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Rotary Inverted Pendulum

® Rotary Inverted Pendulum (RIP)

— a nonlinear dynamical system

— a pendulum mounted on an arm end

— one motor & an arm rotating in the horizontal plane
— 2 joints &> 2-DoF (Degree of Freedom)

| https://www.quanser.com/products/qube-servo-2/

joint-0 : m,

e / joint-1
8 &,
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https://www.quanser.com/products/qube-servo-2/

Classical Control Engineering

@ RIP Controlled by Control Model in Matlab/Simulink

— System Modeling, Dynamic Equation, and Control Algorithm
[1995~2010]

» https://kr.mathworks.com/videos/physical-modeling-building-a-rotary-
pendulum-118779.html

« http://www.seas.upenn.edu/~jiyvuehe/rotary-inverted-
pendulum/SystemModeling.html

We have
e 1 s At T = 1, AL opa
5 =—7—I:(—sm0=: +cosb, )=V, =1y, =;I:l9_,(—cost9_,1 —sind, j)
And
Vo =64
Thus

Vao =Vga tV00 = (0111 —%Iﬁ_. cosd, )i —

Select point O the datum for potential energy. So, the potential energies are:

V=0V, = m:g(%lz cos@,),V =V,

Ignore the 3D printed structures of the arm since they are light. Thus, the arm's kinetic energy| ~
pulley, the rotational kinetic energy of the copper rod, and the translational kinetic energy of th| *
mass):

b, Wachalls. s
I =51101 +§1[9, +Ern,\"m

Kinetic energy for link 2 (the pendulum) is:

ode2st ; &

1 52, 1 2 - 1 252 , 1 3 1,5 = ~ R
L= 31:0: +5m:\50 = Em:I:(): +5m:[(0,Il —EI:H:c -

| -


https://kr.mathworks.com/videos/physical-modeling-building-a-rotary-pendulum-118779.html
http://www.seas.upenn.edu/~jiyuehe/rotary-inverted-pendulum/SystemModeling.html

RIP Controlled by Remote Model

@ RIP Controlled in an OpenFlow Network [2014 ~ Current]
— Controller located remotely from the real pendulum system
— MIDAS (MIDdleware Assurance Substrate)

 https://repository.upenn.edu/cqgi/viewcontent.cgi?article=1821&context=cis

papers



https://repository.upenn.edu/cgi/viewcontent.cgi?article=1821&context=cis_papers

Deep Reinforcement Learning

® Deep Reinforcement Learning

MZE 23| 5t (Deep Reinforcement learning)2 &12|9| &
CHOI A “Ho|El HO|HET AMe| MEHE QIAISH0, MEH 7t

dss T BEd= Z0siols ds 22
2lstol Hlejd mHS =2 Y
"'_‘ Agent }
state reward action
Sr Rr Ar
;_- RHl (
S.. | Environment |
B Oos2 5 |
— Deepmind'’s

Atari Breakout
with DQN (2015)

« https://www.youtube.com/watch?v=V1eYniJORnk



https://www.youtube.com/watch?v=V1eYniJ0Rnk

Deep Reinforcement Learning for Device Control

Stanford Autonomous Helicopter

Pieter Abbeel et al. “An _Application of
Reinforcement Learning to Aerobatic
Helicopter Flight” Advances in Neural
Information Processing Systems
Conference, 2006.

End-to-end control

standard state . . low-level
. ) o modeling & motion motor

robotic observations estimation . . controller
. prediction planning torques

control (e.g. vision) (e.g. PD)

deep @:D @.D ............ @ @.D mOtor
sensorimotor observations [:> % ------------ % [> S T [
learning @ ® () Gy a




Reinforcement Learning at Edge or Cloud

IEEE loT-Control of Dynamic Systems Using

Internetof Things Cloud-Fog Machine Learning
Mehdi Roopaei March 14, 2017 University of Texas

loT-Control

o == Deslred Traject
Edge Controller . Cloud = R Tr;rianﬁn
Servers
Fog Smart loT
SIS Device
Smart laT
i Infrastructure Fug

‘ Servers
" LY
Dynamic L
System A
Vv . External
Uncertainty Diaturbantit‘a/

- Control at cloud has inherent challenge in real-time situation due to

latency caused by congestion
- Control at edge can provide the stability of the dynamic system agalnst

the network fluctuations




https://www.edgexfoundry.org/

EdgeX
The Open Interop Platform for the l1oT Edge

Vision: Create a common interoperability framework that enables an ecosystem
of plug-and-play "EdgeX certified” components.

