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Table5.1: OO0 OO0O0OO0OODOOO [40]00000000Db000D0bOO0ODODbDOOD
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grasp modality  visual information | IoU
RGB 69.6

suction depth 69.4
RGB+depth 70.9

RGB 71.9

pinch (d = 30) depth 73.3
RGB+depth 74.2
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(@ ©) ot
5 36 71.1
10 18 71.2
12 15 71.3
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20 9 74.9
30 6 74.2

gobooboooobooboooboobooobooboon

gboboobooooooooooobooooboboboboboboboRrRGBOOO
gbooboooooboboboooooob n43jooooobooooooboooon
goboooooooooobooooboooboooboooobooDOOoU0DEFes.16000O

gbobobobobooooo



140 — 0sgboboobobobobobobobobonD —

|

aél\f
(ol

(@RGBOODO GUbOoboboboo

Fig.5.16: D0 00000 O0OO0O [140]0

uoboboboooboboooobobooooboobobooooobboooooooboogao
oo

goboobooboooobooooboobooboooboobooboobooboboo
bobobooboobobobobbo4o0b0bOobObObObOODbODODOODOD
oboobogooo [43jooboooobobuo40000b00bO0b00O0bOobDOobbOOD
Uoo0ooboobooboooboob0oob0obobobOodbOoUdDU mean Average
Precision (mAP) [144] 0 00 0000000000000 O0O0DO0OO0OO0OO0O0O0O0OD0
gbooboob2€6mAPOO0O0O0OOOO0OO

pboobooooboooooooboooob

gbooooooooooooobooboobooboobobobobRGBOOOODOODOO
oboooooooooooogog
e [(0000O0O0OOOOOOODOOOOLOOOOOLOOOOLOOOOOO
e [0000OO0OOOOOOOOOOOLOOOOOHESVODODODODODODODO
oon
e [JOOOD0OOOO0OOOODLDOOODLDOODLOOODOODLOODLDOObOOO
e [JOOOO0OOOO0OOLOOODLODLDOOOLOOODLDDOODLOOODn
Fig5.1700000000000000O00O000DO000O00O0DO0O0DbOOOORGBOOOO
uboobobooboboobobbooboooonoooboobobobooobooono



— 0sgoboobobobobobobobobobD — 141

(OOOO0O0Doo0o0

Fig. 517:. 00000000000 000000000000 [140]0

gbobobobobobob

gopboobooooon

gboogbooooboboooobooobboboooboooobooooboooboobon
gboobobooboooobon3gjooooooobobooooboboboobooogon
gbooooobooboboooobobobooooboobobobobOobODbFgs.a80
goooboboooboboooooooooobobooboooooboboooobobooon
gooobooboboboogobooooogoobbboboboooobobooboobogon
gboobooooobOobFgsS18s00b0bo0ooooogobooboboooooboooon
goboboooboobooogobobobooooobooboooobooooboboobooon
goooboobooooobooooboooogooooboooobooooobobooobobooon
gbobobooobobobooooboobooooboooobooboooobobozo
gooobooogbooooboooobooobooboboooboboooboooboobooon
goooboobooooboooobobooobobooboooobobbooboooboooo
goboobogboooooooboobobobobobooooooboboobobooboonDo
oboobooobooooobooboog8uuouobobodbFgs 1900 0O0bDO0bOOonoOog



142 — 0sgboboobobobobobobobobonD —

® (€9) ()

Fig.5.19: 0000000000000 0O0000O000O0 [14010

goboobobobOobobo0oobooobboobbo0obboOobdFigs.19a00 Fig.s.19d 000
U00000000Fgs 1900000000

Table 5300 0000000000000 0O0O0OO0O0OO0ODOOODODOODOOOOODO
ubobooooboboooboooboooboboooboobobobonobobooooo
ubobobooobobobobooobuoboboooboobooobobooobobooono
uboobobobooboboboobobobooboboboooobooboobobooono
uboobobobooooboboobooboooboboboooboboobobooboooono
ubobooboobooboboobooobboobooobooo



— 0sgoboobobobobobobobobobD — 143

Table 5.3: OO0 UODOODOODOODOODODOO [140]0

environmentID | (@) (b) (© (@ () () (9 () |sum

our grasp fusion | v v Vv Vv Vv V Vv V| 88
pinch x v v x v v x Vv |58
suction X x v vV x x x Vv |38
box-based fusion | x v Vv V Vv Vv Vv VvV |78
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Flex Sensors in Back
of Fingertip Joints

Fig.528: 00 0000000000000 [70]0

ooobbooobooobooooboooboOo0oOboDOFgs290000O0OODDOOO
goboobooobooooboooobooobobooboooboooboboboooboooboon
goboobooobooboooooboobooooobooobobooboobooobooobooon
bobobobobooboooboobobobooooboboboboooboboboo
UboobooooobobobOOFrgs2%00000000000000O0O00O0O0O0O0ODO
goboobooogoboobobooobooobooobooooboooboobobooobooobooon
goboobooboooobooogoboooobooboboooooboobooobooobooon
ooooooo

gobooboooboboooboooboobooboooobobooobooooobooboo
gobogoboooooooboboobooooboooboboobobooooooobooobooboo
goboobooboboooobogobboooboobooobooooboboooboooDoooD
gboboooobooboobooboooboob

gbooboobobooboboobo

gbobooobooboboobobooboobobobooboboobobobooon
gboboobooboooboobouooboboobobooboboobobooboboobobo
uboooboboobobodbobobouooboboobobboooobobooono
uboooboobobooboboobobooobboooboboobobooobo
ubooboboboooooboboooobobobobobobonooooobobo



— 0sgoboobobobobobobobobobD — 157

The other finger is
unchanged even after flexion

Flexed by | _

a person

(b)

Fig.529: 0000000000 ODOO0O0O0O0O00O0O0DO0OOoooobo0ooooDobooo
obobobobobobobobo 7ol

OO0 Fg4.1600000D0OO0O0DO0OO0OID:25s00000000000O000O00O0000OO
ooobooooobobbOO Fgd4l60DOO0O0ODOOOOODOD:27000000000
gbooobobooooboooobobbobooboobooboooobobobooobooo
googobooboooboooooboobooooobooboooboboobooobooo
gbooooobobooobooboooobobooboboobobooooobooon
OO000Fgs300 Figs3lOoooooooooooooooooooooooooooo
gobooboboboobboboboboboboboboboboboboboboboo

gbobooboobooboobooboboboobooobooobooobooboooboooDoo
gbobooboboobooboooboooooboboobooboooboobooobooobooon
O155-92=63g0 0000D00O0O0O0ODOOO0OOOOODOFRgS320000000000
googobooogooboboobooboboobooobooobbooooboboboobooo
gooobooboogoboboooooboobobooboboobobooboobooo
goooboobooboobooobooboooboooboobooobooobooboobooo
gooobobbooobooboogoooooobobboooboooobobooobooo



158 — 0sgboboobobobobobobobobonD —

(a) (b) (©)

Fig. 530: D0 O0UOOO0OOO0O0DOOoOoO muoooobooobooooobooooon
gboobooboobooboooooobooboooobooooooooooooooooooon

Move down until
Sensor reacts

() (b) (©

Fig.531: 00000000000 0O0DO [70]0mbOOo00bboooooboooooonon
gobe3gd OOODODLOODOODOODODLOODLOOLODLDOODODOOODLOOD
gboboobooboboobooboobooobooo



— 0sgoboobobobobobobobobobD — 159

Left Finger Right Finger
120 m) Tried to stop hand
210 = = = ———
g Threshold
~ 80
o
2 60
3 |
> 40 |
E 20 |
é ) J
S i
2 0 03 06 09 12 15 .18
20 i i
Time [s] I
160y o o s o e e = e e = = =
140 | 15510] 1 :
£ 120 I i
2 I
= 100 . i
80 1171 [s] 12.90 [s]
0 03 06 09 12 15 I1.8 21 24 27 3 33 36
Time [s]

Fig. 532 0000000000000 O0OO0OOODbOOobOoDOOoOOoDOooooooon
gorojpoboooogoboooobooobooboooboooobooooboboobooo
oooobooob ygogooboboobobobooooobobobooobobobnoo
gboboboboboboboboboboob

gbobobooobooboobobooooboobobobobooboboobobo
gobooooobooon

55 buddddouoooouoobobboboobbooogd

551 00000000000

gboobobgbobobogbobuoobobuooboboooobobooobobo
gbogboboboooboboobobooboboobobooboboboobobo
O00D0FgS33000000000000O00bO00bOO0bO0DODO0obOO0ob0DOob00obDOoDOon
gboobobooboboobooboobobooboboobobobooobobo
obobooooboobobobboooooob0bO0OdFesS3400000oo0oooon
gbooboooboobobooboooboobooboboobobbobooooboo



160 — 0sgboboobobobobobobobobonD —

» Long-Range
Distance Sensor
* Close-Range

Approximate
Proximity Sensor

Close-Range Sensor Model:
Output =
f (Distance, Parameters)

While grasping, acquire
model parameters

Output = f(Distance, const)
! = f.(Distance)
Distance = f.~*(Output)

