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Robots

WALKS

Westinghouse’s Elektro (1939)
Harvey Chapman's Garco (1953)
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Robots

Estimated worldwide annual shipments of industrial robots

1954 1905 1606 1697 1988 1960 2000 2001 2002 2003 2004 2005 2008 2007 2008 2009 2010 2011

Source: ¥R Ssatistical Department



Robots

1959: Joseph Engelberger deploys the
iIndustrial robot Unimate at General
Motors

1969: Stanford Research Institute's
Shakey the Robot




Timeline

1973: Ichiro Kato's Wabot, the first anthropomorphic walking robot
1984: Valentino Breitenberg’s “vehicles”

1986: Jaime Carbonell's Prodigy planner

1986: Rodney Brooks' "dumb" robots

1991: Shuuji Kajita's and Kazuo Tani's LIPM

1991: Jean-Claude Latombe's Randomized Path Planner

1993: Masayuki Inaba's remote-brained robots

1993: Tom Mitchell's Xavier robot

1994: Ernst Dickmanns’ robot car

1997: The first RoboCup, the "Robot Soccer World Cup”

1997: NASA's Mars Pathfinder deployed on Mars the first roving robot, Sojourner
1998: Sebastian Thrun's Minerva and Pearl robots

1998: Steven LaValle's and James Kuffner's as the Rapidly-exploring Random Trees (RRT) planner
2000: Honda's Asimo, Sony's Qrio and Hirochika Inoue's H6
2001: Humanoid Robotics Project in Japan

2003: Klaus Loeffler’s Johnnie

2005: Jun-ho Oh's Hubo

2005: Sebastian Thrun's robot car Stanley

2006: Willow Garage

2007: Stanford’s Robot Operating System

2010: PR2 robot

2010: James Kuffner coins the term "cloud robotics"



Footstep Planning

Motion planning is hard . xra

Problemn

Complexity

Sofa Mover (3 DOF)

O{nZ*) not implemented

Piano Mover (6 DOF)

Polynomial — no practical algorithm known

n Disks in the Plane

MP-hard

n Link Planar Chain

PSPACE-Complete

Generalized Maover

PSPACE-Complete

Shortest Path for a Point in 3D MNP-hard
Curvature Constrained PFoint in 2D MNP-hard
Simplified Coulomb Friction Undecidable
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Robots

1969: Miomir Vukobratovic's ZMP method

1973: Ichiro Kato's Wabot, the first
anthropomorphic walking robot

Wabot1 (1973) and Wabot2 (1984)

11



Robots

1979: Tokuji Okada’s robotic hand with three
fingers

12



Robots

1981: Raoul Tubiana shows that the
human hand has 22 degrees of
freedom

1982: Kenneth Salisbury (Stanford) &
Jet Propulsion Laboratory prove the
minimum number of degrees of
freedom required for grasping an
objectis 9

1984: Robotic hand by Stephen
Jacobsen (Univ of Utah) & MIT




Robots

« Valentino Breitenberg'’s “vehicles” (1984)
— Vehicle 1: a motor and a sensor
— Vehicle 2: two motors and two sensors

— Increase little by little the circuitry, and
these vehicles seem to acquire not only
new skills, but also a personality.




Robots

1986: Jaime Carbonell's Prodigy planner
1986: Rodney Brooks' "dumb" robots

1991: Shuuji Kajita's and Kazuo Tani's LIPM

1991: Jean-Claude Latombe's Randomized Path
Planner

1993: Masayuki Inaba's remote-brained robots =5
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Robots

« Ernst Dickmanns’ “robot car” (1986)

ERNST DICKMANNS
THE ROBOT CAR PIONEER
|__UNIBW MUNCHEN, 1980s

'SELF-DRIVING CARIN
HIGHWAY TRAFFIC (1994)
1995: MUNICH TO DENMARK

16



Neural Networks

1988: Dean Pomerleau's Neural-based self-
driving vehicle ALVINN

Carnegie |
Mellon
University ¥
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Robots

1993: Tom Mitchell's Xavier

Reid Simmons / Manuela Veloso

Tom Mitchell

User Interface
(WWW and Zephyr)

Interprocess Communicatoin

Task Planning
(PRODIGY)

Path Planning
(Decision-Theoretic Planning)

Navigation
(POMDP)

and Synchronization (TCA)

Obstacle Avoidance
(CVM)

Hardware / Servo-Control
(Commercial)

Xavier

18



Robots

1993: Rodney Brooks’ Cog

MASSACHUSETTS INSTITUTE OF TECHNOLOGY
ARTIFICIAL INTELLIGENCE LABORATORY

A.L. Memo No. 1439 August, 1993

Building Brains for Bodies

Rodney A. Brooks and Lynn Andrea Stein

Cog. an upper-torso humanoid robot

19



Robots

1998: Sebastian Thrun's Minerva and Pearl

1998: Steven LaValle's and James Kuffner's
Rapidly-exploring Random Trees (RRT)
planner ‘

20



Robots

Developmental Robots
1998: Juyang Weng’s SAIL

MICHIGAN STATE
UNIVERSITY

21




Walking Robots

2000:

Hirochika Inoue's H6
Sony's Qrio

Honda's Asimo

H

H
{Applinzliﬂn Layer j (Jpueroct vith

H

-
Network
Layer
=

Asimo over the years




Honda's Asimo

“E2”: Model in 1989

Evolution of robot models leading up to ASIMO

Walking Robots

“E6": Model “P2”: The first humanoid
1993 1996 robot Honda unveiled

23



Wa | ki N g RO b OtS Atsuo Takanishi

Waseda University

4

1971: WL-5
1983: WL-10R
1985: Leg-11
1996: Wabian
2006: Wabian-2R

SHINPO
KIYOMORI

WABIAN-2R (2006-)|



Robots

2000: Cynthia Breazeal's emotional robot, "Kismet"
2003: Hiroshi Ishiguro's Actroid, a young woman

Which is the robot?




