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PART A
Dewvelopment ervironment '

This part describes how ¢ set up a poper dewelopment environment, including er-
gonomics.
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UNIT A-1
IDEs
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UNIT A-2
Shells
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UNIT A-3
Using Makefiles
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PART B
Git for dewelopment

This guide piovides a basic aarview on how do ersion control with git.
| Assigned b: Andy

0.1.Background reading
Github handbook

Github tutorial

Github workiiow

Github branching
Github cheatsheet

Github bootcamp
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UNIT B-1
Git setup

1.1.Installation 3
The basic Git pogram is installed using

RTCN @OSHMRS@KIKHS

Additional utilities for FHs are installed using:

RTCN @OSHMRS@KIKHS DWSQ@

This include the FHs HFMNQDutility , which comes in handy when you have yles that
you don®actually want to have pushed b the remote branch (such as émporary
yles).

1.2.Seting up global confgurations for Git :
This should be done twice, once on the lapp, and lagkr, on the obot.
These options ¢ll Git who you are:

FHS BNM_F FKNA@K TRDQ DL@HK
FHS BNM_F FKNA@K TRDQ M@LD EEIEA
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UNIT B-2

Github basics ’
2.1.Github terms eplained :
1) Reposibry A

Arepo (short for reposibry), or Git project, encompasses the entrcollection of yles
and folders associad with a project, along with each yl& revision history.

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

2) Branch n

A branch is a \ersion of the main code, that pu can work on and it® changes won®
ayect the main code until it is merged into the maser branch. When seeral peo-
ple collaborate on a pwject, it makes sense for each deloper to work on his own
branch.

3) Fork A

A fork is basically a copy of someone~elﬁ reposibry. Usually, you cannot create
branches or chang code in other peopl® repos, thats wly you create your own copy
of it. This is calledENQJHME

2.2.Github basic commands A

1) Fork a reposibry N

To fork (creating a copy of a eposibry, that does not belong ¢ you), you simply have
to go to the reposibry® webpage dashboad and click fork on the upper right corner.

2) Clone a eposibry n

To clone a reposibry, either copy the HTTPS or SSH link gien on the reposiory®
webpage. Then invoke following command to download the git reposibry 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 poperly, you can directly download it. If you are using the
HTTPS then github will ask for pur credentials.

3) Create a new banch n

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

FHS BGDBINTS A GRS

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

FHS AQ@MB
FHS RS@STH

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

4) Commit and Push changs N

After you edited some yles, yu want to push your changes from the local to the
remote location. In order to do sq yrst do a double-check on which yles you have
changed and if things look legitimag. Invoke

FHS RS@STH

and check the output. Thee will be seweral yles, that show up in red. These ag yles
you have changed, but not yet added for a future commit. Most of the time you want
to push all your changes so pu add them b your commit by executing

FHS @CC @KK

If you do not want to add all yles, single yles can be added. Theroy need b specify
each single yle

FHS @CcCEElEID

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

FHS BNLLHS L ,6442: 4.99%0.

If everything went smooth without any issues yu are ready b push your changes b
your branch:

S SHONINENNOlI-RlY +5*5,1 5%4.

5) Fetch new branches N

If new branches hae been pushedecently to the reposibry and you don®have them
you can irvoke a

FHS EDSBG @KK
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#$

to see all new banches and checkut to those.

6) Delete branches A

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

FHS AQ@VBGC QNS

To delee a emote branch you need b push the dele¢ command:
FHS OTRGNQHFHM CDKDSD NI

7) Open a pull equest n

If you are working on another branch than the maser or if you forked a reposibry
and want to propose changs you made into the maser, you can open a secalled
OTKK QDPTDRS In order to do sq press the coresponding tab in the dashboat of a
reposibry and then press the geen buton /Dv OTKK QDPTDRS You will be asked
which branch from which fork you want to merge.

8) Submitting issues n

If you are experiencing issues with ary code or conent of a reposibry (such as this
operating manual you are reading right now), you can submit issues. Br doing so
go to the dashboad of the corresponding eposibry and press the*RRTDR tab where
you can open a hewequest.

For example you encounter a bug or a mistale in this operating manual, please visit
this reposiory to open a new issue.
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UNIT B-3
Github troubleshooting

3.1.Problem: https instead of ssh
The sympom is:

FHS OTRG
6RDQM@LENQ GSSOR FHSGTA BNL

Diagnosis: the QDLNSDis not correct.
If you do FHS QDLNSDYyoU get entries with GSSOR :

FHS QDLNSD U

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

Expectation:

FHS QDLNSD U

NQHFHM FHS!FHSGTA BNL CTBJHDSNVM 4NESV@QD FHSEDSBG
NQHFHM FHS!FHSGTA BNL CTBJHDSNVM 4NESV@QD FHSOTRG

Solution:
FHS QDLNSDQDLNUDNQHFHM
FHS QDLNSD@CCNQHFHMFHS!IFHSGTA BNL CTBJHDSNVM 4NESV@QD FH

3.2.Problem: ! complains about upsteam
The sympbm is:

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

Solution:

FHS OTRG RDS TORSQD@L NQHFHMgE R ER
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PART C
Python programming basics '

This part describes the basics of Python pgramming and some of the corentions for
Duckietown.
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UNIT C-1
Python

1.1.Background reading
¥ Python
¥ Python tutorial

1.2.Python packags

1.3.Python virtual ervironments
Install using:

RTCN @OSHMRS@KKIHQST@KD

1.4.Useful libraries

L@SOKNSKHA
RD@ANQMD
MTLOX
o@MC@
RBHOX
NODMBU

1.5.Context managers
1.6.Exception hierarchies
1.7.0bject orientation - Abstact classes, class hiarchies

1.8.ldioms

RDFLDMS>KHRS BNOX CDDOBNOX RDFLDMS>KHRS

add_duckieiown_header
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UNIT C-2

Duckietown code comwentions ’
2.1.Python 3
1) Tabs A

Newer use tabs in Python yles.
The tab chanacters ae evil in Python code. Please hery careful in changing them.
Do not use a bol to do it (e.g Convert tabs b spacesO); it will e it wrong.

2) Spaces A

Indentation is 4 spaces.

3) Line lengths N

Lines should be below 85 chaicters.

Long lines are a sympbm 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 sympbm. Rather, ask
somebody b take a look at the code ancetl you how to make it beter.

4) The encoding line A

All yles must have an encoding declad, and this encoding must base
BNCHMF TSE

5) Sha-bang lines A

Executable yles start with:
TRQ AHM DMU OXSGNM

6) Comments A

Comments efer o the next line.
Comments, bad:

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

Comments, beter:

5GHR HR LX KNMF BNLLDMS
EQNL RSC>LRFR LRF HLONQS 4SQHMF
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2.2.Logging

2.3.Exceptions

2.4.Script 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) Imports

Do not do a star import, lile the following:

EQNL QNRSDRS>DW@LOKD 2T@BJDQ HLONQS
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UNIT C-3
Working with YAML files

YAML yles are useful for writing conyguration yles, and are used a lot in Ducki-
etown.

3.1.Pointers b documentation
3.2.Editing YAML files

3.3.Reading and writing YAML files in Python
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UNIT C-4
IPython

4.1.1Python
How to enter IPython:

EQNL *1XSGNM HLONQS DLADC

@
DLADC DMSDQR HMSDQ@BSHUD LNCD
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PART D
Python programming basics gercises
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PART E
Basic Docler dewelopment
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UNIT E-1

Intr oduction to Docker for Robotics and Machine
Learning

1.1.Docker is a bol for portable, eproducible computing 3

It would be nice b give a computr - any computer with an internet connection - a
short string of ASCII characters (s via a keyboad), press ener, and return to see
some piogram running. Forget about where the program was built or what software
you happened b be running at the time (this can be checkd, and we can feth the
necessary dependencies). Sounds simple, right? In fact, this is an engineering task
that has taken thousands of the vorld® brightest de\elopers mary decadesd imple-
ment.

Thanks to the magic ofcontainer technologywe now can run ary Linux program on
almost ary networked device on the planet, as is. All of the evironment preparation,
installation and conyguration steps can be autmated from start to ynish. Depend-
ing on how much network bandwidth you have, it might take a while, but that® alll
right. All you need b do is type the string corctly.

1.2.Docker containers ae easy ¢ install 3

Let® sy you have newer used Docler. To get Docker, run this command on a POSIX
shell of ary Docker-supported platform:

BTQK R4- GSSOR FDSCNBJDQBNL [ RG

Now you have installed Docler!

Suppose pur friend, Daphne, has a Dockr container. How can we run this contain-
er? Docler containers live inside registries which are seners that host Docler im-
ages. A Docler image is basically a ylesystm snapshola single yle that contains
everything you need b run her container
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Figure 1.2. Docker ships with a default registry, called the Docker Hub, a big sener that is home ©
many useful reposibries.

