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CLOUD
=y ROBgTICS TON

g %
©
o g

4
Self Shared Ve . 0%y Ubiquitous C .| Open
service resources /ﬁ. Elasticity m%:} access interfaces

(https://www.rapyuta-robotics.com/2020/06/16/cloud-robotics-our-perspective/)




Robot Platform

Al & loT Platforms

GO gle == Microsoft Azure

£}

()

Watson

e
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=L 1=} E o« = (=) .
S LE 25290| EAl. 5=H90| 2hEF grtended Brain
- =
— =

D5 SERC MHAS Sof 2H3 2XE ofZ
- Of: & BE/204A, 28 A/gd S
. 222 E 7|Ht QIEX|S MH|AQ| BHY

« ol 2|: Google Cloud, MS Azure, Amazon WS, IBM Watson &
- Lff: 40| S 2R E, LG CNS, Saltlux ADAM, MindsLAB maum.ai &

OFu}= f1) o424
SW + DATA
QAo
) g ® 4y
@ et @ BAUY

1 ...’ = 'n,i—l_,|

(ZX: https://m.blog.naver.com/sundooedu/221233869585)
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ing I

Pian ]

[‘Plan interpreter -

Constraint-
and optimization-
based control

| Perception

(ZH: https://www.cbc.ca/news/trending/robot-learns-to-cook-pizza-pancakes-using-wikihow-youtube-1.3204724)

Copyright © 2022 ETRI. All Rights Reserved.



(ZX: KEIT PD ISSUE REPORT November 2011 Vol.9)
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(ZX: https://news.yeogie.com/entry/22747)
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Remote-Brained Robots ('93)

Brain & Mother Environment

(Inoue & Inaba Lab.
Dept. of Mechano-Informatics
University of Tokyo)

Worldwide

computer - WorkStation

network

SPARC x 20

CS6400

SPARC Server

1989 JSK, software
on 48 Trasputers

Transputer Interface

Brain-Body Interface

Vision Subsystem

T805

x8

x8

Transputer network

1992 JSK,
Single Trasputer
with a MEP

r—Sensor Subsystem

Signal Receiver

_Control Boards *WI \
g By

Wireless Servo
Controller

Stereo and 3D Tracking

=
Sig:il Analyzer '»W ‘%

Video
Signal

—Control Subs; stem—’f'
Yy S

Servo
Control
Signal

Robot Bodies
Control Actuators
Signal

Video splay
Transmitter

Interaction Navigation

Inaba, Masayuki. "Remote-brained robotics: Interfacing ai with real world behaviors." In Proc. of 6th International Symposium of Robotics Research, pp. 335-344. 1993.
Inaba, Masayuki. "Remote-brained robots." In International Joint Conferences on Artificial Intelligence, pp. 1593-1606. 1997.

Copyright © 2022 ETRI. All Rights Reserved.
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DAvVINCi: A cloud Computing Framework for Service Robots ('1 O)

Hadoop
AL
Cluster SLAM X'I EI -—'.-E
- Single node: 22 E A|AH =2
Compute Jobs and Sensor Data I - 2 ~ 8 ﬂOdeS %E_l-_?_E 9I:-II'I-L"I:EOI A|ﬁEE-I! QEI-%
o **" T Grid Dimensions : 300 X 300
DAvinCi Server ;00 | Iterations : 4000
2]
IROSmssaguuuerH‘l‘l‘P 600 -+ b",,
o
ROS messages 00 $°I,
/
Intranet Internet - ,,fl
o " @) 400
(Private (Public = / b":’}
o/
3 7/
o) 200 + ! , .
E 4 o
Q 100 P Sl 7
- (Ll g - g [}
X —".————‘o,’ o’des
0+ emmmsSEESSR===F ToeM”
1 10 S0 100 S00
Particles

Arumugam, Rajesh, Vikas Reddy Enti, Liu Bingbing, Wu Xiaojun, Krishnamoorthy Baskaran, Foong Foo Kong, A. Senthil Kumar, Kang Dee Meng, and Goh Wai Kit.
"DAvinCi: A cloud computing framework for service robots." In 2010 IEEE international conference on robotics and automation, pp. 3084-3089. IEEE, 2010.
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URC: Ubiquitous Robotic Companion ('04)
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=
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URC: Ubiquitous Robotic Companion (104)

Conventional Robot

Copyright © 2022 ETRI. All Rights Reserved.
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URC: Ubiquitous Robotic Companion ('04)

Sensing

Ubiquitous Sensor Network
— Internet of Things(loT)

Network Commummo}\
System

Processing

Physical Robots

Copyright © 2022 ETRI. All Rights Reserved.



RoboEarth ('09): st=0| HA 7i'd SHEQUOLL...