Object | Precise at close range

Fig.533: 00000 DO00ooboooobooooooboooooboonssjpoooon
goboooboobooboooboooboobooooboooobooboobooboooboon
ubobobooboobobooboooboboobobboooboboobobooobo
ugboobooboobooobobooboo

ubbogoboobooboooo
gbgoboobooboboobobooboboooboboobooboobobaon
oooOooogo [1se, 157, 26, 158, 159, 160, 161, 162, 163, 44, 145, 164, 165]0 0 00 00O OO
ubobobooboobobooobobobobobobobooboboobobooono
ubooboboobobooboboooboobobobooobobooobobooono
UoOo0oOooboooDoon [1se, 26, 158,159, 162,44, 165]0 00000000 [157, 161]0
gbooboobooboboobobooboboob neojbobobobobobobobOoo
U00bO0DbO0ob0O00o0o [1e3]0000 Time-of-FlightD ToFO O O O [145, 164100 00O
OO0000OTableS.SO0000O0O0OO0O0ODO0OOODODOOODOOOLOOODOOODOOOOOD
oboooooooboboobbodo<10ommbdoogoooooooobooDooooDbo
obooboobobobooboboobobobooogies]bobobobobobobOoD
ubooboobobobobooboooboboobobooboboooobobooDo
obobooooooooooooobooboooooobobbob0 3smmydodn 20mm



— 0sgoboobobobobobobobobobD —

161

) ~ Robot Hand
Fingertip 265
. .5 mm

ww 9'Te

44 mm

Close-Range Proximity Sensor
: (Optical Reflection Intensity Sensor
inside Rubber)

. Long-Range Distance Sensor
" (Optical ToF Sensor)

Fig. 534: J0dQoUoooooooboooboboboboboboooooooooooo
gbobobobobobgssibgboooboobobobobooboooboobooboogn
gbooboooooboboobobooooooboboobobooobooboooboboo
gbobobobooooooooooon

Table 5.5: OO0 0OO0O0O0ODOOOO0OOOOOOODOOOOOODOOMSSIDO0DODOOOO
gbobobobobobobobobobobobobo

Optical Reflection Ontical Sound [6],
Intensity, 'FI)'oF With Modulated
Capacitive Light [9]
Close-Range v X v
Long-Range X v X
thtlt_a Dependen_t on % % %
Object Properties
N J
Y

This Study (Fusion)

gobboood ToFOOOOooooObOoooooboooobooboooooboobooooobooo

gboobooboobooobobooobooboooobooobobooboboooboboo

goboobooobooooboooboooboooobboooboooobooobooboooobooo

gobooobooooboobooobooboooboobobooboobooon



162 — 0sgboboobobobobobobobobonD —

gbobooboboooboboooobobooboboobooboobobooon
gobobooobobooboboooobobooboboobobooboboboobo
gobooooboboboobooobobooboboooboboobobbooboboobo
gobobooobooboooogoboobooooboooboboboooboooboooon
gobogobooooobooobooboobobooboboooboboooboooboooon
goboboooboooobooboobooobooooobobooboooboobooboooboon
uobogbooobooobooboobobooboobooobooobooboobooboo
gobooboogoboobooboooboobooobooooboooboobooboooobooD
goboboooboooobooobooooboooboooobooobooboobbooobooD
goboboooboooobooboooboobooobooobooboobooboobooobooon
Ooooooo2e 167, 165000 0000000000000 0O0O0O0ODOOODOO
goboobooobogboboooobooobooboobobooobooboobooooDooon
gboooboooboboboooobobobobooobobobooobOobOobFgss340
UoooooboooboobobooonDoD 225mmx26.5mmx1emmO000000000O
obooooooooos400mmdOO0000OonOOg

gbogbooboobobooboboobobuooboboboooboboobobaon
Ub000000FgSs35000000000000000DO00DOODOLODOODOODOD
ubogbuboobogbuooboobobboboobooboobouooboobo
uboouoboodgboboobobobobouoboboobobooboboooboobo
bobooboboobobdoobobooboobobooboboobooboboobo
ubooboboboboboobobooboboooobobooboobobono
gbobooooooobooooobooboboboboboboboboboooon e, 163]
ubooboodgboobboboobobooboobooboboobobboboon
ubboobodgboobbooboobboobooobboobooboboonoobg

gbooboobooooobobooooooboboooooboboboooooboobooooobooon
uoboboboooobooboooobobboooooboobobooooboobobooobooboooon
ubobobooboboobobooobobobobooboobooobobooobobooono
gooooge2jtobogoobobooooooobobooboboboooooooD
ubobooboboboboboboooooboobobouoboboobobobobobobo
oooobooobOooooooges, 169,170,171, 17210000000 0000000DO



— 0sgoboobobobobobobobobobD — 163

ToF  |Distance[ Sensor Model & Distance Acquisition Grasp Verification
Sensors | Output Sensor Model: I = = +b (1)

e Long-range| dr |dr
* Precise \4
n )

Stage 1 Stage 2 Stage 3 t Something exists

e between fingers
— Fingertip y
Intensity

Grasp Executor
Sensors |Intensity] Substitute ~Substitute

[,d = b I,d = dr [—
. Cl _| «/
Close-range| Output /]’ i (1)—>b in (1)—a

-+ Dependent dl

on object
Current Angle 0 r
Target Angle 61

Stop Grasp

| Finger Tendon Motor |
[

Fig. 535: 00 0000000000000 0O0O [155]0

gbooboboobobooboboobooobobobobooboboobobo
gbooboboooboboobobooobooboobobooobooboboobobo
goboogboooon

gobgodgboodabod

gboobobgoboobodobobuoobobooboboobobooobobo
gboboboboboboboboboobobobooboooobonesiboboonDO

1:%”; (5.2)

00007 [digit) 0000000000dmm]00000000000Oa([digit-mm?]000
ooboooboooddpdigitj DOODDOOOODODOODOO0OODODOODLOO0OO0OoOoDOOODOD
oooo/0obob0 ADODOD0O00ODO0ODbOOdigit0oooboonbooooon
gboooboboooobobooboboooboboooboboobbooboboobobo
gogboobooobooobboobbooobboobboobboobbuoobboooboobo
¢20oboooobooooooooobooobooooog



164 — 0sgboboobobobobobobobobonD —

googoboobooboooo

goboboooboobooobobooooboboooobooooobbboooobobooo
gobooboobobooooboboooooobooooboooobooooboooDoon
goooDeG2)bobidd=c00 00000000 /000000000000 b00O0ODO
gboboooboobgoooobooboboobuobobbOob ToFOOODODOOD
ooooboboooooooboobobobodb 00000 DODOODLO0O0TOoFOOODOD
drmm]0 $.2)0400000000000000O00O0O0O0O0OO0OO0O0OOODODOO
obooboood

1. 000000ToFOOOO0OO0O0O0O00000
2. ToFOOOOOOOOOOOOOOOOOOOOOOOO
3. 0000000 TeFOODOOOODOODODODOODODODODODODLOD

obobobobobobobobOobOoFgs3s0oooooooo

ToFOOOOODOODOODODOO0ODOOO0ODOOO0OOToFODDODODODODODDOODDOODOO
ar0dooooboooobooboob0 d0booboooobooboobDooobDobo
S2)0/10pddr 0000 g D0ODOOO0OO0ODODODOODODODObLODOOODO
oooooooboobD e mm]0O000000000DOO0OO0ODDODOODO0ODO0OOD
ToFOOUOOUODOO 4, 0000000 00D 0OD0O0O0ODOODOOODO0ODODOOO aOD
oooobooobo1oogbooooo g sl g0 bo o
ooboo/-p000000 UODOO0ODODLDOODOOOODIDO0ODe=00000D0
Ubbdb0e«00O0OO0D0DOODOODOO

(5.3)

0 (Stage 1)
(I - b)dr* (Stage 2)

oo200000000b00b00obobobobooDo I éf000DbODbODODOD

oboooobooooooooo20b0bobobobobobuobOoboD
ob203000000000a0 G2)0000ODO0O0O00gmm]OO00OOOOO

gboboobooboobobooboobbooboobobooon

i = { 00 (Stage 1) (5.4)

V1 (Stages 2 and 3)