You can feth Daphne® container by running the following command o pull it fr om
her Docker Hub reposibry:

CNBJDQOTKK C@OGMD CTB

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

CNBJDQHL@FDH

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

3&104*5039  5( * (& *% $3&"5&%  4*:&
C@OGMD CTBJ K@SDRS D@E FCDD C@X @FN H#

To run a Docler container, type the eposibry name, like so:

CNBJDQQTM C@OGMD CTB

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

CNBJDQOR

$0/5"*/&3 *% (1
DE C@OGMD CTBJ

Note how Daphned duck container has acontainer ID, a base imag, and a funry-
looking name, G@00X>G@LRSDKhis hame is an alias for the container 1D
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1.3.Containers come fom other containers A

So you have a terminal and an internet connection? Mdw it doesn®matter what op-
erating sysem you®e running! You can run almost ary Linux program in the world

with just a few keystrokes. No further steps ae necessaryHow neat is that? © have
atool that clones a pogram and its ervironment, fetches the appopriate dependen-
cies, and runs it on ary OS is a big timesaver. Suppose gu have a program that runs
on one compuer. It is extremely likely to run on any other, regardless of the under-
lying OS or hadware.

But how do you create a Docler image? Thee are two ways. You can either snapshot
a running Docker container, or you can write a plaintext recipe. First, let©see how
to create a snapshot:

CNBJDQQTM HS C@OGMD CTBA@RC

This will launch Daphne® container and dop us into a bash session within. Suppose
we make a chang to the Docler container like so:

QNNS! EC SNTBG MDV> KD KR
SNS@K
QVQ Q OQNNSOQNNS .@X MDV> KD

Howevwer, this yle is not permanent. Exit the container:

QNNS! EC DWHS

Then rerun it:

CNBJDQQTM HS C@OGMD CTBA@R(

And run:

ONNS! E AA @ KR
ONNS! E AA @ SNTBGMDV> KD KR K
SNS@K

QVQ Q ONNSOQNNS .@X MDV>_KD

It seems like MDv>_kDhas disappeaged! Notice how the containerID ( E AA @ )
is now diyerent. This is becauseCNBIDQ QTM C@OGMD CT&®ated a new container
from the image c@oGMD CTRJrather than restarting our old container

Let® see all the containers on our machine:
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CNBJDQBNMS@HMDKR @
$0/5"*/&3 *% (1 45"564
I".&4
EC C@OGMD CTBJ &WHSDC "ANTS @ LHMTSD

@FN LDQQX>L@M@SDD
EAA @ C@OGMD CTBJ 60 LHMTSDR
RG@CX>FHQ@EED
DE C@OGMD CTBJ 60  LHMTSDR
G@OOX>G@LRSDQ

It looks like EC a.k.a. LDQQx>L@M@smnrvived, but it is no longer run-
ning. Whenewer a container® main process (ecall we ran LDQQX>L@M@SsDmith
A@RG ynishes, the container will sbp, but it will not cease b exist.

In fact, we can esume the sbpped container right whee we left oy:

CNBJDQRS@QS@ LDQQX>L@M@SDD
QNNS! EC KR K
SNS@K
QVQ Q QNNSQNNS .@X

Nothing was lost! Let©open a new erminal (without leaving the current one) o see
what other containers ae running:

CNBJDQOR
$0/5"+/&3  *% * (& I".&4

EC C@OGMD CTBJ LDQQX>L@M@S
EAA @ C@OGMD CTBJ RG@CX>FHQ@E
DE C@OGMD CTBJ

Now suppose ve would like to share the container RG@Cx>FHQ@ERIth someone
else. © do sq we must yrst snapshot the running container or commit it to a new
image, giving it a name and a tagThis will cr eate a checkpoint that we may later re-
store:

CNBJDQBNLLHS L ENQJ %@OGMD RTBJ RG@CX>FHQ@EEKDNTQ CTBJU

Wherever you see a funry-looking name like RG@Cx>FHQ@EED Docker, this is
just another way to reference the container We either can use the container ID

EAA @ or the designaed name (ie. RG@CX>FHQ@EET he abowe XNTQcan be
your username or an orgnization you belong o on a Docler registry This image
reposiory will be called xNTQ CTBJ, and has an optional ersion identiyer, u . Now
we can push it b the Docler Hub registry:
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CNBIDQOTRGXNTQ CTBJ U

CNBJDQHL@FDR
3&104*5039 5"( & % $3&"'5&%
C@OGMD CTBJ K@SDRS D@E FCDD C@X@FN

XNTQ CTBJ U C ADBE D RDBNMCR@FN
CNBJIDQOTKK XNTQ CTBJ U "MXNMDB@MQTM SGHR
CNBJDQQTMXNTQ CTBJ KR K

SNS@K

QVQ Q QNNSQNNS .@X MDV>_ KD

This is a cornvenient way to share an image with your colleagues and collabaators.
Anyone with access ¢ the reposiry can pull our image and continue right where
we left oy, or create another image based on our own. Imags can be ceated via the
command line or by using something called &NBJDQ_KD

1.4.Containers come fom recipes :

The second vay to create a Docler image is to write a recipe, called é%NBJDQ_KDA
%NBJDQ_KDOS a text yle that speciyes the commands equired to create a Docler im-
age, typically by modifying an existing container image using a scripting interface.
They also hae special keywords (which are always CAPITALIZED), lik e :30._, 36/,
&/53910%5 _and so on. Fer example, create a yle called %NBJDQ_Kmwith the following

content:

'30. C@QOMD 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:

CNBJIJDQATHKC S XNTQCTBJU 7GDQD HR SGD CHQDBSNQX

BNMS@HMHNENTQ %NBJIDQ_KD

You should see something li:

4DMCHMF ATHKC BNMSDWS SN %NBJDQ C@DLNM  J#
4SDO  '30. C@OGMD CTBJ
D@E FCDD
4SDO 36/ SNTBG MDV>_KD
DA FSYXB
4SDO  $% KR K
3TMMHMFHM 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@FDm your terminal, and you should see an im-
age calledxNTQ cTBJ with tag U :

CNBJDQHL@FDR
3&104*5039 5"( & % $3&"5&%

C@OGMD CTBJ K@SDRS D@E FCDD C@X@FN
XNTQ CTBJ U C ADBE D LHMTSDR@FN
XNTQ CTBJ U @AC EB RDBNMCR@FN

This procedutre is identical to the snapshot method ve performed earlier but the re-
sult is much cleaner Now, instead of needing 6 carry aund a 869MB BLOB, we can
just store the 4KB &xt yle and rest assued that all our important setup commands
are contained within. Similar b before, we can simply run:

CNBJDQQTM HS XNTQCTBJU

SNS@K
QVQ Q ONNSQNNS .@X MDV>_KD

Notice that as soon as & run the container, Docker will execute the KR K command
as speciyed by thessNBJIDQ_KDrewvealing MDV>_KD was sbred in the image. However
we can still override KR K by passing a command line argumentCNBJDQ QTM HS
XNTQ CTBJ U ;BTRSNL>BNLL@MC=.

Docker uses a concept ofayers Every instruction we add © the %NBJIDQ_KDbegin-
ning with a keyword will cr eate a new layer, which is conveniently cached by the
Docker daemon If we should modify a Docleryle, Docker will only need to rebuild
the image starting fom the yrst modiyed instruction. Let®have a look:

'30. C@QOMD CTBJ %D_MDR SGD A@RD BNMS@HM
DQ
36/ SNTBG MDV>_KD %D_MDR @ MDV K@XDQ

36/ LICHQ 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 ve make a chang at the botom of our %NBJDQ_KDIf Docker had to rerun

the entire recipe from top to bottom to ewery time we wanted to build the image,

this would be terribly slow and inconvenient. Fortunately, Docker is smart enough ©

cache the lgrers which have not changed, and only rerun the minimum set of com-
mands © rebuild our image. This is a \ery nice feature, howewver it can sometimes
intr oduce unexpected results, especially when the cache is staleoTgnore the cache
and force a clean ebuild, use CNBJDQ ATHKC MN B@BGD.

We can also chain%NBJDQ_KB together using a echnique calledmulti-stage builds.

These allow you to build multiple imag es into one %NBJDQ_KDand copy resources
from one b 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 let® build and run this image:

CNBJDQATHKC S XNTQCTBJU
4DMCHMFATHKC BNMSDWSN %NBJDQC@DLNM  J#
4SDO '30. XNTQCTBJU @RSDLOK@SD
DA DEDBB
4SDO '30. C@OGMD CTB@RSDLOK@SD
D@E FCDD
4SDO $019 EQNL SDLOK@SD MDV> KD MDV> KD
A D

4SDO '30. CNM@KC CTBJU @RSDLOK@SD

DA DEDBB
4SDO $019 EQNL SDLOK@SD MDV> KD MDV> KD

BAA
4SDO $.% KR

3TMMHMFHM BA A
3DLNUHMFHMSDQLDCH@ SENMS@HMDEA A

BCBCC D
4TBBDRRETKKXATHKS B CB CC D
4TBBDRRETKKXS@FFDCXNTQ CTBJ U

CNBJDQQTM HS XNTQ CTBJU

SNS@K
QVQ Q ONNSQNNS  +TK MDV>_KD

Why would you want to use this featue? For example, one application of multi-stag

builds is compiling a dependency fom its source code. In addition b all the source

code, the compilation itself could hae sepaate build dependencies and setupe-

qguirements, all of which are quite incidental to our ultimate goal - to build a single

yle. If w e@e especially unlucky, we might end up with gigabytes of transitive depen-
dencies b build a tiny binary yle, and wast a lot of disk space or time cleaning up
the mess. Multi-stag builds allow us © build the yle, discard the unnecessary bits,
copy it to a fresh layer, and mowe on with our life, unburdened by intermediate de-

pendencies.

