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Summer Research Intern

Bachelor’s of Technology _ Master’s of Science Doctoral Position at TUM
Major in Mechanical Engineering NTU, Singapore Robotics, Systems and Control e 5 Encineer at ABB DEGOM
Minor in Robotics 2019 D-MAVT (Distinction) s 2023 —
Indian Institute of Technology, Delhi Internship and Thesis at ABB CHCRC
2016 - 2020 ETH Zrich
2020 - 2023
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I've visited 13% of the world

25/195 countries ol
7/10 world regions ot

4 countries lived

Brleaking
Bad
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Distinction of your Master thesis with the ABB Research Award 2023
Area: Information and Automation Engineering

Dear Tanmay Goyal,

am pleased to inform you that your excellent Master's thesis «Towards Automated and Cost-Effective

o
industrial Data Analytics» has been awarded this year's ABB Research Prize. I_\ |
For this special award, | congratulate you most sincerely. gt ks b Sk 4/

o e e o kg Bk R Lz ML T

the jury has decided to award the prize to one doctoral and éne Master's thesis, The prize is en.
th a total of CHF 10'000. For your Master thesis the jury awards you a prize money of CHF 2'000.
form Ms. Pia Aeschiimann (see letterhead) to which account the money should be transferred

The award ceremony will take place on ETH-Tag, Saturday, 18 November 2023. Please resen
date in your calendar. You will receive a separate invitation with information about the awards
ptember.

1 wish you all the best for the future and continued success in your career

Towards Automated and Cost-Effective
Industrial Data Analytics

e

Master Thesis
Tanmay Goyal
Wednesday 15™ February, 2023
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Very briefly my INITIAL PROJECTS
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ABU Robocon 2018 — Asia’s Largest Robotics Competition

T. Goyal (TUM) 6
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ABU Robocon 2018 — Asia’s Largest Robotics Competition

Control System of Autonomous Robot

— 3 Holonomic Wheels

— 4 LSAO08 line sensor for navigation

— BNOO55 IMU Sensor for orientation

— PID control implemented for robustness in

movement

T. Goyal (TUM) 7
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ROS-Based Autonomous Car — Vision Implementation
( Lane Detection\

| Median Blurring |

Input: Image

from ZED |Canny Edge Detectionl

. Output: Steering Angle
Camera Kalman Filter P §ANg

\ 4

Hough Line with PID
# Transformation

Left and Right

st 4@DOOHT

Boundaries
\Z >4

clideo.com

T. Goyal (TUM) 8
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My most Interesting INDUSTRIAL RESEARCH Experiences
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Micron UV Robot Design Challenge

11.2W UV-C
Lamps

Motors

T. Goyal (TUM)

&5 TUTI
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Multiple ToF sensors for object
detection along the height of the
robot (TeraRanger by Terabee)

RPLIDAR A3
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Micron UV Robot Design Challenge

Robot Battery level
Indication

Live Video Feed From
Camera

Forward Motion

Left Turn 10p — Right Turn

Backward Motion
Stop Button

Mark Sanitation Point While

Motion While Making Map
Back Button

Android Application

T. Goyal (TUM)

UV Robot

11
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Micron UV Robot Design Challenge

T. Goyal (TUM) 12
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Micron UV Robot Design Challenge

© Time

Reset | Left-Click: Rotate.

ROS Time: |403.14 | ROS Elapsed: |93.88

T. Goyal (TUM)
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Machine Learning, Deep Learning and Artificial Intelligence

Predictive Maintenance
Perception
Planning and Decision-Making

Autonomous Navigation

| can learn everything

automatically from A
Human experiences. Machine

Can ulearn?
gk Pl
(2 ()

/’ -
— .
R

T. Goyal (TUM) 14

Object Detection

Control

Yes, | can alsc learn
from past data with the
help of Machine learning

Natural Language Processing
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Machine Learning, Deep Learning and Artificial Intelligence

(r)
Reinforcement Learning ‘eeo!