— 0sgoboobobobobobobobobobD — 165

gopbogooboog

gboooboooobooboooboobooobooooboboooboooooobooobo
goboboooooobobob qbO0oobobobobobobobobogebonog
gooooobobober000OD00O00OFgS3500000000DO0O0OO0O0O0O0O0OODO
gboooooobooboboboboobobUdbe<erbbO00DbO0OLOODODODLDOOD
U0 4q0000000000000 00000000000 0O0000D0 diyre [mm] OO0
oboobbDd<dp 0000000000000 OOOOOOODOOO0ODO0OOOO0OOD0
gobodber=eubbbogoboobuoobbobbooboobbooboabo
gogbbogobbooobbooobooobbooobbooobboobooobboobobo
ggbbooobbuoboobboobbooobooobboobbuooboobooobooo
gbodoboboboobuooobuooboboobobooboooboboobobooboo
000 4000000000000 00000000DO0D000000O00DO0000 diyre
gobooaoo

gboobbooboboobodobonooobobibod eoboobbobboobobo
gbobobobobodobe0boboobobobbobbobboboobooboboo
gbooboooboobobobebbO0bOooboboboobooboboboobobo
goboodoboooboooboboooooan

goood

0000000000000 DUOLOUUObOUOUOU VENL4o4o
oboooboobooboobboobo0bUo LEbOOO0 1sS0mADODDOODOODOOODO
oooooo0sSs-e0mmi00000000000O0OO0ODO0OOOOD0OODOOOVCNL40100O
ooobooboboboooOobUo LEDOOOD 120mAODOO0DOODOODOOO [162]
0ooooooobooobogbogoos-7Tem 00000000 OODOOVECNL4040 0
ooog[49jooooooboo=200mmipoooooooogobooooboooooon
ooobooobope2jboboobobooooboobobooooouobobobooon
gboobobobobooboboooboboobobobooobbobodn ToFOOO
gbooboooboboobooboboobooobToFO00obobooooboooobooboo
gbobooboooboboboboobooooboToFOO0bOOooooooooboooooboo



166 — 0sgboboobobobobobobobobonD —

U00000b00b0o0ob0boboUobOobDbUUSTMicroelectronics U O VLS3L0X O ToF
ooboooboobooovossLoXoooooooooooooboog [173]0 vos3Loxogo
U0 [N74]000000000000 44mmx24mmx 1.OmmOOO0O00O0O00OO0O0OOOO
300400mmO00000000000D0O0O0O0O0OO0DOO0ODLOOO0O00OOOOO0ODbOO
U0bD45smmUI000000000O0DO0O00OO0O0OO0O0O0O VL3LIXOODOOooOoooo
oo n7sjoodt4ommUbgoooooo0oooobobo0oooboobooooDboogg
oooooooboooboooobooobooouooboooDooOD voegoxoood
Ooooooboobooooboobb 100mmO0O0O [176]0 VL3LOX OO OOOODODO
vL3LoXODOoooooooooobo 7400 ob0b0obooboobod 20ms
O High-speedrange profilel0 000000000000 5% 000000000000¢.3)0
S4HDOU00OUO4qUDO0DO0DOO0ODODODODLOO4qDODOODOSb0b00O0000000
VCNL440O OO DOODOO0O0O00O0o00bO00o0b0obo0obo0DObOdVENL4040
gbooboon49)coooooooooooooooognog

oboooooooooooooooogooDo

gbobogbobuoobobuobboobuoobooboboooboboobobaon
Uobob0ooboboobooobo0boobo0ob0o0oboobbo0bn Sylgard 184 0
ubbooobooobbuoobbuooobboobbooobboobbo obboo
gobooboboooobobobooooooobooooooob3pobooooooooon
oboboooobobobooboob 7700000000000 0000 Projet3500
HDOOOOOoOooobOooobooooobooboboboobooboobooboaoooo
ubobooobobbobooobooboboboobooboboobbooboboobo
uboobooboobobooboboobobooboboobooboboobobodgo
uboobobooboboobobooobooboobobooboboobooono
gooboooobooooboo nyuboboboboboboboboboboboo
gooobooooboboooooooboboooooobonmeoboboboooobon
uboobobobooboboobobooboboooboobobooobooboobo
goboobooboobooooboooboooooooobobooboooob3goooboooooD
goboooboobooobooboobooooboobooboob0 120b0o00booobooOogso
ubobooobobooobobooobooooobobooboboooooboobooono



— 0sgoboobobobobobobobobobD — 167

Screwing

Press-Fitting

Intensity Sensors

ToF Sensors

Sensor PCBs Fingertip + Rubber Mold
o '
' * - ‘\’
. y : Curing
~ . Rubber &

Removing
Wall

Final State

Pouringiquid Rubber

Fig.5.36: OO OOOO0O (155)00 0000000000000 00b0oOo00u0obooOonog
U TorObdbOobooboonoooboboobobbooboboobobobooobobo
gobooobooooboooboooon

gbobobobobobo

ToFOOOOOOOOODOOOOODOOOODODOO0 20mmOO000000000000O0
gboboboobooboobooboobooboooobooooboobobooobooonb 1o
gboooboobooooooobobooooboboooooobTFO0OO0ODOO00O0OO00n
gboboboboboboboo

1. 0000000000000 Db0 ToFOODOOOODO

2. 00000000000000000 ToFOOODOODOO

gbooboobobooobooboboobobooboobooo 1bboboooobo
ogooooboobooooboboobooooboooDobobboobDoboob 2000
goo

Figs360 oo ooboooooopoobooboooogooooobobooooono
gboobooboboboobobobooboobooobooboooboobobo
gbooboboobobooboboobboboobono ToFOODOOO0oOooOooDooDo
ooooDooooooo0o ToFOODOOOOO0ODO 6mmUOdO0000d, =6mmO000
gboooogobooooboooobooooboboogboooooboooobooon



168 — 0sgboboobobobobobobobobonD —

Press-Fitting &
Curing Rubber

4x ToF Sensor

4x Intensity Sensor

| Palm + Rubber Mold

Removing Wall

Removing Rubber
above ToF Sensors

Fig.5.37:. OO0 O0O0O0O [1S5]00000000000000000 ToFOOODOOOOOO
ubooboboobouooboooboboobobboboobobooobooobo
oboobooobobod ToFOODODOOODOOOODODOO0OOo0obDo0obobooooono
oboooooog

0000000000 00000 ToFOOO000000000O0DDD PCOODOO0O
0000000000 PCO00000N0NODDD ToFOOOOOO0OO0OOOOOOOOOO0O0
00 PCO0000000ODODODODOD0O0000N0N 600000000000 00000
O0ODOO0OOAAEONODO UPBoardD O D OO ODOO

Fig.537 00 000000000000DO0O000O0DOO00DbO0bO0ObOO0ObDO00DOn
Uoo0ob0O ToFOOODOOODOO0OO0OO00O0OO0DO0DbO0bL0O00O00bO000d,=0mmDO
ubobooboobobooboboboboobobooboboooobobooono
ubooboboobooon ToFOOoOOooOooboooboobooooooboToFOO0O0O0
uoboboboooobobooboobooobobobooooooobooooooobooboogaon
ubbobobooboooboobbooboboobuoobboobbooboobogn Texas
Instruments 0 0 PCOO0000D00 PCA9S46A D 00000000 DODODOOOOOO
uboobooboobooooboobobobobooboobooboobooboooboooo

ooooboobooboobogD Fegs38000o0o0oooooooDbOoOD Figs.390
ubobobooobobooboooobbobobooboboobooooboobobooono
gbooboboboobobobooboobobooboobobobobobooboboboabo



— 0sgoboobobobobobobobobobD — 169

:
|+
—
|
ae e | LET || e

el g il

byOooOd

Fig.538: 00 000000000000 [130]0



170 — 0sgboboobobobobobobobobonD —

-

|4

r'%
R
FIT 2«

1 4

4|
a4+
i

ST

X
1, #
s W

4

<

i

&

WW ‘ MW ‘ WW
el
LBl J

%
1
A

<

byoooo

Fig. 539: 00000000000 ODO [130]0



— 0sgoboobobobobobobobobobD — 171

0o0ob0o0oo0bo0ob0ob00o0bDUOb0dFigs38p 0 Figs39p U Do oooooooo
gooobobobogoboobooobooboogbooboobobbogbboboboboobooo
obobooooboboubuobbobU0dFgs40b00DbOODOobDUObDDbOOOOD
O Figs41 0000000000000 000DO0OODODOOOO0O0ODOFgs420000
gbooboobgooooboobooboobobooboobobbobooboon
goboooboobooboboooboooobooboobobooobobooobooon
gbobooboo
gbobobobobobobobUobrgs4300b000bDOO0O

gopbogooboog

ToFOOOOODOODOOOOO20Hz00000000000000000000DOO0O0ODO

F[T] = 0.3f[T] +0.7F[T - 1] (5.5)

0000roodoooooogofrib0oobDOo0o0oOogrF[r-110000o0oOoon
Oob0dooooobooooooooooooon
ToFOOOOOOOOOOOOOUOOOOoooooooooooooo d, 00000
goooood
dr = diitered — do (5.6)

U000dmerea 0 TOFOODODOOOODODODOOOOODOODODOOOODOODd 0000
oo emmO000000000mmO0O0O0000O000O00000 ¢rO00O0OO
gobogbooobbooboooboan

goboboboboboboboboboboboboboboob

000000000020 20digit < I - b < 1000digit 0 45mm—d, < dr < 60mm 0 00
0000000000(G3)00000I04,000000000000000.02000000
00000 due00 25mmO000000000 10000 digit - mm? < a < 2000000 digit - mm?
00000000000000000000000 ToFOOO0000000000000O0
O000000O0O0000Fg544000 12000000000000000000000
00 0.19mmO000



172 — 0sgboboobobobobobobobobonD —

Fig.540: 00 D0OD0D0O0O0OO00O0ODOOOOOO [130]0Fig. 541: 0D OO0 OOODO [130]0

Sa N v

Fig.542: 00 00000000000000 [130]0

gooooo

ooboobo0oboo0uD Fegs544000 12000000000000000000
oooooboooooobooooobooooenbobbooooobo o0 boobogo