Robots

2003: Klaus Loeffler’s Johnnie
2005: Jun-ho Oh's Hubo
2005: Sebastian Thrun’s robot car Stanley

W ]
Johnnie  |Klaus Loeffler !
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Robots

Special purpose robots:

2001: NEC PaPeRo (a social robot targeting children)

2007: RobotCub Consortium agreement, the iCub (for
research in embodied cognition)

2008: Aldebaran Robotics' Nao (for research and education)
2010: NASA's Robonaut-2 (for exploration)




Robots

General-purpose robots: Willow
2006: Willow Garage S
2007: Stanford’s Robot Operating System
2010: PR2 robot

2012: Open Source Robotics Foundation




Robots

ROBINA 2007

Domestic robots:

2005: Toyota's Partner (designed for
assistance and elderly care applications)

2007: Toyota’'s nursebot Robina
2015: Univ of Hamburg’s robot
2015: Hanson Robotics’ Sophia

Architecture and Software Design for a Service Robot
in an Elderly-Care Scenario

Norman Hendrich®, Hannes Bastry, Ranwes Zhang

University of Hamburg, 2015

UNIVERSITAT HAMBURG




Robots

Modular self-configuring robots

* Toshio Fukuda’s CEBOT (Japan, 1988)

e Satoshi Murata's M-TRAN (Japan, 1999)
* Daniela Rus’ M-blocks (MIT, 2010)




Robots

2005: Boston Dynamics' quadruped robot "BigDog"
2008: Nexi (MIT Media Lab), a mobile-dexterous-social robot

2010: Lola Canamero's Nao, a robot that can show its
emotions

2011: Osamu Hasegawa's SOINN-based robot that learns
functions it was not programmed to do

2012: Rodney Brooks' hand programmable robot "Baxter"

e




Robots

GOOgle 5 Andy Rubln Dec 04, 2013
Google buys Boston > p..cyes ‘Repllcant’ Rob ot

Dynamics, maker of

spectacular and terrifying
robots

Jun. @, 2017,

Softbank just bought Google’s
robotics division to help secure its
ambitious vision for the future
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Industrial Robots

« Asia holds the leadership in industrial robots:
In 2014 Asia bought 139,300 industrial robots
(more than half the world's total), +41%, of

which . e
— 57,096 in China (+41%) o

— 29,300 in Japan (+17%) -

— 24,700 in Korea (+16%) f o

— 6,900 in Taiwan (+27%) - I I I

— compared with =

« 26,200 in the USA (+11%)

« 20,100 in Germany (10%)

* 6,200 in Italy (+32%)

* Very small numbers in the rest ofeurope

35



The most complex robot

DAR PA DEFENSE ADVANCED
RESEARCH PROJECTS AGENCY

36



Robots

* Toys: most robots are an evolution of Pinocchio,
not of Shakey

SF robotic firm Anki
creates toy with ‘character

. R o
and personality’ .fune27 2016 W

Qnsli

TURING RoBaoT
NAO Robot

37



Domestic Robots

Research and Markets estimates that the personal
robotics industry could be worth as much as $34

billion by 2022
Luna (2011)

Jibo (2014)  una Jibo, _
“The World’s First Family Robot”




Domestic Robots




Domestic Robots

 The robot that follows you

Segway Made A Robot That Connects To
Your Two-Wheeled Scooter

[
'? SEGWAY

|
0=

40



Domestic Robots

* Robots with an evolving personality

41
Sandy Spangler talking about Cozmo (2018)



Domestic Robots

v |
Industrial-Robot Firm
KukaLooks to Automate

. the Home
| e

42



Robots

Consumer robots: cheap, unstructured
environment

Industrial robots: expensive, precise, structured
environment

Service robots: midprice, somewhat structured
environment

43



Customer-service Robots

* Robots for the service industry |
— Pepper (Japan, 2014) ir
— Savioke (Sunnyvale, 2013) j &2 savioke

SoftBank Plans To Open A Store Staffed
Entirely By Pepper, Its Humanoid Robot

44




Customer-service Robots

Knightscope's K5 robot security U= o
guard at the Stanford Shopping e
Center (2016)

Savioke's robot concierge Botlr
at the Aloft hotel in Cupertino
(2016)

Simbe's robot clerk Tally at a
Target store in San Francisco
(2016)

“2 savioke




Wi 30 & PRODUCT SCANNER

Human body frame detection

. AUTONOMOUS NAVIGATION
Smart laser sensor

Smart laser senso

v CUSTOMER ENGAGEMENT

Prod fi ation
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INTUITIVE

Robots surion

Agency for
Science, Technology
and Research

Smart Tissue Autonomous Robot
(Peter Kim , Washington, 2016)

1obo Librarian Tracks Down Misplaced Books

47



Robots

. Shoppmg Robots: an evolutlon of the shoppmg cart

48



Robots

Inventory Robots

49

Simbe



Robots

* Delivery Robots

.‘ I-—— ‘

&0

Starship



Domestic Robots

Luna

Robots

Jibo,

|
| &
{
|

“The World’s First Family Robot”
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Robots

Peanut Robotics (Berkeley, 2018)

—
@ < l
- ~ . SSER S
. - <
¥ ~ees
-

PEANUT

II\-A HOTEL MANAGEMENT

- | RLH Corporation introduces
- housekeeping robot

Dec 11, 2018
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Robots

* Robots for an aging society (social
companion robots)

Percentaae of population over 80

16 I 2015 2030 N 2050

12

Japan N Europe USA

RIKEN BRAIN SCIENCE INSTITUTE ~ *



Robots

* Robots for an aging society
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Robots

Domestic Robots

Toyota Partner Robot
HSR (Human Support Robot)

medical and nursing care

55
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KIVA Systems.
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Robots

* Robots for an aging society (social
companion robots)

— Mobiserv “social companion robot” that
encourages the elderly to eat healthily
and exercise (Europe, 2013)

— Paro the cuddly seal robot (USA, 2014)
— RoBear robot nurse (Japan, 2015)
— RoboCoach (Singapore, 2015) NGEE ANN

PO EERC HENAIRG

RIKEN BRAIN SCIENCE INSTITUTE =~ *




Robots

* Robots for an aging society

2016, % replying
B In a hospital M In anursinghome M Ina hospice Athome W Somewhereelse = = Other*
If you had a choice, where would you prefer to die?

0 10 20 30 40 50 60 70 80 90 100
United States i |
Ttaly .
Japan i

Brazil ..g

Among those who have experienced the death of a relative, where did your relative die?

0 10 20 30 40 50 60 70 80 90 100
United States B
Ttaly B
Japan B
Brazil ]
Source: Kaiser Family Foundation/The Economist *Depends/Not sure/Declined to answer
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Robots

* Robots for an aging society. exoskeletons
— Bleex (UC Berkeley, 2000)
'ﬁ &%ﬂ Walking.