1.5.Docker is not a silher bullet for complexity 3
When creating a new image, it may be tempting to reinvent the wheel. Your appli-
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cation is special, and has speciabiquirements. But thee are millions of Docker im-

ages in the wild. Unless you are doing something \ery special indeed, it€best b keep
things simple. Find a base imag that accomplishes most of what gu are trying to
achiewe, and build on top of it. Base imags like Ubuntu (or the very popular Alpine

Linux, due to its small footprint), are okay, but there is probably something moe spe-
ciyc to your application® requirements. Even the oxsGNMase ima@ can be fairly
generic, there are mary images which contain speciyc Python stacks.

It may also be empting to use some andom image you found on Docker Hub, which
does &actly what you want. Congratulations! Maybe this is the case. But unlessqu
are doing something \ery similar, it probably does somexra things that are inep-
cient, or even harmful to your application. If it pr ovides a%NBJDQ_Kpinspect it yrst
and see what€inside. Maybe you can adapt the %NBJDQ_KIo suit your needs and gt
rid of a lot of complexity. Try to ynd a happy medium between simpliycation and cre-
ating aRube Goldbergimage stack. It may work, but will not save you any headache
in the long run. The best Docler images ae often provided by the maintainer of your
favorite library or dependency

1.6.Running Docker remotely 2
You can run Docker commands locally or on a remote Docker Host. To do sq run
the command CNBJDQ ) ! #) "#) . You do not need b open a SSH

session simply ® run a Doclker command.

1.7.Useful Docker resources 2
We have found the following resources helpful for obotics and Machine Learning:

1) Resin A

Resin.io is a \ery good source of base imags for ARM devices. The best part of using
Resin images, is that you can build them on x86 devices, such asoyr 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. D use this featue, you can adapt the %NBJIDQ_KOemplate be-
low:

'30. QDRHM ") DF Q@ROADQQXOH OXSGNM
36/; BONRR ATHKC RS@QS =

9NTQ BNCD FNDR GDQD
36/; BONRR ATHKC DMC =

$.% $ B 1A

Resin usesgemu to crossbuild images as described irthis article. Also described is
how to build and run non-Resin-based ARM imags on x86 devices. Thisschnique
is not just for building images - it also works at runtime! When running an ARM im-

age, simply use thePDLT @QL RS@SHHBbinary as an entrypoint o your launch com-
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mand:

CNBIDQQTM DMSQXONHMS PDLT @QL RS@SHBHS Gzl A@R(Q

2) ROS .

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

3) Hypriot A

Hypriot, a base OS for RPi and other ARM devices, include support for Doek out
of the bax. Hypriot is lightw eight, fast, and builds the lagést RPi Linux kernels and
Raspbian eleases.

4) PiWheels A

Not all Python packages (especially if they wap a native library) can be run on all
platforms. You might be tempted to build some packag from its sources (and in rare
cases, pu may need b do so). But ther is a good chance yur favorite Python library
is already compiled for Raspberry Pi on Piwheels.yBrunning the following com-
mand (either in your %NBJDQ_KDDr at runtime), you can install Python packags, e.g
NODMBU OXSGNM

OHOHMRS@KKODMBU OXSGNMHMCDW TQK GSSOR VVV OHVGDDKR NQF RHL

OKD

5) Graphical User Inerfaces n

Docker also supports GUIs, butgu will need to conygure X11 forwarding.

6) Docker Hub n

Docker Hub is the central reposibry for Docker Images. Unless pu have conygured
a sepaate registry, whenewer you pull a Docker image tag, it will query the Docker
Hub yrst. You can use the Docler Hub to upload Docler images, and conygue auto-
mated builds from GitHub (with a 2-hour build timeout). Dock er Hub does not sup-
port layer caching of ay kind, so the build will always take a y>ed amount of time.
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Figure 1.4. Docker Hub auto-builds allow you to link a %NBJDQ_KDIn a GitHub reposibry, and
whenevwer that %NBJDQ_KbBhanges, the Docler image will be updatd.

The Docker Hub also has featues for conyguring reposibory links and build triggers.
These will aubmatically rebuild your Docker image when some egnt happens.

Figure 1.6.Reposibry links allow you to chain builds together acioss Docler Hub reposibries. When-
ever a linked reposibry is updaed, your image will be rebuilt.

7) Docker Cloud A

Docker Cloud is integrated with the Docker Hub (and may one day replace it). Builds
are autmatically published from Docker Cloud to Docker Hub. Notiycations for
email and Slack, as wll as a longer build timeout (up to 4-hours) ae suppored. It al-
so has featues for conyguring the build context and other useful build setings, such
as enabling caching (unlile Doclker Hub).
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Figure 1.8.Docker Cloud allows a longer build timeout, and has more sophisticaed build conygura-
tion features.



UNIT E-2
Duckiebot Dewelopment using Docler ’

The following section will guide yu through the Docler development process.

2.1.Prerequisites 2
Those who wish b use a plysical Duckiebot will need these pissical objects:
¥ Duckiebot

y Raspberry Pi 3B+

y Micro SD cad (16GB+ reccommended)
¥ Personal compuer
¥ Internetenabled outer
¥ MicroSD cad adaper
To interact with the Duckiebot, the compuér must have the following software:
¥ POSIXxcompliant shell
¥ Browser and/orDocker CE

2.2.Installation 2
¥ Software Prerequisites (Ubuntu/Debian):

y VFDS/ BTQK

y @OSFDS

Yy CTBJHDSNVM RGDKK

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

First, you will need to set yur Duckietoken:

CSR SNJ RDS

Now, ensuee that you have a\alid Duckietoken:

CSR SNJ UDQHEX50,&/

FNNC +40/ ZTHC MTLADQ DWO C@SD\
A@C DQQNQLDRR@FD

Place the DuckieboMicroSD cad into the MicroSD cad adapr, insert it into the
computer and run the following command:

CSR HMHS>RC>B@(
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The abowe command runs theHMHS>RC>B@QC RsEript, which will run an installer t o
prepare the SD cad.

Follow the instructions, then transfer the SD cad to the Raspberry Pi and powr on the
Duckiebot. On yrst boot, make sure the Raspberry Pieceives continuous pover for at
least yve or n minutes.

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

Wait for a minute or sq and then visit the following URL:
GSsO $ #) KNB@K

You should be geeted by the Rortainer web interface. This useifriendly web interface
is the primary mechanism for ineracting with a Duckiebot.

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

Figure 2.2.Portainer Container View
You can atach a consoled a running container and ineract with it via the browser:
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Figure 2.4.Portainer Web Interface

If you prefer to use the command line, pu can also connectd the Duckiebot via secue
shell:

RRG CGUHID € #) KNB@K

Note: Any Docker command can also be runemotely by using the hostname tag,)
$ #) . You should not need b open an SSH connection simplyd run
a Docler command.

2.3.Running Simple HTTP File Serer 2

All persistent data is sbred under c@s@on the Duckiebot SD cad. To access the data
via the web browser, run:

cneipQ ) (I <\BQK QTM C <

M@LD _KD RDQUDQ<

U COS@ C@S@x
O <
CTBJHDSNVM QOH RHLOKD RDQUDQ L@RSDQ

Go o the following URL: Gsso ¢ #) KNB@K

2.4.Testing the camea :

Open Portainer Web interface and run the CTBJIHDSNVM QOH CNBJDQ OXSGNM OHB@LDQ®@
container.

Publish port 8081 and ensur that the container is run in OPrivilegdO mode.
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Figure 2.6.Portainer PiCam Demo

cneiDQ ) I <\BQK QTM C <

M@LD OHB@L<
U COS@ C@s@x

OQHUHKDFDC <
(@] IS
CTBJHDSNVM QOH CNBJDQ OXSGNM OHB@LDQ@ L@RS,
Note: The syntax ) $ #) KNB@K may be omitted if you are running
the command ower SSH.
Visit the following URL: GSso  $ #) KNB@K HL@FD IOF
2.5.Testing ROS 8

It is best to yrst pull the A@RDDuckietown Docker image using the following com-
mand:

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

Run the aA@RrDuckietown Docker image, opening a shell:
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cneipQ ) (G <\B@K QTM HS <

M@LD QNRBNQLx

OQHUHKDFDC <
MDS GNRS<
CTBJHDSNVM QOH QNR JHMDSHB QNRBNQD L@RSDQ

You can start a ROS ervironment on your laptop, which connects b the Duckiebot ROS
Master:

MUHCH@ CNBJDQTM HS QL

M@LD QNR<

MDS GNRS<

DMU 304>)045/".& )045/".&

DMU 304>."4583>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, runrWGNRS 0Onh your computer.

Note: There is amore secue way to do this, if you are concerned about eceiving ar-
bitrary X11 connections.

The abowe command opens a ORSO shell running on gur laptop that is set b connect
to %6$,*&#05 @ ROS Maser. To test the FOS connection, runQNRVSE

QNRVSH

2.6.Test ROS dystick 8

cneiDQ ) D <\B@K QTM C <
M@LD INXRSHBJCDLN <
OQHUHKDFDC <

U C@S@ C@S@
MDS GNRS<
CTBJHDSNVM QOH CTBJHDANS INXRSHBJ CDLN L@RSDQ

2.7.Calibration "

As described inUnit B-10 - Camea calibration and validation, print the calibration pat-
tern and place the Duckiebot in the mrper position.