[ I] [i E% F [] U H I] H Y (r\'b REQUIRED INTEROPERABILITY FOUNDATION
* @ — =

Platform Architecture dec — = REPLACEABLE REFERENCE SERVICES

“NORTHBOUND" INFRASTRUCTURE AND APPLICATIONS

LOOSELY-COUPLED MICROSERVICES FRAMEWORK CHOICE OF CONTAINER DEPLOYMENT REMOTE/LOCAL GUI
PROTOCOL
APPLICATION/EXPORT SERVICES
REVERSE =
PROXY CLIENT REGISTRATION DISTRIBUTION ADDITIONAL SERVICES - g
3
n o
mZ
@ SUPPORTING SERVICES Y2
o
= ALERTS & ADDITIONAL
o
& RULES ENGINE SCHEDULING NOTIFICATIONS HOGGING SERVICES S
Elll & z
o 3 ALL MICROSERVICES INTERCOMMUNICATE VIA APls = 5
2 = CORE SERVICES g 2
el =
v = — m
z CORE DATA E COMMAND METADATA S REGISTRY & CONFIG n | 2
E =
o In}
: m
2 3
DEVICE SERVICES (ANY COMBINATION OF STANDARD OR PROPRIETARY PROTOCOLS VIA SDK) 2
-
ADD'L
SECRET REST OPC-UA MODBUS BACNET ULE BLE MaTT ENOCEAN  VIRTUAL DEVICE
STORE SERVICES

A
bED LSS E e D e 8

“SOUTHBOUND" DEVICES, SENSORS AND ACTUATORS




Our Target System

An Edge-Controlled Rotary Inverted Pendulum System
using Deep Reinforcement Learning in an OpenFlow Network

@ Three Outstanding Features

— 1. Deep RL-based Control
« Model-Free Approach - DQN (Deep Q-Network)

. “ EdgeX/
— 2. Edge-Cotrolled Nl "-... g Al Engine
« EdgeX Open Platform (DQN)

— 3. Networked Remote Control
« SDN-based Switched Network

Controller
(Cloud)



Deep Reinforcement Learning for RIP Control

@ RIP Dynamic System Control

then (11) can be rewritten as

6 =T

Define the energy function of the RIP as

1
E(t)=—J8 +m]lg(cosb -1)

"

and then we have

E(t)=(J8 —m/l gsinb,)6
From (3) and (14), it can be change i

E(t)=mlcosPB-l7 +I5

Based on the Lya
Lyapunov function ¢

Whose derivative is

V=EE =Em

6=J"-al6)6,+p(6)6 +y(6)) (6)
where
J=J +ml >0 7
a(8)=mll cos6, (%)
B(6) =m] sinbcosb, 9)
y(8)=m] gsin6, (10)
Further substituting (gaanto (2) yields
25(6,)6,6,
(1
(So+m (L +1s
2 16)r(6))
+2m | sinB,cos6,6 T
m ] l,cos66,+(J, +
)-J 'a (8,) (12)
where 8, [,
the inertia of
mass, 6, is the d the §,
center of gravity, and [, is the distance from the joint-1 1o the | 6
center of gravity (13)
Clearly, the dynamic equations (2) and (3) are nonlinear, 0,)r(6)+5(6)7
they can be linearized around the vertical inverted state 8, = 0

and 6, = 0 as below
(J,+ml )6, +mll6 =1 @)
mil8,+(J, +ml’ )6 -mlgh =0 (5)

which will be used for upright position control after the

nendulum is swune un suc

p—

Classical Control Model
based on PID and LQR

DQN

-| Agent
»| AQ |

state action

| Environment |[€————
\
o/ | |
joint-0 K‘ m y

Model-free
Deep Q-Network

10



RIP System — QUANSER QUBE Servo?