— ReWalk (Amit Goffer)

— ExoWorks/Ekso Bionics (UC Berkeley
SLJITX SRiinternational Spins Off

spinoff, Homayoon Kazerooni)
r Superflex, Inc. to Help People

— Suitx (UC Berkeley spinoff)
— Superflex (SRI spinoff)
Achieve Their Physical Potential

April 21,
2016

59




Robots

Robots for an aging society

— More than 1 million people in
the USA require daily physical
assistance to get dressed
because of injury, disease and
old age

— Solution: a robot that learns to
dress people (Zackory Erickson Robot Teaches Itself How

@ Georgia Institute of to Dress People Gegqelal
Technology, 2018) g

NEUROSCIENCE




Robots

* Robots for dangerous jobs (explosives, radioactive
areas, other planets)




Robots

Robots for dangerous jobs (explosives, radioactive
areas, other planets)

Fukushima disaster: The robots going
where no uman can

B —

62



Robots

Robots for dangerous jobs: assisting infectious
patients in hospitals

E&ﬂ‘ \ND TECH

Published Wednesday, January 29, 2020

Amid the coronavirus outbreak, robots are being
deployed in an afflicted Chinese city to tend to
people under quarantine.

63



Robots

* Robots for dangerous jobs (explosives,
radioactive areas, other planets)

— UCL'’s Cisbot to maintain gas pipelines

64



Robots

Domestic Robots

Toyota Partner Robot
HSR (Human Support Robot)

2012

medical and nursing care

2007

65



Educational Robots

 Robots for education
— Roboterra

66



Bay Area robotics e

teh

Willow Garage: Savioke; Suitable
Technologies; Fetch Robotics; Redwood |
Robotics; Simbe; etc. \/ fetch

GrawlT (nTuiTive

SRI: Grabit, Intuitive Surgical.
Otherlab: Pneubotics

’,' Otherlab @ pneubotics

67



Cobots

A brief history: ‘
[Ed Colgate and Michael Peshkin

1996: Michael Peshkin and Ed Colgate (Northwestern
Univ) design "intelligent assist devices” for Prasad
Akella's team at General Motors

1997: Peshkin and Colgate found Cobotics/ CoMoCo S
2004: KUKA’s LBR 3 srcbidng
2008: Universal Robots’ UR5

2012: Rethink Robotics’ Baxter




Cobots

2019: UC Berkeley’s Blue (Pieter Abbeel)

Berkeley News — wszon

Meet Blue, the low-cost, human-friendly robot

Pieter Abbeel, David Gealy and Stephen McKinley.

69



Cobots

e 2019: Techman’s TM12

" 3% =5 Rbatic Arm: TM1



Cobots

« The evolution of robotics
— 1960-90s Automation (eg, robotic arm)
— 1990s-00s Autonomy (eg self-driving car)
— 2010s Augmentation (eg cobot)

71



Cobots

Human-robot collaboration

— The robot must have a model of the human collaborator

— Monroe Kennedy’s ARMLab at Stanford

Assistive Robotics and Manipulation Laboratory (ARMLab)

Mission
The mission of the Assistive Robotics
and Manipulation Lab is to develop intelligent,
assistive technology that improves human life

Leverage situationsl
awareness (0

anticipate service

needs

maobilize win
transparancy

£ % Mo 0 ¢ t
£ 28 s\a Stanford University
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Cobots

« Human-robot collaboration

— The robot must have a model of the human collaborator
— Monroe Kennedy’s ARMLab at Stanford

Robot Action Given Adequate Models

Given an adequate model of the human teammate, how does the robot take the
appropriate action?

lm ’\lu\lnll'
B o TP A recent and very promising approach is using Conditional
vy e . Variational Autoencoders for sequence prediction:
ebeo Vo — R v woce

Interaction Mstory

f \ f \ ! , — - -
L) :) encoder ] "
_Rv : ‘ [ — Duscrete .
Future robot J 3 latent space

- trmectory encodlor H lo. 8 N .
N N ——— ! | v o future human f/
Y Charmrsd m process (lestng) T eacscsneee I . " ‘ 2 = |
Vartel wnal [recoss [V swyg) Iy o future human ! 1 Discrete ! .. trajectory decoder ..
[ AMrT e vestn e
-. acalname . Vo trajectoey ancodor | s lutent space !

Multimodal Deep Generative Models for Trajectory Prediction: A Conditional Variational Autoencoder Approach
B. Ivanovic, K Leung, E Schmerling, M, Pavone

........

£ 28 2Vva Stanford University




Bay Area robotics

* Pneubotics: metal-less "soft" robots (capable,
for example, of handling food).

Pneubotics

74



Robots

2015: Selma Bringsjord’s robot solves the

“wise men” riddle
(1 Tube]

Self Consciousness with NAO Bots

& RARLab



Robots

2015: $1 billion investment in robotics in the
USA, of which 3/4th in the Bay Area

2015: Toyota Research Institute (TRI), with a
$1 billion 5-year budget, headed by former
DARPA executive Gill Pratt and based at

Stanford and MIT
Total VC2014
|$4B.3billion

Robotic VC2014
$341.3million



Robots

Future applications:
Surgery (Intuitive Surgical, Verb Surgical)
Cars
Agriculture
Mining
Exoskeleton
Older care
Cleaning
Inspection
Underwater



Robots

Applications:
Surgery
Verb Surgical: Google +
DaVinci surgeon assistant Johnson & Johnson (2015) Smart Tissue Autonomous Robot
(Intuitive Surgical, 2000) (Peter Kim , Washington, 2016)
I'l VERB —

INTUITIVE || SURGICAL

GOOGLE'S VERILY IS

SPINNING OFF “VERB, A

SECRETIVE ROBOT-
SURGERY STARTUP w

Children’s National
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Robots

Applications:
Dental Surgery

Chinese robot dentist is first to fit
implants in patient’s mouth without
any human involvement




Robots

Applications:
Self-driving car

Google Autonomous Car Spinoff Waymo
Builds Town As Test Track ...