1) Extrinsic calibration procedure A

Launch the calibrtion container and follow the pompts:
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cneipQ ) (G <\B@K QTM HS <

M@LD B@KHAQ@SHNM
OQHUHKDFDC <

U CO@S@ C@s@
MDS GNRS<
CTBJHDSNVM QOH CTBJHDANS B@KHAQ@SHNM L@RS|

You will yrst be asked to place the Duckiebot on the calibation pattern. Then you will
be asled to place in a laned test the calibation.

Note:Passing U c@s@ c@sa@is necessary so that all calitation setings will be pre-
sened.

Note: You can run/launch the QOH RHLOKD RDQUDQO see the esults in your web
browser; you can also download all yles fom c@s@ This is an easy way to view and
download all calibration yles and \alidation results.

2.8.Lane Following Demo :

After the Duckiebot has been calibated, you can now launch the Lane Following De-
mao.

cnBIDQ ) D <\BQK QTM HS <

M@LD K@MDENKKNVHMF CDIsN
OQHUHKDFDC <

U CO@S@ C@S@
MDS GNRS<
CTBJHDSNVM QOH CTBJHDANS K@MDENKKNVHMF CDLN L@RSI

Wait for a few minutes for all nodesa be stared and initialized.
You can test the Duckiebot by using the dystick. Pressing3 starts @ TSNMNLNTRiode.
Pressing- puts the Duckiebot back inLemtT@rmode.

2.9.Development workflow A

When deweloping Docker containers, thee are two paths o deployment. You can write
the %NBJDQ_KDDN your laptop or an x86 machine, then build with the 36/ ; BONRR
ATHKCRS@QS =and 36/ ; BQNRRATHKCDMC = commands. Once éskd, you can
deploy o the Duckiebot directly by running the following command:

" | cNBIDQREUCECIEEEED RRG $ CTBIHDIE #) KNB@K
CNBJDQ KN@C

Alternately, you can build directly on an ARM devi~ce by ceating a yle named %NBJDQ
_KD @QL (the @QL extension is just for the rrade® beneyt), adding a base imagyand
some build instructions, and running the command:
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CNBJDQATHKC _KD ;*-& 1"5)= %NBJDQ_KD @QL S@F ;5'( /&=

7GDQD?? HR SGD ATHKC BNMSDW®@SG

Note that ARM-speciyc %NBIDQ_KB will not build on non-Mac x86 machines, and at-
tempting to build one will cause an eror on Docker Hub. Howewer, once you have de-
bugged the %NBJDQ_KDon an ARM device, You can easily port the entie 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 hee. Dondforget to
publish to GitHub and set up a Docler Hub automatic rebuilds if you wish to automate
the build.

2.10.Emulation A

All Duckiet own Docker images contain an emulabr called QEMU - this allows us ©
run ARM images on x86 diectly. To run a pure compute ROS node (i.e. one that does
not require ary camem or motor access) on a non-Mac x86 platform,qu will need to
provide a cusbm entrypoint to Docker when running the image. To do sq use the com-
mand CNBJDQ QTM DMSQXONHMS PDLT @QL RS@SHB ( $!) :36/>%$0.
"1%=, where 36/>$0../%  may be a shell such asAHM A@RGor another command
such as AHMA@RG B QNRBNQD. The PDLT @QL RS@SHBentrypoint is provided by

duckietown/rpi-r os-kinetic-base and may be upatd in the future.

2.11.Common mistakes "

1) exec user pocess causedekec format erorO A

If you encounter this error, this means the container pu are atempting to run is based
on an image that is incompatible with the host®architecture. If you are trying to run an
ARM image on an x86 host, gpu will need to useQEMU to emulate the ARM processor
architecture. To run QEMU in Duckietown or Resin derived Docker image, use the lag

DMSQXONHMS PDLT @QL RS@SHB your Docker run command. There is currently no
solution for running x86 images on an ARM host, so gu will need to build ARM-spe-
ciyc images for the Raspberry Pi.

2.12.Resources and Rferences "

1) SD Cad Configuration and Flashing script A

¥ https://github.com/duckietown/scripts
¥ https://github.com/duckietown/scripts/blob/master/docs/DuckieOS1-RPI3Bfsh

2) RPi Camen Test container A

¥ https://github.com/rusi/rpi-dock er-python-picamera
¥ https://hub.docker.com/r/duckiet own/rpi-dock er-python-picamera/

3).RPi Simple HTTP File Serr
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¥ https://github .com/rusi/rpi-simple -sener
¥ https://hub.docker.com/r/duckiet own/rpi-simple -sener/

2.13.Duckiebot ROS containers A
The following containers ae very useful for gtting started.

1) Base ROS container; opens when launched n

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

2) Base ROS container with dewelopment tools and Duckiebwn dependencies (in-
cludes ) N

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

3) container - starts when launched n

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

4) Duckietown Base (monolithic) softvare container - opens when launched .

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

5) Joystick Demo container A

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

6) Calibration container A

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

7) Lane Pollowing Demo container A

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

8) Deskiop ROS containers A

rosindustrial/ros-robot-nvidia:kinetic

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

¥ https://hub.docker.com/r/r osindustrial/r os-robot-nvidia/
osrf/ros:kinetic-deskbp-full

¥ https://github .com/osrf/docker_images/blob/master/r os/kinetic/ubuntu/x enial/
desktop-full/
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¥ https://hub.docker.com/r/osrf/r os/

2.14.Docker Image Hierarchy 2

arm32v7/ros:kinetic-ros-base-xenial

rpi-ros-kinetic-base

/\

rpi-ros-kinetic-dev rpi-ros-kinetic-roscore
w\
rpi-duckiebot-base rpi-ros-kinetic-template

rpi-zmg-template

rpi-duckiebot-calibration

rpi-duckiebot-joystick-demo

agent environment rpi-duckiebot-lanefollowing-demo

Light Following Demo

Figure 2.8.Docker Image Hierarchy

2.15.Misc "

1) Building images: A
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2) Transferring Docler containers n
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Figure 2.10.0Output of QPS>CDO INXRSHBJcompilation dependencies)

Figure 2.12.0utput of QPS>FQ@OG INXRSHBRduntime dependencies)
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UNIT E-3
Troubleshooting ’

Symptom: & '@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 =

| Note:Only happens in Mac since Doddr is actually running VM with a yxed size

Resolution: Increase the size of gur 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

PART F
Basic Docler dewelopment exercises


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

PART G
Creating programs that work

This part describesdchniques for €sting and continuous inegration.


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

UNIT G-1
Creating unit tests with ROS

B@SIHM>L@JD $B@SJHM>VR OJF D@RX>KNFR
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UNIT G-2
Continuous integration ’

These ae the corventions for the Duckiebwn reposibries.

2.1.Never break the build 3
The 4NESv@Qmnd the CTBITLDMSRreposibry use ©ontinuous integrationO
This means that thee are well-deyned tests that must pass at all times.

For the 4aNESV@QDeposibry, the tests involve building the reposibry and running unit
tests.

For the cTBJTLDMSRreposibry, the tests involve trying to build the documentation us-
iNg L@JD BNLOHKD

If the tests do not pass, then evsy that we have Oboken the buildO
We also sy that a banch is QreerQ if the ests pass, or @O otherwise.

If you use the Chome extension Pointless you will see a geen dot in diyerent places
on Github to signify the status of the buildEigure 2.9.

Figure 2.2.The green dot is god.

2.2.How to stg in the green :

The sysem enforces the constaint that the branch L@RrRsDQgs always green, by pevent-
ing changes b the branches that malk the €sts fail.

We use a service called CaleCl. This service continuously looks at our eposibries.
Whenewer there is a chang, it downloads the eposibries and runs the ésts.

(twas alot of fun o set up all of this, but fortunately you do not need b know how it
is done.)

At this page you can see the summary of thedsts. (You need b be logged in with your
Github account and click @uthorize GithubO).
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Figure 2.4.The CircleCi service dashboat, azailable atthis page.

2.3.How to make changes b : pull requests 3
It is not possible 6 push on b the maser branch directly.

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

The workliow is as follows.
(1) You make a private branch, sy >6;85*4.  CDUDK.
(2) You work on your branch.

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

(4) When the tests pass, gu create a Opull equestQYou can do this by @ing to the
Github page for your branch and click on the buton @ompare and pull requestOKig-
ure 2.6.


https://circleci.com/gh/duckietown
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#3$$" # #

Figure 2.6.Compare and pull request buton

(5) You now have an opportunity to summarize all the changs you did so far (Figure
2.8). Then click @reate pull requestO

Open a pull request

Create a new pull request by comparing changes across two branches. If you need to, you can also compare across forks.

[N} base: master v | ... = compare: andrea-continous-integrationv =+ Able to merge. These branches can be automatically merged.

W A small summary of changes Reviewers

No reviews—request one

iii
il
nt

@R

Write  Preview M~ B i [{3Re )

Assignees

Some more detail, if you'd like. No one—assign yourself

Labels

None yet

Projects

None yet

Attach files by dragging & dropping, selecting them, or pasting from the clipboard. Milestone

D Styling with Markdown is supported Create pull request No milestone

Figure 2.8.Preparing the pull request

(6) Now the pull request has been @ated. Other people can see and comment on it.
Howevwer, it has not been mergd yet.

