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Introduction HRHDH AB

Robotic Manipulation

Lack of Labor in Food Industry
= Automation is expected

4 )

Manual Motion Teaching

$

Automatic Motion Generation

Dual-arm Manipulation Planning from Cooking Recipe
with Information Completion
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Overview of Our Approach I N\ARADA A3 58

Robotic Manipulation

R Instruction :
. 1. Cut a Carrot to
Adequate Size

s

ID: XXOO##

Cooking Recipe
(Picture + Verbal Instruction) Cooking Motion Planning

Information Completion

t%ﬁ To cut a Carrot---]
ao

i‘?i Adequate Size??]

o 5

Preparation of Food, Knife and Cutting Board

Completion from Food Image

Completion of Preparation Motion
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Related Works & RarADA LB

Robotic Manipulation

e Estimation of Food State Image*@— Cooked State

— Rahul Paul. (2018) E i %ﬁ“’ b

— MS Salekin et al. (2019)
No research on Cooked State Estimation Sliced Julienne Junced

e Cooking Task Planning from Recipe [rmmuon

Pour hot cake mix into a bowl...
— Kunze et al.(2015)

=
— Inagawa et al. (2021) %
V[0] : add
» Rule based approach LA[0] : water

LF[0] : hot cake mix

» Single arm without motion planning

This Research

e Consideration of motion which is not explicitly written in a recipe.
e Efficient graph-based motion planning with a dual-arm manipulator
€




Method Overview

Information Completion from Food Image

Estimation of Food State

Slice cutting

2nd Step

Information Completion of What is
not Explicitly Written in Recipe

Comparison of Input/Output
of Graph Elements

| | |

I Comparison

Necessary Motion

. Grasp (Tool)
Pick and place (Food)

Julienne cutting

AR,
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¢ RARADA AR

Robotic Manipulation
3rd Step

Motion Planning

Graph (e.g., pick and place)

|
1
|
1
|
: by using Information obtain from the
1
:
|
1

Connection of Graph Elements for
Efficient Bimanual Task Planning
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Method Overview 1 W\ARADA \_HE’,

Robotic Manipulation
1st Step

Information Completion from Food Image
Estimation of Food State

Slice cutting

Julienne cutting




1st Step :Information Completion from Food Image Qo@s,

"""""""""""""""""""""""""""""""""""""""""""""""""""" £ Roarpon e
Method Overview

Recipe Motion Frame[2][3] Motion Graph Element
Stir fry Name | Tool(Spatula)
Food Pork Attributes| Hand I;(:,Oi(tj | Hand [ Food |
= Type High :
_ Tool Spatula ) Stir fry

1. Saute pork with Container [Cooking pan [Tool |[ Hand || Food |

high heat on a frypan Equipment|  Stove

2. : l

Motion Graph

[2] Das, Dipanjan, et al. “Frame-semantic parsing.” (2014):
[3] Haonan Chen, et al. "Enabling Robots to Understand Incomplete Natural Language Instructions Usmg Commonsense Reasoning." (2019).



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

Lacking Information

B Enough Information Available
Stir fry
1. Saute pork with Food Pork b
. 5> Type High > Robot
high heat on a frypan Tool Spatula Motion
2. . Container | Cooking pan
Equipment| Stove

B Enough Information NOT Available

Cut
1. Cut carrot into Carrot
adequate size. S e 222 P
2 . Tool 1 Knife

Tool 2 Tong

Container |Cutting board

Lacking Information
mp Graph structure used for motion planning cannot be generated

[2] Das, Dipanjan, et al. “Frame-semantic parsing.” (2014): /
[3] Haonan Chen, et al. "Enabling Robots to Understand Incomplete Natural Language Instructions Using Commonsense Reasoning." (2019).



