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Introduction HRHDH Az

Robotic Manipulation

Lack of Labor in Food Industry
Automation is expected

Manual Motion Teaching

$

Automatic Motion Generation

~

P i

[1]https://newswitch.jp/p/5334

Dual -arm Manipulation Planning from Cooking Recipe
with Information Completion




Overview of Our Approach

Instruction
1. Cut a Carrot to
Adequate Size

ID: XX00##

Cooking Recipe
Picture + Verbal Instruction

Information Completion

kb ?
taﬂnl iAdequate Size??]

Completion from Food Image

Cooking Motion Planning

N\ARADA LﬂBa

Robotic

Manipulation

t%ﬁTo cut

a]Carro

A

Preparation of Food, Knife and Cutting Board

Completion of Preparation Motion
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Related Works HRHDH Az

Robotic Manipulation

1=4

w Estimation of Food State Imagea@— Cooked State

¢ RahulPaul (2018
E =S4
R

¢ MS Salekiet al. (2@.9)
No research on Cooked State Estimaticiticed Julienne Juiced

w Cooking Task Planning from RecCipgyon

¢ Kunze et al.(2015) t 2dzNJ K24 Ol 18 YAE A
¢ Inagaweet al. (2@1)

U[0] : bowl

V[0] : add

U Rule based approach L A[0] : water

L F[O] : hot cake mix

U  Single arm without motion planning

A Consideration of motion which is not explicitly written in a recipe
A Efficient grapkhbased motion planning with a duafrm manipulator
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Method Overview maom ma

Robotic Manipulation
1st Step 3rd Step

|
Information Completion from Food Imagd  Motion Planning

Estimation of Food State i

|

|

by using Information obtain from the
Graph (e.g., pick and place)

Slicecutting
Julienne cutting

Information Completion of What is
not Explicitly Written in Recipe

Connection of Graph Elements for

Comparison of Input/Output
P P P Efficient Bimanual Task Planning

of Graph Elements

o [ [ o RO
c _ Necessary Motion ';’”I\x ooooottoo
omparison . G
P Grasp (Tool) TN T me
o Pick and place (Food) ‘v““'“ Do & - |
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Method Overview

Information Completion from Food Imagd

Estimation of Food State

Slicecutting
Julienne cutting
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1st Step :Information Completion from Food Image
'''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''' I, \N\ARADA AR &%

Method Overview

Recipe Motion Frame [2](3] Motion Graph Element
Stir fry Name | _Tool(Spatula)
Food Pork Attributes| Hand ani? | Hand | Food |
= Type High ;
. Tool Spatula ) Stir fry
1. Saute pork with ContainelCooking pah ool |[ Hand ]| Food]
high heat on a frypan Equipment Stove
2 l

Motlon Graph

[2] DasDipanjart. S | BA®YHECNRAOSLI NEAYIDPE OHAMNOY i [Fetar] [z
[3] HaonanChen, et al. "Enabling Robots to Understand Incomplete Natural Language Instructions Using Commonsense Reasoning." (20:



1st Step :Information Completion from Food Image
'''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''' I, \N\ARADA AR &%

Lacking Information

A Enough Information Avallable
Stirfry
1. Saute pork with ';OOd Pork Robot
high heat on a frypan > ngle Slglagtﬁl 3 > Motion
2. : Container| Cooking pa
Equipment  Stove
A Enough Information NOT Available
Cut
1. Cut carrot into Carrot
. e | 277
:dequate size. L T — L
) Tool 2| Tong
Container|Cutting boarg
Lackingnformation
mp Graph structure used for motion planning cannot be generate
[2] DasDipanjat S0 | EOYECHROSLI NEAYI®E SHAMAOY ¥

[3] HaonanChen, et al. "Enabling Robots to Understand Incomplete Natural Language Instructions Using Commonsense Reasoning." (20:



1st Step :Information Completion from Food Image
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Robotic Manipulation