Atthis point, it might be that it says OSome checks kan®completed yetO Figure 2.10.
Click QietailsOd see whatgping on, or just vait.

Some checks haven't completed yet Hide all checks
1 pending check

3 ci/circleci — CircleCl is running your tests Details

° This branch has no conflicts with the base branch

Merging can be performed automatically.

Squash and merge ~ | You can also open this in GitHub Desktop or view command line instructions.

Figure 2.10.Wait for the checks 6 ynish
When it® done, yu will see either a success messagFigure 2.13 or a failure messag



#9398 # #

(Eigure 2.14.

° All checks have passed Show all checks

1 successful check

° This branch has no conflicts with the base branch

Merging can be performed automatically.

Squash and merge A2 You can also open this in GitHub Desktop or view command line instructions.

Figure 2.12.The tests ae done

° All checks have failed Hide all checks

1 failing check

X 3 ci/circleci — Your tests failed on CircleCl Details

This branch has no conflicts with the base branch
Merging can be performed automatically.

Squash and merge ~ | You can also open this in GitHub Desktop or view command line instructions.

Figure 2.14.The tests hae failed
(7) At this point, you can click @quash and mergO b merge the changes into maser
(Eigure 2.16.

w A small summary of changes (#26)

Towards continuous integration.|

Confirm squash and merge Cancel

Figure2.16.The ynal step

1) Troubleshooting A

If you see a messagllike Omerg failedO Figure 2.18, it probably means that somebody
pushed into maser; merge maser into your branch and continue the pocess.

J

Figure 2.18.Merge failed

Merge attempt failed

< Try again
Head branch was modified. Review and try the merge again.
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UNIT G-3
Bug squashing guide

This unit describes how b debug your programs. Do ead this accuately top-to-bot-
tom.

If you think this is too long and ©o verbose b read and you are in a hurry anyway:
that is probably the atitude that intr oduced the bug It might be programming is not
for you.

3.1.Historical notes A

First, count your blessings. Yu are lucky to live in the present. Once, thee were ac-
tual bugs in your computer (Figure 3.9.

Con ik 2 lijljﬂy/;j :
£ -2 ~— 033 4 Jesd” 5
{m M “ Tm M
k o
Lies 3'[&!'1" Co)lhc ]—.: op< (Siv\c cJ\:LL)
b A I D B AR e f ) T

1S4y

\Re\m\ 70 ?:.m;‘

kﬂ'\o'ﬂhln Fe\qu\

g, 3‘3(;\' C\:t*«a\ P a{ Bucr L"n‘ {oqn_-,t.

10 /ISR R D

Figure 3.2."First actual case of bug being fouritdRead the sbry here.

3.2.The basic truths of bug squashing 2

1) Truth: it is most likely something simple A

The yrst truth is the following:
It is always something simple.

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

Especially in an easy emironment like Linux/ROS/Python with coarse pocesslevel
parallelization, there is really little space for weird bugs b creep in. (If you were us-
ing parallel C++ code, you would see lots ofheisenbug$. Here, the reason is alvays
something simple.

2) Truth: the fault is likely yours A

The second truth is the following:

While there are bugs in the sysém, itis more likely there is a bug in your code
or in your ervironment.


https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/12_writing_programs_that_work/85_bug_squashing_guide.md
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/12_writing_programs_that_work/85_bug_squashing_guide.md
http://americanhistory.si.edu/collections/search/object/nmah_334663
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/12_writing_programs_that_work/85_bug_squashing_guide.md
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/12_writing_programs_that_work/85_bug_squashing_guide.md
https://en.wikipedia.org/wiki/Heisenbug
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/12_writing_programs_that_work/85_bug_squashing_guide.md

3.3.What could it be? A

1) 20%: Enironment errors A

Any problem that has b do with libr aries not importing, commands not &isting, or
similar, are because the evironment is not set up corectly. Biggest culprit: forget-
ting Gsource ervironment.shO befoe doing arything, or rushing through the setup
steps ignoring the things that failed.

2) 10%: Rrmission eriors n

Permission ermors are most likely because peopleandomly used GudoQ thus creat-
ing root-owned yles whee they shouldrdbe.

3) 9%: Bugs with the Duckieswn software N

Please eport these, so that w can yx them.

4) 1%: Bug with FROS or other systm library A

Please eport these, so that w can ynd workaround.

5) 10%: Poblems with coniguration files n

Make sute that you have pulled cTBJHD DDS, and pushed pur changes.

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

6) 50%: Pogramming mistakes A

Of these, 80% is something that auld be obvious by looking at the stack tace and
your code and could be easily yed.

3.4.How to find the bug by yurself 3

1) Step O: Is it lae? Go © bed. A

If it is later than 10pm, just @ to bed, and look at itémorrow.
After 10pm, bugs a introduced, ather than remowed.

2) Step 1: Ae you in a hurry? Do it another time. n

Bug squashing equires a clear mind.

If you are in a hurry, it@ beter you do this another time; otherwise, yu will not ynd
the bug and pu will only grow more frustrated.

Sq yrst of all, run vG@s sGD CcTBa Then, yx the errors that vG@s SGD CTBIshows
you.

This is the poper way to run VG@S SGD CTBJ
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BC ] CTBJHDSNVM
RNTQBDDMUHQNMLDMS RG
FHS BGDBJINTSL@RSDQ

FHS OTKK
CDODMCDMBHDR>ENQ>CTBJHDANS RGHE XNT @QDNM @ %TBJHDANY
CDODMCDMBHDR>ENQ>K@OSNO RGHE XNT @QDNM @ K@OSNO
VG@S SGD CTBJ

| Note:you have to do all the séps in the pecise oder.

The tool also produces an HTML report about your sysem which you should atach
to ary request for help

P>

3.5.How to ask for help? 2
Many people just write: Ol gt this error: E How can | yx it?0 This is not the best vay
to get help. If you don®include the code and stack tace, it® hard to impossible b
help you.

The best vay to get help is the following:

Gold standad: Provide exact instructions on how to reproduce the eror (GCheck out
this branch; run this command; | expect this; instead | get thatO). This maks it easy
for an instructor or TA to debug your problem in 30 seconds, gig you the yx, and
probably yx it for everybody else if it is a common mblem.

Silver standad: Copy the relevant code b a Gist (gist.githubcom) including the error
stack trace. Because whave no way to reproduce the erpor, this starts a coversation
which is basically guesswrk. So Yu get half answers afer a few hours.

3.6.How to giwve help »

1) Step 1: Ask for the output of# ! A

If there are errors reported, the students sbould yx those befar worrying about their
current problem. Maybe you or they don®Dsee the connection, but the connection
might be there.

Also, in genenal, errors in the ervironment will cause other poblems laer on.

2) Siep 2: Consider whether ther ae enough details@ provide an informed ansver

The worst thing you can do is guess ark B this causes confusion.

| encourage the TAs to not answer any nontrivial question that is not at least at the
silver standad. It is a waste of resources, it will lik ely not help, and it actually con-
tributes © the confusion, with people starting b try random things until something
works without understanding why things work, and ultimately creating a culture of
superstitions.
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PART H
Working with images


https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/23_working_with_images/00_part_working_with_images.md

UNIT H-1
Duckietown utility libr ary

1.1.Images :

This sections contains the documentation about the utility functions used for im-
age processing #ailable in the CTBJHDSNVM>TSHKRYthon packag.

1) Function # A

Description: Takes an BGR imag and writes it as a JP& yle.

comment
Are we suee that the encoding is right?AC

Prototype:

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

Defined in: HL@FD>VQHSHMF OX

Arguments:
Name Type Description
image numpy.ndarray The BGR ima@ to save as JPE yle.
ylename str The path of the JPE yle.

Returns: /NMD.

2) Function A

Description: Takes a FOS messag containing an image and returns its RGB repre-
sentation.

Prototype:

QFA>EQNL>QNR LRF

Defined in: HL@FD>BNMUDQRHNMR OX

Arguments:
Name Type Description
msg sensor_msgs.Imag Messa@ containing the imag to

or extract.

sensor_msgs.Comm@ssedimag
Returns: MTLOX MC@QQ@XRGB representation of the imag@ contained in the ROS
messa@ LRF.

3) Function A

Description: Takes a OpenCV imag (BGR format), compesses it and waps it into
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a ROS messag of typeRDMRNQ>LRFR $NLOQDRRDC*L@FD
Prototype:

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

Defined in: HL@FD>IOF>BQD@SD OX
Arguments:
Name Type Description
image_cv numpy.ndarray BGR representation of the imag to compress.

Returns: RDMRNQ>LRFR $NLOQDRRDC*.@EDA ROS messag containing a com-
pressed ersion of the input HL@FD>BU



http://docs.ros.org/kinetic/api/sensor_msgs/html/msg/CompressedImage.html
https://github.com/duckietown/Software/blob/master/catkin_ws/src/00-infrastructure/duckietown/include/duckietown_utils/image_jpg_create.py
https://docs.scipy.org/doc/numpy/reference/generated/numpy.ndarray.html
http://docs.ros.org/kinetic/api/sensor_msgs/html/msg/CompressedImage.html

PART |
Working with images - Exrcises


https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/24_working_with_images_exercises/00_part_exercises_images.md

UNIT I-1
Exercise: Basic imag opeations ’

| Assigned b: Andrea Daniele

1.1.Skills learned g
¥ Accessing command line arguments.

