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PPARARTT AA

DevDevelopment enelopment envirvironmentonment

This part describes how to set up a proper development environment, including er-
gonomics.
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IDEsIDEs
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ShellsShells
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Using MakUsing Makefefilesiles
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PPARARTT BB

Git for devGit for developmentelopment

This guide provides a basic overview on how do version control with git.

Assigned tAssigned to:o: Andy

0.1.0.1.BackBackgrground round readingeading
¥ Github handbook

¥ Github tutorial

¥ Github worküow

¥ Github branching

¥ Github cheatsheet

¥ Github bootcamp
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UUNITNIT BB-1-1

Git setupGit setup

1.1.1.1.InstallationInstallation
The basic Git program is installed using

� RTCN @OSHMRS@KKFHS

Additional utilities for FHS are installed using:

� RTCN @OSHMRS@KKFHS�DWSQ@R

This include the FHS�HFMNQDutility , which comes in handy when you have ýles that
you donÕt actually want to have pushed to the remote branch (such as temporary
ýles).

1.2.1.2.SetSetting up global confting up global configurigurations for Gitations for Git
This should be done twice, once on the laptop, and later, on the robot.

These options tell Git who you are:

� FHS BNM_F ��FKNA@K TRDQ�DL@HK� .4*23 �
� FHS BNM_F ��FKNA@K TRDQ�M@LD � /;33�5*4. �
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UUNITNIT BB-2-2

Github basicsGithub basics

2.1.2.1.Github tGithub terms eerms explainedxplained

1)1) RRepositepositoryory

A repo (short for repository), or Git project, encompasses the entire collection of ýles
and folders associated with a project, along with each ýleÕs revision history.

The main Duckietown repository is https://github .com/duckietown/Software/

2)2) BrBranchanch

A branch is a version of the main code, that you can work on and itÕs changes wonÕt
aÿect the main code until it is merged into the master branch. When several peo-
ple collaborate on a project, it makes sense for each developer to work on his own
branch.

3)3) FForkork

A fork is basically a copy of someone elseÕs repository. Usually, you cannot create
branches or change code in other peopleÕs repos, thats why you create your own copy
of it. This is calledENQJHMF.

2.2.2.2.Github basic commandsGithub basic commands

1)1) FFork a rork a repositepositoryory

To fork (creating a copy of a repository, that does not belong to you), you simply have
to go to the repositoryÕs webpage dashboard and click fork on the upper right corner.

2)2) Clone a rClone a repositepositoryory

To clone a repository, either copy the HTTPS or SSH link given on the repositoryÕs
webpage. Then invoke following command to download the git repository onto the
local computer (actual directory you are in right now).

� FHS BKNMDFHS!FHSGTA�BNL�64&3/".&�3&104*5039�FHS

If you have SSH setup properly, you can directly download it. If you are using the
HTTPS then github will ask for your credentials.

3)3) CrCreateate a new bre a new branchanch

After you successfully cloned a repository, you may want to work on your own
branch in order not to cause any chaos in the master branch. It is usually protected
against changes. For this, you can branch out from the master or any other branches
by invoking the command

�
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� FHS BGDBJNTS�A +8*5,1�5*4.

To see which branch you are working on you can either use both of these commands

� FHS AQ@MBG
� FHS RS@STR

The latter provides more information on which ýles you might have changed, which
are staged for a new commit or that you are up-to-date (everything is ok).

4)4) Commit and Push changCommit and Push changeses

After you edited some ýles, you want to push your changes from the local to the
remote location. In order to do so, ýrst do a double-check on which ýles you have
changed and if things look legitimate. Invoke

� FHS RS@STR

and check the output. There will be several ýles, that show up in red. These are ýles
you have changed, but not yet added for a future commit. Most of the time you want
to push all your changes so you add them to your commit by executing

� FHS @CC��@KK

If you do not want to add all ýles, single ýles can be added. Then you need to specify
each single ýle

� FHS @CC ?3.�7*:1

After you solved this, add a commit message to let collaborators know, what you have
changed:

� FHS BNLLHS �L � ,6442:�4.99*0. �

If everything went smooth without any issues you are ready to push your changes to
your branch:

� FHS OTRGNQHFHM+8*5,1�5*4.

5)5) FFetetch new brch new branchesanches

If new branches have been pushed recently to the repository and you donÕt have them
you can invoke a

� FHS EDSBG��@KK

� �#�$� � ��"��" �
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to see all new branches and checkout to those.

6)6) DeletDelete bre branchesanches

To delete a local branch execute (you cannot be on the branch that you are going to
delete!):

� FHS AQ@MBG�C +8*5,1�5*4.

To delete a remote branch you need to push the delete command:

� FHS OTRGNQHFHM��CDKDSD +8*5,1�5*4.

7)7) Open a pull rOpen a pull requestequest

If you are working on another branch than the master or if you forked a repository
and want to propose changes you made into the master, you can open a so-called
OTKK�QDPTDRS. In order to do so, press the corresponding tab in the dashboard of a
repository and then press the green button /DV OTKK QDPTDRS. You will be asked
which branch from which fork you want to merge.

8)8) SubmitSubmitting issuesting issues

If you are experiencing issues with any code or content of a repository (such as this
operating manual you are reading right now), you can submit issues. For doing so
go to the dashboard of the corresponding repository and press the*RRTDR tab where
you can open a new request.

For example you encounter a bug or a mistake in this operating manual, please visit
this repository to open a new issue.

�� � �#�$� � ��"��"

https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/06_git_for_devel/10_git_basics.md
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/06_git_for_devel/10_git_basics.md
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/06_git_for_devel/10_git_basics.md
https://github.com/duckietown/docs-opmanual_duckiebot/issues


^

^

^

UUNITNIT BB-3-3

Github trGithub troubleshootingoubleshooting

3.1.3.1.PrProblem: htoblem: https insttps instead of sshead of ssh
The symptom is:

� FHS OTRG
6RDQM@LDENQ �GSSOR���FHSGTA�BNL��

Diagnosis: theQDLNSDis not correct.

If you do FHS�QDLNSDyou get entries with GSSOR�:

� FHS QDLNSD�U
NQHFHM GSSOR���FHSGTA�BNL�CTBJHDSNVM�4NESV@QD�FHS	EDSBG

NQHFHM GSSOR���FHSGTA�BNL�CTBJHDSNVM�4NESV@QD�FHS	OTRG


Expectation:

� FHS QDLNSD�U
NQHFHM FHS!FHSGTA�BNL�CTBJHDSNVM�4NESV@QD�FHS	EDSBG

NQHFHM FHS!FHSGTA�BNL�CTBJHDSNVM�4NESV@QD�FHS	OTRG


Solution:

� FHS QDLNSDQDLNUDNQHFHM
� FHS QDLNSD@CCNQHFHMFHS!FHSGTA�BNL�CTBJHDSNVM�4NESV@QD�FHS

3.2.3.2.PrProblem:oblem: �� ��!�� complains about upstrcomplains about upstreameam
The symptom is:

E@S@K��5GD�BTQQDMS�AQ@MBG+8*5,1�5*4. G@R�MN�TORSQD@L�AQ@MBG�

Solution:

� FHS OTRG��RDS�TORSQD@L NQHFHM+8*5,1�5*4.

https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/06_git_for_devel/15_git_troubleshooting.md
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PPARARTT CC

Python prPython progrogramming basicsamming basics

This part describes the basics of Python programming and some of the conventions for
Duckietown.

��

https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/07_python_basics/00_part_python_prog.md


^

^

^

^

^

^

^

^

^

UUNITNIT C-1C-1

PythonPython

1.1.1.1.BackBackgrground round readingeading
¥ Python

¥ Python tutorial

1.2.1.2.Python packagPython packageses

1.3.1.3.Python virtual enPython virtual envirvironmentsonments
Install using:

� RTCN @OSHMRS@KKUHQST@KDMU

1.4.1.4.Useful librUseful librariesaries

L@SOKNSKHA
RD@ANQMD
MTLOX
O@MC@
RBHOX
NODMBU
���

1.5.1.5.ContConteext managxt managersers

1.6.1.6.ExException hierception hierararchieschies

1.7.1.7.Object orientation - AbstrObject orientation - Abstract classes, class hieract classes, class hierararchieschies

1.8.1.8.IdiomsIdioms

RDFLDMS>KHRS���BNOX�CDDOBNOX	RDFLDMS>KHRS
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UUNITNIT C-2C-2

DuckietDuckietown code conown code convventionsentions

2.1.2.1.PythonPython

1)1) TTabsabs

Never use tabs in Python ýles.

The tab characters are evil in Python code. Please bevery careful in changing them.

Do not use a tool to do it (e.g. ÒConvert tabs to spacesÓ); it will get it wrong.

2)2) SpacesSpaces

Indentation is 4 spaces.

3)3) Line lengthsLine lengths

Lines should be below 85 characters.

Long lines are a symptom of a bigger problem. The problem here is that you do not do
how to program well, therefore you create programs with longer lines.

Do not go and try to shorten the lines; the line length is just the symptom. Rather, ask
somebody to take a look at the code and tell you how to make it better.

4)4) The encoding lineThe encoding line

All ýles must have an encoding declared, and this encoding must beTSE�� :

������BNCHMF��TSE������

5)5) Sha-bang linesSha-bang lines

Executable ýles start with:

���TRQ�AHM�DMU�OXSGNM

6)6) CommentsComments

Comments refer to the next line.

Comments, bad:

EQNL�RSC>LRFR�LRF�HLONQS�4SQHMF���5GHR�HR�LX�KNMF�BNLLDMS

Comments, better:

��5GHR�HR�LX�KNMF�BNLLDMS
EQNL�RSC>LRFR�LRF�HLONQS�4SQHMF

�
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2.2.2.2.LoggingLogging

2.3.2.3.ExExceptionsceptions

2.4.2.4.Script entry pointsScript entry points

CDE�RTLL@QX	
�
ER���FDS>@KK>BNM_FTQ@SHNM>_KDR	


HE�>>M@LD>>�����>>L@HM>>��
VQ@O>RBQHOS>DMSQX>ONHMS	RTLL@QX


1)1) ImportsImports

Do not do a star import, like the following:

EQNL�QNRSDRS>DW@LOKD�2T@BJDQ�HLONQS��

� $����#�&� � ���� � ���%��#���" ��
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UUNITNIT C-3C-3

WWorking with Yorking with YAML fAML f ilesiles

YAML ýles are useful for writing conýguration ýles, and are used a lot in Ducki-
etown.

3.1.3.1.PPointointers ters to documentationo documentation

3.2.3.2.Editing YEditing YAML fAML f ilesiles

3.3.3.3.RReading and writing Yeading and writing YAML fAML f iles in Pythoniles in Python
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UUNITNIT C-4C-4

IPythonIPython

4.1.4.1.IPythonIPython
How to enter IPython:

EQNL�*1XSGNM�HLONQS�DLADC	


@�����
DLADC	
���DMSDQR�HMSDQ@BSHUD�LNCD
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Python prPython progrogramming basics eamming basics exxerercisescises
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Basic DockBasic Docker dever developmentelopment
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UUNITNIT E-1E-1

IntrIntr oduction toduction to Docko Docker for Rer for Robotics and Machineobotics and Machine
LearningLearning

1.1.1.1.DockDocker is a ter is a tool for portable, rool for portable, repreproducible computingoducible computing
It would be nice to give a computer - any computer with an int ernet connection - a
short string of ASCII characters (say via a keyboard), press enter, and return to see
some program running. Forget about where the program was built or what software
you happened to be running at the time (this can be checked, and we can fetch the
necessary dependencies). Sounds simple, right? In fact, this is an engineering task
that has taken thousands of the worldÕs brightest developers many decades to imple-
ment.

Thanks to the magic ofcontainer technologywe now can run any Linux program on
almost any networked device on the planet, as is. All of the environment preparation,
installation and conýguration steps can be automated from start to ýnish. Depend-
ing on how much network bandwidth you have, it might take a while, but thatÕs all
right. All you need to do is type the string correctly.

1.2.1.2.DockDocker containers arer containers are easy te easy to installo install
LetÕs say you have never used Docker. To get Docker, run this command on a POSIX
shell of any Docker-supported platform:

� BTQK �R4- GSSOR���FDS�CNBJDQ�BNL� [ RG

Now you have installed Docker!

Suppose your friend, Daphne, has a Docker containercontainer. How can we run this contain-
er? Docker containers live inside rregistriesegistries, which are servers that host Docker im-
ages. A Docker imagimagee is basically a ýlesystem snapshotÑa single ýle that contains
everything you need to run her container.
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Figure 1.2.Docker ships with a default registry, called theDocker Hub, a big server that is home to
many useful repositories.

You can fetch DaphneÕs container by running the following command to pull it fr om
her Docker Hub repository:

� CNBJDQOTKK C@OGMD�CTBJ

Now you have DaphneÕs Docker image. To see a list of Docker images on your ma-
chine, type:

� CNBJDQHL@FDR

Every image has an image ID, a name and a tag:

3&104*5039������5"(��������*."(&�*%���������$3&"5&%�������4*:&
C@OGMD�CTBJ K@SDRS D@�E��F�CD�D ��C@X�@FN��������.#

To run a Docker container, type the repository name, like so:

� CNBJDQQTM C@OGMD�CTBJ

Now you are running DaphneÕs container. To verify it is running, type:

� CNBJDQOR
$0/5"*/&3 *% *."(& ��� /".&4
�����DE����� C@OGMD�CTBJ ��� G@OOX>G@LRSDQ

Note how DaphneÕs duck container has acontainer ID, a base image, and a funny-
looking name, G@OOX>G@LRSDQ. This name is an alias for the container ID.

� �#!��$�#��� �#� �� ����! � ��! �! �� �#��" � ��� �� ������ �� ��!���� ��

https://hub.docker.com/


^1.3.1.3.Containers come frContainers come from other containersom other containers
So you have a terminal and an internet connection? Now it doesnÕt matter what op-
erating system youÕre running! You can run almost any Linux program in the world
with just a few keystrokes. No further steps are necessary. How neat is that? To have
a tool that clones a program and its environment, fetches the appropriate dependen-
cies, and runs it on any OS is a big time-saver. Suppose you have a program that runs
on one computer. It is extremely likely to run on any other, regardless of the under-
lying OS or hardware.

But how do you create a Docker imagimagee? There are two ways. You can either snapshot
a running Docker container, or you can write a plaintext recipe. First, letÕs see how
to create a snapshot:

� CNBJDQQTM �HS C@OGMD�CTBJA@RG

This will launch DaphneÕs container and drop us into a bash session within. Suppose
we make a change to the Docker container like so:

QNNS!���EC�����������SNTBG�MDV>_KD����KR
SNS@K��
�QV�Q��Q�����QNNS�QNNS���.@X����������MDV>_KD

However, this ýle is not permanent. Exit the container:

QNNS!���EC�����������DWHS

Then rerun it:

� CNBJDQQTM �HS C@OGMD�CTBJA@RG

And run:

QNNS!��E��AA����@����KR
QNNS!��E��AA����@����SNTBG�MDV>_KD�����KR��K
SNS@K��
�QV�Q��Q�����QNNS�QNNS���.@X����������MDV>_KD�

It seems like MDV>_KDhas disappeared! Notice how the container ID (��E��AA����@ )
is now diÿerent. This is becauseCNBJDQ QTM C@OGMD�CTBJcreated a new container
from the image C@OGMD�CTBJ, rather than restarting our old container.

LetÕs see all the containers on our machine:
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� CNBJDQBNMS@HMDQKR �@
$0/5"*/&3 *% *."(& ��� 45"564

/".&4
���EC������� C@OGMD�CTBJ ��� &WHSDC	���
 "ANTS @ LHMTSD
@FN LDQQX>L@M@SDD
��E��AA����@ C@OGMD�CTBJ ��� 6O � LHMTSDR

RG@CX>FHQ@EED
�����DE����� C@OGMD�CTBJ ��� 6O �� LHMTSDR

G@OOX>G@LRSDQ

It looks lik e ���EC������� a.k.a. LDQQX>L@M@SDDsurvived, but it is no longer run-
ning. Whenever a containerÕs main process (recall we ran LDQQX>L@M@SDDwith
A@RG) ýnishes, the container will stop, but it will not cease to exist.