https.//www.quanser.com/products/qube-servo-2/

PC/
Microcontroller

- Motor Voltage
SPI

——p»{ Encoder |——p EI%20 AQ #0 ———P»
DAQ PWM

. ——»1 DC Motor
— | El1#1 20 lg—ono  Amplifier

- Motor(Angle v
- Motor|Angular Velocity

Indicator LEDs

- Pendulum|Angle
- Pendulum Velocity

Rotary
Pendulum

Encoder |(¢—

- DAQ (Data Acquisition)
- PWM (Pulse Width Modulation
- SPI (Serial Peripheral Interface) 11



Proposed Distributed System
in OpenFlow Network

[EdgeX/RL/MQTT Broker]
- IP address = 10.0.0.1

- EdgeX Platform

- Deep RL (TensorFlow/Keras)

I Motor Voltage - Deep Q-Learning
| &
I
|
I
|
- [Raspberry Pi] I Bogus
- IP address = 10.0.0.2| Motor Voltage Traffic Motor Angle/Speed &
7 ' & = Pendulum Angle/Speed
; ' [OpenFlow Switch]
y Motor - OpenVSwitch (OVS)
_________________ Angle/Speed
&
Pendulum

Angle/Speed

. I
Bogus Traffic Flow Rule Modification

Bogus Traffic (FLOW_MOD_PACKET)

Generator

SDN Controller
- ONOS
12



RL Environment: Cyber-Physical System (CPS)

Physical Env.

SPI

Environment

Edge Controller

‘'motor_volt’ topic

<

Cyber Env.
reset() Agent
step(action) (DQN)

»

‘state_info’ topiE

MQTT Broker

13




Overall Control Flow

Episode Start

reset()

| Pendulum Suspension
T

Swing Up

Initial state

step(action) -«

[ BALANCE CONTROL J State, Reward

Done

Model Parameter )
Update




Pendulum Suspension & Swing-Up Control @
Raspberry Pi

MQTT-TCP/IP
Ethernet

[

\

MQTT
Broker

: . reset()
Suspension | - suspension®
/ ‘suspension® ~ 'suspension <
— motor voltage |+
| (voltage=0)
> 'state-info*’ , P~
pendulum & > state-info™ | ‘'state-info*’
motor g
! *I
angle/speed S reset*” ) reset
motor voltage until pendulum
) + 15° of upright
pendulum & | 977 oot complete* | »
motor with state-info reset complete 'reset lete*”
angle/speed »|  with state-info res_teh csr:p.efe
with state-info state )
v v v v Y Y
* MQTT Message

Swing-up Control Implemented Heuristically

15
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State Management at Environment

@® State Information from the RIP Environment

CtR| AEf M E (4-elements) SEf ‘S E (Time-Series)

Pendulum Angle & Velocit
g d0k1 y State n-History
- Ok P Oy (= Elements

4-elements state

M A | & V | » O (0011 0(,)11 9021 9(,)2)
otor Angle elocit , ,

g dez y 1 9"1 1 (611,611, 012, 012)

Orz P Ok (= —°)

w N
> D
X~ =
N N

n (Hnly 1,11; 0712! 01,12)

=],
of
(DQN)

%I-

r 1o
r|>

16




State Management at Environment

@ States Information (Time-series)

Motor
. Angle
Pendulum Angular .
Velocity (radian/ms) .. mA:4 (radian)
e . ‘
-
Pendulum T P 083 08 “. Motor Angular
Angle - ' ' ' ' Velocity (radian/ms)
(radian) 0.024 -0.8 0.092 1.8

0.024 0.0 0.091 -0.2
0.021 -06 0089 -04
0014 -14 00/6 -26
0.014 0.0 0.078 0.4
0012 -04 0.082 0.8
0.012 0.0 0.083 0.2
- 0.013 0.2 0.083 0.0

Dimension & Shape of a State Data: (n, m, 1) = (10, 4, 1)

n=10 7

} 7msec.