+EX=0| SES Swotd A5 =230
EHOW# A= HH—rE AOigt HES30|H DB
2| IXEL|, |, EX& SR EE 75010
o SEES ’%Of Hi 2 A ©

£¥sh= 22 PR2. Yok @] HE QEIN0IA OIS LA
DHE0IM S @2E N0t LTF STk AL Mul2dh= o
QY BEZ0} ATEHO| S8 UENI0 WAE A% HREIM
7txet M= "@RIRE 2R0ICL

T2o| £ARtE £ 254 g 7|1E 22 gagucazoarzumsnygs  SEIPE BR ogye po 220 NF BHGHK| 21 95 Mozt OIEHA BRI

Ol235f Etsi1 42

95 Afu] H<3l vloE o

TUA RA R TSR
AEH THEM A 3277

Q=2 —

T2 SX ZRIA FE L5 B
[ o 5t=0] 2ix 7 arsoioL) SIRA |
oo

I—HOt

0= o Al

&22|0t0| 22 AR=

S 2 o) MB

(Z=MH|= 20114 8 7| AL http://biz.chosun.com/site/data/html _dir/2011/08/15/2011081501389.html)
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RoboEarth ('09): &=

Eorth @ / \ /\/\:\l Big Data, Data Storage

V( Cloud Computing

RoboEarth Databas Compane:
------------------------------------ C----/-") Knowledge Sharing

\ o
RobaEarth Cloud Engine ' H - il l‘—l co"ective Learning
- =X
I A g —————— e e i T ) i i o ____________x_ _______ -
/,_\ = Collaborative Tasks
0 \ @]
Clients ( | I - ) l .>
N “{L« HAL Human Computation

\/? ) N N {
Sy G - - (Crowdsourcing)

B @ - Generic Software Components
HAL - Hardware Abstraction Layer

Copyright © 2022 ETRI. All Rights Reserved.



3

RoboEarth (’09):_ 7HE 0} F x| H

Eoarth @

The RoboEarth Cloud Engine

Tochnehe sivarhl PHILIPS o ETH % Universidad
TU/e :::’-?:vm.,»»n--n wense simplicity E ...~": 4 g N:.“:»::“w':ﬂ. ‘I'u‘ Z'"agom

2010-2014 http://roboearth.ethz.ch

Copyright © 2022 ETRI. All Rights Reserved.
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http://roboearth.ethz.ch/

RoboEarth (‘09): %= A|¢d A4t

Earth @

Final Demonstration
January 2014

Techslsche Ualvarstl PHILIPS : 5 Universidad P »
TUfeis, PHILPS i wcssuon  ETH i & S5 T () st rmen

Tochnischs Universitit Mincasn

Copyright © 2022 ETRI. All Rights Reserved.
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RoboEarth ('09): &Y sLam A|H At

Earth @

Cloud-based Collaborative 3D Mapping
in Real-Time with Low-Cost Robots
September 2013

TU/e Techoische niversel pHIllps * Un Stuttgart ETH — m %ﬂnmldad

University of Technology sense -4 simplicity

Copyright © 2022 ETRI. All Rights Reserved.
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More and more Al Services in the Clouds...

Vision
Object, scene, and

activity detection

Face recognition
and identification

Celebrity and landmark
recognition

Emotion recognition

Text and handwriting
recognition (OCR)

¢

Speech

Speech transcription
(Speech-to-text)

Speech Synthesis
(Text-to-speech)

Real-time speech translation

Speaker identification
and verification

Custom Speech models for
transcription and translation

Custom voice

Video metadata, audio,
and keyframe extraction
and analysis

Explicit or offensive
content moderation

Custom image recognition

%,

Language

Language detection
Text sentiment analysis
Key phrase extraction
Entity recognition
Spell checking

Explicit or offensive text
content moderation, Pll
detection

Text translation
Customizable text translation

Contextual language
understanding

@)
ol

Knowledge

Q&A extraction from
unstructured text

Knowledge base creation
from collections of Q&As

Semantic matching for
knowledge bases

Customizable content
personalization learning

Jo

Search

Ad-free web, news, image,
and video search results

Trends for video, news

Image identification,
classification and
knowledge extraction

Identification of similar
images and products

Named entity recognition
and classification

Knowledge acquisition
for named entities

Search query autosuggest

Ad-free custom search
engine creation

(ZH: https://medium.com/bucharest-ai/infuse-ai-in-your-apps-with-microsoft-cognitive-services-5ee71dc96dea

20
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Smart Speakers (‘14 ~)

User
o Alexa...
T .
£ 199 2 . ALEXA <«— Directives —
ke ))) <«—— Directives ((( CLOUD .

54 lll 3 — By ents _>

Alexa :
Gadget Bluetooth Echo Device

(ZX: https://developer.amazon.com/en-US/docs/alexa/alexa-gadgets-toolkit/understand-alexa-gadgets-toolkit.html

SKILL
CODE

Copyright © 2022 ETRI. All Rights Reserved.
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Jibo (‘14 ~)

robokit architecture
Bing ASR/STT BingTTS LUIS NLU
L o L
I I - cloud
I - -
. - .
Hey, Robo. What | | | | | |
I [ -
I [ -
I [ -
I - -
ﬂ I I I
. - -
I - -
. [ <> -
I - -
I [ -
[ (- |
(- [ (.
robokit
Snowboy
hotword [ e » STTController | ------eer » NLUController | -
recognizer A
v TTSController
v Hub &
" | RomManager
Y Skill
(EX: https://www.pzdeals.com/products/jibo-the- (EX: https://medium.com/@andrew.rapo/make-your-own-conversational-ai-social-robot-with-
worlds-first-social-robot-for-the-home) robokit-a-crude-approximation-of-jibo-10847e9a2661)

Copyright © 2022 ETRI. All Rights Reserved.



CloudMinds (‘15 ~)

Cloud Brain
L

Human
Augmentation

@ Nerve Network

—~
g Robot Controllers

Humanoid
and
Non-humanoid
Robots

Cloud Vending 4 Sweeping
Machine Robot

@ In-house Robot Bodies @ Third-party Robot Bodies

A\ (EX: https://www.en.cloudminds.com/home-new/cloud-robots/)
Copyright © 2022 ETRI. All Rights Reserved.