In fact, we can resume the stopped container right where we left oÿ:

� CNBJDQRS@QS�@ LDQQX>L@M@SDD
QNNS!���EC���������� KR �K
SNS@K�
�QV�Q��Q�� � QNNSQNNS� .@X �� ����� MDV>_KD

Nothing was lost! LetÕs open a new terminal (without leaving the current one) to see
what other containers are running:

� CNBJDQOR
$0/5"*/&3 *% *."(& ��� /".&4
���EC������� C@OGMD�CTBJ ��� LDQQX>L@M@SDD
��E��AA����@ C@OGMD�CTBJ ��� RG@CX>FHQ@EED
�����DE����� C@OGMD�CTBJ ��� G@OOX>G@LRSDQ

Now suppose we would lik e to share the container RG@CX>FHQ@EEDwith someone
else. To do so, we must ýrst snapshot the running container, or commitcommit it t o a new
image, giving it a name and a tag. This will create a checkpoint that we may later re-
store:

� CNBJDQBNLLHS �L �ENQJ %@OGMD�RCTBJ� RG@CX>FHQ@EEDXNTQ�CTBJ�U�

Wherever you see a funny-looking name like RG@CX>FHQ@EEDin Docker, this is
just another way to reference the container. We either can use the container ID,
��E��AA����@ or the designated name (ie. RG@CX>FHQ@EED). The above XNTQcan be
your username or an organization you belong to on a Docker registry. This image
repository will be called XNTQ�CTBJ, and has an optional version identiýer, U� . Now
we can push it to the Docker Hub registry:

� �#!��$�#��� �#� �� ����! � ��! �! �� �#��" � ��� �� ������ �� ��!���� �	
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� CNBJDQOTRGXNTQ�CTBJ�U�
� CNBJDQHL@FDR
3&104*5039 5"( *."(& *% $3&"5&% 4*:&
C@OGMD�CTBJ K@SDRS D@�E��F�CD�D � C@X@FN ���.#
XNTQ�CTBJ U� C��AD�BE���D � RDBNMCR@FN ���.#
� CNBJDQOTKK XNTQ�CTBJ�U� � "MXNMDB@MQTM SGHR�
� CNBJDQQTM XNTQ�CTBJ KR �K
SNS@K�
�QV�Q��Q�� � QNNSQNNS� .@X �� ����� MDV>_KD�

This is a convenient way to share an image with your colleagues and collaborators.
Anyone with access to the repository can pull our image and continue right where
we left oÿ, or create another image based on our own. Images can be created via the
command line or by using something called a%NBJDQ_KD.

1.4.1.4.Containers come frContainers come from rom recipesecipes
The second way to create a Docker image is to write a recipe, called a%NBJDQ_KD. A
%NBJDQ_KDis a text ýle that speciýes the commands required to create a Docker im-
age, typically by modifying an existing container image using a scripting interface.
They also have special keywords (which are always CAPITALIZED), lik e '30. , 36/ ,
&/53910*/5 and so on. For example, create a ýle called %NBJDQ_KDwith the following
content:

'30.�C@OMD�CTBJ
36/�SNTBG�MDV>_KD������MDV>_KD��VHKK�AD�O@QS�NE�NTQ�RM@ORGNS
$.%�KR��K���������������%DE@TKS�BNLL@MC�SN�AD�QTM�VGDM�SGD�BNMS@HMDQ
HR�RS@QSDC

Now, to build the image we can simply run:

� CNBJDQATHKC �S XNTQ�CTBJ�U� � � 7GDQD��� HR SGD CHQDBSNQX
BNMS@HMHMFXNTQ %NBJDQ_KD

You should see something like:

4DMCHMF�ATHKC�BNMSDWS�SN�%NBJDQ�C@DLNM�������J#
4SDO�������'30.�C@OGMD�CTBJ

����D@�E��F�CD�D
4SDO�������36/�SNTBG�MDV>_KD�

����D�A��FS�YXB�
4SDO�������$.%�KR��K

����3TMMHMF�HM���E���XTC��
3DLNUHMF�HMSDQLDCH@SD�BNMS@HMDQ���E���XTC��

������@�AC���EB�
4TBBDRRETKKX�ATHKS���@�AC���EB�
4TBBDRRETKKX�S@FFDC�XNTQ�CTBJ�U�

�
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Now run the command CNBJDQ HL@FDRin your terminal, and you should see an im-
age called XNTQ�CTBJ with tag U� :

� CNBJDQHL@FDR
3&104*5039 5"( *."(& *% $3&"5&% 4*:&
C@OGMD�CTBJ K@SDRS D@�E��F�CD�D � C@X@FN ���.#
XNTQ�CTBJ U� C��AD�BE���D � LHMTSDR@FN ���.#
XNTQ�CTBJ U� ��@�AC���EB� � RDBNMCR@FN ���.#

This procedure is identical to the snapshot method we performed earlier, but the re-
sult is much cleaner. Now, instead of needing to carry around a 869MB BLOB, we can
just store the 4KB text ýle and rest assured that all our important setup commands
are contained within. Similar to before, we can simply run:

� CNBJDQQTM �HS XNTQ�CTBJ�U�
SNS@K�
�QV�Q��Q�� � QNNSQNNS� .@X �� ����� MDV>_KD�

Notice that as soon as we run the container, Docker will execute the KR �K command
as speciýed by the%NBJDQ_KD, revealing MDV>_KD� was stored in the image. However
we can still override KR �K by passing a command line argument:CNBJDQ QTM �HS

XNTQ�CTBJ�U��;BTRSNL>BNLL@MC= .

Docker uses a concept oflayers. Every instruction we add to the %NBJDQ_KDbegin-
ning with a keyword will cr eate a new layer, which is conveniently cached by the
Docker daemon. If we should modify a Dockerýle, Docker will only need to rebuild
the image starting from the ýrst modiýed instruction. LetÕs have a look:

'30.�C@OMD�CTBJ�������������������������������%D_MDR�SGD�A@RD�BNMS@HM�
DQ
36/�SNTBG�MDV>_KD����������������������������%D_MDR�@�MDV�K@XDQ
36/�LJCHQ�BNM_F����LU�MDV>_KD��LJCHQ��������&@BG�K@XDQ�B@M�G@UD�LTKSH�
OKD�BNLL@MCR
36/�BTQK��R4-�GSSOR���FDS�XNTQ�@OO��[�RG������-@XDQR�B@M�G@UD�@�RBQHOS

Suppose we make a change at the bottom of our %NBJDQ_KD. If Docker had to rerun
the entire recipe from top to bottom to every time we wanted to build the image,
this would be terribly slow and inconvenient. Fortunately, Docker is smart enough to
cache the layers which have not changed, and only rerun the minimum set of com-
mands to rebuild our image. This is a very nice feature, however it can sometimes
intr oduce unexpected results, especially when the cache is stale. To ignore the cache
and force a clean rebuild, use CNBJDQ�ATHKC���MN�B@BGD.

We can also chain%NBJDQ_KDs together using a technique calledmulti-stage builds.
These allow you to build multiple images into one %NBJDQ_KD, and copy resources
from one to another:

� �#!��$�#��� �#� �� ����! � ��! �! �� �#��" � ��� �� ������ �� ��!���� ��
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'30.�XNTQ�CTBJ�U��@R�SDLOK@SD�����������������7D�B@M�TRD�?SDLOK@SD�?
@R�@M�@KH@R�K@SDQ

'30.�C@OGMD�CTBJ�@R�SDLOK@SD�
$019���EQNL�SDLOK@SD��MDV>_KD��MDV>_KD�

'30.�CNM@KC�CTBJ�@R�SDLOK@SD������������������5GD�K@RS�?'30.?�VHKK�CD�
_MD��SGHR��HL@FD
$019���EQNL�SDLOK@SD��MDV>_KD��MDV>_KD�
$.%�KR��K

Now letÕs build and run this image:

� CNBJDQATHKC � �S XNTQ�CTBJ�U�
4DMCHMFATHKC BNMSDWSSN %NBJDQC@DLNM �����J#
4SDO ��� � '30. XNTQ�CTBJ�U� @RSDLOK@SD�

��� D�A��DE�DBB�
4SDO ��� � '30. C@OGMD�CTBJ@RSDLOK@SD�

��� D@�E��F�CD�D
4SDO ��� � $019 ��EQNL�SDLOK@SD� MDV>_KD� MDV>_KD�

���� ��A��������D
4SDO ��� � '30. CNM@KC�CTBJ�U� @RSDLOK@SD�

���� D�A��DE�DBB�
4SDO ��� � $019 ��EQNL�SDLOK@SD� MDV>_KD� MDV>_KD�

���� BA�A��������
4SDO ��� � $.% KR

���� 3TMMHMFHM BA�A��������
3DLNUHMFHMSDQLDCH@SDBNMS@HMDQBA�A��������

���� B�CB�CC��D��
4TBBDRRETKKXATHKS B�CB�CC��D��
4TBBDRRETKKXS@FFDCXNTQ�CTBJ�U�
� CNBJDQQTM �HS XNTQ�CTBJ�U�
SNS@K�
�QV�Q��Q�� � QNNSQNNS� +TK � ����� MDV>_KD�

Why would you want to use this feature? For example, one application of multi-stage
builds is compiling a dependency from its source code. In addition to all the source
code, the compilation itself could have separate build dependencies and setup re-
quirements, all of which are quite incidental to our ultimate goal - to build a single
ýle. If w eÕre especially unlucky, we might end up with gigabytes of transitive depen-
dencies to build a tiny binary ýle, and waste a lot of disk space or time cleaning up
the mess. Multi-stage builds allow us to build the ýle, discard the unnecessary bits,
copy it to a fresh layer, and move on with our life, unburdened by intermediate de-
pendencies.

1.5.1.5.DockDocker is not a silver is not a silver bullet for compleer bullet for complexityxity
When creating a new image, it may be tempting to reinvent the wheel. Your appli-
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cation is special, and has special requirements. But there are millions of Docker im-
ages in the wild. Unless you are doing something very special indeed, itÕs best to keep
things simple. Find a base image that accomplishes most of what you are trying to
achieve, and build on top of it. Base images like Ubuntu (or the very popular Alpine
Linux, due to its small footprint), are okay, but there is probably something more spe-
ciýc to your applicationÕs requirements. Even the OXSGNMbase image can be fairly
generic, there are many images which contain speciýc Python stacks.

It may also be tempting to use some random image you found on Docker Hub, which
does exactly what you want. Congratulations! Maybe this is the case. But unless you
are doing something very similar, it probably does some extra things that are ineþ-
cient, or even harmful to your application. If it pr ovides a%NBJDQ_KD, inspect it ýrst
and see whatÕs inside. Maybe you can adapt the%NBJDQ_KDto suit your needs and get
rid of a lot of complexity. Try to ýnd a happy medium between simpliýcation and cre-
ating aRube Goldbergimage stack. It may work, but will not save you any headache
in the long run. The best Docker images are often provided by the maintainer of your
favorite library or dependency.

1.6.1.6.RRunning Dockunning Docker rer remotemotelyely
You can run Docker commands locally, or on a remote Docker Host. To do so, run
the command CNBJDQ �) !���#�)��"#)���� . You do not need to open a SSH
session simply to run a Docker command.

1.7.1.7.Useful DockUseful Docker rer resouresourcesces
We have found the following resources helpful for robotics and Machine Learning:

1)1) RResinesin

Resin.io is a very good source of base images for ARM devices. The best part of using
Resin images, is that you can build them on x86 devices, such as your laptop or the
cloud. Baked into every Resin image is a shim for the shell that will allow you to run
ARM binaries on x86. To use this feature, you can adapt the%NBJDQ_KDtemplate be-
low:

'30.�QDRHM� ��"�)����� ��D�F��Q@ROADQQXOH��OXSGNM

36/�;��BQNRR�ATHKC�RS@QS��=

��9NTQ�BNCD�FNDR�GDQD���

36/�;��BQNRR�ATHKC�DMC��=

$.% ��� �$� #)"# �! #)�������

Resin usesqemu to cross-build images as described inthis article. Also described is
how to build and run non-Resin-based ARM images on x86 devices. This technique
is not just for building images - it also works at runtime! When running an ARM im-
age, simply use thePDLT�@QL�RS@SHBbinary as an entrypoint to your launch com-
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mand:

� CNBJDQQTM ��DMSQXONHMS�PDLT�@QL�RS@SHB�HS >6;8�*84�24*0. A@RG

2)2) RROSOS

ROS.org builds nightly ARM and x86 images for robotics development. For each dis-
tro, there are packages like BNQD, A@RD, ODQBDOSHNM(including OpenCV), QNANS(for
the robot) and others.

3)3) HypriotHypriot

Hypriot, a base OS for RPi and other ARM devices, include support for Docker out
of the box. Hypriot is lightw eight, fast, and builds the latest RPi Linux kernels and
Raspbian releases.

4)4) PiWheelsPiWheels

Not all Python packages (especially if they wrap a native library) can be run on all
platforms. You might be tempted to build some package from its sources (and in rare
cases, you may need to do so). But there is a good chance your favorite Python library
is already compiled for Raspberry Pi on PiWheels. By running the following com-
mand (either in your %NBJDQ_KDor at runtime), you can install Python packages, e.g.
NODMBU�OXSGNM:

� OHOHMRS@KKNODMBU�OXSGNM��HMCDW�TQK GSSOR���VVV�OHVGDDKR�NQF�RHL�
OKD

5)5) GrGraphical User Intaphical User Interfaceserfaces

Docker also supports GUIs, but you will need to conýgure X11 forwarding.

6)6) DockDocker Huber Hub

Docker Hub is the central repository for Docker Images. Unless you have conýgured
a separate registry, whenever you pull a Docker image tag, it will query the Docker
Hub ýrst. You can use the Docker Hub to upload Docker images, and conýgure auto-
mated builds from GitHub (with a 2-hour build timeout). Docker Hub does not sup-
port layer caching of any kind, so the build will always take a ýxed amount of time.
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Figure 1.4. Docker Hub auto-builds allow you to link a %NBJDQ_KDin a GitHub repository, and
whenever that %NBJDQ_KDchanges, the Docker image will be updated.

The Docker Hub also has features for conýguring repository links and build triggers.
These will automatically rebuild your Docker image when some event happens.

Figure 1.6.Repository links allow you to chain builds together across Docker Hub repositories. When-
ever a linked repository is updated, your image will be rebuilt.

7)7) DockDocker Clouder Cloud

Docker Cloud is integrated with the Docker Hub (and may one day replace it). Builds
are automatically published from Docker Cloud to Docker Hub. Notiýcations for
email and Slack, as well as a longer build timeout (up to 4-hours) are supported. It al-
so has features for conýguring the build context and other useful build settings, such
as enabling caching (unlike Docker Hub).
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Figure 1.8.Docker Cloud allows a longer build timeout, and has more sophisticated build conýgura-
tion features.
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UUNITNIT E-2E-2

Duckiebot DevDuckiebot Development using Dockelopment using Dockerer

The following section will guide you through the Docker development process.

2.1.2.1.PrPrererequisitequisiteses
Those who wish to use a physical Duckiebot will need these physical objects:

¥ Duckiebot

ÿ Raspberry Pi 3B+

ÿ Micro SD card (16GB+ reccommended)

¥ Personal computer

¥ Internet-enabled router

¥ MicroSD card adapter

To interact with the Duckiebot, the computer must have the following software:

¥ POSIX-compliant shell

¥ Browser and/orDocker CE

2.2.2.2.InstallationInstallation
¥ Software Prerequisites (Ubuntu/Debian):

ÿ VFDS/ BTQK

ÿ @OS�FDS

ÿ CTBJHDSNVM�RGDKK

ÿ Docker (SeeUnit E-1 - Intr oduction to Docker for Robotics and Machine Learn-
ing for installation instructions)

First, you will need to set your Duckietoken:

� CSR SNJ RDS

Now, ensure that you have a valid Duckietoken:

� CSR SNJ UDQHEX�50,&/

� �� FNNC +40/ Z�THC�� MTLADQ �DWO�� C@SD\
� �� A@C DQQNQLDRR@FD

Place the DuckiebotÕs MicroSD card into the MicroSD card adapter, insert it int o the
computer and run the following command:

� CSR HMHS>RC>B@QC

https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/10_docker/02_getting_started.md
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/10_docker/02_getting_started.md
https://www.docker.com/community-edition#/download
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/10_docker/02_getting_started.md
https://github.com/duckietown/duckietown-shell
https://github.com/duckietown/duckietown-shell


The above command runs theHMHS>RC>B@QC�RGscript, which will run an installer t o
prepare the SD card.