CNN based Deep Q-Network

® CNN (Convolutional Neural Network)

Input
P ) Conv Layer 1 )  Conv Layer 2 ) Densel ) Dense?2
10 x4 x 1
-—: - — B Dense2
~I= —H . Ll 3)
- 32 Filters —: " - 64 Filters Output = ||
- Filter Shape: 4, 4) — - Filter Shape: (4, 1) Shape: o L
Output 4 1,64 [ L
Shape: — Dense1
7, 1,32) || (128)
Flatten

(256) 18



RL Actions

@® Three Motor Power Indices

Motor Power Index

“Power Index to Voltage Conversion” I

1 Motor Voltage

Action Selection
(One of Three Motor Power Indices)

-60 0 60

2+3}
ol Xl

L

(DQN)

J9l
zl>

19



Reward & Score

® Reward (every step)
- DY Step AT B2 41
— Step =AO| Rail2l Z%:-100
« 1) Pendulum is out of £7.5° of upright
« 2) Motor is out of £90° of inside

® Score (every episode)
— olo| o|mAE LYo M 2t AE RewardQ| &

10000 -

® Score Graph

6000 A

4000 A

2000 A

0 .__—-\_—M\M———AM

T T T T T T T T T

0 25 50 75 100 125 150 175 200
Episodes

Q QUANSER
INNOVATE - EDUCATE

GUBE-Servo 2
ROTARY SERVO EXPERIMENT
wew.

20



Deep Q-Learning

@®Episode
— Sequence of states, actions and rewards
S0y B0 £ S5 LYy T 15> » = 5 ST _1,AT_1,TT—1, ST, T'T
@®Q-Function

— M= 7tX| 2t (Action Value Function)
— Yoo JEfO|M O H=0| HOrLt E2X| EHF=

A
k=



Q-function Approximation = Q-Network

e :
O R

State s \‘?(‘& ' ' . ‘ XA @ NN(s)
e Ve ioRT

XY

Loss = (NN(s) — y)*?

NN(s) = Q(s)

y=0Q(s)
~ 1+ Yy max Q(s’,alf)

22




Deep Q-learning with CNN

D
Experience ~ Replay memory rE?n?SaOtTh
® DQN Algorlthm (Peyaes Tty Dri1) (85, 5,75, j+1)
Reward T4 J Reward T3 \
Next state f,?55+1 Agent| DON < » Next state t;bH_l Agent| DON e
Q-value
Action | Action
Qg y
— Environment — Environment
Algorithm 1 Deep Q-learning with Experience Replay
Initialize|replay memory D|to capacity IV
Initialize action-value function ¢) with random weights
for episode = 1, M do
Initialise sequence s; = {z } and preprocessed sequenced ¢, = ¢(s1)

fort=1,T do

With probability € select a random action a;
otherwise select a; = max, Q*(¢(s¢), a; 8)
Execute action a; in emulator and observe reward r; and image x;1
Set 8441 = 83,04, ;41 and preprocess ¢y = d(S¢41)

Store transition (¢¢, at, ¢, ¢y1) in D

Sample random minibatch of transitions (¢;, a;, 7, ¢;+1) from D

C Tj
Set y; { rj +ymaxy Q(¢jt1,a’;0)
— Q(9;,a;; 9))2 according to equation 3

Perform a gradient descent step on (y;
end for
end for

for terminal ¢; 4

for non-terminal ¢;

23




_|OF

Imitational RL (22} 23}

=5

® Learning Acceleration
— with help of classical PID control model

— Fill up a large number (20,000) of good transitions (¢;,a;,7j,¢;+1) into the
replay memory
((ﬁj:ﬂ'j:«'rji ¢j+l)

PID —~ Replay memory Random
Controller ~ |minibatch

(¢j1GJ3Tj1¢j+l)

