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Preface

ROS is developing into the standard middleware for robotics applications. Re-
searchers and practitioners world-wide contribute their results and publish soft-
ware packages for ROS. This way, a large number of state-of-the-art robotics
algorithms become available to be used freely. With the ROS-Industrial project,
the ROS success story should be extended to industrial robots as well. To
foster ROS-Industrial is also the mission of the ROSIN project (http://rosin-
project.eu). In order to build a broad ROS-I community, one of the goals of
ROSIN is to teach ROS-I to university students and professionals.

Many institutions offer education activities about the Robot Operating Sys-
tems. There are a number of Summer Schools, there are professional trainings for
ROS-Industrial and even online courses are available for learning ROS. But how
is ROS and, for that matter, how are some of the fundamentals of robotics being
taught to the students? With the workshop ”Teaching Robotics with ROS” we
aim at bringing together educators involved in teaching robotics courses and/or
ROS to discuss curricular topics, best practices and exchange about common
problems with teaching robotics with ROS.

This volume contains the papers presented at TRROS 2018: Teaching Robotics
with ROS (Workshop at ERF 2018) held on March 13-15, 2018 in Tampere, Fin-
land. There were 7 submissions. Each submission was reviewed by at least 2, and
on the average 2.1, program committee members. The committee decided to ac-
cept 7 papers.

Parts of the workshop organization was supported by the ROSIN project.
The ROSIN project has received funding from the European Union’s Horizon
2020 research and innovation programme under grant agreement No. 732287. We
also appreciate the support we received when using EasyChair for the workshop
submission handling and in generating the proceedings.

February 25, 2019 Stefan Schiffer
Aachen Alexander Ferrein
Mukunda Bharatheesha

Carlos Hernandez Corbato
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Interactive ROS Tutorials
with Jupyter Notebooks

Enric Cervera*

Robotic Intelligence Lab
Universitat Jaume-I de Castell, Spain,
ecerveraQuji.es

Abstract. Collaboration is a major strength of ROS, as it was designed
specifically for groups with different expertise (mapping, navigation, vi-
sion, etc) to collaborate and build upon each other’s work. The ROS Wiki
is such an example,! with the official documentation for ROS packages,
as provided by their developers, and every user has dived into its ROS
tutorials for learning the basic concepts. Those tutorials consist of web
pages with embedded examples of source code that the user can run in
a separate terminal. We aim to transform the static tutorials into inter-
active documents where the user not only reads but also runs the code
inside the same web browser, by using Jupyter Notebook technology.?
Our goal is to make the tutorials more concise and effective, avoiding the
tedious and error-prone copying-and-pasting of code. Also, the integra-
tion of execution results provides the user with step-by-step feedback,
for a more illuminating learning experience.

Keywords: tutorial, interaction, literate computing

1 Introduction

The ROS Tutorials are the primary source of information for learning ROS.
They consist of a collection of web pages about the installation and setup of
the system, the core concepts, and the development of robot applications in the
programming languages C++ or Python.

Each web page presents a specific issue, combining an informative description
interleaved with snippets of code or commands. The code must be first copied
and pasted into an editor, then run in a terminal. The commands can be copy-
pasted directly into the terminal, and executed. Such a workflow requires several
views simultaneously:

— Documentation (teaching materials)
— Edition of the source code

* ORCID id: 0000-0002-5386-8968. The views and opinions expressed in this article
are those of the author, not affiliated with any of the projects mentioned.

! http:/ /wiki.ros.org/

2 http://jupyter.org/
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— Execution and monitoring of results

For a proper management of these views, several windows are needed in the
user desktop. A typical layout is shown in Fig. 1, with the browser window at
the left, displaying the documentation, the editor window at the top right, and
the terminal window for execution at the bottom right.

#33 ROS/Mutorials/MWritingPublish X | + File Edt Search View Document Help

@ c @ [ ® wiirosorg B9 n n@m =

ueve_size=10) rospy
std_nsgs.msg string

def talker()

pub = rospy.Publisher(
get_time () rospy. init_node(" talk
rate = rospy.Rate(16)
while not rospy.is_shutdown()

str = % rospy.get_time()

rospy. Loginfo(hello_str)

pub.publish (hello_str)

rate.sleep()

stter’, String, queue sizes10)
, anonymous=True)

1 1 alker()
pa except rospy.ROSInterruptException:
pass

1.2 The Code Explained B Terminal - user@xenial: - i

File Edt View Terminal Tabs Help

Now, let's break the code down.

roscore hp/xenial:11311/ X | user@xenial: -

Every Python ROS Node will have this declaration at the top. The first ine makes sure your script is executed as a Python
script

You need to import rospy if you are writing a ROS Node. The std_msgs.msg import is so that we can reuse the
std_msgs/String message type (a simple string container) for publishing

Fig. 1. Desktop layout: left window is the browser with the documentation web page;
top-right is the editor window with the source code; bottom-right is the terminal win-
dow for the execution of the program.

There are some disadvantages in this arrangement, the most obvious one is
the duplication of code: the programming statements are shown in the documen-
tation, then they need to be copied into the development editor. In fact, some
tutorials feature two versions of the same code, a complete one for easy copying
and pasting, and a step-by-step version for the explanations.

In addition, the execution of the code takes place in a third window (the
console), losing the context of the source code. Moreover, the complete program
is run, making it difficult to execute the statements step-by-step, as opposed to
the explanations in the tutorial.

Jupyter notebooks provide an integrated environment for the execution of
code statements, interleaved in the same web pages of documentation. The code
can be executed in cells, or snippets of code with a few statements, and the
results are displayed below the same cell of code. Code cells can be edited and
run freely by the user, interactively. As a result, a single window combines the
three necessary views (teaching materials, edition, execution), as shown in Fig. 2.
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from std_msgs.msg import String
dat talker():
pub = rospy.Publisher( chatter', String, quoue size=10)
rospy.init_node('talker', ananymous=T

rate = rospy.Rate(10) # 10}
while not rospy.is_shutdown():
hello_str = "Nallo world %s” % rospy.get_time()
rospy’ loginfo(hello_str)
put.publish(hellc_str)

atn__'s Edltlon . rate.sleep()

if _name_ == ' mair
tn

ROSTnterruptExceps ion: ’ —
excapt raspy.ROSTterruptException: |
I pass

oo |

Edit View Terminal Tabs Help

1.2 The Code Explained

Now, let's break the code down.

® | user@xenial: -
Toggle ine numbers

Every Python ROS Node will have this declaration at the top. The first [ne makes sure yos sofpt is‘oxecuted as a Python

script

Toggle line nu

You need to import rospy if you are writing a ROS Node. The std/4isgs 4sq imzort is so that we can reuse the
Ld_msgs/SLring message lype (a simple siring conlainer) for ublist g
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(5] msg = String()
msg.data = str

or you can inilalize some of the lields and leave the rest with defaul values:
) (6] String(data=str)
U6 - Batar S pE IS
You may be wondering about the last lte b

In [71( Try:
tatker ()
except rospy.ROSInterruptException:

INFO] (1517831810.865386): hello world 1517831810.8:
hello world 151783181087
: hello vorld 1517831810.88
[INFO] [1517831810.975609]: hello world 1517631810.96
[INFO] [1517831811.€75179]: hello world 1517831811.07
[INFO] [1517831811.175632]: hello world 1517831811.18
LINFO] (1517831811, + hello vorld 1517831811.27
[INFO] [1517831811. hello world 1517831811.37
[InrO] [1517831811. hello world 1517831811.48
[INFO] [1517831811. < hello vorld 1517831811.57
[INFO] [1517831811.675779]: hello world 1517831811.68
[INFO] [1517831811.775510]: hello world 1517831811.78
[INFO] [1517831011.675551]: hello world 1517631611.80

Ths catches a rospy.ROSInterruptException exception, which can be thrown by

rospy.sleep() and rospy.Rate.sleep() methods when Ctrl-C s pressad or your
Node is otharwis2 shuidewn. The reasan this exception is raisad is 5o that you den't
accicentally continue executing code after the sleep() .

Fig. 2. Interactive ROS Tutorial on a Jupyter notebook: the teaching materials, source
code, and execution results are all presented together in the browser window.
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This paper describes how jupyter notebooks work (Section 2), how ROS and
its tutorials can be integrated in the workflow (Section 3), and a couple of ex-
amples of representative tutorials regarding ROS topics and services (Section 4).
Finally, Section 5 draws some conclusions and outlines the work in progress.

2  Jupyter Notebooks

The Jupyter Notebook is an interactive computing environment that extends the
console-based approach in a new direction: it provides a web-based application
suitable for capturing the whole computation process of developing, document-
ing, and executing code. Its roots lie in the Interactive Python environment [5],
and the ideas behind the proprietary-based Mathematica Notebook environment
[12].

Jupyter Notebooks are experiencing an immense success in recent years, ap-
plied to education and research [7] in a number of disciplines like computer
vision, machine learning, or even the analysis of gravitational wave data [9].

Jupyter implements a "literate computing” scheme [4], inspired in the ”lit-
erate programming” paradigm [3], a software development style pioneered by
Stanford computer scientist, Donald Knuth, that emphasizes an approach where
exposition with human-friendly text is punctuated with code blocks. Such an ap-
proach seems more adequate for demonstration, teaching and research purposes,
especially for science and technology.

Notebook
ﬂ Browser server Kernel

Notebook
files

Fig. 3. Jupyter notebook elements.

As a server-client application, there are several processes involved in the user
interaction, as seen in Fig. 3. The kernel is the separate process that actually runs
the code. The notebook server stores code and output, together with markdown
notes (a lightweight markup language that can be converted to HTML), in an
editable document called a notebook. The user interacts with the browser, which

TRROS 2018 — European Robotics Forum 2018 Workshop “Teaching Robotics with ROS” 4
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is connected to the notebook server for rendering notebooks, and sending user
input to the kernel.

There are kernels available for many languages, starting from Julia, Python
and R (the original languages Jupyter was developed for —hence the acronym)
but also to other compiled languages like Java or C++.

3 Integration of Jupyter and ROS

Jupyter notebooks are being used in robotic Internet sites such The Construct
[8], which also integrates 3D simulations with Gazebo. In our approach we will
only focus on the programming task.

ROS development is mainly based on the languages C++ and Python. The
former is perhaps the most widely used client library, and it is designed for high
performance. The latter provides the advantages of an object-oriented scripting
language: it favors implementation speed so that algorithms can be quickly pro-
totyped and tested. Python is a core dependency of ROS, since some tools are
developed in that language.

3.1 Local Install

Jupyter can be easily installed using Python’s package manager,? or third-party
distributions like Anaconda.* Once installed, it is launched from the terminal,
where the server keeps running in the background. At the same time, a new
browser window opens and displays the notebook folder, or a specific notebook.

The user can then interact with the notebook, with an environment similar
to that of the console, i.e. all the C++ or Python libraries are accessible as in
any ROS application. Practical examples of tutorials will be shown in Section 4.

Obviously, ROS is a prerequisite that should be available in the system, either
in a local installation or as a Docker image.®

3.2 Notebooks in the Cloud

Since Jupyter Notebooks use a client/server approach, it is possible to run the
server in a different computer than the client. Both machines surely must be
connected, but the connection protocol (http - the WWW protocol) makes it
possible to run the server in any computer connected to Internet.

Free cloud services for IPython and Jupyter already exist, where their basic
functionality can be tested.%

A recent and interesting initiative is Binder,” which not only enables shar-
ing of live notebooks in a computational environment, but authors can publish

3 https://packaging.python.org/tutorials/installing- packages/
4 https://www.anaconda.com/

5 http://wiki.ros.org/docker/

6 https://try.jupyter.org/

7 https://mybinder.org/
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notebooks in a source code repository along with an environment specification.
By pointing the Binder web service at the repository, a temporary environment
is automatically created with the notebooks and any libraries and data required
to run them. This allows authors to publish their code in an interactive and
immediately verifiable form [2].

An environment specification for ROS can be created based on the ROS
docker images.® These images provide a simplified and consistent platform to
build and deploy applications, with an easy way to develop, reuse and ship
software [11].

We have upgraded the ROS docker images with the necessary packages for
running Jupyter along ROS, so that the example tutorials presented in the next
section are stored in a GitHub repository that can be run either in a local
environment, or in the cloud using the Binder service.”

4 Tutorial Examples

For demonstration purposes, we have adapted the tutorials for some of the most
fundamental concepts in ROS: topics and services [6]. Topics are named buses
over which nodes exchange messages. They have anonymous publish / subscribe
semantics: nodes that are interested in data subscribe to the relevant topic;
nodes that generate data publish to the relevant topic. There can be multiple
publishers and subscribers to a topic.

The publish / subscribe model is a very flexible communication paradigm,
but its many-to-many one-way transport is not appropriate for request / reply
interactions. For that purpose, ROS features another paradigm called Service,
which is defined by a pair of messages: one for the request and one for the
reply. A providing ROS node offers a service under a string name, and a client
calls the service by sending the request message and awaiting the reply. Client
libraries usually present this interaction to the programmer as if it were a remote
procedure call.

We have developed the Jupyter Notebook versions of the ROS tutorials for
writing a simple publisher and subscriber of topics, and a simple service and
client. The primary programming language is Python, but a working example in
C++ will also be presented.

4.1 Writing a Simple Publisher and Subscriber

This tutorial consists of one section for the publisher node, and another section
for the subscriber node.'® Each section is divided into two sub-sections, a first
part with the code, and a second one with the ”code explained”. This last part
consists of the code split into chunks of a few lines, followed by paragraphs of
description about each code fragment.

8 https://hub.docker.com/_/ros/
9 https://github.com/RobInLabUJI/ROS-Tutorials
10 http:/ /wiki.ros.org/ROS/Tutorials/ WritingServiceClient (python)
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We first divide the materials into two notebooks, for the publisher and the
subscriber. The first section is not necessary, since the code in the ”explanatory”
section can be readily executed in the notebook. So this second section is trans-
ferred to the notebook by simply moving the source code into ”code cells” and
the description into the "markdown cells” (Fig. 4).

i ROSTuera gl X | + "8 winitng the PublherNode 1 | +
(e)> c o © wiisos orgmos Tuaralmriingpublishersubscriber RS neo = (<) [ ® tocaese books wiing the Pbishe BCRY| n o =
1.2 The Code Explained " Jupyter Writing the Publisher Node in Python Last creckpoint: 01/20:2018  (autosavea) A | Logour
wi| [pyonz O

Now, let's break the code down. le Edt View insen 0 Kemel

Toggenanumbor @+ (% @B 4 v HRn B Ch wan  F @

vy Python ROS Node wil hav s dackratonat h top. The st ine makes e your scpt s executed 2.2 Pyhon
The Code Explained
ot ] Lot brek e code down
v
Sy N 10 [11: | inport.rospy
from 5t negs.asg daport string

ode. The 5td_msgs.msg import is 5o that we can reuse the.
ntainer) for publishing.

