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BEMUERE 2
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[ mBtEEer |
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RERUAERE?
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MERHEFBERNED
F—RE203vFoy

EEEME < 80%

= 80%
[ i B |

: No

Yes

[ gF2-22=ps |

[ E*%8BH |

BT
H3-3 HENMEMEXOIO—Frv—

3. 3 v=—EFalL—4

AL CIIIHERE L LD 7= 0D A Ty = X LRI E
SANZERY MTe=, ~ = o L—ZIZHRD 7 HHE
LR~ =t 2 L—%& (ZZEETEM: PAL0-7C) ZHW
T, TV RET =27 X EEBONBRBNHETE D &
il L7z (334, % 3-1),

34 w=ZFalL—4

*®31 v=ZFal—4nili=E

k-

EE LS -7
Bl EERE

2Ry NRfF®EEY r—p-r—p-r—p—1

B o mmma, p EEE, )

Ry NEfHTE LY
BI&4 A S1—=582=83=E1=E2=W1=W2
(SIIERAHE, E(XMNBIE, WitFErag, )

2K 1317m, BY—F :317Tm (X—AE~S2 /) , EPE : 450 nm
F—rE (S2~E1 #hfs]) ., Thi : 480mm (E1~W1 #df3) , F=HY—F : 70mm
W~A D =R A > ¥ 7 = — ATEH)

AR =R VT EU=T  REBE
WA TR Yy k VR Yy b JEEE
") ") ) (rad/s)

S1

e +180 +178 +177 +1
(;;;2@) + g7 + 95 + 94 +1
T
+ + + +9
= +180 +175 +174 +2
BRI (ﬁg@ +143 +138 +137 +2
(IEIE;i) +270 +256 +255 427
0%1@) +180 +166 +165 427
(IE“;;?:) +270 +256 +255 427
FIREE 10 kg
AEEE 40 kg

BIE~Ny FeOMERRZK 3-5 1273, v=Fal
—H DR LEMEIC LTy R 7 =7 Z 2## L,
TRINGRERICBLICEDL XL, £, #HEEy
RRO~ ey a ORLEIZIG U CRIEEPH 23R E L,
Bt = R 7 2V A RN~ = 2 L—F L DT
WHIEZ X - 7=,

1300 mm

35 YZEal—% EHEAY FEDuERR
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3. 4 TEBEEE v
RSB 135 & 2650 mm, §F 1120 mm, 15 1800 mm
T, BE 1 n OFmBIE~y P& | GRE#L, ETHEE
0.03 m/s CHE 880 mm, £ 5 mDL—/L L&E2ETT D,
PC BT P NVARIIR— RN L CEEREDA
FriarE—4 (60 W) OEVEREEZGIVEX D,
B P RE R X 2[5 192720, SlEESHA S
TG 0.8 sTRICEITRLAT D L 5 # A~ BfAIANTL
Fio, L—ViliEnls N7 &2, B ommc ) 2y
M2RA v FEHREL, A——F %k LT,

3.5 @ E
1) #HSy KBt 5 B IsE R (VAL 7
URHE TR o I R & B IR 2 5 1 D &

TR LT IVHERBR S R 7 2T, L BEOPCIZ X Wl S,
HE) CHIE Ry FEBE S E20 0 BEINEEZIT O,
2) LREOVAT LB L BENEEEDORNEZRL
7o, BENNEIEET, BEEy NEBrT DBEE
DA - EIE, eV g X D RERE - EHE
HE, v=tal—2 BBy o7 o7 Xk 28
R BENFCIRISh, ERINEEEZTI) T 0T
LML I NI,

3) AWFFEICHEA L 7T BEHELEfiv=E 2L —4 D
AR ORRE R R Liz, =B o L—& [ IR
BICRER SN BIENy FOA FI0ERGHEETH
N3 5 LRIFHC, JEOBE L OT 4B E L CrEhE
FAZRRE Ui, F7o, ETHE 0.03m/s TRS 1m DR
By Rk d oM REE OME L~ R L,
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FTAE TOUETIUDREE

Kﬁf@i@@mfyb%@vyyayay@%ﬁ
REOFERFER - (LEREGTE, EEFEOREFERN
u%@m&%@@%@ELKH—%%@Vy?/ﬁﬁﬁ
WICOWTHET S, EERM Ry MBI D REORKRH
DBEGIeh A FEEFIEE LT, TS EFIZED -
TREFREH»ORE T 2 HEERET S, BERES
EELEYD, BaadEoq FI7BEE, BENNy Kh
LENTA->TWDID, LSRR, REET
il CRIESE) WHRBZENFETHD, A FIREE
MR GRERR) NORLI%E, ZERERRHY, &
HIZ, ~ZDOIRICHEBEZTH b, REOE
WRHEIC LY B OREZTHT 52 LB LWL S
HY1EDH, REZREBOFAENGRIBA, ~Z LA
2, REEBRDOIARP AL NREN LN Z &0 D,
— AR T O FIRE VWA Z Lok, RENS

DERSTHETHE 2 ODRELZHA 5 2 & DR
B EEZEz BN,

A FAREOIEHOBERRE L RREOTREND
FRFEHUT, S A X 3L iz DRI BT 5 &
PHENFLIE - LT 0. 93~0. 98, ‘BT 0. 93~0. 94, &
1T 0.85~0.96 EEIN TS P, Thbb, &
ROBEREZRE, EFA FIRELRIEN LR
56, (HEMABIGEVEHREINS, RIETA585H
ARG E, RENSDER-TREETH AR
TR DOFEER D Z LI L W Hx OREEZFEHS D
T ENHERIRS L A ER T, 82 EORBETIE O
B, TN R CEEMNH D EFIREN 3ERFECH
ST émb, T HU LORENEEYIEOND Z &
72 AZIEABITITIIR & U Chi T 15 258 vl HE
EEZ BN, —F, TG RCREEYOMERUE S
EWERREBIZ CREEROMBEIMEL, KTRETO
W TR S, RS20 ERER ST,

