OFRy bbb 2L —XICKX B3 EBEEED-DD
3 RITHLARIELEE % P~ 72 PR AR
(Deep Imitation Learning Using 3D Shape Similarity for

Robotic Tool Manipulation)

2022 4 1 H

it (1)

i AT BEEA

RGBT



k4 —2 EREEL (Fnso)

2022 £ 1H 7H
Mok T e S 121826 =5 FREHE
& FEER ) = FE B A
K4 T RERA 1k e

MXHNAENEE (Hi)

2Ry M~ =t o b—ZIZ L 5EEBEDT DD 3 WITTEIRIALLE 2 F v - TR IE

T e
Rl e

(EE 1,200 FFHE)

T, BRTIEDFEE b2 BE E 72> T A, 20405 I3 H B AE N D EEZERIT5
4% F TCHDVT A ETFRHIENTWS., ZHRICED AMEEREINL, £/ —E 2D
BEELERLEZEZONTWE., 2OV LI EDHB IR ZM O -DICRERK
EHFELLCoR Y MCED2FEBORENRE TN T D, KB T Tl 88k
IThILTWA N, W THOMGEEDSN OB ClIa R vy h 7 — A2 L 5 BEh
IZEAL TRV, ZO—KIE, vRy F T —LAEZEESE D 72O IXENMER B D ZoR
MM THDH. BoriZiZuaRy NOFEMPRMEBENALETHY, Y—LARNEDb
LT NCBURPRE LD, 22T, A TIER ARy RBANL Y — VO HIE
FEBEMT A5 AT LAERETSH. Zhicky, B0z V=7 TR<ThH, ff
HICEMEHBEIZBURT HZ LR FAREE 2 5H.

KT, B Ry N7 — A XA EEDERTIEDEERELEMHFEE S 2T L DR
BB IONEHERLZITo-. BEV AT ATEEORR E WHABERL TV LA
Wik, TNOOEEOHEAFTELEMT S LWV REICESH WS, £2, BED
BT EE AR Lz, 2071, BBFEOEHL/NNT A—X (TBEEOEHY
EEELTWS, LIER-T, AFEICBITAREIL, BHEE I LAETWAESIC
X, BBFE CEEINDIELNTA—HFHLIELWMEEZED LS VXD 2 ¥R
5. ZOWREEFHLT, BEBEBFEOEARRTA—X L L TREINIEEDHEAGE
L, TOEEOHFBEZTRHEL CBE, FILLWEERGZ LN E XL, BEICHD
BEELEZONT-EEOHUEZHEL, ROLBELUENE» > TEEOFEEFERER
NI A—=B B LWVERBRFEOYI T A —2 L L THAAT. TN FERHFE
DERFR T ZFEITNIFELL ) 25720, BRIZCFENAEIZRLEEZOLNS.

ARG CIIFICHER FEE2RETH2EEL LCEICEH L. £7, RFETIEE
EIDLNETWE I L E2HEMICHETDITEOOFEERELZ. ZOFIEITEDS
IR E BRI R R G FHOELEZHERETH L. £, T —42 0
ERICITEREBOICANDOEEZ 2R Y b7 —LICERT D2 ENARERY AT A& {E
L7z, EEEHICIEGEREO T - T 7 F v 2 AWz, BEOREREALE L,
ROBANZB T ARy N7 —LAOFLEELHET AEUFMEE L TRIE & 5
Z, FEETo. EBRTIIUCWAEDHEHA T EEHAIATL Z LIC X5 FE KO
A BEELT-. F77, EEICIIEZROVTERENORIELZ TV, BEXFEOED
AR L.




Alik4 —1 GERERE (330)

Date of Submission (January 7, 2022) :

Department of ) )
Student ID Number | D121826 Naoki Uchiyama
Mechanical Engineering Supervisors
Applicant’s name Harumo Sasatake Kaiji Sato

Abstract (Doctor)

Title of Thesis | Deep Imitation Learning Using 3D Shape Similarity for Robotic Tool Manipulation

Approx. 800 words

Japan has been facing the problem of a declining birthrate and an aging society,
and it 1s predicted that the ratio of the working population to the total population
will decrease to 54% by 2040. As a result, the labor costs are expected to increase,
and the prices of goods and services will rise. To compensate for that, the use of
robots to replace labor is desired. Large scale factories have been already
automated, but small-scale factories or non-manufacturing occupations have not
yet been automated with robot arms. One of the reasons for this is that teaching of
motion plans is required to operate the robot arm. Teaching requires specialized
knowledge of robotics, and it is necessary every time a tool is changed. In this
study, A system in which a robot directly imitates the use of a tool from a person is
proposed. This makes it possible to teach motion planning easily to non-expert
engineers.