.‘-.., — -
W-—'—-"TT%QF

Atwater

CITY LimiT

POP. 27,571 ELEV, 155

TRACTOR

TRAILER

PARKING

EXCEPT IN

DESIGNATED
AREA

ANC 1112150



Robots

Applications:

Self-driving car

Walmart > < TCDAY
Walmart, Google Partner to Make

L] ] ’
e ot Shopping Even Easier — Here’s How
Drive.ai’s autonomous vehicle pilot program launches today ; :} e N 4
Th ‘s self-Arivinn carc ars talina tntha ctrastein Erienn Tavas z £ | R 23 N D -
e company’s se §‘_—_“ - e % ) ~~— o ’_(_/l .>
Wy e ;,"‘-:;_,‘:;; = b TR 8
TN Sy ] T s I o =
S J ),./‘; . .‘)1.? ’ y | ! =3 ) o ‘\’
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What is a Robot?

Shopping robots an evolution of the shopping cart




What is a Robot?

Inventory robots 7% REUTERS

CCTOBER 26, 2017 / 7:29 PM / 9 MONTHS AGO

Wal-Mart's hew robots scan
shelves to restock items faster

Forbes

Walmart's Robots
Are No
Replacement For
Humans




What is a Robot?

Delivery robots

Starship Robomarts

SAN FRANCISCO

SAN FRANCISCO TECH

San Francisco bans robots
from most sidewalks

Delivery drones permitted only in low-foot traffic

zones dfter Tuesday vote
By Adam Brinklow | Dec 6, 2017, 3:16pm PST



What is a Robot?

Smart suitcase

Forwardx’s CX-.

Forbes B

43,502 views | Dec 3, 2017, 08:38am

U.S. Carriers Move To
Ban Smart Luggage

Modobag
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M KIVA Systems.

Whatlsa Robot?

e amazon, com’

Warehouse robots

Fetch

Magazino’s Toru




What is a Robot?

CES 2018 NN g g
Aeolus Roboticsy 3 N :
N R

Segway Loomo ‘ | '
Amy Robotics
Qihan Sanbot El

EQL Qubi



Robots

Trends

nanorobots for eye surgery
microrobots for construction

soft robots for food handling, quasi-organic
robots with flexible actuators (Pneubots)



Japan

' T1°0
1Y
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Case study

Takayama Festival of Mechanical Puppets



Case study: Japan

* Bunraku/ puppet theater (~1650)

“Automated mechanisms, or karakuri, were originally
separate from the puppets, used only in stage machinery or in
robot dolls that performed between acts. But the machinery
eventually found its way into the bodies of the puppets” (Chris

Bolton)




Case study: Japan

* Robots in comic books (mangas)
— Gajo Sakamoto's "Tanku Tankuro" (1934)
— Osamu Tezuka's "Tetsuwan Atomu/ Astro Boy" (1951)

— Mitsuteru Yokoyama's "Tetsujin 28go/ Iron Man No 28"
(1956) and "Jaianto Robo/ Giant Robot" (1967)

— Hiroshi Fujimoto and Motoo Abiko's cat robot "Doraemon”
(1969)

— Go Nagai's drivable robot "Mazinger 72" (1972)

— Akira Toriyama's girl robot "Dokuta Suranpu/ Dr Slump"
(1980)



Case study: Japan

 Mangas about cyborgs

— Kazumasa Hirai's and Jiro Kuwata's "Eitoman/ 8 Man"
(1963)

— Shotaro Ishinomori's "Cyborg 009" (1964).



Case study: Japan

e Robots on television

 Anime/cartoons
— Yoshiyuki Tomino's "Yusha Raidin/ Brave Raideen" (1975),
"Voltes V" (1977) and "Gandamu" (1979)
» Special-effects live-action shows (tokusatsu)

— Shotaro Ishinomori's "Kamen Rider" (1971), "Jinzo Ningen
Kikaida/ Android Kikaider" (1972), "Robotto Keiji/ Robot
Detective" (1973) and "Ganbare Robocon" (1974).



Case study: Japan

 QOriza Hirata’s robot theater

“I, Worker” (2008)

95

“Sayonara” (2010)



Case study: Japan

* The uncanny valley

— Ernst Jentsch: “On the Psychology of the Uncanny” (1906)
— Masahiro Mori: “The Uncanny Valley” (1970)

+

familiarity

uncanny valley ,
i

moving

f.-—--"“'-—-..‘ g
still ’ healthy
bunraku puppet person
humanoid robot Ay :
- 1‘..\. :r
*
\".
¥ '\'\.
,

* stuffed animal !
' ;
L]
]
i

industrial robot "’

human likeness

corpse —- \ prosthetic hand
Voo
Vo 96
zombie —**



Case study: Japan

 The uncanny valley

— Japanese robots tend to be female because they
look less threatening




S450 Billion on Robotics by 2025: BCG

ExHIBIT 1 | Worldwide Spending on Robotics Is Expected to Reach $67 Billion by 2025

Global robotic market (Sbalbons)
80

CAGR,
2000-2025E (%)

« Military market (2015): $7.5 billion

« UAVs, UGVs, UUVs, and task robots
Military 8.1 widely used for military applications

« Industrial market (2015): $11 billion

« ~1.2 million robots used in applications
such as welding, assembly, and
material handling

« In 2012, ~39% of industrial robots sold
1o auto factories

« Commercial market (2015): $5.9 billion

« Many new applications including

Commercial 123 medical and surgical robots, agricul-
tural robots, and construction robots

« Personal market (2015): $2.5 billion

Personal 174 « Robots for entertainment, cleaning,

- : education, security, and household
2000 2005 2010 201SE  2020E 202S5E applications

Industrial 7.6

Sources: International Federation of Robotics, Japan Robot Association; Japan Ministry of Economy, Trade & Industry; euRobotics; company
filings; BCG analysis,

Note: UAY = unmanned aeral vehicle; UGV » unmanned ground vehicle; UUV » unmanned underwater vehicle. Estimates do not include the
cost of engineering, maintenance, training, or peripherals.

https://www_.bcgperspectives. com/content/articles/business unit strategy innovation rise of robotics/



What is missing?