IHECREREOHBINED D OMEREEE L
T, AT UAEBED, Va7 LT 4— KRy 7iED
BRI/, F£72, HE 670 nn OFREN & I%E 830 nm
DILFRIMNRED 2 FEEON AL, FREDOKHFENE N
{EMRE CRUT LIt 2 ETDE T2k 2 ek o
(PSD: Position Sensitive Device) ZF|FH L7-=1kT

BFE Y DI L DALERIE BN BR S, RED
ERIFR & LRI ThoFiEbEA T L & %
LN, =L —HDEHEL < Y g DML
BEAVSL L, fRRERCHDFIR AR >AT L AER
EERA L,

7o, RIEO BB T, UEELOHBIE1T )
VBEND D, ZhETA F IR 2 5 8HRI<4 5
7o, REZFHM»OHEE L, REFRNBOREE
WoklGrEAEL UGHET 2 FIEMER SR ¥
W RIEH D O R E A BRI C O R OME LR
THDHIW, ﬁﬁmﬁ%fﬁm mmor%i%
LHRBEN B DD, 2 EOEMRAEIC H&ﬁ
@@%MID%ﬁDAVF@ﬁ%ﬁtﬁ# hm%@m
RN ENbhoTND, £IC, BEIEEERE ORS
Ny ROMEIZIR>TH AT ERIAZERE L, 6L
BES 2 HEFRA U, (@M & aRAE ClRE
LicRl—RED~ v FLr 7D, AT LVANAT L&
AIRRTE ) A T OEIE R %2 IS 5 [RIRISRITH 2 FitH
L, BEFRRMERNZ, (CERE Lo RETELS O
BEYATBETAZEICLY, vy T EEOR B
By 7=,

FHERREDT-D, ek, AEBIAOHZDHAVGERT
7, Lo, KRATH- CHRESENFE N 76
WEBTDHZENHY, (ECROFEFAEFETIE, Z
D X 9 2R 7R G 381 B I OB
SERBEORENREEEEZ bW, 22T, A FI3F

DINSEHFHEER BB L, AR, RE (2
— 7 PR 660 nm) R OWEE (B — 7 ¥R : 525 nm)
PR 2 AW CHE BRI L 2B 2 TG L, Sl 2 i
PR CEGREZEHT A kY, MIEREEDOM L
2T,

4. 1 IIUEDIVOER

VeV YOBMEER 4LIDRT, v E Y
/@%%®@%;ﬁ&vu%&M%ﬁ5UE@miw‘
&, BRELAET H2EARHEL=y M DS
N5, UTiCgEa=y FOHEREZTT,
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ERERE
vk

EEFHRASAH

l FHEERUER(

EREHTE —
A=k

@140

1l
g 0
_ 1/ @B
K vk
169 J
295
(b) L&
K41 w2 oEDaVOBME

4. 1. 1 EEREa=v

2 150> IBEE1394a T YV Z)NH T —H AT (R{K: Point
Gray Research Flea, H%hi@FEE: 1024%x768; L v X:
SPACECOM JHFI12MK, #paiEfE: 12 mm, #2Y: FL 4-16)
HATULA AT EL, a7 MEEEA72%, 60 mm
ORETLAICHT CTRE L, ~v=tal—4%L0D
THERT D20, Lo X EEZRD D& S 300 mn LLF
& U, FRBAVY, MEHQAUEEF LED FERA (H BT T30
WDL-20027, YHEES18.4 W) 2 BEH, AT LAHA
FHBICEE Uz, AT ERBICRE T 4 V2 2 HLD
fHiF, EREREEZRE L, GOy 7 vy T
(MVTec: HALCON 8.0) {ZXk VW AT LA A T OKIEETT
HEEBIT, AT LAD A TEERDL R v NEER
~ORIRIERATH Stereocangy, R T, FEHATHIE LA
TR T,

Stereo—-CamH
Robot

nx Sx ax px
[Ty Sy 4y Dy
nz SZ az pZ

6 0 0 1

—-0.698028 —0.71607
= 0715995  —0.697975
—0.0104408 0.00866666 0.999908 —0.103017

0 0 0 1

—0.0010821 —0.00916291
0.0135259 0.559059 ) (4._1)

ZIZTE LAY MinidnRy MNEERTO x 5
DHAERY M EAAT LA DA TEEZ TR LEZLDOT
bD, [AERIZ s, alXyllim, z  MAmoOBEML~7 hL
EAT VAN A TEER TR LD THS, #4413
7 MV DIEAT LA A TIEERN D 0 R R~
DFATHBIS Th D,

B, DA LFICHITAH T LIC kY, MR
R UT5EICHE T Lo EBEDO—E, K, MEERD AT
Ly R L, FHEEE BRI R T4 5 2 & 2VEll
S, Zhuaxt U, RKpdMEkt Ui 7e b S—CfL

Bl =y FREEE, (FERIARTICIEEE 50 3

—RERT AL VI FRICL Y RN IND L HER
S,

4. 1. 2 FREJEILZ=YF
I AERE OIS BRI B @B A - TR
EEWETHED, BERAEL=y hDOEA—21L
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ERAMLENRDY, IS AT (RIK: Point Gray
Research FireMV, HZhEZE%: 640x480; L > X {H)=
= )LEET- LNS-B2.45, LR 2. 45 mm) ZHH L7,
@ﬁéw%%%ﬁmfétm RGBW &> 4 & LED H&RH (H
T T2 RGBWDR-140, YHETES 14.4W) ZHW -
ﬁ,t—&ﬁ%ummwﬁéumiﬁﬁbamotoa
@ LED O RITEHOE—7 2%, FRELED D —2
W1 660 nm, fkE LED O v — 27 & F1E 525 nm Tdh -
Too H AT ERINCRIEHZ T (1), TEmERRHE AR
F LT, FHBAD ON/OFF (X PC 67 P4 v AT AR —

e (CONTEC:  PT0-32/32L(PCI)H) % L CHIlH L7=, 72
B, A FAOmEmBKHLETIE, REOEAL THICIENH
OB ERNIN B DEHIET 5728, BHTABSIEIS
HTRAA X2 208N Chs, HOEMEL=y
MIBEE~y FOFRITAS LTGRO FIZE L TEY,
HtE Ny MBSO RE L OTHIRT LA EE TRV,