You need to import rospy ifyou are wriing a AO

std_nsgs/String message type (a simple siring You noed to import rospy it you are wrting a ROS Node. The std_isgs..msg_import s 50 that wo can reuse the

std_nsgs/String message type (a smple string container)for publishing.
In [2]: pub = rospy.Publisher('chatter, String, queue_sizes10)
Fospy. init node(*talker’, anonynous=True)

“This section of code defines the taker's inteface o the rest of ROS.
pub = rospy.Publisher (*chatter®, String, queue_size=10) doclares that your node s publishing fo the
chatter topic using the message type String . String here is actually the class std msgs.msg.String . The

‘e amount of queued messages i any subsciber is not queve_size mits
receiving them fast enough. In oder ROS distibutions just omi the argument, 9 In older tomit th .
The next line, rospy. init_node(NAME, ... i very important a i tels rospy the name of your node - unt rospy has The next e, rospy. init_node(NAME, ... ) , s very important s i tell rospy the name of your node -~ uni rospy
this informatin, t cannot start communicating with the ROS Master. I ths case, your node willtake on the name talker. s this nformation, it cannot start communicating with the ROS Master, I this case, your node wil take on the name
NOTE: the name must be a base name, e. t cannol contain any slashes */* ‘talker . NOTE: the name must be a bae narme, . i cannot contain any slashes "
anonvmous = True ensures that vour node has a uniaue name by addina random numbers to the end of NAYE, Refer to RN I end of NAME, Refer

Fig. 4. Adapting the ROS Topics tutorial webpage (left) to a Jupyter Notebook (right).
The source code is transferred to code cells, and the explanatory text is copied into
markdown cells. The layout remains very similar, and the links are kept.

Some additional simplifications apply: the initial declaration for Python scripts
is not necessary, since the Jupyter environment is already running a Python ker-
nel. For the same reason, it is not necessary to add the lines of code for checking
that a "main” application is running. One should keep in mind that for the code
to be re-useable in another execution environment, the full source code should
be used.

The subscriber code is adapted in a similar way. The resulting document has
fewer lines than the original, since there is no duplicated code, and some unnec-
essary statements have been removed. In addition, it can be readily executed
from the same browser, without need to launch the script in a console terminal
(Fig. 5).

4.2 Writing a Simple Service and Client

The structure of this tutorial is similar to the previous one.!! Again, the tutorial
is split into two notebooks, for the service and client respectively. Each note-
book consists of the contents of the section ”code explained”, either as code or
markdown cells.

The code can be readily executed on each notebook in parallel, and the results
of the remote call are shown in both notebooks too (Fig. 6).

" http://wiki.ros.org/ROS/ Tutorials/ WritingServiceClient (python)
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filds directy, e.9. The Code Explained
In[): Nrsg = String() 1In [1): import rosy
i Y
9.data = str from std_msgs.msg import String
or you can initialize some of the fields and leave the rest with default values: In [2]: def callback(data):
rospy.loginfo(rospy.get_caller_id() + "I heard %s", data.data)
In [ ]: String(data=str)
The code for the listener is similar to the talker, except we've introduced a new callback-based mechanism for subscribing
fo messages
'You may be wondering about the last little bit:
1 13: [o97 rospy.init_node('listener’, anonymous=True)

talker()
except rospy.ROSInterruptException:
pass

[INFO)
[INFO)
[INFO]
[INFO]
[INFO)
[INFo]
[INFO]
[1NFO]
[INFO]
[INFO]
(1NFO]

(1517999740, 833660] :
(1517999740.834837)
[1517999740.935189) :
[1517999741.034932] :
(1517999741, 144906) :
[1517999741.239993]

[1517999741,342727] :

hello
hello
hello
hello
hello
hello
hello
hello

hello
hello
hello

world
world
world
world
world
world
world
world
world
world
world

1517999740.83
1517999740.83
151799974094
1517999741.63
1517999741, 14

[1517999741.636320] :

(1517999741.740678) : 151799974174

rospy. Subscriber("chatter®,

rospy.spin()

(INFO)
[InFO] [
[INFO)
(INFO]
[1INFO]
[INFO)
[1NFO)
[INFO]
[InFO] [
[1NFO)
[InFO)

[1517999740 szszzn
15179997 :

[1517399"9 936233]
[1517999741.035732] :
[1517999741.145971] :
[1517999741.241255) :
(1517999741.343973] :
[1517999741.436212] :
(1517999741.542420] :
(1517999741.637243
[1517999741.749912) :

string, callback)

heard
hear

heard
heard
heard
heard
heard
heard
heard
heard
heard

hello world
hello wor

hello vorld
hello world 1517999741.63
hello vorld
hello vorld
hello vorld
hello vorld
hello vorld
hello vorld
hello vorld

/listener 2366 15179997090201

stener 2366_15179997690201
/Uistener 2366 1517999769621
/listener 2366 15179997090201
JUistener 2366_15179997690201
/Uistener 2366 15179997696201
/listener 2366_15179997690201
/Uistener_2366_15179997696201
/\istener 2366 15179997696201
: /listener 236_15179997090201
JUistener_2366_15179997696201

1517999740.83
517999740.83

1517999741.74

Fig. 5. Published and subscriber code running in Jupyter notebooks. The output of
each node is displayed in the corresponding notebook.

¥ Wrting a Service Node in Pyi/ x +

@ Wriingthe Client Node ny. X | +

<)o @ [ ® tocamostsssinotebocksringa serice vod ] o] Mo =l > e o ® localhost8888/atebooksWriting the Client Node -9 \:7] n o =
 Jupyter Wrting a Service Node in Python s @ Lo | Jupyter Writing the Client Node in Python auosaves) A | Logout
Flo Edt  View Insen  Cal Kemel  Widgels  Help Tusled|  [Pymon2 @] Fle Edt  View st  Col  Kemel  Wisgels Help Tustea| [ pyimon2 O
+ % & B (4 ¢ MR B C W cose = 4% @B 4 ¥ HAn B C W Mk 3| @
Toni uio oun: Loy v s can.
In [1): from rospy tutorials.srv import * In [2]: rospy.wait_for_service( add two_ints')
inport rospy
n [2]: def handle add two_ints(req): “This s a convenience method that blocks unti the service named add_two_ints is available.
print *Returning [%s + % = %s]"4(req.a, req.b, (req.a + req.b)) Next we create a handle for caling the service:
return MM!"(SMSDOHSe(req a ‘ req.b)
In [3]: add_two_ints = rospy.ServiceProxy('add_two_ints', AddTwolnts)
There's very lttl to writing a service using rospy. We declare our node using init_node()
and then declare our servie:
We can use this handle justlike a normal function and call it
In (3): | rospy.nit_node(-add_tuo_ints_server.)
= rospy.Service('add_two_ints', AddTwoInts, handle add_two_ints) In (4] try:
print( add_two_ints(s, 3) )
This declares a new service named add_two_ints with the AddTwoInts service type. All "‘“P‘.;:5%-?"‘1‘95{52“52& e
requests are passedto handle add_two_ints function. handle add_two_ints is called print “Service call falled: %
with instances of and reft sum: 8
Just like with the subscriber example, rospy.spin() keeps your code from exiting unti the
Somice s shutdon P PY:SpiR()] keeps yo 9 Because we've declared the type of the service to be AddTwoInts , it does the work of
. generating the AddTwoIntsRequest object for you (you're free to pass in your own instead).
. The return value is an AddTwoIntsResponse obiject. If the call fails, a
In [*]: print "Ready to add two ints."

rospy.spin()

Ready to add two ints.
Returning [5 + 3 = 8]

Fig. 6. Service and client code running in Jupyter
is displayed in the corresponding notebook.

rospy.ServiceException may be thrown, 50 you should setup the appropriate
try/except biock.

notebooks. The output of each node
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4.3 Adapting Tutorials in C++4

Though Jupyter has evolved from IPython, much effort has been devoted to
the separation between the kernel running the code, and the notebook frontend.
Nowadays, more than 40 different kernels are available, each for a huge variety
of programming languages.!?

One of such kernels is based on Cling, an interactive C++ Interpreter [10]
developed within ROOT, a framework for data processing created at CERN [1].

We have also adapted the C++ versions of the topics and services tutorials
to jupyter notebooks. Similar to Python, slight changes are needed: the main
function is removed, since the code is run interactively step-by-step; blocks of
code cannot be split across cells, e.g. loops or if-else constructs. Care must be
taken with the declarations, since any second run raises an error. The solution
is to restart the kernel, which eliminates all declared variables for a fresh start.

The results of a C++ notebook for the tutorial on ROS services is shown in
Fig. 7. These results are coming from a local install, since at this moment the
Binder version of the tutorial only features the Python kernel.

- Writing the Client Node in C+-+ - Mozilla Firefox -+
¥ Writing a Service Node inC++ X | + & Writing the ClientNodeinC+ X | +
> @ 0 | © locatostasssnotebooksriing BN mm s« > C & | © locaostasssmotcbooksavrii ] | o @ 17| mn @
" Jupyter Writing a Service Node in G++ Logout || Jupyter Writing the Client Node in G++ Logout
Trusted | xeus G++11 @ Trusted | xeus Gr+11
Fle Edt View Inset Cel  Kemel  Wdgets  Help Fllo Edt View Inset Cel  Kemel  Wdgets  Help
+ 5 B B A & HAn B C B o 3 @ o/ B 4 ¢ R0 B C W Mg o] =

This creates a client for the add_two_ints service. The

This function provides the service for adding two ints, it takes in the request ros::ServiceClient objectis used to call the service later on.

and response type defined in the srv file and returns a boolean.

Here the two ints are added and stored in the response. Then some In [6]: rospy tutorials::AddTwoInts srv;
information about the request and response are logged. Finally the service srv. reques:-; = ;:
returns true when it is complete. BTzl & LS

Here we instantiate an autogenerated service class, and assign values into

In [4]: int arge = 1;

char arge[] = "add two_ints server"; its request member. A service class contains two members, request and
char* argv[] = {argo, NULL}; response . It also contains two class definitions, Request and
Response .
In [5]: ros::init(argc, argv, "add two ints server");
ros: :NodeHandle n; In [7]: client.call(srv)
In [*]: ros::ServiceServer service = n.advertiseService("add two_ints (bool) true
ROS_INFO("Ready to add two ints."};
ros::spin();

In [8]: srv.response.sum

Here the service is created and advertised over ROS. (long) 13

This actually calls the service. Since service calls are blocking, it will return
once the call is done. If the service call succeeded, call() will return true
and the value in srv. response will be valid. If the call did not succeed,
call{) will return false and the value in srv.response wil be invalid.

Fig. 7. Service and client C++ code running in Jupyter notebooks.

5 Conclusions and Future Work

Jupyter notebooks bring new live to ROS tutorials; instead of copying-and-
pasting code and running it in a terminal console, the code is interleaved in

'2 https://github.com/jupyter/jupyter/wiki/Jupyter-kernels
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the same tutorial, where it can be run, and its output is displayed in context.
Tutorials become more concise, and the user workflow is greatly simplified, thus
enhancing the learning process.

Jupyter is an open-source, cross-platform project that has become enor-
mously popular in the recent years. A variety of programming languages is sup-
ported, including C++ and Python, the most widely-used languages in ROS. In
future extensions, we plan to test languages like Lisp, Go, Haskell, Java, Node.js,
Julia, and Ruby: all of them are available both in Jupyter kernels and ROS client
libraries.1? 14

The notebook platform is easily installed in a local computer alongside with
ROS, or it can be deployed in a cloud server. The Binder web service allows
any author to publish a tutorial in a public web repository that becomes live
instantly, allowing other users to try ROS without even installing it in their
computers.

Though the adaptation of existing tutorials to interactive notebooks can be
time-consuming, as it is done manually by now, we encourage the ROS commu-
nity to use these tools for the development of new materials, since teaching of
robotics and ROS can greatly benefit from them.

In the future, we plan to evaluate groups of students for quantitative measure-
ments of the user proficiency in comparison with the classical tutorial approach.
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Abstract

RobotCraft is an international internship with a summer course in robotics de-
signed especially for BSc to PhD students. The students attending this 2-months
program have the opportunity to work in robotics, focusing on several state-of-the-
art approaches, technologies and learned how to design, build and program their
robots throughout multiple activities, carefully prepared to provide a wide range of
skills and knowledge in the topic. This paper describes the methodology used to
introduce participants to a hands-on technical craft on robotics and to acquire expe-
rience in the low-level details of embedded systems.

Keywords: Engineering education, Project-based learning, educational robotics.

1. Introduction

Robotics is a very attractive subject in the field of engineering. More frequently,
educators find robotics a suitable project-based learning tool. Using robots as a
teaching tool, can lead to the acquisition of knowledge and skills in several engi-
neering areas, such as electrical, mechanical and computer engineering areas. As
can also provide the students with problem solving, teamwork and self-taught skills.
With the educational benefits in mind, world-widely, some educators have been
creating for students extra-curricular activities involving robotics, such as Robotics
Summer Camps and Robot Competitions [1-5]. Robot contests present several suc-
cessful designs for projects surveyed by students in universities, colleges and
schools. These contests can offer engineering assignments of different levels, from
a high-school competition [6-7] to advanced research programs such as the robotic
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soccer initiative, or pose a challenging problem, designing a robot that can navigate
autonomously through a maze, find a lit candle, and extinguish it in minimum time.

As a multi-disciplinary subject, robotics involves physics, mathematics, control,
programming, computer-aided design and hands-on technical skills. The primarily
focus of the robotics programs are different, while a Computer Science robotics
program may focus on the high-level algorithms used for image recognition and
navigation, a mechanical engineering program may focus on the manipulation of
servos and motors to complete specific tasks. For college students looking to be-
come involved in robotics, however, it can be difficult to find an introductory course
that empowers them with the knowledge to construct and operate their own auton-
omous robots. The RobotCraft is an international internship with a summer course
in robotics designed especially for BSc to PhD students. The students attending this
2-months program have the opportunity to work in robatics, focusing on several
state-of-the-art approaches and technologies. The summer course, how in its second
edition and entitled as the 2" Robotics Craftsmanship International Academy.

RobotCraft 2017 received around 100 applications, but just 84 attended the sum-
mer course. The attendants came from a wide range of countries, namely Egypt,
Spain, Jordan, Lebanon, Palestine, Portugal, Sweden, Turkey, Germany, Algeria,
Estonia, Finland, United Kingdom, Greece, Hungary, Italy, Morocco, Malaysia,
Netherlands, Romania, Russia, Kazakhstan Syria and Kosovo.