« Learning robots

— Interacting with the environment

« Approaching objects

 Avoiding obstacles

« Reaching for objects

 Sorting objects (e.g., on conveyors)
— Interacting with humans
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Robots of the 2020s

 Robots that can grasp any kind of object
* Robots that can learn multiple tasks
* Robots that can be trained by ordinary people



Ten Trends of Robotics

AEE

1. Robot-as-a-Service. Robots for hire the F: :fgg;(r
same way you hire a Uber/Didi car. ..:. PARTY
Anybody can offer a robot for a task at an " 2013
hourly price. o

2. The recruiter of the future will need to B/ Stucoy Vag
know how to recruit robots, not just
humans. &:00am - 14.008m

3. Ubiquitous sensors and transmitters to
provide the robots with information about
the environment
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4. Dexterity
— Abhinav Gupta (Carnegie Mellon Univ)
— Ashutosh Saxena (Cornell Univ)
— Sergey Levine (Google Brain)

T

Carnegie Mellon University

School of Computer Science 4 =

¥ Research at Google
Google Brain

8 Comnell University ™ 3*
(@’) Computer Scieng o 99
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Robots

. Dexterity/ Grasping technology

Picking up things that the robot has
never seen before

And learning to pick up hard and soft
objects in different ways

Self-supervised learning of grasp poses

Convolutional Neural Networks are de
facto standards for computer vision



Robots

. Dexterity/ Grasping technology

Traditional approach: perception + planning

Works well only in ideal conditions and for known objects

Fails in cluttered environments and for objects never seen before

"Data-driven" approach infers a grasp for an object without knowing
Its exact shape



Robots

. Dexterity/ Grasping technology

2004: Andrew Miller's Grasplt simulator
(Columbia Univ)

2006: Ashutosh Saxena's machine-
learning approach (Stanford Univ)

2010: Microsoft's Kinect for depth
sensing

2010: Kurt Konolige's "Projected Texture
Stereo" (Willow Garage)

Grasplt!: A Versatile Simulator for Robotic Grasping

- Andrew T. Miller
)} Columbia University, 2001

ﬂ Quality [€:0.067 v:0.314]

[N —"1

|

F 11 Tl DLR( 1 Aerospace Center) hand graspir 1 Erlenmeyer

Robotlc Grasping of Novel Objects using Vision

Ashutosh Saxena, Justin Driemeyer, Andrew Y. Ng
Stanford University, Stanford, CA 94305

mmmmm

-‘:—

STAIR1



Robots

. Dexterity/ Grasping technology
2013: David Fischinger (Vienna Univ)
2015: Andreas ten Pas (Northeastern)

2015: Daniel Kappler, Jeannette Bohg and
Stefan Schaal (Max-Planck Institute)

2015: Lerrel Pinto & Abhinav Gupta (CMU)

Max Planck Institute for Intelligent Systems

Autonomous Motion

Tlbingen Campus

Leveraging big data for grasp planning

2015 |EEE International Confi

Daniel Kappler ; Jeannette Bohg ; Stefan Schaal

£ DL

Scp 2015

Learning grasps for unknown
objects in cluttered scenes

David Fischinger ; Markus Vincze ; Yun Jiang 2013

@é‘l

TECHNISCHE
UNIVERSITAT L Cornell University

WIEN
ina Unive of Technology

Using Geometry to Detect Grasp Poses in 3D
Point Clouds
Andreas ten Pas and Robert Platt N
i Northeastern University {

Supersizing Self-supervision: Learning to Grasp
from 50K Tries and 700 Robot Hours

Lerrel Pinto and Abhinav Gupta
The Robotics Institute, Camegic Mellon University

= 168 B




Robots

4. Dexterity/ Grasping technology
« 2015: Chelsea Finn (UC Berkeley)

Ehe New ork Times

New Approach Trains Robots to Match
Human Dexterity and Speed

"-:'..‘ 3 ”wﬂ 7

'.‘/‘

real time
Levine®, Hon®, Darrell, Abbes

Guided by, from left, Chelsea Finn, Sergey Levine and Pieter Abbeel Brett (the
Berkeley Robot for the Elimina con of Tedious Tasks) gets the peg into the hole. Peter



Robots

. Dexterity/ Grasping technology

2018: Keng Peng Tee (Singapore A*STAR) &
Gowrishankar Ganesh (Japan AIST)

2018: Sergey Levine's QT-Opt (Google-UC
Berkeley)



Robots

GraSping techno|ogy '; Cornell Univcr&ihﬁ

* Ashutosh Saxena (Cornell, 2014) _
Carnegie Mellon Univers

* Abhinav Gupta (Carnegie Mellon, 2015) Thléll;iot:otlcslnsl’;tu't: g

* FANUC/Preferred Networks (2015) s

« Google Brain (2016) é@
FAN UC
P nrefer

Google

Brain

&;,‘ Robo Brain
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4. Dexterity

— Robert Platt's student Marcus Gualtieri at
Northeastern University (2018) used

reinforcement learnmg Pick and Place Without Geometric Object Models

Marcus Gualtieri, Andreas ten Pas, and Robert Platt

[

Learning 6-DoF Grasping and
Pick-Place Using Attention Focus

Marcus Gualtieri Robert Platt
College of Computer and Information Science  College of Computer and Information Science
Northeastern University. United States Northeastern University, United States
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4. Dexterity

— Lucas Manuelli and Wei Gao at MIT developed kPAM
(2019) to model categories of objects

kPAM: KeyPoint Affordances for Category-Level Robotic Manipulation

Lucas Manuelli*, Wei Gao*, Peter Florence, Russ Tedrake

<

! g .
. BN e

Y A‘ o u’.:, -\

. .
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Ten Trends of Robotics

Modeling Grasp Type Improves

* Robots that can grasp any kind of object e e mrn Hannine
(multimodal precision grasping)

Qingkai Lu and Tucker Hermans (Univ of Utah, e)— # ‘me

2019)
Alberto Rodriguez (MIT, 2019)

Qingkai Lu' and Tucker Hern

aEBRE

MIT develops a way for robots
to grasp and manipulate
objects much faster October 17, 2019

. . . . In-Hand Manipulation via Motion Cones
Han-Pang Huang (National Taiwan University, N v Dt R i s
2019 ) ﬂ sensors 2 April 2019 @)\Py

Oliver Kroemer (Carnegie Mellon, 2019)
Dieter Fox (Nvidia, 2019)
Keng Peng Tee (Singapore, 2019)

Robot Intelligent Grasp of Unknown Objects Based
on Multi-Sensor Information

Shan-Qian Ji, Ming-Bao Huang'" and Han-Pang Huang *
Robotics Laboratory, Department of Mechanical Engineering, National Taiwan University,
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 Robots that can grasp any kind of object
(multimodal precision grasping) Towards Precise Robotic Grasping by

Probabilistic Post-grasp Displacement

Oliver Kroemer (CMU, 2019) Estimation l

Jialiang (Alan) Zhao, Jacky Liang, and Oliver Kroemer

—_ D i ete r FOX ( N Vi d i a , 2 0 1 9 ) Robotics Institute, Carnegie Mellon University

" Grasp Esaa;.;e.; Network
(GoN) |

NVIDIA. Research comared s graaping (& ugo) |
6-DOF GraspNet: Variational Grasp Generatlon S !
for Obiect Manipulation ¥, e !