In this study, a fast imitation learning system for a robot arm to learn the usage
of a tool is proposed. This system is based on the assumption that if the shape and
physical properties of tools are similar, then the usage of those tools will also be
similar. Deep learning is used to imitate the behavior. Therefore, the weight
parameters of the deep learning are considered to represent the usage of the tools.
So, the assumption made in this study is that if the tools are similar, the weight
parameters learned by deep learning will also have similar one. Using this
assumption, a part of learning process can be shortcut for the new tool. If similar
tool is known, the learned weight parameters of the tool with the highest
similarity as the initial value is load.

In this study, especially the broom is focused on as target to learn. Firstly, a
method to numerically calculate the similarity between two brooms is proposed.
This method is based on the 3D features and the physical features of the brooms.
Secondly, A system that can intuitively teach human actions to the robot arm 1is
proposed to create the training data for deep learning. Using the state of the
environment as an input, deep learning system estimates the appropriate velocity
of the robot arm tip at the next time. In the experiments, the reduction in the
number of learning iteration is verified by loading the usage of similar brooms. In
addition, the robot's ability by actually sweeping garbage is also verified and the
effectiveness of proposed method is experimentally confirmed.




Deep Imitation Learning Using 3D Shape Similarity for

Robotic Tool Manipulation

Harumo Sasatake

Department of Mechanical Engineering, Toyohashi University of Technology

ABSTRACT

In recent years, the declining birthrate and aging population have become a problem
in Japan. As a result, the ratio of the working population to the total population
is expected to decrease to 54% by 2040. As the working population decreases, labor
costs will increase and the prices of products and services will rise. To make up for the
labor shortage, the government is considering accepting foreign workers and improving
the employment rate of women and the retired people. However, it will take time for
these government policies to effect come out. Therefore, the substitution of labor by
robots is desired as an immediate solution. While large factories have been automated,
small factories and non-manufacturing industry such as a nursing home have not been
automated with robot arms. One of the reasons for this is that teaching of motion
plans is required to operate the robot arm. It requires specific knowledge for robotics.
In particular, in the non-manufacturing industry, there are few robotics engineers, so it
is difficult to use the robot arm. In addition, the robot arm can extend its functions by
attaching tools to its end-effector to deal with them tasks. Each tool require a different
motion plan. So the engineer is required whenever the tool is changed. Therefore, a
method that the non-engineer can teach the robot the motion plan is desired

In this study, A system that the robot directly imitates the usage of a tool from a



human is proposed. It allows the users to teach the motion plan easily even if they
are not the robotic engineer and it will be able to remove the barrier using robots.
In this study, the fast imitation learning system is proposed and demonstrated for a
robot arm to learn usage of the tool. The proposed system is based on the assumption
that if the shape and physical properties of tools are similar, then the usage of those
tools will also be similar. Deep learning is used to imitate the human behavior. The
weight parameters of the deep learning are considered to represent the usage of the
tools, so the above assumption in this research can be defined as follows: if the tools
are similar, the weight parameters of deep learning can also get similar values. Using
this assumption, when a new tool is given, the similarity between the broom in the
database and the given broom is calculated, and the learned weight parameters of the
tool with the highest similarity are loaded as the initial parameters for the new deep
learning. Using this method, reducing the number of training iteration is attempted
by learning only the differences in usage of these tools.