Unsupervised Learning V& P
S -l

Environment

LhyT x
L Tirals t

Apple Apple Apple 5
g Reward, Actions
i 0 i State

Peach Peach Peach

w A

Banana Banana Banana

T. Goyal (TUM) 15
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Internship and Thesis at ABB CHCRC — SMiLe and Hyperion

Battery dependent Sensor Data
Limited memory Collection

ML Model
Training

Has small energy,
latency and memory
footprints

ABB

ABB Motors integrated with
ABB Smart Sensor

Real-time Motor
Health Analysis

T. Goyal (TUM)
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Machine Learning Pipeline

[ Data ]
Collection

Add «metallic-dust» to
the bearing

Bearing

Remove load-side

. Bearings with 0g, 0.25g
bearing

and 1g metallic dust

T. Goyal (TUM) 18
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Machine Learning Pipeline

[ Data ] [ Data ]
Collection Exploration

« Voltage

 Current

« Acceleration of Vibrations
* Sound/Noise

* Magnetic Fields

T. Goyal (TUM)
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Acceleration of
Vibrations v/s Time

Faulty Motor Data

/\‘
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00000 200250 00500 200750 201000 201250 201500 201750 202000

Acceleration of
Vibrations v/s Time
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Machine Learning Pipeline

[ Data ] [ Data ] Feature
Collection Exploration Selection

Healthy Motor Data
Signal Analysis | 8

Ladi
200000 200250 200500 200750 201000 201250 201500 201750 202000

Acceleration of
Vibrations v/s Time

» Fast Fourier Transform (FFT)
» Self Autocorrelation

* Spectogram

e = o oW o

5000 10000 18000 0000 25000

FFT - Amplitude v/s Frequency

T. Goyal (TUM)

Faulty Motor Data

200000 200250 200500 200750 201000 201250 201500 201750 202000

Acceleration of
Vibrations v/s Time

0 000 10000 15000 20000 25000

FFT - Amplitude v/s Frequency
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Machine Learning Pipeline

[ Data ] [ Data ] Feature [ Data
Collection Exploration Selection Transformation

|

ISM330DLC - Accelerometer (Motor: 2 Job: 2652)

stride _I

Acceleration [m/s”2]

o) 838 g3 g0 % Sef no 33 g8 200 UC MWBD op see 53 3202 033 D0 syl !
[ L] b
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I Wi?‘s)ow I Time [s]
Windowing - [n,1] -> [n/w, w]

T. Goyal (TUM)
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Machine Learning Pipeline =

Hyper-parameter

v

R

-

Data Data Data

[Collection ] [Exploration] [ SZ?:(ililr:n ] [Transformation Selection and Model
Evaluation

Neural networks

/

I L Hyper-Parameters 1 ® Model
Kernel Size [N I Training Hyper-Parameters ®
#of Channels [l #  Sensing Hyper-Parameters. S ~ ot ® LR
F Hidden Size e% ® GBM
£ #ofLayers | 5 = / ® DT
é Leaming Rate | bt . ® ET
§ Epocns [ < Classical models
£ Batch Size | % 4 MLP (4 layer)
Sampling Frequency ¢ 4 @ . Py Y - o ® LSTM
E Window S
onsing WindowSize | & & . . e o = ® CNN 1D C-C-F
0 20 40 60 80 100 120 140 200 ;(::WBEDU 800 1000 1600 1700 4096 o CNN 1D F-C-F
CNN 2D

Total possible Configurations: 13,440,000,000 ‘:; 1 2 3 4
Log10 Scale Model size (kb)

Neural networks are competitive in size and great in accuracy.