HIEAy Ml A7 CRRBAARRE LI25A, AT
EREOEBENEL, HEHIADRED 3 RIThLEOH
HBARSBoNE, 2T, BEHR T A4 ¥ (SUS:
XA-35L-100, HSGHE: 50 mm/s, A hm—2 100 mm)
(2 AT ERBAZEY T, REOEROFRICES
X, 1I0mAATETEHTDLH PCOHLEENATA XD
:ybu~7erwc*i@ﬂ@%%%&ﬁbt&jb

kv, BN LETIHFMIC 100 mm 535 &[RRI, FEE
X74&@@¢ﬁ@mw%%@ﬁﬁ$@ IEERD G
ETx,

FERRED AT OREE AT LA T AT & FEICHE
QALY 7 T =TI VATV, BRIk DO0ERH &8
ERLWELIZF—REDO~ v F 70z, rARy b
JERE R D ERFRED A T AR ~D [RIR AT
Rt tor—can & T U T M THIR A LU RIS,

Robot
HColor—Cam

nx Sx ax px
[Ty Sy a4y Dy
nz SZ az pz

0 0 0 1

—0.734117 —0.678706 —0.020733 —0.0900703
_ [ 0010214 0.0194926 —0.999758  0.919457
0.678946 —0.734151  —0.0073776 0.673893
0 0 ' 0 1

(4-2)

ZIZTH LAY bV n i TERFRIED A T HEIERTD

x BB OBAAY hrE Ry MEFERTERLIEDO
T D, [FRKIZ s, aldylFm, 2 @hFmoEgL~2 h
NETRy MNEEARATRELEZLOTHD, H45~<7 b
JUp IRy MEERD D ERERE D A T IR~
SEATRREIRL Y Ch D, [FIREIITH P e DER A B
AT NV pfXBENA T A X OBENEIZE S ERRE
o,

4. 2 f(EMHAE

4. 2. 1 (ERHT7ILIYXL

AT LA BRI K A @RI ORI £ 4-2 (R
T, TER—THET, EROBEAIZEI NS AT )
LELNABEOEBRIZEBNT, HAHHEEG kRSN
= AU DO B OB R OERM 72T EAR T
HBH, Xy U T L—a L VIRESNERAT LA
HATD I WTEROEP K ¥, 2)NEFOEER O
Ho (&, y), b (&, 7)) IBERBSEE, FEEEREK
THREIND T,

X = E‘ZT"Q (4-3)

y==2 (4-4)

7= % (4-5)
LINFEPOEOWERE, y=y=y,, BEJ=x-x,

Fi3h A7 OESREEETH 2,

P(X,Y,2)

\ Xr
HAERD |
\

B 4-2 RFLUAEHREIC & DEERHOEXE ™
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(@) EHAS
K 4-3 RAFLARASICEYREDOTEIL SR L -E{EH]

X 4-3 1T L 91, EEORBRHELE DA F I TIEHE
BORENEZYEIEBERRENE LI 2V, ZToL
TRBUCB N T O REAERNGER L, Hx OREDAL
BEERODVEN DD, 2T, MPIUE BERROF
Wik, 7Y 7, MR L W ORI TRITRELZ EA
L, /A RX&FRETDELEBI, EBE L-HEERE S

X 4-4 FrREEOME B U ETZEOFHE
’ GBI 1/ FRE)

(b) EHAS

FIL, REOCHEBFEHAITI, K4-41%, K 4-3() DI
GiEE ik, Y7L, FEROMBE LR
Li=bDThH D,

L/ 1. 2 L EOREIRITEHORENEEZ L TV
HEEZ BN, 45 R TRIFRTFEIC LY
oL,

> f > Oo
O
=EAVE BREFEREE SRV - AR

X 4-5 RIFRETFIAIC & D EEMBEO OB
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BHORENERY & 5 FRRBOREO(LERT
LT X LEE 46 1T,

C b D

I

RTLANASOHS—RERORE |

I

REHZEGEROENERE LR, BT |
W

BREESICESESEROBE |

I

AN R EEEORE |
7 T

BT (PR R TR
SRS Y FIBEE)
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1/FEEE<1.2?
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EOER-HEEERNELE EERE

L

REOEE
I

ATLANASDEREZD
B~ REF—OMEAH 1+ No

O SIS Yes
®T?

Yes N

AFLANASEERO=RAHEHE | .

N
Oy NEER~E R [ ——

@

] * RS

Yes @y O EOEREERSOE | 0B
@19081% <« ELERORE<260EHR

No @ | SERERMDE | <1500EH

K4-6 fUBEBRHEOIO—Fv¥—k

AT UANATCTH T —JREG &R %, FRENH
FASNI-EB A 1SS0, REGE G BEROZESHE
BEAER L, RYHRTT 5,
ENEHRAZEBAIRY 7 b = TI2 L 0 F bR
EFRICESEHIE Lo, HRIsEiz LY —E
LORBIEAZREL, EtgFOREEERA T 2,
REFIRIZIBW T, MR, SR o FiEt, 7
Y7, MRS VORI RT R ZE AL,
A RXERETDE LB, EE L HEESE S
L, REOMEMEEFATY, £79, IV 7L
eSO E (kiR 4, FERE L &L T4
zA /LY BRI, FOWE 1.2 REOER%
BEREE S LT S,

REIL OB OB OB R A ok L, Fosk
B 0> SRR 2 T O AR BRI H —RFIIC BRE T D,
HEROEEEZ RESRET D &, NERRENE
720 CRZTSHE I MBIGEDIRE T Zh b OfEl
AHEELTLEY, HI/NSERETDHE, RER