In this study, particularly, the broom is focused on. So this method calculates the
similarity between two brooms based on the three-dimensional features and the physical
features, without using large-scale machine learning. In addition, a virtual reality
system is used as a motion capture system to create the training data. The operator
operates the industrial robot remotely, measures its movements and the situation of
the environment using image processing and these measured data are used for training
data. For deep learning, a forward propagation architecture is used, the situation of the
environment is input and velocity of robot arm tip. In the experiments, the reduction in
the number of learning iteration is verified with proposed method and also the cleaning

ability by actually sweeping garbage is verified.
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Fig. 1.2 Related research:Creating of teaching data with virtual reality teleoperation[87]
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Fig. 2.2 Point cloud of Stanford bunny [90]

5. MBI Fig2.2 RT3 K 5%, PEAD 3XKTIIRE 3 XTORDEEKRE LT
RLEDBDTHD., 7—ER—ARZBAETNTOWRWENEZI b &, T—X
R=2E2BRBL, E26NEEL T —ZR—ZAND 2ODFICH L CHLE DA
2119, 2D, FAUEEZT —ZXN— ARSI N TV B FEORZTEH X h
5. ZLTT—EZXRX—ZANDOERROEMNEDOF 2 Ho1F, ZOFOMHTEEZ 7 —
A R—=ZD LR FB L L TitArL. 205 AT, GRohFo¥H
2115, ZOEEE, BRAOWRBOHMT -2 2HHLTITHONLS. akRy M2
Y o TRFERGTENRRETSH 205, ANEICE > TEERFIEN DD > TW5 129,
ZOBOMHAEE T AIZBN T — X 2T 5 2 L IFARETH 5. BTV EHED
HHTEEEE LT, Zhx EEXT2HTHEEMTONAS. ZhuckD, &
WEERHETH Ry MIFILOWEOMHAGER LB EZ NS, RER
5, TTHYEOUMAEIC, 52 O5NBEDFHRAFRISGEWER AN AR E N
T3 7d, FRICBVWTIBEOHERAEDOER T I 2 FETIIFOIHTH 5.

18



X BIT, ZOFHDOBIRE X YRR e #7210 88 LM Ak E 77— 2 RN—2R
WIBIS 2. B0 RZBOMHAITIEDOEE 2175 BRI, 07 —XX—ZITH
SNTWET—&%2FAL, FECHERREZEIRT 2. 20X 5 kil
YIAVEERREDIET LT, SRR GEEOHAAECHET 2RHEHEFE T S
ZENAREICR B L EZ TV,

#1777 = —X (Fig.2.1 G) OWEZFHIAZIANRS. ZO7 2 —XTIFHFE 7 = —
R THRILELNNT A =R Z2HWT, FRICe Ry 283, RFFKICHT 258
YETIE, NEEVFRIRA TR L > THLNZBREROIHREZIRD, »
Ry FOFERERDTEHNIT2. ToEEESEb IRy MIEEL, 20
BEORERE LT, BOMERLBERNRYOOER L OFRENZNT 5. ROK
ZBWT, BTORZI L FRRICREFROEHREZITED, BfE2RET 2. Zhei
DIRFTZ Ik ->T, vRy MIBROMEEETT 3.

HEN T — X DRI OWTIHEN S, FT7 2 — 2BV T, GFREFEIREDS
At 2B T 287 — % o, ZHRL, ZOZ A1 L, ARy b7 — LDFIHEHE
Bu, ZH13 3. 0,13 (2.1) TREN 3.

01 = (Tarm/t—2:t+ Lorooms Ldirts Ldustpan: Jvertical) (2.1)
o LFLLT D (a)~(e) D5 DDEWMO LML I NTED, WOy [-1,1|DEZ L 5
EOWREREZATVS.
(@) Tapmyi—2y € R IFZIt — 2R H L DBKR Y b T — A DFIHRER
(b) Tproom € RE I BITHUD T S 472 AR ~ — ) DPEFE
(€) Tar € R® I MIRYIOHLONE
(d) Tausipan € R® T B DELD D AR ¥ — F D FEFE

(e) fvertical € Rl jjﬁ't’ y#f*ﬁﬁéhﬁ:ﬁﬁﬁﬁo)ﬁ

19



HESE D7 — %77 F v DI DOWTRR B t — 20850 5 t Da Ry b
T —LDOFREEEANCED B ik D, #EERERLLFEIMRINS.
7z, FEERSETHREINATED, ANEE 34T, FREE 30T,
JBlZ6 XL TH5. RBIEMEETHD, EMHBIBUTIERLRTEREL, HRBEEK
BRPDZEREEEZHHLTWS., £, =Ny FH A X2 TH 3.