Estimation of Cooking State from Food Image

Lacking Information on Cutting Method
Estimation of Cutting Met hc

A Two Stage EstimatoingredientK Cutting State
A Image ofCooked Meat Included Ingredient

a/ b NNRE » Classification|_
Ingredient Nam (2 Inputs) | | Sf:ore
. OK _r Y
' _;| Ingredient = Jr
- | = 6{tAO5 |Odzil
Cooked In?redlent Sjulienne cutting =0.74
mage .
|\(j|(;ae| J _ Ssilice cutting =1.02
\ 4 > Classification)_ Estimation Result

(1 Input)

c
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Robotic Manipulation

Information Completion of What is
not Explicitly Written in Recipe =~ =------------cmmmmmmmoo o

Connection of Graph Elements for

rison of In
Comparison of InputfOutput Efficient Bimanual Task Planning

of Graph Elements

o [ [ o RO
c _ Necessary Motion ';’”I\h ooooodftoo
omparison D Gl
P Grasp (Tool) TN T me
| e e o [ Pick and place (Food) ,"““‘“ b & - |
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Robotic Manipulation

Determine Necessary Motion from Node Attribution [4][5]

I\W

Potato L-hand [Current statg

| Potato |
Place: Plate
State: cut(slice)

1 Need to move potato!!

Potato
Place: Cooking pan !

State: cut(slice) : ﬂf : Potato :

Potato L-hanc o B " “‘*— m
Cooklng pa Plate
(Stirfry, (Goalstate)  *ygicsjsace ™ Storagespace

[4] PAULIUS et@. Cdzy OG A 2 MK SR DR OiS i 62 NJ T 2@06) | y A LIz | u_rl_ioey S
[5]t ! ! [ L' {AWsighted Fudetiotal Objebt NA SY 1 SR b S g2N] F2NJ ¢ af tLyy.



2nd Step :Information Completion of What is not Explicitly @"@"'
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Robotic Manipulation

Determine Necessary Motion from Node Attribution [4][5]

IW

Potato l-hand |  [Current statg
L-hand

Inside: Knife

1 )

Knife should be brought back to shelf

Potato L-hanc

@ [ Goal state] Work space Storagespace

[4] PAULIUS etal. Cdzy OU A 2 NX SR DB OWiS G g2 NJ T 2@au6) | y A Lidz | G]Z\zy ts
[5]t ! ! [ L! {AWgightetl Fudetional Objebt NA Sy Gt SR bSGé2N] F2NJ ¢ aj fryy.



2nd Step :Information Completion of What is not Explicitly Writteh

ARAVA LR35

Robotic Manipulation

List of Necessary Motion

Task R: Task Performed by R Arm
Task L: Task Performed by L Arm
Task RL: Task Performed by either R or L

Task R =

{Turn on(stove), Grasp(tool
SW (Release> Task L =

f\ e {Release(tool), Pour(food)}
“ W TasrL={)

.............................................................

Storag&space Workspace Storagespace

12
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Robotic Manipulation

2nd Step :Information Completion of What is not Explicitly Wr

Sequence Graph

Tree Structure for Task Allocation

Z

od
A w Task of R Arm

~

A [ TaskofL Arm
A %2 A Executable

(¢
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2nd Step :Information Completion of What is not Explicitly Wri

Executable Task Sequence
Graph Connection Based on the Task Conditions

ARAVA LR35

Robotic Manipulation

N

FNRY a/ 2y0FAYy SN !

Ada y2d 3INF aL
¢ SEA&G:

az20S 4G4C22R¢é

A Condition a1 I Y RE
A Condition &/ 2y G A Y SNJ

CLE — Conditioné %
Hand
ConditionE o) =

v— ! ‘H-'I*. b ; “'*. V’-:
- e it “Container A” | 1“Container B”

.- [“Container B”} <[ “Container A”
Work space Storage space Work space Storage space
14
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2nd Step :Information Completion of What is not Explicitly Wri
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ARAVA \LRB&EE
Executable Task Sequence e

All the graph elements are connected
= Executable

Task R = {Turn on(stove), Grasp(tool)}

Unexecutable Case
Task L = {Release(tool), Pour(food)}

Motion graph

Bl Rhand|[[ L-hand| oomooomooo

¢ D

R : Grasp(tool)
L : Release(tool)
Exe ---

R : None

L : Pour(food) ! ! /'\, ! Yl
Exe :--- [ | gmOoooomO
' Yy "M ,”“&‘H":
R Jum on(Siove) | Co o o Siore T B
: orage Work Storage -
Exe —nC Space. space spac UL [ L-hand

1%



Task Executable
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Robotic Manipulation

All the graph elements are connected
= Executable

Unexecutable Case

Exe : True

_____________

R : None
L : Pour(food)
Exe ---

! N | ] .
5-‘( g !