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
X Estimation of Cutting Method

B Two Stage Estimator : Ingredient = Cutting State
B Image of Cooked Meal + Included Ingredient

“Carrot”

Classification

>
Ingredient Name (2 Inputs) '_’ Score
= .y ;
-4 - ﬁ : i
@_ “Slice cutting”
Cooked In%redlent S julienne cutting = 0.74
mage :
(K/(I)eael S slice cutting = 1.02
4 > Classification || Estimation Result

(1 Input)

c



Method Overview

2nd Step

Information Completion of What is

not Explicitly Written in Recipe

Comparison of Input/Output
of Graph Elements

| | |

I Comparison

Necessary Motion

. Grasp (Tool)
Pick and place (Food)

AR,

7 N\ARADA AR

Robotic Manipulation

Connection of Graph Elements for
Efficient Bimanual Task Planning

i
— mi & Place

i :"’ﬂ\x 1 o [
/‘I /.; \ Pick & Place )
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2nd Step :Information Completion of What is not Explicitly ertten £
"""""""""""""""""""""""""""""""""""""""""""""""""""""" N\ARADA LRB &

Robotic Manipulation

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

I\W

Potato | * * | L-hand [Current state]

Potato
Place: Plate
State: cut(slice)

1 Need to move potato!!

Potato

[Place: Cooking pan
State: cut(slice)

Potato| : - |L-hand

@ [Goalstate ] “Work space """ Storage space

[4] PAULIUS et al. “Functional object-oriented network for manipulation learning,” (2016) 10
[5] PAULIUS et al. “A Weighted Functional Object-Oriented Network for Task Planning,” (2019)



2nd Step :Information Completion of What is not Explicitly ertten £
"""""""""""""""""""""""""""""""""""""""""""""""""""""" N\ARADA LRB &

Robotic Manipulation

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

aF*n{Zﬁu’\n#‘\uﬁ*ufjtaﬁ\u#‘\

Potato | * * | L-hand [Current state]
L-hand

Inside: Knife

1 )

» Knife should be brought back to shelf

Potato | - - |[L-hand

@ [ Goal state | Work space  Storage space

[4] PAULIUS et al. “Functional object-oriented network for manipulation learning,” (2016) 11
[5] PAULIUS et al. “A Weighted Functional Object-Oriented Network for Task Planning,” (2019)




2nd Step :Information Completion of What is not Explicitly ertten £
"""""""""""""""""""""""""""""""""""""""""""""""""""""" N\ARADA LRB &

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)}

{Release(tool), Pour(food)}
Task RL={}

Storage space Work space Storage space

12



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

"""""""""""""""""""""""""""""""""""""""""""""""""""" £ Roarnnn e
Sequence Graph whotse panie

Tree Structure for Task Allocation

5. Task R={Rg}
Task L ={Lg, L1}

Node
B R : Task of R Arm

L : None
Exe: True

B L : Task of LArm

B Exe : Executable

1€
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Robotic Manipulation

2nd Step :Information Completion of What is not Explicitly Written ¢ ‘

Executable Task Sequence
Graph Connection Based on the Task Conditions

Move “Food” from “Container A” to “Container B

B Condition 1 “Hand” is not grasping
B Condition 2 “Container B” exists in “Work space

ondition 1
Condition 2

“Food”

]

” F1“Container B”

“Food” '
i ,'

“Container A”

O-a_

- [“Container B”
Work space Storage space

I
I
I
!

“Container A

Work space

Storage space



2nd Step :Information Completion of What is not Explicitly Written @o©

________________________________________________________________________________________________ o
N\ARADA LAR
Executable Task Sequence ~ = ======"

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 R-hand [l L-hand | pomoo omooo

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

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

R : Turn on(stove
L : None
Exe : ---

Storage Work Storage
space space space




2nd Step :Information Completion of What is not Explicitly Written @oO

------------------------------------------------------------------------------------------------ RAARADA AR

Robotic Manipulation

Task Executable

All the graph elements are connected
= Executable

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

-R-hand -/L-hand ] |:||:|
ml = 0

L: Pour(food)
Exe : ---

R : Turn on(stove
L : None Storage Work Storage

Exe : - space space space

Motion graph




2nd Step :Information Completion of What is not Explicitly Written @¢©s,

'''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''' . RarAoR LAzdh
Task Executable Robotic Manipulation

All the graph elements are connected
= Executable

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

Motion graph

[ ] R-hand [ ] /If-hand

Pour

R : Turn on(stove
L : None
Exe : ---

Storage Work Storage
space space space




2nd Step :Information Completion of What is not Explicitly Written ©o©s_

Task Executable

All the graph elements are connected

= Executable

Unexecutable Case

R : Turn on(stove
L : None
Exe : False

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

[ ] R-hand

%

space space

Storage Work Storage

space

&\ %
I "\ARARAVA LR EEE

Robotic Manipulation




2nd Step :Information Completion of What is not Explicitly Written ©o©

________________________________________________________________________________________ N\ARADA \_HB;
TaSk Executa ble Robotic Manipulation