2. International Summer School Program

This summer school program designed to bring engineering students from all
over the world as a way to experience life and learning hands-on technical skills.
The program provided a solid learning opportunity for international students and
presented two challenges. The first challenge was the wide range of educational
backgrounds from the students. As a result, this course had to be accessible to stu-
dents who had never worked with embedded systems before, while at the same time,
it needed to engage and challenge those students who already had some robotics
project experience. This was the second major challenge faced; all of the presented
material had to be interesting and engaging enough to keep participants interested
on the course subjects, meeting the different needs of the international students.

In order to support the wide range of background and skills level of the students,
the course was layout into six different topics, each with the duration of approxi-
mately one week. The topics are summarized in Table 1. For each of these topics,
the participants attended a seminar, lectures and several practical sessions (Table
2.) The seminars presented were on enthusiastic topics and this learning activity
allowed the participants to have contact with researchers referred to each expertise
field. Also as part of their learning activities, as shown on Table 3, the existence of
practical assignments, in order to see results early on in the learning process, while
introducing concepts, allow the more advanced participants to customize their sys-
tems [8-9]. The methodology used on this course allowed participants to accelerate
their learning processes, and also the development of systems thinking and the skills
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of intensive purposeful teamwork; reducing the gap between background, theoreti-
cal and practical activities.

Table 1. Course Schedule and Outline
Schedule Topic Brief Description

v History of robotics and its evolution

First and Introduction to Ro- v" Mobile robot morphologies (namely sensors and actua-

second week botics tors)
v’ Brief literature review (basic theoretical concepts)
v" 3D modelling tools
Computer-Aided De- v 3D printing
Third week sign v Model a 3D structure for the mobile robotic platform
(CAD) v' 3D print the personalized 3D structure

v' Assemble the mobile robotic platform
v' Clanguage applied to Arduino programming
v Features of Arduino solutions (e.g., hardware architec-

Fourth Arduino Program- ture, cycles, communications)

. v |dentify different wireless communication technologies
week ming -
v Low-level algorithms, flowcharts and pseudocode
v Develop a typical differential kinematic application
v - - -
Robot Operating ROS features (e.g., packages publish-subscribe, topics)
Fifth and v' ROS-compatible simulators (Stage)
System P "
sixth week v High-level algorithms, flowcharts and pseudocode
(ROS) v Develop a typical remote sensing application
v’ Different paradigms and some real applications
Seventh v’ Integrating biologically-inspired models
. Artificial Intelligence v' Formalizing a biologically-inspired approach
and eighth (Al) v Develop a streaming architecture to exchange all nec-
week essary data (e.g., sensor readings, encoder’s readings,
actuators control, etc.)
v" Mobile robot platform maze competition
Last day Competition v Mobile robot Patrol competition: algorithm testing

v’ Prize delivery

The practice is fundamental in the learning process and can offer educational
advantages: the participants acquired skills are required in many professional fields
and various science methods studied, can be apply on robot navigation and other
functions. The assignments provided to the students were creative and involved in-
structive activities. The course schedule planning accounted the following factors:
Each topic should be preceded by its prerequisite topics; Each topic should be learned in
parallel with the linked topics; Combination of subjects and balance of theoretical,
seminaries and lab studies are desired; Seminaries presented by researchers in the
specific field of each workshop is extra motivation to the participants, this stimulate
the creative and guided by innovation, which suggests a professional who is capable
of maintaining the skills and knowledge updated to recent scientific—technological
advances. The team assignments given in each week, allowed the participants to
cooperate as a team and to work more independently. Table 3 shows the learning
activities used to achieve the objectives described.

The final competition, in the end of RobotCraft, had two different goals: maze
solving and patrolling attributes. In the maze scenario, the robot needs to find its
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way through the maze; where the evaluation contemplates several conditions: the
distance to the maze’s exit elapsed, the time and the number of wall collisions.

Table 2. Seminar, lectures and practical sessions

Description Methods used Objectives Assessments
. Feedback from the
. . Engage students to this X
Audio and visual mate- . audience.
. particular  area  of . .
Invited Talk rials. knowledge Pertinent questions
. ) ge: and students inter-
Seminar (45 min +30 Discussion  between ) ) action .
in) Oral Speaker and par Provide students with Interest shown dur-
min - -
ticipants. f/hetleoSt:qt:n: the-art de ing the presenta-
P i tion.
. Content well organized
Talk given by & Provide students with
and structure. he basi h ical | -
Lecture one of the resi- | Audio and visual mate- the basic theoretica Oral Questioning.

contents.

(theoretical dent teachers | rials.
1 1h 20 Discussion between Promote parallel learn- | Tutorial exercises
esson) (thour  + teacher and partici- | . ote p ) ’
. ing with linked topics.
min) pants.
4 to 8 hours per | Active involvement, | Emphasize concept ap- | Oral Questioning.
Pratical day of Lab prac- through hands-on pro- | plication. Team and individual
jects. Foment team-learning | capabilities on solv-
sessions tice, supervised

activities.

ing problems and

(lab practice) by 2 to 4 teach- | Challenging team as- | Fosterand develop crit- | developing critical
signments. ical thinking. thinking.
ers
Table 3. Learning Activities.
Objectives Learning Activities

Implementation of basic system functions

Work with instructional modules.

Lectures provided in the context of each module and the tutorials
provide structured information for the participants.

Design and construction of the system

Teamwork on practical project assignment.

tions

Implementation, control and communica-

Work on research and Lab practice.
Participants need to develop the proposed assignments and to con-
clude the final project.
System of extra point’s reward, to increase motivation and develop-
ment of all the proposed tasks.

Adaptation of the system to the real envi-

ronment and prepare to the competition

Lab practice and assignments.

And in the patrol mission, the robot needs to patrol, cooperatively, a given re-
gion, minimizing the idleness of all points of interests; therefore, the evaluation of
this patrol mission is on the average idleness. Table 4 shows for each subject ap-
proached during the course, the intended learning objectives and the observed out-
comes, as well as an example of a proposed assignment given to the participants.
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Table 4. Subjects - Learning Objectives, Assignments and Outcomes.

Subject Intendt'ed L'e arning Proposed Assignment Observed Learning Outcomes
Objectives
Identify mobile robot mor- Simple tasks where both circuit All the participants achieved the
phologies and program needed to be intended learning objectives.
Robotics Implement, develop for changed, e.g. modifying the All groups completed the assign-
functional architecture to a communication protocol start ment with good remarks by the
mobile robot. code. teachers.
Identify 3D modelling tools Participants must design a crea-
Computer- and printers tive robot housing. The robot All the participants achieved the
. Execute a 3D modelling tool | housing should hold the 2-ultra- | intended learning objectives.
Aided De- . .
sign (CAD) (FreeCAD) ' sound sensgrs (left and right All t.eams showed creativity in the
Create and print a 3D struc- sensors), 1 infrared sensor (front| design of the 3D structure.
ture sensor) and 4 LEDs.
Assemble the printed 3D Participants must follow a given | All groups assemble their mobile
3D mobile| structure hardware architecture in order platforms.
Robot Assemble all mechanical to construct their mobile robot All participants understood the
components platform hardware architecture.
Create a function that reads the
Apply Clanguage in Arduino gltrasound sensors anq converts The participants shown good re-
Arduino programming its measureme:nts in millimeters. sponse to the Arduino module
Program- Create the interface to link Create a function that reads the A‘I)I roups were able to plan o'r-
min the Arduino board with the difference between the num- g b ke
g bers of pulses counted by the ganize and execute the tasks.
sensors and actuators .
encoders on each wheel since
last request.
Kinematics Relate kinematics with Adapt and merge the COd?S. to The evaluation of all participants
and the robot c?ntrol system Fhe real hardware, comprnsmg was positive, highlighting the in-
Control Create and implement a linear and angular velocities on terpersonal help between each
kinematic model of a dif- the control of speed and the di- team
ferential drive robot rection of both wheels. )
All participants shown some diffi-
Interpret and operate in a Create a ROS package, that con- :;gtsles upon the introduction of
ROS Archi- ROS environment Fams a n(?de cap?ble of subscrib-| The assistance and help of the
tecture Explore ROS features . ing 3 topics prov!ded by thg teachers were fundamental and
Relate Arduino task with ROS| code developed in the previous R
architecture task in Arduino. on this module, they overcome
most of their drawbacks by team
interaction.
Sketch a robotic simula- In a ROS package, create the
tion setup and imple- needed files to simulate a virtual| Almost all groups achieved the in-
Simulating| ment the mobile robot world with a robot in Stage. tended learning objectives.
with Stage| Platformin ROS. The extra goal is to have the ro- | Robot design creativity used in
and ROS Execute Stage software bot mapping the environment Stage, rewarded with extra
in ROS and evaluate the with laser scans, in parallel with | points.
mobile robot perfor- other tasks.
mance.
Almost all groups developed an
IArtificial In{  !llustrate and label differ- ImplemenF a simplef algg— ant algorithm.
telligence ent Al approaches rithm inspired on biological 2-3 groups developed and imple-
(Al) Implement and compare S_YSteme e.g. an ant algo- mented a more advanced Al algo-
Al algorithms rithm. rithm.
All groups were able to develop a
Operate the mobile ro- Conclude the algorithm de- full operating mobile robot plat-
Competi bot platform in a real 3D velopment of the mobile ro- form. )
tiopn scenario maze). bot platform. Evaluate and 100f 15 groups ente'r the maze fi
Assess the performance carry out final improve- nal competition and just 3 teams
of the surveillance algo- ments. concluded a successful surveil-
rithm (patrol). lance algorithm.
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3. Robot Craftsmanship

The course developed to be a practical hands-on experience for students of vari-
ous backgrounds; and to engage students on robotics, met some specific criteria: the
use of hardware and software supported by large communities, allowing students
the benefit of finding help and examples online, both during and after the course.

All the devices used were relatively affordable, so that students could easily pur-
chase their own components to tinker with, after the course. Although simplistic,
the mobile robotic platform assembled, needed to comprise all relevant components
inherent to mobile robotics (Figure 1).

ROS Arduine Mega

Motor D g
otor Driver . % . v

_1

Ragarcraet

oy

Fig. 1. Main hardware parts of the robotic system.

After the assembly of the platforms, students were introduced to C language and
to some common algorithms in mobile autonomous robotic topics, such as mobile
robotic kinematics, motion control, localization, path planning, among others. They
started merging the developed algorithmic into systems capable of basic autono-
mous functionality and evaluate it considering the robot performance and then, im-

proving the developed code.
Motor #14 E‘:‘;Zr e
' . A

Sensor #1

Sensor #3 P pram—
a Motar #28
Molor #24
Sensor #2 Encoder #2 Leff aide

Fig. 2 The mobile robot platform.

As they develop skills working with ROS (Robot Operating System), writing
robot software in a flexible framework, they acknowledge that several kinds of ro-
bot bases have common points: wheels, motors, odometry, among others. The inter-
process communication is an important feature to the overall process. The robot
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needs to see obstacles and decide where to go next (reactive walk). For this, it con-
tinuously needs to read laser scans to make decisions, where through a simple algo-
rithm; it sends commands to the base. This is a kind of service used on any mobile
robot. Simple service, like navigation consists on the determination of a valid tra-
jectory between two points, provided by a map. Knowing the robot position, the
localization of the robot in space is possible. Synchronous communication is an
important issue when defining goals for the robot to move, for determining the pos-
sible paths and for knowing when the robot got there.

In order to avoid harming the robot or oneself, they simulated their approach
before attempting it in the real robot platforms. They used Stage (OpenSource soft-
ware), a standalone robot simulation program, on the ROS platform and were able
to simulate multi-robot tasks in a ROS packages (e.g., coverage, patrolling, for-
mation control, exploration, mapping, and it can include robots, sensors, actuators,
moveable and immovable objects). The attendants learn to configure properly a
workspace, to set up and run the simulation program, and to create a ROS package
for the simulations. They were able to test and validate their project.

In the final week of the course, participants worked together on the development
and improvement of their mobile robot platforms. They gained experience in how
to accomplish tasks, in problem solving and in design decisions. Instructional time
was primarily spent guiding attendants through the implementation of algorithms,
and working through the difficulties and pitfalls of real hands-on development.
Their skills in scheduling timelines, teamwork and compromise were improved.
One noteworthy event was by the end of the last week, some teams realized that
they would not be able to complete the project in time to enter the competition. In
order to meet this goal, opposing teams worked together and even shared algorithms
and code. At the end of the week, all teams had developed robots that could auton-
omously compete.

In the final day, the competition took place, and comprised two different objec-
tives: first, the maze solving and second, the patrolling attributes (Fig. 3).

\ -~ P

Fig. 3. Competition day: maze solving (left) and patrolling scenario (iht).

Figure 3 shows the maze scenario, where the robot needs to find its way through
the maze and the patrol mission, where robots needed to patrol cooperatively a given
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region, minimizing the idleness of all points of interests. The maze scenario assess-
ment was through the distance elapsed, time and number of collisions and for the
patrol scenario was through the average idleness.

4. Surveys

To obtain a formalized feedback of the course, participants took two surveys.
The first was answered by 96% of enrolled attendants. The main purpose of this
survey was to identify the overall knowledge, of each participant, in different related
topics. The second, taken in the last seminar by 77% of enrolled participants, aimed
to get feedback from the attendants, about their expectations and to provide a useful
overall evaluation of the course.

4.1. Participants

During the first seminar, 81 participants answered the initial survey, correspond-
ing to 96% of enrolled attendants and came from twenty different countries. Being
an intensive summer course in English language and disseminated in several infor-
mation channels, Portugal (the host country) is second with just 7% of student par-
ticipation behind Turkey, representing 51% of enrolled students.

The attendants became aware of the existence of this summer course through
several channels of information. The more important ones were through friends and
colleagues, social media and Erasmus channels, representing 70% of the enquiries.

From the 81 attendants that answered the initial survey, 92.5% were university
students in their home countries, 79% had ages between 20 to 24 years old and 75%
of them were male. BSc, MSc and PhD students, corresponded to 80%, 10% and
2.5% of participants, respectively. Figure 4 shows the distribution of participants
according to the area of specialization. The others 7.5% already concluded their
studies and were not involved in a university course.

MA (Nat Answered) ] —
Nanobiology
Sustainakility Management Bl
Business informatics
Aerospace Engineering I
Biomedical Engineering
General Englneering
Computer Science

Industrial Engineering

Mechanical Engineering

—
Mechatronic Engineering  IEE_——

-

I

|
Electrical and electronics Engineering | i | |
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Fig 4. Number of participants according to their area of specialization.