)
1
1
) r )
1 1 1 1
1 ] ]
......................... CStir fry)

FLQ:I'\Irurn on(stove Storaae Worke o1
: or orage
Exe :?-r-]e spac% Space spac BN I

Task R = {Turn on(stove), Grasp(tool)}
Task L = {Release(tool), Pour(food)}

[ ] R—h/_and [ ] {L—hand miml ==l ;IIZI
R : Grasp(tool)
L : Release(tool) » Release | Cim ™ |

Motion graph

iz

B Rhand
] L-hand

1€
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Robotic Manipulation

Task Executable

All the graph elements are connected
= Executable

Task R = {Turn on(stove), Grasp(tool)}

Unexecutable Case
Task L = {Release(tool), Pour(food)}

B Rhand|[] L-hand Motion graph
R : Grasp(tool) ' %
O L : Release(tool) Pour X
Exe : True 7
R: Non?]c ) EEEE Nl hhbh ‘5
L : Pour(foo AN o SR~ ¥
O e e N
l” U ”’—4 ,” ‘I‘l
FLQ :I'\Irurn on(stove StLWkSt """ B Rhand
; orage Wor orage -
Exe :?_r_]e Spac% Space Spac - - hand




2nd Step :Information Completion of What is not Explicitly @-,Q,_
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Robotic Manipulation

Task Executable

All the graph elements are connected
= Executable

Task R = {Turn on(stove), Grasp(tool)}

Unexecutable Case
Task L = {Release(tool), Pour(food)}

Motion graph

R : Grasp(tool)
L : Release(tool)
Exe : True

R : None
L : Pour(food)
Exe : True

R : Turn on(stove
L : None

Stora%e Work Storage
Exe : False

space space spac
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Robotic Manipulation

Task Executable

All the graph elements are connected
= Executable

Task R = {Turn on(stove), Grasp(tool)}
Executable Example Task L = {Release(tool), Pour(food)}

Motion graph

Bl Rhand|[ L-hand| oomooomooo

F5 5 2y

1 ] 1 1
1 § A 1 =
,l ,4 = \ ,l U 'l
!k | | OmOogoomo

R : Turn on(stove
L : Release(tool)
Exe ---

R : None
L : Pour(food)
Exe ---

R : Grasp(tool SLkS CStir fry) B R-hand
; torage )
||§)&eN;9_r_]e spac% \s/\[/J%rce STBQ% c o | I L-hand

1@



Task Executable

ARAVA LRB6ER

Robotic Manipulation

All the graph elements are connected
= Executable

Task R = {Turn on(stove), Grasp(tool)}
Executable Example Task L = {Release(tool), Pour(food)}

R : Turn on%stov

L . Release(tool)
Exe : True

R : None
L : Pour(food)
Exe ---

| ImiEiEim=

R : Grasp(tool S e CStir fry)
; torage Work Storage
Ilixel\lz?-r-]e spac% Space spac BN I

OO Omca
w
T OB

Motion graph

iz

B Rhand
] L-hand

2¢
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Robotic Manipulation

Task Executable

All the graph elements are connected
= Executable

Task R = {Turn on(stove), Grasp(tool)}
Executable Example Task L = {Release(tool), Pour(food)}

Motion graph

B Rhand|[ L-hand

R : Turn on(stove
L : Release(tool)
Exe : True

--------------------

R : None
L : Pour(food)
Exe : True

_________________________

Stora%e Work Storage
spaceé space spac

R : Grasp(tool

L : None
Exe ---




2nd Step :Information Completion of What is not Explicitly @-,;"-"4,_
@

ARAVA LRB6ER

Robotic Manipulation

Task Executable

All the graph elements are connected
= Executable

Task R = {Turn on(stove), Grasp(tool)}
Executable Example Task L = {Release(tool), Pour(food)}

