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Chapter 1

Project introduction

1.1 Overview

The project aims to study ROS middleware providing accurate documen-
tation of its architecture, primary functionalities, and building blocks besides
illustrating some meaningful study cases of the framework.

1.2 Structure

The report is made up of five main parts: which span from the general
description of the main features of ROS, the introduction of ROS Navigation
Stack, to some application examples.

The first chapter aims to provide a brief introduction to the work, aside from
a discussion about its primary goals and requirements.

The second and third parts will focus on ROS middleware; illustrating, bit
by bit, its core features, besides a short presentation of some relevant tools used
in the ROS environment for simulation.

Fourthly, ROS tools for simulation will be presented, along with a précis of
their main characteristics and usage.

The fifth chapter illustrates a dense description of the Navigation Stack’s
most significant concepts.

Next, it is presented a concise overview of the robot platform used in the
final scenario, along with some reasons that justify the choice.

The seventh and eighth chapters are devoted to the use cases; the first one
is centered on ROS basic building blocks, whereas the latter focuses on ROS
robotics application.

Finally, the last section is the bottom line of the project, presenting some
final consideration about ROS environment, in the light of the analysis carried
out in the former chapters, as well as a discussion about future works.
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1.3 Goal

The project aims to create detailed documentation, besides providing a step-
by-step guide to experiment on ROS primary elements on one hand and Nav-
igation Stack on the other. Indeed, the first use case chapter focuses on un-
derstanding how ROS core components can communicate within the platform,
whereas the second centers on Navigation Stack. The purpose of that latter
section is to introduce one of the most remarkable robot duties: the navigation
task. Therefore, an examination of the primary methods to accomplish robot
exploration tasks will be illustrated.

It is crucial to underline, that the project aims not to create a complex
robot application, although its target is to provide and analyze some not triv-
ial examples of ROS usage to understand the platform working process; robots
introduction along these lines are not that tools used to explain the aforemen-
tioned ROS operation.

1.4 Requirements

The project study case is based on ROS standard packages, whereas this
report does not provide a complete list of the packages that must be installed;
this is the reason why it is recommended to refer to the project README.md file
for that kind of information. Furthermore, the git-lab package contains the fold-
ers needed for the execution of the last use-case part; therefore, downloading the
project at https://gitlab.com/pika-lab/courses/ds/projects/ds-project-brugnatti-ay2021
is kindly suggested.

Additional environment requirements are discussed in Chapter 7.
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Chapter 2

ROS Introduction

2.1 Introduction

The Robot Operating System, better known as ROS, is a collection of li-
braries, tools, and conventions whose main aim is to simplify the creation and
management of robust robot software for a wide variety of robot platforms,
sensors, and effectors.

2.2 History

ROS development dated back to 2007, when in the Stanford Artificial Intelli-
gence Laboratory, Morgan Quigley[6], Eric Berger and Andre Y. Ng[86] creates
a library to support the STAIR1 project and the PR2.

That library was named Switchyard, and its primary purpose was to ”sup-
ports parallel processing through message passing along a user-defined, task-
specific graph of connections between software modules”[41]. Switchyard was
such a puissant idea that in 2009 the Stanford team, with the collaboration of
the Willow Garage3, presented ROS: An Open-Source Robot Operating System
at the IEEE International Conference on Robotics and Automation (ICRA) in
Japan.

Next, in 2010 the first stable implementation of the framework was released,
and since then ROS ecosystem has not stopped to evolve becoming more elab-
orated and wider day by day.

1STAIR: STanford Artificial Intelligence Robot
2PR: Personal Robots
3Further information about Willow Garage research lab are in the Appendix section10.2
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Figure 2.1: ROS history

2.3 Philosophy

ROS initial goals can be sum up in the following points:

• Peer-to-peer: ROS systems are made up of several processes, possibly
on different hosts, linked at runtime in a peer-to-peer topology. This latter
arrangement needs some kind of lookup mechanism to allow processes to
find each other at runtime4.

• Tools-based: ROS has a microkernel design, where numbers of small
tools are used to build and execute the different ROS elements5

• Multi-lingual: ROS is designed to be language-neutral; supporting sev-
eral languages like C++, Python, Octave, Java, Lua, and LISP, with other
language ports in various states of completion.

• Thin: ROS build system performs modular builds inside the source code
tree; placing virtually all complexity in libraries, and only creating small
executables which expose library functionality to ROS, allows for easier
code extraction, reuse, and testing beyond its original intent.

• Free and Open-Source: ROS source code is publicly available[42].

4ROS provide a specific tool for this purpose: the master, which will be analyzed in the
next chapter.

5ROS developers believed that the loss in efficiency caused by the choice of not constructing
a monolithic development and runtime environment is more than offset by the gains instability
and complexity management.
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2.3.1 What ROS is not

ROS is an open-source framework that provides useful tools and libraries to
help software developers in the creation of robotics application, and it should
not be confused with:

• a programming language; indeed ROS is not a programming language
,but it supports different languages in C++, Python, and Lisp.

• an operating system, as exposed in the former section, even though it
shares some features with operating systems ROS is only a meta-operating
system. In the next table2.2 the major differences between ROS and a
common operating system are shown.

• an integrated development environment; although ROS provides
tools for debugging, implementation and simulation is not an IDE.

• a library; ROS does include client libraries, but also a central server, a
build system, a set of command-line tools, and graphical tools[34].

Figure 2.2: Table exposing key differences between ROS and an operating sys-
tem

2.3.2 Why ROS

The most relevant features that make ROS the de facto standard in robotics
software[6] outlined as follows:

• Distributed computation: many modern robot systems rely on soft-
ware that spans several processes and runs across several different comput-
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ers. ROS provides two considerably basic mechanisms for communication
between processes that may or may not live on the same computer.

• Software reuse: the rapid progress of robotics research has resulted in a
growing collection of efficient algorithms for common tasks (i.e navigation,
mapping, etc.), however, their existence is only useful if there is a way to
apply them in a new context without needing to re-implement them. In
this respect, ROS can help to prevent to reinventing the wheel offering
a set of software for operating robots that can be used as off the shelf
programs or be extended.

• High-end capabilities ROS has ready for use highly configurable capa-
bilities, for instance, SLAM 6 and AMCL7 packages that can directly be
utilize in robots software.

• Tons of tools ROS is comes with several tools, as rqt gui, RViz and
Gazebo, for debugging, visualizing, and performing simulation.

• Support high-end sensors and actuators ROS has a multitude of
device drivers and interface packages of various sensors and actuators in
robotics (i.e Velodyne-LIDAR, Laser scanners, etc.).

• Inter-platform operability The ROS message-passing middleware al-
lows communicating among different nodes that can be programmed in
any language that has ROS client libraries.

• Modularity One of the issues that can occur in most standalone robotic
applications is, if any of the threads of the main code crash, the entire
robot application can stop. ROS overcome this limitation on one hand
by making the programmer writing different nodes for each process in
this way if one node crashes, the system can still work, and on the other
by providing robust methods to resume operation even if any sensors or
motors are dead.

• Concurrent resource handling ROS simplifies the operation of han-
dling a hardware resource by more than two processes by making it pos-
sible to access the devices using ROS topics from the ROS drivers. In
this way multiple ROS nodes can subscribe to the same message from a
specific driver and each node can perform different functionalities. This
feature can reduce the complexity in computation as well as increase the
debug-ability of the whole system.

• Active community One of the most relevant factors, that must be con-
sidered while choosing to use a library or software framework from an
open-source community, is if it is supported by a developer community.
In ROS, the support community is highly active, besides there is a web
portal to handle the support queries from the users8[34][26].

6SLAM: Simultaneous Localization and Mapping
7AMCL: Adaptive Monte Carlo Localization
8ROS Answers site: (http://answers.ros.org)
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2.4 ROS 1 vs ROS 2

2.4.1 Overture

In 2017, besides the former ROS version (ROS 1), another ROS project was
released. That new version was born from the necessity to overcome some of
the limits the former platform presented. Notably, among the requirements for
the newborn framework there were: robot security, real-time control along with
an increase in the distributed processing.

2.4.2 Characteristics

The main differences between the ROS version will be examined in the fol-
lowing paragraph9 :

• Language: ROS 1 core target C++03 and python 2, however it does not
use C++11 in its API, on the contrary, ROS 2 use C++11 extensively
along with some part of C++14 and it also supported the latest python
version.

• Platform ROS 1 is only being tested on Ubuntu and supported by the
community on other Linux flavors as well as OS X; however, ROS 2 is
being tested and supported on Ubuntu Xenial, OS X El Capitan as well
as Windows 10.

• Reusing existing middleware ROS 1 uses:

– a custom serialization format,

– a custom transport protocol,

– a custom central discovery mechanism

However, ROS 2 uses an abstract middleware interface to provide serial-
ization, transport, and discovery; currently, all implementations of that
interface are built upon the DDS standard. This feature enables ROS 2
to supply much different Quality of Service policies that ameliorate com-
munication over diverse networks.

• Build system ROS 2 gives users the possibility to support several build
systems besides CMake.

• Process ROS 2 allow users to create multiple nodes in the same process[13][9].

9If one is interested in all the differences between the two projects, one can retrieve all the
information about the changes at the following link: https://design.ros2.org/articles/

changes.html
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2.4.3 Why a new project?

Despite the fact, the group considered enhancing the current version of ROS
after a risk-benefit analysis they concluded that given the intrusive nature of
the changes that would be required to achieve the benefits that we are seeking,
there is too much risk associated with changing the current ROS system that is
relied upon by so many people[13].

They aimed to let ROS 1 continue to work uninfluenced by the development
of ROS 2; for this reason, they have chosen to develop it as a parallel set of
packages that can be installed alongside keep working and interoperate with ROS
1 [13].

2.4.4 Choice

Since this project aims to provide documentation for ROS beginners along
with some general examples of ROS case uses, there is no need to value real-
time control as well as robot security; therefore, the choice to use ROS 1 as the
target version. Furthermore, the former version is especially recommended for
students as well as ROS general developers[9].
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Chapter 3

ROS Architecture

3.1 Overview

The structure of ROS is made up of three main level concepts:

• the File system level

• the Computational Graph level

• the Community level

Those levels will be discussed with further details in the following sections,
along with the two types of naming structures, Package Resource Names
and Graph Resource Names, that ROS defined.

3.2 File system

Like operating system, ROS file system organizes its files and folder into a
hierarchical structure on disc as shown by the following graph:
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Figure 3.1: ROS file system’s graph

In the following paragraphs, will be given a brief delineation of each element
of the former diagram[26].

3.2.1 Meta packages

Meta packages are specialized structures whose aim is to depict a group of
packages that have a special purpose.

Unlikely, other kind of packages they contain only one file: the package.xml
file. In the package.xml file, the meta package contains an export tag, as
follows:

<export >

<metapackage/>

</export >

Also, in meta packages, there are no <buildtool depend> dependencies for
Catkin1, there are only <run depend> dependencies, which are the packages
grouped in the meta package.[26]

Meta packages manifest : it is an .xml file which contains the main infor-
mation about the package (author, license, dependencies, etc.) besides including
packages inside as runtime dependencies[26].

3.2.2 Packages

ROS packages are the most basic unit of the ROS software; they contain ROS
runtime processes (nodes), libraries, configuration files, and so forth, which are

1A description of Catkin build system can be found in chapter 10.2 of the Appendix section
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organized together as a single unit. Packages are the atomic build item and
release item in the ROS software.[34]

Figure 3.2: ROS package’s common files and directories

Package manifest : it is similar to the meta-package manifest; however,
unlike it, the package manifest can not include packages inside it as runtime
dependencies[26].

3.2.3 Messages

ROS Processes communicate with each other by publishing messages to top-
ics. A message is a basic data structure, comprising typed fields which support
standard primitive types as well as arrays of primitive types and constants. The
following table (3.3) illustrates some of the built-in field types that can be used
in a message: Furthermore messages can include arbitrarily nested structures
and arrays[58] as well as being created ex-novo by users. The extension of the
message file is .msg, besides they can be defined as follow:

int32 number

string name

float32 speed

The message definition can consist of two types: fields and constants. The
field is split into field types and field names; field types are the data type of
the transmitting message, and field name is the name of it, whereas constants
define a constant value in the message file.
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Figure 3.3: ROS builtin types

3.2.4 Services

ROS services are a kind of request/response interaction between processes.
The reply and request data types can be defined inside the srv folder inside the
package (my package/srv/MyServiceType.srv)[26].

3.3 Computation graph level

ROS uses a network of processes2 to implement its computation; the peer-to-
peer computation network of ROS processes is called Computation Graph. The
basic building blocks of the Computation Graph are: nodes, Master, Parameter
Server, messages, topics, services, and bags, all of which provide data to the
Graph in different ways.

3.3.1 Nodes

Nodes are processes that perform computation; each of them is written using
ROS client libraries which are also used to implement different types of commu-
nication techniques in nodes. Notably, one node can communicate with other
nodes using topics, services, and parameters. To identify a node in the system
a name should be assigned to it. The rosnode command can be used to get
introspect ROS nodes. The list of rosnode usage can be summarized as follows:

• $ rosnode info [node name]: it prints the information about the node

• $ rosnode kill [node name]: it teardowns a running node

• $ rosnode list: it list the running nodes

2Processes are called nodes in ROS environment.
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Figure 3.4: ROS graph level

• $ rosnode machine [machine name]: it lists the nodes running on a par-
ticular machine or a list of machines

• $ rosnode ping: it checks the connectivity of a node

• $ rosnode cleanup: it purges the registration of unreachable nodes[26]

3.3.2 Master

The ROS Master provides name registration and lookup system nodes; there-
fore, nodes would not be able to find each other, exchange messages, or invoke
services without it. ROS requires only one master per system.

