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Robotics

Robotics as a field has grown steadily for the last two decades
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The robotics industry is projected to
between 2020-2025
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Goal

Developing a course that would enable upper-level
undergraduate students in computational disciplines
to gain expertise on foundational aspects of
software development for robotics



Whats New?

Link between Software Engineering and Robotics

Uncertainty
representation

Abstractions States

Design patterns

A

Specifications Testing
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Multidisciplinary and rapidly expanding
field

. How to distribute the emphasis between

robotics and software engineering

. No available integrated platform

Robotics courses can require significant
upfront investment in equipment
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Principle

Prioritize the challenges of robotics that are unique from other CS systems

Focus on the unigue software engineering technigues and practices required by
robot system development

Provide opportunities for experiential learning to encourage students to practice and
reflect on their experience

Lower adoption barriers by making the material more accessible

Reinforce foundational material across both SE and robotics
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Robotics courses can require significant upfront investment in equipment
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Transformations

Localization and .
Transformations

navigation We used these principles when designing the course
" | Mapping and
Making plans Motion Planning Principle
Controlling your Controlling and o . .
robot testing robots Prioritize the challenges of robotics that are unique from other CS systems
ereention Perception though P9 Focus on the unique software engineering techniques and practices
P Analyzing Images required by robot system development
Provide opportunities for experiential learning to encourage students to
Robot and world Sensor filtering . . .
through sensors and fusion practice and reflect on their experience
Lower adoption barriers by making the material more accessible
Software Types and
Machinery machines
S E Reinforce foundational material across both SE and robotics
Development SB ar.|
imulation

F r .
TS environment

Introduction Set up
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+15 years

Operating in Cyber vs Physical World

Physical
World §
State

Rocket Software

' roscore

Communication Communication

Rocket




Introduction

Development lifecycle

: Specification

Architecture

Software

Implementation

Testing

Deployment

Robotics

’ Specification relative to the World

. 2 S - '
Archi eClure SV Architactura '\

Implers2ntation SW

Simulation

Testing SW Testing HW

Deployment

Quadcopter Simulation

10.0 10.0
x=-11.7194 |, y=940813

, 2=17.3863

LabZ p2 ws
Readre . MD

I

Flig

fli

Our Workspace

ghtcantroller

CMakelLisis. Lxl

Launch

— angle.launch
fly.launch
positien.launch

— velocity.launch

package . xml

rviz

— viewer.rviz

anqgle _calculator.py
— anqle _controller.py
— pld class.py
— pid_class.pye
— position_controller.py
— velocity_controller.py
ghtgoggles
flightqoqqles
— CMakeL1ists.txt
— config
L ¢rone
— Launch
L— core.launch
package.xml
flightqoqqles uav_dynamics
— CMakel1sts.TxT
— 1ibs
— nulticopterDynamicssSim
— package.xml
21
L__ Flightgoagles_uav_dynamics_node.cpp
flightgogqlez uav dynamics nede.hpp

Set up



Reality is a bit messier

Choud Zarvice
Platicrw

T States and Machines

Hardmers Uue Caw
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Vahicie Hatarsnca
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Different modes (states), imply
different interpretation of commands
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| ectures

Lecture Lab Pairing

Labs

calihration Test 1 Test 2 Testn

MODEL

a=2"v* 11 Filtering Problem : : :
i . Introducing calibration,
s filtering, and fusion as

: - e Signal ge

- cmos]  What if our sensor is still really noise? ways 10 hahdle SEHsor
Add sensors with complementary attributes and fuse them HOISE
FUSE Altitude
Showcasing how sensor
noise affects readings
and implementing N NGL,0.) N1, = N1, 0, NG O Ime Ster &

filters to compensate for it \ o Sl [T Y
Update | L1 Predict Next

Prediction Value

A Current Prediction
N(H,0,) +4 *Np o) = N ,0,)




Perception Examples

How: Processing sensor d&ta to create a higher-level abstraction of the data

Image Processing Techniques

Machine Learning

What happens if we have a much mare complicated task?