Follow the instructions, then transfer the SD card to the Raspberry Pi and power on the
Duckiebot. On ýrst boot, make sure the Raspberry Pi receives continuous power for at
least ýve or ten minutes.

Your laptop should be connected to the same network as the Duckiebot, or alternately,
you will need to share internet from your laptop to your Duckiebot via an ethernet ca-
ble. Further details are described in theDuckiebot networking chapter.

Wait for a minute or so, and then visit the following URL:

GSSO��� �$����� �#)���� �KNB@K������

You should be greeted by the Portainer web interface. This user-friendly web interface
is the primary mechanism for interacting with a Duckiebot.

From here you can see the list of running containers on your Duckiebot:

Figure 2.2.Portainer Container View

You can attach a console to a running container and interact with it via the browser:

	� � $����� �# �� �%�������# �$"��� �� ����!
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Figure 2.4.Portainer Web Interface

If you prefer to use the command line, you can also connect to the Duckiebot via secure
shell:

� RRG $"�!)���� ! �$����� �#)���� �KNB@K

NNotote:e:Any Docker command can also be run remotely by using the hostname üag,�)
�$����� �#)���� . You should not need to open an SSH connection simply to run
a Docker command.

2.3.2.3.RRunning Simple HTTP File Servunning Simple HTTP File Serverer
All persistent data is stored under �C@S@on the Duckiebot SD card. To access the data
via the web browser, run:

� CNBJDQ�) �$���� �#)���� �KNB@K�QTM �C <
��M@LD _KD�RDQUDQ<
�U �C@S@��C@S@<
�O ��������� <
CTBJHDSNVM�QOH�RHLOKD�RDQUDQ�L@RSDQ��

Go to the following URL: GSSO��� �$����� �#)���� �KNB@K������

2.4.2.4.TTesting the cameresting the cameraa
Open Portainer Web interface and run the CTBJHDSNVM�QOH�CNBJDQ�OXSGNM�OHB@LDQ@

container.

Publish port 8081 and ensure that the container is run in ÒPrivilegedÓ mode.

� $����� �# �� �%�������# �$"��� �� ����! 		
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Figure 2.6.Portainer PiCam Demo

� CNBJDQ�) �$����� �#)���� �KNB@K�QTM �C <
��M@LD OHB@L<
�U �C@S@��C@S@<
��OQHUHKDFDC <
�O ��������� <
CTBJHDSNVM�QOH�CNBJDQ�OXSGNM�OHB@LDQ@�L@RSDQ��

NNotote:e:The syntax �) �$����� �#)���� �KNB@Kmay be omitted if you are running
the command over SSH.

Visit the following URL: GSSO��� �$����� �#)���� �KNB@K������HL@FD�IOF .

2.5.2.5.TTesting Resting ROSOS
It is best to ýrst pull the A@RDDuckietown Docker image using the following com-
mand:

� CNBJDQ�) �$����� �#)���� �KNB@K�OTKK�CTBJHDSNVM�QOH�QNR�JHMDSHB�
QNRBNQD�L@RSDQ��

Run the A@RDDuckietown Docker image, opening a shell:

	
 � $����� �# �� �%�������# �$"��� �� ����!

https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/10_docker/02_getting_started.md


^

^

^

� CNBJDQ�) �$����� �#)���� �KNB@K�QTM �HS <
��M@LD QNRBNQD<
��OQHUHKDFDC <
��MDS GNRS<
CTBJHDSNVM�QOH�QNR�JHMDSHB�QNRBNQD�L@RSDQ��

You can start a ROS environment on your laptop, which connects to the Duckiebot ROS
Master:

� MUHCH@�CNBJDQQTM �HS ��QL <
��M@LD QNR <
��MDS GNRS<
��DMU 304>)045/".&��)045/".& <
��DMU 304>."45&3>63*�GSSO��� �$����� �#)�� �������<
��DMU 304>*1� ���#��)�� <
��DMU��%*41-"9� <
��DMU��25>8��>/0>.*54).��� <
��UNKTLD���SLO��8���TMHW��SLO��8���TMHW�QV�<
QNRHMCTRSQH@K�QNR�QNANS�MUHCH@�JHMDSHB

To allow incoming X connections, runWGNRS�� on your computer.

NNotote:e:There is amore secure way to do this, if you are concerned about receiving ar-
bitrary X11 connections.

The above command opens a ÒROSÓ shell running on your laptop that is set to connect
to %6$,*&#05 Ôs ROS Master. To test the ROS connection, runQNRVSE:

� QNRVSE

2.6.2.6.TTest Rest ROS JOS Joystickoystick

� CNBJDQ�) �$����� �# �KNB@K�QTM �C <
��M@LD INXRSHBJ�CDLN <
��OQHUHKDFDC <
�U �C@S@��C@S@<
��MDS GNRS<
CTBJHDSNVM�QOH�CTBJHDANS�INXRSHBJ�CDLN�L@RSDQ��

2.7.2.7.CalibrCalibrationation
As described inUnit B-10 - Camera calibration and validation, print the calibration pat-
tern and place the Duckiebot in the proper position.

1)1) Extrinsic calibrExtrinsic calibration pration proceduroceduree

Launch the calibration container and follow the prompts:

� $����� �# �� �%�������# �$"��� �� ����! 	�

http://wiki.ros.org/docker/Tutorials/GUI#The_safer_way
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/10_docker/02_getting_started.md
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/10_docker/02_getting_started.md
https://docs.duckietown.org/DT18/opmanual_duckiebot/out/camera_calib.html
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/10_docker/02_getting_started.md


^

^

� CNBJDQ�) �$����� �#)���� �KNB@K�QTM �HS <
��M@LD B@KHAQ@SHNM<
��OQHUHKDFDC <
�U �C@S@��C@S@<
��MDS GNRS<
CTBJHDSNVM�QOH�CTBJHDANS�B@KHAQ@SHNM�L@RSDQ��

You will ýrst be asked to place the Duckiebot on the calibration pattern. Then you will
be asked to place in a lane to test the calibration.

NNotote:e:Passing �U �C@S@��C@S@is necessary so that all calibration settings will be pre-
served.

NNotote:e: You can run/launch the QOH�RHLOKD�RDQUDQto see the results in your web
browser; you can also download all ýles from �C@S@. This is an easy way to view and
download all calibration ýles and validation results.

2.8.2.8.Lane FLane Following Demoollowing Demo
After the Duckiebot has been calibrated, you can now launch theLane Following De-
mo.

� CNBJDQ�) �$����� �#)���� �KNB@K�QTM �HS <
��M@LD K@MDENKKNVHMF�CDLN<
��OQHUHKDFDC <
�U �C@S@��C@S@<
��MDS GNRS<
CTBJHDSNVM�QOH�CTBJHDANS�K@MDENKKNVHMF�CDLN�L@RSDQ��

Wait for a few minutes for all nodes to be started and initialized.

You can test the Duckiebot by using the Joystick. Pressing3� starts @TSNMNLNTRmode.

Pressing -� puts the Duckiebot back inL@MT@Kmode.

2.9.2.9.DevDevelopment welopment workfloworkflow
When developing Docker containers, there are two paths to deployment. You can write
the %NBJDQ_KDon your laptop or an x86 machine, then build with the 36/ ; �BQNRR�

ATHKC�RS@QS� =and 36/ ; �BQNRR�ATHKC�DMC� = commands. Once tested, you can
deploy to the Duckiebot directly by running the following command:

� CNBJDQR@UD#��)���� [�RRG �$ CTBJHD! �$����� �#)���� �KNB@K
CNBJDQ�KN@C

Alt ernately, you can build directly on an ARM device by creating a ýle named%NBJDQ�

_KD�@QL (the �@QL extension is just for the readerÕs beneýt), adding a base image and
some build instructions, and running the command:

	� � $����� �# �� �%�������# �$"��� �� ����!

https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/10_docker/02_getting_started.md
https://docs.duckietown.org/DT18/opmanual_duckiebot/out/demo_lane_following.html
https://docs.duckietown.org/DT18/opmanual_duckiebot/out/demo_lane_following.html
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/10_docker/02_getting_started.md


^

^

^

^

^

^

^

� CNBJDQATHKC ��_KD�;'*-& 1"5)=�%NBJDQ_KD�@QL ��S@F ;5"( /".&= � �
7GDQD?�? HR SGD ATHKC BNMSDWSO@SG

Note that ARM-speciýc %NBJDQ_KDs will not build on non-Mac x86 machines, and at-
tempting to build one will cause an error on Docker Hub. However, once you have de-
bugged the %NBJDQ_KDon an ARM device, you can easily port the entire build to x86
by enclosing it with 36/ ; �BQNRR�ATHKC�RS@QS� = and 36/ ; �BQNRR�ATHKC�DMC� =

instructions, after the '30. and before the $.% directive, asseen here. DonÕt forget to
publish to GitHub and set up a Docker Hub automatic rebuilds if you wish to automate
the build.

2.10.2.10.EmulationEmulation
All Duckiet own Docker images contain an emulator called QEMU - this allows us to
run ARM images on x86 directly. To run a pure compute ROS node (i.e. one that does
not require any camera or motor access) on a non-Mac x86 platform, you will need to
provide a custom entrypoint to Docker when running the image. To do so, use the com-
mand CNBJDQ QTM ��� ��DMSQXONHMS�PDLT��@QL�RS@SHB (�$!)����� ;36/>$0.�

."/%= , where 36/>$0.."/% may be a shell such as�AHM�A@RGor another command
such as �AHM�A@RG �B �QNRBNQD�. The PDLT��@QL�RS@SHBentrypoint is provided by
duckietown/rpi-r os-kinetic-base, and may be upated in the future.

2.11.2.11.Common mistakCommon mistakeses

1)1) eexxec user prec user process caused Òocess caused Òeexxec format errec format errororÓÓ

If you encounter this error, this means the container you are attempting to run is based
on an image that is incompatible with the hostÕs architecture. If you are trying to run an
ARM image on an x86 host, you will need to useQEMU to emulate the ARM processor
architecture. To run QEMU in Duckiet own or Resin derived Docker image, use the üag
��DMSQXONHMS�PDLT�@QL�RS@SHBin your Docker run command. There is currently no
solution for running x86 images on an ARM host, so you will need to build ARM-spe-
ciýc images for the Raspberry Pi.

2.12.2.12.RResouresources and Rces and Refereferencesences

1)1) SD CarSD Card Confd Configuriguration and Flashing scriptation and Flashing script

¥ https://github .com/duckietown/scripts

¥ https://github .com/duckietown/scripts/blob/master/docs/DuckieOS1-RPI3Bp.sh

2)2) RPi CamerRPi Camera Ta Test containerest container

¥ https://github .com/rusi/rpi-docker-python-picamera

¥ https://hub.docker.com/r/duckiet own/rpi-docker-python-picamera/

3)3) RPi Simple HTTP File ServRPi Simple HTTP File Serverer

� $����� �# �� �%�������# �$"��� �� ����! 	

https://github.com/duckietown/rpi-ros-kinetic-base/blob/241a08a6f1be203325fc66086fa3a04d521e6029/Dockerfile#L14:L92
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/10_docker/02_getting_started.md
https://www.qemu.org/
https://github.com/duckietown/rpi-ros-kinetic-base
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/10_docker/02_getting_started.md
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/10_docker/02_getting_started.md
https://www.qemu.org/
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/10_docker/02_getting_started.md
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/10_docker/02_getting_started.md
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/10_docker/02_getting_started.md
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/10_docker/02_getting_started.md


^

^

^

^

^

^

^

^

^

¥ https://github .com/rusi/rpi-simple -server

¥ https://hub.docker.com/r/duckiet own/rpi-simple -server/

2.13.2.13.Duckiebot RDuckiebot ROS containersOS containers
The following containers are very useful for getting started.

1)1) Base RBase ROS container; opensOS container; opens���� when launchedwhen launched

¥ https://github .com/duckietown/rpi-r os-kinetic-base

¥ https://hub.docker.com/r/duckiet own/rpi-r os-kinetic-base

2)2) Base RBase ROS container with devOS container with development telopment tools and Duckietools and Duckietown dependencies (in-own dependencies (in-
cludescludes�������� ))

¥ https://hub.docker.com/r/duckiet own/rpi-r os-kinetic-dev

3)3) ������� container - startscontainer - starts������� when launchedwhen launched

¥ https://github .com/duckietown/rpi-r os-kinetic-roscore

¥ https://hub.docker.com/r/duckiet own/rpi-r os-kinetic-roscore

4)4) DuckietDuckietown Base (monolithic) softwown Base (monolithic) softwarare container - opense container - opens���� when launchedwhen launched

¥ https://github .com/duckietown/Software

¥ https://hub.docker.com/r/duckiet own/rpi-duckiebot-base

5)5) JJoystick Demo containeroystick Demo container

¥ https://github .com/duckietown/rpi-duckiebot-joystick-demo

¥ https://hub.docker.com/r/duckiet own/rpi-duckiebot-joystick-demo

6)6) CalibrCalibration containeration container

¥ https://github .com/duckietown/rpi-duckiebot-calibration

¥ https://hub.docker.com/r/duckiet own/rpi-duckiebot-calibration

7)7) Lane FLane Following Demo containerollowing Demo container

¥ https://github .com/duckietown/rpi-duckiebot-lanefollowing-demo

¥ https://hub.docker.com/r/duckiet own/rpi-duckiebot-lanefollowing-demo

8)8) DesktDesktop Rop ROS containersOS containers

rosindustrial/ros-robot-nvidia:kinetic

¥ https://github .com/ros-industrial/docker

¥ https://hub.docker.com/r/r osindustrial/ros-robot-nvidia/

osrf/ros:kinetic-desktop-full

¥ https://github .com/osrf/docker_images/blob/master/ros/kinetic/ubuntu/x enial/
desktop-full/

	� � $����� �# �� �%�������# �$"��� �� ����!

https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/10_docker/02_getting_started.md
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^

^

^

¥ https://hub.docker.com/r/osrf/r os/

2.14.2.14.DockDocker Imager Image Hiere Hierararchchyy

Figure 2.8.Docker Image Hierarchy

2.15.2.15.MiscMisc

1)1) Building imagBuilding images:es:

� $����� �# �� �%�������# �$"��� �� ����! 	�

https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/10_docker/02_getting_started.md
https://www.google.com/url?q=https://hub.docker.com/r/duckietown/rpi-ros-kinetic-base/&sa=D&ust=1530819368921000&usg=AFQjCNGXoAzh7Olj5VBuCKafIpOgeCnZ2w
https://www.google.com/url?q=https://hub.docker.com/r/duckietown/rpi-duckiebot-calibration/~/dockerfile/&sa=D&ust=1530819368929000&usg=AFQjCNHg3OCG3AzEG9fur8-3qldAUNwVCw
https://www.google.com/url?q=https://hub.docker.com/r/duckietown/rpi-duckiebot-lanefollowing-demo/~/dockerfile/&sa=D&ust=1530819368935000&usg=AFQjCNEWUqMb7srTi9vTff9vR7OfgzDu5A
https://www.google.com/url?q=https://hub.docker.com/r/duckietown/rpi-duckiebot-joystick-demo/~/dockerfile/&sa=D&ust=1530819368943000&usg=AFQjCNGTIpe9Gu-mTIX9O4u0M_yNMEvQhQ
https://www.google.com/url?q=https://hub.docker.com/r/duckietown/rpi-ros-kinetic-dev/~/dockerfile/&sa=D&ust=1530819368955000&usg=AFQjCNEdLiSE1xROGOd-5IrYMr9RO-mGiw
https://www.google.com/url?q=https://hub.docker.com/_/ros/&sa=D&ust=1530819368962000&usg=AFQjCNFmtzk9SRV4Oo-McdzPuac-vOSzaA
https://www.google.com/url?q=https://hub.docker.com/r/duckietown/rpi-ros-kinetic-base/~/dockerfile/&sa=D&ust=1530819368966000&usg=AFQjCNFxakpJiigrbtbow7thHq15uzk2Bw
https://www.google.com/url?q=https://hub.docker.com/r/duckietown/rpi-duckiebot-base/~/dockerfile/&sa=D&ust=1530819368970000&usg=AFQjCNG6yZUMvAXh2aUxRxcnDnvcHR5lpQ
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/10_docker/02_getting_started.md
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/10_docker/02_getting_started.md


^

� BC HL@FD�ATHKCDQ�QOH
� CNBJDQATHKC � ��S@F #��)����

2)2) TTrransferring Dockansferring Docker containerser containers

� CNBJDQR@UD#��)���� [�RRG �$ CTBJHD! �$����� �#)���� �KNB@K�CNBJ�
DQ�KN@C

Figure 2.10.Output of QPS>CDO�INXRSHBJ(compilation dependencies)

Figure 2.12.Output of QPS>FQ@OG�INXRSHBJ(runtime dependencies)


� � $����� �# �� �%�������# �$"��� �� ����!
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UUNITNIT E-3E-3

TTrroubleshootingoubleshooting

SSymptymptom:om: &� '@HKDC SN EDSBG GSSO���O@BJ@FDR�QNR�NQF�QNR�TATMST�CHRSR�WD�

MH@K�L@HM�AHM@QX�@LC���1@BJ@FDR &QQNQ VQHSHMF SN NTSOTS _KD � VQHSD 	���

/N RO@BD KDES NM CDUHBD
 &QQNQ VQHSHMF SN _KD � VQHSD 	��� /N RO@BD KDES

NM�CDUHBD
�;*1������������������=

NNotote:e:Only happens in Mac since Docker is actually running VM with a ýxed size

RResolution:esolution: Increase the size of your Disk image: Docker -> Preferences -> Disk and
increase the slider and hit apply.

https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/10_docker/50_troubleshooting.md
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PPARARTT FF

Basic DockBasic Docker dever development eelopment exxerercisescises


�

https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/11_docker_exercises/00_part_docker.md


^

PPARARTT GG

CrCreating preating progrograms that wams that workork

This part describes techniques for testing and continuous integration.

https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/12_writing_programs_that_work/00_part_creating.md


^

UUNITNIT G-1G-1

CrCreating unit teating unit tests with Rests with ROSOS

B@SJHM>L@JD��$�B@SJHM>VR����OJF�D@RX>KNFR





https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/12_writing_programs_that_work/10_unit_tests.md
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UUNITNIT G-2G-2

Continuous intContinuous integregrationation

These are the conventions for the Duckietown repositories.