Motion graph

R : Turn on(stove
L : Release(tool)
Exe : True

R : None
L : Pour(food)
Exe : True

R - Grasp(tool _______ L:J------:
O L : None Stora%e Work Storage
Exe : True space space spac




AN

2nd Step :Information Completion of What is not Explicitly Wri
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Task Executable

All the graph elements are connected
= Executable

Task R = {Turn on(stove), Grasp(tool)}
Executable Example Task L = {Release(tool), Pour(food)}

Motion graph

B Rhand|[ L-hand

R : Turn on(stove
L : Release(tool)
Exe : True

R : None
L : Pour(food)
Exe : True

R : Grasp(tool S e
; torage Work Storage )
O IlixeN:O'IUr%e spac% space spac [ L-hand




®

2nd Step :Information Completion of What is not Explicitly @m,
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Robotic Manipulation

Determination of Motion Sequence

Check executable for all possible cases

R: Turno
L: Release
xe: True

R: Turno
L: Pour
Exe: False

Executable ¥

: Grasp
L: None
xe: Tr

Executable

L: Release
Xe:---

Executable
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Robotic Manipulation

Determination of Efficient Motion Sequence

Least Number of Sequence

R: Turno
L: Release
xe: True

Efficient
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3rd Step

Motion Planning

|
1
|
1
|
: by using Information obtain from the
. Graph (e.g., pick and place)

1

:

1




3rd Step Motion Planning 28 &

" Mation Plann e I RarADA AR
Motion Planning from Graph Information ™™™

Use Position/orientation Information in Graph Nodes

E. g., Moving “Cooking pan” to the top of “ St
Determine the position of “Cooking
Cooking pan Stove
Pos: [224, -500, 1107] | | Pos: [570, 41, 1117]
m Rot: [0, O, 0] Rot: [0, O

y

Pick and place

- %

Cooking pan Stove

m Pos: [480, -100, 1148] Pos: [570, 41, 1117]
Rot: [0, 0, 0] Rot: [0, 0, 180]
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Experimental Setup
A Recipe

1. Heat a frypan over high heat
2. Cut a carrot in andequate size (Vague instructioh
3. Sautethe carrot over high heat with the frypan

A Experimental Environment and Initial Setting

d

Rhand L-hand ;
u i
Knife e CUtING board — [7e] Carrot| Cooking pan
Cup
Stand for knife
Storage (R) Working Are Storage (L)

29



Experiment

A Information Completion from Food Image
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Robotic Manipulation

il m—— N
Gﬁl_;_[.‘l | Classificatior—s|  *.y

Julienne 0.0
Random 0.25
Slice 2.90

Estimator

2. Cut a carrot int@mdequate size

=

2. Cut a carrot intglice

A Information Completion of What is not written in Recipe
For 3 instructions]1 Implicit motion is necessary

Instructl. Heat
Instruct2. Cut

Instruct3. Stirfry

Task R

Task L

Task RL

Pick and place (container
Pour (food)

)

Turn on (equipment)

Grasp (tool)
Pick and place (container)

Grasp (tool)
Pick and place (food)

Release (tool)

Release (tool)
Grasp (tool)

Pour (food)




Experiment Y
................................................................................................ # Warcron Laeith

Robotic Manipulation

A Information Completion of What is not written in recipe

Implicit Candidate Feasible Feasible tree depth
motion motion motion
sequence sequence
Instructl. Heat 3 16 2 Min:3 Max:3 Ave:3.00
Instruct2. Cut 4 52 5 Min:3 Max:4 Ave:3.60
Instruct3. Stirfry 4 94 20 Min:2 Max:4 Ave:3.45

Tree Structure of Instruct 3

A CRootD

R:Release(too
L: Release(too
xe: True

R:Pour(food)
L: Release(tool)
Exe: False

R: Pour(food) R: Pour(food R: None

\/ R:Release(too
L: Grasp(tool) L: None L: Grasp(tool) L: Grasp(tool)
xe: True xe: True xe: True Exe: ---
v