BUCH 2B EAEANRTIA—RZHHATAZI2&oT, EHEZERLL, &
[l 7 — X ORI Z1T 5 Fike LTIHBREEDRDH 5. I, Do AN 28I
TRERIWCHEE LREEE 2, X TR2BE T 27D HIE 2 SIS
N2, KR TZOFEERHA Lo BEHE LT, BEEOHEHTIENKIEC
RLLZHEIWHET 27D TH 5. WEEBIRALLRESE O BN OE
HRTRA =R EEET S, 20D, ¥BT2EEOEHAEICE T, ¥H
TERVWEENDZEEZOLND. 2D, KK TIIIBFAE ZMEHLZ V.

24 FCH

COETIE, REEMFEYERET220D0REL, TNERBETL2DD>
AT LEHAL. 7, AFRICBI 2 EEOMHEHAEE, EBEEEICEIT 2%
BoOR, BIEINDIEATXA—XRTHLI kbR, 2L T, TOEANT
X =%, HMLLIFETEEOBKR» OHRIL, FEFEOWMEL LTHAS
5ZEICED, BEANRGRA—ZOEHEREZRPIESELL VWS 7 A T 7 2@l .
72, FROT7 A F7RERET 220D AT LOMEICOWTHAL, A7 A
DAHTIR T —Z DFRAUT DN TN,

20



mn

538 RMFESXATLOBR

3.1 IEL®IC

CDETIE, EBRICHWAN—F U272 Y7 by =27 DFMICOWTENRNS.
¥F, N— ROz 7IOVTHHAT 5. AT 2 FZREREOMEICOWTHHAL 2
%, WIEEHDOO Ry b7 — L ORHHIFCARER LY DAY 71200 TR
N3, THRERTHEHT IZZOVWTEHLLAABRS. X2, Y7 bUz7IZO0

THATS. $9, BEEOHTEZEE LIS 27008 E S X7 AIZDOWT
BR%. ZIZTE, FEIRATLANOEBRO T 203D X5 I1HEBEL T, H
BRI EO¥EMTbN s wS 2k, 7urJ affiosr—zofihaiH

5. Rz, aRy b7 —L%EHHT 220D AT LI OVWTIENS. Z 2T,
WHEEIEZEHEL, v Ry b7 — AOFELHERIFET 2 7D DFEICOWTIHA
5. oI, BT —XEZEKANG, FFRT 272D DY AT AIZOWTHNS.
ZZTE, N—=F XLV TVT A TATLEE—ayF Y 7 FyDEIICHHL
T, BRy M7 —2aZHI#HlT 572D DEBEAETUICOWTHAT 5. RIZ, N—F %
NYTZUT 4 DADRCGB I X T2 B S EHOIFHIS AT 21200 TN
3. EBRBENOVEROEEEZMHT 27200, AR ~— LEEGUED 713V
AL DOWTHAT 2. wkic, BEFEELFAALCT, BEOERGELEET 5
PR ORI OVWTIRN S, 2 2Tk, BT — X OIERUTIES & ORHiA S
WKHOWONZFEEEED T —%7 7 F v IOV CHAT 3.

91 B TIRANBEFEOHICE, BRy MAOIUREHEICT 272H12, MR%E
D AITKE DD L K B 505, AT, NREZFHICHIRE T ICERT

21



ZE90NN—F NN YTV T4 TRATLAEE—arFy 7 FYyDEDICHHT 5.

3.2 FEEICHAWA/N\N—FRJxT7

ARG CHEH T 2 EBIREZ Fig3. 1R T. ERRERICIZ 780 Ry F7—20
B2rNTED, Feakry P 7 —20FREFHENEL 2N L TORPNTE
D, BRI ZIe ML EBRIARETH 2. £-R0Hlo LicidEAOERNR
Y (10fED lem D) HD & D BEINTNS. BREERIFIIC RGB & X
IDVRESNTED, FrbhehoMELABICEHLTEARY—A—T, #Ef
SFRYNCTEE U TIREGRAENC K b B2 B L Tw b, aRy  Ofli#lk st 7
NI ZLIZDOWTUIAETH L BN 3.