ROS Master has many features in common with a DNS server; indeed when
a node starts in the ROS system, it looks for the master and registers its name
in it. In that way the Master has the details of all nodes currently running on
the ROS system, and when any of these change, it generates a call-back and
update with the latest details.

ROS client libraries, as roscpp and rospy for instance, are used to write
nodes. Those libraries interact with the Master using XMLRPC (XML Remote
Procedure Call) based APIs, which act as the backend of the ROS system
APIs. ROS master’s IP and port are stored in an environment variable called

19



Figure 3.5: ROS computational communication’s graph

ROS MASTER URI, that latter is used by nodes find ROS Master and start the
communication.

Figure 3.6: ROS: master-client registration’s graph
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Registration process

A node starts publishing a topic, providing details, like name and data type,
about it to ROS Master as soon as the Master receives those data will check if
nodes subscribed to that topic are present in the system. If any nodes are sub-
scribed to the same topic, the publisher details will be shared by ROS Master
with them, after that procedure has been completed, the Subscriber and Pub-
lishers nodes will interconnect using the TCPROS protocol(mainly based on
TCP/IP sockets). In these terms, ROS Master’s primary purpose is to connect
the nodes, when it performs that operation it has no longer a role in controlling
them[26].

Figure 3.7: ROS publish-subscribe’s graph

3.3.2.1 Parameter Server

The parameter server is the part of the Master who provides a mechanism
to save by key the data in a central location accessible by all nodes. In this way,
nodes can modify the information present in the server[26].

3.3.3 Messages

Nodes communicate (peer-to-peer) with each other passing messages to top-
ics.

ROS naming convention is used to name message types: package name +
message name; thus ROS can automatically generate source code to use mes-
sages in a ROS node, both in C++ and python.

Nodes can also communicate using service calls; indeed, services too are
messages, especially the service message definitions are defined inside the .srv

file.
Furthermore, apart from the message data type, an MD5 checksum compar-

ison is used by ROS to confirm whether the publisher and subscriber exchange
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the same message data types.
ROS inbuilt tool to get information about ROS messages is called rosmsg; it

can be used with a set of parameters to perform different operation as follows:

• $ rosmsg show [message]: it shows the message description

• $ rosmsg list: it lists all messages

• $ rosmsg md5 [message]: it displays md5sum3 of a message

• $ rosmsg package [package name]: it lists messages in a package

• $ rosmsg packages [package 1] [package 2]: it lists packages that
contain messages[26]

3.3.4 Topics

ROS messages are routed via a transport system with publish-subscribe se-
mantics using strongly typed message buses called topics. Nodes send messages
through a topic, by publishing it; topics have a name that is used to identify
the content of the message, therefore a node that is interested in a certain kind
of data will subscribe to the appropriate topic. Nevertheless, since the publish-
subscribe model implements many-to-many communication, it is not suitable
for request/reply interactions; to implement that kind of communication, one
has to use ROS services. To decouple the production of data from its consump-
tion publishers and subscribers are not aware of each others’ existence. That is
the reason why in a ROS system one could have multiple concurrent publishers
and subscribers for a single topic, a single node may publish and/or subscribe
to several topics, and also a node could even subscribe to a topic that might not
have any publisher.

The ROS nodes communicate with topics using TCP/IP-based transport
known as TCPROS4. This method is the default transport method used in ROS.
Nevertheless, ROS also provides another type of communication that is called
UDPROS, that latter has low-latency, loose transport, and is only suited for
teleoperation[26].

Likewise for messages, also for topics exists a tool to retrieve information
about them: that last is called rostopic and its main usage can be summarized
as follows:

• $ rostopic bw /topic: it displays the bandwidth used by the given topic

• $ rostopic echo /topic: it prints the content of the given topic

• $ rostopic find /message type: it finds topics using the given message
type

3MD5 is a computer program that calculates and verifies 128-bit MD5 hashes, as described
in RFC 1321. The MD5 hash functions as a compact digital fingerprint of a file[87]

4TCPROS: is a transport layer for ROS Messages and Services. It uses standard TCP/IP
sockets for transporting message data. Inbound connections are received via a TCP Server
Socket with a header containing message data type and routing information.[64]
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• $ rostopic hz /topic: it shows the publishing rate of the given topic

• $ rostopic info /topic: it prints information about an active topic

• $ rostopic list: This command will list all active topics in the ROS
system

• $ rostopic pub /topic message type args: it publishes a value to a
topic with a message type

• $ rostopic type /topic : it displays the message type of the given
topic[26].

Figure 3.8: ROS client-server interaction’s graph focused on topics and services

3.3.5 Services

The ROS services are a type of request-response communication between
ROS nodes. One node will send a request and wait until it gets a response from
the other. analogously to the message definition, a service description language
is used to define the ROS service types (.srv).

#Request message type

string str

---

#Response message type

string str

Listing 3.1: Example of service description format
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As can be seen, one can define a service definition that contains two parts:
one is for requests, and the other is for responses. Indeed in the example pro-
vided the first section of the service is the message type of request, and it is
separated by ”—” from the following section that is the message type of re-
sponse. In ROS services, one node acts as a ROS server in which the service
client can request the service from the server. If the server completes the service
routine, it will send the results to the service client. As well as ROS messages,
also ROS services use MD5 checksum to control service message correctness.

There are two tools to get information about the ROS service: the first
tool is rossrv, which is similar to rosmsg and is used to get information about
service types, whereas the second is rosservice, is used to list and query about
the running ROS services.

rosservice usages can be sum up as follows:

• $ rosservice call /service args: it calls the service using the given
arguments

• $ rosservice find service type: it finds services in the given service
type

• $ rosservice info /services: it prints information about the given
service

• $ rosservice list: it lists the active services running on the system

• $ rosservice type /service: it prints the service type of a given ser-
vice

• $ rosservice uri /service: it prints the service ROSRPC URI[26]

24



Figure 3.9: ROS client-server synchronous interaction’s diagram

3.3.6 Bags

ROS uses a standard format called Bags to save and playback ROS message
data; notably, a bag file stores ROS message data from topics and services. Bag
files are defined by files having .bag extension. Data logging is rosbag main
purpose; indeed, the robot information can be logged and visualized online
whereas processed offline.

The rosbag command is used to work with rosbag files. Here are the com-
mands to record and playback a bag file:

• $ rosbag record [topic 1] [topic 2] -o [bag name]: This command
will record the given topics into a bag file that is given in the command.
We can also record all topics using the -a argument.

• $ rosbag play [bag name]: This will playback the existing bag file.There
is a GUI tool to handle record and playback of bag files called rqt bag[26].

3.4 Community level

The community-level purpose is to enable communities to exchange software
and knowledge. ROS has three different types of resources that habilitate the
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aforementioned process: wiki, distributions, and repositories.

3.4.1 Wiki

The ROS community Wiki is the primary forum for documenting data about
ROS; it provides a ways for anyone to contribute to ROS ecosystem by uploading
ones own documentation, suggesting corrections or updates, as well as writing
tutorials, and so forth.

Figure 3.10: ROS Community level’s basic components

3.4.2 Distributions

ROS distributions are a collection of versioned meta-packages that can be
installed; they maintain consistent versions across a set of software[34]. Similar
to Ubuntu and Android, ROS has been naming their versions to start in alpha-
betical order; for instance, the Kinetic Kame version is the 11th version thus
starting with the alphabet K. Moreover, each version has an illustration in the
form of a poster with a turtle icon, which is also used in the official simulation
tutorial called turtlesim5. The turtle symbol for ROS was stemmed from the
educational programming language Logo10.2. Indeed in 1969, a turtle robot
was developed by Papert10.2 team using Logo, the aforementioned device was
able to move on the floor drawing pictures according to the instructions given
by the computer. Based on this robot, ROS turtlesim was developed and later
also Turtlebot robots6[40].

5Turtlesim simulator is analyzed in the use case section 8.2
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Figure 3.11: ROS distributions
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3.4.3 Repositories

ROS depends on a federated network of code repositories, where several
institutes can elaborate and release their robot software components[26].

3.5 Names

3.5.1 Graph Resource Names

Graph Resource Names provides a hierarchical naming structure that is used
for all resources in a ROS Computation Graph. It is a significant technique
for providing encapsulation: each resource can create resources within their
namespace, and they can access resources within or above their namespace.

To facilitate programming names are resolved relatively; thus, resources are
unaware of the namespace in which they are located; this is the reason why
nodes that work together can be written as if they are all in the top-level
namespace[26].

3.5.2 Package Resource Names

To streamline the procedure of referring to files and data types on disk Pack-
age Resource, besides File System-Level concepts are used. Package Resource
Names are basic structures made up of the name of the Package that the resource
is aside from the name of the resource. They can be used to refers to message
types, service types, as well as, nodes. For instance, the name std msgs/String

refers to the ”String” message type in the std msgs Package[26].

3.6 Building ROS blocks from scratch

This latter section of the chapter will provide basic examples about the
creation of some ROS building blocks from scratch; especially it will be shown
how to create, build and organize a package in a custom workspace along with
the creation of user-defined messages and nodes.

3.6.1 Workspace creation

ROS guidelines suggest a specific layout for code organization; for this rea-
son, the first element to create before writing code for a ROS system is the
workspace. A ROS workspace is a special folder inside which users will actively
develop; to initialize a folder as a ROS workspace it is necessary to create a
src6 directory inside it and executing the catkin make7 command as follow:

6catkin make command will not be able to initialize the workspace without an src folder
inside it.

7Catkin build system is described in the section 10.2
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source /opt/ros/kinetic/setup.bash

mkdir -p ~/ example_ws/src

cd ~/ example_ws/

catkin_make

source devel/setup.bash

Listing 3.2: Commands to create a ROS workspace

If the catkin make command worked two new folders should appear in the new
workspace: the devel and build[69] folders.

The source space (src) is the folder is where Catkin will be expected to look
for packages when building. This folder is easily identified as it is where the
toplevel.cmake is linked from the catkin project. Each catkin project desired
to be compiled from source should be checked out into subdirectories inside
this directory. Packages are found recursively so they do not have to be direct
subfolders.

The build space (build) is the folder in which cmake is invoked and generates
artifacts such as the CMakeCache.

The development space (devel) is where Catkin generates the binaries and
runtime libraries that are executable before installation. After the build step,
inside this folder is expected everything needed to run nodes in packages that
have been built. The development space can not be a folder that contains ROS
packages in subfolders[49].

It is valuable to notice that in the proposed list of commands are executed
also two source commands, which are used by ROS to properly locate the
files, if ROS directories are not properly sourced it will launch an error on the
terminal.

3.6.2 Package creation

To create a new package in the workspace one should move inside the src

folder and execute the following commands:

catkin_create_pkg example_pkg std_msgs rospy roscpp

Listing 3.3: Commands to create a ROS package

For this purpose catkin create pkg command is used to properly initialize the
folder as a package creating the: CMakeLists.txt and package.xml files with
the first level dependencies: std msgs, rospy and roscpp. Since ROS is not
notified when a workspace is modified, for example by adding new packages, it
is necessary to rebuild it and re-source the setup file to inform it that a new
package is available in the example ws[68][67].

3.6.3 Message creation

At this point, to create a new message it is just necessary to create a new
file with .msg extension; however, ROS best-practice rules require locating a
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new message inside a proper directory called msg. To do that, one could move
inside the example pkg folder and only execute the following commands:

mkdir msg

echo "int64 num" > msg/Num.msg

Listing 3.4: Commands to create a ROS message

The last command, create a message with a line only, however one could decide
to create a more complex file by adding multiple elements. Since the package
dependencies are not update automatically, one should add the following line
to the package.xml file:

<build_depend >message_generation </build_depend >

<exec_depend >message_runtime </exec_depend >

Listing 3.5: Commands to create a ROS message

Furthermore, also the CMakeLists.txt file should be updated by adding the
message generation dependency among the catkin required components in
order to be able to generate messages. Finally, one should also modify the
generate messages block of code by removing the # symbols on one hand and
replacing the Message∗.msg files with the name of the message created in the
previous paragraph:

add_message_files(

FILES

Num.msg

)

Listing 3.6: generated message block

Now, to check if ROS can see the message one could run:

rosmsg show example_pkg/Num

The output should be8:

int64 num

The same procedure can be used to create a srv[70].

3.6.4 Node creation

This latter section illustrates how to create ROS nodes (a publisher and
a subscriber) using scripts. ROS tutorials provide a basic implementation of
publisher and subscriber nodes in Python and C++, in this section will be used
the Python one. Before continuing it is important to notice that because of ROS
package convention the two nodes’ scripts must be located in a scripts folder.