Machine learning learns this function
given enough data

Traffic Lignt: ! ¢ Ba 3779
Input output = flinput) Output
‘ : -
v . - Plane, Car, Bird, Cat

Quadcapler Simulal on

Birage vV ew

Robot and world e e L Sensor filtering
through sensors and fusion

Software Types and
Machinery machines
e e ROS and

Development . .

Simulation
Features .
environment
Introduction Set up




| ectures

Lecture Lab Pairing

Labs
Open-loop controller

' Close-Loop Controller

® |ncorporates feedback to the Controller Introduci ng different

o Knows impacts of actions COntrOl SChemeS
® Assumes we o Diffs setpoint and sensed output

e Computes u o Aims to make that difference zero

r e Controller
' u, = F(=)

Shipis doarg aroond nreacha dke orea Crone uzes ships beascon and downfacny oves Yeber crone 15 above cemier mass of 5
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Using the control
to implement a
drone that follows
9 Sh|p Testing the Ol mnalTantDronaBelny or (it tant TantCana))

that the behavior def _init_(self, *args):

super (TestDroneBehavior, ). _init (*args)

matches specifications. rospy.init_node("test_behavior”, anonymous=

.debug logger = rospy.Publisher('/test debug’', String, queue size=]l)

F &

= e -
) o >
“.
=
b :
.'~ :
Fa
P
' l

|

.test duration = rospy.get param(rospy.get name() + '/duration')




L ectures

Localization and
havigation

Making plans

Lecture Lab Pairing

qgs

| Labs

Ke . ao 1 DO ar mnkiar |

Introducing motion
planning and data

Model-based Approaches Produced a Graph

Mapping and

#1 Motion Planning
Bt Bt Vi Path Planning: Grid Methods structures used
: ath Planning: Visibility Methods T =y
oy et IR ham to by software
2 - e e i f
E = NiR -+
e Pl W b A [ ehgineers Tor
Fhele YEE s fs PF e

creating plans

Path Planning: Probabilistic Roadmap

o __ /‘o _,l""::\-
gl
%\P . "J '
=N\ ! \
~_\ l.' . ]

N

e EO View Search Terminal Help
carlhildebrandt@uburtu rostoplic pub Juav/input/goal geometry _megs/Vec:ors
"(xX: 4, y: 6, 23 S}D

Implementing mapping
and path planning in
simulation



| ectures

Lecture Lab Pairing

2D Transform - rotation
Where icPin0?

Multiple Coordinate Systems

e 3D World reference frames
e Multiple conventions

ENU - East, North, UP
“ “w

9 — vy

X Origin

© Origin

| z

Using transformations
to track a ground
robot transmitting

In a different coordinate
system

Introducing the coordinate
systems and the math
behind the transformations

Labs




Industry perspective: Guest Speaker

Allowed students to interact and ask questions
about what the issues are in industry, and how
what they are learning will be applied in the real
world

Crosscutting Issues

Fthics Lab

Allowed students to debate ethical issues that
will arise as robotics becomes more apparent in
all our lives. No right or wrong answers, we just
wanted to allow students to start thinking
about these issues.



Innovations

We apply these principles to bring several innovations to this course



We apply these principles to bring

Innovation

to this course

P3

Cover robotics fundamentals

Offer different levels of abstraction

Pair SE and Robotics topics throughout the course

Enable students to make design and implementation decisions in
labs and project

Make use of demonstration, conversation, and checkpoints

Use a drone simulator for hands-on experience

Incrementally build concepts to minimize required background
knowledge in robotics

Incorporate flexibility into the course schedule and allow for self-paced labs




Aim: introduce the fundamental concepts related to
robotics architecture and modeling machinery in robotics

Conceptual Architecture

o | “o | ~°

Physical State




Example Lecture

Aim: introduce the fundamental concepts related to

Conceptual Architecture robotics architecture and modeling machinery in robotics

Hierarchical/Deliberative my “Roomba” - Begins with the basic conceptual architecture of robotics
(11 - Cover robotics fundamentals)

Planning

Actne ® Worldis too complex to model
, Control accurately / completely

Perceplion '
® World changes faster than we can

plan for it

velocity

® Difficult to extend functionality due

(B to layers dependencies
Physical Mode!