Reward 14 v
Agent| DQN [ae

Next stateghy 1

Action
(4

A

Environment

PID (Proportional-Integral-Differential) 24



Balance Control via Imitation Learning
MQTT-TCP/IP m mocel
Ethernet N

A
[ |

MQTT
Broker
action
from
PID model

step(action)

, ‘motor_volt*' P
'motor_volt*’ 'motor_volt* | ( _ )
" ) ower = X
: = (pOWGI’ = X) P
(power = x) I

~_motor voltage o
‘ memory
20,000

o
>

pendulum &

motor 'state-info*’ 'state-info*’
angle/speed > 'state-info*’

>
v v / v

Loop Period = S5msec.

v

v
n
—+
Q
=
D

AN

* MQTT Message



Balance Control via Deep RL

MQTT-TCP/IP
Ethernet

Deep
Q-Learning
(CNN)

[

MQTT
Broker

Ti

action
from
Dee N

* MQTT Message

) step(action
, » ‘motor_power* |« P )
. " motor_power <
~_'motor_power* | (power = x)
power =) (power = x) Loop
motor voltage Period
= bmsec.
pendulum & \\
motor state-info*’ state-info*!
angle/speed ! 'state-info*’
> state
—
3 . . _ is_done
“is_done=True condition” '5—d°“e-Truel —False
' \ [FAIL-done] 1) Pendulum is out of +7.5° of upright
2) Motor is out of +90° of inside Learning
[SUCCESS-done] Continuously 10,000 steps are executed (Parameter

Optimization)




Experimental Results

® Episodic Scores & Losses

— Success-done condition (continuous 5.000 steps within an
episode) repeats 20 times.

5000 __ score l F | o1 I 10°
EMA_Score [ | r 3
4000 \‘r ‘ \ 10
10°
o 3000 - { ”
(% 8 10'
2000 1 | | \ -
(4 1 {4 10’
1000 ' | N l . ‘L‘ |
J ‘ A | | | ‘ 10-"
0 JJ”‘Y‘M-UA_ WWL( L“ Th" ‘U‘-“ W L\L‘ ) L. L ‘ u
0 100 200 300 400 500 600 107
Episodes

@ Episodic Score & Losses (with imitation learning)

5000

4000

3000

Score

2000

1000

0

—— Score

EMA_Score

{

0

| f
W f
M‘vx'.twlrd .

10

. }r 10°
“ 10?
il 2
‘ 3 10
 (IR) -
(| 4
W |
i 107
.
100 200 300 400 500 600 107
Episodes

uw'%k - e

i WY |

L i WWJ".&%W'VM
'

| W,tuwﬂt *!-.V%‘lw.'%}% 4'L'

| A\

Episodes



https://www.youtube.com/watch?v=vHd7vtadwdc&t=3s

Learning Progress

Learning Started After 200 Episodes

Cyber System:
Rotary inverted pendulum system is composed of (using reinforcement learning algorithms)
Physical System and Cyber System. CNN-based Deep Q-Network

After 400 Episodes After 600 Episodes

\

4 Features: Output Data:
pendulum angle, pendulum angular velocity, The output data are 3 actions (MOTOR PWM).
motor angle, motor angular velocity Possible value is one of =60, 0, 60.

After 850 Episodes Learning Finished !

Ist layer:
kernel size = (4,4,1) 4th layer:
number of kernels = 32 number of neurons = 3



https://www.youtube.com/watch?v=vHd7vtadwdc&t=3s

Control/Feedback on EdgeX platform

® Command via EdgeX (device-mqtt microservice)

Heommoe switch

Raspberry Pi 2

b

hrﬂ’ker

: Agent
EdgeX Client Env.
g (DQN)
httpflocalhost 48082/ apiiv1 /device/Sbb. . fcommand1af...
‘motor_volt’
- v " export-client/ | Edgex\‘-
core-command export-distro
: —T—— |
pub device-mqtt core-
‘ ' metadata
core-data | rulesengine |
| MongoDB |
\\.__ —_— __.J_;-‘

29




Control/Feedback on EdgeX platform

® Response via EdgeX (device-mqtt microservice)

By |'state_info’

SERVO2

switch -

;

T’stat

sub

‘ hrjker ?