8If ROS cannot find the new message it could be useful to execute catkin make again.
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Publisher : To download the publisher file the following command should be
launched in the scripts directory:

wget https :// raw.github.com/ros/ros_tutorials/kinetic -devel/

rospy_tutorials /001 _talker_listener/talker.py

Next, it is necessary to make it executable:

chmod +x talker.py

The downloaded script should appear as follow:

#!/usr/bin/env python

import rospy

from std_msgs.msg import String

def talker ():

pub = rospy.Publisher(’chatter ’, String , queue_size =10)

rospy.init_node(’talker ’, anonymous=True)

rate = rospy.Rate (10) # 10hz

while not rospy.is_shutdown ():

hello_str = "hello world %s" % rospy.get_time ()

rospy.loginfo(hello_str)

pub.publish(hello_str)

rate.sleep()

if __name__ == ’__main__ ’:

try:

talker ()

except rospy.ROSInterruptException:

pass

Listing 3.7: Python publisher script

The declaration at the top of the script is to make sure that is executed as a
python script. In the following line, two imports are found, the first one is re-
quired to write ROS nodes, while the second is needed to reuse the std msgs/String

message type9. Next, a python function is defined to implement the publisher;
especially it declares a node that is publishing to the chatter topic using the mes-
sage type String10. The queue size argument limits the amount of queued mes-
sages if any subscriber is not receiving them fast enough. The subsequent line
provides the node initialization: specifying its name to the system 11, and mak-
ing it unique initializing the anonymous parameter as true12. Before defining the
node behavior, a rate object is created to execute the node loop at a given rate.
The loop is the core of the script, as it defines the task of the publisher node: in
this case, to call pub.publish(hello str) that publishes a string to the chat-
ter topic until a shutdown condition is provided. The loop calls rate.sleep(),
which sleeps just long enough to maintain the desired rate through the loop.

9It is not mandatory to use ROS builtin message types, indeed one could also choose to
use user-defined messages importing them from a custom package.

10String here is the class std msgs.msg.String
11The name must be a base name, i.e. it cannot contain any slashes ”/”.
12anonymous -True ensures that your node has a unique name by adding random numbers

to the end of NAME.
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This loop also calls rospy.loginfo(str), which performs triple-duty: the mes-
sages get printed to screen, it gets written to the Node’s log file, and it gets
written to rosout. Finally, the last lines of the script consist in a standard
Python main check, that catches a rospy.ROSInterruptException excep-
tion, which can be thrown by rospy.sleep() and rospy.Rate.sleep() meth-
ods when Ctrl-C is pressed for instance.

Subscriber : As advanced in the previous paragraph ROS tutorials provide a
basic implementation also of the subscriber node, that must be located, down-
loaded, and made executable as the publisher script:

wget https :// raw.github.com/ros/ros_tutorials/kinetic -devel/

rospy_tutorials /001 _talker_listener/listener.py

chmod +x listener.py

The subscriber script should appear as follow:

#!/usr/bin/env python

import rospy

from std_msgs.msg import String

def callback(data):

rospy.loginfo(rospy.get_caller_id () + "I heard %s", data.data)

def listener ():

# In ROS , nodes are uniquely named. If two nodes with the same

# name is launched , the previous one is kicked off. The

# anonymous=True flag means that rospy will choose a unique

# name for our ’listener ’ node so that multiple listeners can

# run simultaneously.

rospy.init_node(’listener ’, anonymous=True)

rospy.Subscriber("chatter", String , callback)

# spin() simply keeps python from exiting until this node is

stopped

rospy.spin()

if __name__ == ’__main__ ’:

listener ()

Listing 3.8: Python subscriber script

The code for the new node is fairly similar to the publisher one, except for the
introduction of a callback mechanism for subscribing to the messages. In par-
ticular, the listener function declares a node which subscribes to the chatter

topic which is of type std msgs.msgs.String and when new messages are re-
ceived, the callback is invoked with the message as the first argument. Finally,
rospy.spin() keeps your node from exiting until the node has been shutdown.
Before being able to execute the two scripts the CMakeLists.txt file should
be updated to make sure the python script gets installed properly and uses the
right python interpreter:
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catkin_install_python(PROGRAMS scripts/talker.py scripts/listener.

py

DESTINATION ${CATKIN_PACKAGE_BIN_DESTINATION}
)

Next, the workspace must be rebuilt to notify ROS of the changes[72].

3.6.4.0.1 Running the nodes To test the nodes’ behavior it is necessary
firstly to run ROS master13:

roscore

Next, to source the workspace14:

source ./ devel/setup.bash

Finally to run the two nodes in two different shells:

rosrun example_pkg talker.py

rosrun example_pkg listener.py

After having launched the commands one should see something similar to:

[INFO] [WallTime: 1314931831.774057] hello world 1314931831.77

[INFO] [WallTime: 1314931832.775497] hello world 1314931832.77

[INFO] [WallTime: 1314931833.778937] hello world 1314931833.78

[INFO] [WallTime: 1314931834.782059] hello world 1314931834.78

[INFO] [WallTime: 1314931835.784853] hello world 1314931835.78

[INFO] [WallTime: 1314931836.788106] hello world 1314931836.79

in the publisher terminal while in the subscriber shell the output should look
like:

[INFO] [WallTime: 1314931969.258941] /listener_17657_1314931968795I

heard hello world 1314931969.26

[INFO] [WallTime: 1314931970.262246] /listener_17657_1314931968795I

heard hello world 1314931970.26

[INFO] [WallTime: 1314931971.266348] /listener_17657_1314931968795I

heard hello world 1314931971.26

[INFO] [WallTime: 1314931972.270429] /listener_17657_1314931968795I

heard hello world 1314931972.27

[INFO] [WallTime: 1314931973.274382] /listener_17657_1314931968795I

heard hello world 1314931973.27

[INFO] [WallTime: 1314931974.277694] /listener_17657_1314931968795I

heard hello world 1314931974.28

[INFO] [WallTime: 1314931975.283708] /listener_17657_1314931968795I

heard hello world 1314931975.28

To terminate the scripts as well as the ROS master it is necessary to press
Ctrl+C in each terminal[71].

13For any problem related to ROS setup it is suggested to look at the section 7.4.
14It is important to remember that catkin make command must be launched inside the

workspace folder, in this case example ws, if not it will fail.
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Chapter 4

ROS Tools for Simulation

4.1 Background

In robotics, a simulator plays a key role, aiding the development of pro-
totypes; indeed by emulating reality within a certain degree of rigor, it allows
almost inexpensive and less consuming tests to develop architectures[10]. Those
off-the-shelf components allow users to reduce the complexity of the robot man-
agement by skipping the complications of hardware development and setup,
besides allowing online development and repetition.

4.1.1 Simulation in ROS

ROS simulators do not require complex operating procedures to be executed,
as it is sufficient to spawn a roslaunch script, to wait a small amount of time to
see the robot appear, and to push Ctrl-C to teardown the simulation.

Due to the isolation provided by the messaging interfaces of ROS, a vast
majority of the robot’s software graph can be run identically whether it is con-
trolling a real robot or a simulated robot. At runtime, as the various nodes
are launched, they find one another and connect; simulation input and out-
put streams connect to the graph in the place of the device drivers of the real
robot[43].

The following sections present the main tools used for ROS simulations.

4.2 Stage

4.2.1 Introduction

Stage is a two-dimensional simulator with a considerably simple model-
ing language that allows the creation of planar worlds with simple types of
objects[40]. There are three ways to use Stage:
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• using the stage program: a standalone robot simulation program that loads
the robot control program from a chosen library.

• utilizing the Stage plugin for Player (libstageplugin) provides a large set
of virtual robots for the popular Player networked robot interface system.

• writing a personal simulator.

4.2.2 Models

Stage provides a virtual world populated by mobile robots and sensors, along
with various objects for the robots to sense and manipulate.

4.2.3 Design

Stage was designed from the outset to support multiple robots simultane-
ously interacting with the same world. It has been wrapped with a ROS in-
tegration package that accepts velocity commands from ROS and outputs an
odometric transformation besides the simulated laser range-finders from the
robot(s) in the simulation[43].

4.3 RViz

4.3.1 Introduction

RViz stands for ROS Visualization, it is the general-purpose 3D visualization
environment for robots, sensors, and algorithms, whose main goal of the tool
is to allow users to verify data by showing ROS messages in three-dimension.
Therefore, the tool provides a graphical interface that allows user to visualize
a lot of information about robot structure as well as the environment in which
that latter is located; indeed, using RViz plugins the user can focus on a different
aspect of the robot simulation as the model, or a particular sensor, for instance,
analyzing how that latter perform during the testing.
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Figure 4.1: Turtlebot model simulation using RViz

4.3.2 GUI

RViz has numerous panels and plugins that can be configured as needed for
a given task.

4.3.3 Screen Components

1. 3D View : it is a black area at the center of the screen which primary
screen allows users to see several data in three dimensions.

2. Displays: they are located on the left column, and they provide a way to
select which data to display from the diverse topics.

3. Menu: The Menu bar is on the top of the screen; it contains some basic
commands to save or load the current display settings, besides providing
several panels for other operations.

4. Tools: below the menu bar there are the Tools, this panel furnishes a set
of helpful functions such as interact, camera focus change, 2D navigation,
etc.

5. Views: The Views panel sets up the viewpoint of the 3D view:

6. Time: Time shows the current time (wall time), ROS Time, and the
elapsed time for each of them, moreover can be restart if needed.
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Figure 4.2: Rviz screen components’

4.3.3.1 Display

Rviz display menu is used to select the message to display on the 3D View
panel, and descriptions on each item are explained following tables[43]:
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Figure 4.3: RVIZ icon (first part)
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Figure 4.4: RVIZ icon (second part)

4.3.4 Usage

RViz tool is used for a wide range of different purposes, in particular, for
what concerns hardware analysis; indeed, it provides a basic way to examine a
robot’s physical structure.

Nevertheless, due to the lack of a former education about robot modeling,
it would be a complex task to analyze the tool usage in those terms, this is the
reason why the tool is just used for navigation purposes in the use case section.
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4.4 RQt

4.4.1 Introduction

RQt is a collection of more 30 GUI development tool which core elements
were developed by Aaron Blasdel, from the University of Tokyo, at the Willow
Garage[7]. In that name, the r is for ROS, and the qt refers to Qt1framework[34].
Thus RQt is a graphical user interface framework that implements various tools

Figure 4.5: Rqt example of view interface

and interfaces in the form of plugins. One can run all the existing GUI tools as
dockable windows within RQt! The tools can still run in a traditional standalone
method, but RQt makes it easier to manage all the various windows in a single
screen layout[45].

The tool’s primary usage is nodes and topic visualization; indeed, using
rqt graph plugin, for instance, users can have a comprehensive view of the
system on which they are working on. The tool creates a computation graph
of the entire system that is used to visualize the nodes running on the system,
and how they are communicating with each other.

In the next paragraph, RQt GUI toolkit will be examined.

1Qt: is a cross-platform framework used in the field of robotics and GUI
development.[36][40]
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4.4.2 Menu

RViz menu has four main sections:

• File: the File menu only contains the sub-menu to close ‘RQt’.

• Plugins: there are over 30 plugins; organized in 9 sections: action, config-
uration, introspection, logging, miscellaneous tools, robot tools, services,
topics, and visualization.

• Running : the currently running plugins are shown and they can be stopped
when they are not needed.

• Perspectives: this menu saves operating plugins as a set and uses them
later to run the same plugins.

4.4.3 Usage

RQt tool is a powerful tool used to analyze ROS systems; indeed, when large
multi-node ROS systems are running understanding nodes’ interactions can be a
complex task. Nevertheless, RQt plugins provide users a simple way to analyze
the system choosing the level of abstraction that they prefer. In this respect,
RQt makes available a large set of devices that can be used to understand the
system working process on one hand, and debugging it on the other.

This is the reason why, in the use case section, this tool will be widely used;
especially that part that focuses on rqt graph usage because that latter plugin
is useful to examine the ROS system. In fact, by analyzing the graphs that it
produces, one can easily understand several important information about the
system on which one is working on. In particular, in the provided study case
it will be used for debugging purposes since it will be examined only to control
that all the nodes needed are running in the system and communicating on the
right topics.

4.5 Gazebo

4.5.1 Introduction

Gazebo is a well-designed simulator, part of the Player Project2, which
allows simulation of robotic and sensors applications in three-dimensional in-
door and outdoor environments making it possible to rapidly test algorithms,
design robots, perform regression testing, and train AI system using realistic
scenarios[34]. In particular, the tool provides a simple way to visualize graph-
ically a vast set of simulated environments that spread from basic houses and

2Player Project: is a project to create free software for research into robotics and sensor
systems. Its components include the Player network server and the Stage robot platform
simulators. [89]
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gas stations to more specific ones, for instance, the Apollo landing site mak-
ing robots able to interact with them. Indeed, Gazebo lets the user define the
proprieties of each object of the simulation to improve user testing capabilities.

It has a Client/Server architecture and has a topic-based Publish/Subscribe
model of inter-process communication[83].

Figure 4.6: Gazebo empty house view

4.5.2 Features

Gazebo main features are:

• Dynamics Simulation: since version 3.0, besides ODE 3, various phys-
ical engines such as Bullet, Somebody, and DART are used by Gazebo to
meet the needs of its users.

• 3D Graphics: Gazebo uses OGRE4, for both robot models along with
the light, shadow, and texture to make them realistically drawn on the

3Open Dynamics Engine
4Open-source Graphics Rendering Engines
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screen.

• Sensors and Noise Simulation: it supports a wide range of sensors (i.e
Laser range finder5, 2D/3D camera, contact sensor, etc.) and it makes it
possible to apply noise to sensor data to make them as similar as possible
to the actual environment.

• Plugins: it enables users to create robots, sensors, environment control
as a plugin by providing APIs.

• Robot Model: it provides several robot model files, such as PR2, Turtle-
Bot, and many others, moreover it lets users add their robots (if modeled
as SDF file).

• TCP/IP Data Transmission: Gazebo allows users to run simulations
on a remote server by using Google’s Protobufs to pass socket-based mes-
sages.

• Cloud Simulation: Gazebo can be run on Amazon AWS by using CloudSim
along with GzWeb to interact with the simulation through a browser.

• Command Line Tool: it uses GUI along with CUI tools to check and
manage the simulation status.[40]

Figure 4.7: Gazebo interaction’s graph

4.5.3 Architecture

Distributed architecture is used in Gazebo to decouple libraries for physics
simulation, rendering, user interface, communication, and sensor generation.