Amazon RoboMaker (‘18): 7HL, A&, Ui Z7}X]...

ROBOMAKER

adWs
~—

Copyright © 2022 ETRI. All Rights Reserved.



Amazon RoboMaker (‘18): 71, AlE, BHZT}X]...

Rekognition
Kinesis Video Streams
CloudWatch Metrics
CloudWatch Logs
Build Tool
Cloud Development
Environment
ML Model Training
Iterative
Simulation
Regression
Testing
Metric and Logging
Registration
Deployment
Monitoring

Ha i i

Cloud Extensions Development . Fleet
for ROS Environment Simulation Management

ROS/ROS2

Copyright (5 2022 ETRI. All Rights Reserved.



Amazon RoboMaker

SEISC SHO 2R ON/BEES T L
o o
oco=

Logs & Bundles

: : Profilling
82 7Hdstn A2 0IEIS E510] Al REE
-:;;.;:_. o leeBlEvZIn ROl - J J ; 3 ||||||| ®
- BEE e R IR
Gazebo client Terminal h A 777777777 - e

—

C 220] OTA 7|4 S8 HE A8 2 B e

i Greengrass

Robot Robot Robot ! core code :

Deployment

Amazon S3 Amazon

B % [

@ Booter (Physical Robot, Raspberry Pl)

A

AWS loT Deployment Robot AWS AWS RoboMaker AWS RoboMaker
Greengrass Code Application Greengrass Fleet Management Simulation
Core
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ETRI AIR ('1 7~): Artificial Intelligence for Robots
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=otFE 2X9 =4

e Latency
e Connectivity
* Privacy
«Security

Copyright © 2022 ETRI. All Rights Reserved.
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Fog Computing

right © 2022 ETRI. All Rights Reserved= X{: https://iot.electronicsforu.com/content/tech-trends/edge-and-fog-computing-practical-uses/)
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Fog Computing

CLOUD LAYER
Big Data Processing
Business Logic

Data Warehousing

Business Analytics/Intelligence

e ..4 \.
FOG LAYER

Local Network
Data Analysis & Reduction
Control Response

EDGE LAYER

Embedded Systems
Gateways
Micro Data Storage

Sensors & Controllers (data origination) O b b b O

INDUSTRIAL loT DATA PROCESSING LAYER STACK

O'. O'. O'- O'. O\ O'.

: : Fog Node / Server Fog Node / Server Fog Node / Server Fog Node / Server
Virtualization/Standardization

Large Volume Reakime Data Processing
At Source/On Premises Data Visalization st Apiwﬁu Appi(uwn
Industriol PCs

'b

Jamo|g ’

sun) ssuodsay / paads Buissadoig

g
g
v

right © 2022 ETRI. All Rights Reserved.
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Fog Robotics

i—{ Cloud Datacenters ]— ———————————————————————————————— N
| Large scale Model Learning 2 Low throughput :
| ) Q High latency |
| -Big Dgta Storage . Q@ No mobility |
: - Massive Parallel Computing O Enormous resources |
| Q Centralized |
I .. |
i—-[ Edge / Gateways ] ————————————————————————————————— \

|
: Model Adaptation + S l&l O QoS guarantees I
I Inference Serving . 1 Low latency :
| - Shared Learning | - S 1 Mobile resources I
: - Security & Privacy ‘g n, / 1 Thin resources I
| - Resource Allocation 1 Federated :
|

|

Tanwani, Ajay Kumar, Nitesh Mor, John Kubiatowicz, Joseph E. Gonzalez, and Ken Goldberg. "A fog robotics approach to deep robot learning: Application to object
recognition and grasp planning in surface decluttering." In 2019 International Conference on Robotics and Automation (ICRA), pp. 4559-4566. IEEE, 2019.

Copyright © 2022 ETRI. All Rights Reserved.
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Fog Robotics

ATA ANALYSIS\
ROBOT || SIMULATO SENSING\_%QFERENCE\ N
| | 1\——_> % LEARNING
%ROS %NV‘D‘A CONTROD\ (N\PLANNING AN
| | | | %EVALUATION N
Robot Enylronment [1] | Control Enwronment [1] | .l' %DEPLOYMENT
" . NVIDIA
ROBOT || SIMULATO SENS|NG\_%\1FERENCE\ g
! ! Learning
%ROS %NV'D'A ‘JONTROR %’LANNING\ Environment
| | < |
Robot Environment [n] | \I Control Environment [n] |
[Robot] [Edge] [Cloud] [Edge]

Tanwani, Ajay Kumar, Nitesh Mor, John Kubiatowicz, Joseph E. Gonzalez, and Ken Goldberg. "A fog robotics approach to deep robot learning: Application to object
recognition and grasp planning in surface decluttering." In 2019 International Conference on Robotics and Automation (ICRA), pp. 4559-4566. IEEE, 2019.

Copyright © 2022 ETRI. All Rights Reserved.