2.1.2.1.NNevever brer break the buildeak the build
The 4NESV@QDand the CTBJTLDMSRrepository use Òcontinuous integrationÓ.

This means that there are well-deýned tests that must pass at all times.

For the 4NESV@QDrepository, the tests involve building the repository and running unit
tests.

For the CTBJTLDMSRrepository, the tests involve trying to build the documentation us-
ing L@JD�BNLOHKD.

If the tests do not pass, then we say that we have Òbroken the buildÓ.

We also say that a branch is ÒgreenÓ if the tests pass, or ÒredÓ otherwise.

If you use the Chrome extension Pointless, you will see a green dot in diÿerent places
on Github to signify the status of the build (Figure 2.2).

Figure 2.2.The green dot is good.

2.2.2.2.How tHow to stao stay in the gry in the greeneen
The system enforces the constraint that the branch L@RSDQis always green, by prevent-
ing changes to the branches that make the tests fail.

We use a service called CircleCI. This service continuously looks at our repositories.
Whenever there is a change, it downloads the repositories and runs the tests.

(It was a lot of fun to set up all of this, but fortunately you do not need to know how it
is done.)

At this page you can see the summary of the tests. (You need to be logged in with your
Github account and click Òauthorize GithubÓ).

https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/12_writing_programs_that_work/26_ci/26_continuous_integration.md
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/12_writing_programs_that_work/26_ci/26_continuous_integration.md
https://github.com/felicianotech/pointless
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/12_writing_programs_that_work/26_ci/26_continuous_integration.md
https://circleci.com/gh/duckietown


^

Figure 2.4.The CircleCi service dashboard, available atthis page.

2.3.2.3.How tHow to mako make change changes tes too ��� �� : pull r: pull requestsequests
It is not possible to push on to the master branch directly.

' See theGithub documentation about pull requeststo learn about the
general concept.

The worküow is as follows.

(1) You make a private branch, say >6;8�5*4. �CDUDK.

(2) You work on your branch.

(3) You push often to your branch. Every time you push, CircleCI will run the t ests and
let you know if the tests are passing.

(4) When the tests pass, you create a Òpull requestÓ. You can do this by going to the
Github page for your branch and click on the button Òcompare and pull requestÓ (Fig-
ure 2.6).


� � ��#��$�$" � ��#��!� #���

https://circleci.com/gh/duckietown
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/12_writing_programs_that_work/26_ci/26_continuous_integration.md
https://help.github.com/articles/about-pull-request-merges/


Figure 2.6.Compare and pull request button

(5) You now have an opportunity to summarize all the changes you did so far (Figure
2.8). Then click Òcreate pull requestÓ.

Figure 2.8.Preparing the pull request

(6) Now the pull request has been created. Other people can see and comment on it.
However, it has not been merged yet.

At this point, it might be that it says ÒSome checks havenÕt completed yetÓ (Figure 2.10).
Click ÒdetailsÓ to see whatÕs going on, or just wait.

Figure 2.10.Wait for the checks to ýnish

When itÕs done, you will see either a success message (Figure 2.12) or a failure message

� ��#��$�$" � ��#��!� #��� 




^

(Figure 2.14).

Figure 2.12.The tests are done

Figure 2.14.The tests have failed

(7) At this point, you can click Òsquash and mergeÓ to merge the changes into master
(Figure 2.16).

Figure 2.16.The ýnal step

1)1) TTrroubleshootingoubleshooting

If you see a message like Òmerge failedÓ (Figure 2.18), it probably means that somebody
pushed into master; merge master into your branch and continue the process.

Figure 2.18.Merge failed


� � ��#��$�$" � ��#��!� #���
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UUNITNIT G-3G-3

Bug squashing guideBug squashing guide

This unit describes how to debug your programs. Do read this accurately top-to-bot-
tom.

If you think this is t oo long and too verbose to read and you are in a hurry anyway:
that is probably the attitude that intr oduced the bug. It might be programming is not
for you.

3.1.3.1.HistHistorical notorical noteses
First, count your blessings. You are lucky to live in the present. Once, there were ac-
tual bugs in your computer (Figure 3.2).

Figure 3.2."First actual case of bug being found." Read the story here.

3.2.3.2.The basic truths of bug squashingThe basic truths of bug squashing

1)1) TTruth: it is most likruth: it is most likely something simpleely something simple

The ýrst truth is the following:

It is always something simple.

People tend to make up complicated stories in their head about what is happening.
One reason they do that is because when you are frustrated, it is better to imagine to
battle against an imaginary dragon, rather than a little invisible Leprechaun who is
playing tricks on you.

Especially in an easy environment like Linux/ROS/Python with coarse process-level
parallelization, there is really lit tle space for weird bugs to creep in. (If you were us-
ing parallel C++ code, you would see lots ofheisenbugs). Here, the reason is always
something simple.

2)2) TTruth: the fault is likruth: the fault is likely yely yoursours

The second truth is the following:

While there are bugs in the system, it is more likely there is a bug in your code
or in your environment.

https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/12_writing_programs_that_work/85_bug_squashing_guide.md
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https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/12_writing_programs_that_work/85_bug_squashing_guide.md
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https://en.wikipedia.org/wiki/Heisenbug
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3.3.3.3.What could it be?What could it be?

1)1) 20%: En20%: Envirvironment erronment errorsors

Any problem that has to do with libr aries not importing, commands not existing, or
similar, are because the environment is not set up correctly. Biggest culprit: forget-
ting Òsource environment.shÓ before doing anything, or rushing through the setup
steps ignoring the things that failed.

2)2) 10%: P10%: Permission errermission errorsors

Permission errors are most likely because people randomly used ÒsudoÓ, thus creat-
ing root-owned ýles where they shouldnÕt be.

3)3) 9%: Bugs with the Duckiet9%: Bugs with the Duckietown softwown softwararee

Please report these, so that we can ýx them.

4)4) 1%: Bug with R1%: Bug with ROS or other systOS or other system librem libraryary

Please report these, so that we can ýnd workaround.

5)5) 10%: Pr10%: Problems with confoblems with configuriguration fation filesiles

Make sure that you have pulled CTBJHD`DDS, and pushed your changes.

Finally, given the questions we had so far, I can give you the prior distribution of mis-
takes:

6)6) 50%: Pr50%: Progrogramming mistakamming mistakeses

Of these, 80% is something that would be obvious by looking at the stack trace and
your code and could be easily ýxed.

3.4.3.4.How tHow to fo find the bug by yind the bug by yourselfourself

1)1) StStep 0: Is it latep 0: Is it late? Go te? Go to bed.o bed.

If it is later than 10pm, just go to bed, and look at it tomorrow.

After 10pm, bugs are introduced, rather than removed.

2)2) StStep 1: Arep 1: Are ye you in a hurry? Do it another time.ou in a hurry? Do it another time.

Bug squashing requires a clear mind.

If you are in a hurry, itÕs better you do this another time; otherwise, you will not ýnd
the bug and you will only grow more frustrated.

So, ýrst of all, run VG@S�SGD�CTBJ. Then, ýx the errors that VG@S�SGD�CTBJshows
you.

This is the proper way to run VG@S�SGD�CTBJ:

�� � $� �" $ �"���� � �$���
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� BC ]�CTBJHDSNVM
� RNTQBDDMUHQNMLDMS�RG
� FHS BGDBJNTSL@RSDQ
� FHS OTKK
� ��CDODMCDMBHDR>ENQ>CTBJHDANS�RG� HE XNT @QDNM @ %TBJHDANS
� ��CDODMCDMBHDR>ENQ>K@OSNO�RG� HE XNT @QDNM @ K@OSNO
� ��VG@S�SGD�CTBJ

NNotote:e:you have to do all the steps in the precise order.

The tool also produces an HTML report about your system which you should attach
to any request for help.

Ð>

3.5.3.5.How tHow to ask for help?o ask for help?
Many people just write: ÒI get this error: É How can I ýx it?Ó. This is not the best way
to get help. If you donÕt include the code and stack trace, itÕs hard to impossible to
help you.

The best way to get help is the following:

Gold standard: Provide exact instructions on how to reproduce the error (ÒCheck out
this branch; run this command; I expect this; instead I get thatÓ). This makes it easy
for an instructor or TA to debug your problem in 30 seconds, give you the ýx, and
probably ýx it for everybody else if it is a common problem.

Silver standard: Copy the relevant code to a Gist (gist.github.com) including the error
stack trace. Because we have no way to reproduce the error, this starts a conversation
which is basically guesswork. So you get half answers after a few hours.

3.6.3.6.How tHow to givo give helpe help

1)1) StStep 1: Ask for the output ofep 1: Ask for the output of#�� � ����!��

If there are errors reported, the students should ýx those before worrying about their
current problem. Maybe you or they donÕt see the connection, but the connection
might be there.

Also, in general, errors in the environment will cause other problems later on.

2)2) StStep 2: Consider whether therep 2: Consider whether there are are enough details te enough details to pro provide an informed answovide an informed answerer

The worst thing you can do is guess work Ð this causes confusion.

I encourage the TAs to not answer any nontrivial question that is not at least at the
silver standard. It is a waste of resources, it will lik ely not help, and it actually con-
tribut es to the confusion, with people starting to try random things until something
works without understanding why things work, and ultimately creating a culture of
superstitions.

� $� �" $ �"���� � �$��� ��
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PPARARTT HH

WWorking with imagorking with imageses
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UUNITNIT H-1H-1

DuckietDuckietown utility librown utility libr aryary

1.1.1.1.ImagImageses
This sections contains the documentation about the utility functions used for im-
age processing available in the CTBJHDSNVM>TSHKRPython package.

1)1) FunctionFunction #�� �����������

DescriptionDescription: Takes an BGR image and writes it as a JPEG ýle.

comment
Are we sure that the encoding is right? -AC

PrProtototype:otype:

VQHSD>HL@FD>@R>IOF	 HL@FD _KDM@LD


DefDefined in:ined in: HL@FD>VQHSHMF�OX.

Arguments:Arguments:
NNameame TTypeype DescriptionDescription
image numpy.ndarray The BGR image to save as JPEG ýle.

ýlename str The path of the JPEG ýle.

RReturnseturns: /NMD.

2)2) FunctionFunction ����������

DescriptionDescription: Takes a ROS message containing an image and returns its RGB repre-
sentation.

PrProtototype:otype:

QFA>EQNL>QNR	 LRF 


DefDefined in:ined in: HL@FD>BNMUDQRHNMR�OX.

Arguments:Arguments:
NNameame TTypeype DescriptionDescription
msg sensor_msgs.Image

or
sensor_msgs.CompressedImage

Message containing the image to
extract.

RReturnseturns: MTLOX�MC@QQ@X:: RGB representation of the image contained in the ROS
message LRF .

3)3) FunctionFunction ����������������������"�����

DescriptionDescription: Takes a OpenCV image (BGR format), compresses it and wraps it into

https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/23_working_with_images/80_duckietown_utils.md
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a ROS message of typeRDMRNQ>LRFR�$NLOQDRRDC*L@FD.

PrProtototype:otype:

C�>BNLOQDRRDC>HL@FD>EQNL>BU>HL@FD	 HL@FD>BU


DefDefined in:ined in: HL@FD>IOF>BQD@SD�OX.

Arguments:Arguments:
NNameame TTypeype DescriptionDescription

image_cv numpy.ndarray BGR representation of the image to compress.

RReturnseturns: RDMRNQ>LRFR�$NLOQDRRDC*L@FD:: A ROS message containing a com-
pressed version of the input HL@FD>BU.

�
 � $����#�&� �$#���#( � ���!�! (
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UUNITNIT I-1I-1

ExExerercise: Basic imagcise: Basic image opere operationsations

Assigned tAssigned to:o: Andrea Daniele

1.1.1.1.Skills learnedSkills learned
¥ Accessing command line arguments.

¥ Reading and writing ýles.

¥ Working with pixel-based image representations.

¥ OpenCV andCTBJHDSNVM>TSHKRAPIs for reading/writing images.

1.2.1.2.InstructionsInstructions
Create an implementation of the program CS�HL@FD�`HO� , speciýed below.

If this exercise is too easy for you, skip to Unit A -2 - Exercise: Basic image opera-
tions, adult version.

1.3.1.3.SpecifSpecification ofication of � �������(���
The program CS�HL@FD�`HO� takes as an argument a JPG ýle with extension �IOF :

� CS�HL@FD�`HO� ?3. �IOF

and creates a ýle called ?3. �`HOODC�IOF that is üipped around the horizontal ax-
is.

(b) The original picture.

(d) The üipped output

Figure 1.2

Example input-output for the program CS�HL@FD�`HO.

��
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1.4.1.4.Useful APIsUseful APIs

1)1) Load imagLoad image fre from fom fileile

The OpenCV library provides a utility function called HLQD@Cthat loads an image
from a ýle.

2)2) Flip an imagFlip an imagee

comment
This is the kind of thing that they need to ýgure out how to do with pixels. -AC

3)3) WWritrite an image an image te to a fo a fileile

The CTBJHDSNVM>TSHKR(unknown r(unknown ref softwef softwarare_deve_devel/duckietel/duckietown-utilsown-utils-libr-library)ary)

wwarningarning next (1 of 7)index
=*85250

*�VHKK�HFMNQD�SGHR�ADB@TRD�HS�HR�@M�DWSDQM@K�KHMJ�

��*�CN�MNS�JMNV�VG@S�HR�HMCHB@SDC�AX�SGD�KHMJ
��RNESV@QD>CDUDK�CTBJHDSNVM�TSHKR�KHAQ@QX��

Location not known more precisely.

Created by function BGDBJ>HE>@MX>GQDE>HR>HMU@KHCin module
LBCO>CNBR�BGDBJ>LHRRHMF>KHMJR.

package provides the utility function VQHSD>HL@FD>@R>IOF	
(unknown r(unknown r ef soft-ef soft-
wwarare_deve_devel/duckietel/duckietown_utilsown_utils-writ-writ e_image_image_as_jpg)e_as_jpg)

previouswwarningarning next (2 of 7)index
=*85250

*�VHKK�HFMNQD�SGHR�ADB@TRD�HS�HR�@M�DWSDQM@K�KHMJ�

��*�CN�MNS�JMNV�VG@S�HR�HMCHB@SDC�AX�SGD�KHMJ
��RNESV@QD>CDUDK�CTBJHDSNVM>TSHKR�VQHSD>HL�
@FD>@R>IOF��

Location not known more precisely.