135€]
dwing

[23ym|

UYmJ

J3dWwope




C | Archi Aim: introduce the fundamental concepts related to
whtieenle robotics architecture and modeling machinery in robotics

Hierarchical/Deliberative my “Roomba” Begins with the basic conceptual architecture of robotics

Dominant Architectural Types: Probabilistic

S Covers critical domain-specific architectures

'Y
y

Executive Prob Control

.
4

Prob Perception




Conceptual Architecture

Hierarchical/ Deliberative my “Roomba”

Dominant Architectural Types: Probabilistic

Reality is a bit messier

Simulation

Apallo Cata Pipedne

Apollo self-driving stack
https://github.com/ApolloAuto/apaollo

Aim: introduce the fundamental concepts related to
robotics architecture and modeling machinery in robotics

Begins with the basic conceptual architecture of robotics

Covers critical domain-specific architectures

Discuss design tradeoffs over different scenarios



Conceptual Architecture

Hierarchical/ Deliberative my “Roomba”

Dominant Architectural Types: Probabilistic

Reality is a bit messier

States and Machines

Different modes (states), imply
different interpretation of commands

Aim: introduce the fundamental concepts related to
robotics architecture and modeling machinery in robotics

Begins with the basic conceptual architecture of robotics

Covers critical domain-specific architectures

Discuss design tradeoffs over different scenarios

Introduce FSMs
-what types of states they can encode
-how they can assist in understanding the real world
-how they are represented in code
-how to scale them up to develop robotic systems
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In this lab, vez wil work on tree ypes stractions that we use in "obotics o help us man:

Create the State and Safety Node Starts highlighting how what is learned is implemented in
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Abstractions to manage complexity

In this lab, vez wil work on three ypes of zbstractions that we use in robotics w0 help us marage rst, v will keeo veorking on

Starts highlighting how what is learned is implemented in
real systems.

do e 'wl | start the mrple
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s can ze fistnguishes. The most inmp

0° 3 message is 3 “ebug message which <an b2 loggead using rospy . Logdebug( |

Highlight how ROS allows for looking information allowing for
easy debugging



Abstractions to manage complexity

In this lab, vee wil work on tree ypes aof zbstractions that we use in "obotics w0 help u

Create the State and Safety Node Starts highlighting how what is learned is implemented in
The 11751 220 N mproving the d7one's cont’ol satmaars 'will be rs ereate the asde \We wi s pode oy 2rly 2onsdoring the st ab et e re a | Syste m S .

Checkpoint 1 . . . .

Highlight how ROS allows for looking information allowing for
easy debugging

Checkpoint allowing reflection and discussion while allowing
freedom to implement their own solution

NExT, Uy o tly T SUAdrotor usirg tae Kevbeoard, Changs tad requestad pos tion Jsing the koyiRoard keys, Onee you naye 58 eC1ed & pasitor, Mt the ENTER K&y 12 mowe

the sreng,

1= when you Fit the enter key? Answear thisin tarme of the FSA states ve implemeanies

'UVWWhaE nappens when vou request the drone to fly to a second pasition? Answer this 'nterms of the actual code usan in state_ard_safety.py



Abstractions to manage complexity

work on tree ypes af zbstractions that we use in "obotics L0 help us Mmaraga systam comoplexity, =irst, wa will keen veorking o0 separating

Create the State and Safety Node

Tha 11751 5200 1M MPrving the d-on2's cont’o. sorbwars wil be t2 ereate the asda We wilsmart the mplementatisn of thiz node oy 2nly 2ons dering the Frat ab ective

A useful resource to notice: ROS Logging

Checkpoint 1

Launch the simulator and chack that you bave corresty created the state and ssfely noda as well a¢

Adding a Verifying State

lo eare ardd apoly parameler servers, lat's start by adding 2 venficatia i

Withir a geoferce (a virtuzl 2age) is a3 good practice as it makes suse rthat you do not ac
mast onmMmands sent ta a sohat that i= 2oing o result in The robot performing some action inthera

Waypoint outside geofence are
rejected

Waypoint inside geofence are
accepted

x K

Starts highlighting how what is learned is implemented in
real systems.