RENER > TRATZHEIIHEITE 202 £
BREN, I T, RUNINSREREEZZRELT
A A IO BN & 7 TR 2 i L

M DS 23 7= & 7\ EIOSEES D1, £
BRSNS & 7 LS A i
LTCWABEETHRIGAREE LT, BEx N
BHEENIRR 10 B E L, Z0CH MO
o SRR IER 3 5,

® FoERE OREBEA AR —EICBRE L TV, R
IR 78 < T o o RE R SUIZETE R N U7 B3
2310 [\ 2 # % 2R CRI T T 2 88T 3 5,

® RITARITIE T2, MIBEOSM 2T RO E L
JAERE b SRS B DO FRENTTET DA, AT LA
71 A T O FEABHR O [Al— R 0O kIS 2 Bt
T2,

O AT VAN AT OELEHG DR —FEFED AT
I, AR TR U B RS b ARk
EE A L, AAEGOREFERO S TOMI
R ERIE L&D o ToBER T T 28 T35,
KGR, BEOEE OB D7) £ 10 HEiFEL
WIZH Y, KRG OREDERFEFIC BV TRE
MOHTT D L EBEZ LMD AT LAD AT 5O
(0.7~L0m) NHEH SN AREDHFE (190~260
) I2dh Y, FENEEILOZED 1500 LINTH 535
B, F—RFEE U THIE L & BT,

® HSEEE LT HAAEDRICRN T, AAETGRO
[F— R FEER O E B EE D AT LA D A T =R
2B =R TOEIEZFR L, (4-1) Roo[Rks
HATH = VL0 BN NERER IS 5,
ﬁ%&mTwﬁUfAﬁﬁ%ﬁ%@,z4mz@cm
(Intel Core 2 Quad Q6600) Z#&#k 7= PC T 0.05
s CHol,

4. 2. 2 HEHBEHEBA®

1) RIFRHFFEENSIaL—ay

MBRHT LT XLD ) BRI TR L D RE
DOEBFERROMREEMRAET A7, UTDVIalb—v
3 EITo7,

KRE SRR LEHOM % 1024768 BEOEH I
SURKIERBEL, 7L—bLhb—EiEAH L TWAY
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ZEGFRE D ICHERE L2%, EHRo TV AR EE
FE U, A L7 IR A RTR O @R 7 =Y AL
B ARG S U, Rr#r FEic v aEiL, Ho
ERIER R R AT, AR OAE, HEEERTOMDOE
DV R ORISR &, REfRbTic X v il L7 FE
i oD B Do JBEAEE Fe OVREUTRIB SR A LU U, B DA OO T
LRy B OVK RSy 07273425 AT, fEE RO
FENITEOM OFENE RO 10%RETH LS, Khs
T U7z, el kv ERREERE R -,

P. =n,/n, x 100 (4-6)
TP (ERRERRE, b RS NICHOE, nc B

EXhi=MHofs L,
T K DCELE LM OER Y AR E VT SRIET

W28 MO BN REE L 720, STOMOEHEE

FERETT2 2 ENHERENIZEDD, MOERY O
Sl D=, ROXERAWTELRYREZEH L,

P, = % X 100 (4-7)

c

ZIZT P EARVE, N ESITOMOAEFHEkER
¥, N EEBROBEOEFHEELE LT,

BoiE L7-HoRE X%, B 20~50 mm FREOREL
MEL, BER50~180 @R L, MoHuL 5@, 10 4,
15 {&, 20 [HORBRX &5 E L=, FBRIX T 100 [E D>
Sal—varERITLE,

2) RAFLANASOR—BREELOMGHTDL =
alb—iay
MEWRHTLVIY LD BAT LA N AT O
B[R —REFEEDO ST DA T v TRV THIDOR
ER T w2 T orMREMEEZ VI 2 L—a T ED
FREE L 7=,

AT LA TR UK E X ORE@ERNF—= R —

TREE B AEEE A TV D I5E, BGOSR FEEIRD
HOMERESRZOF L 0 b/h ST, #o Thlo
REM@IRE ST T Z e nfalEhi, £2°C, &
BRHESECBWTRER M T D EBLONDLAT LAD

AZEDOHEEE (0.7~1.0 m) MEREHEINHHEDH
FH (190~260 Eizk) 23 70 HE THHZ &b, #EoT
KIS T2 REBOFEEAAHA LT B0, REOK
& SBNC, AT LA AT DO HEE S Ei{g o R (8
) 2oy LT,

3) RIEE ) DA FIREZ RI-HE O EREREE

RIEE B R EE RIS O BERTFEEZRRET 5
7o, BONCAT LA AT OEAMEREAEE L, Wi
BORREZ BIEE ) OiR U, RSN D OBEIER D
I ER L A Rat LT,

AT VAR AT OEREREEEET 720, 7T BRE
ZEAfv = 2 L— X IZEZE 30 mm OFREO M AER] X
N7 L— RERREL, AT LAHD A T IER CHEE 0. 5n
DOHENGw = 2 L—FIZE D 100 mm 3 DFE L T X,
FHUR T 20 FEEZBIEL, ol y MNEEA LS LT
WD & 9\ REHPEFRRZE (RMS) 2R Ui,

€rMs = ’%Z?’:ﬂp —pi)? (4-8)

PiImAy MILORENME, p TAT VAL AT TH
ELIETH D,

B OB EFEREOMIEIEE 233 2720, K&
SNERD 4 HOBHEE (BE: 25.8~52 1o, £F
1 21.56~43.2mm) Zv=Fa L—FIREL, RIER
MOERE L=, A7 LA A 7 Bl CHEBE 0. bm DS %

CHEYES L LT, BRREA P L—HIZEY 01 m

PORELTWE, REANLDY=E 2 L—Z OBEIE
BEL AT LA AT TRH LI BRUE R0 & OB BhiERE 2
HHIAC 20 FIEL, HR LT,

4. 2. 3 EBEHAROBREIER

1) MIFRIFFENSIaL—ay

T H DA LM, EREE O, RFTIC &
D B T-MEEROf 2K 4-7 (R d, FOERD R
P BB LT ay NER4-8IZT, HEARDE
PAZER U CEBERRE MR T L, 1Ebox2bd b
DD, BV F P ) 20%FFE CIEBIFERE PLVER LT,
FIREORE XOMMRER>TWIEE, MEEDS
HREZIZHOFTNI O LT HBECX =, LvL,
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NSV &K E AR ER > TS, KX AT DL
SR B AR S U

O
& i?o &

{b) AR O FELE

OO
& O

(a) oA LITER L= (1018)