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 R-hand [ L-hand | oomoo omooo

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

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

R : Grasp(tool)

L: None
Exe : ---

Storage Work Storage
space space space




2nd Step :Information Completion of What is not Explicitly Written ©¢©\

I RVARADA AR

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)}

[ L-hand mim| Is|sin]-lalalw
’ 'l-“\\
Release ] LIEL I

_____________

Motion graph

L : Pour(food)
Exe : ---

R : Grasp(tool)

L: None
Exe : ---

Storage Work Storage
space space space




2nd Step :Information Completion of What is not Explicitly Written @oO

N\ARADA LﬂBa
Ta Sk Executa b | e Robotic Manipulation

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 : Grasp(tool)

L: None
Exe : ---

Storage Work Storage
space space space




2nd Step :Information Completion of What is not Explicitly Written @¢©s,

________________________________________________________________________________________________
I RVARADA AR

Ta S k Executa b | e 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-hand [ ] /If-hand

Storage Work Storage
space space space




2nd Step :Information Completion of What is not Explicitly Written @oO

N\ARADA LﬂBa
Ta Sk Executa b | e Robotic Manipulation

All the graph elements are connected
= Executable

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

[ ] R-hand [ ] /If-hand

Executable Example

Motion graph

Storage Work Storage
space space space




2nd Step :Information Completion of What is not Explicitly Written o@

--------------------------------------------------------------------------------------------- 7 \ARADA \_HB;

Determination of Motion Sequence Febecie tanipuiacion

Check executable for all possible cases

R: Turn on
L: Release

R: Turn on
L: Pour
Exe: False

Executable

R: Grasp
L: None
xe: Tru

Executable

Executable



2nd Step :Information Completion of What is not Explicitly Written @oO

N\ARADA \_HBa

Robotic Manipulation

Determination of Efficient Motion Sequence

Least Number of Sequence

R: Turn on
L: Release
e: True

Efficient
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Method Overview HRHDH uqe,

3rd Step

Motion Planning

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




3rd Step : Motion Planning @o@s

T  RaARADA AR
Motion Planning from Graph Informatidm™

Use Position/orientation Information in Graph Nodes

E.g., Moving “Cooking pan” to the top of “Stove”.

Determine the position of “Cooking pan” from the center of “Stove”

Cooking pan Stove

mPos: [224, -500, 1107] Pos: [570, 41, 1117]

Rot: [0, 0, 0] Rot: [0, O, :80]/

Pick and place

- %

Cooking pan Stove

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

Cooking pan
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Robotic Manipulation

Experimental Setup
B Recipe

1. Heat a frypan over high heat
2. Cut a carrot in an adequate size. (Vague instruction)

3. Saute the carrot over high heat with the frypan.
B Experimental Environment and Initial Setting

d

R-hand L-hand X
u
(nife & Cutting board — [7e] Carrot | Cooking pan
Cup
Stand for knife
Storage (R) Working Area Storage (L)

29



Experiment

B Information Completion from Food Image

AR,
HRHDH B

Robotic Manipulation

Score

il o

—

il _— N
.%[_;__LJ — Classification

Estimator

2. Cut a carrot into adequate size.

2. Cut a carrot into

=

Julienne 0.0
Random 0.25
Slice 2.90
RREX 77 S,
lice.

B Information Completion of W

For 3 instructions, 11 Implicit motion is necessary

Instruct 1. Heat
Instruct 2. Cut

Instruct3. Stir fry

nat Is not written in Recipe

Task R Task L Task RL
Pick and place (container) _
Pour (food) Turn on (equipment)
Grasp (tool) Grasp (tool)

Pick and place (container)

Pick and place (food)

Release (tool)

Release (tool)
Grasp (tool)

Pour (food)




Experiment
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Robotic Manipulation

B Information Completion of What is not written in recipe

Implicit Candidate Feasible Feasible tree depth
motion motion motion
sequence sequence
Instruct 1. Heat 3 16 2 Min:3 Max:3 Ave:3.00
Instruct 2. Cut 4 52 5 Min:3 Max:4 Ave:3.60
Instruct3. Stir fry 4 94 20 Min:2 Max:4 Ave:3.45