— 0sgoboobobobobobobobobobD — 173

(@bbooboooo G)Oobooooooog

Fig.543: 0000000000 [130]0

Light
Blue
Green ¥

Purple

Orange  Pink
g ¢

Red
White

~ Yellow

\/

" Yellow
- Green

\/

Fig.544: 00 0000D0O00O0OOO (IS0 2000000000000O00O0O0O0O00O
0.19mm OO0 00O

0000Db00bO00O0OO0bOOo0 ToFOODOOOODOOOODODOOOODOOODOOOD
oobooooooooos4ammdbgobooboooboooobooboobooooo
ooooo&s4mmU00001I0mm O 00000 0OO00O0OO0OOO0OOO0OO0OOOOOO
gooooo/bobobobdooboboobosibboDboboobooooO
gogo2854mmO 00000 /00000 pO0000O00OO00O0OO0OOOODOO 85.4mm
goobooobtd iommOO0O0O0OO0O0O0OOODOOOODOOO0ODOOOOODOOODOO
goooooo 8Oommdd lmmO0O0O00000O0O0O0OOODOOOOOOOOODODODOO
+0.lmm O 000



174 — 0sgboboobobobobobobobobonD —

Ground Truth ---ToF (dt) —Ours (dy) Ground Truth ---ToF (dt) —Ours (dy)
90 40 * 1
80 /’ P - |
= _-E® [
E70 ST £30 I
§_60 ,,’ e 5_25 |
3 50 Pt 3 :
I £ 15 :
I o I
)

I g 10 I
| = 5 :

|
e e I e e ol __ - - - _-_-_-_ |

0 10 20 30 40 50 60 70 80 90 0 5 10 15 20 25 30 35 40
Distance [mm] Distance [mm]

Fig. 545: 0000000000000 [1Sss)0ooboobooboboooooboooooon
U0q0DO00000000 ToFODOOOOOD OO DO OOOOO0Ooooooooooon
1200000010x12000000000000O00O00000ODOD0ODOOODOODODOO
gboooooboboooobbobobbobuooboboboboobobobooobo
gboobOo12o0boboboooobodqgqUuoobooboboboboobobddrgn
oo <254mmO000000000000S4mmU0040000000000000O0

Table 5.6: DO DO OO0O0OOODOOOOOO [155]OMEANOSTDOE DO O OOOODO
gbobobobiooobobobooobooboboboNADODODODOODOODOD
ubboobooboboobbooboobobooboo

dr dy
Distance [mm] | MEAN STD Epnax | MEAN  STD  Epax
85.4 85.9 1.3 4.6 N/A N/A N/A
75.4 75.8 1.3 3.6 N/A N/A N/A
65.4 64.9 1.3 2.6 N/A N/A N/A
55.4 55.0 1.4 3.4 N/A N/A N/A
454 452 1.1 3.4 N/A N/A N/A
35.4 35.1 1.2 3.4 359 2.0 6.8
25.4 29.2 1.9 7.6 26.7 1.6 5.0
154 16.6 1.5 4.6 14.7 1.3 2.7
54 9.1 1.4 8.6 5.7 0.3 1.2

Fig.5.450 Table5.6 0000000000000 3000000O035.4,25.4,15.4,5.4mm0
oot quoooooooooboboobbbobbbbbbobobbobbbO03s.4mm
ooooooooboboboqUd ToFOODOD 00000000 ODOODOODOD
gobooboobobooooboooobooooboooooboooobooI-p00n



— 0sgoboobobobobobobobobobD — 175

—Blue —Brown —Green —Light Blue
Orange —Purple —Red Yellow Green
Yellow e Black - White ---Pink

10000
9000
8000
7000
6000
5000
4000
3000
2000
1000

40 50 60 70 80 90
Distance [mm]

Intensity Output with Offset (I — b) [digit]

Fig.546: Fig544 0000000000000 O0ObOObDOobDOobDI=-pgqussjpooon
gbobooboogooooooooobooboobooobooobooboboo obboobOoboO
gboboboooboobooboboooboobooobboobobooboboooboboo
gooooo

Figs46 0000 000000DO0ODOOOOOODODODObOOOOOoOOoDOoDODOD
gbooobooboooboboobooboooboboooboooboboobobooobooboo
obooooooooooooboobobobobobooooooobobo 000D O
goobobooboobobooboobbobeboobooobooboooonboono
gbooboboooobooboobobooooobooboboobobooboboobobo
gbobooboboooboboobooboboobbooboboboobobobo
oobobooooobobuoboooobobu qgb0bob0oobobobOoboDoo
obobobobotbobg4gbUobobobobobobobobobbobo

goboooooan

gbooobobobnrooobooboobooboobogbbrFgs4700000D00O0ODO
ogboooobooooo/rmmibbooooboboobOobObOobObObDbOObObODbDOD
ooooboobobooobooboooobobobooobogbosboooobobboooo
O0FegsS54A8 00000000000 0O0DO0OOFgS48cO00DO0bDOonoboonDOom



176 — 0sgboboobobobobobobobobonD —

Light Orange | Pink Purple
\d

Red

Blue Yellow

Black Yellow Green

Fig.547: 0000000000O00O0O0O0O (1Sss)cbogbooboobobooon 0.07mmd
O00 35mmx35mmx35mm0O 000

ooooOOo00ooOOo0O0obDoO0oobOo0o0bDObO0O0 Fgs48dbO0oooooooDooOoOo
ogoooooobooooooooooboooooboDbOoOoOooboOoboooboobobooOobooOboOoO
goooobooooooooooooooboooobboOoooDbbooooDbooDooboOoo
ooooooooooooooboOoooooooooooboboooooboooOooOoo
OO0033600000 84000000 00DOOOOOODOOOODOOODOOODOOOO
OOO0D0O0OWillowGarageO O PR2OOCOOOODOOCOODOOPR2ZODOOOOODOOOO
U0000000000 [160] 00D OO O High-passed pressure readings: 0.05 N, Unfiltered
pressure: 0.4ANO OO O OO

Table 5.7 0 Table 5.8 DU U D OOOOOTable 5.7 000 000O0OO0O0O0OO0ODOO0O
ooooobooO0obOOoOobOoO0obDooDbDOoOo0oOoO0bOoOoboOoOboboObDboOoooOoDo
Table 5.8 00 0000000D0OCO00O0OOOOOOODOCOOOOODOOOOOOOO
oooooobooboo0o0ooboooboboOooOoOoobDboOoboboooDboOobobOooo

ugboobooboaoo

Figs49000000ooboboobobooboooooooooooooooogonog
ubooboboooboboboboboobobbouooboboboooobobbobooobo
oobooboobodbUb b0 ODbOb0OD0N200000FigS44 0000000
oosoboboooobooboobooboooobobooooospoooooobooo
uboboobooboobbooboobboobooboo



— 0sgoboobobobobobobobobobD — 177

s r-=-=fm r-z--lm -
(@) Initial state. 1 (b) Closing fingers. 1(c) Stopping fingers. (d) Picking up.
I

Front View

Front Vie

Fig.548: 000000000000 [155]0( 0000000000 b00000(MmO0
00000@O0000000000000000@O0000000000000000
OO0o00o00ooon

Figs500 0000000000000 noooooooD 00D Oob00ooogoooogog
ggboboboooooboooooobboooooooobboooobooooobobooooooDo
0000000000000000000000000000000000 10000 digit-mm? <
a <2000000digit- mm?’000000000000000000000O0O00O0O0O000
gooobobooobooboobooooobobooobooboobooooboboboobooo
goooboboogooobooooobogooobobooooooobobooobooo
gboooobooobooboobobooooboooobooboobooobobooobooo
goooooobbobooboobooooobooboobooooboobooooboobooo
goboobogoobooooooobobobobobooboooooooboobooboboobogooDog
gbooboobobooooboobobboboooobobooboboboooobooboooboo
oboooobooboooobooboobooboboooobobooboobobooobobbooobooo



178 — 0sgboboobobobobobobobobonD —

Table5.7: DO DO O0O0OODOOOOOOOSS)J0bOo0oOoooobOooooooogon
obooooboobooobooooooobooooboooboooboooboobooobooon
oboooooooooooogog

Our Method (with d;) Intensity Only (with I) Pressure Sensor

Least
Deformed

Most
Deformed

Table 5.8: DO UDDOUODOOOO0OOODOODOODODOODOO [155]0 Crushing the box[ O O
O0b0oobo0obOo0obo0o0oo0obobo0ouooOon0U O Dropping the boxd O 110 mm O
uboboooboboboobobooooobobooobobooboboobobooono
obobogoboooboboboooobuoboooo NAOODODODODODODODDOD
boobobobooboboobooboooooboboboboooooobooboboOoDbo
gbbooboobobooboobbooboobboobooboooooonooo