Published in: ICCV 2019 October 27, 2019 Reu [ b :
I
I
I

Object Center relalrve m Grasp F L

am
5 Output FC
s12units
Gz Gy» R

Fig. 3 Grasp Quality Network (GQN) and Grasp Displacement Network (GDN).
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 Robots that can grasp any kind of object
(multimodal precision grasping)
— Keng Peng Tee (Singapore, 2019)

PHYS ¢ -ORG LJANUARY 15,2019 |

Algorithm gives robots an instinctive
understanding of how to use tools

' ACAIST N

_ SRR A
Keng Peng Tee SINGAPORE Gowrisbankar»(?rz;nesh
Towards Emergence of Tool Use in Robots: Automatic Tool Recognition
and Use without Prior Tool Learning

KP Tee J. Li, TP. Chen, and KW. Wan are with the Institute for
Infocomm Research. A*STAR. Singapore
G. Ganesh i1s with the CNRS-AIST JRL(Joint Robotics Laboratory).
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 Robots that can grasp any kind of object
(multimodal precision grasping)

— Mobile manipulation robots: Toyota Human
Support Robot (2018), Fetch Robot (2016)




Ten Trends of Robotics

 Robots that can grasp any kind of object
(multimodal precision grasping)

— Ken Goldberg (UC Berkeley, 2019) .

Science Robotics 16 Jan 2019 DeX-Net 4_0 Enables II SPECTRUM
'"Ambidextrous' Robots to Choose
Best Gripper for the Job

Learning ambidextrous robot grasping policies

Jeffrey Mahler'?*, Matthew Matl’,
Stephen McKinley?, Ken Goldberg'

. aral -Jaw Dataset ) U n
Robot Execution @ Paraiet o OO l { Sliction GG-CNN }
[ Policy Learning



Ten Trends of Robotics

* Robots that can grasp any kind of object and use it

— Humans can easily decide how to use an object
— Kuan Fang (Stanford, 2018)

Learning Task-Oriented Grasping for Tool
Manipulation from Simulated Self-Supervision

Kuan Fang Yuke Zhu  Animesh Garg Andrey Kurenkov  Viraj Mehta
Li Fei-Fei  Silvio Savarese

018

i

Jun

"_'.';’ hammering ﬁ .

task -' $a

T WA S T{ | ol
e o T A : - ~ "

esting e b 1
candidates - 1 |

A Y . -
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$e

E .

g L o 1

i o - manipulation o
grasping > 3 i —e 2 '

model % goy o =
¥ -
> robust R
task-oriented -
A grasp
- Trained to select Trained to perform
the best grasp the task the best
grasping stage manipulation stage

_— simulated
Training self-supervised
learning yra‘\
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Ten Trends of Robotics

Robots that can grasp any kind of object and use it

— Kostas Daniilidis: plan2explore (Univ of Pennsylvania,
2020): self-supervised learning of the world model +
reinforcement learning of specific tasks

Planning to Explore via Self-Supervised World Models

Jun 2020

Ramanan Sekar '™ Oleh Rybkin'® Kostas Daniilidis ' Pieter Abbeel® Danijar Hafner **

Deepak Pathak *®

Model Leaming
Task A
Task C _:
Envirenment Glebal
without Rewards  Tagk Agnostic World Model Zerg or Few Shot
~ Exploration Adaptation
Planning in Latent Space 4

’ Latent Disagreement
Tl

7"1 = ‘f’ﬂf{htﬂ]

SN

Ry 41 hr+1 hisa

t ¢ $
] [e] - [
0 ;

t ot Lt

‘|
I

\. 8 a 8 a Srﬂr




Ten Trends of Robotics

* Robots that can grasp any kind of object and use it

— Sudeep Dasari (UC Berkeley): RoboNET (2019), a library of
videos about robot actions (learn from other robots)

BERKELEY ARTIFICIAL INTELLIGENCE RESEARCK
RoboNet: A Dataset for Large-Scale Multi-Robot
Learning

Sudeep Dasari™, Frederik Ebert’, Stephen Tian', Suraj
Nair’, Bernadette Bucher’, Karl Schmeckpeper’,
Siddharth Singh’, Sergey Levine', Chelsea Finn’

UC Berkeley', Stanford University’, University of Pennsylvania’,
cMmu*
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* Robots that can grasp any kind of object and use it

— Kostas Daniilidis (Upenn, 2019): learn from observing
humans

Learning Predictive Models From Observation and Interaction

Karl Schmeckpeper!, Annie Xie?, Oleh Rybkin!, Stephen Tian®,
Kostas Daniilidis', Sergey Levine®, Chelsea Finn?
'University of Pennsylvania, *Stanford University, *UC Berkeley
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e Grasping: compliance (softness)
— Zhenan Bao (Stanford) Shear force sensing using skin-inspired sensor ﬂ

State-of-the-art softness sensors L B [w/ § -{

5 -

Tactile resonance sensor Thin fi m ZT auaror and ssor “Electronic whiskers”

‘ “6 §
Vnulm‘l:

Biological skin Bioinspired e-skin

» N
Lo ~aaal

£E3N

), Render, W, Volt, et al, Adv Mat, 2018

C. Dogdeviren, J. Rogers, et ol Not. Mat, 2015.

of /. Med, £y
e 9
X Not in flexible form V Thin & flexible V Thin & flexible

Requires a known

Packaging, mounting, Requires a known
force to be applied x q x
PP adheslon Is critical, deflection to be applies

C.M. Boutrv. Z. Bao et al. Sci. Robotics 2018:3:eaau6914

evelop a single device structure that can measure both force and deformation

detecting sofiness

A bioinspired stretchable membrane- &t
based compliance (softness) sensor

Levent Bois

L. Beker, N. Matsuhisa, I. You, S. R, A. Ruth, S. Niu, A. Foudeh, J. B.-
H. Tok, X. Chen, Z. Bao, "A bioinspired stretchable membrane-
based compliance sensor", Proc. Natl. Acad. Sci. U.S.A,, 117,