Moreover, it provides two executable programs for running simulations:

5LRF
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• a server gzserver for simulating the physics, rendering, and sensors;

• a client gzclient that provides a graphical interface to visualize and in-
teract with the simulation

The client and server communicate using the gazebo communication library[21].

Figure 4.8: Gazebo communication’s graph

4.5.3.1 Client-Server

The gazebo command runs two different executables: the first is called
gzserver, and the second gzclient. The gzserver is the core of Gazebo; it
runs the physics update-loop and sensor data generation, besides it can be used
independently of a graphical interface. The gzclient runs a QT based user
interface which provides a visualization of simulation, and convenient controls
over various simulation properties.

4.5.3.2 Communication between processes

The communication library uses the open-source Google Protobuf for the
message serialization and boost::ASIO for the transport procedure. It supports
the publish-subscribe communication paradigm; that latter allows introspection
of a running simulation, besides providing a convenient technique to control
aspects of Gazebo.

The Gazebo clients can access its data through a shared memory; hence each
simulation element in Gazebo can be associated with one, or more controllers
that process commands for controlling the object and generate the state of that
latter. Gazebo interfaces, called Ifaces, are used by controllers to publish the
data they create into the shared memory, which can be read also by Ifaces of
other processes to allow inter-process communication between the robot con-
trolling software and Gazebo independently of the programming language or
the computer hardware platform. The Client sends control data, as simulated
objects’ coordinates for instance, to the Server which draws up the real-time
control of the simulated robot. Moreover, Gazebo allows users to perform a dis-
tributed simulation by placing the Client and the Server on different machines
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using ROS Plugin for Gazebo to implement a direct communication interface
to ROS and in that way controlling the simulated and the real robots using the
same software. That provides an effective simulation tool for the testing and
development of real robotic systems.[83]

4.5.3.3 Gazebo Master

Gazebo Master is a topic name server which provides name lookup and topic
management, besides a single master can handle multiple physics simulations,
sensor generators, and GUIs.

Figure 4.9: Gazebo dependency’s graph
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Chapter 5

Navigation Stack

5.1 Background

Packages in ROS are organized into ROS stacks. Packages’ main goal is to
create minimal collections of code for easy reuse, whereas stacks aim to facilitate
the code sharing process. Especially, stacks are the primary mechanism in ROS
for distributing software; each stack has an associated version and can declare
dependencies on other stacks.

Figure 5.1: ROS stack and packages’ main components

Stacks collect related packages from different communities that collectively
provide functionality, such as a navigation stack or a manipulation stack. Unlike
traditional software libraries stacks can also provide this functionality at runtime
via ROS topics and services.
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Figure 5.2: ROS distribution’s building blocks

5.2 Introduction

ROS Navigation stack provides several helpful resources which enable a robot
to navigate through a medium; namely, they make it be able to plan and follow-
ing a path avoiding potential obstacles which may appear on its path throughout
the course.

The primary objective of the package is to move a robot from the start posi-
tion to the target position safely, which means without crashing or getting lost;
to accomplish this task the package contains ready-to-use navigation algorithms
which can be used in mobile robots, along with localization systems, which allow
a robot to locate itself.

AMCL is the resource that enables the device to locate itself in an environ-
ment through a previously created map; the primary limitation of this tool is
that allows a robot to navigate only in modification-free environments; as using
a static map one would have to generate a new each time that the environment
that surrounds suffered a modification. Luckily, the package offers two other
localization systems to bypass the lack of flexibility of static maps both based
on the SLAM technique: gmapping and hector mapping.

SLAM methods allow robots to map an environment during their navigation
through it by using their sensors to gather information from the environment
to generate a map. The main advantages of these approaches are that devices
can generate a map of an unknown environment, on one hand, and updating
an existing one on the other, overcoming in this way the previously presented
limitation and supporting the use of robots in a more generic environment, not
immune to changes. The two approaches differ essentially in the use of odometry
information, as just the gmapping package takes it into account.[30]

To get odometry information, devices need to be equipped with special elec-
tromechanical sensors called encoders that are responsible for monitoring move-
ment and position to provide position data from a robot[84]. This information
enables the estimation of the robot’s pose; therefore, more accurate maps can
be generated. However, since not not that glitters is gold, odometry information
to presents some limitation, in fact, the lack of precision on some factors’ data
as capitation, friction, slip, drift can accurate with time producing inconsistent
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Figure 5.3: ROS Navigation’s workflow

data that can lead to the generation of the distorted map. Encoders are not
the only sensors need for the creation of a precise map, sensors’ distance read-
ing plays an essential role as well since they are in charge of the detection of
the external world, which serves as a reference to the robot. Howbeit, since
they measure the environment in relation to themselves, instead of in relation
to the robot, the raw data need a geometric conversion to be used by the device
to accomplish the navigation task. Luckily, ROS provides a tool also for this
purpose, the TF package1[30]

5.3 Hardware Requirements

Nevertheless, the Navigation Stack is designed to be as general-purpose as
possible, it has four basic limitations in respect to the hardware:

• it can manly handle differential drive and holonomic wheeled robots, al-
though it is possible to use some features with another type of robots

• it assumes that the mobile base is controlled by sending desired velocity
commands to achieve in the form of twist message type2: with X, Y and
Theta velocities

• it needs to get environment information from a LaserScan message type
topic3; therefore, it requires a planar laser to be mounted on the mobile
base of the robot to build the map and perform localization.

1Information about TF package are at http://wiki.ros.org/tf
2Additional information about twist type message are at http://docs.ros.org/en/jade/

api/geometry_msgs/html/msg/Twist.html
3Extra information about LaserScan message are at http://docs.ros.org/en/melodic/

api/sensor_msgs/html/msg/LaserScan.html
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• even though the Navigation Stack works on robots of arbitrary shapes and
sizes, it performs better if they have nearly square or circular shape has
it was developed on a square robot.[30]

5.4 Main components

In the following table the main components of the Navigation Stack will be
presented along with a short description of their main purpose:

Figure 5.4: ROS Navigation Stack’s main components

5.5 Planners

5.5.1 Global Planner

The global path planner in ROS operates on the global costmap, which
generally initialized from a prior static map, then it could be updated frequently
based on the value of update frequency parameter. The global path planner
is responsible for generating a long-term plan from the start or current position
to the goal position before the robot starts moving. It will be seeded with the
costmap, as well as, the start and goal positions. Those start and goal positions
are expressed by their x and y coordinates. A grid-based global planner that
can use Dijkstra’s algorithm or A* algorithm to compute shortest collision free
path for a robot is obtained in global planner package.

Also, ROS provides another global planner named arrot planner, which is
a simple planner that attempts to move the robot as close to its goal as possible
even when that goal is in an obstacle.
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Figure 5.5: ROS global planner’s diagram

5.5.2 Local Planner

The local path planner or the controller in ROS operates on the local costmap,
which only uses local sensor information to build an obstacle map and dynam-
ically updated with sensor data.

It takes the generated plan from the global planner, and it will try to follow
it as close as possible considering the kinematics and dynamics of the robot as
well as any moving obstacles information in the local costmap. ROS provides

Figure 5.6: ROS local planner’s diagram

implementation of two local path planning algorithms: namely the Trajectory
Rollout and the DWA4 in the package base local planner.
Both algorithms have the same idea to first discretely sampled the control space
than to perform forward simulation, and the selection among potential com-
mands. The two algorithms differ in how they sample the robot’s control space.

4DWA: Dynamic-Window Approach

50



5.5.3 Local and Global Costmaps

The local and global 2D costmaps are the topics containing the information
that represents the projection of the obstacles in a 2D plane (the floor), as well as
a security inflation radius, an area around the obstacles that guarantee that the
robot will not collide with any objects, no matter what is its orientation. These
projections are associated with a cost, and the robot’s objective is to achieve the
navigation goal by creating a path with the least possible cost. While the global
costmap represents the whole environment (or a huge portion of it), the local
costmap is, in general, a scrolling window that moves in the global costmap in
relation to the robot’s current position.

5.6 Localization Systems

One of the resources needed to accomplish the Navigation task is the local-
ization system that allows a robot to locate itself, whether there is a static map
available or simultaneous localization and mapping is required.

5.6.1 AMCL and Map server

AMCL and map server are optional blocks, responsible for the static map
usage.

5.6.1.1 Map server

map server contains two nodes: map server and map saver. The first one,
namesake to the package, as the name indicates, is a ROS node that provides
static map data as a ROS Service, while the second one, map saver, saves a
dynamically generated map to a file.

5.6.2 SLAM

5.6.2.1 AMCL

AMCL does not manage the maps, it is a localization system that uses the
base footprint or base link transformation to the map to work, therefore it
needs a static map, and it will only work after a map is created. This local-
ization system is based on the Monte Carlo localization (MCL) approach: it
randomly distributes the particles in a known map, representing the possible
robot locations, and then uses a particle filter to determine the actual robot
pose.

5.6.2.2 gmapping

Gmapping, as well as AMCL, is a localization system, but unlike AMCL,
since it works over the odom to map transformation, it does not need a map
or IMU information, in fact, it just needs odometry data to perform SLAM. It
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creates a 2D occupancy grid map using the robot pose and the laser data (or
converted data).

5.6.2.3 Hector mapping

hector mapping can be used instead of using gmapping. It uses the base link
to map transformation and, it does not need the odometry nor the static map:
it just uses the laser scan and the IMU information to localize itself.

Figure 5.7: ROS Navigation Stack setup’s graph

5.7 Navigation Types

Our robot will move through the map using two types of navigation: global
and local.

5.7.1 Global Navigation

Global navigation is used to create paths for a goal in the map or a far-off
distance; it is performed by using Dijkstra e A*.

5.7.2 Local navigation

Local navigation is used to create paths in nearby distances and avoid ob-
stacles; it uses DWA5 e Trajectory Rollout.

5DWA: Dynamic-Window Approach
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5.8 Frames

In this section will be illustrated the basic frames of Navigation Stack,
in fact in order to work properly, the robot needs to publish the following
tf relationships: center of the robot(base link). /map →/odom →/base link

→/base laser

• map is the global reference frame and the robot pose should not drift
much over time in relation to it.

• odom drifts and can cause discrete jumps when new sensor information
is available.

• base link is attached to the robot center.

• base footprint is very straightforward: it is the base link projection on
the ground (zero height). Therefore, its transform is published in relation
to the base link.

• base stabilized is the center position of the robot, not computing the
roll and pitch angles. Therefore, its transform is also published in relation
to the base link.

• laser link is the center position of the laser sensor, and its transform is
published in relation to the base link.

Figure 5.8: Potential frames of interest in a 2D view of a robot travelling through
rough terrain

5.9 move base node

The move base package, is the major component of the Navigation Stack
which primary goal is to displace a robot from its actual position to the target
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one.
One of the nodes of the package is the move base node. IT links the global-

planner and the local-planner for the path planning, it connects to the rotate-
recovery package if the robot is stuck in some obstacle, and it connects the
global costmap and local costmap for getting the map.

The move base node is an implementation of Action Server10.2 which takes
a goal pose with message type (geometry msgs/PoseStamped) that can be sent
using a Action Client node.

Figure 5.9: ROS move base graph about how ROS topic are used to accomplish
navigation goal

The move base node subscribes to the move base simple/goal topic, which
is the input of the Navigation stack. When this node receives a goal pose, it links
to elements such as global planner, local planner, recovery behavior, global costmap,
and local costmap, generates the output which is the command velocity (geometry msgs/Twist),
and sends to the base controller for moving the robot for achieving the goal pose.
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Figure 5.10: ROS move-base recovery behaviour
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Chapter 6

Turtlebot

6.1 Introduction

TurtleBot is a ROS low-cost, personal robot kit with open-source software
which can be used for a wide range of purpose, which spread from educational
and research use to hobbies and product prototyping.

6.2 History

TurtleBot is a ROS standard platform robot created by Tully Foote and
Melonee Wise at Willow Garage on top of the iRobot’s Roomba-based research
robot, Create, for ROS deployment in 2010.

6.2.1 Why a turtle?

Turtlebot is originated from the Turtle robot, which was driven by Logo
(10.2). Moreover, the turtlesim node1, which first appears in the basic tutorial of
ROS, is a program that mimics the command system of the Logo turtle program
10.2. It is also used to create the Turtle icon as a symbol of ROS. The nine dots
used in the ROS logo are derived from the back shell of the turtle. TurtleBot,
which originated from the Turtle of Logo, is designed to easily teach people who
are new to ROS through TurtleBot besides teaching computer programming
language using Logo. Since then TurtleBot has become the standard platform
of ROS, which is the most popular platform among developers and students.[15]

1turtlesim node:http://wiki.ros.org/turtlesim
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Figure 6.1: TurtleBot icon

6.3 TurtleBot3

There are three versions of the TurtleBot model: Turtlebot1, Turtlebot2,
and Turtlebot3; created respectively in 2010, 2012, and 2017. Since the later
version is the one that provides the larger set of functionalities, it is one chosen
to develop the case uses that will be presented in the next part. In the following
sections will be given a brief overview about Turtlebot3 main characteristics.

Figure 6.2: Turtlebot
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6.3.1 Hardware description

TurtleBot3 is a small, affordable, programmable, ROS-based mobile robot
developed with features to overcome the lacking functions of its predecessors
and the demands of users. The primary objectives during the development of
the latter Turtlebot version were on one hand, to decrease the size of the robot
and, on the other to reduce its price without renounce to quality and to offer
expandability.

It is sold in two main configurations, referred to as the ”burger” and ”waffle”
models; the second one is the more expensive as it is slightly larger, besides
having an additional camera sensor.