Fog Robotics

TABLE I: Comparative experiments for learning deep object recognition
for simulation to reality transfer over Cloud, Edge and Fog. Metrics include
mean Average Precision (mAP) on real images, classification accuracy on
synthetic test images sim_eval, real test images real_eval and both synthetic
and real test images mix_eval. Domain invariant object recognition with
shared feature representation network parameters DIOR_dann model gives
better performance in both simulation and real domain using Fog Robotics.

| Training Set || mAP | sim_eval | real_eval | mix_eval |

Cloud
Sim || 0.13 | 97.97 | 24.16 | 55.5
Edge
Real || 0.62 | 24.64 | 88.1 | 64.92
Fog
Sim + Real || 0.33 90.40 54.12 69.97
DIOR_dann || 0.61 96.92 86.33 95.21
DIOR_adda || 0.61 30.87 90.64 67.82

TABLE II: Computation time for inference t("f) vs round trip communi-
cation time ¢(rtt) (in milliseconds) for inference over Edge (with and without
GPU) and Cloud with EC2 (West) EC2 (East) instances. Results are averaged
across 200 real images. Communication time dominates the computation time
and increases as the distance to the server increases.

| Location ¢(inf) | £(rtt) |
Object Recognition
EC2(East) 31.93 + 1.53 437.63 4+ 100.02
EC2(West) 31.12+1.28 181.61 +22.71
Edge(CPU) 52.34 +4.18 149.32 + 21.04
Edge(GPU) 33.27 + 3.09 119.40+12.06
Grasp Planning
EC2(East) 1906.59 £+ 224.19 | 4418.34 4+ 1040.59
EC2(West) 1880.28 4 207.46 2197.76 £+ 199.44
Edge(CPU) 3590.71 + 327.57 3710.74 + 214.08
Edge(GPU) || 1753.65+201.38 | 1873.164+211.57

Tanwani, Ajay Kumar, Nitesh Mor, John Kubiatowicz, Joseph E. Gonzalez, and Ken Goldberg. "A fog robotics approach to deep robot learning: Application to object
recognition and grasp planning in surface decluttering." In 2019 International Conference on Robotics and Automation (ICRA), pp. 4559-4566. IEEE, 2019.

Copyright © 2022 ETRI. All Rights Reserved.
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Robot-Cloud Offloading (1/3)

e M= ys =0 vs ME

BERE ez, e B e e —

Robot Model

Cloud Model

Platform Cost Accuracy (mAP) | Inf. Time (ms) | DNN Size (MB)
Edge TPU $75 0.169 6.89 MobileNet 2 5.5

ARM CPU $57 0.170 285.56 MobileNet 2 4.7

Cloud GPU $879 | 0.265 56.84 MobileNet 2 20

Cloud GPU $879 | 0.426 447.5 Faster R-CNN 183 10

Copyright © 2022 ETRI. All Rights Reserved.



Robot-Cloud Offloading (2/3)

Video Frames Over Time

Use Robot Model Use Past Prediction Use Cloud

State: sensory input, remaining query budget, age of past prediction, ...

Key Constraint: Limited Queries to the Cloud

Action: which model to choose?

use past prediction cheap, potentially stale prediction
use robot model | :
query cloud model most expensive, highest accuracy, limited budget

Reward: balance prediction accuracy with cost of querying model

Chinchali, Sandeep, Apoorva Sharma, James Harrison, Amine Elhafsi, Daniel Kang, Evgenya Pergament, Eyal Cidon, Sachin Katti, and Marco Pavone.
"Network offloading policies for cloud robotics: a learning-based approach." arXiv preprint arXiv:1902.05703 (2019).

Copyright © 2022 ETRI. All Rights Reserved. 36



Robot-Cloud Offloading (3/3)

RL-based Offloading Policy Learning

0, use past robot prediction §° = frobot (z7°P°t)

ot _ ) 1, use past cloud prediction §* = feloud (z7cloud)
offload 2, use current robot prediction §° = frobot (z*)
3, use current cloud prediction §* = fcioua(z?)
Robot Limited Network Cloud
Past predictions, local model, or cloud
State s* Offload
- at — Cloud Model
offload . .
a' =2 { 1 4 succinct actions: easy to run on hardware
' N
xt yt A
robot
: No network? Use local model (safety)
a' = {0,1} I Reward
Past Predictions e e e e e e o o o= = e

Chinchali, Sandeep, Apoorva Sharma, James Harrison, Amine Elhafsi, Daniel Kang, Evgenya Pergament, Eyal Cidon, Sachin Katti, and Marco Pavone.
"Network offloading policies for cloud robotics: a learning-based approach." arXiv preprint arXiv:1902.05703 (2019).

Copyright © 2022 ETRI. All Rights Reserved. 37



5G 0|5 &4l

5 Things You Need to Know About
5G Brainless Robot

5G:

10 X A catalyst

Decrease in latency: for rObOt
Delivering latency as low S pOPUIarlzatlon

= 10X

Connection density:
Enabling more efficient signaling
for loT connectivity.

Experienced throughput:
Bringing more uniform, multi-Gbps

Cloud server

peak rates. { .
becomes Most
obots’ brains effective

ves
@ 3)( applications

Spectrum efficiency: : Of 5G al"e

Achieving even more bits per Hz with
advanced antenna techniques.

robots

Copyright © 2022 ETRI. All Rights Reserved. (ZX: https://www.naverlabs.com/en/storyDetail/124) 38



14|0|H{ Brainless Robot

NAVER

CLOUD
PLATFORM

4.
1
1
1

<((l))>

MEC Server at Base Station
(Mobile Edge Computing)

4.