Tree Structure of Instruct 3

A (Root D

R:Release(tool)
L: Release(tool)

Exe: True

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

Exe: False

R: Pour(food) R: Pour(food
L: Grasp(tool) L: None
xe: True xe: True

Efficient motion sequence 2
:None
L: Grasp(tool)
xe: True

R: None

L: Grasp(tool)
e: True

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

R: Pour(food)

L: None
e: True

34
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Task Efficiency by using Two-arms HRHQHLHB&
X16

| 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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Dual-arm Manipulation Planning from HRHDH AR

Cooking Recipe

1. 7514\ THZMNTET .

—7

Robotic Manipulation

1. Heata frypan
2. Cut acarrot
3. Saute the carrot over high heat
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Conclusions ‘?\HRHDH \_HB

Robotic Manipulation

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

B Information completion from food image
» Estimator based on CNN

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

B Motion planning
» Use information stored in the graph

Future Works

B Information completion from food image
» Increase the variety of motion
B Information completion of what is not written in recipe

» Validation in various cooking tasks
» Cooperation between human and robot
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Robotic Manipulation

=

Pick&Place
(cutboard)

Grasp
(Knife)

Cut(slice)

Pick&Place
(Carrot)

Grasp
(Tong)

Cut(slice)

Pick&Place
(Cutboard)

Handover
(Knife)

Cut(slice)

Grasp
(Knife)

Handover
(Knife)

Pick&Place
(Carrot)

Grasp
(Tong)

Cut(slice)

0

Handover
(Knife)

Cut(slice)

Pick&Place
(Cutboard)

Pick&Place
(Carrot)

Grasp
(Knife)

Handover
(Knife)

Grasp
(Tong)

Cut(slice)
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Robotic Manipulation

O BMFCERAT30O0MRY MMeBRIDCHIC/\> R — REFZITEA
Q@ EBEEVPEGOFRMNEZAT T UM/ — FOBRMCHED
@ IMEDETIEFZE—>3> /) — RORBMICHED

@K/ —RT. #F3

T (W EE

Knife Stand for knife
7 ) Place: Stand for knife || | Place: Storage space
State: Clean On top: Knife
Pos: [400, -480, 1115] [I||Pos: [400, -480, 1115]
4 Rot: [3, 1, -90 Rot: [3, 1, -90
Gras
Time: 2
Jawwidth: 55
Grasp height: 80
Knife Stand for knife
(2:] Place: R-hand Place: Storage space
State: Clean On top: None

Pos: [400, -480, 1195]
Rot: [3, 1, -90]

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

IXEHREFF DI RYIDALEEEL L)

R-hand
Inside: None

Pos: [260, -232, 1319]
Rot: [-112, 8, -35

R-hand
Inside: Knife

Pos: [401, -478, 1205]

Rot: [-127, -127, -4]

37
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EhiE 2 B (C U TR ESRE T [ 1][2]
A IE &[] 5 J%w kTJ—2(FOON) B ESRAT
s -a O1 O : =
= - J On ‘
. HEERSTZTID. RTILITELS
\

FIlE <Wh(;le> \ //

1. Pick and place
(B> FI2HR)

ick-and-place ife bowl
g' gh op R // <clean> <ei$i_gty>
. Pour -
<on cutting board> 9? thn, 7 i "
<whole> ﬁang fentsonivp -W SMN
\g <chopped>
<in bowl> -
e
o b
owl
scallion <ingredients inside - {scallion}>
<on cutting board>
<chopped>

[1] PAULIUS et al. “Functional object-oriented network for manipulation learning,” IROS 2016
[2] PAULIUS et al. “A Weighted Functional Object-Oriented Network for Task Planning,” ICRA 2019
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b m ‘ ID: XX00##
L’ l Cream ste S
Ingredients: W @) @)

Carrot, Potato, .
Instructions:

1. Cut carrot into pieces
5 of appropriate size. H1 H1

Bl. EERES =YD, RDILISELS
FIIE

1. Pick and place
EZUN L <>

2. Pick and place ¢ o L.

Grasp (2271, h>2) BRI - < R
Chop (EE = =

Release (BT, k>) =l wIEza

Pick and place = =D =z
(RDIL) v —— .