Created by function BGDBJ>HE>@MX>GQDE>HR>HMU@KHCin module
LBCO>CNBR�BGDBJ>LHRRHMF>KHMJR.

that writ es an image to a JPEG ýle.

� '�!��"� ��� �"�� � ����� � ���!� #���" �
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UUNITNIT I-2I-2

ExExerercise: Basic imagcise: Basic image opere operations, adult vations, adult versionersion

Assigned tAssigned to:o: Andrea Daniele

2.1.2.1.Skills learnedSkills learned
¥ Dealing with exceptions.

¥ Using exit conditions.

¥ Veriýcation and unit tests.

2.2.2.2.InstructionsInstructions
Implement the program CS�HL@FD�`HO speciýed in the following section.

This time, we specify exactly what should happen for various anomalous condi-
tions. This allows to do automated testing of the program.

2.3.2.3.� �������(�� specifspecificationication
The program HL@FD�NORexpects exactly two arguments: a ýlename (a JPG ýle)
and a directory name.

� CS�HL@FD�`HO ?3. 6;:-28

If the ýle does not exist, the script must exit with error code � .

If the ýle cannot be decoded, the script must exit with error code � .

If the ýle exists, then the script must create:

¥ 6;:-28 �QDFTK@Q�IOF: a copy of the initial ýle

¥ 6;:-28 �`HO�IOF : the ýle, üipped vertically.

¥ 6;:-28 �RHCD�AX�RHCD�IOF : the two ýles, side by side.

If any other error occurs, the script should exit with error code �� .

(b) The original picture.

��
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(d) The output `HO�IOF

(f ) The output RHCD�AX�RHCD�IOF

Figure 2.2.Example input-output for the program HL@FD�NOR.

2.4.2.4.Useful APIsUseful APIs

1)1) ImagImages sidees side-by-by-side-side

comment
Good explanation, but shouldnÕt it go in the previous exercise? -AC

An image loaded using the OpenCV functionHLQD@Cis stored in memory as a
NumPy array. For example, the image shown above (Figure 2.2b - The original pic-
ture. ) will be represented in memory as a NumPy array with shape 	�� �� �
 .
The ýrst dimension indicates the number of pixels along the 9�@WHR, the second
indicates the number of pixels along the8�@WHRand the third is known asnumber
of channels(e.g., BBlue, GGreen, andRRed).

NumPy provides a utility function called BNMB@SDM@SDthat joins a sequence of ar-
rays along a given axis.

2.5.2.5.TTesting it westing it works withorks with ���������� �� ��
We provide 4 scripts that can be used to make sure that you wrote a conforming
CS�HL@FD�`HO. The scripts are HL@FD�NOR�SDRSDQ�FNNC, HL@FD�NOR�SDRSDQ�A@C�,
HL@FD�NOR�SDRSDQ�A@C�, and HL@FD�NOR�SDRSDQ�A@C�. You can ýnd them in the
directory �DWDQBHRDR�CS�HL@FD�`HO�HL@FD�NOR�SDRSDQin the CTBJHDSNVM�CTBJT�

LDMSRrepository.

The script called HL@FD�NOR�SDRSDQ�FNNCtests your program in a situation in
which we expect it to work properly. The 3 ÒbadÓ test scripts (i.e.,HL@FD�NOR�

SDRSDQ�A@C� through HL@FD�NOR�SDRSDQ�A@C�) test your code in situations in
which we expect your program to complain in the proper way.

Use them as follows:

� '�!��"� ��� �"�� � ����� � ���!� #���" �� ��$� # �%�!"��� ��
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� HL@FD�NOR�SDRSDQ�9,.5*826 ,*5-2-*:.�78608*4

NNotote:e: The tester scripts must be called from their own location. Make sure to
change your working dir ectory to �DWDQBHRDR�CS�HL@FD�`HO�HL@FD�NOR�SDRSDQ

before launching the tester scripts.

If the script cannot be found,HL@FD�NOR�SDRSDQ�9,.5*826 will r eturn 1.

HL@FD�NOR�SDRSDQ�9,.5*826 will r eturn 0 if the program exists and conforms to
the speciýcation (Section 2.3 -CS�HL@FD�`HO speciýcation).

If it can establish that the program is not good, it will return 11.

BotBotttom lineom line
Things that are not tested are broken.

�� � '�!��"� ��� �"�� � ����� � ���!� #���" �� ��$� # �%�!"���
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PPARARTT JJ

Basic RBasic ROS devOS developmentelopment

Maintainer: Russell Buchanan
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UUNITNIT J-1J-1

IntrIntr oduction toduction to Ro ROSOS

Maintainer: Russell Buchanan

Robot Operating System (ROS) is an open-source framework for software development
on robots. It is widely used research and industry and we use it for running our duck-
iebots. This guide will give an overview of ROS speciýc to Duckietown as well as point
out some useful tools for developing with ROS. If you are looking for a general guide to
ROS there exist excellent tutorials on theoþcial wiki .

Additionally there is a course at ETHZ Programming for Robotics - ROSalthough they
use C++.

��
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UUNITNIT J-2J-2

RROS on the DuckiebotOS on the Duckiebot

2.1.2.1.RROS VOS Versionersion
The version of ROS we are running on the duckiebots is ROS Kinetic. The current
long term service version is ROS Melodic however it is quite new and not as well
documented as Kinetic which will still be supported until April 2021. If you install
Melodic on your personal laptop you will be able to communicate with the duckiebot
but you might have issues building the duckiebot software on your own laptop. UsingUsing
Ubuntu 16 and RUbuntu 16 and ROS Kinetic is highly rOS Kinetic is highly recommendedecommended.

2.2.2.2.RROS InstallationOS Installation
See theoþcial guide for installing ROS.

2.3.2.3.RROS MastOS Masterer
The ROS master is a process which manages the connections between diÿerent
nodes. It is typically run using the QNRBNQDcommand. We launch a container specif-
ically for the ROS master with:

� CNBJDQ�) 16@5*4. �KNB@K�QTM �CHS ��OQHUHKDFDC ��M@LD QNRBNQD��
MDS GNRS��QDRS@QS TMKDRR�RSNOODC�CTBJHDSNVM�QOH�QNR�JHMDSHB�
QNRBNQD�L@RSDQ��

LetÕs try to communicate with ROS master on our laptops. First we need to tell
our computer where ROS master is. we do this by setting the environment variable
304>."45&3>63* with the command

� DWONQS304>."45&3>63*�GSSO��� 16@5*4. �KNB@K�������

Keep in mind this variable setting will not persist if y ou close the terminal. One op-
tion is to put that line in your �A@RGQBor �YRGQB but then you wont be able to con-
nect to any ROS master on your machine unless you reset it.

https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/35_ros/02_duckiebot.md
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/35_ros/02_duckiebot.md
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/35_ros/02_duckiebot.md
http://wiki.ros.org/ROS/Installation
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/35_ros/02_duckiebot.md


^

^

^

UUNITNIT J-3J-3

RROS code structurOS code structuree

Maintainer: Russell Buchanan

This document goes over the ýle structure in ROS projects.

To follow along, it is recommend that you duplicate the OJF>M@LDfolder and edit the
content of the ýles to make your own package.

3.1.3.1.WWorkspacesorkspaces
Software development in ROS takes place in a root directory call a catkin workspace,
usually named B@SJHM>VR. Inside this directory is a RQB folder which contains all the
packages. ROS is built be several packages which each perform a speciýc role such as
deýning rosnodes, actions or message deýnitions.

����B@SJHM>VR
[�������ATHKC�	@TSN�FDMDQ@SDC

[�������CDUDK�	@TSN�FDMDQ@SDC

[��������KNFR�	@TSN�FDMDQ@SDC

[��������RQB
[������������LX�QNR�OJF
[����������������O@BJ@FD�WLK
[����������������$.@JD-HRSR�SWS
[����������������RQB
[��������HMBKTCD
[����������LX�QNR�OJF
[������������LX�NSGDQ�QNR�OJF
[����������������O@BJ@FD�WLK
[����������������$.@JD-HRSR�SWS
[����������������RNTQBD�_KDR
[��������HMBKTCD
[����������LX�NSGDQ�QNR�OJF

See thepkg_nametemplate as an example of a ROS package. It can be launched inde-
pendently with:

� QNRK@TMBGOJF>M@LDS@KJDQ�K@TMBG

The package.xml and CMakeLists.txt ýles are used for building the workspace and
identifying all the dependancies.

3.2.3.2.�����
�� �� $ 
Take a look at the $.@JD-HRSR�SWS ýle. Every ROS package needs a ýle $.@JD�

-HRSR�SWS, even if you are just using Python code in your package. Read more about

�


https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/35_ros/15_node_structure.md
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/35_ros/15_node_structure.md
https://github.com/duckietown/Software/tree/master18/catkin_ws/src/60-templates/pkg_name
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/35_ros/15_node_structure.md
https://github.com/duckietown/Software/blob/master18/catkin_ws/src/60-templates/pkg_name/CMakeLists.txt


^

^

CMake here.

For a Python package, we only care about the following parts:

This deýnes the name of the project:

OQNIDBS	OJF>M@LD


This is a list of all the packages on which your package is dependent:

_MC>O@BJ@FD	B@SJHM�3&26*3&%�$0.10/&/54
QNRBOO
QNROX
CTBJHDSNVM>LRFR���&UDQX�CTBJHDSNVM�O@BJ@FDR�LTRS�TRD�SGHR�
RSC>LRFR




In Duckietown, most packages depend onCTBJHDSNVM>LRFRto make use of the cus-
tomized messages.

We also care about this line:

B@SJHM>OXSGNM>RDSTO	


which tells B@SJHMto setup Python related stuÿ for our package. Read more about RDS�

TO�OX here.

3.3.3.3.��������$��
The ýle O@BJ@FD�WLKdeýnes the meta-data of the package. Catkin makes use of it to
üush out the dependency tree and ýgures out the order of compiling.

Pay attention to the following parts:

�M@LD� deýnes the name of the package. It must match the project name in $.@JD�

-HRSR�SWS.

�CDRBQHOSHNM�describes the package concisely.

�L@HMS@HMDQ�names the maintainer.

�ATHKC>CDODMC�and �QTM>CDODMC�. The catkin packages this package depends on.
This usually match the _MC>O@BJ@FDin $.@JD-HRSR�SWS.

3.4.3.4.�� !���%
The ýle RDSTO�OXconýgures the Python modules in this package.

The part to pay attention to is

!�"� ���� �"#!$�#$!� ��

https://cmake.org/cmake-tutorial/
http://docs.ros.org/api/catkin/html/user_guide/setup_dot_py.html
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/35_ros/15_node_structure.md
https://github.com/duckietown/Software/blob/master18/catkin_ws/src/60-templates/pkg_name/package.xml
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/35_ros/15_node_structure.md
https://github.com/duckietown/Software/blob/master18/catkin_ws/src/60-templates/pkg_name/setup.py


RDSTO>@QFR���FDMDQ@SD>CHRSTSHKR>RDSTO	
O@BJ@FDR�;�OJF>M@LD�=
O@BJ@FD>CHQ�Z�����HMBKTCD�\




The O@BJ@FDRparameter is set to a list of strings of the name of the folders inside
the HMBKTCDfolder. The convention is to set the folder name the same as the package
name. Here itÕs the HMBKTCD�OJF>M@LDfolder. You should put ROS-independent and/or
reusable module (for other packages) in the HMBKTCD�OJF>M@LDfolder.

Python ýles in this folder (for example, the TSHK�OX) will be available to scripts in the
B@SJHMworkspace (this package and other packages too). To use these modules from
other packages, use:EQNL�OJF>M@LD�TSHK�HLONQS��

�� !�"� ���� �"#!$�#$!�



^

^

^

^

^

UUNITNIT J-4J-4

Minimal RMinimal ROS node -OS node -�������

Assigned tAssigned to:o: Andrea Censi

This document outline the process of writing a ROS package and nodes in Python.

To follow along, it is recommend that you duplicate the OJF>M@LDfolder and edit the
content of the ýles to make your own package.

4.1.4.1.Catkin TCatkin Toolsools
Catkin tools is the recommended method for building workspaces. It let you use
B@SJHM�ATHKCrather than B@SJHM�ATHKCas well as several other commands.

4.2.4.2.NNode Structurode Structuree
Best practice is to deýne a class which contains several member functions. You can
bind those functions as callback functions when subscribing to topic or call on them
when you want to publish something. You should also make use of timers rather than
use while loops which block.

For example in joy_mapper the JoyMapper subscribes to the ÒjoyÓ topic with callback
function BA+NX.

joy_mapper also uses a timer with callbackBA1@Q@L5HLDQwhich is called every second
to update parameters.

Notice that the main function simply creates the rosnode, instantiates the JoyMapper
class then calls rospy.spin() which keeps the process at that line until it is called to exit.

4.3.4.3.WWriting a node:riting a node: �������%
LetÕs look atRQB�S@KJDQ�OXas an example.

ROS nodes are put under the RQB folder. They have to be made executable to function
properly. You can make a ýle executable in terminal by running:

� RTCN BGLNC �W ?3.)5*4.

4.4.4.4.HeaderHeader
Header:

���TRQ�AHM�DMU�OXSGNM
HLONQS�QNROX������*LONQSR�LNCTKD��/NS�KHLHSDC�SN�LNCTKDR�HM�SGHR�O@BJ�
@FD�
EQNL�OJF>M@LD�TSHK�HLONQS�)DKKN(NNCAXD������*LONQSR�LRF
EQNL�RSC>LRFR�LRF�HLONQS�4SQHMF

https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/35_ros/45-ROS-pkg_name.md
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/35_ros/45-ROS-pkg_name.md
https://catkin-tools.readthedocs.io/en/latest/
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/35_ros/45-ROS-pkg_name.md
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/35_ros/45-ROS-pkg_name.md
https://github.com/duckietown/Software/blob/master18/catkin_ws/src/60-templates/pkg_name/src/talker.py
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/35_ros/45-ROS-pkg_name.md


^

^

The ýrst line, ���TRQ�AHM�DMU OXSGNM, speciýes that the script is written in Python.
Every ROS node in Python must start with this line.

The line HLONQS QNROXimports the QNROXmodule necessary for all ROS nodes in
Python. While the line EQNL OJF>M@LD�TSHK HLONQS )DKKN(NNCAXDimports the class
)DKKN(NNCAXDdeýned in the ýleOJF>M@LD�TSHK�OX.

Note that you can also include modules provided by other packages, if you specify the
dependency in$.@JD-HRSR�SWSand O@BJ@FD�WLK.

The line EQNL RSC>LRFR�LRF HLONQS 4SQHMFimports the 4SQHMFmessage deýned in
the RSC>LRFRpackage.

Note that you can useQNRLRF RGNV RSC>LRFR�4SQHMFin a terminal to lookup the deý-
nition of 4SQHMF�LRF.

4.5.4.5.MainMain
This is the main ýle:

HE�>>M@LD>>�����>>L@HM>>��
��*MHSH@KHYD�SGD�MNCD�VHSG�QNROX
QNROX�HMHS>MNCD	�S@KJDQ��@MNMXLNTR�'@KRD


��$QD@SD�SGD�/NCD/@LD�NAIDBS
MNCD���5@KJDQ	


��4DSTO�OQNODQ�RGTSCNVM�ADG@UHNQ
QNROX�NM>RGTSCNVM	MNCD�NM>RGTSCNVM


��,DDO�HS�ROHMMHMF�SN�JDDO�SGD�MNCD�@KHUD
QNROX�ROHM	


The line QNROX�HMHS>MNCD	�S@KJDQ� @MNMXLNTR�'@KRD
initializes a node named
S@KJDQ.

Note that this name can be overwrit ten by a launch ýle. The launch ýle can also push
this node down namespaces. If the@MNMXLNTRargument is set to 5QTD then a random
string of numbers will be append to the name of the node. Usually we donÕt use anony-
mous nodes.

The line MNCD � 5@KJDQ	
 creates an instance of the Talker object. More details in the
next section.

The line QNROX�NM>RGTSCNVM	MNCD�NM>RGTSCNVM
ensures that the MNCD�NM>RGTSCNVM

will be called when the node is shutdown.