LI}
: : 5G Networks

v

e Cerebrum: Clf |
 Cerebellum: 2| .
e Brainstem: | =7|

(Motor Control Unit)

right © 2022 ETRI. All Rights Reserved. (ZX: https://www.naverlabs.com/en/storyDetail/124) 39



14|0|H{ Brainless Robot

(EX: https://www.naverlabs.com/en/5gbrainlessrobot)

‘ ght © 2022 ETRI. All Rights Reserved.



14|0|H{ Brainless Robot

NAVER
CLOUD
PLATFORM

Multiple robots are High processing power High performance and
controlled simultaneously separation to reduce high precision control
(cloud base) energy consumption regardless of the robot's size

Copyright © 2022 ETRI. All Rights Reserved. (EM: https://www.naverlabs.com/en/storyDetail/124) 41



Summary

Cloud Computing

Robot-Fog-Cloud Offloading Optimization

Federated Robot Learning

Fog/Edge

Computing

‘:opyright © 2022 ETRI. All Rights Reserved.
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Robots-as-a-Service(RaaS) 27|

Z£2}0|E EX: https://www.slideserve.com/adem/raas-robotics-as-a-service




RaaS: Robotics as a Service

* A Service Model for Cloud Robotics

Arjun Singh, Ben Kehoe, Ken Goldberg, Pieter Abbeel

University of California, Berkeley

Copyright © 2022 ETRI. All Rights Reserved.
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Example Use Case

* Objects coming down conveyer
belt

* [dentify each object, pick it up,
and place into correct bin
* Low-level control
* Object recognition
* Grasp planning
* Motion planning

Drawing: Ketrina Yim

Copyright © 2022 ETRI. All Rights Reserved.
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How to Solve It with ROS

e Acquire computing hardware
* Install ROS and relevant packages

e Execute and maintain software and
computing hardware

Drawing: Ketrina Yim

Copyright © 2022 ETRI. All Rights Reserved.
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Pros and Cons of ROS

* Huge positive impact on robotics
(especially sharing)

* Core great for messaging, low-leve
control — components that make a
robot operating system

* Asking it to do too much

* All code for everything robotics
related

arjunéperception-data sudo apt-get install ros-groovy-ros-base
eading package lists... Done

eading state information... Done

he following extra packages will be installe

binfmt-support comerr-dev docutils-common docutils-doc krbS-multidev libaprl libapri-dev libaprutill libaprutili-dev libbz2-dev libgssrpcé libgtest-dev libkadmSclnt-mit8
libkadnSsrv-mit8 1ibkdbS-6 libkrbS-dev libldap-2.4-2 libldap2-dev liblogdcxx10 liblogdcxx10-dev libmysqlclient-dev libmysqlclient18 libpg-dev libpgS libsqlite3-dev

Libtinyxml-dev libtinyxml2.6.2 libyaml-0-2 mysql-common python-catkin-pkg python-docutils python-empy python-lxml python-netifaces python-nose python-paramiko python-pygments
python-roman python-rosdep python-rosdistro python-rospkg python-yanl ros-groovy-catkin ros-groovy-cpp-common ros-groovy-gencpp ros-groovy-genlisp ros-groovy-genmsg
r0S-groovy-genpy ros-groovy-message-filters ros-groovy-message-generation ros-groovy-message-runtime ros-groovy-mk ros-groovy-ros ros-groovy-ros-comm ros-groovy-rosbag
ros-groovy-rosbash ros-groovy-rosboost-cfg ros-groovy-rosbuild ros-groovy-rosclean ros-groovy-rosconsole ros-groovy-roscpp ros-groovy-roscpp-serialization
rOS-groovy-roscpp-traits ros-groovy-roscreate ros-groovy-rosgraph ros-groovy-rosgraph-msgs ros-groovy-roslang ros-groovy-roslaunch ros-groovy-roslib ros-groovy-roslisp
ros-groovy-rosmake ros-groovy-rosmaster ros-groovy-rosmsg ros-groovy-rosnode ros-groovy-rosout ros-groovy-rospack ros-groovy-rosparam ros-groovy-rospy ros-groovy-rosservice
roS-groovy-rostest ros-groovy-rostime ros-groovy-rostopic ros-groovy-rosunit ros-groovy-roswtf ros-groovy-std-msgs ros-groovy-std-srvs ros-groovy-topic-tools
ros-groovy-xmlrpcpp sbcl uuid-dev

Packages required for barebones ROS installation

arjunéperception-data sudo apt-get install ros-groovy-desktop-full

eading package lists... Done

uilding dependency tree

eading state information... Done

he following extra packages will be installed:

autoconf automake autotools-dev binfmt-support blt collada-dom-dev collada-dom2.4-dp-base collada-dom2.4-dp-dev comerr-dev docgenerator docutils-common docutils-doc ffmpeg
generatorrunner graphviz hddtemp krbS-multidev libapiextractor-dev libapiextractord.10 libaprl libapri-dev libaprutill libaprutill-dev libasound2 libasound2-dev libassimp-dev
libassimp2 libav-tools libavahi-client-dev libavahi-common-dev libavdeviceS3 libavfilter2 libbz2-dev libcaca-dev libcdt4 libcgraphS libcppunit-1.12-1 libcppunit-dev libcurl3
Libcurl4-openssl-dev libdb4.8 libdbus-1-3 libdbus-1-dev libeigen3-dev libfltkl.1 libfltkl.1-dev libfreeimage-dev libfreeimage3 libgcryptll libgeryptll-dev libgenrunner-dev
libgenrunnerd.6 libgl2ps-dev libgl2psd libgnutls-dev libgnutls-openssl27 libgnutls26 libgnutlsxx2? libgpg-error-dev libgraph4 libgssrpcé libgtest-dev libgves libgvprl
libidnl1-dev 1ibjs-sphinxdoc libjs-underscore libkadnSclnt-mit8 libkadmSsrv-mit8 1ibkdbS-6 libkrbS-dev libldap-2.4-2 libldap2-dev liblogdcxxi® liblogdcxx10-dev libltdl-dev
libmysqlclient-dev libmysqlclientl8 libncursesS-dev libnetcdf-dev libnetcdf6 libnetpbmld libnetpbmi0-dev libodbcl libogg-dev libogre-1.7.4 libogre-dev libopenjpeg2
1ibp11-kit-dev libpathpland Libphonon4 libpoco-dev libpococryptod libpocodatad libpocofoundationd libpocomysql9d libpoconetd libpoconetssl9 libpocoodbcd libpocosqlited
Tibpocoutil9 libpocoxml9 1ibpocozipd libpostprocs2 libpg-dev 1ibpgS libprotobuf-dev libprotobuf-lite? libprotoc-dev libpulse-dev libpulse-mainloop-glibd libpulsed
Libpyside-dev libpyside-py3-1.1 libpysidel.1 libpython3.2 libghull-dev libghullS libqt4-dbus libqté-declarative libgtd-designer libqt4-dev libgtd-help libgtd-network
1ibgtd-opengl ibqtd-opengl-dev libqt4-qt3support libgtd-script libgtd-scripttools libqtd-sql libgtd-sql-sqlite libgté-svg libqtd-test libgtd-xml libqté-xmlpatterns
libgtassistantclientd libqtcore4 libqtguid libgtwebkit-dev libgtwebkit4 libqwt-dev libqwtS-qt4 libawt6 librtmp-dev libsdl-imagel.2 libsdl-imagel.2-dev libsdll.2-dev
Libshiboken-dev libshiboken-py3-1.1 libshiboken1.1 libslang2-dev libsqlite3-dev libsvnl libtar-dev libtard libtasnl-3-dev libtbb-dev libtbb2 libtheora-dev libtinfo-dev
Libtinyxml-dev libtinyxml2.6.2 libtool libvél-dev libvtkS-dev libvtkS.8 libwxbase2.8-0 libwxgtk2.8-0 libxaw7-dev libxml2 libxml2-dev libxmu-dev libxmu-headers libxpm-dev
Libxss-dev libxss1 libyanl-0-2 libyaml-dev libzzip-0-13 libzzip-dev mé mysql-common phonon phonon-backend-gstreamer python-catkin-pkg python-docutils python-empy python-epydoc
python-glade2 python-jinja2 python-lxml python-matplotlib python-matplotlib-data python-netifaces python-nose python-opengl python-paramiko python-pydot python-pygments

python-pyparsing python-pyside python-pyside.phonon python-pyside.qtcore python-pyside.qtdeclarative python-pyside.qtgui python-pyside.qthelp python-pyside.qtnetwork
python-pyside.qtopengl python-pyside.qtscript python-pyside.qtsql python-pyside.qtsvg python-pyside.qttest python-pyside.qtuitools python-pyside.qtwebkit python-pyside.qtxml
python-qt4 python-qtd-dev python-gtd-gl python-qwtS-qté python-roman python-rosdep python-rosdistro python-rospkg python-sip python-sip-dev python-sphinx python-tk python-tz
python-wxgtk2.8 python-wxversion python-yaml qdbus qt4-linguist-tools qt4-guake ros-groovy-actionlib ros-groovy-actionlib-msgs ros-groovy-angles ros-groovy-bfl ros-groovy-bond
ros-groovy-bond-core ros-groovy-bondcpp ros-groovy-bondpy ros-groovy-bullet ros-groovy-camera-calibration ros-groovy-camera-calibration-parsers ros-groovy-camera-
ros-groovy-catkin ros-groovy-class-loader ros-groovy-collada-parser ros-groovy-collada-urdf FoS-groovy-Common roS-groovy-Common-sgs ros-groovy-Common-rosdeps
ros-groovy-common-tutorials ros-groovy-compressed-depth-image-transport ros-groovy-compressed-image-transport ros-groovy-console-bridge ros-groovy-convex-decomposition