R: Pour(food
L: None
e: True

34

Efficient motion sequenCee—r =z
L: Grasp(tool)
xe: True
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Task Efficiency by using Two __-arms HRHD,FLHB*%

x 16

| P—

N

Dual-arm Single-arm

Right arm Left arm Right arm Left arm

Release (tool) Release (tool) Release (tool) .-

Pour (food) Grasp (tool) -- Release (tool)

Pour (food) --
-- Grasp (tool)
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COO ki n g ReCi pe Robotic Manipulation

1. T751 )\ THZRNTET. 1. Heatafrypan
2. Cut a carrot

3. Sautethe carrot over high heat

1
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Robotic Manipulation

Dual -arm manipulation planning from cooking recipe based on verbal
instruction and cooking image

A Information completion from food image
U Estimator based on CNN

A Information completion of what is not written in recipe
U Determine implicit motion based on the graph structure
U Determine bimanual motion sequence

A Motion planning
U Use information stored in the graph

Future Works

A Information completion from food image
U Increase the variety of motion

A Information completion of what is not written in recipe
U Validation in various cooking tasks
U Cooperation between human  and robot
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Robotic Manipulation

3 1]

Pick&Place 0 Pick&Place = Grasp 0 Pick&Place
(cutboard (Cutboard (Knife) (Cutboard
Grasp Pick&Place 1 Handover  Handover 1 Pick&Place
(Knife) (Carrot) (Knife) (Knife) (Carrot)
5 Grasp 5 Pick&Place 5 Grasp
(Tong) (Carrot) (Knife)
3 Cut(slice) Cut(slice) 3 Grasp 3 Handover  Handover
(Tong) (Knife) (Knife)
4  Cut(slice)  Cut(slice) 4 Grasp
(Tong)

5 Cut(slice) Cut(slice)
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(
Knife Stand for knife
Place: Stand for knif¢ | Place: Storage spacge
State: Clean On top: Knife
Pos: [400;480, 1115]|| Pos: [400;480, 1115]
Rot: [3, 1:90 Rot: [3, 1-90
Gras
Time: 2
Jawwiatn 55
Grasp height: 8
Knife Stand for knife
Place: Fhand Place: Storage spacg
State: Clean On top: None

Pos: [400,480, 1115]
Rot: [3, 1-90]

AR,

7 \ARADA AR

Robotic Manipulation

R-hand

Inside: None

Pos: [260;232, 131
Rot: f112, 8,-35

R-hand

Inside: Knife

Pos: [401;478, 1205
Rot: F127,-127,-4

37
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Robotic Manipulation

[1][2]

(FOON)

(

2. Chop

3. Pour

\
1. Pick and place ' : \ //
Ny ) o &

<whole> s N
<chopped>
<in bowl>

/
bowl

scallion <ingredients inside - {scallion}>

<on cutting board>

<chopped>

[1]PAULIUS eta. Cdzy O A 2 MK SR DB OYiS i 62 N T 2IROSR01¢ A LJdzf I GA 2y f
[2]t ! ! [ L! {AWsightetl Fudetiotal Objett NA Sy 1 SR b S 62 NJICRA2Q19¢ I a1 tf Iy
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Robotic Manipulation

,{,& | & 1D: xx00##
&

5 Title:
o Creamstew
Ingredients: . !
[ I NNRUGZX |t U

Instructions:

1. Cut carrointo pieces
of aDDroprlate size

1.