11314-11320, 21, 2020.
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e Grasping: compliance (softness)

— Zhenan Bao (Stanford) An electronic glove gives
o robots a sense of touch
ENGINEERING Novernber 21,2018 = By Tom Abate

A hierarchically patterned, bioinspied e-skin able to

detect the direction of applied pressure for robotics

Clementine M. Boutry', Marc Negre', Mikael Jorda? @ Orestis Vardoulis', @ Alex
Chortos’, @ Oussama Khatib? and @ Zhenan Bao'"

"Department of Chemical Engineering, Shriram Center Chemical Engineering, Stanford Universit)

Biological skin
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e Grasping: compliance (softness)
— Zhenan Bao (Stanford)

Bio-inspired compliance sensor

Touched Increasing |

Compliance
Integrated

sensor pi ~
% dﬂmf SeNsSOrs

f

-
. P

- Pressure .
' "
i .
H ' e
" . W
"
“ ?.
R
) . - “
! ] \ | 1L
v 1 fmun | ’e

L. Beker, N. Matsuhisn, Z, Boo et al. Proe. Natl, Acad. Sel. U.S.A., 117, 11414-11320, 2020,
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5. Robots for an aging society (social
companion robots) "

Percentaae of population over 80

16 Il 2015 2030 N 2050

12

8

Japan N Europe USA

RIKEN BRAIN SCIENCE INSTITUTE ~ *

S .0
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Ten Trends of Robotics

6. Kits for self-driving features
— Comma.ai (San Francisco, 2015)

— Tesla + MobilEye (2016)
— Nvidia + Mercedes (announced in 2017)

Tesla’s Autopilot, powered by Mobileye, is the world's first DNN

deployed on the road
Nvidia and Mercedes-Benz to bring
an Al car to market within ayear
NVIDIA Al CAR PLATFQRM 7>

2QO-motion

motion segmentation

~m pavement markings,

TIOBIEVE
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Ten Trends of Robotics

7. “Collaborative intelligence”: robots that
can self-organize to solve a problem

— Harvard Univ

— Eliseo Ferrante (Belgium)
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8. Turning a smartphone into a robot

* Cellbots (2010) by a group of makers
in Silicon Valley

* Your phone can be the robot: it has
touch, hearing, speech, many more
senses... but no legs

e Solution: an Android phone

connected to an Arduino with wheels e
Romo— The Smartphone Robot

4~.

P8
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8. Turning a smartphone into a robot
Robot Intelligence:

* Dexterity

* Mobility

* Wireless networking

* Cloud Robotics

* Big Data and Machine Learning

* Object Recognition

* Speech-to-Speech

* Real-time Image-Based Language
Translation

129



Ten Trends of Robotics

9. Cloud Robotics

A shared knowledge database that organizes

information about the world in a universal format

A library of programs that can we executed
remotely (a “skills library”)

Masayuki Ibana (Tokyo Univ): the “remote brain
(1993)

James Kuffner (CMU): “cloud robotics” (2010)
Ryan Hickman (Google): “cellbots” (2010)

Q) cell

” ‘
Y
s
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— —
‘- Y

2
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Ten Trends of Robotics

* Benefits of cloud robotics
— The robot as a “thin” client
— Longer battery life
— No need for software updates
— Adaptability to complex situations
— Collective progress of cloud-enabled robots
— Large-scale deployment of data-sharing robots

F | i

REE IR I BRI
; R ii‘;“% ;%i“"’;“f ;:)f %,{
o 1 28 X A }!%‘Y ey T N
3;" (;,332 N?g :S:.:’!".‘ ' ,;,Q_;:_ . ﬁ)‘%” @ . ?, '

S ' - > Ve N g& :,yﬁf ¢ 2

"'".g; ‘: W " »'3.--“. ’g ﬁ;.;"'-;i‘ = Q

Q‘: 9 ﬂﬁg'-,-'ou.-:'jlr d"rr—:t:r;"lé com :-t,:? ) 52 =
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Ten Trends of Robotics

9. Clouds for robots

— Knowledge sharing among machines —
Wikipedia for robots

— RoboEarth by EU (2010); Rapyuta by EU

(2013) carth ©
— Open Ease at University of Bremen —
(2015) o
OPENC__ 1A
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Ten Trends of Robotics

9. Cloud robotics
* Cloud Computing + Virtual Reality = High
precision dexterity
— DexNet 1.0 (2015): thousands of 3D
models

— Ken Goldberg (2017): robots practice
using virtual objects in a simulated world

DexNet 1.0

Network Size (# Objects)

Kuepung Suiseaiou

Jeffrey Mahler, Florian T. Pokorny, Brian Hou, Melrose Roderick,

Michael Laskey, Mathieu Aubry, Kai Kohlhoff, Torsten Kroeger,
James Kuffner, Ken Goldberg
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Ten Trends of Robotics

9. Cloud robotics

* Cloud Computing + Virtual Reality = Faster
training of robots & Precision Grasping

— DexNet 1.0 (2015): thousands of 3D
models

— Ken Goldberg (2017): robots practice
using virtual objects in a simulated world

DexNet 1.0

Network Size (# Objects)
Query Object 1,000 10,000

@ DexNet 2.0: 99% Precisio... o

Watch later Share




Ten Trends of Robotics

NEWS

9. Cloud robotics Ken Goldberg’s AUTOLAB
Takes Robot Grasping to a
New Level

MIT

Technology

Review Home Events+ Competiions+ Video  NewsandViews

I EE
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Ten Trends of Robotics

10. Learning robots

Robots that can turn high-level
descriptions into specific actions (eg

RoboHow, 2012) roboheaé

Learning from human demonstrations and

advice, not just by imitation (eg RoboBrain .
at Stanford, 2014) é% Robo Brain

Robots that teach other robots?
(Stephanie Tellex’s “Million Object :
Challenge”, 2016) 4

136
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10. Learning robots
* Using VR to train robots
— Ken Goldberg
— Suzanne Gildert’s Kindred.ai

— OpenAi @

OpenAl

Human in VR
i,
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10. Human-like robots
* KindredAl (Canada, 2014)
e SanctuaryAl (Canada, 2018)

&

Sanctuary Al
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10. Self-organizing swarms of robots
Marco Dorigo in Belgium