. Agent
EdgeX Client Env. (DQN)
e_info’
status: 200 ok
[ | | export-client/ | EdgeX
xcore-commanda ' export-distro
N i
sub—> device-mqtt readings core-
‘ ¥ | metadata
core-data —>| rulesengine |
[hiungnD_B‘ pub

..‘H.--

-

Control/Feedback RTT Time > 1.1 ~ 1.2 seconds <= It’s too long!!!

30




Device Monitoring via
device-mqtt microservice in EdgeX Platform

MQTT-TCP/IP Q
Ethernet N~
" |

A
| [

|
MQTT EdaeX Graph
Broker 9 Generator
device-mqtt
microservice
State Request @<
Repeat
> 'state-info*’ , : '
pendulllJm & rr:joto > state-info* > 'state-info*’
angle/spee > state
| >
Rotary Inverted Pendulum Monitoring
o motor angle | = pendulum angle
v v

1

150
10 " xoaj
*. éo! g 50
: MQTT Message 20 : o
i-ns ‘3
1.0 E
15
E 0 - 0 20
L | time: ) L

31



Remote RL - Network Traffic Flow

Flow #1: Motor [EdgeX/DQN/MQTT Broker]
1 Power Setting Data - IP address = 10.0.0.1

- MQTT Broker Port = 1833
N \y

|
|
|
|
‘ ) I
"3 [Raspberry Pi] .
- 1P address = 10.0.0.21 Flow #2: Motor &
|
|
|
|
|

Pendulum Angle/Speed ¥~ Line Speed: 1 Gbps

[Open vSwitch (OVS)]

Line Speed: 100 Mbps [SDN Controller]

- ONOS

® Normal Traffic for Rotary Inverted Pendulum
— Flow #1 (MQTT/TCP): EdgeX/DQN/MQTT Broker = RASPI/QUBE Servo2

Payload - Motor Power Setting Values

— Flow #2 (MQTT/TCP): RASPI/QUBE Servo2 > EdgeX/DQN/MQTT Broker
Payload - Motor/Pendulum Angle and Speed Values

32



Bogus Network Traffic Flow

Flow #1: Motor [EdgeX/DQN/MQTT Broker]
1 Power Setting Data - IP address = 10.0.0.1

- MQTT Broker Port = 1833
N \y

|

|

|

|

; |
ke [Raspberry Pi] ]

o5t - 1P address = 10,0021 Flow #2: Motor &

|

|

|

|

|

Pendulum Angle/Speed ¥~ Line Speed: 1 Gbps

[Open vSwitch (OVS)]

Line Speed: 100 Mbps

«
' Line Speed: 1 Gbps”
\/ Flow #3: Bogus Traffic

[Bogus Traffic Generator]
- IP address = 10.0.0.3

® Bogus Traffic
— Flow #3 (iPerf/UDP): Bogus Traffic Generator - RASPI/QUBE Servo2
« Payload - Arbitrary Data

» Packet Generation: Transfer Bandwidth - 95Mbps (Total Packet Size: 0.95GBits)
33

[SDN Controller]
- ONOS




SDN Control Message

Flow #1: Motor [EdgeX/DQN/MQTT Broker]
""""""" I Power Setting Data - IP address = 10.0.0.1
[QUBE Servo?2] - MQTT Broker Port = 1833
N =2

I
I
I
I
: I
[Raspberry Pi] .
~IP address = 10.0.0.21 Flow #2: Motor &
I
I
]
I
I

Pendulum Angle/Speed ¥~ Line Speed: 1 Gbps

[Open vSwitch (OVS)]

Line Speed: 100 Mbps

<
' Line Speed: 1 Gbps'

[SDN Controller]
- ONOS

\/ Flow #3: Bogus Traffic Flow Rule Modification
[Bogus Traffic Generator] (FLOW_MOD_PACKET)
- IP address = 10.0.0.3 \

Configuration Info
Flow #1 - priority: 5000
Flow #2 - priority: 5000
Flow #3 - Remove