7. Pour VEZEIZDIRNR (SIS UTe. RIEOE[RENMEZZ S

o vk Ww
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EHBMA - REEER -

tion

Carrot
_______________________ IREEDFEET /L
BMEHET L (Xception[5]% Fine Tuning)
(YOLOV5[4] % Fine Tuning)

C, =0.58

Julienne

Py
— [0.97,0.03,0.00]| |=[0.00,0.00,1.00]| = [0.31,0.33,0.36]
l € {Julienne, Random, Slice}

MIRER I T7S,OEH

N
argmaxSl S, = . C: Pr=[pi1,Prm ]
L _Puti = {state,, ..., statey}
leL t=1 v M

E . S]ulienne =0.74
. Slice Srandom=0.21
E Sstice=1.02

[4] Glenn Jocher; et al. Yolov5 in pytorch, 2020.https://github.com/ultralytics/yolov5
[5] Fran,cois Chollet. Xception: Deep learning withdepthwise separable convolutions(2017)

41
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HEEETIL(L/2)

B E5)LA (REEESZR(CHETE)

Estimation results

.

L

Slice cutting

S julienne cutting = 0.74

S slicecu.tting = 1.02

Cooking image

h

Calculating the state score S|

State classifier model (A)

*

Cooking image

model (A)

Food detector

AR\
HRHDH AR

Robotic Manipulation

B E5)LB (IRE SN EMEGRZEE(CHETE)

Estimation results

S julienne cutting = 0.74

Slice cutting

S slice cu-ttmg =1.02

t

Calculating the state score S |

*

+

State classifier model (B)

State classifier model (A)

. o
. |
ood ima

Success 4

f

h

8% Irai

Food detector model (B)

State classifier
model (A)

Cooking image

model (B)

Food detector

State classifier
model (B)

Carrot 0.80|
—)
. Food image

*

Cooking image
- XETFETEST )L 28R T D2 BDOEMIRE E3FEDIREEDFREST )L

Slice carrot 0.80 m_.

Julienne cutting 0.2

Slice cuﬁing 0.6

Julienne cutting 0.1

Slice cu&ing 0.8

Cooking image

State classifier
model (C)

Foo! image

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

B E>)LC (RS nc B E5)LD (BRI SARRED 22 [FIBF (C1T0)
BEAESR CRREE Gz B (CHETE) SONITIERZE(CHTE)

Estimation results Estimation results
. ) S julienne cutting = 0.74 . . S julienne cutting = 0.74
Slice cutting : Slice cutting )
S slice cutting = 1.02 S slice cutting = 1.02
F T
Calculating the state score S | Calculating the state score S|
* T 1 ¥
State classifier model (C) | | State classifier model (A) - State classifier model (A)
» ’ > - .. J 4
H. . Food images
ood images .
Success 1 | Fail Success | | Fail
Food detector model (B) Food detector model (A)
T

Cooking image Cooking image

- EET) VRN S B BORMRN & BOREMEETIL

1

1

1

e | Slice carrot 0.80 |
Food detector i 1
model (A) | :
. State classifier Julienne cutting 0.1

-» : '

1

1

1

1

1

1

1

State classifier Julienne cutting 0.2
model (A) Slice cutting 0.6

Cooking image Cooking Image Cooking image model (C)

Carrot 0.80| ) ) » Slice cutting 0.8
Food detector | State classifier N Julienne cutting 0.1
model (B) model (B) Slice cutting 0.8
x Food image Food image 43
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Slice cutting

Model A
(FHERER)

Slice cutting

T

PEZ I 7R

[ RAESIHaS (8)

RESISRIE (A)
L o e
mm:r,ea (B)

&

Model B
(R NI EMEER)

N\ARADA LﬂBa

Robotic Manipulation

CIRREIETE S AT I

X W N SHETE DIFERIR
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Julienne($ED D) | 0.12 Julienne(¥tD D) | 0.61 Julienne(#itD D) | 0.18
Random(&LWID)| 0.87 Random(ELEI D) | 0.14 Random(&LWID)| 1.25

Slice(@@t)D) | 0.01 Slice(#wtI D) | 0.90 Slice(#tJ D) | 0.22
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