2.

o oA w

IRI9

Ha

Pick and place

( )

Pick and place

( b )
Grasp (

Chop
Release (

Pick and place

( )

Pour
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- ®@vt+ (ModelC)  ih

Carrot

_______________________________

a- aYAawn
(YOLOV5[4) Fine Tuning)

tion

A AL wu
(Xception5]6 Fine Tuning)

B
Julienne Slice Slice

8 hs ha8 8 hs hs 8 h8 hs
aN (0 & Q@Y G LQOREYa RO'Q

2PA | ETYyg)

Oi Qb of Gy hed O MeBM;
: h 0 {o00BAH 0G)

av_o
. o 1~ S .
| : Y =0.74 |
. Slice v =021
| Y =1.02 i

[4] GlennJocher et al. Yolov5 ipytorch, 2020.https://github.comultralytics'yolovs ) ] 4 1
PBC NIOW /A B2 & fOSAYG AR2S/S LI ot ASIFKNYSAHER B Na $ £ S aORwt02f dzi A 2y a
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Robotic Manipulation

- ¢ 1 (1/2)

~ ~

A A ( ) A .0 0

Estimation results

S julienne cutting = 0.74

Estimation results

S julienne cutting = 0.74

Slice cutting : Slice cutting :
S slice cutting = 1.02 S slice cutting = 1.02
F ?
Calculating the state score S |
4+ 4+
Calculating the state score S | State classifier model (B) | | State classifier model (A)
? i F N
e A in!es
State classn?er model (A) Sutcme 4 g |Fai|
Food detector model (B)
?

Cooking iage Cooking image

2 3 ___________________________

Slice carrot 0.80

Food detector

lassifi
model (A) State classifier

model (A)

Julienne cutting 0.2

Slice cuhing 0.6

State classifier
model (C)

Cooking image Cooking image

Carrot 0.80 v
—)
3 Food image Food image

Slice cuiting 0.8

State classifier
model (B)

Julienne cutting 0.1
Slice cuﬁing 0.8

Food detector
model (B)

1
1
1
1
1
1
1
1
Julienne cutting 0.1 :
1
1
1
1
1
1
1
1



= — z ¢ 1 (2/2)
C( A
Estimation results
. . S julienne cutting = 0.74
Slice cutting :
S slice cutting = 1.02
T
Calculating the state score S
- 1
State classifier model (C) | | State classifier model (A)
Floo! images
Success 1 | Fail
Food detector model (B)
Cooking image
2 3

Food detector
model (A)

Food detector
model (B)

Slice carrot 0.80

D (

©)
AN
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Robotic Manipulation

)

Estimation results

Slice cutting

S julienne cutting = 0.74

S slicecu.tting = 1.02

*

Calculating the state score S|

~
-
.

Food images

Success

*

State classifier model (A)

| Fail

Food detector model (A)

&

State classifier
model (A)

Cookmg image
Carrot 0.80

State classifier
model (B)

o image

T

Cooking image

Julienne cutting 0.2

Slice cuhing 0.6

Cooking image

Foo! image

Julienne cutting 0.1
Slice cuﬁing 0.8

State classifier
model (C)

1

1

1

1

1

1

1

1
Julienne cutting 0.1 :
Slice cutting 0.8 :
1

1

1

1

1

1
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Robotic Manipulation

Slice cutting Slice cutting Slice cutting Slice cutting
.+
KB I PHL | REZ I FHH

‘ _
REARE () - ”@ =y B RAES) T2 (A)
- . F ) ‘r

»;;;‘i” tnl | 'Inl
mz&mas (8) AT ()
.

Model A Model B Model C Model D
( ) ( ) ( ( )

)
A1 450 3 MWECH. K)

, & ©

Carrot Green pepper Julienne Random  Slice 44
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Robotic Manipulation

A 71 65
B + 75 69
C + 78 73
(Model A B) B :Accuracy
(Model C)
_ Actual label : Random
_ E3 (: =
Predict Iabel Random Predict label :  Slice Predict label : Random
Julienne( )| 0.12 Julienne( )| 0.61 Julienne( )| 0.18
Random( . )| 0.87 Random( )| 0.14 Random( )| 1.25
Slice( ) 0.01 Slice( ) | 0.90 Slice( 0.22
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Robotic Manipulation

Model Sources of estimation  System configuration Carrot Green pepper

A 71 65
B + 75 69
C + 78 73
D 75 74
B :Accuracy
A
(Model A,B)
N~ - (Model C)
A
Carrot "~ 41 . (Model C)
Green pepper NN" A5 (Model D)

46