® Bogus Traffic Blocking

— SDN Controller blocks the port on bogus traffic generator of OVS-switch 24



Network Traffic Monitoring

@ Use “Wireshark”
— Traffic monitoring at the “edgex_enp2s0” port in the OVS-switch

[QUBE Servo?2]

Q QUANSER
INNOVATE E0UGATE
GQUBE:-Servo 2

[
|
[
|
i [
[Raspberry Pi] ‘ \
~IP address = 10.0.021 Flow #2: Motos &
[
|
|
|
[

\
\ Flow #1: Motor [EdgeX/RL/MQTT Broker]
_______ I \  Power Setting Data - IP address = 10.0.0.1
1 - MQTT Broker Port = 1833
\ Q
\ E . &
\‘ N L
\

\

Pendulum Angl&/Speed ¥~ Line Speed: 1 Gbps

— \

[Open vSwitch (OVS)]

o B ThoiE
s

Line Speed: 100 Mbps

«
' Line Speed: 1 Gbps”

—-----p

s

[SDN Controller]
- ONOS

I m(,.“!] { |
\/ Flow #3: Bogus Traffic Flow Rule Modification
[Bogus Traffic Generator] (FLOW_MOD_PACKET)

- IP address = 10.0.0.3 \

Configuration Info
Flow #1 > priority:
Flow #2 - priority:
Flow #3 > Remove

=¥

5000
5000




Network Traffic Monitoring

® Throughput Changes for Each (Data) Flow

Protocols Norma|  Bogus Traffic  Bogus Traffic
Generated Blocked

RL/MQTT Broker
#1 -> MQTT/TCP  146Kbps mp 22Kbps =) 135Kbps
RASPI/Serve-2

RASPI/Serve-2

#2 > MQTT/TCP  419Kbps =p 6.8Kbps m=p 392Kbps
RL/MQTT Broker
Bogus
#3 > iPerf/UDP - 95Mbps -

RASPI/Serve-2



Digital Twinning & Model Transfer

® Model Transfer: Digital Twin System = Real System

— http://cps.ics.uci.edu/research/rotary-inverted-pendulum-example/

The rotary inverted pendulum control example is a case study to
demonstrate model-based design of cyber-physical systems.

5

>
¥

Simulation Model based on The Real System using

Simulink and OpenModelica the Batan S1213 R/C Servo and
EKC-LM3S6965 TI ARM Cortex-M3%



http://cps.ics.uci.edu/research/rotary-inverted-pendulum-example/

Digital Twinning & Model Transfer

® Model Transfer: Digital Twin System = Real System
— Unity3D ML-Agents Toolkit

« https://www.youtube.com/watch?v=Hg3nmYD3DjQ

38


https://www.youtube.com/watch?v=Hg3nmYD3DjQ

Digital Twinning & Model Transfer

® Model Transfer: Digital Twin System = Real System

— Unity3D ML-Agents Toolkit

Agent Agent Agent Agent Agent Agent Agent
A1 A2 B1 C1 D1 DY D3
Brain A Brain B Brain C Brain D
(Internal) (Heuristic) (External) (External)

,  —

External Python
e (Tensorflow)

Learning Environment

39



Digital Twinning & Model Transfer

® Model Transfer: Digital Twin System = Real System

— AirSim on Unity
« https://github.com/Microsoft/AirSim
 https://agithub.com/Microsoft/AirSim/tree/master/Unity

« https://www.youtube.com/watch?v=-WfTr1-OBGQ
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Digital Twinning & Model Transfer

® Model Transfer: Digital Twin System = Real System
— Unity3D €- ROS
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Digital Twinning & Model Transfer

® Model Transfer: Digital Twin System = Real System
— HILS (Hardware in the Loop Simulation)
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Asynchronous Advantage Actor-Critic (A3C)

A3C utilizes multiple Worker agents

Speedup & Diverse Experience
Combines benefits of Value & Policy Iteration
Continuous & Discrete action spaces
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Distributed A3C with Multiple Devices

Worker 1
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Comments & Questions