As is it shown on figure 4, 80% of the participants have a background on, or are
attending, a university course on engineering. Electrical and electronics engineering
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is the area with most participants, 31%, against 26% of participants with a mechan-
ical or mechatronics engineering background (14% and 12% respectively); 10% are
attending a Computer science course, 5% and 4% of them, are students on Aero-
space and Biomedical engineering, respectively.

When asked, what were the main reasons (up to 3) for enrolling in this course;
participants gave different and diverse reasons. Some wanted to have an educative
summer, others to learn more on ROS, C# and/or Artificial Intelligence; others the
main purpose was to make an internship, or visit Portugal (9%), or to improve their
English. Most of them, around 42% shown to have personal interest in acquire ex-
perience in robotics. Around 47% of the attendants said they had already built a
robot before.

4.1.1 Women participation

From the last decades the number of women in engineering courses has been
increasing [10]. This edition, has been no exception, there was an increase of the
percentage of women involved. There were 84 attendants, 25% of the enquiries
were female, corresponding to an increase of 20% of female participation from last
year edition. These female attendants came mainly from Turkey, followed by Hun-
gary and Morocco with 40%, 20% and 15% of participation, respectively. 80% of
them are BSc students, with ages between 20 and 24 years old. Their areas of spe-
cialization are mostly on engineering, with 25% on Electrical and Electronics En-
gineering, 20% on Business Informatics and 15% on Computer Science.

4.2. Participants knowledge

The initial survey had a series of questions, aimed to access the overall
knowledge of the participants in some areas, such as Computer-Aided Design, 3D
Printing, Mechatronics, Arduino Programming, Kinematics, Control, ROS and Ar-
tificial Intelligence. Figures 5 and 6 illustrate the responses to six of the survey
questions, based on a five point Likert Scale [11]. Likert Scales have the advantage
that they do not expect a simple answer (yes or no, good or bad) from the respond-
ent, but rather allow degrees of opinion, and even no opinion at all. For example,
there are Agreement, Frequency, Importance and is assumed that the experience is
linear. The left and right extremes, correspond to numbers 1 and 5, respectively.
And it is assumed that there is a continuum of possible answers from the left to the
right of the scales, that is, from Never to Very Frequently, or from Unimportant to
Very Important, and a choice of five pre-coded responses can be given, with the
neutral point being occasionally or moderately Important [12]. Figure 5 shows the
current understanding on the topics and reveals that most students do not understand
a large part of these topics. In fact, only 4 participants worked with ROS before
starting the course.
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Fig. 5. Initial current understanding on RobotCraft topics.

Also the background in some subjects like electronic, computer, assembly lan-
guage, show that the participants have an overall poor knowledge and lack of hands-
on experience.

4.3. Participants reactions

Figure 6 illustrates a comparison made with the initial and final surveys taken by
the participants, the topics, which they had, a non-relevant initial understating are
ROS with 67%, Artificial Intelligence with 49%, followed by Kinematics, Mecha-
tronics, Control and 3D printing with a percentage of around 40%. The topics where
the seminars were more important in the context of the course were the lectures
within Arduino, Kinematics, ROS, Control and Artificial Intelligence, with 55%,
57%, 66%, 62% and 68%. These were also the topics where the evaluation of the
seminar lectures were more relevant, with 43%, 38%, 40%, 45% and 49%, consid-
ers that the evaluation was positive. When comparing the initial and current under-
standing on each topic, when comparing the initial and current understanding are
ROS topic with a 29% drop, from 67% to 38%, Mechatronics with a 17% drop from
42% to 25%, followed by Kinematics and 3D printing with a 15% and 14% drop.
In fact, ROS, Kinematics and Arduino topics had a very subtle increase of 10%, 2%
and 2% of participants with a relevant current knowledge on the topic. When asked
about the difficulty of these topics, the ones that had more percentage of non-rele-
vant knowledge and higher relevancy of the seminars lectures to their understand-
ing, ROS, Control and Atrtificial Intelligence appear with 51%, 46% and 48% of
percentage of participants alleging they were difficult topics to learn. In fact, about
ROS the participants felt this was a very important topic of the robotics course, but
itis very difficult to learn in just two weeks. Based on formal and informal feedback,
the course was successful in providing the participants with a meaningful introduc-
tory, yet comprehensive robotics experience. In addition, their feedback is im-
portant to improve the overall quality of this course.
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5. Conclusions

A two months robotics course, aimed for international students from varying en-
gineering backgrounds, with the advantage of coupling various skill levels, was suc-
cessful. The methodology used, had the ability to give to participants an appropriate
introduction to a complete robotics design experience. The participants saw their
academic knowledge on some engineering subjects improved. The methodology
used, developed not just their technical skills but social also, through teamwork.
Even a moderate knowledge increase on some approach subjects is a finding that
robotics, if well approached, can be a multi-disciplinary learning platform.
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Abstract. This paper describes the teaching efforts in several courses in
our newly started robotics major in Tampere University of technology.
While the fundamentals and theory in robotics are covered by tradi-
tional courses, hands-on experiments and student projects use ROS as
software platform. ROS is introduced by an overview lecture with prac-
tical demonstration and aims to point students towards information and
resources instead of providing ready-made solutions. This approach leads
to much trial-and-error and a steep learning curve that, we believe, is
highly valuable. We reflect on an early evaluation of our approach and
conclude that the advantage of ROS as tool to educate robotics is due
to its holistic nature. From low-level concepts (e.g. interfacing, commu-
nication, diagnostics) to high-level functionality (e.g. visualization, ma-
nipulation, SLAM), all are included in ROS and required to educate the
next generation roboticists.

Keywords: robotics, education, Robot Operating System

1 Introduction

Since the advent of robotics, considerable effort has been put in the development
of theory, algorithms and their implementation. Similarly, such effort should
also be represented in the education of robotics at academic institutes [1-4].
The balance between theoretical foundations and practical work is, however,
not trivial to find, and often complicated by the multitude of available software.
Traditionally, robotics education has gone hand-in-hand with programming (e.g.
C/C++) or higher-level computing environments such as Matlab®. In recent
years, however, research has moved slowly to adopt ROS as middleware [5],
and many other libraries and interfaces offer some form of integration towards
it (e.g. ROS in Matlab). Education has caught up to this and many higher
institutes of education now offer ROS in course form, or require ROS to be used
as programming interface for project work!. Additionally, professional education
on ROS that is not part of a curriculum can be found in summer schools [6],
conferences?, online courses and in bookform?. The take-up of industry, however,

! https://wiki.ros.org/Courses
2 https:/ /roscon.ros.org
3 https:/ /wiki.ros.org/Books
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is slower but initiatives are ongoing to provide the reliability and robustness that
is required in industrial environments (EU H2020 project ROSIN* [7]).

As educational design is mostly done behind closed doors, with this brief
paper we report the route taken at Tampere University of Technology, in the
recently started robotics major. By providing an overview of our approach and an
early evaluation of outcomes, we hope to open up a discussion on best practices
with respect to robotics education and ROS.

2 Robotics major

The robotics major at Tampere University of Technology started in September
2017, and offers MSc students to specialize in robotics and the technology re-
lated to it. The degree is offered by the Faculty of Engineering Sciences. The
most significant contributions come from the laboraties of Automation and Hy-
draulic Engineering (AUT) and Mechanical Engineering and Industrial Systems
(MEI), although other units of the university, for example Signal Processing,
also contribute. The two year program (120 ECTS) requires students to have
solid mathematical background and good programming skills. Studies include
the fundamentals of robotics, control of robotics, sensing/perception systems
for robotics, robot programming and project work. After the studies, students
are able to develop robot-based systems. The major consists of four mandatory
courses complemented with elective courses that go deeper in a certain topic. In
several of these courses, experimental work includes the use of ROS to connect
to and control robotic systems, as described in Table 1 and 2.

2.1 TUTRobolab

While all traditional lectures are given in lecture rooms, practical work and
demonstrations make use of a laboratory environment specifically designed for
students. This TUTRobolab offers a place for students to work with robotic
equipment and experiment without major restrictions. Robots and related tech-
nology are for example industrial manipulators (Universal robots, Franka, PRob),
mobile robots (turtlebot, in-house developed robot), a multitude of sensors (2D /3D
ToF cameras, lidar, GPS, IMU, etc.) and different processing platforms (PCs,
embedded PCs, Raspberry Pi). While giving preference to course students, the
lab is available 24/7 to all students interested in robotics and aims to create a
casual learning environment.

2.2 Mandatory courses

The core of the major consists of four mandatory courses, as described in Table
1, designed to educate students on the basics and practicals of robotics and
includes project-based work to prepare them for future professional work life.
All courses emphasize practical implementation and require programming to be
part of the work.

* http://rosin-project.cu/
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Table 1: Mandatory MSc courses as part of the robotics major

Mechatronics and Robot Programming 5 ECTS Lab exercises

Provides an introduction to sensors and robots. Student groups (2-4 persons) complete
exercises ranging from sensor interfacing and read-out, visualization, installation and
set-up for different processing platforms (PC, Raspberry Pi, wireless networking, SSH)
and robot platforms (motors, turtlebot, crane), to advanced algorithms (simulation,
SLAM, navigation). All exercises are demonstrated by each group, questioned to assess
each member’s understanding and finalized by a report.

Robotics Project work 6 ECTS Group project

Provides project-based group work. Student groups (2-4 persons) pick a topic and
develop a robotics project, emphasized on interdisciplinary collaboration. Lectures are
provided by speakers from industry and academia. The project requires students to de-
velop project planning and management skills, and collaborate on multiple disciplines.
Typical projects include LEGO house building with a UR5 robot, indoor delivery robot
and upgrading an industrial robot manipulator.

Robot Manipulators: 4 ECTS Theory, practicals
Modeling, Control and Programming

Provides a traditional introduction to robot manipulation. In this course students ob-
tain knowledge on robot modeling (kinematics and dynamics, Denavit-Hartenberg no-
tations), and programming for industrial manipulators. Exercises use Matlab and the
course is finalized with an exam.

Fundamentals of Mobile Robots 5 ECTS Theory, practicals

Provides the fundamentals of mobile robotics including localization, mapping and plan-
ning. Extensive exercises use Matlab and ROS.

2.3 Elective courses

Besides the four mandatory courses, additional credits have to be taken to com-
plete the major. These courses can be on specific topics such as computer vision
and machine learning, or more focused on specific fields within robotics, such
as planning and advanced control (e.g. see Table 2). In both mandatory and
elective courses, where possible, ROS is used to ease the education of robotics
and robotics related technology.

2.4 Teaching philosophy

The approach we take to educate robotics on a MSc level, is to find an appro-
priate balance between theory and practice. While the fundamentals can only
be taught by introducing the relevant mathematical theory, a deeper under-
standing is obtained when such theory can be tried and tested in simulation
or experiments. Take for example coordinate systems and their transformation.
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Table 2: Elective MSc course as part of the robotics major that includes ROS

Advanced Robotics 5 ECTS Theory, practicals

Provides advanced theory on motion control for robots, such as dynamical systems,
stability theory, visual servoing, force control, etc. Theory is supported by practical
implementation and integration on an advanced robot manipulator (Panda, Franka
Emika GmbH).

Understanding the theory and its use can be assisted by tools such as Matlab®
and ROS® that ease implementation and visualization.

A choice was made to not have a separate course purely on ROS, as other
institutes offer (such as e.g. ETH Ziirich?), but only provide an introductory
lecture. This 1.5 hour lecture provides the basics of Linux and ROS, and shows
students where to find information and how to develop their skills. In case of
difficulties or problems student assistants are available to assist and help out
with practical matters.

3 Evaluation

The first intake of the major attracted a significant number of students, where
a selection had to be made based on background and motivation. Such decisions
are difficult as grades and background do not always represent the best selec-
tion criteria. For example, giving preference to students that have experience
and background with ROS might be suitable for elective courses (e.g. Advanced
Robotics), but not for mandatory courses, as ROS will be introduced there. De-
spite this, the majority of students successfully passed, or are about to pass,
the courses. Evaluation of (ROS) skills was assessed by oral examination and
practical demonstration of the developed software.

3.1 Lessons learned

Lessons learned for the educators of the robotics major are mostly related to the
time and effort necessary to prepare course work and practical experiments. It
is very easy to underestimate the time required to set up simulations and ex-
periments and verify that all will function properly on different platforms. This
applies similarly for laboratory systems that are in continuous use for different
projects. Software versions and hardware differences might simply not be com-
patible. It is difficult to anticipate for this and to estimate how much time and
effort it takes for students to master such realization.

5 https://se.mathworks.com/help/robotics/gs/coordinate-systems-in-robotics.html
6 https://wiki.ros.org/tf2
7 http://www.rsl.ethz.ch/education-students/lectures/ros.html
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Even though ROS is a major step forward in providing a standard in robotics
education, this also is a drawback. It is very convenient to install a package,
execute the algorithms it provides and demonstrate a functioning system. This
does not imply, however, that the fundamentals behind the algorithms and robot
are understood. Such understanding has to come from studying the algorithms
and experimenting with different parameters, or by developing and/or extending
the methods. Again, we believe that by providing the tools and problems, and
requiring from students a solution, will lead to a deeper understanding of the
theory.

Additionally, not all students have the same background, leading to gaps
in programming capabilities and hands-on experiments with software coding.
This leads to big differences in outcomes and progress throughout a course. One
solution to this is to require a certain level of programming skills in order to be
accepted in the major. Despite this, we found good results in creating group work
with different skill sets. Even though this might cause one person to take the
lead in project work, this can be compensated to ensure all participants have
to demonstrate the learned skills. Group work also leads to students learning
valuable skills necessary in professional work life, such as educating colleagues,
team work, effctive time and project management, and communication.

Feedback that was obtained from students after finalizing a course gave valu-
able information on how to improve the education. Issues that were raised were
for example, the lack of a lab technician for quick questions and small practical
issues, and the deployment of a virtual workspace where students can collabo-
rate, discuss and share ideas (e.g., Slack®).

3.2 Post-graduate requirements

In Finland, it is common to do a MSc thesis in a company, where ROS is most
likely not being used. Why should an academic institute then spend so much
effort on educating their students with ROS? Our answer to this is that it’s
impossible to ensure a common framework that is supported by all involved
partners. Even the most common tool for studying engineering (Matlab), is still
underrepresented in industry due to its high cost. Our main aim is to educate
future engineers with the skills and capabilities to design robotic systems. This
whole overview of robotics ranges from interfacing sensors and actuators, to
control architectures and high-level industrially relevant applications. With so
much diversity a common ground is found in ROS, as it supports all. Moreover,
different programming languages can be used, to accomodate different educa-
tional backgrounds. Through ROS, students practice C/C++ or Python which
is commonly used in industry, and learn what a complex robot control system
should include.