OO0
OO0 &

(c) S (1ofE ch 7@ H)
R 4-7 HOERMZEHEDL I 1 L— 3 UEERH

100 @EDOEE
O aD
80 | coommmo © oo ©
o ®
§ aAa oM@ 00 O
,;; 60 - ® QA0 00 o
3 o0 amwooo® om o
R D CCODD@MO  O® O
"_L'_, @CKDO&DOGBED OO
40 1 O @@ CODMERBINCIEDEED O O
S © bn8 BB © ©
T o 00D @D @O
FPEPSPodBITo% o
20 ©® ocomamo® O o
o OOO(UDOO
00 000
© o
0 ' .
0 10 20 30 40 50 60

FDEZTYZEP, (%)

R4-8 FOESY %L EHDSE

2) ATULANASOR—REBEORGFITDL 2
ab—iay

18~30 mm F TORFEOKRE ZHNZAT LA D AT h
D OEE L BRPORE (BFR) 2K4-90LHi7m
v MU, ZOREER, BE26 m L TFiokhs s, REFH
ERERS>TOVRWESETY, B A 706 OO
RORBOWA & & Bz, o RIS 5 rIREME
TR, B8 m UL FORENFR—=R—F
M LB L CIEA TV BIGE, o TS50
HEMEAMB D TRV Z EAVRIE ST,

i
&
o
[
8
.B‘ - e
& | somBEsoERUTT -]
" BoTRYFLY
20 1
O ' T T
0.7 0.8 0.9 1 »
HATIEOEESE (m)

K 4-9 HASHh oD EEGEFORRE

3) RIEMI oA FIREEZR-GEOMBREKEE

AT LA AT DERERORERREZK 4-10 1R
T WA TIEFE (AR Y NEEE 2 BT OREN
B AT MEOMEREL & BRI LT, FHEEEC R 5
TEEOEAERZET x, vy #FHTENEIEKO. 1m, 2
HBICRR1.6 mm Thol,

40

RMS{(mm)

05 0.7 0.9 11
HASING D BEEE(m)

B 4-10 RTFLAHASOELERERE RUS)

BRREOK BRI ORNEREE A2 E LI-/ER, x, v
Bl 7 EREZE D RMS 135K 3mm Th o778, EARMEREOH]
TERE & [FRIS, 2 i MORBENKE IRot, K4-11
BRI REOBEIRRED 2 #5RRAZED RMS R4, R
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mm/s, A hBE—2 100mm) [T 27 =7 ZIZREL
=bDEELT 2 AL (SMC: KJHO4-M5) ZHR Y fi), mEE
NRHRNEY AT L (=v 4, I-SCAN) ZHWTEY
L ZOVBIOBERE 10 mn~110 mm OM-HEH - 77 % 3
E LT,

¢

BEEND
AEEY

B 5-6 [EHEZES MR - EE D 0OBRIEDORT

=25-30 30 - %25-30
®20-25 25 | u20-25
" 15-20 = "15-20
®10-15 & 20 - 210-15
<45 H5-10
w5-10 R 15 i
®0-5 H 10 l
5 1 7
0~ &
/W,\
(a)10 mm - (b)30 mm
25-30 l #25-30
" 20-25 25 \ "20-25
®15-20 T 20 1 ®15-20
=10-15 = ®10-15
u5-10 R =5-10
"0-5 H 10 - m0-5
5 =
| &
0 q,b‘
W/\
(d) 100 mm

(c) 50 mm

B 5-8 EEEEAIDE DD THOFHIE
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AR ZE G O EESNT 0.6 MPa , HEIT= L F=7 =
THED ) AV 3 ETHDHZ EEEFELT 90 L/min
WZEXEL, 5 Hz T 20 s MEHAIL, EHOFEE, &K
EERD,

(X 5-7 12/ 2L DRERE & e RS 2 7R, 60 mm
PLEBEND & B RIESIMIZE—EIL e o7, £, [ 5-8
WZEA A OB RS, 50 mm DL LA D & kR
PHAS 30 mm FREE RN T, = R T =7 20X, 74
VW EBWTREE T 2 BRI XA RIBEEEAS 60 mm,
BT AN LREDFLET 30 m, AT XV
NG T 4 T ORREM Qs E T 70 mm THDHDT, K
B LEREARERSTZ L7, BHERELZBI X8
TENTEBEBEZ LN, £, BE ANVEWED
FeURE T40 nm TH Y, WFEF LI RRORRICA - Bz
REZEDT O+ IMMERT 2 LRI,

5. 1. 4 RWRESEE

REL RWEEEE CHBET 2720, FiRic LREL
R ER7BR, BURIC 7 ¢ AR CE BT MRV &
INET 4 A CRERES T 5, £0%, AT v
TEEL LT, BT A= a L—& EEEy KD
THEZEL, =V R 7/ X% 5-9 DX ) IZEMR
WL 70° BRI S, oD FHRNCE 28RS K DT
L, BRELERCCEALTRERERANELD LD
Iz L7,

%Ei%/\“yl;ﬁyﬁlﬂ
— >

|
IokTITos

ORHTIC
5|-o5RY

59 vZEalL—ARICKkBITRITHZDMER

R SEDHHEX 200 /s THY, FHOTILF-EDHE
FEE 200 mn/s, BEEEE 150 mn G B, T2 KT 7w
HEEA SR AR, RELOTEHNEHE SN, g
Ny REFEH U7 EER N 5-9 O yifili~A T 2K
ENWCBET A2 L, = N7 =7 ¥ AR &
B D, FRARECINETE 2o REICMNn G Z
ElEH DD, ZhunbIGET HINEEE DR RN D Z
i EHER SN,

5. 1. 5 BEREMEITOISL

CRfELIeEr RET = A kv = a LAY A
i, TOEOR LICREOMBEFRICESE, BHRAEEL
HEICITY 70 7 %8Bk Uiz, BURBICH DA F
SORBEEFIEEY 7 v —F v — MIRT (X 5-10),

O FTREHOMEZFRT L2, AFIZLY PC
Nov=talb—4EEEL, REHRET N7
=7 X OWRFEODONBEEDOEZIT, RIEBLERE
M E D~ = o L— X OfEEE % PC \ZF0Hk
T 5,