nfo-manager

ros-groovy-cpp-common ros-groovy-cv-bridge ros-groovy-depth-image-proc ros-groovy-diagnostic-aggregator ros-groovy-diagnostic-analysis ros-groovy-diagnostic-common-diagnostics
ros-groovy-diagnostic-msgs ros-groovy-diagnostic-updater ros-groovy-diagnostics ros-groovy-documentation ros-groovy-driver-base ros-groovy-driver-common
ros-groovy-dynamic-reconfigure ros-groovy-eigen-conversions ros-groovy-executive-smach ros-groovy-filters ros-groovy-flann ros-groovy-gencpp ros-groovy-genlisp
ros-groovy-genmsg ros-groovy-genpy ros-groovy-geometry ros-groovy-geometry-experimental ros-groovy-geometry-msgs ros-groovy-geometry-tutorials ros-groovy-image-common
ros-groovy-image-geometry ros-groovy-image-pipeline ros-groovy-image-proc ros-groovy-image-rotate ros-groovy-image-transport ros-groovy-image-transport-plugins
ros-groovy-image-view ros-groovy-interactive-markers ros-groovy-ivcon ros-groovy-kdl-conversions ros-groovy-kdl-parser ros-groovy-laser-assembler ros-groovy-laser-filters
ros-groovy-laser-geometry ros-groovy-laser-pipeline ros-groovy-message-filters ros-groovy-message-generation ros-groovy-message-runtime ros-groovy-mk ros-groovy-nav-msgs
ros-groovy-navigation ros-groovy-navigation-tutorials ros-groovy-nodelet ros-groovy-nodelet-core ros-groovy-nodelet-topic-tools ros-groovy-opencv2 ros-groovy-orocos-kdl
ros-groovy-pcl ros-groovy-pcl-msgs ros-groovy-pcl-ros ros-groovy-perception-pcl ros-groovy-physics-ode ros-groovy-pluginlib ros-groovy-polled-camera
ros-groovy-python-qt-binding ros-groovy-qt-dotgraph ros-groovy-qt-gui ros-groovy-qt-gui-app ros-groovy-qt-gui-core ros-groovy-qt-gui-cpp ros-groovy-qt-gui-py-common
ros-groovy-resource-retriever ros-groovy-robot-model ros-groovy-robot-model-tutorials ros-groovy-robot-model-visualization ros-groovy-robot-state-publisher ros-groovy-ros
r0S-groovy-ros-comn ros-groovy-ros-tutorials ros-groovy-rosbag ros-groovy-rosbash ros-groovy-rosboost-cfg ros-groovy-rosbuild ros-groovy-rosclean ros-groovy-rosconsole
ros-groovy-rosconsole-bridge ros-groovy-roscpp ros-groovy-roscpp-serialization ros-groovy-roscpp-traits ros-groovy-roscpp-tutorials ros-groovy-roscreate ros-groovy-rosgraph
ros-groovy-rosgraph-msgs ros-groovy-roslang ros-groovy-roslaunch ros-groovy-roslib ros-groovy-roslisp ros-groovy-rosmake ros-groovy-rosmaster ros-groovy-rosmsg

Packages required for full ROS installation

Copyright © 2022 ETRI. All Rights Reserved.
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Pros and Cons of ROS

* Intimidating for non-roboticists

* Nontrivial to set up secure distributed networking with ROS -- need to
understand VPNs, have control over network environment, etc.

» Dependencies can turn into a nightmare (especially with multiple ROS
versions)

Copyright © 2022 ETRI. All Rights Reserved.
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Computing Environment has Changed

* ROS design started in 2006 — a lot has

My Document comments S
Changed! File Edit View Insert Format Tools Table Help A[[changese
= o~ P Normaltext Arial 1" More S
* Cloud computing: Easy access to vast . . 4

numbers of machines

» Software engineering: Service-oriented
architectures and Software as a Service
* E.g. Google Docs vs. Microsoft Office
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Example Services — Motion Planning
e
I

Start State

Motion
Planning
Service

>

(i

‘\— Output Trajectory
N

B Goal State
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Example Services — Object Recognition

Object
Recognition
Service

Input Scene

Detected Objects
and Poses

Copyright © 2022 ETRI. All Rights Reserved.
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Our Idea: Robotics as a Service (RaaS)

* Publish algorithms as
services

e Consume services on your
robot

e Collaborative data
collection

)
m Users
Object Motion Grasp Motion
Recognition Planning 1 Planning Planning 2

Algorithm Developers
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Related Work

Cloud Robotics
Rapyuta (www.rapyuta.org/) Robotics Platform as a Service

Rocon (www.robotconcert.org/) Higher-level orchestration

Goldberg et al. 1995 Networked robotics
Arumugam et al. 2010 Cloud computing for robots
Ciocarlie et al. 2010 Big data for robotics
Kuffner 2010 Cloud-enabled robots
Remy and Blake 2011 Service-oriented robotics
Blake et al. 2011 Service-oriented robotics
Waibel et al. 2011 Shared knowledge

Open-Source Tools
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Why RaaS?

Limited Resources Code Sharing Encapsulation Parallelism  Common Interfaces
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Why RaaS?

Limited Resources

* Some robotic platforms have limited onboard
computation (e.g. Baxter)
* Can’t run sophisticated robotics algorithms

* Need offboard computation — use the cloud or buy
computers

* Services give a straightforward way to move
computation to the cloud

Photo: David Yellen for IEEE Spectrum
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Why RaaS?

Code Sharing

* Spend months working on your algorithm, finally finish it, and you
want to share it

* Need to figure out what all the dependencies are
* Need to document how to install everything

* Need to document how to use your code

* Don’t have time for any of these

* Packaged service: only worry about APl users interact with

Copyright © 2022 ETRI. All Rights Reserved.
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Why RaaS?

Encapsulation

* Robotics requires integrating many different
components

* Vision, NLP, control, messaging, planning,
grasping, etc. — each alone is complex

* Huge number of dependencies — something is
bound to conflict

* Services force encapsulation of components

* Use object detection and planning systems
without worrying about conflicts

Object Detection:
Dependency A 1.0
Dependency B 2.1
Dependency C 2.5

Motion Planning:
Dependency B 2.1
Dependency C 3.2

Object Detection:
Dependency A 1.0
Dependency B 2.1
Dependency C 2.5

Motion Planning:
Dependency B 2.1
Dependency C 3.2

Copyright © 2022 ETRI. All Rights Reserved.
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Why RaaS?