The main hardware components of the platform are:

• LIDAR: a 360°laser scanner is mounted on top of the robot. This sensor
transmits a rotating laser, which reflects nearby obstacles. By using the
reflection time, distances to nearby objects can be obtained, which can be
used for mapping or obstacle avoidance.

• Raspberry Pi : a Raspberry Pi 3 single-board computer is set one level
below the LIDAR. It provides the master (a pc) the data that it reads
from the sensors, letting it elaborate the computation.

• OpenCR: one level below the Raspberry, is located the hardware control
board, which is based around an Arduino Uno. The board includes an
Inertial Measurement Unit (IMU) with a three-axis accelerometer, gyro-
scope, and magnetometer. It provides the connection from the Raspberry
Pi to the motors and sensors besides furnishing power connections for all
elements.

• motor and batteries are located on the lowest level. Both Turtlebot3
models have a differential drive configuration[2] 2

6.4 Case Study usage

Due to the lack of a Turtlebot robot on the campus of Cesena, besides
the impossibility to reach an external laboratory because of the Coronavirus
emergency, the use case section only uses a Turtlebot3 simulator. That latter is
an accurate model of the real turtlebot hardware platform, indeed, it represents
a simple way to test how to perform turtlebot tasks, like Navigation, exploiting
its sensor and actuators. Before continuing, it is valuable to underline that the
following examples will not analyze Turtlebot sensors and actuators’ usage, they
will use high-level algorithms without focusing on how they handle Turtlebot
hardware.

2Differential drive: having two independently driven motors and one caster wheel for sta-
bility
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Chapter 7

Use cases

7.1 Background

This chapter assumes that the lector has some Linux and Unix-based sys-
tems environment literacy, for that reason instructions about general Linux
environment configuration are not given.

Since I had no formal education about ROS before writing this document and
ROS has a vast set of distributions as well as robot platforms, I decided to base
my preliminary decisions about the target robot as well as ROS distribution to
use mainly on the indications provided in the slides[35] of the course of Industrial
Robotics of the University of Bologna.

7.2 Introduction

This first chapter of the use case section is about the preliminary pc ini-
tialization, especially ROS chosen distribution, along with the relative Linux
version and robot objective platform will be identified. Furthermore, this part
also provides some information about ROS environment variables’ setup besides
some suggestions to control if these latter are initialized correctly. Lastly, the
chapter ends with a description of some common ROS commands which will be
extensively in the subsequent parts.

7.3 Requirements

This section gives a list of requirements to run the following examples.

7.3.1 ROS distribution

The ROS distribution chosen to implement the project is ROS Kinetic Kame
distribution[57]; as an advance in the paragraph 7.1, that version had been
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chosen because it suggested in University courses such as the one of Industrial
Robotics of the University of Bologna[35].

Figure 7.1: ROS Kinetic Kame distribution icon

Still in that paragraph, some assumptions about user Linux knowledge were
made. In reason of them, instructions on how to install ROS Kinetic distribution
along with ROS official build system1 will not be provided, however, one can find
all the information needed for the purpose at the following links: http://wiki.
ros.org/kinetic/Installation/Ubuntu and http://wiki.ros.org/catkin.

7.3.2 Linux version

ROS Kinetic distribution is primarily available for Ubuntu Wily (15.10) and
Ubuntu Xenial (16.04 LTS)2, moreover it presents some unofficial and experi-
mental platform as well.

7.3.3 Robot Hardware

Since the Turtlebot is run just as a simulation, there is no hardware require-
ment. However, the next sections give some information about how to set up
the simulated robot in a ROS kinetic-based environment.

7.4 Environment presetting

Before starting to program in ROS, its environment variables need to be
initialized; in particular, the following code needs to be added to the bash.rc

script. This operation is needed to be able to run the examples without having
to run the following code in each new terminal.

export ROS_ROOT =/home/user/ros/ros

export PATH=$ROS_ROOT/bin:$PATH

1Catkin is ROS official build system since Groovy distribution; more details about it can
be found in section 10.2

2Ubuntu releases are at the following link: https://releases.ubuntu.com/
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export ROS_MASTER_URI=http ://{ IP_ADDRESS_PC }:11311/

export ROS_HOSTNAME ={ IP_ADDRESS_CURRENT_PC}

export PYTHONPATH=$PYTHONPATH:$ROS_ROOT/core/roslib/src

echo "export TURTLEBOT3_MODEL=burger"

Listing 7.1: Commands to setup ROS environments variables

The first and second commands, ROS ROOT and PATH enable the system to
find the installed ROS core packages, the third ROS MASTER URI provides nodes
information about where the master can be found, it should be set to the XML-
RPC URI of the master.One might just choose to use localhost as a value for
this variable, however, it is not recommended because it could lead to unintended
behaviors with remotely launched nodes.

Moreover, the PYTHONPATH variable needs to be updated, whether one decides
to program in Python or not because many ROS infrastructure tools rely on
Python and need access to the roslib package for bootstrapping[53].

Finally, the last command is the one that specifies to the system the target
model of turtlebot used.

7.5 Environment control

To execute the use case of the next chapters ROS environment must be
initialized correctly; to check if the environment variables had been initialized
correctly it is profitable to run the following commands.

1. checks if ROS variables as ROS ROOT and ROS PACKAGE PATH are
set by launching:

printenv | grep ROS

If one detect that they are not set, then he should source some set.*sh
files.

source /opt/ros/kinetic/setup.bash

Given that this command must be run on every new shell it is easier
to add it to /.bashrc file because it is run automatically in every new
terminal window. Moreover, this operation allows users to install several
ROS distributions on the same computer and switch between them by
sourcing the distribution-specific setup.bash file.

Troubleshooting If the environment variables have not been sourced cor-
rectly; one could have a roscore: command not found; if that happens is
because the environment is not set up correctly; therefore, it could be useful
to take a step back and refer to the previous section or at https://wiki.ros.
org/ROS/NetworkSetup#Single_machine_configuration for network-related
issues[73].
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7.6 Useful commands

7.6.1 roscore

The first command to be launched is roscore, that latter is one of the most
significant commands in the ROS system since it is a collection of programs
that are pre-requisites of a ROS-based system, thus, nodes are not able to
communicate if it is not running properly.

There are several components that are started with roscore:

• a ROS Master (3.3.2)

• a ROS Parameter Server (3.3.2.1)

• a rosout logging node

It is valuable to remember that ROS master should continue running for the
entire time that one is using ROS; as a matter of fact, one reasonable workflow is
to start roscore in one shell, then open other terminals for the “real” work. The
most general reason to stop roscore is to have finished working with ROS. Once
that point is reached, the master can be stopped by using the Ctrl+C technique,
however, that method may not give the node a chance to unregister itself from
the master. As a consequence of this issue, one could still see the killed node
launching rosnode list for a while; to avoid this uncomfortable situation one
can execute the rosnode cleanup command to remove dead nodes from the
list. The roscore command must be executed only once because ROS does not
allow multiple masters in the system[75]. Next, the rosrun command, is ROS
basic command to create a node. It requires two parameters: a package name
and the name of an executable file within that package.

7.6.2 rosrun

rosrun command is only a shell script that can understand the organization
of ROS files finding the executables required by their package names, and then
executing them; avoiding users to specify the complete path of the files. The
work of registering with the master to become a ROS node happens inside the
program, not in rosrun.

7.6.3 roslaunch

roslaunch is a tool that enables multiple ROS nodes to be launched locally
or remotely via SSH; furthermore, it provides a way to initialize parameters
on the Parameter Server. Options to automatically respawn processes that
have already died are contained in roslaunch too. [62] Especially, roslaunch
takes in one or more XML configuration files with the .launch extension that
specifies the parameters to initialize and nodes to execute, besides the machines
on which they should run. Indeed roslaunch command can evaluate an XML
file in a single pass as by analyzing them in a depth-first traversal order: tags are
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examined sequentially, and the last configuration is the one that it is applied.
Nevertheless, since there is no guarantee that an override is specified correctly
relying on the override behavior can be brittle, thus, it is better to implement
that mechanism using $(arg)/¡arg¿ settings.

7.7 Project package

There are several packages and tutorials to use turtlebot, the primary pur-
pose of this one is not to provide a complete turtlebot package to handle all the
tasks that they can perform, on the contrary, it aims to collect a minimal set of
files to implement turtlebot navigation in a given context.

The repository contains a workspace with three packages: two of them,
gazebo models and turtlebot3 ds are used in turtlebot examples, while the
last one, turtlesim cleaner, for turtlesim simulation. gazebo models In
particular, gazebo models only provides the model files of some Gazebo worlds
to be able to visualize them correctly in the simulation. turtlebot3 ds,
on the other hand, holds three main directories: one to perform robot simula-
tion, one to enable user control a multiple turtlebot navigation, and the latter
stores’ other files need by Gazebo. In particular, turtlebot3 description ds,
contains the turtlebot model files required to visualize the robot in Gazebo3,
the turtlebot3 navigation ds holds the launch files to execute the simulation
and finally the worlds directory stores the file that defined the properties of the
worlds used for the simulation.

3Since there was no point in trying to re-implement turtlebot model that lat-
ter has been imported from https://github.com/ROBOTIS-GIT/turtlebot3/tree/master/

turtlebot3_description
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Chapter 8

ROS case use

8.1 Introduction

This chapter is about some simple use cases to understand ROS core ele-
ments. Since ROS has a vast ecosystem which dimensions boost day by day it is
not possible to examine all of them, that is the reason why this section focuses
only on two of the core building blocks using the first example of simulation
in the ROS environment to analyze them. Given that LOGO heritage had a
considerable relevance in ROS development, the initial example is implemented
using a turtle avatar. Specifically, in the first place, the turtlesim 8.2 simulator
will be used to understand how ROS nodes and topics work.

Next, in the latter part of this section, it is shown an initial facile example of
how ROS can be run across multiple machines aside from a detailed digression
focused on the publish-subscribe pattern consequence in the ROS ecosystem.

8.2 Understanding ROS Nodes

As advanced in the previous paragraph the following examples aim to un-
derstand ROS nodes and topics using the turtlesim simulator, especially, since
this first section is centered on nodes. ROS turtlesim simulator is a lightweight
simulator for learning ROS, besides giving an idea of what the later robot sim-
ulations will be about. An overview of ROS turtlesim package can be seen in
the following image:

64



Figure 8.1: ROS turtlesim package

To implement the case use the first step to take is to launch roscore com-
mand in a shell and turtlesim node in another, indeed that expedient (running
nodes in different terminals) is necessary to execute simultaneously commands.
That former node, turtlesim node, provides a simple simulator for teaching
ROS concepts; notably, it is responsible for the creation of the screen image
and the turtle1[4]. To do this one should use rosrun command as shown in the
following example:

roscore

rosrun turtlesim turtlesim_node

By executing the second command one should see a graphical window opening;
this latter window shows a simulated, turtle-shaped robot that lives in a square
world 2.

Right now by running rosnode list command one should get the following
output:

/rosout

/turtlesim

which means that two nodes are currently running in ROS, rosout and the
turtlesim node. The first one is always running when programming on ROS
because it is responsible for the collection and logging of the debugging output
of nodes [74]. On the other hand, the second node is an instance of an exe-
cutable called turtlesim node responsible for creating the turtlesim window and
simulating the turtle motion.

1The turtle may change from the one shown[74]
2The appearance of the turtle may be different every time the command is executed since

the simulator randomly choose a turtle among a collection of “mascot” turtles for each of the
historical distributions of ROS[34]
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Figure 8.2: ROS turtlesim’s avatar image

Now, if one teardown turtlesim node (pressing Ctrl+C ), one can re-run the
former command with a remapping argument3

rosrun turtlesim turtlesim_node __name := my_turtle

Now by re-running the rosnode list command one should see that a new
node,called my turtle, took the place of the turtlesim one. To check if my

turtle node is up one could try to ping4 it by launching:

rosnode ping my_turtle

which output should be something like:

rosnode: node is [/ my_turtle]

pinging /my_turtle with a timeout of 3.0s

xmlrpc reply from http ://aqy :42235/ time =1.152992 ms

xmlrpc reply from http ://aqy :42235/ time =1.120090 ms

xmlrpc reply from http ://aqy :42235/ time =1.700878 ms

xmlrpc reply from http ://aqy :42235/ time =1.127958 ms

3Remapping arguments is a powerful feature of ROS that allow users to launch the same
node under multiple configurations by the shell, besides remapping function is needed also be-
cause the ROS master does not allow multiple nodes with the same name. Further information
can be retrieve at: http://wiki.ros.org/Remapping%20Arguments

4Ping is a computer network administration software utility used to test the reachability
of a host on an Internet Protocol (IP) network. It is available for virtually all operating
systems that have networking capability, including most embedded network administration
software[88].
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8.2.1 Topics

In this part besides roscore and turtlesim node will be run a third node
that provides a proper way to guide the prior little turtle avatar. This last node
is called turtle teleop key and allows users to control the turtle to motion
using the arrow keys of the keyboard.

roscore

rosrun turtlesim turtlesim_node

rosrun turtlesim turtle_teleop_key

The new node launched is an instance of an executable called turtle teleop key5

This node waits for an arrow key to be pressed, converts that keypress to a
movement command, and sends that command to the turtlesim node node6.

Figure 8.3: ROS: turtlesim communication’s graph

8.2.1.1 Nodes communication

As advanced in the paragraph 3.3.2, ROS nodes can communicate using the
Publish-Subscribe pattern (10.2), which in turn use ROS topics. Notably, on
one side turtle teleop key node publish keystrokes on a topic, while on the
other side turtlesim node subscribes to the same topic to receive them.