The line QNROX�ROHM	
 blocks to keep the script alive. This makes sure the node stays
alive and all the publication/subscriptions work correctly.

4.6.4.6.TheThe ������ classclass
We now discuss the5@KJDQclass inS@KJDQ�OX.

�� � ������ �!�"� ���� ��� ��� )����

https://github.com/duckietown/Software/blob/master18/catkin_ws/src/60-templates/pkg_name/include/pkg_name/util.py
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/35_ros/45-ROS-pkg_name.md
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/35_ros/45-ROS-pkg_name.md
https://github.com/duckietown/Software/blob/master18/catkin_ws/src/60-templates/pkg_name/src/talker.py


^4.7.4.7.ConstructConstructoror
In the constructor, we have:

RDKE�MNCD>M@LD���QNROX�FDS>M@LD	


saves the name of the node.

This allows to include the name of the node in printouts to make them more informa-
tive. For example:

QNROX�KNFHMEN	�;�R=�*MHSH@KHYHMF�����	RDKE�MNCD>M@LD



The line:

RDKE�OTA>SNOHB>@���QNROX�1TAKHRGDQ	�]SNOHB>@��4SQHMF�PTDTD>RHYD��


deýnes a publisher which publishes a4SQHMFmessage to the topic ]SNOHB>@. Note that
the ] in the name of topic under the namespace of the node. More speciýcally, this will
actually publish to S@KJDQ�SNOHB>@instead of just SNOHB>@. The PTDTD>RHYDis usual-
ly set to 1 on all publishers.

' For more details seeQNROXoverview: publisher and subscribers.

The line:

RDKE�RTA>SNOHB>A���QNROX�4TARBQHADQ	�]SNOHB>A��4SQHMF�RDKE�BA5NOHB


deýnes a subscriber which expects a4SQHMFmessage and subscribes to ]SNOHB>A. The
message will be handled by the RDKE�BA5NOHBcallback function. Note that similar to
the publisher, the ] in the topic name puts the topic under the namespace of the node.
In this case the subscriber actually subscribes to the topic S@KJDQ�SNOHB>A.

It is strongly encouraged that a node always publishes and subscribes to topics under
their MNCD>M@LDnamespace. In other words, always put a ] in fr ont of the topic names
when you deýnes a publisher or a subscriber. They can be easily remapped in a launch
ýle. This makes the node more modular and minimizes the possibility of confusion and
naming conüicts. Seethe launch ýle sectionfor how remapping works.

The line

RDKE�OTA>SHLDRSDO���RDKE�RDSTO1@Q@LDSDQ	�]OTA>SHLDRSDO�����


Sets the value of RDKE�OTA>SHLDRSDOto the value of the parameter ]OTA>SHLDRSDO. If
the parameter doesnÕt exist (not set in the launch ýle), then set it to the default value
��� . The RDSTO1@Q@LDSDQfunction also writes the ýnal value to the parameter server.
This means that you can QNRO@Q@L KHRSin a terminal to check the actual values of pa-
rameters being set.

The line:

� ������ �!�"� ���� ��� ��� )���� ��

https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/35_ros/45-ROS-pkg_name.md
http://wiki.ros.org/rospy/Overview/Publishers%20and%20Subscribers


^

^

^

RDKE�SHLDQ���QNROX�5HLDQ	QNROX�%TQ@SHNM�EQNL>RDB	RDKE�OTA>SHLDRSDO

RDKE�BA5HLDQ


deýnes a timer that calls the RDKE�BA5HLDQ function every RDKE�OTA>SHLDRSDOsec-
onds.

4.8.4.8.Timer callbackTimer callback
Contents:

CDE�BA5HLDQ	RDKEDUDMS
�
RHMFDQ���)DKKN(NNCAXD	

��4HLTK@SD�GD@QHMF�RNLDSGHMF
LRF���4SQHMF	

LRF�C@S@���RHMFDQ�RHMF	�CTBJHDSNVM�

RDKE�OTA>SNOHB>M@LD�OTAKHRG	LRF


Everyt ime the timer ticks, a message is generated and published.

4.9.4.9.Subscriber callbackSubscriber callback
Contents:

CDE�BA5NOHB	RDKELRF
�
QNROX�KNFHMEN	�;�R=��R���	RDKE�MNCD>M@LDLRF�C@S@



Every time a message is published to ]SNOHB>A, the BA5NOHBfunction is called. It sim-
ply prints the message using QNROX�KNFHMEN.

4.10.4.10.Launch FileLaunch File
You should always write a launch ýle to launch a node. It also serves as a documenta-
tion on the I/O of the node.

LetÕs take a look atK@TMBG�SDRS�K@TMBG.

�K@TMBG�
�MNCD�M@LD��S@KJDQ��OJF��OJF>M@LD��SXOD��S@KJDQ�OX��NTSOTS��RBQDDM��

�O@Q@L�M@LD��]OTA>SHLDRSDO��U@KTD��������

�QDL@O�EQNL��]SNOHB>A��SN��]SNOHB>@���
��MNCD�

��K@TMBG�

For the �MNCD� , the M@LD specify the name of the node, which overwrites

� � ������ �!�"� ���� ��� ��� )����

https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/35_ros/45-ROS-pkg_name.md
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/35_ros/45-ROS-pkg_name.md
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/35_ros/45-ROS-pkg_name.md


^

QNROX�HMHS>MNCD	
in the >>L@HM>>of S@KJDQ�OX. The OJF and SXOD specify the
package and the script of the node, in this case itÕs S@KJDQ�OX.

DonÕt forget the �OX in the end (and remember to make the ýle executable through
BGLNC).

The NTSOTS��RBQDDM� direct all the QNROX�KNFHMENto the screen, without this you
wonÕt see any printouts (useful when you want to suppress a node thatÕs too talkative.)

The �O@Q@L�can be used to set the parameters. Here we set the ]OTA>SHLDRSDOto ��� .
Note that in this case this sets the value of S@KJDQ�OTA>SHLDRSDOto ��� .

The �QDL@O� is used to remap the topic names. In this case we are replacing ]SNOHB>A

with ]SNOHB>@so that the subscriber of the node actually listens to its own publisher.
Replace the line with

�QDL@O�EQNL��]SNOHB>A��SN��S@KJDQ�SNOHB>@���

will have the same eÿect. This is redundant in this case but very useful when you want
to subscribe to a topic published by another node.

4.11.4.11.TTesting the nodeesting the node
First of all, you have to B@SJHM ATHKCthe package even if it only uses Python. B@SJHM

makes sure that the modules in the include folder and the messages are available to the
whole workspace. You can do so by

� BC �Z%6$,*&507/>3005\�B@SJHM>VR
� B@SJHMATHKC

Ask ROS to re-index the packages so that you can auto-complete most things.

� QNRO@BJOQN_KD

Now you can launch the node by the launch ýle.

� QNRK@TMBGOJF>M@LDSDRS�K@TMBG

You should see something like this in the terminal:

� ������ �!�"� ���� ��� ��� )���� �

https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/35_ros/45-ROS-pkg_name.md


����KNFFHMF�SN��GNLD� ;9.85*4. ��QNR�KNF�
C�CA�B���A������D��������B���EA�E�DC�QNRK@TMBG� 86+6:�5*4. �������KNF
$GDBJHMF�KNF�CHQDBSNQX�ENQ�CHRJ�TR@FD��5GHR�L@X�S@JD�@VGHKD�
1QDRR�$SQK�$�SN�HMSDQQTOS
%NMD�BGDBJHMF�KNF�_KD�CHRJ�TR@FD��6R@FD�HR��(#�

RS@QSDC�QNRK@TMBG�RDQUDQ�GSSO���86+6:�5*4. �KNB@K�������

46.."39
��������

1"3".&5&34
���QNRCHRSQN���304>%*4530
���QNRUDQRHNM���������
���S@KJDQ�OTA>SHLDRSDO�����

/0%&4
�

S@KJDQ�	OJF>M@LD�S@KJDQ�OX


@TSN�RS@QSHMF�MDV�L@RSDQ
OQNBDRR;L@RSDQ=��RS@QSDC�VHSG�OHC�;�����=
304>."45&3>63*�GSSO���KNB@KGNRS������

RDSSHMF��QTM>HC�SN�C�CA�B���A������D��������B���EA�E�DC
OQNBDRR;QNRNTS��=��RS@QSDC�VHSG�OHC�;�����=
RS@QSDC�BNQD�RDQUHBD�;�QNRNTS=
OQNBDRR;S@KJDQ��=��RS@QSDC�VHSG�OHC�;�����=
;*/'0=�;7@KK5HLD�������������������=�;�S@KJDQ=�*MHSH@KYHMF�
;*/'0=�;7@KK5HLD�������������������=�;�S@KJDQ=�]OTA>SHLDRSDO������
;*/'0=�;7@KK5HLD�������������������=�;�S@KJDQ=�*MHSH@KYDC�
;*/'0=�;7@KK5HLD�������������������=�;�S@KJDQ=�(NNCAXD�CTBJHDSNVM�
;*/'0=�;7@KK5HLD�������������������=�;�S@KJDQ=�)DKKN�CTBJHDSNVM�
;*/'0=�;7@KK5HLD�������������������=�;�S@KJDQ=�(NNCAXD�CTBJHDSNVM�
;*/'0=�;7@KK5HLD�������������������=�;�S@KJDQ=�)DKKN�CTBJHDSNVM�
;*/'0=�;7@KK5HLD�������������������=�;�S@KJDQ=�(NNCAXD�CTBJHDSNVM�
;*/'0=�;7@KK5HLD�������������������=�;�S@KJDQ=�(NNCAXD�CTBJHDSNVM�

Open another terminal and run:

� QNRSNOHBKHRS

You should see

�QNRNTS
�QNRNTS>@FF
�S@KJDQ�SNOHB>@

� � ������ �!�"� ���� ��� ��� )����



^

In the same terminal, run:

� QNRO@Q@LKHRS

You should see the list of parameters, including �S@KJDQ�OTA>SHLDRSDO.

You can see the parameters and the values of theS@KJDQnode with

� QNRO@Q@LFDS �S@KJDQ

4.12.4.12.AAdding a command line pardding a command line parametameterer
You can register a parameter in the launch ýle such that it is added to the ROS para-
meter dictionary. This allows you to call QNROX�FDS>O@Q@L	
on you parameter from
S@KJDQ�OX.

Edit your launch ýle to look like this:

�K@TMBG�
�@QF�M@LD��OTA>SHLDRSDO��CDE@TKS���������
�MNCD�M@LD��S@KJDQ��OJF��OJF>M@LD��SXOD��S@KJDQ�OX��NTSOTS��RBQDDM��

�O@Q@L�M@LD��]OTA>SHLDRSDO��U@KTD���	@QF�OTA>SHLDRSDO
���

�QDL@O�EQNL��]SNOHB>A��SN��]SNOHB>@���
��MNCD�

��K@TMBG�

Previously, you should have had the line �O@Q@L M@LD��]OTA>SHLDRSDO� U@KTD������

�� inside of the node tags. This sets a parameter of value ��� to be called �S@KJDQ�

OTA>SHLDRSDO. (Remeber that the tilde preýxes the variable with the current name-
space). By adding the line �@QF M@LD��OTA>SHLDRSDO� CDE@TKS���� �� , we are telling
the program to look for a parameter on the command line called OTA>SHLDRSDO, and
that if it doesnÕt ýnd one, to use the value one. Then,U@KTD��	@QF OTA>SHLDRSDO
re-
trieves the value set in the previous line.

Within S@KJDQ�OX, we can get the value of the inputted parameter. You should already
have the line:

RDKE�OTA>SHLDRSDO���RDKE�RDSTO1@Q@LDSDQ	�]OTA>SHLDRSDO�����


This calles the talkerÕs RDSTO1@Q@LDSDQmethod, which contains the line:

U@KTD���QNROX�FDS>O@Q@L	O@Q@L>M@LDCDE@TKS>U@KTD


Where ]OTA>SHLDRSDOis passed in asO@Q@OL>M@LDand ��� is passed in as the default
value. Now that we have edited the launch ýle to accept a command line argument,
U@KTDshould be the value which is given on the command line, rather than ��� .

You can test that this works by calling QNRK@TMBGwith the added parameter:

� ������ �!�"� ���� ��� ��� )���� 	

https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/35_ros/45-ROS-pkg_name.md


^

^

� QNRK@TMBGOJF>M@LDSDRS�K@TMBGOTA>SHLDRSDO���

This should cause the time between messages to become three seconds.

The functions QNRO@Q@L KHRSand QNRO@Q@L HMEN ;O@Q@L=are useful in debugging
issues with registering a parameter.

4.13.4.13.DocumentationDocumentation
You should document the parameters and the publish/subscribe topic names of each
node in your package. The user should not have to look at the source code to ýgure out
how to use the nodes.

4.14.4.14.GuidelinesGuidelines
¥ Make sure to put all topics (publish or subscribe) and parameters under the name-
space of the node with] . This makes sure that the IO of the node is crystal clear.

¥ Always include the name of the node in the printouts.

¥ Always provide a launch ýle that includes all the parameters (using �O@Q@L�) and
topics (using �QDL@O�) with each node.


 � ������ �!�"� ���� ��� ��� )����

https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/35_ros/45-ROS-pkg_name.md
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/35_ros/45-ROS-pkg_name.md


^
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UUNITNIT J-5J-5

Using RUsing ROS bagsOS bags

Maintainer: Russell Buchanan

rrosbagsosbagsare a system for logging data in ROS. You can think of it as a node which sub-
scribes to any topic you specify and records every message that is receives. rosbags
can then play back the messages

5.1.5.1.CommandsCommands

� QNRA@FQDBNQC�SNOHB M@LDR� �0 A@FM@LD
� QNRA@FHMEN
� QNRA@FOK@X�A@F _KD M@LD�

https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/35_ros/70_ros_logs.md
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/35_ros/70_ros_logs.md


^

^

^

^

UUNITNIT J-6J-6

Useful CommandsUseful Commands

Here are just a few useful commands that can help with debugging

6.1.6.1.NNodes, Todes, Topics, Servicesopics, Services
See all topic names:

� QNRSNOHBKHRS

Print topic messages to terminal:

� QNRSNOHBDBGN :672,�5*4.

See frequency of messages published on topic:

� QNRSNOHBGY :672,�5*4.

See which node is publishing and subscribing to a topic

� QNRNSOHBHMEN :672,�5*4.

6.2.6.2.rrqtqt
rqt is a collection of packages and tools for debugging in ROS

See a graph of all nodes and topics:

� QPS>FQ@OG

Here is an example graph.

6.3.6.3.rvizrviz
rviz is a tool for visualizing data from topics.

�

https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/35_ros/99_commands.md
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/35_ros/99_commands.md
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/35_ros/99_commands.md
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/35_ros/99_commands.md


� QUHY

On the left panel you can add visualizations based on message type for topic.

$ "��$� �� ������" 



^

^

^
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UUNITNIT J-7J-7

NNaming Conaming Convventionsentions

7.1.7.1.NNodesodes

7.2.7.2.TTopicsopics

7.3.7.3.MessagMessageses

�

https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/35_ros/pics/04_naming.md
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/35_ros/pics/04_naming.md
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/35_ros/pics/04_naming.md
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/35_ros/pics/04_naming.md


^

PPARARTT KK

RROS devOS development basics - Exelopment basics - Exerercisescises

https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/36_ros_exercises/00_part_exercises_images.md
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UUNITNIT KK-1-1

ExExerercise: Simple data analysis frcise: Simple data analysis from a bagom a bag

Assigned tAssigned to:o: Andrea Daniele

1.1.1.1.Skills learnedSkills learned
¥ Reading Bag ýles.

¥ Statistics functions (mean, median) in Numpy.

¥ Use YAML format.

1.2.1.2.InstructionsInstructions
Create an implementation of CS�A@F�@M@KXYDaccording to the speciýcation be-
low.

1.3.1.3.SpecifSpecification forication for � ���������%&�
Create a program that summarizes the statistics of data in a bag ýle.

� CS�A@F�@M@KXYD+*0�?3.

Compute, for each topic in the bag:

¥ The total number of messages.

¥ The minimum, maximum, average, and median interval between successive
messages, represented in seconds.

