel[s]

Fig.26 Force sensor data in “slide in rotation” subskill
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g0 over

Fig. 27 “Go over” skill and “change” skill [16]
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Maintaining Constraining

Fig.28 Three types of rotation DOF's
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