One can visualize which nodes are communicating and on which topic they
are doing it by executing the rqt graph command which can build graph of
the nodes of the system as shown in the figure 8.4. In the previous graph, the
ovals represent nodes, while the directed edges represent publisher-subscriber
relationships; indeed the picture shows that the node named /teleop turtle

publishes messages on a topic called /turtle1/cmd vel7, and that the node
named /turtlesim subscribes to those messages.

5The abbreviation ”teleop” stands for ”teleoperation”, which refers to to situations in
which a human controls a robot remotely by giving direct movement commands[34].

6If the turtle does not move in response to the key presses, one should check if the tur-
tle teleop key window has the input focus, for example by clicking inside it.[34]

7In this context, the name cmd vel stands for ”command velocity”[34]
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Figure 8.4: ROS turtlesim graph when running turtle teleop key node

However, although the rosout node is still running it is missing from the
graph’s view, this is a direct consequence of rqt graph standard settings, in
fact, it usually hides by default nodes whose only reason for existence is debug-
ging to avoid users unnecessary noises and letting them focus on the application
developing. To disable that feature it is necessary to uncheck the Hide debug
box; once that operation is done one should see that all of the nodes publish mes-
sages on a topic called /rosout, to which the node named /rosout subscribes,
as shown in the next diagram.

Figure 8.5: ROS rqt graph of the whole turtlesim example

As exposed in section 3.3.4, to reduce the level of coupling between indi-
vidual nodes, ROS nodes are designed to publish information that they have
without worrying about whether anyone is subscribing to those messages. In-
deed, when a key is pressed, the /teleop turtle node publishes messages with
those movement commands on a topic called /turtle1/cmd vel and given that
the turtlesim node is subscribed to the same topic it receives those messages
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simulating the turtle moving with the requested velocity.
This latter element allows user to get information about ROS topics, in

particular, if it is run with the ”-h” option it shows a list of the command
related to rostopic:

rostopic -h

8.2.2 Creating a motion node

Using built-nodes is not the only way to control a simulator, or a robot
in general, one could also want to implement one’s algorithm to perform a
particular task. In this section is shown a basic Python script to move the
turtlesim simulator on a straight line. In particular, the script provides a sim-
ple way to control the avatar’s velocity, direction, and distance it must travel.
ROS tutorials provide the script, nevertheless, to avoid the user creating a
new package and update the related dependencies in the CMakeList.txt file,
a turtlesim cleaner package containing the script has been created in the
project repository.

Motion script Before analyzing the code, it is important to remember to
make it executable by running the following command in the script folder:

chmod u+x move.py

Next, it is useful to understand how

#!/usr/bin/env python

import rospy

from geometry_msgs.msg import Twist

def move():

# Starts a new node

rospy.init_node(’robot_cleaner ’, anonymous=True)

velocity_publisher = rospy.Publisher(’/turtle1/cmd_vel ’, Twist ,

queue_size =10)

vel_msg = Twist ()

#Receiveing the user’s input

print("Let’s move your robot")

speed = input("Input your speed:")

distance = input("Type your distance:")

isForward = input("Foward ?: ")#True or False

#Checking if the movement is forward or backwards

if(isForward):

vel_msg.linear.x = abs(speed)

else:

vel_msg.linear.x = -abs(speed)

#Since we are moving just in x-axis

vel_msg.linear.y = 0

vel_msg.linear.z = 0

vel_msg.angular.x = 0

vel_msg.angular.y = 0
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vel_msg.angular.z = 0

while not rospy.is_shutdown ():

#Setting the current time for distance calculus

t0 = rospy.Time.now().to_sec ()

current_distance = 0

#Loop to move the turtle in an specified distance

while(current_distance < distance):

#Publish the velocity

velocity_publisher.publish(vel_msg)

#Takes actual time to velocity calculus

t1=rospy.Time.now().to_sec ()

#Calculates distancePoseStamped

current_distance= speed*(t1-t0)

#After the loop , stops the robot

vel_msg.linear.x = 0

#Force the robot to stop

velocity_publisher.publish(vel_msg)

if __name__ == ’__main__ ’:

try:

#Testing our function

move()

except rospy.ROSInterruptException: pass

Listing 8.1: Turtlesim move forward script

As can be notice the script is similar to the ones present in the section 3.6.4,
indeed the script creates a new node called robot cleaner and a publisher on
/turtle1/cmd vel topic8, namely, the topic used by turtlesim node to move
around. Next, it creates and initializes the new message that will be sent to the
turtlesim node asking the user the direction, velocity, and distance the simulator
should travel. After this initialization procedure the script loops begin: that
latter basically continues to publish the user desired velocity until the robot has
travel the chosen distance, at that point the velocity is set to zero to stop the
robot motion. As can be seen, the ROS custom node, robot cleaner node, is

Figure 8.6: ROS rqt graph when running turtlesim node and robot cleaner node

visualized as any other node in the ROS system, furthermore: it is valuable to

8cmd vel is the topic on which the motion messages are published: in particular the most
common kind of messages used for the purpose are the Twist messages[48]. Those latter
express velocity in free space broken into its linear and angular parts.
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notice that number that follows the name of the node are the one created to
make it unique in the ROS system because the value of the anonymous is true.

8.2.3 Running ROS across multiple machines

Given that ROS is designed with distributed computing in mind, deploying
a ROS system across multiple machines is not a hard task. Nevertheless, it is
necessary to remember some basic ROS concepts; in particular that only one
master can run on the system; therefore one has to decide which of them is the
(only) master. Once that decision is taken the machines’ environments should
be configured correctly; it is necessary to update their bash.rc file to provide
machines on which is not running the master a way to localize it. In the next
lines an example about how that operation should be drafted is illustrated9.

export ROS_MASTER_URI=http ://{ IP_ADDRESS_OF_REMOTE_PC }:11311

export ROS_HOSTNAME ={ IP_ADDRESS_CURRENT_PC}

In this part, a roscore and a turtlesim node along with a teleoperation
one will be launched on the master machine while on second will be execute
another turtlesim node.

roscore

rosrun turtlesim turtlesim_node __name := master_turtle

rosrun turtlesim turtle_teleop_key

Listing 8.2: command to be launched on master machine

The remapping argument is used to clarify on which machine the nodes are
running on.

rosrun turtlesim turtlesim_node __name := node1_turtle

Listing 8.3: command to be launched on master machine

Once, the prior commands are executed on the two machines by running the
rqt graph command, one should be able to see a graph like the one in the
following figure (8.7).

It is noteworthy that the two turtle’s simulations are not independent, indeed
even if the teleop node is executed just on one machine10 it can control both the
turtles. That happens because the two kinds of nodes publish and subscribe,
respectively, on the /turtle1/cmd vel topic. Messages published on that topic,
regardless of which node publishes them, are delivered to every subscriber of that
topic. That is the reason why the example could be extended to run on as many
machines as want besides involving an indefinite number of turtle teleop key

and turtlesim node nodes. Getting back to details about publish-subscribe
communication it is valuable to underline that none of the nodes explicitly

9At the following link: http://wiki.ros.org/ROS/Tutorials/MultipleMachines a com-
plete description about multiple ROS machines initialization ca be found.

10It is not relevant on which machine the turtle teleop key node is running on.

71

http://wiki.ros.org/ROS/Tutorials/MultipleMachines


Figure 8.7: ROS rqt graph showing multiple turtlesim nodes

know about any of the others; thus, their only interactions are indirect, at the
level of topics and messages. Software as turtle teleop key that produces
information can publish that information, without worrying about how that
information is consumed, whereas software like turtlesim node that consumes
information can subscribe to the topic containing the data it needs, without
worrying about how those data are produced. The independence of nodes along
with the decomposition mechanism, is one of the key design features of ROS,
as it facilitates larger tasks to be divided into smaller reusable pieces.

ROS mechanism for one-to-one communication are services, however, they
are less common.

Figure 8.8: ROS turtlesim view running on different machines
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Chapter 9

Navigation case use

9.1 Background

Moving around is one of the most common tasks a robot does to achieve this
goal it must be able to localize itself and know which direction it should take.
To gain this duty the device must integrate data from the map, localization
system, sensors, and odometry to plan to calculate an efficient path plan from
its actual location to its destination point.

Overall, the Navigation Stack working process can be described as follow: a
navigation goal is sent to the Navigation Stack that computes the shortest tra-
verse between the current position the destination one using the path-planning
algorithm in the global planner. Next, the path is sent to the local planner that
drives the robot along the path trying to avoid obstacles that are not present
in the map using sensors’ data. A new plan may be required from this latter
planner to the global one if the robot got stuck until it can reach its target pose.

9.2 Introduction

In this section, the navigation task will be analyzed throughout two use cases:
the first one is an introductory guide on Navigation Stack usage to accomplish
common exploration task in the RViz environment; whereas the second shows
a possible way to overcome the many-to-many communication provided in the
previous chapter by publish-subscribe paradigm.

The following paragraph will be illustrated three ways to deal with the navi-
gation task: providing the robot a ”navigation goal” manually, using the teleop-
eration node, and letting it discover the world using the navigation algorithms.
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9.3 Navigation goal

The first way to allow robots to move is by giving them a navigation goal
manually using RViz, to do this the move base.xml and move base gmapping 5cm.launch

have to be executed as follow:

roslaunch navigation_stage move_base_gmapping_5cm.launch

roslaunch navigation_stage move_base.xml

Getting back to the details of the previously launched commands, the first one
executes the move base gmapping 5cm.launch which contains the move base

node necessary to initialize the navigation’s parameters, whereas the second is
a launch file for running the navigation stack with gmapping at a map resolution
of 5cm. It is valuable to notice that roslaunch command does not need the
roscore command to be launched as it automatically detects if the system
already has one running and if it is not so, it starts it.

Figure 9.1: Rviz view of the robot navigation using navigation goal

Executing the commands in two different shell an RViz window should be
opening, besides the world file of the map.
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Figure 9.2: World plan used in the robot RViz simulation

The first one shows a robot shape inside the environment provided by the
map highlighting in a different color the information related to the sensors along
with other data.

The map, on the other hand, is not a simple image; it is an interactive world:
it illustrates a plan of the static environment on one side, and on the other, it
represents the robot dynamic position1, which is automatically updated every
time this latter moves. Furthermore, users can move the robot wherever they
want inside the map dragging it with their mouses and the robot position in the

1The blue figure on the top of the map is a representation of the robot
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RViz environment will be automatically updated.
Assuming the robot is properly localized, pressing on the 2D Nav Goal but-

ton, then clicking and dragging in the RViz main stage, will be sent to the robot
a destination position, known as goal pose, activating the computation process
described in the background paragraph. The goal pose is represented by the red
arrow in the lower right part of the map while the path to follow is outlined by
an orange line. It is relevant to notice that ROS planner try to design a path
which stays in low-cost area, namley as far as possible from walls (in yellow in
the map) and any other obstacles (zoned in cold colors).

Figure 9.3: Rqt graph of the robot navigation using navigation goals only

Furthermore, another remarkable feature that should be a highlight is that
the robot does not forget the places it visited; indeed, it continues to update its
map during the navigation.

The map can be saved at any moment for later uses by running the following
command:

rosrun map_server map_saver -f my map

Notably, the previous command stores the map in a pair of files: the first encodes
the occupancy data in an image (.png format) whereas the second is a .yaml

file that describes the map metadata, and names the image file2.

2For further information about map server usage look at http://wiki.ros.org/map_

server
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9.4 Autonomous Navigation

Since it is not always convenient to provide navigation goals by hand, ROS
offers several packages to perform autonomous navigation. This part will fo-
cus on two of them: the frontier-navigation and explore-lite packages
underlining their key differences along with their similarities.

The leading purpose of both algorithms is to navigate an unknown environ-
ment without a human intervention building a map of it, nonetheless, the two
methods use considerably different approaches that will be examined in detail
in the following paragraphs.

9.4.1 Frontier-exploration

The frontier-exploration technique consists of finding frontiers, which are
defined as the boundary between explored and unexplored territory. Notably,
the user is asked to outline the area the robot is expected to explore, when
this preliminary step is done the robot commences to navigate autonomously to
frontiers to extend the known zone until the whole (reachable) space is explored.
The computation of the path is mainly based on the cost of the frontiers; indeed
they determine which of them will be visited next. As the robot pursues its
traverse, new data about the surroundings comes in, leading to the formation of
new frontiers; until there are no frontiers left, at that moment the exploration
is concluded and the environment entirely mapped[85].

Getting back to details about frontier-exploration execution, one is asked to
run the following commands:

roslaunch navigation_stage move_base_gmapping_5cm.launch

roslaunch navigation_stage move_base.xml

roslaunch frontier -exploration global_map.launch

Two of them were described in the previous sections while the last command is
the one that performs the frontier-navigation.

Rviz setup Furthermore, since the algorithm needs the user to define the
exploration area, this latter is asked to follow the next steps:

• opens a Marker plugin on RViz; by clicking on the Add button a popup
window where the marker plugin is local should open.

• Pull down Displays →Marker →Marker Topic menu then select explo-
ration polygon marker topic3.

• to define the exploration region one is asked to design a polygon: one
must press the Publish Point button at the top of RViz and next click on
the map to define each of the polygon corners. Every time a new corner

3The exploration polygon marker will not be shown until the frontier exploration node is
running, this is necessary to run all the commands before setup RViz environment.
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is added one should see a blue line appear and connecting the last drawn
corner with the previous one. It is important to notice that RViz requires
the figure to be closed, consequently, the last corner has to be placed on
the first one (as shown in the next figure.)