8 https://slack.com/
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4 Conclusion

This short paper described the efforts made in Tampere University of Technol-
ogy with respect to robotics education. Our approach is to balance theory with
significant hands-on experimental work, by utilizing the Robot Operating Sys-
tem. The advantage that ROS has over other robotics software, such as Matlab,
is that it provides a complete overview and implementation of required tools.
From low-level concepts such as communication and interfacing to high-level
algorithms, it educates roboticists the basics and pushes the state-of-the-art.
Drawbacks of ROS are found in the limited adoption in industry and in compat-
ibility or support issues (e.g., unsupported versions, hardware/software version
mismatch). Despite this, a first evaluation of our robotics major suggests that
students benefit greatly from a community-supported initiative such as ROS.
The large user-base and growing support for robotic equipment, means that in-
formation can be found and asked for on-line. This brings a steep learning curve
that, we believe, is highly valuable.
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Abstract. Learning Robotics in these recent years has become more
easy thanks to ROS and its worldwide success [1]. ROS has managed to
reduce the learning curve for newcomers as results can be obtained even
before going into the theoretical basis like differential steering systems,
forward and inverse kinematics and motion planning. This paper presents
the comprehensive set of on-line tutorials featuring TIAGo, the mobile
manipulator of PAL Robotics, which use Gazebo simulator and ROS to
take a widespread audience to a trip to discover in a practical way a broad
range of areas like control, motion planning, mapping and navigation and
2D /3D perception.

1 Introduction

Dynamic simulations of different robots are very common nowadays. Accurate
simulation models provide an easy way for rapid prototyping and validation of
robotic tasks. Focusing in ROS based simulations, the abstraction layer provided
by frameworks like ros_control ! [2], ensures that what you get in simulation is
what you will get in the real robot, at least in terms of interfaces. Furthermore,
working in simulation is very important when learning robotics, as programming
a real robot may be dangerous for the robot itself, the environment or people
around. Simulation then is an essential tool for learning robotics.

PAL Robotics has published a comprehensive set of on-line tutorials based on
its mobile manipulator TIAGo 2. The tutorials are organized in different blocks
which are depicted in Figure 1. The first section explains in detail how to get
a computer ready to follow the tutorials presented afterwards. The installation
instructions for an Ubuntu computer and a ROS distribution are explained along
with all the required ROS packages from PAL Robotics in order to have the
dynamic TIAGo’s simulation in Gazebo up and running.

All the tutorials are based on spawning the model of TIAGo in a given
simulated world in order to perform a specific task. The tutorials are structured
in a way that provides the basic ROS instructions in order to have the simulation

! http://wiki.ros.org/ros_control
2 http:/ /tiago.pal-robotics.com
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running, how to run specific ROS nodes performing the target task and also
providing some theoretical background of the robotic task when needed.

The first block of tutorials addresses basic control aspects of the robot. Af-
terwards tutorials about laser-based mapping, localization and autonomous nav-
igation are presented. The next block teaches different ways to perform motion
planning with TIAGo including a pick and place demo. Right after a set of
tutorials showing different computer vision applications are included. Then, tu-
torials about processing point clouds show basic perception tasks based on 3D
data obtained with the depth camera of the robot.

2 Control

These tutorials aim to teach how to command the different Degrees of Freedom
(DoF) of TIAGo.

2.1 Differential Drive Base

The first two tutorials in this block show how to control the differential drive
base of TIAGo in order to have the robot moving in the ground plane. The
main teaching of these tutorials is that a differential drive system can perform
a Twist [3], i.e. the composition of a linear velocity along the axis of the robot
pointing forward and a rotation speed about the center of the robot base.

One of the tutorials instruct on how to send the appropriate message. For
example, the message to have TIAGo moving at 0.5 m/s forward and at the same
time rotating at 0.2 rad/s about its vertical axis can be seen in the following
command line instruction:

rostopic pub /mobile_base_controller/cmd_vel \
geometry_msgs/Twist "linear:

x: 0.5

y: 0.0

z: 0.0
angular:

x: 0.0

y: 0.0

z: 0.2" -r 3

2.2 Upper body joints

The goal of these tutorials is to provide the reader with knowledge about the
typical controllers in ROS based robots to control them in joint space and what
can be achieved with these basic controllers.
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Fig. 1. Overview of the on-line tutorials of TIAGo
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Joint Trajectory Controllers Two tutorials are provided so that the reader
can have a grasp of the different ROS Joint Trajectory Controllers ? defined in
the upper body of TIAGo each one controlling the following groups of joints:

— arm_torso: group composed of the prismatic joint of the torso and the 7
joints of the arm

— gripper or hand: groups of the 2 joints of the gripper or the 3 actuated
joints of the humanoid hand of TIAGo

— head: the 2 joints of the head composing the pan-tilt mechanism

The tutorials provide links to the official ROS documentation explaining how
a Joint Trajectory Controller is useful to execute joint-space trajectories defined
by a set of waypoints so that the trajectory results from interpolation using
different strategies. The use of TIAGO0’s joint trajectory controllers is exemplified
with a simple C++ code that the user can easily modify and produce complex
motions with the robot in simulation.

This tutorial can be used when teaching robotics in order to quickly validate
forward kinematics computations of the arm given a joint space configuration by
comparing the pose of the end-effector obtained in simulation. For example, in
order to obtain the cartesian coordinates of TIAGo’s arm tip frame the following
ROS instruction can be used

rosrun tf tf_echo /torso_lift_link /arm_1_link

which will print the transformation from the arm tip link, i.e. arm_7_link, with
respect its parent link, i.e. torso_lift_link, which is presented in the following form

- Translation: [0.155, 0.014, -0.151]

- Rotation: in Quaternion [0.000, 0.000, 0.020, 1.000]
in RPY (radian) [0.000, -0.000, 0.039]
in RPY (degree) [0.000, -0.000, 2.242]

This is also a good point to introduce the ROS Transform Library 4 to the
students and explain the two rotation representations provided, i.e. the Quater-
nion based and the Roll-Pitch-Yaw representation.

Head control This tutorial provides an example of a more sophisticated con-
troller that can be build on top of the joint-space trajectory controller of the
2 joints of the head. This new controller is the Head Action controller ®. The
goal of this controller is to have the robot’s head pointing to a given direction,
i.e. looking at an specific cartesian point. Therefore, the input of the controller
is not in joint-space but in cartesian space. The source code of the controller,

3 http://wiki.ros.org/joint_trajectory_controller
4 http://wiki.ros.org/tf2
5 http://wiki.ros.org/head_action
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available in 8, is also a good example on how to implement inverse kinematics
using the Kinematics and Dynamics Library (KDL) 7.

The tutorial is based on a simple ROS node implemented in C++ which also
shows how to use the actionlib interface of ROS 8. The C++ example opens a
window with the RGB image providing from TIAGo’s head camera so that the
user can click on any pixel and the robot in simulation then moves the head so
that it looks at the given direction, see Figure 2.

Fig. 2. Head control of TIAGo defining a sight direction

The C++ example also shows how to make use of the intrinsic parameters
of the camera in order to compute a cartesian point in the line of sight defined
by the pixel clicked by the user.

Playing back pre-defined motions The last tutorial in the Control block
explains how to store in a yaml file upper body motions defined in joint space
so that they can be played back at any time with the Play Motion library in
ROS °. The tutorial also explains how to change the velocity of the motions by
varying the time given to reach each waypoint of the trajectory.

3 Autonomous Navigation

Two tutorials are presented in order that lead to autonomous navigation of
TTAGo in simulation. The first tutorial is devoted to explain how to generate
a map with the laser range-finder of the robot. This tutorial can be used as
demonstration of Simultaneous Localization and Mapping (SLAM) by using the
gmapping algorithm wrapped in ROS 19, see Figure 3.

S https://github.com /pal-robotics/head_action
7 http://www.orocos.org,/kdl
8 http://wiki.ros.org/actionlib
9 http://wiki.ros.org/play_motion
10 http://wiki.ros.org/gmapping
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Fig. 3. Laser-based map generated by TIAGo

Once the user has created a map a tutorial showing the autonomous navi-
gation of TIAGo is presented. This tutorial embraces theoretical concepts like
Adaptive Monte Carlo Localization [4], particle filtering to track the pose of
the robot in the map, the costmap concept, laser scan matching and obstacle
avoidance with motion planning.

The navigation tutorial also introduces a more sophisticated approach to
obstacle avoidance which consists in using not only the laser scan but also a
virtual scan produced from the point cloud of the depth camera of TIAGo’s
head.

In Figure 4 a global trajectory that TIAGo is trying to follow to reach a
destination point in the map is shown in blue. Furhtermore, the costamps appear
overlayed in the map defining inflated areas that produce repulsion points taken
into account by the local planner that reactively corrects the robot trajectory in
order to avoid obstacles detected by the laser and the camera.

4 Motion Planning

The block of Motion Planning focues on Movelt! ! [5], which supports several
motion planning libraries like OMPL [6] the state of the art software in motion
planning for manipulation. The different tutorials are briefly explained hereafter.

4.1 Motion planning in joint space

This is the basic tutorial of motion planning. It shows how to define the kinematic
configuration to reach in joint space and how to generate a plan and execute it
in Movelt!. This is a good example on how to obtain collision-free and joint limit
avoidance when moving the robot upper body in joint space.

1 http://moveit.ros.org
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Fig. 4. AMCL-based localization of TIAGo and path planning

4.2 Motion planning in cartesian space

This tutorial allows the user to define the goal kinematic configuration in carte-
sian space, i.e. by defining the goal pose of the given frame of the robot’s upper
body. Then, it is an example on how to run inverse kinematics using Movelt!

4.3 Motion planning taking Octomaps into account

This tutorial is an extension of the previous one in order to add vision-based col-
lision avoidance with the environment. Indeed, it is an example on how Movelt!
can handle a 3D representation of the environment based on Octomap’s occu-
pancy grids [7], see 5.

Fig. 5. Motion planning including Octomap occupancy grid
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4.4 Demonstration of a pick & place application

The last tutorial of motion planning includes a full pipeline to have TIAGo
picking an object from a table, raising it and then place it back to its initial
position. The tutorial shows an example on how to use monocular model-based
object pose estimation and how to use Movelt! to perform the pick and place
operations by avoiding collisions with the table. A snapshot of the demo is shown
in Figure 6.

Fig. 6. Pick and place demo using Movelt!

5 Perception

5.1 2D perception

A collection of tutorials based on OpenCV [8] are included in order to show
typical tasks in robotics involving computer vision. These tutorials cover the
following areas:

— Color-based tracking

— Keypoint detection and descriptors computation

— Fiducial markers detection and pose estimation

— Person and face detection

— Planar textured object detection based on homobraphy estimation

Figure 7 shows a couple of simulations. On top, the output of the tutorial
showing how to perform person detection. On the bottom, the example of tex-
tured planar object detection and pose estimation.
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Fig. 7. Some examples of 2D perception in simulation
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5.2 Point cloud perception

TTAGo is provided with a RGBD camera placed in its head. Nowadays this kind
of low cost depth sensors are of common use in robotics applications. Further-
more, the existance of the Point Cloud Libray [9] provides a useful set of tools
to process the data from the depth sensors and obtain semantic data out of it.

A set of tutorials showing point cloud processing are presented. The tutorials
aim to show how to detect, segment and estimate the pose of and object on top
of a table for robotic manipulation tasks. Figure 8 show the result of the tutorial
providing cylindrical object detection and pose estimation.

A

Fig. 8. Table top cylindrical object detection and pose estimation

The tutorials show step by step how to obtain this result starting from the
detection of the plane of the table, following with the segmentation of the point
clusters on top of such a plane, and finally identifying the clusters that fit on
the cylindrical model.

The result of these tutorials can be then combined with the motion planning
tutorials in order to implement grasping tasks with integrated perception.

6 Conclusions

This paper presents the on-line tutorials of ROS for the mobile manipulator
TTAGo. The paper has shown how this tutorials can be used as practial examples
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when teaching fundamental topics in Robotics and how they can be used as
demonstrators of the different theoretical approaches involved.

The authors are convinced that these simulation-based tutorials can reduce
the learning curve of robotics students as well as being powerful tools for teachers
in order to engage easily their students by providing them with a framework
where practical results are achieved very fast.

Since the publication of the tutorials, on early October 2016, a number of
users, from teachers to PhD/under-graduate students, have adopted them to
teach or learning some aspects of robotics. One important feedback provided by
some of the users was that the installation part of the tutorials was a bit hard
to meet in all existing Operating Systems and/or versions of ROS. In order to
partially overcome this limitation the tutorials were also published in the one-
line site of The Construct'?, so that the tutorials can be followed just by using
a Web browser. The on-line course also offers exercises to practise the different
topics taught in the tutorials.
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Abstract. In this work in progress report, we illustrate how to efficiently
teach a mixed skill class the foundations of ROS within one semester in a
single course. The goal is to equip students with the basic knowledge and
tools to join our Robocup@Home team, start a scientific project or thesis.
To achieve this in a mixed skill setting we combine blended learning with
gamification elements supported by a code versioning system. We believe
that this approach is not only the most efficient way to teach this kind of
matter but also bridges the gap between academic and industry working
concepts.

1 Introduction

Developing Service Robots for over a decade, we experienced how frustrating it
can be for students having to deal with multiple barriers before being able to
start working with their actual field of interest. Many students came to our lab
with big visions but then had to spend months understanding the depending
software frameworks and setting up their development environment. We noticed
that such tasks can consume a lot of the initial motivation which can even
lead to a dropout. This also reflects back on researchers and employees of the
university as they have to invest a serious amount of time explaining and assisting
novice students. In order to leverage this problem and to increase efficiency
inside our institute, we decided to start a practical oriented course to create a
balanced foundation for students interested in robotics. This also gives us the
opportunity to include students from non-pure computer-science fields such as
electrical engineering and mechatronics whose curriculum usually covers merely
basic education in complex software development.

1.1 Robotic Frameworks

[HC11] describe the most relevant toolkits and frameworks for robotic develop-
ment. The diversity in the late 2000s made it difficult to build applications upon
other research group’s software. In many cases, this led to the development of
isolated solutions resulting in redundant applications even among different de-
partments inside the same university. Established frameworks like ROS!, their

! Robot Operating System http://www.ros.org/
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vivid communities and broad support of robotic hardware have improved the col-
laboration and communication among robotic research groups drastically over
the past years. Yet the complexity of hardware and software on robot systems
remains extraordinary challenging but the foundation laid down by ROS makes
entering the world of robotics much easier and therefore interesting for teaching.