¥ Reading and writing yles.

¥ Working with pix el-based imag representations.

¥ OpenCV and CTBJHDSNVM>TSHKRPIs for reading/writing images.

1.2.Instructions A
Create an implementation of the pogram CS HL@FD "HO , speciyed below

If this exercise is Do easy for yu, skip to Unit A-2 - Exercise: Basic imag opel-
tions, adult version.

1.3.Specifcation of ( g
The program cS HL@FD "HO takes as an argument a JPG yle withx@ension 10F :

CSHL@FD 'HO @& IOF

and creates a yle called 23. “HooDC IOF that is Uipped around the horizontal ax-
is.

(b) The original picture.

(d) The Uipped output
Figure 1.2
Example input-output for the program CS HL@FD "HO.


https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/24_working_with_images_exercises/10_exercise_image_ops.md
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/24_working_with_images_exercises/10_exercise_image_ops.md
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/24_working_with_images_exercises/10_exercise_image_ops.md
https://docs.duckietown.org/DT18/exercises/out/exercise_specifications.html
https://docs.duckietown.org/DT18/exercises/out/exercise_specifications.html
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/24_working_with_images_exercises/10_exercise_image_ops.md

1.4.Useful APIs A

1) Load image from file A

The OpenCYV library provides a utility function called HLQD@¢that loads an image
from a yle.

2) Flip an image A

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

3) Write an image to a fle A
The CTBIJHDSNVM>TSHKRnknown ref software_deel/duckietown-utils-library)

warnina 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®@KH@odule
LBCO>CNBR BGDBJ>LHRRHMF>KHMJR

package provides the utility function VQHSD>HL@FD>@R>IOFKunknown r ef soft-
ware_deel/duckietown_utils-write_image_as_jpg)

previouswarning 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@KH®@odule
LBCO>CNBR BGDBJ>LHRRHMF>KHMJR

that writes an ima@ to a JPE yle.


https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/24_working_with_images_exercises/10_exercise_image_ops.md
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/24_working_with_images_exercises/10_exercise_image_ops.md
http://docs.opencv.org/2.4/modules/highgui/doc/reading_and_writing_images_and_video.html#imread
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/24_working_with_images_exercises/10_exercise_image_ops.md
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/24_working_with_images_exercises/10_exercise_image_ops.md
/tmp/mcdp_tmp_dir-root/prince_renderFUqSNL/warnings.html
/tmp/mcdp_tmp_dir-root/prince_renderFUqSNL/warnings.html

UNIT I-2
Exercise: Basic imag opeations, adult \ersion *

| Assigned b: Andrea Daniele

2.1.Skills learned 3
¥ Dealing with exceptions.

¥ Using exit conditions.

¥ Veriycation and unit tests.

2.2.Instructions g
Implement the program cs HL@FD "HO speciyed in the following section.

This time, we specify &actly what should happen for \arious anomalous condi-
tions. This allows b do aubmated testing of the pogram.

2.3. ( specifcation g

The program HL@FD NORexpects &actly two arguments: a ylename (a JPG yle)
and a directory name.

If the yle does not &ist, the script must &it with error code .

If the yle cannot be decoded, the script musié with error code
If the yle exists, then the script must ceate:

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

¥ 6;:-28 'HOIOF :the yle, Uipped \ertically.

¥ 6;:-28 RHCD AXRHCD IOF : the two yles, side by side.

If any other error occurs, the script should it with error code

(b) The original picture.


https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/24_working_with_images_exercises/11_exercise_image_ops_adult.md
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/24_working_with_images_exercises/11_exercise_image_ops_adult.md
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/24_working_with_images_exercises/11_exercise_image_ops_adult.md
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/24_working_with_images_exercises/11_exercise_image_ops_adult.md

e " ! # " $ # %"

(d) The output 'HO IOF

(f) The outputRHCD AX RHCD IOF
Figure 2.2.Example inputoutput for the program HL@FD NOR

2.4.Useful APIs 3
1) Images sideby-side A
comment

Good eplanation, but shouldr®it go in the previous eercise? AC

An image loaded using the OpenCV functionHLQD@ds stored in memory as a
NumPy array. For example, the image shown aboe (Figure 2.2b - The original pic-
ture.) will be representd in memory as a NumPy aray with shape

The yrst dimension indicates the number of pixels along the 9 @wHR the second
indicates the number of pixels along the 8 @wHRand the third is known asnumber
of channels(e.g, Blue, Green, andRed).

NumPYy provides a utility function called BNMB@SDM@tbi@at joins a sequence of ar-
rays along a gien axis.

2.5.Testing it works with :

We provide 4 scripts that can be useda make sure that you wrote a conforming
CS HL@FD "HO. The scripts ae HL@FD NOR SDRSDQ FNNCHL@FD NOR SDRSDQ A@G
HL@FD NOR SDRSDQ A@G and HL@FD NOR SDRSDQ A@C You can ynd them in the
directory DWDQBHRDR CS HL@FD "HO HL@FD NOR SDRSORQ the CTBJHDSNVM CTBJT
LDMSRreposibry.

The script called HL@FD NOR SDRSDQ FNNdests Your program in a situation in
which we expect it to work properly. The 3 ObadCest scripts (i.e., HL@FD NOR
SDRSDQ A@C through HL@FD NOR SDRSDQ A@Q test your code in situations in
which we expect your program to complain in the proper way.

Use them as follows:


https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/24_working_with_images_exercises/11_exercise_image_ops_adult.md
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/24_working_with_images_exercises/11_exercise_image_ops_adult.md
http://docs.opencv.org/2.4/modules/highgui/doc/reading_and_writing_images_and_video.html#imread
https://docs.scipy.org/doc/numpy-1.13.0/reference/arrays.html
https://docs.scipy.org/doc/numpy/reference/generated/numpy.concatenate.html
https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/24_working_with_images_exercises/11_exercise_image_ops_adult.md
https://github.com/duckietown/duckuments/tree/master/exercises/dt-image-flip/image-ops-tester
https://github.com/duckietown/duckuments
https://github.com/duckietown/duckuments

e " ! # " $ #%!"

RIN@ISANOIS IR O,.5826 M ,*5-2-*:. 78608*4

Note: The tesker scripts must be called fom their own location. Make sure to

change your working dir ectory to DWDQBHRDR CS HL@FD "HO HL@FD NOR SDRSDQ
before launching the ester scripts.

If the script cannot be found HL@FD NOR SDRSD( 9,.5%826  will r eturn 1.

HL@FD NOR SDRSD(9,.5*826  Will r eturn O if the program exists and conforms b
the speciycation Section 2.3 €S HL@FD "HO speciycation).

If it can establish that the pogram is not god, it will return 11.

Bottom line .
Things that are not tesied are broken.


https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/24_working_with_images_exercises/11_exercise_image_ops_adult.md

PART J
Basic FOS deelopment

Maintainer: Russell Buchanan


https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/35_ros/00_part_creating.md

UNIT J-1
Intr oduction to ROS

Maintainer: Russell Buchanan

Robot Opeiating System (ROS) is an open-sowe framework for software development
on robots. It is widely used eseach and industry and we use it for running our duck-
iebots. This guide will give an owerview of ROS speciyc b Duckietown as well as point
out some useful bols for deweloping with ROS. If you are looking for a general guide to
ROS thee exist excellent tutorials on theopcial wiki .

Additionally there is a course at EHZ Programming for Robatics - RDSalthough they
use C++.


https://github.com/duckietown/docs-software_devel/edit/master/book/software_devel/35_ros/01_intro.md
/tmp/mcdp_tmp_dir-root/prince_renderFUqSNL/wiki.ros.org
http://www.rsl.ethz.ch/education-students/lectures/ros.html

UNIT J-2
ROS on the Duckiebot ’

2.1.ROS \érsion A

The version of ROS we are running on the duckiebots is FOS Kinetic. The curent
long term service \ersion is ROS Melodic howewer it is quite new and not as vell
documented as Kinetic which will still be supported until April 2021. If you install
Melodic on your personal lapbp you will be able to communicate with the duckiebot
but you might have issues building the duckiebot softwre on your own laptop. Using
Ubuntu 16 and FOS Kinetic is highly ecommended

2.2.ROS Installation 3
See theopcial guide for installing ROS.

2.3.ROS Maser 2

The ROS maser is a process which manags the connections betwen diyerent
nodes. It is typically run using the QNRBNQOmMmMand. e launch a container specif-
ically for the ROS maser with:

CNBIDQ ) (I <NB@K QTM CHS OQHUHKDFDC M@LD QNRBNQD

MDS GNRS QDRS@QS TMKDRR RSNOODC CTBJHDSNVM QOH QNR JHMDSHB
QNRBNQD L@RSDQ

Let® try to communicate with ROS maser on our laptops. First we need b tell
our computer where ROS maser is. we do this by seting the environment variable
304>."45&3>63*  with the command

"\ DWONQS04>."45&3>63* GSSO 16@5*4. KEEI

Keep in mind this variable seting will not persist if y ou close the erminal. One op-
tion is to put that line in your A@RGQBor YRGQB but then you wont be able b con-
nect to any ROS masér on your machine unless pu 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

UNIT J-3
ROS code structue ’

Maintainer: Russell Buchanan
This document ges oer the yle structure in ROS pojects.

To follow along, it is recommend that you duplicate the oJF>mM@LOfolder and edit the
content of the yles b make your own packag.