* Service: natural interface for
parallelizing computation

* Insulates user from
managing parallelism

e Automatically run multiple
instances of a service on
multiple machines

Parallelism

Queue

>

Object
Recognition
Service

Object
Recognition
Service

Object
Recognition
Service

Copyright © 2022 ETRI. All Rights Reserved.
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Why RaaS?

Common Interfaces

* Easy benchmarking and comparison

e Use common interfaces when defining services
* E.g. object recognition systems
* Input: Image
* Qutput: List of object identities
* Can’t expect researchers to implement interfaces at a library level

* Swap out services

Copyright © 2022 ETRI. All Rights Reserved. 59



RaaS Workflow

Copyright © 2022 ETRI. All Rights Reserved.
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RaaS Workflow — Algorithm Developers

Motion
Planning 2

Motion
Planning 1

Object
Recognition

Grasp
Planning

fomt femd
8 848 &
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RaaS Workflow — Algorithm Developers

Launch Machine on Amazon EC2

e Write your usual code def detert

Name:
* Wrap with service code anamu Ec: Z"Diet Coke Can"]

e Create Amazon Machine W@AgﬁyICGST““

Image (AMI) Instatedepe 5 mi-a3f9e3d4

* Publish your service user@amazquy o install ...
Tl le¥de Service Definition: e ...

@metho Object_detection_service.py

CredtBsAhny xcts’)
Aef Ade:

Publish Service

Instance Mana

Connect my_detector.detect_objects(image)
Get System Log ects

Create Image (EBS AMI)

Add/Edit Tags

Copyright © 2022 ETRI. All Rights Reserved. 62



RaaS Workflow — Algorithm Developers

* Make creating a web service as simple as possible
* Ignore HTTP, serialization, encoding, webservers, etc.

* Rich set of types available for service methods

 Strings, floats, integers, binary blobs, raw files, timestamps, durations, poses,
transformations, vectors, matrices, images, point clouds

* Create your own

* Can serve ROS nodes as web services

Copyright © 2022 ETRI. All Rights Reserved.
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RaaS Workflow — Algorithm Users

Motion Planning 1
Grasp Planning
Object Recognition

Motion Planning 2 8

Grasp Planning

Copyright © 2022 ETRI. All Rights Reserved.

64



RaaS Workflow — Algorithm Users

* Choose services Servige Refinition: Author AMI ID
class ObjectDetectionService(Service):
e Launch machines in the _ _ Oe8
@method_input(Image, 'image')
cloud @method_output([String], 'detected_objects') 8
. def detect_objects(self,**inputs):
e Connect to machine and image = inputs['image'] 133
use services detected_objects =.my_detector.detect_ob cts(image)
return detected_objects \d4
* Detect objects in images, I

Detected Objects

mnd DAanan~

plan motions, etc. CTRAECEde:
service = connect('http://your-ec2-hostname/object_detection')
Choose an Amazon Machine Image (AMI) from one/of the tabbed lists below

# de| Quick Start || My AMIs AWS Marketplace
dete:

viewing: [ All Images 4 ) (ami-d88710e8
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RaaS Workflow — Algorithm Users

* Compare different algorithms implementing the same interface by
changing a single URL

 Again, ignore serialization, encoding/decoding, HTTP, etc. — use like an
ordinary function call

* Use web-service-based ROS Nodes as if they were local ROS Nodes

Copyright © 2022 ETRI. All Rights Reserved. 66



How to Solve It with RaaS

* No need to worry about computing
hardware

* Install barebones ROS — (i.e. only
messaging, low-level control, etc.)

» Use object recognition, motion
planning, grasp planning services
from Raa$S

* RaaS complements ROS

Drawing: Ketrina Yim

Copyright © 2022 ETRI. All Rights Reserved.
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Collaborative Data Collection — Example

* Ten camera rig with controllable
turntable

* High quality 3d models from about
600 images in 5 minutes of human
time

* Ship us an object, we upload model
to cloud, you can recognize it in
images

Copyright © 2022 ETRI. All Rights Reserved.




Roadmap

(Almost) Complete (pre-alpha) Future Work
e Service framework = Linux containers rather than
implemented for Python Amazon Machine Images
* Service directory implemented = Can then run services anywhere —
for EC2 in your lab or in the cloud

* Need to polish up rough edges

. " [nfrastructure for other
and automate tedious steps

programming languages

= Data collection APIs

Interested? Email us! arjun@eecs.berkeley.edu
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Sense

A 4

Plan

\ 4

Act
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Sense

Plan

Y

Feedback

Act

A
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A 4

A 4

Sense Plan Act

Unsupervised/Active/Semi-Supervised Domain Adaptation

Online Incremental(Continual, Lifelong) Learning
Reinforcement Learning, Self-Competence Aware Learning

Y

A

Feedback
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Cloud Robotics Platform
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Online Incremental(Continual, Lifelong) Learning
Reinforcement Learning, Self-Competence Aware Learning

Y
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Cloud Robotics Platform

Multi-Task, Transfer Learning

Federated, Cooperative, Collaborative Learning

A 4

Sense

Plan

Unsupervised/Active/Semi-Supervised Domain Adaptation

Y

Feedback

Online Incremental(Continual, Lifelong) Learning
Reinforcement Learning, Self-Competence Aware Learning

A 4

Act

A
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Robot Edge Server Cloud
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An important challenge for machine learning is not necessarily
finding solutions that work in the real world, but rather

finding stable algorithms that can learn in real world.
(Timothée Lesort, 2020)