@ *0tk, HERE 05 05BETsE, =t
2 L— S PRI R 5 7o th, WA DO RIE
HOK 1~2 cm FOMBERENBENT 5,

@ EZeRABICIVAENFEL, LB
RICL VBRSNS, v=Fal—4
IV D R T =7 R —TEBHE 15 mn/s THRE
DE MG EH 5,

@ FESHEr L VBENRI SRR TRED O
B L = P72 O EAMEIEL, KTF/ X
NROEE ) A DFF b IEFZEG A S5
ERIERZ 7 4 DY SN D,

® =y RxZT7xlZR—FEHRECTLREH, 50 m BE)
L CREZRM U - 7=54, 45 m FREL,
E—EHE s 5,

® 2 \EBOEETHRENEN I NG, B
UTRBE LMW L, #or Lo BRI 28R a2
Fikd 5,

@D T4 HCTREEZTFFUtR, AERE LEHER
OHHEEIEL, = R=T7 =7 Z2EFIL, /&1
THRNZB 23k THRRET D,
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| EXEBIBE |
5-10 BEEsEn70—Fv—k

1 EX7=9 ORI, BREELRBL OO OE
B BENREZICTOEBIERTH2ETH30s THo
7=

5. 2 RREMRHR

5. 2. 1 HEAZ

AF D (FLIEoX") BEM S Wik OfkE~<
v REv =t a L—FDERLEFICREL, SREEN
Voo L— X OREFEAMNIALE TS L Dy Ko
MEZFAEL, RBRE/To7, 163 EORELHL,
BRRANC T O R E R REAR 25 A, B, C, D
DAy LT LIztk, Lk 7 n /T LEET
Lize ZLTC, MBRENREEDRIZANDNE HINT
e, REXRE LGS BRI &L, 36
WWBRE LS EZ BRERT) & Us, BEERICES
REOHEOFELZBIZEL, thoREITKT LRSS
BEOHEL T L-, £, BWIENE oot cx

AEREICHRLEEE TRRFETERES] & LTHHL
oy BB AT B 70, LI L 0 HEERD
=, RERHE, BEE, BEREE, MEEREE R
WSR2 5 L,

1, = f,/n x 100 (5-1)
1 = f/n x 100 (5-2)
1y = fp/f, X 100 (5-3)
Top = Nep/1 X 100 (5-4)
Top = Np/M X 100 (5-5)

r, ¢ ol
7, ¢ R

r,: %

r,  BEREE

ry ¢ REEEE

£t BB

n ¢ BRBREN

£, BB Ui R R
£+ R LI R RIN
R AR e L

n, ¢ MSREE R L E
ny t MRFEERE LI

5. 2. 2 HEBHR

1) B - RE

# 51 (CHERBEEOMR & EBRERA R, K 5-11
IR O REF 274, HRARED 5 HEFIREE D
T, BEEYIC LY REHE CEf SR EI T )
7

P SIEIN SRS ANGE S S Q& ST —du o) 570
MPRREOERICEDETER LT, BE Ltﬁe%, B%
ITALIERIL 100% Th - 7=, EEY & DEZFREHRHI
HBREONBEEEABMEINIEFRECTCH>TH,
W& O OIRENC L EEMNG 500D Z L7, HE
WZHER - g LT, ZORERNG, ALEE{nHIEEX
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A THD LTS,
FRERDERIT, BRREA CRLEL, ERIKESB, C
T 90%LA L, FRNCEEEWN & 5 EFIRRED T67. % Th
ST, BHEREN LW AR L BERE D B V2
A, BRERRFRE Ch o7, Wi, ZREENOHHER
REJISEET LN TSR STHE, T4 v TRHL
WRZ 7 ¢ DB EERFICHSR L, 7 i ES i
MR EDNRE Lo R R E L2 RS L ClE N
DO RREENNDBRMBRINZ, 2O 0D,
MR I A 5| & Bt RA B RN I RE O iR LS EHERI T BR
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BINORENTVRITAZ EXH o7,

\ FRETEEM o1z
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2) BFREEDEE

REM CREAEFIHZLICLY, @BBITWRSE
TITAEER & OBt X 0 R Y 5/ 2R
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e LOBRNG, BROREZFRESERNL TS

HTWVBEA, REDOERY 72 812 X 0 IGEEEIZINH#E T
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VWK D ekt RBVE LB 2 e, IHERE D RE
TIE, WELT ¢ o HOHEE 72 R EM 2w A L, RE
RENNERTHNhES T2 Lk, BERI Y

KU TNRIRETH D LRSI N, £, BRI
X BEMENCRER LN LZ2, ZoEfitic X
LGRS0 0T, ZORKE LT, REEIT
FREEL Y LI CTE-EI VI e, RRARIL 2T
REACINESIND DT, FRELOWREE CHTE b EMEZER
WEBEINDZENRNWZ E, B’EZBNT,

BERTERRENCTREERY, FRRE A, B,
C, DONETHIIL, EFZRRED CIlIELLULDOREN R
BLz, BERICOREZBRREL-SE, BEOR
ERFFFICHEL, RERLOAM LT N THEENF
AT HEENHR SN, FITDEEMICAAET 259
MEENFE LSS, W EORAEZORAROMBES
B ORI X DIREM O L2 < 2 & BE B O
L Lol BRUCRELZNAE T 2BEOHBEILR
TR SN2 o T,

3) BREER - thRRDEE ,

RN PR EN S 5 E LI B ORREREEIT
25. 0% TH Y, £V 7TEILL LOEIE CHiRERE 2SR E
THZERERETE L, WML RECHET 51
korRy N TEHRRERMERIND X ) RERIRET
o T HIEEEMIEBEREIC L v BREREA EMRFERIC K
DB XBES Z LN TE T, ZORERND, EERRBLIE
HEO—EDOHRENHERSNZ, LML, HFRIKEATH
7 4 A LRI R 228 TIADBIR MBI Shic
fil1, F&FIRAE B CREHERFENEMER O LY —E
I BREENSEND OO, IRV FDL IR TE