‘ Our Method Intensity Only  Pressure Sensor

Crushing the box 0/60 5/10 2/5
Dropping the box 0/60 4/10 N/A

gbooboboobooobooooobooboboboboooboooooobobobobo
goooobooobogoobobOobboboobOobOobboobobobOoboobOoDbOoD
goboobooobobooobooooboooboooooboobobooboooboooD
oo/gboo0booooboobooobobooooobobooooboobooooobooooDon
goboooboooooboooobboobooboooboboogobooooboooobooooon



— 0sgoboobobobobobobobobobD — 179

Initial State

Closing Fingers

"‘ bl 1

With
Paper

With
Nothing

Fig.549: 00000000 1550 0000000000000 00 I With Paper OO
00000 With NothingOO OO DO QOOOOoOOoOOooO0DoOoOo0O00OFgs44 0000
goobooooooboooooobboooooboboooobobobooooobooDooboDeO
gobodgbooobbobobuooboobboobuodbeguoboobboobuoabo
gobooboooobooobooooboobooonbobo

gboobobobooooboboobobodboboooooboobooboboooboo
gboobobobooboboboboooboobobobobooobobooobooobobo
goboogboooon

gobodgbbooobooobooobooabog

gboooboboobooobobobobooboboobooobobooboooboooboooboo
oboobO0obOFgss1ioooooooooooooooooo1ommUoooooon
gbooooboboooboboboobobooooboboboooobooboboooobooboo



180 — 0sgboboobobobobobobobobonD —

2000000 = == . : : . .
Right Fingerti Left Fingerti
& 1400000 t g gertip gertip
g | .
g - | g °
£ 1200000 S1 * - -
20 =y . o o g
=3 ] S o g *
21 : 0
S 1000000 A ° . o
b gl ® $
g 2,
1S 2
& 800000 B 1
g Lﬁl ® . o
S 600000 3! . $ ° g o 3 8
=] ' 4 g 6]
g o) ° $ i o . ¢
g 5 : s 2
& 400000 e
3 2)
= &1
-8 200000 |
10000y ¢ @ .
(eiof B R R S 1—r———————————;——;——
. ¥ £ O S N & R R S A R N2 & >
'&& Q)\%o Q)\o @4\ 6@0 \@’ &\% Q‘& S & 4@\4@\\0 & @& @\:&a Q’\o & & 8: &@o Q& K LY @40\\06@6
<° S & =® SN g &
V N W N4
& &

Fig. 550: 0000000000000 bO0bO0bO0bOobOobobO0oD0o00nD a0
[(155j0 000000000000 0000 b OD0ODOOODO0ODbLODOO0OO0OO0ODbODOn
oobobobooooobooboboooboobobobob B boDooD
goboooboooobooboooboooobooogooobooboooobobooobooobooon
uboooboooboboobooboboooboboooboobooboobooboboooo
gbooooboobooboobboobbooboon

uboboboobobooboobobooooboobobobooboooobbooooo
uboboobobuoobboooboobboooboooooooboooobooboooo
Uo0o000oooob0obOognoOoDg Figssle,g0000OO0DOO0OO0OOOOODOD
oboobogob00OFgssigdoooobobooobooboooobobooooooon
OFigss51f000000000DO00000O0OFgs S S1a00000000DO0OO0O0OOOD
O Fig551c, g, jO0 00 0D00ODO0ODODODODODODODODODODODODOD
ubooooboobobobooboboooboboobobooobooooboboooDo
oboobooooboboobobobooboobonoooboobUObFrgsstigoooooD
obqgUO0000Db0OD0DODOOO0O0O0ODOODODODODODOObOODbDODODObObOObDOD
uboobooobobobobooooboobooboboooboboobobooobobobo
ubobooobobooboobooooboobooboboooobooooboboobobobo
gbooobobooobobooobooboboobooboboobooobobobooboon
gbooooboobogoo



— 0sgoboobobobobobobobobobD — 181

e
(a) Recognizing paper
visually (color filter).

(b) Sliding paper (c) Grasping paper (d) Carrying paper. (e) Placing paper
with friction. with existence detection. in a pressure clip file.

Detection of
Disturbances R g
with Our Modules \‘
| _
& Recovery (h) Person grabbed paper (i) Waiting for (j) Detecting paper
from the robot hand. paper insertion. & grasping again.

L
() Person grabbed paper (g) Detecting nothing
before it is grasped. in the robot hand.

Fig.551: 0000000000000 00O0000O0O0O00O000O0 [155]00.10mmOd 0O 00O
goboooogn






] 60

Jobogubgtdootdboogtubogd






— 0ODel 0 DODUODUODUODUODODLODOLOO — 185

goooboboooboobooboboboboboobooobobobobobobobooboo
gooobobobogoboboooboobogboooobooboobDobbobobDoboooo
gobooboboogobobogoboooboooDoboooDoboobDobooboobooo
gooobooooooboboogoboooobooogoboooooboooboobooo
gbooobobooooboobooogbobooobobooobooboooobooon
googobooboooobooboboobooooboooboooboboobooon
goboboboboboboboboboboboboboboboboboo

61 JUU0U0U0Uooooooobobon

gboobdbooboooboodbooboooooboboooboboobobooooboo
oobooooooboobooooooooboobo0obbbbo0o0Dn Table6.1 OO0 DO
oboooooooooboobooboboooobo sgboooobobooooooooooo
oboboboboboobobobobobobobOobooboOobog RrRGB-DOOODOO
gboobooboooooooboobooboooooboobobooooboboboboboobo
oooboooooooboob0oboboobo0ob0bU0bOdFg6.10 Layout 5000 O00OOO
gooogg

Table6. 1 DO OD0DDOOOO0OO0OOOOOOODOO0OODOOODODOOLOOODOODOOOO
goboooooboooooo

obooobooooobooooboobouboboboUdbUdbLayout 10205000000
OboooboobobobooboobodbLayout6 7080000000 000O0OO0ODOOODO
goo

gboobooboboobooboobooboboooobbooboobOobo0dLayout3 40
gboboooboobooboboobboobooboboboobobooboobooobo
goooooogd

gboodboobooboobobooboobobobooboobUdbLayout3d 400000
gboobobobobooboboboobooooboobobooboboobobo
U000OLayout7 00 000000000000 0D0ODO0OOO0ODOO0ODOODOOODOODOO
gobooboboooboobboooboobbooboon

gooobdoobooooboooobooobooooobobooobobobobo
gbooobobooboobobooboouobobboboobuoobOolLayout8d



186

— ODel 0 00ODbOLDODLOLOOLOLOOOLDOODO

Table6.1: D0 ODOODOODOODOODOODODOODO (98]0

Layout Recognition Result ~ Motion Suctioning Pinching or Releasing

Target
Object

OLayoutDOOOOO0O0OO0OOOLayout 100 80000000000 COOOOID: 600000
OOO0OO0ID:24000001ID:23000000001ID:31000000ID:2000001D: 200000
ooo0Ib:30000000000ID:9000 00O RecognitionResutU 0 000000000000
odoooboooooooooboooooooooboboboooooooooooooxyzOODOOO
OMotionD OO Fig4500000000000000000000O0O0O0O0OO O OO Suctioning[d
O00000000D000D0D000000 PinchingorReleasingl 00000000000 OO0OO
000000000 00Layout8 000 0000O0O0O0OOOOODODOOOODDO



— ODeUl 0 DODODODUODODUODODODLO — 187

£=
= —
S
o=
 —
=
==
—
=
=
——
=
.
=

|

| &d
s

cbobobooboon ooboooooooon

v
A
)
)

eybOobOobOOobOOon @Goooooooooo

Fig.6.1: Layout SO0 0 0000 OO0 [98]0

gbobooboboobooboboooboobooobooboboboboboobooobobo
gbobobuoboooboboboboboobobboboobobobboobobobo

62 D0OU00O0OODOOODbDbOOObDbOOObDDbO
621 O0OOOODOO

gboobobobousStThoboboboboboboooooooobobobobo
U0 Table6.20 Table6.3 0 000000000 Table620 800000 0OOOOOOODO



188 — ODel 0 DUODUODODOLDODLDOLODLOOO —

ey0000OO0OO0ODO GOooDoooooooo

Fig.6.2: Layout 5000000 O0O0O [70]0

oob0Oo0booooboooboobooboobbodbTablec 300000000000
ubobooobobooboboobooboobobooboboobooboboono
oooobobooobooobobooooobooboobbooboobooobobo0oooboO RGB-D
gboobobobobobgobooboooooooo uStTooooooooooboboon
oboobobobooooooboobobobOo0oo0ob0b0bObDFg620 Layout50 O
0000000000 Table6.20 Table6,3 0000000000000 0O0OO10009
ubooboobooboooboobooooo



— ODeUl 0 DODODODUODODUODODODLO — 189

Table6.2: DO UODODOOODOOOODOO [70]0

Layout Recognition Result ~ Motion Suctioning Pinching

D)
\
(E)