• once the figure is completed, to start the navigation one has to press the
last time on the Publish Point button indicating a position within the
polygon[55].

Figure 9.4: RViz view of the robot navigation using frontier exploration node

Analyzing rqt graph one can notice what happen before and after having com-
pleted the figure.
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Figure 9.5: Rqt graph of the robot navigation using frontier exploration algo-
rithm without having started the autonomous navigation

In the first graph the topics clicked point and exploration polygon marker

are not present along with explore client while in the second can be found
at the top of the graph.
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Figure 9.6: Rqt graph of the robot navigation using frontier exploration algo-
rithm activate the autonomous navigation

9.4.2 Explore-lite

The second method examined is based on a greedy frontier-based explo-
ration, that requires no user intervention. Notably, the robot’s greedily traverse
will start autonomously and continue until no new frontiers could be found.

This package is particularly efficient in terms of resources used because un-
likely the previous one it does not create its own costmap; the node simply sub-
scribes to nav msgsOccupancyGrid messages while movement commands will
be send to move base.

roslaunch navigation_stage move_base_gmapping_5cm.launch

roslaunch navigation_stage move_base.xml

roslaunch explore_lite global_map.launch

As in the previous happened in the previous example, the first two commands
are the same, since they are required to setup the Navigation environment, while
the last one it is the command which activate explore-lite node[54].
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Figure 9.7: Rqt graph of the robot navigation using explore lite node

9.4.3 Teleoperation

This latter part uses files contained in the project repository, which is as-
sumed as installed on users pc, besides the project path devel.bash is expected
to be sourced in .bashrc. Indeed, if the path is not sourced among the environ-
ment variables one should remember to launch the following command (from
the devel folder4) in each terminal before running the next example:

source devel/setup.bash

The last method to control robots that will be studied is teleoperation.
That last technique has already been discussed in the former chapter, however,
in this one way to overcome publish-subscribe multi-to-multi communication
will be shown. Furthermore, this latter use case involves real robots simulation:
Turtlebot will be run in a Gazebo environment.

Firstly, will be provided the three commands to run, next will analyze each
of them.

4The devel folder, as well as the build folder, are not present in the repository as one
download it, they only appear when catkin make command is launched from inside ros ws
folder. One would not be able to execute the repository code until the build system has not
created the directories.
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roslaunch turtlebot3_ds my_multi_turtlebot3.launch

roslaunch turtlebot3_ds turtlebot3_teleop_key_tb3_0.launch

roslaunch turtlebot3_ds turtlebot3_teleop_key_tb3_1.launch

The first command runs the Gazebo node and it initializes the parameters
related to the world and robots’ position within it. Notably, the file launches
two nodes: the spawn urdf node load the Turtlebot model5 inside the world,
while the robot state publisher broadcast robot states in ROS environment.
As a result of that first operation, one should see a Gazebo window opening
showing two Turtlebot robots within a house.

<?xml version="1.0" ?>

<launch >

<!--Arguments -->

<arg name="model" default="$(env TURTLEBOT3_MODEL)" doc="model

type [burger , waffle , waffle_pi]"/>

<arg name="move_forward_only" default="false"/>

<!--Turtlebot ’ names -->

<arg name="first_tb3" default="tb3_0"/>

<arg name="second_tb3" default="tb3_1"/>

<!--First Turtlebot position -->

<!--Cartesian coordinates -->

<arg name="first_tb3_x_pos" default=" -1.2"/>

<arg name="first_tb3_y_pos" default="0.0"/>

<arg name="first_tb3_z_pos" default=" 0.0"/>

<!--rotation along Z axis -->

<arg name="first_tb3_yaw" default=" 0.0"/>

<!--Second Turtlebot position -->

<!--Cartesian coordinates -->

<arg name="second_tb3_x_pos" default=" 1.2"/>

<arg name="second_tb3_y_pos" default="0.0"/>

<arg name="second_tb3_z_pos" default=" 0.0"/>

<!--rotation along Z axis -->

<arg name="second_tb3_yaw" default=" 0.0"/>

<param name="/use_sim_time" value="true"/>

<!--find and load turtlebot3 model -->

<param name="robot_description" command="$(find xacro)/xacro --

inorder $(find turtlebot3_ds)/turtlebot3_description_ds/urdf/

turtlebot3_$(arg model).urdf.xacro" />

<!-- Spawn Turtlebot0 -->

<group ns = "$(arg first_tb3)">

<!-- Node responsible to broadcast the state of a robot -->

<node pkg="robot_state_publisher" type="robot_state_publisher"

name="robot_state_publisher" output="screen">

<param name="publish_frequency" type="double" value="50.0" />

5In ROS elements of robots are described using the Unified Robotic Description Format
(URDF); which is an XML file format.

82



<param name="tf_prefix" value="$(arg first_tb3)" />

<!--Specify at which Turtlebot the node refers to-->

</node >

<!--locate the robot in right position -->

<node name="spawn_urdf" pkg="gazebo_ros" type="spawn_model"

args="-urdf -model $(arg first_tb3) -x $(arg first_tb3_x_pos) -

y $(arg first_tb3_y_pos) -z $(arg first_tb3_z_pos) -Y $(arg
first_tb3_yaw) -param /robot_description" />

</group >

<!-- Spawn Turtlebot1 -->

<group ns = "$(arg second_tb3)">

<!-- Node responsible to broadcast the state of a robot -->

<node pkg="robot_state_publisher" type="

robot_state_publisher" name="robot_state_publisher" output="

screen">

<param name="publish_frequency" type="double" value="50.0

" />

<param name="tf_prefix" value="$(arg second_tb3)" />

<!--Specify at which Turtlebot the node refers to-->

</node >

<!--locate the robot in right position -->

<node name="spawn_urdf" pkg="gazebo_ros" type="spawn_model"

args="-urdf -model $(arg second_tb3) -x $(arg second_tb3_x_pos)

-y $(arg second_tb3_y_pos) -z $(arg second_tb3_z_pos) -Y $(arg
second_tb3_yaw) -param /robot_description" />

</group >

<!-- Start gazebo and load the world -->

<include file="$(find gazebo_ros)/launch/empty_world.launch">

<!-- Load the model of the right world -->

<arg name="world_name" value="$(find turtlebot3_ds)/worlds/

turtlebot3_house.world"/>

<arg name="paused" value="false"/>

<arg name="use_sim_time" value="true"/>

<arg name="gui" value="true"/>

<arg name="headless" value="false"/>

<arg name="debug" value="false"/>

</include >

</launch >

Listing 9.1: turtlebot3 ds my multi turtlebot3.launch code file

The second and the third commands aim to run the teleop twist keyboard

node to control the robots. One relevant aspect of the file is that allows users
to specify which robot the node is in-charge of. Overcoming the limitation of
the multi-to-multi communication of the Publish-Subscribe pattern.

<?xml version="1.0" ?>

<launch >

<arg name="model" default="$(env TURTLEBOT3_MODEL)" doc="model

type [burger , waffle , waffle_pi]"/>

<param name="model" value="$(arg model)"/>

<!-- turtlebot3_teleop_key already has its own built in velocity

smoother -->
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<node pkg="teleop_twist_keyboard" type="teleop_twist_keyboard.py"

name="teleop_twist_keyboard_tb3_0" output="screen" arg="tb3_0"

>

<remap from="cmd_vel" to="tb3_0/cmd_vel"/>

</node >

</launch >

Another significant aspect that should take into account is that the launch file
method provide a light and simple way to run a several nodes with just on
command. Furthermore, it let the user to make the example as complex as
this wants by adding as much robots as one wants and controlling them with
autonomous driving algorithms or teleoperation nodes.

Figure 9.8: Gazebo simulation showing multiple Turtlebot3 in Turtlebot’s house

To conclude, it is relevant to underline that after the a preliminary step of
environment setup, the three .launch files can be run on different machines as
shown in paragraph 8.2.3 and it can be extended by adding several other nodes,
as the ones related to autonomous navigation, to the configuration files.
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Figure 9.9: rqt graph of the multiple turtlebots example

9.5 Beyond the project

This last use case chapter provides an overview of ROS navigation stack
usage besides introducing the principal tools used for simulation in the ROS
environment, namely Gazebo and RViz. In particular, it focuses on showing
different kinds of navigation using several tools and devices.

Nevertheless, it is valuable to underline that all the tasks and navigation
methods can be implemented on the turtlebot platform. In this respect, it
is significant to notice that the ROS manual suggests ROBOTIS10.2 reposi-
tory as the target repository to use turtlebot3 robots: https://github.com/

ROBOTIS-GIT/turtlebot3. By installing, the aforementioned repository one
could run a single turtlebot analyzing its behaviour in Gazebo by executing the
following commads.

roslaunch turtlebot3_gazebo turtlebot3_world.launch
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Figure 9.10: View of Gazebo and RViz performing single turtlebot navigation

Furthermore, to perform autonomous navigation and analyze robotphysical
structure on RViz, the following files should be executed.

roslaunch turtlebot3_navigation move_base.launch

roslaunch turtlebot3_slam turtlebot3_slam.launch slam_methods :=

gmapping

In the light of the foregoing it should be clear, the first command executes the
move base node, while the second the slam algorithm used for the navigation;
especially in this former case, the file requires to specify which kind of method
should be used for the navigation, this is the reason why the gmapping param-
eter is passed as the second argument to the roslaunch command.

Figure 9.11: Rqt graph showing the initial nodes of the example

At this stage the RViz window should be opened and allow users to use
navigation nodes to perform the task, however, if one would prefer to perform
autonomous navigation then one should launch:

roslaunch turtlebot3_slam turtlebot3_frontier_exploration.launch

to perform the exploration using the frontier algorithm, or executing the follow-
ing code to control the robot motion with the teleoperation node.
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roslaunch turtlebot3_teleop turtlebot3_teleop_key.launch

In the next lines the evolution of system graph in both the previous exposed
cases will be illustrated.

Figure 9.12: Rqt graph showing the evolution of system once the frontier node
is added

Figure 9.13: Rqt graph showing the evolution of system once the teleoperation
node is added

9.6 Conclusion

The illustrated study case is only the thin end of the wedge, there would
be more applications of the Navigation Stack and possible ways to increase the
complexity of the examples nevertheless since this project aims not to do so this
section terminates with some brief usage overview.
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Chapter 10

Conclusions

10.1 Recap

The project aimed to study ROS middleware along with ROS Navigation
Stack on one hand, and to provide a report about their main functionalities and
usage case on the other. Although ROS is a performing platform for robotics
applications, there is no doubt that its intricacy makes it hard to learn it from
the default wiki pages. Indeed, one of the most important challenges was finding
sources on which to base documentation. Furthermore, another crucial aspect
that made it even more challenging to write the guide was starting with ROS
simulation programs worked, as Gazebo, the major simulator in ROS has no
inbuilt features to program, coding in ROS is the only way to defines the simu-
lation working process.

The project tackles the issue of providing a report of ROS middleware fo-
cused on its general characteristics and architecture besides a description of one
of its main frameworks. Notwithstanding, the report is not a complete guide for
ROS middleware because of the platform complexity and extension; this latter
is only a concise guide for ROS beginners, which provides besides the platform
analysis also a set of meaningful examples of ROS usage with a detailed expla-
nation of their working processes. Furthermore, it introduces some relevant tool
to perform realistic simulations in ROS environment, Gazebo and RViz, besides
providing programs, as RQt, to understand ROS nodes communication.

10.2 Future Works

ROS is a widespread platform, whose number of applications increase day by
day, therefore thinking of a future of work related to it, it is not a trivial task,
since it could be about almost anything ROS-related: a new ROS stack study,
a closer analysis of the Navigation one, or also a new case study on ROS 2 for
instance. Among the most interesting future works one could develop there are:
ROS testing on a real hardware platform, besides the study and the relative
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experimentation of ROS2. Indeed, despite ROS tools for simulations performs
quite well, I believe that developing a real cyber-physical project would far
more engaging. Nevertheless, that project would involve a more comprehensive
understanding of the ROS modeling process, especially for what concerns robot
modeling with URDF files and ROS tf package, which is not trite at all.
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LOGO legacy

Logo is the name for a philosophy of education and a continually evolving
family of programming languages that aid in its realization.

Harold Abelson Apple Logo, 1982

LOGO

LOGO is an educational computer programming language created by Papert
in 1967, the main purpose of the project was to develop a tool that enables young
children to code. LOGO is a dialect of Lisp whose main features are: modularity,
extensibility, interactivity, and flexibility; it is designed to have a ”low threshold
and no ceiling” since it is accessible to novices, including young children, and
also supports complex explorations and sophisticated projects by experienced
users as one can use it for a wide range of activities such as mathematics,
language, music, robotics, telecommunications, and science. The most popular
Logo environments have involved the Turtle, originally a robotic creature that
sat on the floor and could be directed to move around by typing commands at
the computer. Soon the Turtle migrated to the computer graphics screen where
it is used to draw shapes, designs, and pictures.

Figure 10.1: Logo

Some turtle species can change shape to be birds, cars, planes, or whatever
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the designer chooses to make them. In Logo environments with many such tur-
tles, or ”sprites” as they are sometimes called, elaborate animations and games
are created. Among his works two stand out for their relevance: the develop-
ment of the LOGO programming language and the Constructionist theory.

Seymour Papert

Seymour Papert is a South African-born American mathematician, com-
puter scientist, and educator, who co-founded the MIT Artificial Intelligence
Laboratory with Marvin Minsky, wherein in 1967 created the first version of
Logo 1967. Papert worked on a vast set of projects in many different fields;
however, two of them stand out for their relevance: the first one is the LOGO
creation (which importance has already been discussed in the previous para-
graph) and the second is its Constructionism, both of them are well described
in his major book Mindstorms. Besides these, another quite popular project is
the development of the LEGO Mindstorms kit.