1.2 Teaching Concepts

The vision of this work is motivating students to transform their already ac-
quired, but mostly theoretical, knowledge into solutions for real-world problems.
Service Robots are an ideal platform for this transition as they incorporate
aspects of various study fields and therefore can be used to address a broad
audience. Already evolved courses like [Yim+08], [CWC13| and [Capl3] state
that the most effective and fun way to acquire this kind of knowledge is a prac-
tical approach that involves interaction and experimenting along learning the
theoretical concepts. Classic lectures, that separate theory from practical exer-
cises, cannot meet this requirement as each student has to pass an individual
point of understanding which cannot be forced from outside. This requires an
asynchronous teaching method as proposed in [Kel+06]. Methods like flipped
classroom likewise demand that the student can freely choose when to learn and
at which speed. As the name indicates the method flips the lecture to the stu-
dents free time and homework or exercises to the original class session. Still, the
method emphasizes a strict separation between teaching and exercising [Chr16].
Blended learning, however, transforms lecture times into hybrid teach and exer-
cise sessions in which students can choose how to approach their current problems
while benefiting from group discussions in a workshop-like atmosphere. In this
approach, the teacher is no longer the singular source of knowledge but a mentor
to whom the students can directly address specific questions. A very important
component in this rather loose way of teaching is the strict definition of dead-
lines and a consequent reaction if they are not respected. Another way to achieve
this is the usage of gamification elements such as live exercise rankings during
the sessions to trigger a competitive motivation among the students. Also, the
course can be separated into major parts that act similar to an achieved goal
in a computer game. In this work, we combine the mentioned concepts into a
practically oriented course which we describe in the following section.

2 Method

2.1 Code Versioning and Issue Based Working

Being familiar with a code versioning system such as git and platforms that are
building functions around it is an essential skill for any software developer these
days. Popular platforms for code versioning are github?, bitbucket® or source-

2 https://github.com
3 https://bitbucket.org
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forge*. We still experience that sometimes even high semester students are not
familiar with these tools. Our approach is centered around a university-hosted
version of gitlab® but there are no functions used that an online platform such
as github could not easily replace. A core functionality of such platforms aside
from supporting the development process are issue trackers. In general, these
mechanisms are used for bug reports or feature requests. They can have rich
descriptions including code samples or images and have a comment function to
discuss specific topics in the scope of the current issue. We use these mechanisms
to distribute course materials and exercises. Additionally, it is an effective com-
munication channel to our students as they can ask questions individually and
in relation to their current exercise. Each repository also contains an own wiki
area which the students can use for personal notes. The built-in CI® pipelines,
similar to the popular jenkins” and travis® used in many open-source projects,
evaluate the work in progress of the students at each commit and provide instant
feedback that is visualized in the web frontend as shown in Fig. 1a.

2.2 Course Overview

Our prototype lecture Introduction to Autonomous Mobile Robots is a 5 ECTS?
course with two lab sessions per week. It is separated into four tiers with a rising
degree of difficulty. Also, it is a mixed skill course that masters and bachelor
students of different study fields can attend in parallel. The exercises and course
materials cover the same topics but masters have more challenging exercises and
also have to dig deeper into the theoretical background than bachelors. Each
session is started with a 10min wrap up of the current progress stating how
many students have already reached which level and how the overhaul class
performs. All statistics are anonymized to protect the student’s privacy.

Tierl. The entry part of the course aims to balance the basic skills among the
participants necessary to work in a robotic environment. This includes an intro-
duction to the Linux shell, git code versioning and Python. For this purpose we
use the well-known, free online learning platform codecademy!'® which provides
comprehensible tutorials at a beginner level and live code evaluation. In parallel,
the students get an introduction to our gitlab platform and their tierl reposi-
tory. Here they have to solve additional exercises covering relevant topics from
codeacademy and with extra tips and tricks for daily use which are not part of
the online-tutorials. Students that claim to have sufficient skills are allowed to
skip the codecademy courses and only solve the gitlab exercises but in return
have to work more autonomously than other students in this tier.

4 https://sourceforge.net
® https://about.gitlab.com
5 Continous Integration
" https:/ /jenkins.io
8 3 . .
https://travis-ci.org/
9 European Credit Transfer and Accumulation System for students
10 https://www.codecademy.com
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Tier2. The next level consists of plain python exercises and explains the funda-
mentals of a robotic system such as actuators and sensors. This tier’s primary
goal is to familiarize students with the gitlab platform and python. All course
materials and exercises are organized inside the gitlab platform from this point
on. The students have to do basic calculations on a given set of simulated laser
data as seen in Fig. 1b and are introduced to creating own tests for the CI engine.

Tier3. In this chapter, the students learn about the most important ROS con-
cepts such as topics, services, actions and helper tools. Beforehand the students
are introduced to a virtualized development environment. We provide virtual-
box!!, docker'? and kvm!? images from which the students can choose based
on their personal preference. All exercises can be conducted inside this environ-
ment using gazebo'*, a popular simulation framework. In this environment, the
students only have to do minor adjustments such as generating ssh keys to start
working. The degree of difficulty rises constantly while progressing to encourage
the students to discuss the materials rather than just solving the tasks. This
tier ends with a mini project where the students have to navigate a turtlebot
robot through a gap in a wall. The project is evaluated individually and acts as
a midterm exam.

Tier4. The course ends with the so-called maze challenge in which the students
get a laser-equipped turtlebot and a training maze which they can use to test
their algorithms. Before, we reflect common mistakes that occurred during the
tier3 mini project and point out what could be improved. After this, the students
get a clean repository which they have to organize and document on their own.
The final grading does not only depend on the performance of their robot in the
challenge, but also on the quality of code and development process (e.g. using
issues, commit messages, tests). The best students of this course are given the
opportunity to become a member of the universities RoboCup@Home!® Team
alongside with project and thesis offerings.

2.3 Comparison to Online Platforms

Flipped and blended learning approaches strongly depend on online teaching
resources and exercise frameworks. Before starting to run an own infrastructure
which has to be set up and maintained it is advisable to check the currently
available online platforms. When we started the course 2016 we enrolled our
students at the robotIgniteAcademy'® offered by the company The Construct.

Y https://www.virtualbox.org

12 https:/ /www.docker.com

13 https://www.linux-kvm.org

' http://gazebosim.org

15 http://www.robocupathome.org
6 http://www.theconstructsim.com
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Fig. 1: CI result and Python laser exercise

Starting from scratch this is one of the most comfortable ways to set up a class.
Besides the great tutorials, the web-based coding and simulation environment
is the key benefit of this approach, as students only need a web browser to
work. Nevertheless, we decided to run our own setup in the end due to flexibility
and cost reduction reasons. Also, we experienced connection issues from time to
time and other small problems that tarnished the experience for our students.
In Table 1 we compare the two approaches. The results only reflect our personal
experience and may depend on external factors, such as connection speed, which
the provider cannot influence.

Table 1: Comparison of online platform and self hosted solution

Criteria Online platform Self hosted
Setup effort +4+ -
Maintenance effort ++ o
Flexibility (e.g. self defined exer- - ++
cises and challenges)

Costs - - +
Reliability o +

++ very good, + good, o neutral, - bad, - - very bad

3 Conclusion and Outlook

At the time of writing this work is still in progress and will be evaluated at the
end of 2018. Nevertheless, we can already state that those students which have
completed this course during the last semesters were able to achieve a homoge-
neous skill level in the context of ROS basics regardless of their background. This
is also reflected by the composition of our current RoboCup@Home Team where
the amount of mechatronic and computer-science students is equally distributed.
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Currently, we are investigating evaluation instruments such as [CWC13] to doc-
ument and compare the learning quality among multiple classes and study fields.
Also, we are continuing to improve the instant feedback mechanisms and want
to apply the proposed methods in other lectures to continuously enhance the
learning quality at our university. Further, we plan to establish follow up classes
that are focused on specialized topics of robotics such as manipulation, object
recognition or navigation.

4 Acknowledgements

The Authors would like to thank Martin Preussentanz, Jochen Weissenrieder, Jo-
erg Wendorff, Benjamin Kathan, Christopher Bonenberger and Markus Schnei-
der for the inspiring discussions. In addition, we want to thank Sashidhar Reddy
Kanuboddi, Simon Bucher and Igor Chernov for supporting the lecture as tutors
and coworkers. Special thanks go out to Steffen Pfiffner for helping to run this
course in the start phase. This work was conducted within a practically oriented
curriculum development program named WILLE'!” founded by the MWK!® State
Department of Baden-Wuerttemberg Germany.

References

[Cap13] D. J. Cappelleri. “A Novel Lab and Project-Based Learning Intro-
ductory Robotics Course”. In: IEEE Transactions on Education 56.1
(2013), pp. 73 -81.

[CWC13] N. Correll, R. Wing, and D. Coleman. “A one-year introductory
robotics curriculum for computer science upperclassmen”. In: IEEFE
Transactions on Education 56.1 (2013), pp. 54-60. 1sSN: 00189359.
DOI: 10.1109/TE.2012.2220774.

[HC11] A. Harris and J. M. Conrad. “Survey of popular robotics simula-
tors, frameworks, and toolkits”. In: Conference Proceedings - IEEE
SOUTHEASTCON. IEEE, 2011, pp. 243-249. ISBN: 9781612847399.
DOI: 10.1109/SECON. 2011 .5752942. arXiv: 0412052 [cs]. URL:
http://ieeexplore.ieee.org/document/5752942/.

[Kel4+06] J. O. Kelly et al. “A non-prescriptive approach to teaching program-
ming”. In: ACM SIGCSE Bulletin 38.3 (2006), pp. 217-221.

[Yim+08] M. Yim et al. “A practice-integrated undergraduate curriculum in
mechanical engineering”. In: ASEE Annual Conference and Ezxposi-
tion, Conference Proceedings (2008). 1SSN: 21535965.

[Chr16] Christopher Pappas. Blended Learning vs Flipped Learning: Can
You Tell The Difference? - eLearning Industry. 2016. URL: https:
/ / elearningindustry . com/blended - learning - vs - flipped -
learning-can-tell-difference (visited on 02/19/2018).

17 Wissenschaft lernen und lehren, trans: learning and teaching science
18 Ministerium fuer Wissenschaft, Forschung und Kunst, trans: state department for
science, research and art

TRROS 2018 — European Robotics Forum 2018 Workshop “Teaching Robotics with ROS” 46
(Edited by S. Schiffer, A. Ferrein, M. Bharatheesha, and C. Hernandez Corbato)



Learning by Doing - Mobile Robotics in the FH Aachen
ROS Summer School

Patrick Wiesen, Heiko Engemann, Nicolas Limpert, Stephan Kallweit

University of Applied Sciences Aachen, Institute for Mobile Autonomous Systems and
Cognitive Robotics (MASCOR), Aachen, Germany
Technical University of Tshwane, TUT, Pretoria
{wiesen, engemann, limpert, kallweit}@fh-aachen.de

Abstract. Mobile Robotics is one of the highest rated future technologies and a
fast growing market. For a modern approach of this topic - mobile robotics - the
most accepted framework is the Robot Operating System ROS. Learning ROS
is still a challenging topic, so an educational concept for qualifying students is
presented. The ROS Summer School is a “hands-on” approach for learning
robotics with a high degree of practical aspects. The large number of
participants shows the demand for educational programs covering the need for
open source technologies in Robotics.

Keywords: ROS, Summer School, robotics education, mobile robotics, autonomous
navigation

1 Introduction

Autonomous mobile robotics is a key technology for the upcoming digital revolution.
In the future, the manufacturing industry will use mobile robotics for flexible,
customized production. In the service sector, mobile robots are useful for logistic
tasks, like warehousing, are able to support facility management and are useful for
service economy. As a result, a lot of today's jobs will be affected by automated
solutions. Current studies show that 47 % of the jobs in the USA, 57 % of the jobs in
the OECD and 77 % jobs in China could be affected by this change [1]. One of the
major challenges of the society is to shift workers into newly emerging jobs and to
prepare students for the upcoming needs of the job market.

It might be an opportunity to achieve this shift by teaching the Robot Operating
System (ROS) [2]: one of the most accepted frameworks in the area of mobile
robotics. It has become the standard in research and is increasingly introduced into
industry. Research scientists worldwide are exchanging their results in form of ROS
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modules, called ROS packages. The open source concept is supporting the
development and the dissemination of this framework, so the importance of ROS
increases constantly. The community, the number of packages, the questions and the
wiki pages of ROS are growing exponentially since its release in 2009 [3], which can
be proofed by the annual ROS metrics report'. The digital revolution leads to a
demand in education in robotics and especially in the ROS framework .

1.1 The FH Aachen ROS Summer School

In 2012, the University of Applied Sciences Aachen started to satisfy this demand by
organizing the ROS Summer School for an international audience on an annual basis.
Since the very beginning, the concept was to learn ROS by using it with real robots.
The Aachen ROS Summer School was one of the first of its kind and became quite
popular. The number of participants was growing quickly as shown in figure 1 (left).
The Aachen ROS Summer School started initially with ten participants and multiplied
the number quickly up to around 50 external participants within the last years, coming
from between 15 to 25 different countries (s. Fig. 1).
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Fig. 1. Left: Number of participants and nationalities in FH Aachen ROS Summer School.
Right: World map highlighting the ROS Summer School participants origin.

During the last six years the didactic concept and the used hardware has been
continuously improved. The goal is to increase the theoretical knowledge about
mobile robotics as well as handling real robots with the framework ROS in a short
amount of time.

! http://download.ros.org/downloads/metrics/metrics-report-2017-07.pdf
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1.2 FH Aachen Rover

A dedicated hardware for the Summer School was developed, in order to generate a
suitable educational platform and to allow the participants to easily copy the hardware
for their own purpose. The FH Rover is based on a common RC-Crawler chassis and
uses a large amount of different hardware components. The hardware is attached to
the rover using a customized mount. Figure 2 gives an overview about the different
components of the FH Rover. The complete system is powered by just one LiPo
battery.

Fig. 2. Hardware components of the FH Rover. Clockwise, starting from the top left:
2D Laser Range Finder SICK Tim 571, Embedded PC Odroid XU4, Gamepad,
Infrared Sensor Sharp GP2Y0A21YKOF, LiPo battery Turnigy nano-tech 5800 mAh,
Battery beeper, Webcam Logitech C270 and Megapirate AIOP v2 Flight Controller.

The Megapirate AIOP v2 flight controller interfaces the motor controller of the RC
car and the additional infrared sensor mounted at the front of the chassis. The flight
controller is based on an ATMega 2560 microcontroller. In addition it is equipped
with the MPU6050 IMU.