Simon Garnier’s Alices (New Jersey Institute
of Technology)

Radhika Nagpal's “kilobot” swarms (Harvard
University)
Nikolaus Correll’s tiny robots ( University of Sl i
Colorado) A

Dana Randall and Daniel Goldman’s
"smarticles” ( Georgia Tech)
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Berkeley Open Arms (Pieter Abbeel’s team
from UC Berkeley, 2019): a low-cost robot
arm controlled using a virtual-reality

headset (“Blue”)
Project Blue

Quasi-Direct Drive for Low-Cost Compliant Robotic Manipulation

David V. Gealy', Stephen McKinley?, Brent Yi®*, Philipp Wu',
Phillip R. Downey', Greg Balke®, Allan Zhao®, Menglong Guo',
Rachel Thomasson', Anthony Sinclair’, Peter Cuellar', Zoe McCarthy®, and Picter Abbeel”

U BARG

l

[ 'a)l
)

BERKELEY ARTIFICIAL INTELLIGENCE RESEARCH

BERKELEY
OPEN
ARMS

IEEE International Conference on Robotics
and Automation- May 2019




Ten Trends of Robotics

Nvidia ‘s lab dedicated to applications of
deep learning to robots (2019)

@A NVIDIA.

NVIDIA JETSON
AGX SYSTEMS
-rOR ROBOTICS

Smarter rO,,bO.I,i. fomr:aéi—%/orlfi
challenges = ﬁf‘*’;— =\
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And don’t forget Drones

A2 CNBC

Amazon wins patent for a
flying warehouse that will
deploy drones to deliver
parcels in minutes
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FOOD AND DRINK, STRAIGHT
FROM THE AIRSHIP

\ a 7\
B Amazon's patent describes [ P
glying warehouses called o . %

‘airborne fulfilment centres’,

carried by giant airships. [ 5

\§| sporting events or festivals

where smaller drones would |
be released, delivering goods
such as food or souvenirs

to customers below.

8 Cruising at 45,000t above the

grmmﬂd, th?r would be supported

by afleet of smaller vehicles taking
| drones, supplies and even workers "'J,}' (

il
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Robots & Covid1l7

Cruzr robots for temperature screening from China's Ubtech
UVD disinfectant robot from Denmark's Blue Ocean Robotics

Robots for mask detection in parks and for enforcing social
distancing

Robots for remote patient interview



Robots & Covid1l7

Robots for mask detection in parks and for enforcing social
distancing

Y |
BostonDynamics ’ Al
<
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Robots & Covid1l7

UVD disinfectant robot from Denmark's Blue Ocean Robotics

Blue Ocean Robotics and its UVD Robots

D

BLUE OCEAN ROBOTICS

- for humans
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Robots & Covid1l7

Cruzr robots for temperature screening from China's Ubtech

UBTECH
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What else?

LSR 2017

INTERNATIONAL CONGRESS
ON LOVE AND SEXWITH ROBOTS
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Do robots steal our jobs?

* The countries with the highest number of robots...

Canada
v
18,387
k UK
!’ -_n
Esieg
-
168,623
Brazil
®
7,576

@

- = 2012 operational robot units

N

Germany
[}

Oy

9¢
-
161,988

Japan
China &
® ap
96,.9.24 “
'} . 310,508
Qouth Korea
India @
® 138,883

7,840
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Do robots steal our jobs?

percent
20

e ... are also the countries with the lowest
unemployment g

Eurozone 201
UnempLOYMENT RATE 10

Greece 25.1
Spain 5
Portugal
Italy
France .
Slovakia I 10.7 0
12.0 Netherlands © 6.5 : ' '
10.3 Germany 6.4 North America Latin America

10.0
Youth unemployment and inactivity*

8.0 - 76 By region!, 2012 or latest, m Sources: 0ECD; World

6.6 6.5 6.4 B Unemployed I Inactive Bank; The Economist
6.0
46 0 20 40 60 80 100

40 - South Asia
East Asia & Padific 18.4

20 A
Sub-Saharan Africa % of mr:al

. yout
0.0 . : . . . ; Middle East & ulation | |
Other Asian Filipino Vietnamese Asian Indian Chinese Korean Japanese n.ﬂrﬂ'.] A_fm:a Pop 40.6




Do robots steal our jobs?

« They already stole millions of jobs: the traffic guards!




Do robots steal our jobs?

« Maybe it is time to rethink the economy: why not
universal basic income?

e
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Do robots create jobs?

e Gartner: by 2020, Al will Gartner.
generate 2.3 m||||on jObS, STAMFORD, Conn., December 13, 2017

exceeding the 1.8 million that it Gartner Says By 2020, Artificial Intelligence
. Will Create More Jobs Than It Eliminates
will remove

Al Will Create 2.3 Million Jobs in 2020, While Eliminating 1.8 Million
* CapGemini: Al is creating new

o ) Capgeminie
jobs in 4 out of 5 companies fo
* MIT: The jobs that Al will create = @

E

The Five Senses of Artificial Intelligence

e
The Jobs That Artificial
Intelligence Will Create




Jobs

* The society of robots will create new jobs that today
we can’t even imagine.

* Who would have imagined that the same technology
that gave us computer automation would create
millions of jobs in mobile communications?




Jobs in the Age of Robots

 The Engineer of the Future:

— The language of Al is computational mathematics

equations of backpropagation
Given functions x(t) and w(t), their convolution is a function s(t)
ot = V,C o' (2F)
s(t) = [ x(@)w(t — a)da

o = (w1 @ o' (2h Written as
oc _ st s=(x=*w) or s(t)=(x*w)(t)
o =%
P(v,h? he P )=
c';_?r("-'_ = GL_lfﬁ p(vlhl)P(hllhz)P(hz h3)
n , ’

Sigmoid Belief Net  RBM

P(x) = SXPCEG)

z P(v[h') = I1; P(v;|h")
> E(x): Energy function
> Z: partition function where ¥, P(x) = 1 P(h'|h?) = []; P(h}|h?)

P(h?,h%) = (;/3) exp(h2TW3h3)



Next...

e See http://www.scaruffi.com/singular for the
index of this Powerpoint presentation and
links to the other parts

Intelligence
is not Artificial

Why the Singularity is not coming

v time soon and other Meditations
on the Post-Human Condition
and the Future of Intelligence

piero scaruffi

www.scaruffi.com 155