Starts with implementing a basic FSM

Highlight how ROS allows for looking information allowing for
easy debugging

Checkpoint allowing reflection and discussion while allowing
freedom to implement their own solution

Add a verifying state that emphasizes developing code
that is easily parameterizable allowing easy reuse



Abstractions to manage complexity

In this lab, vee wi work on tree ypes af zhstractions that we use in robotics o help us Mmanaga systam complexity, First, wa will keeo veorking o0 separating

Create the State and Safety Node

Tha 11751 2220 1N MProving the d-one’s control sorbwars will be ts ereate the asde e wi | start the mreple mentatian of this rode oy 2nly 2onsdering the Frat ab ective

A useful resource to notice: ROS Logging

Checkpoint 1

Launzh the simulater and chack that you Fave corrasilly cr2ated Lhe stlale and =3 fe Ly Noa2 3s well At

Adding a Verifying State

1o eare ardd apoly parameler secvers, k2U's start by adding 2 venficatia i

Verifying that Waypoints are within Cage

Maxt lats adapt our FSAto nclude a verifying state. This verification state will varify tha command cosition and make sure it is inside the cage before transitioning ta a

/keyboardmanager/position uav/input/position

position
received

]

Starts highlighting how what is learned is implemented in
real systems.

Starts with implementing a basic FSM

Highlight how ROS allows for looking information allowing for
easy debugging

Checkpoint allowing reflection and discussion while allowing
freedom to implement their own solution

Add a verifying state that emphasizes developing code
that is easily parameterizable allowing easy reuse

Make the FSM slightly more complicated, allowing for
more complex behavior.



Abstractions to manage complexity

In this lab, vez wil work on three pes af zbstractions that we use in "ebotics w0 help us Mmanaga systam complexity, First, v w cween veorking on separsting

Create the State and Safety Node
The t’st emep In mproving the d-ong's cont o sormaars 'will be e ercate the asde \We wl | szart the mplementation o | O

A useful resource to notice: ROS Logging

Checkpoint 1

Launch the simulator and chack that you bave corresily created the state snd safely noda as well a¢

Adding a Verifying State

1o eare ardd apoly parameler secvers, k2U's start by adding 2 venficatia i

Verifying that Waypoints are within Cage

Checkpoint 2

cUunch e simula

keyboardmanager N
s | Checkpoint 2

S b

Istate_safety_node

Starts highlighting how what is learned is implemented in
real systems.

Starts with implementing a basic FSM

Highlight how ROS allows for looking information allowing for
easy debugging

Checkpoint allowing reflection and discussion while allowing
freedom to implement their own solution

Add a verifying state that emphasizes developing code
that is easily parameterizable allowing easy reuse

Make the FSM slightly more complicated, allowing for
more complex behavior.
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work on tree ypes af zbstractions that we use in "obotics L0 help us Mmaraga systam comoplexity, =irst, wa will keen veorking o0 separating

Create the State and Safety Node
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Checkpoint 1

Launch the simulator and chack that you bave corresty created the state and ssfely noda as well a¢

Adding a Verifying State

lo eare ardd apoly parameler secvers k2t's start by adding 2 venficatia i

Verifying that Waypoints are within Cage

Checkpoint 2

cUunch e simula
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Starts highlighting how what is learned is implemented in
real systems.