3.2.1 7#ORY k77— LA

REBCTHEHAT IRy b7 —2DFICONTIRRZ. KREBRTHEHT 2 DI
BRI D STA20F TH 2. ZowuRy MITHIZET 2E¥EMA ARy b7 — 4
TH5b. ZTOMNE% Fig.3.212, MEE% Table 3.1 12773, SIA20F 32 E D 1500mm
ThY, AAPREED 20kg, RIREED 120kg DDA RY h7—LTH 3.
MEFERRNE 1498mm, ACEFEREFRREZ 010mm 2 8-> TW\Wb F72, DR UEE
23 £0.1mm £ 2o TWd. ZOZ s, Hle@ T iidtoatiEzE L Tw»
LYER5.

FBEREZFIIL TV 2L v 50HIcE IV TrR Y b7 — 2 38ET
5. ZDEHICaRy b7 LB IR TWE Iy a—X 2R, IRTOE Y
BPCIEmREINTWED, £PChonatry F 7 —AIESEZENS X527 —
TN T 2B HZ. v Ry b7 =24 PCRAZELEY VDT — 7LD
k% Fig3.31ams. aRy b7—atndry baryiro—SMBLUET 4 —

22



RGB Camera

Robot arm

Force
sensor

Fig. 3.1 Experimental environment

FUIRYRY VEER)IEEROEROr — 7L THEREINLTWS., /2, 74—
FUIRYZ Y MIIFERIERZ OHFRBESINTED, Ry bOBHAESCTF
FTMBEEBBXE2 2K S, EFDLDOa Ry b7 —2ADFROTIANE
DREIWNZT 4 —F I/ RYZ Y F2FAHLTWS. aRy baryitu—5& PC
[ D & Ethernet 7 — 7V THREINTE D, TCPHEFEZHWT4Hz T —&X 2%
DEXDT2ZEDARETHS. REBRTIEERY 25 PCAZY I —KXOER X
EL, PCHOIIKREHOEEMAELRET 5. —RIVLEEATRY b7 —24L
Figh, KRRy b7 —23RA% %, BHEAELZEE L ZIUTENET 2 X5 1CH)
EEE2ZEDARETHS. ZORREMALT, 2B 7 = —XIZBT 2HHT7—
ZOMEB LT, EIT7 2 — X BT 2BEREREITS. £, TVa—XOfEDd

23



]
tes— 85 180
20
3%
1500
430
1035
b
410
14l_|_

(a) Front view of the robot arm  (b) Reachable area of the robot arm

Fig. 3.2 The appearance of the robot arm
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Fig. 3.3 Cable connection of the experimental environment
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Table 3.1 Specifications of the robot arm

4 FR MOTOMAN-SIA20F
fEi\ YR-SIA020F-A100
ARk E & 20 kg
RRU —F 910 mm
DR UAERDIEE +0.1 mm
Sl (e -180 deg ~+180 deg
Ll (i) -110 deg ~+110 deg
Eff () -170 deg ~+170 deg
B EHIEE | Ul () -130 deg ~+130 deg

Rl (EWEEER) | -180 deg ~+180 deg
Bl (FEI]RD) | -110 deg ~+110 deg
THl (FFEEEL) | -180 deg ~+180 deg

Sl (R 2.27 rad/s, 130 deg/s

L T 2.27 rad/s, 130 deg/s

E#h () 2.97 rad/s, 170 deg/s
R IRE

Uil i) 2.97 rad/s, 170 deg/s

Rl (_EREEER) | 3.49 rad/s, 200 deg/s
Bifi (FFEHRD) | 3.49 rad/s, 200 deg/s
Tl (FEEER) | 6.98 rad/s, 400 deg/s

3.2.2 FHERICFHRITZE

AKX THHT2FICEAL TN S. 6 EOFDOX % Fig. 34117, FiX3HE
HOBLL 2BEOEXDINICE > THERINLTWS. Fig. 3.4HD ad DERITH
FRETHD, beldARVY, efldT 78 Ro>TW5E, /2, abeldB0WiRE &
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Fig. 3.4 Brooms used for the experiment
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Fig. 3.5 Signal flow in the system
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Fig. 3.6 Teleoperation using virtual reality tool

4

/\

(a) Virtual reality position sensor (b) Virtual reality controller

Fig. 3.7 Virtual reality observation system
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Vive light house
(right)

Vive light house
(left)

Vive controller (right)

Vive controller (left)

(a) Virtual reality devices coordinate system

Tool frame

' (
'/// Targetframe
I/

(b) Robot arm coordinate system

Fig. 3.8 Coordinate system
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(a) AR marker