3.1.Workspaces 8

Software dewelopment in ROS tales place in a pot directory call a catkin workspace,
usually named B@sJHM>VRInside this directory is a RQB folder which contains all the
packages. ROS is built be seeral packags which each perform a speciycale such as
deyning rosnodes, actions or messagleynitions.

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 @ample of a ROS packag. It can be launched inde-
pendently with:

* QNRK@TMBGIF>M@LDS@KJIDQ K@ TMB

The packag.xml and CMaleLists.txt yles ae used for building the workspace and
identifying all the dependancies.

3.2. $ .

Take a look at the $.@JD-HRSR sws yle. Every ROS packag needs a yle $.@JD
-HRSR SWS, ewen if you are just using Python code in pur 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

[ "H#IS #$!

CMake here.
For a Python packag, we only cae about the following parts:
This deynes the name of the mject:

OQNIDBS OJF>M@LD

This is a list of all the packags on which yur packag is dependent:

_MC>0@BJ@FD B@SJHM 38&26*389% $0.10/&/54
QNRBOO
QNROX
CTBJHDSNVM>LRFR &UDQX CTBJHDSNVM O@BJ@FDR LTRS TRD SGHR
RSC>LRFR

In Duckietown, most packags depend onCTBJHDSNVM>LRFRO make use of the cus-
tomized messags.

We also cage about this line:

B@SJHM>OXSGNM>RDSTO

which tells B@siHMo setup Python elated stuy for our package. Read more about RDS
TO OX here.

3.3. $ »

The yle c@BJ@FD wiLd8eynes the meta-data of the packasy Catkin makes use of it b
Ulush out the dependency &e and ygues out the oder of compiling.

Pay attention to the following parts:

M@LD deynes the name of the packag. It must match the project name in $.@JD
-HRSR SWS.

CDRBQHOSHNMdescribes the packagconcisely
L@HMS@HMDames the maintainer

ATHKC>CDODMC and QTM>CDoDMC. The catkin packags this packag depends on.
This usually math the _MCc>0@BJ@FAD $.@JD-HRSR SWS.

34. ' % A
The yle RDSTO Oxconygures the Python modules in this packag
The part o pay atention 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

" "H#IS #$!

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

The o@Bi@FDRarameter is set b a list of strings of the name of the folders inside
the HmBKTCDfolder. The corvention is to set the folder name the same as the packag
name. Her it® the HMBKTCD 0JF>M@Lplder. You should put ROS-independent and/or
reusable module (for other packasg) in the HMBKTCD OJF>M@Liolder.

Python yles in this folder (for example, the TsHk 0x) will be available to scripts in the

B@SJHMvorkspace (this packag and other packags 0). To use these modules fsm
other packages, use EQNL OJF>M@LD TSHK HLONQS



UNIT J-4
Minimal ROS node - ’

| Assigned b: Andrea Censi
This document outline the pocess of writing a ®S packag and nodes in Python.

To follow along, it is recommend that you duplicate the oJFr>M@LCfolder and edit the
content of the yles b make your own package.

4.1.Catkin Tools A

Catkin tools is the recommended method for building workspaces. It let pu use
B@SJHM ATHKC ather than B@SJHM ATHK@s well as seeral other commands.

4.2 Node Structue A

Best practice is b deyne a class which contains sesral member functions. You can
bind those functions as callback functions when subscribingat topic or call on them
when you want to publish something You should also male use of timers ather than
use while loops which block.

For example in joy_mapper the dyMapper subscribesd the Ojoy) bpic with callback
function BA+NX.

joy_mapper also uses a timer with callbaclsAi@Q@LsHLD@hich is called ewery second
to update pamameters.

Notice that the main function simply creates the 10snode, instantiaes the dyMapper
class then calls ospyspin() which keeps the pocess at that line until it is called b exit.

4.3.Writing a node: % 3
Let® look atRQB S@KJDQ 0xas an &ample.

ROS nodes ae put under the rRQ@Bfolder. They have to be made &ecutable b function
properly. You can male a yle executable in £rminal by running:

- RTCN BGLNC W

4.4.Header A
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

I )
The yrst line, TRQAHMDMU OXSGNM, speciyes that the script is writen in Python.
Every ROS node in Python must start with this line.

The line HLONQS QNROXNports the QNROxmodule necessary for all ®S nodes in
Python. While the line EQNL OJF>M@LD TSHK HLONQS )DKKN(NNCADports the class
YDKKN(NNCAXDdeyned in the yle OJF>M@LD TSHK OX

Note that you can also include modules povided by other packags, if you specify the
dependency in$.@JD-HRSR SwSand 0@BJ@FD WLK

The line EQNL RSC>LRFRLRF HLONQS 4SQHNMMRports the 4sQHMFmessag deyned in
the RSC>LRFRpackage.

Note that you can use QNRLRF RGNV RSC>LRFR 4SQHMFa terminal to lookup the dey-
nition of 4SQHMF LRF.

4.5.Main 3
This is the main yle:

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 '‘@KRinitializes a node named
S@KJIDQ

Note that this name can be oerwritten by a launch yle. The launch yle can also push
this node down namespaces. If tha@MNMXLNTRrgument is set b 5QTD then a random
string of numbers will be append b the name of the node. Usually ve donduse anory-
mous nodes.

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

The line QNROX NM>RGTSCNVM MNCD NM>RGTSCNeRNIsures that the MNCD NM>RGTSCNVM
will be called when the node is shutown.

The line QNROX ROHM  blocks to keep the script alive. This makes sue the node stgs
alive and all the publication/subscriptions verk correctly.

4.6.The class 3
We now discuss thes@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.Constructor A
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 prinbuts 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

deynes a publisher which publishes &4sQHMFMessag to the topic ]SNOHB>@ Note that
the ] inthe name of topic under the namespace of the node. Merspeciycally this will
actually publish to s@KJDQ SNOHB>@stead of just SNOHB>@The PTDTD>RHYDS usual-
ly set © 1 on all publishers.

For more details se@NROXverview: publisher and subscribers

The line:

RDKE RTA>SNOHB>A QNROX 4TARBQHADQ ]SNOHB>A 4SQHMF RDKE BASNOHB

deynes a subscriber which gpects a4asQHMFmessag@ and subscribesd ]SNOHB>A. The
messa@ will be handled by the RDKE BA5SNOHBcallback function. Note that similar to
the publisher, the 1 in the topic name puts the bpic under the namespace of the node.
In this case the subscriber actually subscribes the topic S@KIDQ SNOHB>A

It is strongly encouraged that a node alvays publishes and subscribesottopics under
their MNCD>M@LDamespace. In other verds, always puta] in front of the topic names
when you deynes a publisher or a subscribeiThey can be easilyemapped in a launch
yle. This makes the node moe modular and minimizes the possibility of confusion and
naming conliicts. Seghe launch yle sectionfor how remapping works.

The line

RDKE OTA>SHLDRSDO RDKE RDSTO1@Q@LDSDQ JOTA>SHLDRSDO

Sets the alue of RDKE OTA>SHLDRSDd0 the value of the pamameter J0TA>SHLDRSDO If
the parameter doesrexist (not set in the launch yle), then set it © the default value

. The rRDSTO1@Q@LDSHUNCtion also writes the ynal value to the parmameter sener.
This means that you can QNRO@Q@L KHRSa terminal to check the actual \alues 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
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RDKE SHLDQ QNROX 5HLDQ QNROX %TQ@SHNM EQNL>RDB RDKE OTA>SHLDRSDO
RDKE BASHLDQ

deynes a timer that calls the RDKE BASHLDQ function every RDKE OTA>SHLDRSDGSEC-
onds.

4.8.Timer callback :
Contents:

CDE BA5HLDQ RDKE DUDMS
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 messagis gnerated and published.

4.9.Subscriber callback :
Contents:

CDE BA5NOHB RDKE LRF
QNROX KNFHMEN ; R= R RDKE MNCD>M@LD LRF C@S@

Every time a messag is published b ]SNOHB>A, the BAsSNOHBfunction is called. It sim-
ply prints the messag using QNROX KNFHMEN

4.10.Launch File A

You should always write a launch yle to launch a node. It also seres as a documenta-
tion on the 1/O of the node.

Let® 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

0@Q@L M@LD JOTA>SHLDRSDO U@KTD
QDL@O EQNL JSNOHB>A SN ]SNOHB>@

MNCD
K@TMBG

For the wmNcD , the m@LD specify the name of the node, which ogrwrites


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

QNROX HMHS>MNCD in the >>L@HM>>0f S@KJIDQ OX The OJF and sxob specify the
package and the script of the node, in this casest©@KJIDQ 0X

Don®forget the ox in the end (and remember b make the yle executable through
BGLNQ.

The NTSOTS RBQDDM direct all the QNROX KNFHMENO the screen, without this you
won®see ary printouts (useful when yu want to suppress a node thas@o talkative.)
The o@Q@L can be usedo setthe paameters. Here we set the]OTA>SHLDRSDOO
Note that in this case this sets thealue of S@KIDQ OTA>SHLDRSDID

The QbDL@O is used b remap the bpic names. In this case & are replacing ]SNOHB>A
with ]sSNOHB>@so0 that the subscriber of the node actually ligns © its own publisher.
Replace the line with

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

will have the same eyect. This isedundant in this case but ery useful when you want
to subscribe ¢ a bpic published by another node.