An embedded PC with ARM-architecture is used for high level processing running
ROS under Ubuntu. The Odroid XU4 interfaces the 2D laser range finder SICK
TIM571, the Logitech C270 webcam, the flight controller and the optional the
gamepad.

During the ROS Summer School, the participants will learn how to handle all the
different hardware components. The participants go through the complete pipeline
starting from the motor controller commands on microcontroller level, up to the high
level tasks of path planning. This results in a complete bottom up study of a mobile
robot.
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2 Intended Learning Outcomes

The main intended learning outcome (ILO) from the ROS Summer School is to
achieve core competencies in the field of mobile robotics exemplary on a car like
robot. The theoretical concepts are practically applied using ROS and handled within
different subjects, which are separated in two parts: Basic ROS concepts and Higher
Level Mobile Robotics. The Basic ROS concepts are learned within the practical
sessions:  Software Hierarchy, Communication, Interfacing Hardware and
Development of Robot Applications. During the sessions about Higher Level Mobile
Robotics, the participants can use their Rover platform to experience 3D (x, y, 0)
robot simulation using Gazebo [4], Image processing with OpenCV [5] and Alvar for
Marker Tracking [6], map generation and SLAM using hector_slam [7], navigation
using move_base [8] and State Machine development for complex robot behaviours
using SMACH [9]. In addition, the cultural exchange and an inspiring atmosphere are
key elements for a successful training. Table 1 shows an overview about the covered
concepts, ROS packages and ROS tools in form of a time schedule.

Table 1. Concepts, ROS packages and tools covered in the ROS Summer School.

Day Concept related ROS packages and tools
1 Welcome Day
Registration, ROS Show, ROS Introduction
Basics . .
2 . . . tkin, turtl
Linux Introduction, ROS Filesystem, ROS Nodes catian, furtiesim
3 Communication rat eraph. rviz io
Publisher/Subscriber, Services, Parameter Server qt_graph, »JoY
4 Hardware rosserial, tf2,
Microcontroller, Transformations, Hardware Interfaces sick tim, rqt_tf tree
5 Simulation/ Image Processing ar track alvar. gazebo ros
Robot model description URDF, Gazebo, AR-Tags - - & -
6 Trip to Paris
7 Localization and Mapping laser_scanmatcher, an.ncl,
hector slam, gmapping
8 Path Planning move_base, smach
9 Industrial Exhibition
10 Exam and challenge preparation
11 Challenge day
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2 Didactic concept

There are multiple concepts on how to teach ROS, like MOOCs, the ROS Wiki or e.g.
books like “A Systematic Approach to Learning Robot Programming with ROS” by
Newmann and Wyatt [10]. The didactic concept of the ROS Summer School is based
on [11] by A. Ferrein et al. The aim is to build up knowledge in the field of mobile
robotics and to bring the participants to an intermediate ROS level in just two weeks.

The didactic concept is based on the SOLO Taxonomy concept [9] by J. Biggs et al.,
where SOLO means “Structure of the Observed Learning Outcome”, which was
re-engineered by C. Brabrand et. al in [10] to clarify the five different SOLO levels by
classifying them with verbs describing the Learning Outcome of the students.The
intended learning outcomes are related to the daily structure of the sessions (s. Fig. 3).

Lecture

|

Tutorial
!
Workshop

paraphrase
define
name
identify
follow (simple)
instructions

<

combine
classify
describe
structure

apply method

combine SOLO 4

classify
SOLO 5

Competition
describe
Fig. 3. ROS Summer School SOLO Taxonomy based on [10].

structure
apply method

Each day of the Summer School is mainly splitted in three different sessions: Lecture,
Tutorial and Workshop. The daily procedure of the ROS Summer School is that every
day a new topic is handled. The average participants usually arrive to the ROS
Summer School with the pre-structural SOLO level 1. That means they have no
detailed idea of the Robot Operating System, because they never used it before. Some
participants might have worked already with ROS and possibly reached SOLO 2 or
SOLO 3 for a couple of items. For other specific content they are trying to extend
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their knowledge. The goal is to bring all students to SOLO 3 after each one day
session for each specific topic.

This starts in the morning with a 90 - 120 minutes interactive lecture where a subject
in theory, e.g. ROS Communication is introduced. Key terms of this subject will be
named and defined, e.g. ROS Master, Topics, Publisher, Subscriber or Services. The
key words “define” and “name” are related to the uni-structured SOLO level 2.

After the lecture the participants start with a practical Tutorial, which is done from the
very first day using the robots. The Tutorial is a step by step instruction of how to
implement the theoretical parts learned during the lecture in practice, using ROS. The
participants just have to follow simple instructions. The students can work in their
own pace and the Tutorials usually take 120 - 240 minutes depending on the
complexity of the daily subject and the pace of the students. “Following simple
instructions” is also related to SOLO 2, but in the Tutorials it is a practical
implementation instead of theoretical knowledge. An example is e.g. to create a first
Publisher and Subscriber for a simple “Hello ROS” node based on a given template.
In the afternoon the participants can start with the Workshop. This Workshops
requires to “apply the methods” from the Lecture and the Tutorial. The students have
to solve a practical problem on their own, without step by step instructions. They have
to “describe”, “structure” and “combine” the learned concepts. The keywords used to
describe the Workshop are related to the multi-structural SOLO level 3. Depending on
the topic and the students pace, the Workshops usually take 120 - 300 minutes. Based
on the example for the Tutorial, the students would be asked in a Workshop to create
a Publisher and Subscriber node to be able to teleoperate the robot. In this case they
won’t get any template, but have to use the example from the Tutorial. The transfer
effort is e.g. to choose the correct Message Type, which is different from the one in
the Tutorial.

The single days of the ROS Summer School are structured in such a way, that the
content of the next day depends on the content of the day before. To be able to solve
the new subject, the students have to reach SOLO 2, but not SOLO 3. Finally, on the
last day of the ROS Summer School all participants compete in a challenge. This
challenge invites the participants to “analyze”, “compare” and “integrate” all the
knowledge they have gathered within the complete Summer School and transfer this
knowledge to solve a real world problem. These keywords lead to a point, where
participants can reach the relational SOLO level 4 during the challenge preparation
and execution.

3 The Challenge

To consolidate the learned aspects, the participants take part in a challenge. The
challenge is a typical Find & Rescue scenario. It requires the robot to drive
throughout a prepared arena (s. Fig. 4 top) and report position and identification of
fiducial markers, called AR tags (s. Fig. 4 bottom left), that are commonly used for
augmented reality purposes. The groups can decide to participate in the “real world”
league or in the “simulation” league, which are separated to each other, but follow the
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same rules. The simulation arena is a 1:1 rebuild in Gazebo from the real world
scenario (s. Fig. 4 bottom right).

Fig. 4. Top: The challenge arena from ROS Summer School 2017. Bottom right: Fiducial
marker - AR tag - detection in simulation. Bottom left: Gazebo simulated challenge arena.

The rules are as follows: each group gets a time frame of 300 seconds to solve the
task. The scoring does also start with 300 points. Every used second will subtract one
point from the score. It is not allowed to finish before finding all victims, which are
represented by the AR tags. Identification of a victim will add additional 10 points,
reporting the correct position related to the world frame will add another 50 points.
The participants have four options of autonomy level to perform through the arena,
where autonomy will be honored by a multiplication factor of the total score:

e Teleoperated x1
e Reactive x2
e Semi autonomous x3
e  Fully autonomous x4
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In teleoperated mode participants are allowed to manually control the robot to move
throughout the course using a game controller. They still have to send the information
about the victims before they are allowed to finish.

Reactive mode means, the robot can make use of a combination of distance
information, e.g. laser range finder and infrared sensor, to be able to calculate motion
directions and avoid collisions.

In the semi autonomous level the participants are allowed to send goal positions
manually, e.g. via command line or a GUI like rviz, but the robot has to plan and
execute the path autonomously.

The fully autonomous level requires the participants to make use of motion planners
allowing to send navigational goals. In addition, they need to perform some task level
behaviour. This approach is mainly based on the move base ROS node and the
SMACH task level architecture taught during the Summer School.

The different levels of experience and motivation of the participants represent several
approaches that lead to success or failure. The most successful Team in 2017 decided
to work with several abstractions. High-level decisions made by their approach took
care of a clean definition of a behaviour, which decided to only send navigation goals
and react according to detected fiducial markers. Lower components, e.g. fiducial
marker reporting or navigation, were only responsible to do their particular task.

5 Worldwide export

In addition to the annual local ROS Summer School in Aachen, there was a demand
for more educational ROS activities in other regions.

In March 2016, the University of Applied Sciences Aachen started to export the
Summer School concept to a partner university, the Tshwane University of
Technology TUT in Pretoria, South Africa. The Hardware was shipped from Aachen
to Pretoria and 20 participants from TUT joined the course. The training material was
compressed to make it a “one-week” event. This time issue was the reason to remove
the fully autonomous approaches including the subjects move base and SMACH.

In November 2017 another export was generated again at TUT. This time it was
decided to use only simulation due to logistical and financial issues. The use of
simulation allowed including more content, because the students did not need extra
time to work on the hardware.

In between a couple of ROS School and ROS Industrials trainings have been
performed based on a similar agenda. All exports can be seen in Table 2.
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Fig. 5. Round course arena for ROS Winter School 2018 at MCI in Innsbruck

The latest export took place in February 2018: the ROS Summer School in Innsbruck,
Austria. It was hosted at the Management Center Innsbruck (MCI) and part of their
Winter School program. The Winter School Program at MCI is another international
event, 20 participants from six different countries participated. This ROS School
lasted for five days, not including the option of a full autonomous approach during the
competition. However, given a similar task compared to the other Summer Schools,
the participants managed to move their robots throughout the arena. The main
achievement was to move reactively through a round course (s. Fig. 5) and stop in
front of a STOP shield represented by an AR tag.

Table 2. FH Aachen ROS Summer School exports

Date Location Type of plzrtin:li];;nts
March 2016 TUT, Pretoria, South Africa ROS School 20
November 2016 Fraunhofer IPA, Stuttgart, Germany ROS-i Training 15
May 2017 TU Delft, Delft, Netherlands ROS-i Training 10
July 2017 Fraunhofer IPA, Stuttgart, Germany ROS-i Training 5
August 2017 Tartu, Estonia ROS School 20
October 2017 FabLab, Venice, Italy ROS-i Training 10
November 2017 TUT, Pretoria, South Africa ROS School 10
February 2018 MCI, Innsbruck, Austria ROS School 20
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6 Evaluation

To identify issues or ways for improvement, the participants are supposed to fill a
feedback questionnaire. The outcome from the questionnaire is consolidated in Figure
6. Throughout the years, the ROS Summer School hosted at FH Aachen continuously
improved. The feedback from participants throughout the different Summer Schools
resulted in several changes according to the participants needs.

ROS Summerschool Evaluation 2015 - 2017

Structure
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Social

Exercises

Study
success

Overall
rating
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® 2015 = 2016 2017

Fig. 6. Evaluation of feedback questionnaire from 2015 - 2017. Average ratings filled by
participants are in the range of 1 (very good) to 5 (very bad).

Free text fields with info and comments for further improvement help to get an
anonymous perspective from participants. In general, participants seem to prefer the
increasing difficulty throughout the Summer School. In particular the approach to
consolidate the learned aspects by the end of the Summer School was well received.
According to the questionnaire the pace of lectures seems to be well met.

Example comments from the free text fields in 2017 have been:
e “It was very interesting course with application on robot which helps learn
and apply simultaneously.”
e “The lecture is a must for students interested in robotics.”
e “The amount of practical approach in relative to the seminar is much [...] to
my liking.”
These comments implement that the practical approach to learn ROS is very much
accepted by the students and we will intensify and improve the practical sessions.
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7 Conclusion

The Aachen ROS Summer School is one of many ways to learn ROS. Nevertheless it
is very well established and accepted by the ROS Community, proven by the
evaluations of the event. With a regular participation number of 40 - 50 international
students (s. Fig. 7), the presented Summer School fulfills the request in ROS
education. Since the capacities of the FH Aachen are exhausted with a total of 50
external participants at a time, the international export concept has created another
opportunity to grow. In spite of that, the great demand creates enough room in the
field of ROS related robotics education for upcoming MOOCs and other ROS
learning platforms.

Fig. 7. Group photo ROS Summer School 2017.

The evaluation also gives still some space to improve the ROS Summer School and
keep it up to date, which is done every year in the phase before the Summer School
starts. That includes: Documentation, Hardware and Software.

In 2017 the evaluation feedback was better than all years before, but the main
criticism was the difficulty in mastering the Ackerman kinematics of the RC car. This
issue is related to the specific RC car model itself and will be solved for the ROS
Summer School 2018 through further improvements.

The later editions of the ROS Summer School are part of the ROSIN project. The
ROSIN project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No. 732287.
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Abstract. Robotics skills are in high demand, but learning robotics can be diffi-
cult due to the wide range of required knowledge, increasingly complex and di-
verse platforms, and components requiring dedicated software. One way to mit-
igate such problems is by utilizing a standard framework such as Robot Operat-
ing System (ROS), which facilitates development through the reuse of open-
source code—however this also raises a challenge, in that learning curves can
be steep for students who are first-time users. In the current paper, we suggest
the use of a behavior model to structure the learning of complex frameworks
like ROS in an engaging way. A practical example is provided, of integrating
ROS into a robotics course called the “Design of Embedded and Intelligent Sys-
tems” (DEIS), along with feedback suggesting that some students responded
positively to learning experiences enabled by our approach. Furthermore, some
course materials, videos, and code have been made available online, which we
hope might provide useful insights.

Keywords: Robotics Teaching, ROS, Behavior Model

1 Introduction: ROS-Based teaching of Robotics

The current paper reports on some of our recent experiences with teaching robotics at
the postgraduate university level through Robot Operating System (ROS), leveraging
a behavior model to encourage learning.

Robotics is a popular subject for which an explosion in applicability and demand is
occurring [1]; but, robotics can also be demanding to learn, in encompassing
knowledge in mechanics, electronics, statistics, arts, and software [2]. For software, to
avoid “reinventing the wheel”, robotics practitioners can use ROS, a standard frame-
work which offers support for typical robotics capabilities such as interprocess com-
munication and navigation®. One challenge with frameworks such as ROS is usability
[3]: in particular steep learning curves facing first time users [4]. In conjunction with
the vast amount of material which must be typically covered in learning robaotics, this
can dissuade teachers from incorporating such frameworks into their courses.

To facilitate the study of robotics using ROS, we suggest considering knowledge
from human science, specifically behavior models, as a way to effectively structure

! http://www.ros.org/
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learning experiences. From this perspective, we report on some of our experiences,
positive and negative, in adding ROS to an existing robotics course, and provide some
reference materials online (some course materials?, videos®, and code?), in the hope
that they might be useful for other educators.