+&5-1 HEREOMIN & RERIER

Frr e e e BE WR ., PR RE WA
g’ EE PR RR ORRE ORMAE gy g P0F 4 pmgs gms

(=) (g) (imm) (mm) (tmm) (%) (%) (%) (%) (%) (%)

A 72 12.7 38.1 29.4 1.4 100. 0 95.8 7.2 5.8 0.0 27.5
B 39 15.6 40.9 31.3 1.4 100. 0 92.3 11.1 25.0 2.8 13.9
C 21 12.7 38.0 29.7 1.3 100. 0 90.5 26.3 84.2 5.3 21.1
D 31 18. 4 45.7 33.2 1.5 100.0 67.7 52.4 81.0 9.5 9.5
7t 163 14.5 40.2 30.6 1.4 100.0 89.0 17.2 31.7 2.8 20.7

*1 2-5 2R
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DRI LT REDFEREIL 8. 4 g, FHIFRRIL L. 2
m THY, HAREEOFHRE 14.5 g #KEL FlE-
Too ZOZEMD, RADETFULRR E UT, BRAR
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RANTHL, RERERADEC 22T ENE X
bz, RWERFREIE AT 5720, 2F 0 %
T4 HTHRERNE DT D70, BEOFA X
bETT 4 TR LB R L5 X5 2etliffn®
Z b, SEOBRFRRES Bbhi,

5. 3 # =&
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WS D EBM Ry NOBBEEBEL, (CEL{bamdhl
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BECHRLT 2 R T 27 X 2% Uiz, R

EBROFRER, UUTOMANME LN,
1) BETpEhaERIL 100%, ERFRIIEIL 89. 0%, <IHFE
OBREHIT 17, 2%, Mo REORRERIT 3L 7%, FIRETF
RENEIT 20. 7% Th o7, EHREERTIE, BEEEENR
ROV ECER AN R EN O 255G, BRMEEN
m<, BEE, BERERMEOD, FIESy RANCHEE
REND DHEXCREO TUNEEM N & 2856, BE
FRDVEPMET L, BIER, BERENE R LMD
molc, BRI REOMm LCHEERD
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ﬁ%%t%m LV, BRI BB ENH D B FREE
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£6H EEIMIVEDRY FOIREILERR

FHA4ETIE, (ERH2=y b EFARAEL=>

MHRERSNA~ U EY a v OREEIC DWW TG L,

B5ETIE, THNLESET 22 EARME L, MR
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W Lz, AETIE, A4 FIOBEIHEES IRy K
DA DRI L D BEIEIEE DO SR E LD TREMEZ
Watd 5, Zo7c), 83 FETHE LIRS 27
O LEMEEL, HEESy ROk, REOMEKRE, A6
KEOWPEREFRN TS IEEEI OYE, FREEL VD
—EOEEE BN T o7, X 6-1 (UGB > 2 T
LRS- ZTT,

ABFECIE, BRI R EOIER DA KD, RE
15, AR EOIFE LT REREAFFR LT, S BIT,
INHOT—H 2T CIX BN KB EEE L OER
RIEDNNRERLBh I - 2 1= B A SE TR 5 Z &0
TXRWEEBX LN, INHERSFEONRE L THL

B, IEEGE, SRROSBELERORE 2R
L, SEIERHEDINHERDIRICE 2 D8 o LT,
E7o, INFERDER K OH B EREE 2 8 SRR N2 /38

BT EICkY, BEFAREDIERINR K OB ERS L

W25 2 DB A LT LT,

—J7, INHEEMORRHIEIZ L DEEFE SOhAT DR
ROIFEIZHER L, RRINFERZ RO, INERD
AR, RARIEEONR & U CREE DML E MR
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et L7z,
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ZEZDEEDREBTRIE Yy FTEEREBICR HIAL,
R U7, 1 EIDOERTHM 5 #ko BEIEIEE 21T -
7o, 200844 H4H~5 A1 By K50 EZEHEL,
100 B DFERZ1T o7, HEVHIE CTHER SR LORE
ARIGRFELL, GFIB6ETHT,

B ATRE e B DA B SFE, X 6-2 o x #li5 Clk
FORAEL=y Nz R T 27 ZRFH L2V
FHTHY, y @iliFm»EERED A 7 ORI, 2
WA~ = 2 L— X OREEIHN CTH 5, BARIC
X, REOECOIED x filiHm CiFagllE>L=> b
5 60 mn LAl = o L—FAIICEEN TR Y, vils
W CIEE CSRRIE D A 7 OXdhH 5 £30 mm A O
W, z BiFRCHEHE Ry NEEFRR (v=Eal—40D
A= ZFU0L) 2B 700~ 1020 mm OFPHN & L=,

KERED H HIHERLFIN O R F 1L 467 (# (87. 1%) T
Hot-, BRIREEIL, 25 TRULEL IS, BEERE
7R L GERUIREE A), BB ANCBEERESL © GERIREDR),
Ry FANCEEERESD Y GERREEC), TRNCRESE
Wb CGEFRIREED) O 4 UKy Lo, IHEFRFAMA
28 5 REOFRIREN, HEFEHONRER 6-1 1R
T, B, FRIREOSEICEWT, BB RN R

ERIEEAy MO TIZH D% E I EE~ v FANZEEE
RENHDERIREC L LTHHEL
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ER 2k EHEHE HER
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A 170 (36.4) 75 (31.6) 95 (41.3)
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D 105 (22.5) 59 (24.9) 46 (20.0)
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FURREEIZOWTERRE L BRHEIZ L 25 6%
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T2, BREERCT ¢ v A O R EEEHPIC R RS ALY
ADBS A ET A0, Ty N7 2/ ZOFIEy
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6. 1. 2 FMlIEEDER

1) UNHERREheR

BHLHIE CH AT 80%LL LI HER S I OUHERE
I 2720, PTFORUC L 0 INHERThE, (R
S, IHEEIRAE R R OB R A B LT,

T = dpy/ty X 100 (6-1)
Tme = Cm/ dm X 100 (6-2)
Tmp = pm/cm x 100 (6_3)

Th = Pm/tm X 100

= Tmd X Tme X Tnp X 10~* (6-4)

1,y o INFEBHIREOALE MR R

1, IHERE R SR ORI E R
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t, - INFEREIIR IR

d, © (LM U7 IR R

c, © IHERHA & I U 7o IR I SR S
by RTICHE Ui ISR R
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Tima = im/tim X 100 (6-5)
Time = Cim/ dim X 100 (6-6)
Timp = pim/cim x 100 (6_7)

Timh = Dim/tim X 100

= Timd X Time X rimp X 10—4 (6_8)
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Summary

Development of a Stationary Robotic Strawberry Harvester with
Picking Mechanism that Approaches Target Fruit from Below

Satoshi YAMAMOTO

The aim of this study is to develop a stationary robotic harvester that is combined with a transportable
- bench system for strawberries, and to reveal its superiority over conventional robotic harvesters from a

perspective of high precision harvesting operation.