Starts with implementing a basic FSM

Highlight how ROS allows for looking information allowing for
easy debugging

Checkpoint allowing reflection and discussion while allowing
freedom to implement their own solution

Add a verifying state that emphasizes developing code
that is easily parameterizable allowing easy reuse

Make the FSM slightly more complicated, allowing for
more complex behavior.



L ocate itself

Locate object, avoiding obstacles

Collect the object

Return to safe area




Project

fhome fcs4501/Desktop/CS4501-Labs/Tp ws-trey/src/Tlightcontrollerflavunch/Tly.Launch http

[INFO] [1649780894.142053, 21.718751): /drone_controller_node: Current Waypoints
1((32, -21)]

[INFO)] [1649780894.263119, 21.843751): /state_safety _node: Requested Position: (
32.8, -21.6, 0.8)

[INFO)] [1649780894.265487, 21.843751): /state_safety node: Current State: VERIFY
ING

[INFO] [1649780894.395600, 21.968751): /drone_controller_node: Current Controlle
r State:COLLIDED

[INFO)] [1649780894.397468, 21.968751): /drone_controller_node: Current Waypoints
:((32, -21))

[INFO)] [1649780894.519995, 22.093751): /state_safety node: Current State: MOVINC
[INFO)] [1649780894.649880, 22.218751): /drone_controller_node: Current Controlle
r State:COLLIDED

[INFO)] [1649780894.654426, 22.218751): /drone_controller_node: Current Waypoints
1[(32, -21))

Current Drone Position: (31.9, -20.9, 6.6)

Current Waypoint: (32.0, -21.0, 0.0)

[INFO)] [1649780894.778982, 22.343751): /state_safety node: Complete

[INFO] [1649780894.782016, 22.343751): /state_safety node: s-reveresssssssnnanns

[INFO)] [16495780894.785347, 22.343751): /state_safety _node: Current State: HOVERI

File Edit View Search Terminal Tabs Help
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Lessons Learned

What worked well What needs improvement

VS




Pairing SE and robotics topics

. Building flexibility into the course

. Using different levels of abstraction

. Incremental scaffolding of course material
. Team structure and process

. Demonstrating and reflecting during
checkpoints



Topic Lab

Introduction G ennen i, 201 SET Up @nd Basic ROS
- 7 ey P 7 Distinguishing Development FEatures (i ety LaD-2: ROS processes, communication, and simulation environment
2. Building flexibility into the course Quishing Bevelop i
Software Machinery + Ql iy Lab-2: Types and machines
Rooot and world through senscrs Lab-4: Sensor filtering and fusion
3. USIng dlfferent |eve|S Of abStraCt|On Pcreception + Q2 Lab 5: Ferceotior though Analyzing Images

UVA Break Cay Invited Spzake!

Controlling your robot Lab-E: Robotics and Efhics

4. Incremental scaffolding of course material

Making plans + Q3 Lab-6: Controlling and test ng robots

Localizetion and navication Lab-7: Mapping and Motion Planning

5. Team StrUCtu re and proceSS Transformations Lab-8: Transformations

Advanced Robotics + Q4 UVA Break Day

Project parameters Project consult

6. Demonstrating and reflecting during R o
C h eC pri ntS Project Presentations and Demos aKing stock
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Introduction Lab-1: Set up and Basic ROS
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Software Machinery + QI Lab-3: Types and machines
Rooot and world through senscrs Lab-4: Senscor filtering and fusion
3. USIng dlfferent |eve|S Of abStraCt|On Pcrception + Q2 Lab 5: Ferceotior though Analyzing Images

{UVA Break Cay { Invited Spzake!