2 Design: Structuring Course Content via Behavior Models

One important factor which has been identified as facilitating learning of challenging
material is engagement [5]. Educators have sought to increase engagement in various
ways, such as by seeking to foster active learning of meaningful topics and adequate
support systems which allow students to feel a sense of membership [6]. In the current
paper, we turned our attention to a behavior model proposed by Fogg, whose useful-
ness has been described for various applications (e.g., persuading people to use social
media) [7].

The Fogg Behavior Model highlights the importance of three aspects in facilitating
behaviors (referred to here as requirements R1-3): motivation, ability and triggers.
Students should feel motivated to learn (R1). Learning challenges should reflect stu-
dents’ abilities (R2). Furthermore, students require opportunities to engage in learning
(R3). To address these requirements we adopted an approach comprising three facets
(hereafter referred to as Al-3), as depicted in Fig. 1: demonstrations, classes, and
independent project work.

Demonstrations can show what positive possibilities exist, thereby eliciting pleas-
ure or hope, or suggest how negative outcomes can be avoided, e.g., as in so-called
“fear appeals” [8] (A1, addressing R1). Lectures and labs can be used to scaffold core
learning, by first dedicating sufficient time to considering simplified standardized
concepts and tasks, thereby promoting a perception of self-efficacy (A2, addressing
R2). Project work promotes autonomy, giving students a chance to make knowledge
their own by using it in practice and making decisions (A3, addressing R3).

Fogg Behavior Model
Motivation Ability Triggers
Demonstrations: Lectures and Labs: Project:
TA robot - T N - T
Basic concepts Real needs
Past examples

Fig. 1. Applying the Fogg Behavior Model to identify some desired components of a robotics
course to facilitate incorporation and learning of complex tools such as robotics frameworks.

2 http://islab.hh.se/mediawiki/images/7/72/Deis_course description 2017.zip
8 https://www.youtube.com/watch?v=B8nvrw7IjCI
4 https://github.com/martincooney/BaxterDemo/
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3 Implementation: The “Design of Embedded and Intelligent
Systems” (DEIS) course

Informed by the behavior model, our approach was taken into account in adding ROS
to an existing robotics course, “DEIS”, which is a half-year intensive (double-credit)
compulsory course targeting second year master’s students at our university in Swe-
den. In accordance with the Bologna Process used in most European universities [9], a
formal statement of examinable learning outcomes was made available. The core
learning outcome is that the students should be able to improve both the breadth and
depth of their conceptual and practical robotics knowledge in a collaborative, creative,
and critical manner.

3.1 Al: Demonstrations

We conducted some demonstrations seeking to engage students to learn, which had
not been performed in the previous year. Before the DEIS course started, students
took an introductory course to robotics which did not use ROS. On the last day of this
course, it was demonstrated how ROS can be used to avoid some of the challenges the
students had faced (e.g., difficulty interfacing programs written in different program-
ming languages).

Additionally, in the first three weeks at the start of the DEIS course, a robotic
“teaching assistant” was introduced to show students an example of what positive
things can be done with ROS, as shown in Fig. 2. This robot, composed of a Baxter
humanoid upper body® attached to a Ridgeback mobile base®, demonstrated abilities
such as reading quizzes, speech and face recognition, and handing out materials.
Some code for this robot has been uploaded to the internet, and details will be dis-
cussed separately [10].

Fig. 2. A robot teaching assistant was used in the DEIS course to demonstrate some robotic
tasks which can be accomplished by using ROS, toward engaging students.

5 http://www.rethinkrobotics.com/
6 https://www.clearpathrobotics.com/

TRROS 2018 — European Robotics Forum 2018 Workshop “Teaching Robotics with ROS” 61
(Edited by S. Schiffer, A. Ferrein, M. Bharatheesha, and C. Hernandez Corbato)



3.2  A2: Lectures and Labs

Content for the main part of the course supporting students’ abilities to learn, the lec-
tures and labs, was mostly retained from the previous year, while adding some mate-
rial related to ROS. In total, eight teachers covered a wide range of topics, comprising
statistical inference, sensors and actuators, sensor fusion, embedded programming,
motion planning, simulations, communication, and image processing. In one of the
first lectures, we described some of the merits and demerits of using ROS (e.g., the
large community and useful tools, vs. the complexity and official support only for
Ubuntu); we also defined some typical concepts (e.g., hode, package, publisher, sub-
scriber), listed some commands and tools (e.g., catkin_make, rostopic list, roscore;
Movelt!, Gazebo), and provided some “Hello world” examples in C++ and Python. In
a follow-up lab, the students were asked to create catkin workspaces and use the ROS
talker/listener tutorial to communicate between robots. Time spent for A2 was similar
to that for Al. Concepts and tasks were kept simple to allow the students to perceive
high ability.

3.3  A3: Project

Basic Concept. Students were also given a problem-solving project to work on in
small groups, about platooning robots, which formed the core opportunity for learning
robotics with ROS. The project topic, like in the previous year, was generally inspired
by the Grand Cooperative Driving Challenge (GCDC), an international contest held
between university teams, in which our university placed first in 2016. Furthermore
we focused on a scenario of cleaning, which we felt would have practical uses: For
example, platoons of snow machines or snow plows are used at some ski resorts and
on roads to remove snow. After disasters such as earthquakes, fires, floods, or land-
slides, teams cooperate to remove debris. Multiple lawn mower robots could remove
grass from large open areas such as golf courses or the sides of highways, and vacu-
um cleaner robot teams could clean large venues such as sports arenas or hotels. Thus,
we felt that such a scenario would offer various challenges and engaging opportuni-
ties to trigger learning. The main difference with the previous year, aside from the
cleaning scenario, was the incorporation of ROS as a required component for the
robots and infrastructure. We estimate that, although times were not recorded, the
students spent more time on A3 than on Al and A2, due to the importance of the trig-
ger facet in allowing opportunities to make knowledge their own.

Learning environment. To implement platooning robots, the students worked in five
groups, with one robot per group, in a 7.2 x 10.8m project room (80m? area) with a set
up shown in Fig. 3. The robots ran on top of a 2.5 x 3.7 x 0.8m table with 0.3m walls
in the middle of the room. The table was intended to be easy for students to work with
robots without having to bend down, to keep robots’ wheels from becoming dirty,
andto stand at a desired distance (2.5m) from the ceiling to ensure that an overhead

! http://www.gcdc.net/en/
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Fig. 3. Project set-up.

network camera (with 3 megapixel resolution at 20 fps, day and night) could capture
the entire surface of the table. Concentric elliptical rings were added with black elec-
trical tape to the table-top by the class (students and teachers), as tracks for the robots
to run on. The room was well-lit with nine windows, and also featured 13 computers,
with monitors equipped with HDMI cables to be able to also work with small com-
puters on the robots; outside the project room was an area with tools such as 3D print-
ers and soldering irons.

Robots. Inside the project room, students assembled and augmented some small dif-
ferential drive robots from a commercially available kit using an Arduino Uno micro-
controller. Sensors included an array of three line following sensors for following
tracks, wheel encoders, an accelerometer, and mechanical bumpers; actuators includ-
ed two 140 rpm gearmotors attached to 65mm rubber wheels, and a buzzer. After
assembly, students added some additional components: a small single-board computer
with in-built WiFi (Raspberry Pi 3, hereafter RPi, running a Linux operating system,
Raspbian Jessie), and an 8-megapixel camera supporting 1080p30. An overhead cam-
era, in conjunction with markers attached to the tops of robots, was also used to detect
robot locations and identities.

Thus, the restriction on students was the general project theme and infrastructure,
comprising a base platform using a RPi and Arduino and overhead camera. Students
were also encouraged to be creative in designing their systems’ appearances and ca-
pabilities. For example, the students freely selected extra components such as infrared
range sensors, sonars, and servo motors to add creative features, and fashioned 3D
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printed connectors and shovels for their robots. They could use school desktops, their
own computers, or rely entirely on microcomputers and microcontrollers for pro-
cessing. Students selected and set up power solutions using, for example, lithium
polymer batteries and voltage regulators. Each group was also free to develop algo-
rithms for detection; although in general groups started by finding colors and con-
tours, and moved on to a more robust approach of using rotation and scale invariant
log spiral markers [11]. During the course, students’ choices, and their progress, were
continuously monitored via a series of “tollgates”, comprising reports on system de-
sign choices, presentations by individuals about topics of personal interest (the “re-
search step”), and demonstrations of robot behavior such as lane changing.

ROS. To communicate between robots and with the overhead camera, ROS was used.
All robots in the course used ROS Indigo; RPis had the minimal ROS-Comm variant
of ROS installed which features basic communication libraries but not GUI tools.
Additionally, a server program was also set up for the students on a “GPS” server PC
to stream images from the overhead camera; images were used to estimate the x and y
coordinate positions of robots, like how automotive navigation systems can use the
real Global Positioning System to estimate their positions (in other words, real GPS
was not used, but we referred to the system as “GPS” due to its analogous function in
allowing localization for navigation).

Within groups, one member was also designated to be a representative who would
be responsible for communication and meet with the other groups to decide on a
shared protocol. Teachers did not interfere in this process. It would have been possi-
ble to define a protocol for the students to use, but the choice was given to the stu-
dents as a chance to foster creative thinking via problem-solving. This resulted in a
set-up with four channels as shown in Table 1, allowing behaviors like in Fig. 4.

Table 1. Communication channels.

No. Channel Purpose
Heartbeat Used by each of the robot to indicate its position in coordinates
Platoon Position Used to indicate relative order (the platoon leader was -1)
Used to move between a single file and diagonal formation (for
traveling or cleaning respectively). Messages could also be sent
3  Fanout from infrastructure such as an outside computer. Upon receiv-
ing a command, the leader sent commands to its followers in
the platoon to change lanes.
Used when a command is sent to the “fan out channel” to send
instructions to each robot, or when obstacles are detected.

4 Lane Change
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Fig. 4. Platooning examples: (a) straight line formation for traveling, (b) diagonal formation for
cleaning, (c) changing lanes

The first two channels support messages which are in the style of Cooperative
Awareness Messages (CAM), and the latter two, in describing traffic events, resemble
Decentralized Environmental Notification Messages (DENM) [12]. Thus, ROS was
used to enable some platooning behaviors in the project robots.

3.4 Examination

Overall, as in the previous year, students were graded 50% based on conceptual
knowledge and 50% based on practical knowledge, through an oral exam and written
report respectively. Criteria were as follows:

e Grade U (Fail): Basic requirements not met

e Grade 3: The student demonstrated collaboration, to apply basic concepts

e Grade 4: + Creativity

e Grade 5: + Critical thinking/excellent methodology

This year, 24 students (average age = 26.8 years, SD = 4.7, 8 female, 16 male) par-

ticipated.

4 Experiences and Discussion

We gained some feedback on our course using ROS, in the final demonstration of the
course project, through an anonymous survey conducted by our school, and by asking
students. We note that in teaching it is generally difficult to conduct rigorous evalua-
tions controlling only a single facet such as the usage of ROS, as there are typically
many lessons learned throughout a course and many changes made toward allowing
for the best possible learning experiences. Nonetheless we also present some compar-
ison with feedback from the previous year when ROS had not been incorporated, in
the estimation that the general trends can be informative.
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4.1 Final Demonstration

In this year’s course with ROS, students were able to develop additional functionality
when compared to the previous year: moving in diagonal formation, avoiding obsta-
cles, and clearing debris. Fig. 5 shows some scenes from the final demonstration of
students” work with ROS, and some videos have been made available online®.

4.2  Survey

Additionally, a survey was conducted by our university, obtaining feedback from 9
participants in regard to the questionnaire items below (using a six point scale, where
0 meant strongly disagree, and 5 meant strongly agree):

o The design of the course (teaching and examinations, etc.) has enabled me to
attain the learning outcomes of the course.

e The content of the course (required reading, lectures, etc.) has enabled me to
attain the learning outcomes of the course.

e Through the course, | was able to take part in research relevant for the field.

e Through the course, | developed my ability for critical thinking.

o The course encouraged me to actively search for and acquire new
knowledge/abilities/skills within the field.

The average result was 4.0 (80%), which was an improvement from the previous
year’s score when ROS was not used, 3.5 (70%). Students also described some posi-
tive and negative experiences. Over half of the respondents described the project us-
ing ROS as the most worthwhile element in the course, with one mentioning the robot
teaching assistant; this represented an increase from the previous year in which only
two students mentioned the project. In terms of improvement, students suggested the
course design could be structured to allow further freedom to select topics of interest,
and that platooning had been difficult because it was hard to find times to share robots
with other groups, among other comments (e.g., that the course room could be larger
and that better hardware could be helpful).

4.3  Additional feedback

The survey yielded some useful information but did not specifically relate to ROS;
therefore, the students were also asked for feedback about any problems they had
experienced with ROS. Familiarization with basic concepts and installations were
described as time-consuming, such as installation of the cv_bridge package on the
RPis, or various versions of OpenCV. Delays were also reported as a problem. One
example referred to synchronization with Matlab for image processing while using
many nodes. Another example reported not knowing how to select a preferred proto-
col for messages: e.g., assuming latency could be more important than reliability for
heartbeat messages, UDPROS could have been used instead of TCPROS. As well,

8 https://www.youtube.com/watch?v=B8nvrw?7IjCI
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Fig. 5. Results of ROS-based project work: (a) Platooning in a straight line formation to reach a
destination, (b) Diagonal formation to clean, (c) Swerving out of the way of a detected obstacle
(here a “tree”), and (d) a final task in which robots had to deal with some artificial “snow”
(movements were visualized by attaching a paint brush to the backs of the robots).

some tasks like line-following did not involve ROS, so some students, especially the
communication “representatives” in each group, received more time to work with
ROS than others. Despite such considerations, a number of students also voiced posi-
tive comments about their experiences.

4.4  Conclusions

In summary, we observed that incorporating ROS into an existing robotics course,
guided by considering a behavior model, appeared to have allowed students to devel-
op more capabilities with their robots, and feedback from students was more positive
than in the previous year. As a result, we have decided to continue to use ROS in our
course. Next year, we will consider how to further incorporate ROS functionalities,
such as rosserial for the robots’ microcontrollers or bag files for sensor data, and also
to allow more freedom for students to explore topics on their own. We also plan to
take into account lessons learned in the current year; for example, each group will
receive two robots instead of one, which will let more students get hands-on with
ROS, toward achieving more effective learning.

We expect that effective learning of ROS in university courses, also leveraging
behavior models and knowledge of how to engage students, will contribute to robotics
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in both academia and industry, as students bring their knowledge and engagement
with them to new endeavors.
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