T. Goyal (TUM) 22
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Construction of ML Pipelines

M
. ccurac
Data Preprocessing Y

& Feature 7 “©
Engineering A

A [ ]

Memory
A *
A Mo
A evelopment >
A/

A N Latency Energy
A f@\
Training Hyper-

parameters Complex Trade-offs

Enormous Design Space
Total possible Configurations: 13,440,000,000

T. Goyal (TUM)
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Our 3-fold Approach

Optimization
* Make clever decisions to co-design enormous search space of hyper-parameters

Hardware-in-the-loop
* Measure performance directly on the hardware system

Automation
* Mitigate time consuming manual tuning

T. Goyal (TUM)
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SMile

Evaluation Metric
Values
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T. Goyal (TUM) 25
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Hyperion

Evaluation Metric Values

-

S

r = Architecture Optimization - ==,
FuseAutoML f Sampled Hyper [ B Vo - h
,,,,,,,,,,,,,,,,,,,,,,,,,,,,, i parameters : | | y Model Evaluation
1
Multi-trial ! Training | i |
“4 Optimizer i ! ! Super-network = =I & E |
= > ] [l !
Input i _ _ E E Evaluation i
Dataset E [ Virtual Sensing ] | ! i
/ Smart Subspace || | .\\ (Time Series) ‘d', E One_—shot - I i ! ’Cl:)\
O YA Sampler I y 0pt1:‘mzer i |
ML N — ’ Y
Space 1
One-shot ]| i - ’_
Optimizer Virtual . Hardware-in-
- ) Benchmarkin the-Loop
Sampled Configurations
Optimal Machine Learning Optimized

Pipeline Architecture

T. Goyal (TUM)
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SMilLe/Hyperion

Exploration of Hyper-Parameters

&5 TUTI

Evolution of various metrics

60
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% 25 50 100 150 200 300 400 700
Sensing Window Size
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19 25 30 35 40 46
Kernel Size

T. Goyal (TUM)
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SMilLe/Hyperion design space
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SMile/Hyperion

1.05 ® AutoML Tuning

> @ Manual Tuning
os 0D O
@

Pareto fronts

660.69 kb

g 1E+10
35x smaller o b
47x less macs e)%. ° o € 100000000
& = - g 5 models, yp /
> ® :. 1000000 no tumng /
£ 2 = 1 model,
2 - g [ Hyperion 1 model
® P 10000 | | ’
07 5 |' manual —
: o f tuning
. ® ; g 100 °
0.6 . 2 1
@ & -500 0 500 1000 1500
100 1000 10k 100k Development Time (min)

Log10 Scale MACs (Operations)

Model selection: on pareto front SMilLe/Hyperion 40x faster than manual approach

T. Goyal (TUM) 28
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EWSN’22 Conference at Austria

Empirical Evaluation of AutoML Algori
For Motor Health Prediction

T. Goyal (TUM)
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My FUTURE work at ABB and TUM

30
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Overview of Work at ABB

Supported by ABB

/ . \

f RobotStudio !

1 1

1 | RAPID ,GoFa-RI I I’g
ROS2 Drivers =i _:_R'O'B'OT = J : >

i Simulation !

1 )] A 1

\ (__Eem _ } /

Supported by ABB

More Extensive and Easier Easier Integration of
control of ABB robots Additional Functionalities

T. Goyal (TUM) 31
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Overview of Work at TUM

Safety of cobots using Al
and Neural Networks

Contact Contact Ergonomic
Avoidance Detection Factors

* Min. Jerk Trajectory

e Predict Human

* Robot Dynamics e Use of gestures
* Gesture Control y . g.
. * Robot Skin * Audio/Visual
* Verbal Correction
feedback

T. Goyal (TUM)

&5 TUTI

Predictive Maintainance

32



Q/' Chair of Applied Mechanics

\

S Department of Mechanical Engineering

Technical University of Munich

Overview of Work at TUM

Requires Safe

Vision System
Path Planning

System

Speech Recognition Huge Gap

System < >
Gesture

Recognition System

T. Goyal (TUM)

Industrial SOTA

Can’t even detect
pointcloud with
Industrial safety
standards

33
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Overview of Work at TUM

Safety of cobots using Al and Neural Networks Predictive Maintainance

Machine Dynamics

Learning Analysis

Contact Contact Contact
Avoidance Detection Avoidance

* Min. Jerk Trajectory

e Predict Human

* Robot Dynamics * Use of gestures
* Gesture Control . e
. Robot Skin * Audio/Visual . .
 Verbal Correction Vibration :
feedback ] .
Analysis Output Analysis
34

T. Goyal (TUM)
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Conclusions

* |love to travel, play, party .............