©)
M

Object

OLayoutDO0OOOO0OOOOOLayout 100 8000000000000 CCOCOID: 600000
O000ID:24000001ID:23000000001ID:310000001ID:2000001ID:20000000
ooIb:300000000001ID:90000 0 RecognitionResult DO OO OOOOOOOOOOOO
0oooooooooooooooobooooboobOob0ooooooooooDoobobD xyzODOOODO
OMotionOO 0O Fig4220000000000 USTOOOOOOOOOOOOODODOOO Suctioningd
00000oo0ooo0oo0o00000Pinchingd0O0000000O0O0O0O0O0DOOODODOOLayout 1
gobooooooooooboooobobooo

gbooobobooboboboboobobooboboubodbLayout203040000
gooobooboooboooobooooboooooobobooooooboooobooo
Ub0b0000Layout70 0000000000000 0C0OOO00ODO0OODOOODOODOOOO
googobooogboooobooboobooooogboooobooboobooo



190 — ODel 0 DUODUODODOLDODLDOLODLOOO —

Table6.3: OO DOODOODOODOODOO [70]0

Layout Recognition Result ~ Motion Hooking Pinching

OLayoutU OO0 0O0OO0O0OOOLayout9d 10000000000C000O00O0O00O0DOID: 1200
OOOO0O0ID:3500000RecognitionResult0 0 000 0000000000000O0O0O0C0OCO
ooboooboo0oooDoOoboo0oboooooobOoobobo0bOo0n xyzO0ODOO @D Motion 00
Fig4220000000000 U0USTOOOOODOOOO0OO0O0O0O0O0OODOHookingDOOOOODO
0000000000 0o0o0000o000D0OPinchingd000000000O0O0O0O0OOODOO

ooboooboboobooboooobooobooboooooooobog s, 4]jooo0ooo
ooooboooobobobonvjobobooooboboooooboobooooooobooD
ugboboooboobooobboobooooboo
gbobooobobooobooooboboobobooobobooobooooobobooaon
obooboboboboboobooboooooboobO0bUOLayouto 1000 000D OD
gooobooooboboboooooIp:2oooocgooboboboooooooobogoon
oomb:3s500000b0b0oon
obobobobobobooboooooooboobUbUDLayout 2050000000
Oboob0obobOobOobOobOdbDLayout6 7080000000000 0OOODODODO
ugbobooboogoog
goboobooooboboobooboboooboobbooboobUobbdLayout3 40
gboobobooboboobobobooboboobobobooboboobobo
goboobogn
Fig.630 Layout 1 D 000000000000 OLayout 10000 000O0ODOOOO0O
gbooooobobobooboboobooooboboobooboboboboobo
gbooboooboboboooboboobobooobobouSTODOODLOD Fig4d.220
goooo G)yboboobob )y booboooobooboobobobooboobo
Figo3a0UODOUODOUODODUODOODODOOOFg63b000O0O0ODOODODOODODODOODOODOOD
gbooobobooboooobboooobobooboobooboboobobooo



— 0ODel 0 DODUODUODUODUODODLODOLOO — 191

Pushed other

objects | Other objects

pulled target
object down
)

— ‘;' o~ 1 L s<—_._l
@bbb0bioboboobboboboobd0 bbb oOobDOoobDooD O
gooo oooooooon

Fig.6.3: Layout 1 0 OO0 O000O0D0OOO [70]0

gooooooooboooooboooooooboobooboobooboboooboooo
goboobobooobooboboooobooobobooboon
gbooobgbgooobobooboboobobooboboobobooobobo
gbooboboobobooobobooooooboboobobooboboooobboo
gboobobooboboooboboobobobobooboboobobobobo
gbobooooobonooooobobobobooooooobobobobobbobo
Layout 50608090 000000000000 DOODODODODODOOOOOOobOOOn
gbooboobobooobbooboboboobobobooboooboboobobo
gboobobooboboobobooobobooboboobooboobooobobo
gboboboobobooboboobobooboboobbooboboobobo
gobodboooobooboooboonooo

622 0J0O0OOOOOO

goboooogobouSTh oD EpO00O0O0OO0DOODOOODOODOODOOODOODO
O00OFig640000000000000O0OLayout 10000000000 0O0ODOODO
0boboboDg[4,13,180,102,103] 000 00000DO0O0DOODOOODODOD
gbooooboboobouobobooboboboobobooboboobobo
O0Layout 10000000 0DO0OOOOOOOOOOOOOOOOID:2700000000
gbobooobuoobobooboobobooobooboobobooboobobo
gboboooooooobobobooboobooboob0obobbObLayout2dOUST



192 — ODel 0 DUODUODODOLDODLDOLODLOOO —

(a) Layout 100 (b) Layout 2[1

Fig.6.4: J0000OD0OODOODODODO [70]0

oobooboboooboobooboobooooboboooboob0odbDLayout20 0000
uboboobobooboboooboobbooobooboobooobobuoooobooboooo
gboooobooboooboboooooboooooobo e2mmdooboboonod 124mm
ooooboboooooooogmb:240000 130mmO0000ID:200000 145mm O
oooboooooooobobobboooooboobobooooboboboooooobooobogoo
U0b0db0O0Layout200 000000000 ODOODOOOO0ODOLOOODOODOOD
oib:3igoooboooooobooooooooobooboooooooobooobogon
U000000Layout 1000000000000 0O00O00O0DOO0O0O0OOO0O0O0OO0O0OO
gboooboobooboboooboobobobboobooboooboboobooooboon
O0Layout 1 00000000 DOODOODODOODOODODODODODOODLLayout1 0 2
ooooboouob0oEPOO0ODO0ODOO0OLDDOOODOODOOOFRg426000000 (a)
Uda0dla) 0000000000000 0O0DO0O0O0ODOO0O0O0O0O00bO0O0O0ODbO0bO0OO
oboobooboobooboobomGbobooboboboboobo
gbobobobooboooooooobobobuboooooboobUobUunod RGB-D
ooobobobobobooboooooooooo uusTOooooooooboboo
gbobooboooboobbooboobobOoEPLO0ODOOODOODDOODOO
oooooboooooobooooobbb0oo0bobObO0O00Fg6.S500Layout20000
Oooob:31i00ooo0ooooobbo0oibdTablec 40 000000000000
obooooooooooooooon
gdooobooooooboboooooobobobooobobbboooobobooondbLayout



— ODeUl 0 DODODODUODODUODODODLO — 193

o /<)

(0000000000

ey0bO0oboboDbO @GoooooooooDo

Fig. 6.5: Layout 20 000 0D0O0OD0OODOODOODOODODOO [70]0

10000000000000000000000000000000000000000
0000000000000ID:2700000000000000000
EPOO0O000O00O00C0O000O0000000000C0DLayoutl 000000000
00000000 Layowt20000000000000000000000000000O0
000000000 (b0 AbhOOOO000o0oo0oo
USTOOOOOO0O0OO0O00000000000000000000000Layout1 000
0000000000000 Layout200000000000000000000000



194 — ODel 0 DUODUODODOLDODLDOLODLOOO —

Table6.4: OO DOODOODOOOODOODO [70]0

Picking
Motion

Stowing

Layout Recognition Result Motion

Picking Stowing

(©)
Y
©6)

OLayoutD OO0 OO0OD0OOOOMRecognitionResult 0 0000000000000 O0OCOO0ODOO
O0oo0ooooooooooooooooO000b00o0o0ooooO0O0000 xyzO0OODO O Picking
MotionO O 0 Fig422 0000000000 USTOOODOOOOODOOOOODCOD Pickingd O
OooOO0O0O0000000O00O0D0O000000D Stowing Motiond OO Fig4260000000
OO0 EPOO0O0O0O0000O0O0O0O0O0O0OODOSowingD 0000000000 O0O0OOOOOO
oooo



— 0ODel 0 DODUODUODUODUODODLODOLOO — 195

oooooooobobooooboobobooboobDoboooDobobooboobo
ob:240 00000000000 bOO0b0obOobOobOobobOLUbOUobOLOobOoODOobOOon
gbobooobdoobooobobobobobooboobouuSTooboobobooobooboo
U00OLayout 1000000000000 00OOOOODO0ODO0OODOODOO0OLayout200
gboooboobobgooobobooouStThobooooboobooobobooboon
gbobgoboooooooobobobobobooooooooboobobobobo
Ub000O0Layowt 200000000 DOOOOODOODODOODOOOODOODODOODOODO
goobooooooooooobboOb0oooboo0o0oboDbOoO0dTablec 4000000
gbobogoobooooobobobooboooboobobobooboobbooboboboboo
gbobobobobobobobooboob
gboobobobogobousSThOobobooobooooooobobobobobooboog
goooboboboooboobobooobobooobobooobobooboboobo
goooobooobooboobooooobooogbbooobooboobobooboobooo
goooboboobooboobooooobbobobooboooboobooobobooboobooo
gbobobobobobobooboboobooboobobboooobooboooboooo

63 JUU00O0OOOOoOoooDO

631 UJ0OUODUOO0OOLOOODbOObDbOOobDOObDOODOd

gooo

Uboboo0o0obdFgo6 0000000000000 O0ODOODOODOODOODODOO
gboobobobooboboboobobodobobbooboooboboobbooobobo
gboobobobooboboobobodobobobooobooboboboobobo
gbooobooobooboooboobboboooobooboboooobobooooboobooso
obob (Figoe7))OO0DUODOODLODLOOOODOOOOODOOOOFg670000000O
Object IDO O ODOO

goog

U0O0DbO0b0obooboOgod Table65SOO0O0OO0OOO0OTable6.5000000 500
gbooobooobol1gosoboogoobooobooboooo d:-hobboobooo