Print out the statistics using the YAML format. Example output:

� CS�A@F�@M@KXYD+*0�?3.
� :672,�5*4. ��

MTL>LDRR@FDR�<*3;.
ODQHNC�

LHM� <*3;.
L@W� <*3;.
@UDQ@FD�<*3;.
LDCH@M� <*3;.

1.4.1.4.Useful APIsUseful APIs

1)1) RRead a Read a ROS bagOS bag

A bag is a ýle format in ROS for storing ROS message data. The package QNRA@F

deýnes the class#@Fthat provides all the methods needed to serialize messages to

��

https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/36_ros_exercises/25_exercise_ros_logs.md
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/36_ros_exercises/25_exercise_ros_logs.md
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/36_ros_exercises/25_exercise_ros_logs.md
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/36_ros_exercises/25_exercise_ros_logs.md
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/36_ros_exercises/25_exercise_ros_logs.md
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/36_ros_exercises/25_exercise_ros_logs.md
http://docs.ros.org/api/rosbag/html/python/


^

^

and from a single ýle on disk using the bag format.

2)2) Time in RTime in ROSOS

In ROS the time is stored as an object of typeQNRSHLD�5HLD. An object S , instance
of QNRSHLD�5HLD, represents a time instant as the number of seconds since epoch
(stored in S�RDBR) and the number of nanoseconds sinceS�RDBR (stored in
S�MRDBR). The utility function S�SN>RDB	
 returns the time (in seconds) as a üoat-
ing number.

1.5.1.5.TTest that it west that it worksorks
Download the ROS bagDW@LOKD>QNRA@F>)��A@F. Run your program on it and com-
pare the results:

� CS�A@F�@M@KXYDDW@LOKD>QNRA@F�A@F
�SDRK@�B@LDQ@>MNCD�B@LDQ@>HMEN�

MTL>LDRR@FDR����
ODQHNC�

LHM� ����
L@W� ����
@UDQ@FD�����
LDCH@M�����

�SDRK@�KHMD>CDSDBSNQ>MNCD�RDFLDMS>KHRS�
MTL>LDRR@FDR����
ODQHNC�

LHM� ����
L@W� ����
@UDQ@FD�����
LDCH@M����

�SDRK@�VGDDKR>CQHUDQ>MNCD�VGDDKR>BLC�
MTL>LDRR@FDR���
ODQHNC�

LHM� ����
L@W� ����
@UDQ@FD�����
LDCH@M�����

� '�!��"� ��" ����� � �� #� � ���� ("�" � �!�� � � � ��� ��

https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/36_ros_exercises/25_exercise_ros_logs.md
http://docs.ros.org/diamondback/api/rospy/html/rospy.rostime.Time-class.html
http://docs.ros.org/diamondback/api/rospy/html/rospy.rostime.Time-class.html
http://docs.ros.org/diamondback/api/rospy/html/roslib.rostime.TVal-class.html#to_sec
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/36_ros_exercises/25_exercise_ros_logs.md
https://www.dropbox.com/s/11t9p8efzjy1az9/example_rosbag_H3.bag?dl=1
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UUNITNIT KK-2-2

ExExerercise: Bag in, bag outcise: Bag in, bag out

Assigned tAssigned to:o: Andrea Daniele

2.1.2.1.Skills learnedSkills learned
¥ Processing the contents of a bag to produce another bag.

2.2.2.2.InstructionsInstructions
Implement the program CS�A@F�CDBHL@SDas speciýed below.

2.3.2.3.SpecifSpecification ofication of � ����������� �
The program CS�A@F�CDBHL@SDtakes as argument a bag ýlename, an integer value
greater than zero, and an output bag ýle:

� CS�A@F�CDBHL@SD� 257;:�+*0 � 5 � 6;:7;:�+*0 �

The output bag contains the same topics as the input bag, however, only 1 in M

messages from each topic are written. (If M is 1, the output is the same as the in-
put.)

2.4.2.4.Useful new APIsUseful new APIs

1)1) CrCreateate a new Bage a new Bag

In ROS, a new bag can be created by specifying the modeV (i.e., write) while in-
stantiating the classQNRA@F�#@F.

For example:

EQNL�QNRA@F�HLONQS�#@F
MDV>A@F���#@F	���NTSOTS>A@F�A@F��LNCD��V�


Visit the documentation page for the classQNRA@F�#@Ffor further information.

2)2) WWritrite message message te to a Bago a Bag

A ROS bag instantiated in writ e mode accepts messages through the function
VQHSD	
 .

2.5.2.5.Check that it wCheck that it worksorks

��

https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/36_ros_exercises/26_exercise_bag_decimate.md
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/36_ros_exercises/26_exercise_bag_decimate.md
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/36_ros_exercises/26_exercise_bag_decimate.md
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/36_ros_exercises/26_exercise_bag_decimate.md
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/36_ros_exercises/26_exercise_bag_decimate.md
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/36_ros_exercises/26_exercise_bag_decimate.md
http://docs.ros.org/api/rosbag/html/python/
http://docs.ros.org/api/rosbag/html/python/
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/36_ros_exercises/26_exercise_bag_decimate.md
http://docs.ros.org/api/rosbag/html/python/rosbag.bag.Bag-class.html#write
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/36_ros_exercises/26_exercise_bag_decimate.md


To check that the program works, you can compute the statistics of the data using
the program CS�A@F�@M@KXYDthat you have created in Unit A -3 - Exercise: Simple
data analysis from a bag.

You should see that the statistics have changed.

� '�!��"� ��� �� � �� �� ��� � �$# �	

https://docs.duckietown.org/DT18/exercises/out/exercise_bag_analysis.html
https://docs.duckietown.org/DT18/exercises/out/exercise_bag_analysis.html
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UUNITNIT KK-3-3

ExExerercise: Bag thumbnailscise: Bag thumbnails

Assigned tAssigned to:o: Andrea Daniele

3.1.3.1.Skills learnedSkills learned
¥ Reading images from images topic in a bag ýle.

3.2.3.2.InstructionsInstructions
Writ e a program CS�A@F�SGTLAM@HKRas speciýed below.

3.3.3.3.SpecifSpecification forication for � ����� �!�������
The program CS�A@F�SGTLAM@HKRcreates thumbnails for some image stream topic in
a bag ýle.

The syntax is:

� CS�A@F�SGTLAM@HKR+*0 :672, 6;:7;:)-28

This should create the ýles:

6;:7;:)-28 �������IOF
6;:7;:)-28 �������IOF
6;:7;:)-28 �������IOF
6;:7;:)-28 �������IOF
6;:7;:)-28 �������IOF

���

where the progressive number is an incremental counter for the frames.

3.4.3.4.TTest dataest data
If you donÕt have a ROS bag to work on, you can download the test bagDW@LOKD>QNR�

A@F>)��A@F. You should be able to get a total of 653 frames out of it.

3.5.3.5.Useful APIsUseful APIs

1)1) RRead imagead image fre from a tom a topicopic

The CTBJHDSNVM>TSHKR(unknown r(unknown ref softwef softwarare_deve_devel/duckietel/duckietown-utilsown-utils-libr-library)ary)

previouswwarningarning next (3 of 7)index

�
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/tmp/mcdp_tmp_dir-root/prince_renderFUqSNL/warnings.html


^

=*85250

*�VHKK�HFMNQD�SGHR�ADB@TRD�HS�HR�@M�DWSDQM@K�KHMJ�

��*�CN�MNS�JMNV�VG@S�HR�HMCHB@SDC�AX�SGD�KHMJ
��RNESV@QD>CDUDK�CTBJHDSNVM�TSHKR�KHAQ@QX��

Location not known more precisely.

Created by function BGDBJ>HE>@MX>GQDE>HR>HMU@KHCin module
LBCO>CNBR�BGDBJ>LHRRHMF>KHMJR.

package provides the utility function QFA>EQNL>QNR	
(unknown r(unknown r ef softwef softwarare_deve_devel/el/
duckietduckietown_utilsown_utils-rgb_fr-rgb_from_rom_ros)os)

previouswwarningarning next (4 of 7)index
=*85250

*�VHKK�HFMNQD�SGHR�ADB@TRD�HS�HR�@M�DWSDQM@K�KHMJ�

��*�CN�MNS�JMNV�VG@S�HR�HMCHB@SDC�AX�SGD�KHMJ
��RNESV@QD>CDUDK�CTBJHDSNVM>TSHKR�QFA>EQNL>QNR��

Location not known more precisely.

Created by function BGDBJ>HE>@MX>GQDE>HR>HMU@KHCin module
LBCO>CNBR�BGDBJ>LHRRHMF>KHMJR.

that processes a ROS message and returns the RGB image it contains (if any).

2)2) Color space conColor space convversionersion

In OpenCV, an image can be converted from one color space (e.g., BGR) to another
supported color space (e.g., RGB). OpenCV provides a list of supported conversions.
A $NKNQ$NMUDQRHNM$NCDdeýnes a conversion between two diÿerent color spaces. An
exhaustive list of color conversion codes can be foundhere. The conversion from a
color space to another is done with the functionBU�BUS$NKNQ.

� '�!��"� ��� �� �#�$������" ��

/tmp/mcdp_tmp_dir-root/prince_renderFUqSNL/warnings.html
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/36_ros_exercises/26_exercise_bag_thumbnails.md
http://docs.opencv.org/3.3.0/d7/d1b/group__imgproc__misc.html#ga4e0972be5de079fed4e3a10e24ef5ef0
http://docs.opencv.org/2.4/modules/imgproc/doc/miscellaneous_transformations.html#cv2.cvtColor
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UUNITNIT KK-4-4

ExExerercise: Instagrcise: Instagram fam filtilt ersers

Assigned tAssigned to:o: Andrea Daniele

4.1.4.1.Skills learnedSkills learned
¥ Image pixel representation;

¥ Image manipulation;

¥ The idea that we can manipulate operations as objects, and refer to them (high-
er-order computation);

¥ The idea that we can compose operations, and sometimes the operations do
commute, while sometimes they do not.

4.2.4.2.InstructionsInstructions
Create CS�HMRS@FQ@Las speciýed below.

4.3.4.3.SpecifSpecification forication for � ���� �����
Writ e a program CS�HMRS@FQ@Lthat applies a list of ýlters to an image.

The syntax to invoke the program is:

� CS�HMRS@FQ@L24*0.�25 ?3:.89 24*0.�6;:

where:

¥ 24*0.�25 is the input image;

¥ ?3:.89 is a string, which is a colon-separated list of ýlters;

¥ 24*0.�6;: is the output image.

The list of ýlters is given in Subsection 4.3.1 - List of ýlters.

For example, the result of the command:

� CS�HMRS@FQ@LHL@FD�IOF `HO�GNQHYNMS@K�FQ@XRB@KDNTS�IOF

is that NTS�IOF contains the input image, üipped and than converted to grayscale.

Because these two commute, this command gives the same output:

� CS�HMRS@FQ@LHL@FD�IOF FQ@XRB@KD�`HO�GNQHYNMS@KNTS�IOF

1)1) List of fList of filtilt ersers

Here is the list of possible values for the ýlters, and their eÿect:

��

https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/36_ros_exercises/28_exercise_img_instagram.md
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^

^

¥ `HO�UDQSHB@K: üips the image vertically

¥ `HO�GNQHYNMS@K: üips the image horizontally

¥ FQ@XRB@KD: Makes the image grayscale

¥ RDOH@: make the image sepia

4.4.4.4.Useful new APIsUseful new APIs

1)1) User defUser defined fined filtilt ersers

In OpenCV it is possible to deýne custom ýlt ers and apply them to an image. A
linear ýlt er (e.g., sepia) is deýned by a linear 9-dimensional kernel. The RDOH@ýl-
ter is deýned as:

A linear kernel describing a color ýlter deýnes a linear transformation in the color
space. A transformation can be applied to an image in OpenCV by using the func-
tion SQ@MRENQL	
.

� '�!��"� ��� �"# ��!�� � ��� #�!" �

https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/36_ros_exercises/28_exercise_img_instagram.md
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/36_ros_exercises/28_exercise_img_instagram.md
http://docs.opencv.org/2.4/modules/core/doc/operations_on_arrays.html#cv2.transform
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UUNITNIT KK-5-5

ExExerercise: Bag instagrcise: Bag instagramam

Assigned tAssigned to:o: Andrea Daniele

5.1.5.1.InstructionsInstructions
Create CS�A@F�HMRS@FQ@Las speciýed below.

5.2.5.2.SpecifSpecification forication for � �������� �����
Writ e a program CS�A@F�HMRS@FQ@Lthat applies a ýlter to a stream of images
stored in a ROS bag.

The syntax to invoke the program is:

� CS�A@F�HMRS@FQ@L+*0�25 :672, ?3:.89 +*0�6;:

where:

��? +*0�25 ?�HR�SGD�HMOTS�A@F�
��? :672, ?�HR�@�RSQHMF�BNMS@HMHMF�SGD�SNOHB�SN�OQNBDRR�
��? ?3:.89 ?�HR�@�RSQHMF�VGHBG�HR�@�BNKNM�RDO@Q@SDC�KHRS�NE�_KSDQR�
��? +*0�6;: ?�HR�SGD�NTSOTS�A@F�

5.3.5.3.TTest dataest data
If you donÕt have a ROS bag to work on, you can download the test bagDW@L�

OKD>QNRA@F>)��A@F.

5.4.5.4.Useful new APIsUseful new APIs

1)1) ComprCompress an BGR imagess an BGR image inte into ao a���������������������	���� messagmessagee

The CTBJHDSNVM>TSHKR(unknown r(unknown ref softwef softwarare_deve_devel/duckietel/duckietown-utilsown-utils-libr-library)ary)

previouswwarningarning next (5 of 7)index
=*85250

*�VHKK�HFMNQD�SGHR�ADB@TRD�HS�HR�@M�DWSDQM@K�KHMJ�

��*�CN�MNS�JMNV�VG@S�HR�HMCHB@SDC�AX�SGD�KHMJ
��RNESV@QD>CDUDK�CTBJHDSNVM�TSHKR�KHAQ@QX��

Location not known more precisely.

Created by function BGDBJ>HE>@MX>GQDE>HR>HMU@KHCin module

��
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^

LBCO>CNBR�BGDBJ>LHRRHMF>KHMJR.

package provides the utility function C�>BNLOQDRRDC>HL@FD>EQNL>BU>HL�
@FD	
 (unknown r(unknown ref softwef softwarare_deve_devel/duckietel/duckietown_utilsown_utils-d8_compr-d8_compressed_imagessed_image_fre_from_cv_imagom_cv_image)e)

previouswwarningarning next (6 of 7)index
=*85250

*�VHKK�HFMNQD�SGHR�ADB@TRD�HS�HR�@M�DWSDQM@K�KHMJ�

��*�CN�MNS�JMNV�VG@S�HR�HMCHB@SDC�AX�SGD�KHMJ
��RNESV@QD>CDUDK�CTBJHDSNVM>TSHKR�C�>BNLOQDRRDC>HL�
@FD>EQNL>BU>HL@FD��

Location not known more precisely.

Created by function BGDBJ>HE>@MX>GQDE>HR>HMU@KHCin module
LBCO>CNBR�BGDBJ>LHRRHMF>KHMJR.

that takes a BGR image, compresses it and wraps it into a RDMRNQ>LRFR�$NL�
OQDRRDC*L@FDROS message.

5.5.5.5.Check that it wCheck that it worksorks
Play your +*0 6;: ROS bag ýle and run the following command to make sure that
your program is working.

� QNRQTMHL@FD>UHDVHL@FD>UHDVHL@FD�� :672, >HL@FD>SQ@MRONQS��BNL�
OQDRRDC

� '�!��"� ��� �� � ��"# ��!�� ��

/tmp/mcdp_tmp_dir-root/prince_renderFUqSNL/warnings.html
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^

^

^
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UUNITNIT KK-6-6

ExExerercise: Livcise: Live Instagre Instagramam

Assigned tAssigned to:o: Andrea Daniele

6.1.6.1.Skills learnedSkills learned
¥ Live image processing

6.2.6.2.InstructionsInstructions
You may ýnd useful: (unknown r(unknown ref softwef softwarare_deve_devel/rel/rosos-python-howt-python-howto)o)

previouswwarningarning (7 of 7)index
=*85250

*�VHKK�HFMNQD�SGHR�ADB@TRD�HS�HR�@M�DWSDQM@K�KHMJ�

��*�CN�MNS�JMNV�VG@S�HR�HMCHB@SDC�AX�SGD�KHMJ
��RNESV@QD>CDUDK�QNR�OXSGNM�GNVSN��

Location not known more precisely.