4. Incremental scaffolding of course material |[E———— Liabt fopotcsano tifies

Making plans + Q3 Lab-6: Controlling and test ng robots

Localizetion and navication Lab-7: Mapping and Motion Planning

5. Team Stl‘UCtU re and pI‘OCeSS Transformations a—:Transfrmations

Advanced Robotics + Q4

Project parameters ¥ Project consult §

6. Demonstrating and reflecting during T )
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1. Pairing SE and robotics topics

2. Building flexibility into the course

7 10.0 —=10.0
x=-11.7194 ,Ly=940813 ,2=17.3863

4. Incremental scaffolding of course material

5. Team structure and process

6. Demonstrating and reflecting during
checkpoints




Topic

Pairing SE and robotics topics

Introduction

Distinguishing Development Features

Building flexibility into the course oftumre Machinery « O

. . . Robot and world through sensors

Using different levels of abstraction |
Perception + Q2

UVA Break Day

Controlling your robot

Making plans + Q3

Team structure and process

Localization and navigation

Transformations

Demonstrating and reflecting during
checkpoints

Advanced Robotics + Q4
Project parameters
Project check

Project Presentations and Demos




Current Team

Pairing SE and robotics topics
Sebastlan Elbaum Menelh Steln_ |

Building flexibility into the course

Using different levels of abstraction

selbaum at virginia meriel at virginia

Incremental scaffolding of course material

_re__Woodhef H|‘Id_ebra ndt

Demonstrating and reflecting during
checkpoints

adw8dm at virginia hildebrandt.carl at virginia




Checkpoint 2

1. What cases do the unit tests in test moving averag.py cover?

1- Pairing SE and rObOtiCS topiCS 2. Take a screenshot of your RViz set up.

3. How does the new ball compare in size to the old one? Why?

4. How does the movement of the new ball compare to the old one? Why?

2. BU i | d i ng fleXI bi | ity I nto the COU rSe . How does changing the window size affect the error?

5. What information do we lose by using moving average instead of individual measurements?

3

Using different levels of abstraction Checkpoint 4

Show the quadrotor fly ng insde the gecfonse arca, First, send the drens a waypoint inside the gecfence arce, Seoend, zend the dionc ¢ waypo rt outs:

geufence aree,

4. Incremental scaffolding of course material .

5. Team structure and process

'3 19p-300

Ee-116K12 _y=OA&T2H06 _ 3w17503%




1.Diversity of student machines presents a
continual challenge

2.Requires identification of fundamental
robotic topics and matching SE principles

3.Freedom of design and implementation
requires more time for checking and
discussion

4.Defining prerequisites for the course is
challenging

5.Require a way to empirically assess the
success of this course



What Needs Improvement
- . x |
1.Diversity of student machines presents a |
continual challenge |

2.Requires identification of fundamental
robotic topics and matching SE principles

3.Freedom of design and implementation
requires more time for checking and
discussion S

4.Defining prerequisites for the course is
challenging

5.Require a way to empirically assess the
success of this course
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3.Freedom of design and implementation
requires more time for checking and
discussion
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5.Require a way to empirically assess the
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What Needs Improvement

1.Diversity of student machines presents a
continual challenge Requires discussion and time

2.Requires identification of fundamental
robotic topics and matching SE principles

3.Freedom of design and implementation
requires more time for checking and
discussion

4.Defining prerequisites for the course is
challenging

5.Require a way to empirically assess the
success of this course
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5.Require a way to empirically assess the
success of this course




What Needs Improvement

1.Diversity of student machines presents a
continual challenge

2.Requires identification of fundamental
robotic topics and matching SE principles

3.Freedom of design and implementation
requires more time for checking and
discussion

4.Defining prerequisites for the course is
challenging

5.Require a way to empirically assess the
success of this course



Impact

4 Ended up in Robotics Industry

222

"During the interview, | talked about your course a great deal”
“[l talked about] how path planning differs in this scenario versus a UGV or drone type system"
“I grew a lot throughout it [the course]”

Class of 26 Students

“I actually used some concepts we learned about in class in my interviews, and | think it helped a lot!”
“I think it was a great way to understand the fundamentals of robotics!”

This year we have 75 students!



Conclusion

Introduced a course aiming at equipping students
with a unique understanding of the challenges in
developing the software underlying robotic systems
and a set of tools to address those challenges



aiming at equipping students with a
unique in developing the
and a to
address those challenges
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