(b) Input image from RGB camera

Fig. 3.9 AR maker and detected result
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L

Fig. 3.10 Image processing for dirt position
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VR System

LVR controller coordinate

A

u; 3
Follow Motion Planner —
e
Robot arm Controller
Environment oo 10 | Xarm/t-2z
Force RGB
Robot arm
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f sensor image Xarm/t—2;t
A\ 4 A 4
Vertical Force Pose
Calculator Estimator
f vertical Xbroom
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: Training Data Logger

v
Extra Training Data of Given Broom

Fig. 3.11 Signal flow in the training data set collection
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| End effector position xgm/: |

| End effector position at xgrm /-1 |

| End effector position x4/ | }

| Dirt position x ;¢ |

Input layer
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target velocity
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| Vertical Force fyertical |

R3* Hidden layer (Fully connected) R®
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Fig. 3.12 Architecture of the deep imitation learning
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Fig. 4.1 Similarity Calculation algorithm
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Fx+
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Mx+

Fy+

My+

Fig. 4.2 Force sensor

Table 4.1 6 axes force torque sensor

Fx 50N

Fy + 50N

Fz + 100 N

PR

Mx + 3 Nm

My + 3 Nm

Mz 1 3 Nm

pay. ailz +1/1000
BBV | 7Y ZTEEEL | 1.2 kHz

R DC5.0V & 5%

WERES 5. ZAUIBESHL MEDLE, HEHZ i 2 L#ENCEH21T 272 < 7%
52 k<D THS. K2, ary bFHRO 2 @li7203 ZIR0E 0.06m D cos KT
BEXE, BAINUCHEML, 2bdk, ol X5 T 5. 20k,
HOELIF0.015m 2T LAENZ ZLITk 5.
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Fig. 4.3 Experimental environment for reaction force measurement
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Kind of brooms

Normal broom Brush broom Sponge broom
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Fig. 4.4 Reaction force of brooms
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Fig. 4.5 CAD of the long normal broom

Fig. 4.6 Point cloud of the long normal broom
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Fig. 4.7 Principle component analysis
4.4.1 BEEE—XYOHE

2DODFDHEB TN 208 S DO ERITS 20Dt E2HAT 2. Zhid
Fig 4.7 IR T & 5 REEEMER L, SHiE D OBEEE—RX > POKRZIDFERE L
THhEINS., BEHZ e OBEMEE—X Y FOEPKE TR, BIRERLZD, hE
FHUIBRIEE LW EZ 5N 5. mBEp, pd KN L TEZERBHOFIETH 2 £
M (PCA) 2175 2 TENLDORMHOELEREEZFS. 20 ZHEKI
B EABOSTDSKEVHAE xBll, ZOXRIIOTEHBRENTEE v L, Zh
BICHEATT 2 A% 2 55, FMHOBELNIRAEORRE RS, LadoT,
PCA ZHH T 2 2 L TRENC—BINCERZERT 2 20 TE L. 20K, 1FK
LEEEDLD OBMEE—X Y V2B TS. p, 2oBEE—X 2 M, 1, L, %
192, AL Tp 02 HMBIEE—R Y b Ly, Ly, La 215 5.

48
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Fig. 4.8 Object oriented bounding box
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Fig. 4.9 the angle of the broom tip
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Aa = a;—aq (4.6)
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Table 4.2 The calculation result of similarity

long short

broom brush sponge broom brush sponge

broom 00 0.2591  0.3080 0.0622 0.0556  0.0563

long  brush - 00 0.5811 0.0774 0.0687  0.0699
sponge - - 00 0.0702 0.0630  0.0645
broom - - - 00 0.3718  0.3450
short brush - - - - 00 0.8144
sponge - - - - - 00

1

S =
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X @) BT 2EA W, wy, w I XFNEL0.1, 0.1, 0.0001 THH, HEDLED
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Fig. 5.6 Experiment with long normal broom and cubes

Fig. 5.7 Experiment with small sponge and cubes
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(a) Gardening stones (b) Sand

Fig. 5.8 Items to be cleaned

Fig. 5.9 Experiment for sand

67



Fig. 5.10 long mop broom

Fig. 5.11 Experiment for sand with mop
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CHIERTEEF L2000 E#H L ET.
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