Created by function BGDBJ>HE>@MX>GQDE>HR>HMU@KHCin module
LBCO>CNBR�BGDBJ>LHRRHMF>KHMJR.

. That tutorial is about listening to text messages and writing back text messages.
Here, we apply the same principle, but to images.
Create a ROS node that takes camera images and applies a given operation, as
speciýed in the next section, and then publishes it.

6.3.6.3. SpecifSpecification for the nodeication for the node � ��"���� ����� robot
name ����
Create a ROS nodeCS>KHUD>HMRS@FQ@L>86+6: 5*4. >MNCDthat takes a parameter
called _KSDQ, where the ýlter is something from the list Subsection 4.3.1 - List of
ýlt ers.

You should launch your camera and joystick from Ô~/duckietownÕ with

� L@JD CDLN�INXRSHBJ�B@LDQ@

Then launch your node with

� QNRK@TMBGCS>KHUD>HMRS@FQ@L>86+6:�5*4. CS>KHUD>HMRS@FQ@L>86+6:
5*4. >MNCD�K@TMBG�_KSDQ��?3:.8

This program should do the following:

��
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^

¥ Subscribe to the camera images, by ýnding a topic that is called ��� �BNL�

OQDRRDC. Call the name of the topic :672, (i.e., :672, = ��� ).

¥ Publish to the topic :672, � ?3:.8 �BNLOQDRRDCa stream of images (i.e., video
frames) where the ýlter is applied to the images.

6.4.6.4.Check that it wCheck that it worksorks

� QPS>HL@FD>UHDV

and look at :672, � ?3:.8 �BNLOQDRRDC

� '�!��"� ��� �%� �� �"# ��!�� ��

https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/36_ros_exercises/30_exercise_live_instagram.md
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UUNITNIT KK-7-7

ExExerercise: Acise: Augmentugmented Red Realityeality

Assigned tAssigned to:o: Jonathan Michaux and Dzenan Lapandic

7.1.7.1.Skills learnedSkills learned
¥ Understanding of all the steps in the image pipeline.

¥ Writing markers on images to aid in debugging.

7.2.7.2.IntrIntr oductionoduction
During the lectures, we have explained one direction of the image pipeline:

HL@FD����;ED@STQD�DWSQ@BSHNM=�����%�ED@STQDR����;FQNTMC�OQNIDBSHNM=
����%�VNQKC�BNNQCHM@SDR

In this exercise, we are going to look at the pipeline in the opposite direction.

It is often said that:

ÒThe inverse of computer vision is computer graphics.Ó

The inverse pipeline looks like this:

�%�VNQKC�BNNQCHM@SDR����;HL@FD�OQNIDBSHNM=�����%�ED@STQDR����;QDMCDQ�
HMF=����HL@FD

7.3.7.3.InstructionsInstructions
¥ Do intrinsics/extrinsics camera calibration of your robot as per the instructions.

¥ Writ e the ROS node speciýed below inSection 9.4 - Speciýcation ofCS>@TFLDMS�

DC>QD@KHSX.

Then verify the results in the following 3 situations.

1)1) Situation 1: CalibrSituation 1: Calibration patation pattternern

¥ Put the robot in the middle of the calibration pattern.

¥ Run the program CS>@TFLDMSDC>QD@KHSXwith map ýle B@KHAQ@SHNM>O@S�

SDQM�X@LK.

(Adjust the position until you get perfect match of reality and augmented reality.)

2)2) Situation 2: LaneSituation 2: Lane

¥ Put the robot in the middle of a lane.

¥ Run the program CS>@TFLDMSDC>QD@KHSXwith map ýle K@MD�X@LK.

��
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^

^

^

(Adjust the position until you get a perfect match of reality and augmented reality.)

3)3) Situation 3: IntSituation 3: Intersectionersection

¥ Put the robot at a stop line at a 4-way intersection in Duckietown.

¥ Run the program CS>@TFLDMSDC>QD@KHSXwith map ýle HMSDQRDB�

SHNM>�V@X�X@LK.

(Adjust the position until you get a perfect match of reality and augmented reality.)

4)4) SubmissionSubmission

Submit the images according to location-speciýc instructions.

7.4.7.4.SpecifSpecification ofication of � �!���� ������� %
In this assignment you will be writing a ROS package to perform the augmented re-
ality exercise. The program will be invoked with the following syntax:

� QNRK@TMBGCS>@TFLDMSDC>QD@KHSX�86+6:�5*4. @TFLDMSDQ�K@TMBG
L@O>_KD�� 4*7�?3. QNANS>M@LD��86+6:�5*4. KNB@K���

where 4*7 ?3. is a YAML ýle containing the map (speciýed in Section 9.5 - Speci-
ýcation of the map).

If 86+6:�5*4. is not given, it defaults to the hostname.

The program does the following:

1. It loads the intrinsic / extrinsic calibration parameters for the given robot.

2. It reads the map ýle.

3. It list ens to the image topic � 86+6: 5*4. �B@LDQ@>MNCD�HL@FD�BNL�
OQDRRDC.

4. It r eads each image, projects the map features onto the image, and then writes
the resulting image to the topic /![r obot name]/AR/![map ýle basename]/image/
compressed

where 4*7�?3.�+*9.5*4. is the basename of the ýle without the extension.

We provide you with ROS package template that contains the "TFLDMSDC3D@KH�

SX/NCD. By default, launching the "TFLDMSDC3D@KHSX/NCDshould publish raw im-
ages from the camera on the new � 86+6: 5*4. �"3� 4*7 ?3. +*9.5*4. �HL@FD�BNL�

OQDRRDCtopic.

In order to complete this exercise, you will have to ýll in the missing details of the
"TFLDMSDQclass by doing the following:

1. Implement a method calledOQNBDRR>HL@FDthat undistorts raw images.

2. Implement a method called FQNTMC�OHWDKthat transforms points in ground
coordinates (i.e. the robot reference frame) to pixels in the image.

3. Implement a method called B@KKA@BJthat writ es the augmented image to the
appropriate topic.

� '�!��"� ��� $����#�� �! ����#( �	
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^

^

7.5.7.5.SpecifSpecification of the mapication of the map
The map ýle contains a 3D polygon, deýned as a list of points and a list of segments
that join those points.

The format is similar to any data structure for 3D computer graphics, with a few
changes:

1. Points are referred to by name.

2. It is possible to specify a reference frame for each point. (This will help make this
into a general tool for debugging various types of problems).

Here is an example of the ýle contents, hopefully self-explanatory.

The following map ýle describes 3 points, and two lines.

ONHMSR�
��CD_MD�SGQDD�M@LDC�ONHMSR��BDMSDQ�KDES�QHFGS
BDMSDQ��;@WKD�;�����==���;QDEDQDMBD�EQ@LD�BNNQCHM@SDR=
KDES��;@WKD�;���������==
QHFGS��;@WKD�;����������==

RDFLDMSR�
��ONHMSR��;BDMSDQ�KDES=

BNKNQ��;QFA�;�����==
��ONHMSR��;BDMSDQ�QHFGS=

BNKNQ��;QFA�;�����==

1)1) RRefereference frence frame specifame specificationication

The reference frames are deýned as follows:

¥ @WKD: center of the axle; coordinates are 3D.

¥ B@LDQ@: camera frame; coordinates are 3D.

¥ HL@FD�� : a reference frame in which 0,0 is top left, and 1,1 is bottom right of the
image; coordinates are 2D.

(Other image frames will be introduced later, such as theVNQKCand SHKD reference
frame, which need the knowledge of the location of the robot.)

2)2) Color specifColor specificationication

RGB colors are written as:

;QFA�; !  �  � ==

where the RGB values are between 0 and 1.

Moreover, we support the following strings:

¥ QDCis equivalent to ;QFA�;���==

¥ FQDDMis equivalent to ;QFA�;���==

¥ AKTD is equivalent to ;QFA�;���==

¥ XDKKNVis equivalent to ;QFA�;���==

¥ L@FDMS@is equivalent to ;QFA�;���==

¥ BX@Mis equivalent to ;QFA�;���==

�
 � '�!��"� ��� $����#�� �! ����#(
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^

^

¥ VGHSDis equivalent to ;QFA�;���=

¥ AK@BJis equivalent to ;QFA�;���==

7.6.7.6.ÒMapÒMapÓ fÓ filesiles

1)1) �!��%���

This pattern serves as a simple test that we can draw lines in image coordinates:

ONHMSR�
5-��;HL@FD���;���==
53��;HL@FD���;���==
#3��;HL@FD���;���==
#-��;HL@FD���;���==

RDFLDMSR�
��ONHMSR��;5-�53=

BNKNQ��QDC
��ONHMSR��;53�#3=

BNKNQ��FQDDM
��ONHMSR��;#3�#-=

BNKNQ��AKTD
��ONHMSR��;#-�5-=

BNKNQ��XDKKNV

The expected result is to put a border around the image: red on the top, green on the
right, blue on the bottom, yellow on the left.

2)2) ������� �����  ����%���

This pattern is based oÿ the checkerboard calibration target used in estimating the
intrinsic and extrinsic camera parameters:

ONHMSR�
5-��;@WKD�;�������������==
53��;@WKD�;��������������==
#3��;@WKD�;��������������==
#-��;@WKD�;�������������==

RDFLDMSR�
��ONHMSR��;5-�53=

BNKNQ��QDC
��ONHMSR��;53�#3=

BNKNQ��FQDDM
��ONHMSR��;#3�#-=

BNKNQ��AKTD
��ONHMSR��;#-�5-=

BNKNQ��XDKKNV

The expected result is to put a border around the inside corners of the checkerboard:
red on the top, green on the right, blue on the bottom, yellow on the left.

� '�!��"� ��� $����#�� �! ����#( ��
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^

^

3)3) �����%���

We want something like this:

�
[���[����������[���[�������������[���[
[���[����������[���[�������������[���[
[���[����������[���[�������������[���[
[���[����������[���[�������������[���[
[���[����������[���[�������������[���[
[���[����������[���[�������������[���[

77������-�������79������-���������77
��������������������������������������

Then we have:

ONHMSR�
O���;@WKD�;����������==
P���;@WKD�;%���������==
O���;@WKD�;����������==
P���;@WKD�;%���������==
O���;@WKD�;����������==
P���;@WKD�;%���������==
O���;@WKD�;�����������==
P���;@WKD�;%����������==
O���;@WKD�;�����������==
P���;@WKD�;%����������==
O���;@WKD�;�����������==
P���;@WKD�;%����������==

RDFLDMSR�
��ONHMSR��;O��P�=

BNKNQ��VGHSD
��ONHMSR��;O��P�=

BNKNQ��VGHSD
��ONHMSR��;O��P�=

BNKNQ��XDKKNV
��ONHMSR��;O��P�=

BNKNQ��XDKKNV
��ONHMSR��;O��P�=

BNKNQ��VGHSD
��ONHMSR��;O��P�=

BNKNQ��VGHSD

4)4) �� ����� ����#�%�%���

�� � '�!��"� ��� $����#�� �! ����#(
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ONHMSR�
/-���;@WKD�;�������������==
/-���;@WKD�;�������������==
/-���;@WKD�;�������������==
/-���;@WKD�;�������������==
/-���;@WKD�;�������������==
/-���;@WKD�;���������������==
/-���;@WKD�;�������������==
/-���;@WKD�;�������������==
/$���;@WKD�;�������������==
/$���;@WKD�;�������������==
/$���;@WKD�;���������������==
/$���;@WKD�;���������������==
/3���;@WKD�;��������������==
/3���;@WKD�;��������������==
/3���;@WKD�;��������������==
/3���;@WKD�;��������������==
/3���;@WKD�;��������������==
/3���;@WKD�;��������������==
/3���;@WKD�;���������������==
/3���;@WKD�;��������������==
$-���;@WKD�;�������������==
$-���;@WKD�;�������������==
$-���;@WKD�;�������������==
$-���;@WKD�;�������������==
$3���;@WKD�;��������������==
$3���;@WKD�;��������������==
$3���;@WKD�;��������������==
$3���;@WKD�;��������������==
'-���;@WKD�;�������������==
'-���;@WKD�;�������������==
'-���;@WKD�;�������������==
'-���;@WKD�;�������������==
'-���;@WKD�;�������������==
'-���;@WKD�;���������������==
'-���;@WKD�;�������������==
'-���;@WKD�;�������������==
'$���;@WKD�;��������������==
'$���;@WKD�;���������������==
'$���;@WKD�;���������������==
'$���;@WKD�;���������������==
'3���;@WKD�;��������������==
'3���;@WKD�;��������������==
'3���;@WKD�;��������������==
'3���;@WKD�;��������������==
'3���;@WKD�;��������������==
'3���;@WKD�;��������������==
'3���;@WKD�;��������������==
'3���;@WKD�;��������������==

RDFLDMSR�
��ONHMSR��;/-��/-�=

BNKNQ��VGHSD
��ONHMSR��;/-��/-�=

BNKNQ��VGHSD

� '�!��"� ��� $����#�� �! ����#( �
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^
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7.7.7.7.SuggSuggestionsestions
Start by using the ýle GTC�X@LK. To visualize it, you do not need the calibration data.
It will be helpful t o make sure that you can do the easy parts of the exercise: loading
the map, and drawing the lines.

7.8.7.8.Useful APIsUseful APIs

1)1) Loading a map fLoading a map file:ile:

To load a map ýle, use the functionKN@C>L@Oprovided in CTBJHDSNVM>TSHKR:

EQNL�CTBJHDSNVM>TSHKR�HLONQS�KN@C>L@O

L@O>C@S@���KN@C>L@O	L@O>_KDM@LD


(Note that L@Ois a reserved symbol name in Python.)

2)2) RReading the calibreading the calibration data for a ration data for a robotobot

To load the intrinsic calibration parameters, use the functionKN@C>B@LDQ@>HMSQHM�

RHBRprovided in CTBJHDSNVM>TSHKR:

EQNL�CTBJHDSNVM>TSHKR�HLONQS�KN@C>B@LDQ@>HMSQHMRHBR

HMSQHMRHBR���KN@C>B@LDQ@>HMSQHMRHBR	QNANS>M@LD


To load theextrinsic calibration parameters (i.e. ground projection), use the function
KN@C>GNLNFQ@OGXprovided in CTBJHDSNVM>TSHKR:

EQNL�CTBJHDSNVM>TSHKR�HLONQS�KN@C>GNLNFQ@OGX

)���KN@C>GNLNFQ@OGX	QNANS>M@LD


3)3) PPath name manipulationath name manipulation

From a ýle name like ��O@SG�SN�L@O��X@LK� , you can obtain the basename without
extension X@LK by using the function FDS>A@RD>M@LDprovided in CTBJH�

DSNVM>TSHKR:

EQNL�CTBJHDSNVM>TSHKR�HLONQS�FDS>A@RD>M@LD

_KDM@LD�����O@SG�SN�L@O��X@LK�
L@O>M@LD���FDS>A@RD>M@LD	_KDM@LD
������L@O��

4)4) UndistUndistorting an imagorting an imagee

To remove the distortion fr om an image, use the functionQDBSHEXprovided in CTBJ�

HDSNVM>TSHKR:

�� � '�!��"� ��� $����#�� �! ����#(
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5)5) DrDraawing primitivwing primitiv eses

To draw the line segments speciýed in a map ýle, use theQDMCDQ>RDFLDMSRmethod
deýned in the "TFLDMSDQclass:

BK@RR�"TFLDMSDQ	
�

�����

CDE�FQNTMC�OHWDK	RDKE
�
���.DSGNC�SG@S�SQ@MRENQLR�FQNTMC�ONHMSR
SN�OHWDK�BNNQCHM@SDR���
��9NTQ�BNCD�FNDR�GDQD�
QDSTQM��   �

HL@FD>VHSG>CQ@VM>RDFLDMSR���@TFLDMSDQ�QDMCDQ>RDFLDMSR	HL@FD


In order for QDMCDQ>RDFLDMSRto draw segments on an image, you must ýrst imple-
ment the method FQNTMC�OHWDK.

� '�!��"� ��� $����#�� �! ����#( ��

https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/36_ros_exercises/40_exercise_image_pipeline.md
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