1. Introduction

Plant factories have been drawing widespread attention from views of safety and reliability of food
production and consumption. For plant factories, many sensing devices to obtain precise plant information
and controllers to maintain appropriate environment for plant-growth have been developed. In vegetable
production at such plant factories, however, much labor force has still been required for operations of
harvesting, sorting and packing. Considering labor shortage in the foreseeable future, automation technology
will be necessary for a stabilization of vegetable production in a plant factory. Thus, we decided to develop
robotic harvester for strawberries. A number of conventional robotic harvesters for fruits and vegetables are
discussed, and transportable bench systems for vegetable fruits such as tomato, paprika and strawberry for
industrial bioproduction system are also explained. For an improvement of precise operation of a robotic
harvester in industrial strawberry production, it was considered that a combination of a stationary robotic
harvester and a transportable bench system would be more effective solution than conventional robotic

harvesters which have to travel all around the greenhouse to pick matured fruits.

2. Basic Investigation of Robotic Harvesting

We investigated the features of strawberry fruits in terms of robotic harvesting. At first the difficulty to
approach a target fruit from three directions; front, back and below, was classified and analyzed using
table-top plants cultured in greenhouses. Throughout the harvest season of strawberries, percentages of
whole-visible-fruit were in range of 40 - 60 % from front side. On the other hand, the percentages were 70 %
and higher when seen from back side or below. Thus, it was revealed that it is easier for a robotic harvester to
detect and approach the target fruit from back side or below than from front side. Next, the maximum force to

separate a strawberry fruit from the peduncle was measured. It was observed that the force of separation could
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be reduced to about 1/4 by tilting the fruit against the peduncle when pulling the fruit. Based on these results,

we designed a machine vision and an end-effector of the stationary robotic harvester.

3. Outline of the Stationary Robotic Harvester

We constructed an experimental system for a performance test of the stationary robotic harvester. It
consists of the robotic harvester and a transporting unit for a bench of strawberry plants. Main components of
the experimental system, a flow of the automatic harvesting operation, the specification and the layout of the

manipulator of the robotic harvester and the specification of the transporting unit are described.

4. Construction of a Machine Vision

An optical system was constructed to equip the stationary robotic harvester with an ability to detect and
determine three dimensional position and coloration of a strawberry fruit. Positions of fruits were detected
from below with a stereo-camera. We developed an image processing algorithm to separately recognize fruits
occluding and disturbing each other. Then, a coloration measurement unit was set near-by the transporting
unit for a bench of strawberry plants at the fruit level to capture images of the target fruits. Considering the
spectral reflectance characteristics of a strawberry fruit, the illumination was equipped with red, green, and
white LEDs. To evaluate the accuracy of the coloration measurement, we compared the coloration by
human-eye with that by the unit. The correlation coefficient was 0.93 and the rate of proper judgment of the
maturity achieved to be 94.1 %. Furthermore, we improved the accuracy of the coloration measurement of

fruits overlapping each other by masking obstacles using the position information of the target fruit.

5. Development of an End-effector

For the accuracy enhancement of picking motion of the robotic harvester, we developed an end-effector
with three unique functions; (1) vibration of the suction cup to minimize the influence of the adjoining fruits
at the time of approach; (2) discharge of compressed air blown toward the adjoining fruits to force them away
from the target fruit; (3) removal of peduncles by tilting and pulling motion of the target fruit. The
end-effector was set on the manipulator and a program of picking motion was installed. As a result of basic
performance test in which actual strawberry plants were provided, the success rate of approach motion and
picking motion were 100 % and 89.0 % respectively. Even when the target fruit was blocked partly by the
adjoining fruits, the end-effector approached and picked the target fruit successfully, and the vibration
function of the end-effector seemed to work effectively. The separation function by compressed air also
reduced the rate of miss-picking adjoining fruits to 31.7 %. The rate of remaining peduncle on the picked
fruits was 20.7 %, therefore the tilting motion seemed to have worked properly. The rate of damaged fruits,
however, was 17.2 %. It was observed that the adjoining fruits picked simultaneously with the target fruit

caused the damage of the target fruit.
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6. Performance Test of the Stationary Robotic Harvester

The stationary robotic harvester was tested with an experimental harvesting system in which the robotic
harvester was combined with the transporting unit for a bench of strawberry plants. We examined the
performance in 50 beds, each of which contained 10 strawberry plants. The success rate of harvesting matured
fruits was 67.1%, of which the success rate of detecting fruit position was 89.0%, the rate of correct judgment
of fruit coloration was 83.4%, and the rate of picking detected fruit was 90.3%. On the other hand, the rate of
harvesting immatured fruits mainly caused by the misjudgement of fruit coloration was 21.3%. The rate of
damaging harvested fruit was 12.5% and the rate of picking other fruits simultaneously was 13.9%. The

average processing time per bed was 126.7 s when the average number of matured fruit in the bed was 2.3.

7. Conclusion

It was confirmed that the stationary robotic harvester was superior to a conventional robotic harvester in
that high success rate of harvesting was stabilized with both the unique end-effector and machine vision.
Reduction of the damage of picked fruits and improvement of working speed, however, remained unsolved.
Based on the results of this study, we expect that an industrial strawberry production system, not only with a
stationary robotic harvester but also with a monitoring and control system for the plant growth, unmanned

plant protection system and automatic sorting-and-packing system, will be realized in near future.
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