* | have background in Machine Learning, Computer Vision, Sensor Fusion, Control, App
Development

* | have extensive industrial work experience in ML and AutoML
* In coming years, | would develop more understanding of Mechanics behind Robots.

* | would soon finalize my project that would in best case would be a combination of Safety with
ML/AI and Predictive Maintenance.

T. Goyal (TUM) 35
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Use of ML vs Control systems to navigate Robot

Adaptability
Robustness to disturbances
Efficiency

Computational Resources

X X X < <

Prove System Stability

T. Goyal (TUM)

&8 TUTI

Machine Learning Control Systems

v

X

C ¢ € X X
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Train and Robot Arm using RL

Reward scheme

1. When the arm hits the ground — Hefty Penalty (-1) and end episode

2.  When the arm reaches the target — Hefty Reward (+1) and end episode

3.  When the arm reaches closer to the target — Marginal reward (the difference in distance as reward)
4. When the arm moves far from the target — Marginal Penalty (how far is it from the target)

T. Goyal (TUM)

38



Train and Robot Arm using RL

,' Chair of Applied Mechanics
§~ Department of Mechanical Engineering
Technical University of Munich

class Actor(tf.keras.Model):

def __init__(self, name, actions_dim, upper_bound,
hidden_0=CRITIC_HIDDEN_6©, hidden_1=CRITIC_HIDDEN_1,
init_minval=INIT_MINVAL, +init_maxval=INIT_MAXVAL):

super(Actor, self).__init__()
self.hidden_0@ = hidden_0

self.hidden_1
self.actions_dim =
self.init_minval =
self.init_maxval =
self.upper_bound =

self.net_

name

self.dense_0 =
self.dense_1 =
self.policy =

= hidden_1

actions_dim
init_minval
init_maxval
upper_bound

= name

Dense(self.hidden_0, activation='relu')
Dense(self.hidden_1, activation='relu')
Dense(self.actions_dim,
kernel_initializer=random_uniform(minval=self.init_minval,
maxval=self.init_maxval), activation='tanh')

def call(self, state):
x = self.dense_0(state)

self.dense_1(x)

self.policy(policy)

policy =
policy =

return policy * self.upper_bound

T. Goyal (TUM)

class Critic(tf.keras.
def __init__(self,

hidden_1=CRITIC_HIDDEN
super(Critic,

self.hidden_0o
self.hidden_1
self.net_name

self.dense_0 =
self.dense_1 =
self.q_value =

def call(self, sta

state_action_v
axis=1))

state_action_v

g_value = self

return g_value

Model) :

name, hidden_0=CRITIC_HIDDEN_O,
_1):

self).__init__()

= hidden_0
= hidden_1

= name

Dense(self.hidden_0, activation='relu')
Dense(self.hidden_1, activation='relu')
Dense (1, activation=None)

te, action):
alue = self.dense_0(tf.concat([state, action],

alue = self.dense_1l(state_action_value)

.gq_value(state_action_value)

39
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4-wheeled Autonomous

Drive
Mecanum wheels
LSAO0S line sensor
PID control implemented

Gripper mounted on a
Drive
4 wheeled drive

PS4 controller Hexapod Robot

Gripper for light weight and soft

) * Tripod gait method
items

» 18 Servo Motors 3 for each
leg

« Adafruit servo controller

*  Maximum height is 35-37
cm
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