196 — ODel 0 DUODUODODOLDODLDOLODLOOO —

Fig.6.7:. DU DODODODODODOODODODODOODODOODOOOO30|0ID1000O
ubobooobooooboboobooboboboobobooobooboooobo
googd

000000 (D:2)0000 (D:3)0000000000 (D:400000000 (D:5)
000000000000 1005000000000000 1005000000000
0000000000000000000000000000400000000 Fig6.80
000004000000000000000000000000000000000000

003,4500000000000000000000000000000000000
0D000O00Fg27000000000000000000000000000000C
ooooo



— ODeUl 0 DODODODUODODUODODODLO — 197

Table6.5: D0 O O0ODOO0OOOO0OOOOOOOOOOOOOODO [44]0

Returning
or Folding >

&

Environment ~ =»  Recognition Result =¥ Failure Prediction=» Placing

)

“

Environment 000000000000 100 s5000000000000000000000O
oboooooooooOooboboboboOoooooobDoOOO0OC0O0O0000000a0 Visual Recognition O
goboooooooobooooobooooobooooboo0oooboooooooboo0oOoOboOoOooOooooDn
00000000000 0000000000DOO0C0O00000D0DOODOODODDangling Recognition
oboooboooboooDoODODOOOOO0OO0O0O0Retwrningor LiftngO0 00000000 00O000O0
obo0oo0ooO0o0oooobOoobbooboboOoO0OPacing0000000DO0O0O0DOODOOO 1003
00000000400 2000000000000000000O00O0AO



198 — ODel 0 DUODUODODOLDODLDOLODLOOO —

O

. faet
K%%ﬁ%%@@ ‘
GUOOoOooooboooooo Goboono

Fig.6.8: 0040000000 #40@UiboooboooboobbooboboobooooDooo
obooooooon



— 0ODel 0 DODUODUODUODUODODLODOLOO — 199

gooobooooboboobooboobbooboobooboobbo4,500bboobDo
goooboobooboooooboogbooboooboobDoboobDobbogoLbobLo
gooooobbboobobboobooboboboooobobobooboboboboobobDoDo
O Fgs26a000000000000DOOOOOOODOODO

gboogobobooooboobooooboooobooooboboooooboboooDbo
gooobooogoboooobooooooboooobooboobobooboobooon
gboooooboobooobobooobooboooobooooboboboobobooobo
goboobooboobooooboooboobooboobooooobooobooboo
gobooboobobooobooobobooooboooboobbobooobooboobobooboo

FigodUODUOUOUODODOOOOOOOOODLOOOOOOOO0DbOOO0bOooooDooobogDn
gobobooboboboboboboboboboboboboboboboo

00 4,3,500000000 0Fig.6.8b U Fig.6.8c U Fig.6.8f [ Fig.6.8g U Fig.6.9 0 U 0O U
gbooooooboboobooobobooboobooooboboobobostoooboboooon
gboobogobooooboobobooboooboobobobboooooobobobOonbo
b ,20000000000000000O000O00DOODOOOOOODODOOOD
goooo

632 U000O0ODOOOOOOOOODODODOOOOOODODOD

goog

gboooboooboboooobooobooobooboooboobooboobooobooobogo
gbobooobogooboooboobooboobobobooboboobooboobobooon
ggbobooooooobooboboboboboboboobooobo200b00004s0
goog7s50b0bo0boooooboooobooboooooboboboooooboooon
gboooooboooooobobooobooobobooooboboooboboboooobooon
gbooboobgooboobooboobooboobobbobbooboobooboon
ggobooboboooboboooobooogobobobooobobooooobooon
00 Fig6.70 5000000Fig6.10000 40000000



200 — ODel 0 DUODUODODOLDODLDOLODLOOO —

cObOsboboboboobgoobo @oobsobooogoooogoooo

Fig.6.9: 00400000000000000 44000 4000000Fig.6.8b0Fig.6.8cU
Fig.6.8f OFig68g U DO UDLDO 1,2000000000000D00O0DO0ODO

oood

U000000000000 Table6.6 00 Table6.7 DO DODOO0OOOOO0OOODOOO
uboboodbobobooboboobobobooboboboobobooboboobo
obooboboobooooooooooooooooooooon0d Fge11O0D00O0O

gbobooboobooboboobobooouoobobooobooboobobooon
ubobooobobobobooobooboobobobooooboobobooobooono
aoo

gboboodboobobooooboooobobooobobooobooboooboobogaon
ubobooobobobobooobooboobobuooooooooboboooobooooono
uboboobooboobooboboobobobobouoobobooobobooobobooono
uboooboboobobooobobooooboboboobooobobooobobooono
ubobobooboooboobboobooobooo



— 0ODel 0 DODUODUODUODUODODLODOLOO — 201

Fig.6.10: DO 000000000 DOOO0OOOOO0OOOO0OOOOO0b0O0DbO0O0DOn
gog[3o)omedboodooooooooooooooooooooooooogon
OO0IbO0Fg670 0000000000

e Table66UIDODOODOODOOOODLDOOOLDOOODOO
e Table66OUIDODOOOODOOOLDOOOLDOOODOO
e Table66 DUIDUO0OLOODUODOODODOODODOODODODODLOODOOOO
goog
gboooboobooboooboobobooboboboboooboobooboonooan
gbooboobooobooobboooobouoobobooboboobooooboooobonog
gbooboooboboobooouoooboboobooobooooboboooboobooonog
gboobooboboooboobobooboboobobooboooooobooobonog
gbooooboboooboboobooobooobooboboooobooooboonog
gboboooboboooboboobobooboboobobooobooboooobonog
gobooboooboboooboooboobooboobbooobg

633 U0OUOOODOODOOODOO

gooobooooboool1ocogoobogbbooboobooobobLbooboobo
gooooboooooboboogbooooboooooboobooboobobooon
gooobooobogoobbooobooogoboobooboooboboooboooboobooon
gooooboboooboooogbooooboooboobooboboobobbooon



202 — ODel 0 DUODUODODOLDODLDOLODLOOO —

Table66: DO UODOODOODOOOODOOOOOOOOOOOOOOOOOOOOOO [130]0

Environment = Visual Recognition =» Dangling Recognition =» Returning or Lifting

D . ——

00000000 Table6.5 00000 0O O Dangling Recognition 00 [0 O Returning or Lifting [0 O O
OoooooooooooooooOobooO0O00000o0oo0o0oo0100400000000400
20000000000000000000OO

uboobobooooooooboobobooboboobobobobooboboono
uboobooboboobobobooobobooboboobobooobooboboono



— ODeUl 0 DODODODUODODUODODODLO — 203

Table6.7: OO DUOOODOODOODOODOODOODOODODODODODODODO [130]0

Environment  =» Visual Recognition =» Dangling Recognition =» Returning or Lifting
- - -

00000000 Table6.6 0000000

gobobogooboooooboob1oobobobobooboooboobobobobooboobDog
gboboboboboooooboooooo

gboooobobobooobooobooboboobooboobbooobobooooooDo
goboooboooobboboooobooboobobobooU0DTable6 7000000
gbooboobgooooboobooboobobooboobobobooboobooboon
gobooboooboobooogbobooooobobboooboboboooboobooo
googoboooooboboooboboooboooooboboooboooobooon
gboboboboboboboboboobo

goboobooobogooooob L,2000000000000000DOO0DOODODODO
gooobobobooooobooooboooboboooboboooboboobobooDbo
goboooboooobooboooboooobobooobooooboooooboobooo
gboboodb:hoobob db:2)00oooboboboboboooooboooon
goooboboogoboooboooooobooooobooooboobobooobooo
OO0 Table6.8 00000 1600000001 DO0000000O0O0O0O0O0O0O0ODO0O0O0ODO
gooobooboboooboooobooobobooboobooobooboobboOobooo
gbooobooboooboobooobooboooboobbooboosooboobooobooo



204 — ODel 0 DUODUODODOLDODLDOLODLOOO —

N

S p

(O0000000000 ()000000000000

@Uubobobobobob eUubobobobob @Goooooooooo

797

(gpggobd (hyooooooooooo

v

Goobobobobo woOOoboobooooooo Gooooooooboooo

Fig.6.11: D O0OD0O0O0OOUODOODOODOO [130]0(,(dobobobbooboobogon
goooooo¢oboobooboboboooboobooboboboboobDbeuooooon
oooobooogooonh,Gbobobooboobooooboboobobooooooo
gobogoboobbooboobobon

ooooooooboboooboobobobooboooobUobbooooooboed
gboooboboboooboboobooboboobooobobooooboboboaon
gooobooobooboobobobooooobobobooooooobobobogooDbso
goboobbooooobooooboo dpeHboooobooooo3spoooooo2o
goboobooboooboboobooooooobooobobboooboboooboooobog 1D