A Logo Primer

The most popular Logo environment has involved the Turtle, originally a
robotic creature that moved around on the floor.

Student at computer It can be directed by typing commands at the computer.
The command 100 causes the turtle to move forward in a straight line of 100
”turtle steps”. Right 45 rotates the turtle 45 degrees clockwise while leaving it
in the same place on the floor. Then forward 50 causes it to go forward 50 steps
in the new direction.

With just the two commands forward and right, the turtle can be moved in
any path across the floor. The turtle also has a pen that may be lowered to the
floor so that a trace is left of where it has traveled. With the pen down, the
turtle can draw geometric shapes, and pictures, and designs of all sorts.
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ROS

Actionlib

In this section will be given some basic information about the actionlib
stack, which provides a standardized interface for interfacing with preempt-
able tasks, for further information looks at http://wiki.ros.org/actionlib/
DetailedDescription.

Overview

In large systems, someone may want to send a request to a node to perform
some task, and also receive a reply to the request; ROS services can handle these
kinds of tasks. Nevertheless, if the task takes a long time to be executed by the
service, it would be useful to be able to cancel the request during execution or to
receive periodic updates about the request status. The actionlib package allows
users to create servers that execute long-running tasks (that can be preempted)
besides a client interface to be able to send requests to the server.

Client-Server Interaction

The Action Client and Action Server use a ”ROS Action Protocol” to com-
municate, which is built on top of ROS messages, in addiction they provide a
simple API for call and callbacks functions to allow users to request goals (on
the client side) or to execute goals (on the server side).

Action Specification

To enable the communication between the client and server, few messages
on which they communicate must be defined with an action specification. In
the following paragraph will be presented the message defined by the action
specification which is: the Goal, Feedback, and Result messages.

Goal : the notion of the goal must be defined to accomplish task actions; this
can be sent from the Action Client to send new goal messages to the Action
Server.

92

http://wiki.ros.org/actionlib/DetailedDescription
http://wiki.ros.org/actionlib/DetailedDescription


Figure 10.2: ROS schema of the actionlib Client-Server interaction

Cancel : this message can be sent by the Action Client to the Action Server
to cancel a request.

Status : Action Server can send this kind of message to the Action Client to
notify them of the current state of every goal in the system.

Feedback : it is a type of message used by the server implementer to give to
the Action Client auxiliary information for a goal.

Result : it is how the Action Server can inform the Action Client that it has
completed the goal. The main difference between this kind of message and the
one presented in the previous paragraph is that result messages are sent exactly
once[50] [51].

Figure 10.3: ROS actionlib: Action interface schema
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Catkin

Overview

catkin is the official build system of ROS starting from ROS Groovy and the
successor to the original ROS build system, rosbuild. catkin combines CMake
macros and Python scripts to provide some functionality on top of CMake’s nor-
mal workflow (improved automatic dependencies management and compilation
of large project)[12].

catkin was designed to be more conventional than rosbuild, allowing for
better distribution of packages, better cross-compiling support, and better porta-
bility. catkin’s workflow is very similar to CMake’s but adds support for auto-
matic ’find package’ infrastructure and building multiple, dependent projects at
the same time.[47]

The name catkin comes from the tail-shaped flower cluster found on willow
trees1.

the catkin build system is organized in a workspace containing different
spaces and packages, this feature is very useful for having a common files/direc-
tory structure and for building multiple packages with complex dependencies.

Figure 10.4: ROS Catkin: main folder description

For further information about the catkin build system look at the following
URL http://wiki.ros.org/catkin/conceptual_overview.

Why Does ROS Have a Custom Build System?

ROS is a very large collection of loosely federated packages. That means lots
of independent packages which depend on each other, utilize various program-
ming languages, tools, and code organization conventions. Because of this, the
build process for a target in some packages may be completely different from the

1a reference to Willow Garage where catkin was created
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Figure 10.5: ROS Catkin: typical structure of catkin Source Space

way another target is built. catkin specifically tries to improve development on
large sets of related packages consistently and conventionally. In other words,
both rosbuild and now catkin aim to make building and running ROS code eas-
ier by using tools and conventions to simplify the process. Efficiently sharing
ROS-based code would be more difficult without it.

Decoupling from ROS

One of the philosophies behind ROS is to minimize the number of ROS-
specific tools needed to create, manage, and utilize ROS packages and to always
try to defer to well-established, widely-used, third-party, open-source tools (e.g.
using libtinyxml instead of writing a custom XML parser) instead. Catkin is
independent of the ROS ecosystem and can even be used on non-ROS projects.
That means catkin lets you easily mix your codebase with non-catkin projects.
Catkin adds a lot of features on top of vanilla CMake that make it an appealing
development tool even for non-ROS-related projects.

Publish Subscribe

Introduction

The publish/subscribe pattern is a well know interaction paradigm that al-
lows subscribers to express their interest in one or more events and be notified
if any event, generated by a publisher, matches their registered interest.

The basic system model for publishing/subscribe interaction relies on an
event notification service providing storage and management for subscriptions
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and efficient delivery of events.
Subscribers register their interest in events by calling a subscribe() operation

on the event service, without knowing the effective sources of these, moreover,
they can use symmetric operation unsubscribe() to terminate a subscription. It
is important to underline that the subscription information remains stored just
in the event service and is not forwarded to publishers.

Symmetrically, publishers can generate events by calling a publish() opera-
tion, subsequently, the event service propagates the event to all relevant sub-
scribers (every subscriber will receive an event for every event conforming to its
interest).

Figure 10.6: Publish subscriber pattern interaction’s graph

Decoupling

The decoupling that the event service provides between publishers and sub-
scribers can be decomposed along the following three dimensions.

• Space decoupling: the interacting parties do not need to know each
other; the publishers do not hold references to the subscribers or know
how many of them are, the speculate situation happens to the subscribers.

• Time decoupling: the interacting parties do not need to be actively
participating in the interaction at the same time. In particular, the pub-
lisher might publish some events while the subscriber is disconnected, and
conversely, the subscriber might get notified about the occurrence of some
event while the original publisher of the event is disconnected.
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• Synchronization decoupling: publishers are not blocked while produc-
ing events, and subscribers can get asynchronously notified of the occur-
rence of an event while performing some concurrent activity. Decoupling
these operations increases scalability by removing all explicit dependencies
between the interacting participants[17].
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Turtlebot

Willow Garage

Willow Garage was a robotics research lab and technology incubator started
in late 2006 by Scott Hassan aiming to develop hardware and open source soft-
ware for personal robotics applications[90].

In January 2007, the company hired its first employees: Jonathan Stark,
Melonee Wise, Curt Meyers, and John Hsu to work at the first projects of the
Willow Garage, among which there was also an SUV entrant into the DARPA
Grand Challenge and an autonomous solar-powered boat for deploying scien-
tific payloads in open oceans. The next year, Eric Berger and Keenan Wyrobek
pitched Willow Garage on collaborating a common hardware (PR1) and soft-
ware (ROS) platforms and the idea of creating a Personal Robotics Program at
Willow Garage.

Willow Garage continues to work on a large number of projects until it shut
down in early 2014[91].

Figure 10.7: Willow Garage logo

ROBOTIS

ROBOTIS, is an enterprise founded in 1999 whose core business are robots.
Indeed, since its birth ROBOTIS company has contributed to commercial-
ize personal robots that can work in a variety of specialized fields ranging
from spreading and sharing technology among robot developers. In particu-
lar, the company focus on developing robotic solutions that are modularized
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on one hand and standardized on the other. Furthermore, the company runs
ROBOTISKIDSLAB institute that specializes in robots and coding education and
it also provides solutions for professionals which include the actuator, controller,
and robot platform[39].

Figure 10.8: Robotis logo
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Roma, 2014.

[25] Serena Ivaldi, Vincent Padois, and Francesco Nori. Tools for dynamics
simulation of robots: a survey based on user feedback, 02 2014.

[26] Lentin Joseph. Mastering ROS for Robotics Programming. PACKT pub-
lishing, 2015.

[27] Fiki Jusuf. Auto-navigation for robots. implementation of ros. Master’s
thesis, Helsinki Metropolia University of Applied Sciences, 2016.

101

https://design.ros2.org/articles/why_ros2.html
https://design.ros2.org/articles/why_ros2.html
https://el.media.mit.edu/logo-foundation/what_is_logo/logo_primer.html
https://el.media.mit.edu/logo-foundation/what_is_logo/logo_primer.html
https://el.media.mit.edu/logo-foundation/what_is_logo/index.html
https://el.media.mit.edu/logo-foundation/what_is_logo/index.html
http://gazebosim.org/
http://gazebosim.org/tutorials?tut=architecture&cat=get_started
http://gazebosim.org/tutorials?tut=architecture&cat=get_started
https://towardsdatascience.com/what-why-and-how-of-ros-b2f5ea8be0f3 
https://towardsdatascience.com/what-why-and-how-of-ros-b2f5ea8be0f3 


[28] Anis Koubaa. Robot Operating System (ROS), The Complete Reference
(Volume 1). Janusz Kacprzyk, Polish Academy of Sciences, 2019.

[29] Davide Leardini. La piattaforma ros per lo sviluppo di applicazioni
robotiche. Master’s thesis, Alma Mater Studiorum Università di Bologna,
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[36] Devendra Patil, Ming Xie, and Sai Velamala. Development of ros-based
gui for control of an autonomous surface vehicle, 12 2017.

[37] Cesare Pecone. Ros over the internet: developing a vpn-based ros network
to enable remote communication using a 3d printed robot hand. Master’s
thesis, Politecnico di Torino, 2018.

[38] Stelios Piperakis. Introduction to ros. Autonomous robotic navigation,
University of Crete, 2019.

[39] pitchbook. Robotis general information. Available at https://pitchbook.
com/profiles/company/111523-42#overview.

[40] YoonSeok Pyo, HanCheol Cho, RyuWoon Jung, and TaeHoon Lim. ROS
Robot Programming). ROBOTIS Co.,Ltd., 2017.

[41] Morgan Quigley, Eric Berger, and Andrew Y. Ng. Stair: Hardware and
software architecture. Technical report, Stanford University, 2007.

[42] Morgan Quigley, Eric Berger, Andrew Y. Ng., Brian Gerkey, Josh Faust,
Ken Conley, Tully Foote, Jeremy Leibs, and Rob Wheele. Ros: an open-
source robot operating system. Technical report, Stanford University and
Willow Garage and University of Southern California, 2009.

[43] Morgan Quigley, Brian Gerkey, and William D. Smart. Programming
Robots with ROS. O’Reilly Media, In, 2015.

102

http://www.cse.sc.edu/~jokane/agitr/
https://pitchbook.com/profiles/company/111523-42#overview
https://pitchbook.com/profiles/company/111523-42#overview


[44] Marco Reschiglian. Sviluppo e implementazione di una interfaccia grafica in
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105

https://en.wikipedia.org/wiki/Andrew_Ng
https://en.wikipedia.org/wiki/Andrew_Ng
https://en.wikipedia.org/wiki/Md5sum 
https://en.wikipedia.org/wiki/Md5sum 
https://en.wikipedia.org/wiki/Ping_(networking_utility)
https://en.wikipedia.org/wiki/Ping_(networking_utility)
https://en.wikipedia.org/wiki/Player_Project 
https://en.wikipedia.org/wiki/Player_Project 
https://en.wikipedia.org/wiki/Willow_Garage 
https://en.wikipedia.org/wiki/Willow_Garage 
https://en.wikipedia.org/wiki/Willow_Garage 

	Project introduction
	Overview
	Structure
	Goal
	Requirements

	ROS Introduction
	Introduction
	History
	Philosophy
	What ROS is not
	Why ROS

	ROS 1 vs ROS 2
	Overture
	Characteristics
	Why a new project?
	Choice


	ROS Architecture
	Overview
	File system
	Meta packages
	Packages
	Messages
	Services

	Computation graph level
	Nodes
	Master
	Messages
	Topics
	Services
	Bags

	Community level
	Wiki
	Distributions
	Repositories

	Names
	Graph Resource Names
	Package Resource Names

	Building ROS blocks from scratch
	Workspace creation
	Package creation
	Message creation
	Node creation


	ROS Tools for Simulation
	Background
	Simulation in ROS

	Stage
	Introduction
	Models
	Design

	RViz
	Introduction
	GUI
	Screen Components
	Usage

	RQt
	Introduction
	Menu
	Usage

	Gazebo
	Introduction
	Features
	Architecture


	Navigation Stack
	Background
	Introduction
	Hardware Requirements
	Main components
	Planners
	Global Planner
	Local Planner
	Local and Global Costmaps

	Localization Systems
	AMCL and Map_server
	SLAM

	Navigation Types
	Global Navigation
	Local navigation

	Frames
	move_base node

	Turtlebot
	Introduction
	History
	Why a turtle?

	TurtleBot3
	Hardware description

	Case Study usage

	Use cases
	Background
	Introduction
	Requirements
	ROS distribution
	Linux version
	Robot Hardware

	Environment presetting
	Environment control
	Useful commands
	roscore
	rosrun
	roslaunch

	Project package

	ROS case use
	Introduction
	Understanding ROS Nodes
	Topics
	Creating a motion node
	Running ROS across multiple machines


	Navigation case use
	Background
	Introduction
	Navigation goal
	Autonomous Navigation
	Frontier-exploration
	Explore-lite
	Teleoperation

	Beyond the project
	Conclusion

	Conclusions
	Recap
	Future Works