— 0ODel 0 DODUODUODUODUODODLODOLOO — 205

Frontiewé Front View | d iRecognition Front\(iewé Front View | iRecognition

@ (©) © ® © ) [0

Fig.6.12. D0 UO0OOD0OO0OOOOOOO [111]D@), ), (oobooooooooooon
gooobooboboboooogobobooobooooboobooboboooboooDbo
goboooboooobooboooboobooobooboboooog

gbobooboboobobboobuoobobuooboboboobobooboboobo
gboobooboboobobobuoobobuoobobaobobobobbooobobo
gbodoboobobobuooobooboobooboooboobuobboboooboo
obobobob20b0000Fig6.11cO Fig6.11dODODODODODODOOOOOOOOODO
gobodgbooobuodgbboobobooboobbuooboobbooboobo

Table6.8: 000D ODO0ODOOD0OODOODOODOODOODODOO [130]0

Object ID 1 2 3 45 6 7 8 9

Times of refining attempt 6 1 1 3 1 1 1 1 1
Detected by proximity 1 0101 1 01 O
Detected by ToF 21 01 0 0 1 0 1
Could not be detected 300 2 0 0 0 0 O
001 3 00110

Completed by ToF confirmation

64 JUUO0O0O0OOOOODOOOO

Figo. 1200 000000000000 OO0OO0OODODODODODOODODODOOOO Fig.6.12all]
JddjddddddoooooooooooooobobobobobobobbbobbbODbDbDOD Figs.6.12b
andc0O0O0 0000000 ODOOOOODOODOOODOOODOODOOODOODOOOODOO
goboboooobooboobobooooobooboooooooboobooooooooog
gobooboooboboobobooboboobbooobbooboboobboobooboooobooo



206 — ODel 0 DUODUODODOLDODLDOLODLOOO —

oboodboobobo0ooboobouobobob0ogbUFge.12d000000ODOODODnO S
UO0O0U0b00O0Fg6.12e0000000O000OD0O0ODODODODLOODODODOODODODDOD
ooboooboobooobooboobooboobbbooobooboboobobooboobDoD
OFgo.12f000000D0O0O0OO0O0O0O00ODOO0O0OOOODOOOOOOODOOFig6.12g000
Ooobobbo0od0OFRgoe.2h00000DOO0OO0OO0ODLODOOOODOOOOODDOOO
gobobooboooooboooobooooboobooobboooobooobon
ggboogoboboooboobooboooboboooboboooboobooobooooboon
oooboooobbooobbooobooooooooobbOOo0oDbbOOdFEge.12i0000
goboboooboooobooobooboooboobobooobooooobooooD
U00000Fg6.12j00000000000O00OO0O0OOOODOODO0ODOODOLOOOO
gobooboobooboooobogobooobogboooobooooooboboooooDooon
goboobooboobooobooooboboooobooboooboboobooboobooooDon
oo



70

HEN






— 070000 — 209

71 00O0OOO0O

ugboobougobobuoobobobobuoobobuoobooooboboobobo
gbbooboobuoobobboobuooboooooooouooboobobooobobo
gbogboboooboobobobobooboboobobooboboobobo
gboobooobobooboobobuoobobooboobobooboboaobobo
gbooboobobooboooboboobooboboboobobboboooboo
gbooboboobobooboooooooboboobobooboboobobo
gboobooboboboboboobobobooboboboobobobobooobobo
gboobobobooboboobobooboobobooooboboobobobo
gboobouooboboobobobobooboboobobooboboobobo
gboobobobooboboobooobooboboooobobooboboooboo
gobooobooooboobooooboobooonbog

gbooooobooboooboboooobobooobobobooboboobooboooboo
gboobooboobobooooboboooobooboobobooboboobobooobooboo
gbooboobooobobooobobobooooboooboboooboobooboooobooboo
gbooboobooboboobobooboboobobooobooobooobooobobo
gboobooboooboboooboboooobobooboboooobooboboooboboo
gboobooboobobooobobooboboobooobobooobobooobooboo
gboobobooobobooobobooooboboboboooboboboobobo
gbooboboobobooboobooooboobobooboboboboobobo
gboogoboooooboobbooboboooboboobobooboboobobo
gboboboooboboobobooobobooobobooobobooboobobobo
gboobobooobooobboobobooobobobooboooobobooboooobobo
gboobobopoooboboobobooboboobobooboobobooobooboo
gbooboooobooboboboobobooobooboboobboobooboobobo
goboobboooboobboooboobbooboonDoo

gbooobgboooboboobooooboobobobooobboboobobo
gbooboooboobobooobooobooboooboobooboboobobo
gboobobooboboobbobooboboobobooboboobooobobo



210 — 070000 —

gboboboobobooboboobooooobobooobobooboboobo
goobobobobooobobooboboobooboboobobobooboboobo
gobobooobobooboboobobooooboboobboobobobboobo
vojooboobobooooooobooboobooboboobooboooboobooon
vboboooobooooboobooobooobooooo

72 O00O0O0O0O

goboooooobobooobooboboboooboobboobobobobooooon
OoooboobbooboouDbOD [33,34,35,36,37,32,39|00 000000000000 DO
googoobooboobooboobobooboobobooboobobooobooon
gobobooobobooboboobobooobobooboboobobobboobo
gboobobobobooboboobobooboboboboobobboooboobo
gbooboooooooooooooogoooogooDg



HEN






oo 213

gogbooboooooobooooooboboooobbbooooobbboooooobobo
gooobooboobgooolskKbgoooooobboboooboobooboooboo
gooo

gobooobooooboooboooboooobooobooboobooboooooDoo
gbobgoboooooooobobobobobooooooboobobobobobo
googobooboooobooboboobooooboobbooboboobooon
gboogobooobobooobooboobogobobooboooobooooboboooobooon
gboboobooobobooooobooobooooboobobooboobbbobooon
gboboboboboboboboboboboboboboobo

gbgoooobgJskoooooooooo3ngooobo7ooooboboonoog
googobooogoboooboobooobooogbooboboobobbooboobooo
gbooobooboooboobobooboboobooooboboooooboooobooon
googoobooboooobooogoboboooboooooobooooboooobooo
gbogboboboboobobooboboobobobobooboboobobo
gbogboboobooboboobobooboboobobooboboobobo
gogbogbobdadd

ugbbogoboboobooboouoobogoooboboobooboboboboobo
gbogboboobobobooboboobobooboboobobobooobobo
gobodgbobooobooobboooon

ugobob ooobboooboboobbuoobbooobbuoooboboobbooonon
oboboooboobobobooooobobobooboobobo 3sbooooboobobooon
gbooboobobogbooobooooooboobobooboobobooobobo
gobodoboooboboobooobboobuooboon

oo oobooboooiskoogooooooobooboobooboooooo
gbooboobooboboobobooobooobobooonooooboboooboboo
gboobobooooobobooboboobobooboobooooboboooboboooo
goooooboooon

ooooJskoooooooooooolIskogooooooobobooooooo
gooJskooooooboooooooobooooobooooboooobobooooo
gbbooboooboooobobooobobooboobooooboobooooooooboo



214 oo

goboooobgoboobooboooobooobobooobobooobbooboboobo
gboobgoobooboobboooobuooboobo

20210 12030 000 O



HEN






oo 217

Fig. A1: 0000000000000 0000000D0O0O0DO0OD0O Baxter [130]0

Table A.1: Baxter 1 D OO OO0 [182]0

Joint || Min Limit[deg] | Max Limit[deg] | Range[deg] | Maximum Speed[rad/sec] | Flexure Stiffness[Nm/rad] | Peak Torque[Nm]
g g g

SO -97.494 +97.494 194.998 2.0 843 50
S1 -123 +60 183 2.0 843 50
EO -174.987 +174.987 349.979 2.0 843 50
El -2.864 +150 153 2.0 843 50
WO -175.25 +175.25 350.5 4.0 250 15
W1 -90 +120 210 4.0 250 15
w2 -175.25 +175.25 350.5 4.0 250 15

Al 0OO00O0O0OOOOOOOOO0

ubbodgboobbogboobbuooboobbooboabog

A.l1.1 O0O0O0O0O0O Baxter

Baxter [181] 0 Rethink Robotics D0 000000000 OOOOOBaxter DO OOOOO
00000000DOO0ODO0D00000D0O0 Fig AlODOOBaxter 00 FigA2000O
o0 700000000000 TableA1lODOOOOOOOODOD ODODOODDOODOOO
00 O O O Series Elastic Actuators [183|0 0 0 0 00000000 OOOOOOOOOOOO



218 oo

Fig. A3: DUOD0OUODODODO Baxter 0 OO [29]0
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Table A.2: Baxter 0 0 PCO 0O O [182]0

Processor | 3rd Gen Intel Core i7-3770 Processor (SMB, 3.4GHz) w/HD4000 Graphics
Memory 4GB, NON-ECC, 1600MHZ DDR3
Hard Drive 128GB Solid State Drive

Table A.3: OO PCO OO [29]0

Processor Intel Xeon Processor E5-2690 v3 (30MB, 2.6GHz)
Graphics Card NVIDIA GeForce GTX TITAN X
Memory 66GB, ECC, 2133MHZ DDR4
Hard Drive 2TB Hard Disk Drive
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