4.11.Testing the node g

First of all, you have to B@sJHm ATHKthe packag ewn if it only uses Python. B@SJHM
makes sue that the modules in the include folder and the messagp ae available to the
whole workspace. ¥u can do so by

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

Ask ROS 0 re-index the packags so that pu can aub-complete most things.

QNRO@BDQN_KQ

Now you can launch the node by the launch yle.

QNRK@TMBGJIF>M@LDSDRS K@TMB(

You should see something li& this in the erminal:


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.  QNRKNF

CCAB A D B EAEDCQNRK@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 GSS 86+6: 5*4.  KNB@K

46.."39

1"3".&58&34
QNRCHRSQN  304>%*4530
QNRUDQRHNM
S@KJIDQ OTA>SHLDRSDO

10%8&4
S@KJIDQ OJF>M@LD S@KJIDQ OX

@TSN RS@QSHMF MDV L@RSDQ
OQNBDRR;L@RSDQ= RS@QSDC VHSG OHC ; =
304>."4583>63* GSSO KNB@KGNRS

RDSSHMF QTM>HCSNCCAB A D B EAEDC
OQNBDRR;QNRNTS = RS@QSDC VHSG OHC ; =

RS@QSDC BNQD RDQUHBD ; QNRNTS=

OQNBDRR;S@KJDQ = RS@QSDC VHSG OHC; =

#/'0= ;7@KK5HLD = : S@KJIDQ= *MHSH@KYHMF

#/'0= ;7@KK5HLD : S@KJIDQ= JOTA>SHLDRSDO

#+/'0= ;7@KK5HLD : S@KJIDQ= *MHSH@KYDC

#/'0= ;7@KK5HLD : S@KJIDQ= (NNCAXD CTBJHDSNVM
*/'0= ;7@KK5HLD : S@KJIDQ=)DKKN CTBJHDSNVM
#/'0= ;7@KK5HLD : S@KJIDQ= (NNCAXD CTBJHDSNVM
*/'0= ;7@KK5HLD : S@KJIDQ=)DKKN CTBJHDSNVM
#/'0= ;7@KK5HLD : S@KJIDQ= (NNCAXD CTBJHDSNVM
#/'0= ;7@KK5HLD : S@KIDQ= (NNCAXD CTBJHDSNVM

Open another £rminal and run:

QNRSNOHBKHRS

You should see

QNRNTS
QNRNTS>@FF
S@KJIDQ SNOHB>@



In the same &rminal, run:

QONRO@Q@HRS

You should see the list of pameters, including S@KJDQ OTA>SHLDRSDO
You can see the pameters and the alues of the s@kipgode with

QNRO@Q@IDS S@KJIDQ

4.12.Adding a command line paameter :

You can regiser a pammeter in the launch yle such that it is added b the ROS paa-
meter dictionary. This allows you to call QNROX FDS>0@Q@L on you parameter from
S@KJIDQ 0X

Edit your launch yle to look like this:

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

O0@Q@L M@LD ]JOTA>SHLDRSDO U@KTD @QF OTA>SHLDRSDO

QDL@O EQNL ]SNOHB>A SN ]SNOHB>@
MNCD
K@TMBG

Previously, you should have had the line 0@Q@L M@LD JOTA>SHLDRSDO U@KTD

inside of the node tags. This sets a pameter of value to be called s@kJibQ
OTA>SHLDRSDO(Remeber that the tilde preyxes the \ariable with the current name-
space). B 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 0TA>SHLDRSDpand
that if it doesn®ynd one, to use the \alue one. Then,U@KTD @QF OTA>SHLDRSDOre-
trieves the \alue set in the pevious line.

Within s@kJDQ 0x we can et the value of the inputted parameter. You should already
have the line:

RDKE OTA>SHLDRSDO RDKE RDSTO1@Q@LDSDQ JOTA>SHLDRSDO

This calles the taller® rRosTO1@Q@LDSDEethod, which contains the line:

U@KTD QNROX FDS>0@Q@L O@Q@L>M@LD CDE@TKS>U@KTD

Where JOTA>SHLDRSDOS passed in an@Q@oL>M@and is passed in as the default
value. Now that we have edited the launch yle to accept a command line argument,
u@kToshould be the alue which is given on the command line, ather than

You can est that this works by calling QNRK@TMB@Ith the added paameter:
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QNRK@TMBGJF>M@LDSDRS K@TMBGTA>SHLDRSDO

This should cause the time beteen messags b become thee seconds.

The functions QNRO@Q@L KHRABd QNRO@Q@L HMEN ;0@Qae=useful in debugging
issues with egiskering a paameter.

4.13.Documentation A

You should document the paameters and the publish/subscribe dpic names of each
node in your package. The user should not hae to look at the source code b ygure out
how to use the nodes.

4.14.Guidelines A

¥ Make sure to put all topics (publish or subscribe) and paameters under the name-
space of the node withi . This makes sue that the 10 of the node is crystal clear

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

¥ Always provide a launch yle that includes all the paameters (using o@Q@L) and
topics (using QbL@0 ) with each node.
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UNIT J-5
Using ROS bags

Maintainer: Russell Buchanan

rosbagsre a sysem for logging data in ROS. You can think of it as a node which sub-
scribes b any topic you specify and ecormds ewery messag that is receiwes. osbags
can then play back the messags

5.1.Commands

QNRA@RDBNQCSNOHB M@LDR 0 A@FM@L|

QNRA@FHMEN
QNRA@FPOK@XA@F KD M@LD
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UNIT J-6
Useful Commands

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

6.1.Nodes, Dpics, Services
See all bpic names:

= QNRSNOHEKHRS

Print topic messags b terminal:

| QNRSNOHBBGN G

See fequency of messagp published on opic:

| QNRSNOHB3Y

See which node is publishing and subscribing t&a bpic

"\ QNRNSOHBIMEN H2gxZ2

6.2.rqt
rqt is a collection of packags and bols for debugging in ®S
See a gaph of all nodes anddpics:

=

Here is an &ample gaph.

Iraabduck

Irasbduckfjoy_mapper_node/car_cmd

=
2_node 1]

I — .
)

6.3.rviz
rviz is a ol for visualizing data fom topics.
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| QUHY|

On the left panel yu can add visualizations based on mes&atype for ppic.



UNIT J-7
Naming Corventions

7.1.Nodes
7.2.Topics

7.3.Messa@s
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PART K
ROS deelopment basics - Esrcises
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UNIT K-1
Exercise: Simple data analysisdm a bag ’

| Assigned b: Andrea Daniele

1.1.Skills learned 3
¥ Reading Bag yles.

¥ Statistics functions (mean, median) in Numpy

¥ Use YAML format.

1.2.Instructions A

Create an implementation of cs A@F @m@kxyaccording to the speciycation be-
low.

1.3.Specifcation for %& 3
Create a poogram that summarizes the statistics of data in a bag yle.

cs A@F @M@KXYCEEED

Compute, for each opic in the bag:
¥ The total number of messags.

¥ The minimum, maximum, average, and median interval between successi
messags, epresentd in seconds.

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

Cs A@F aMeKXYCEEED
MTL>LDRR@FDRGERD
ODQHNC

LHV GER

Lew
@ubQeFGED
LDCH@M

1.4.Useful APIs A

1) Read a ROS bag A

A bag is a yle format in ROS for sbring ROS messag data. The packag QNRA@F
deynes the classt@rthat provides all the methods neededd serialize messags ©
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. " # G
and from a single yle on disk using the bag format.

2) Time in ROS A

In ROS the time is sbred as an object of typ@NRSHLD 5HLD An object s, instance
of QNRSHLD 5HLD represents a time instant as the number of seconds since epoch
(stored in srRDBR) and the number of nanoseconds sinces RDBR (stored in

S MRDBR). The utility function S SN>RDB _returns the time (in seconds) as a Uoat-
ing number.

1.5.Test that it works A

Download the ROS bagbw@LOKD>QNRA@F>) A@Run your program on it and com-
pare the results:

CS A@F @M@KXYDW@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>K
MTL>LDRR@FDR
ODQHNC
LHM
L@W
@UDQ@FD
LDCH@M

SDRK@ VGDDKR>CQHUDQ>MNCD VGDDKR>BL(
MTL>LDRR@FDR
ODQHNC
LHM
L@W
@UDQ@FD
LDCH@M
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UNIT K-2
Exercise: Bag in, bag out "

| Assigned b: Andrea Daniele

2.1.Skills learned g
¥ Processing the corgnts of a bagd produce another bag

2.2.Instructions 3
Implement the program CSs A@F CDBHL@S@S speciyed below

2.3.Specifcation of g

The program Ccs A@F CDBHL@Sakes as argument a bag ylename, an ieter value
greater than zeo, and an output bag yle:

CS A@F CDBHL@SD Ik

The output bag contains the samedpics as the input bag, howver, only 1 in M
messa@s from each ppic are written. (If mis 1, the output is the same as the in-

put.)

2.4.Useful new APIs A

1) Creake a new Bag N

In ROS, a new bag can be eated 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 pag for the clasNRA@F #@for further information.

2) Write messag to a Bag n

A ROS bag instantiagéd in write mode accepts messas through the function
VQHSD .

2.5.Check that it works A
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e $#

To check that the program works, you can comput the statistics of the data using
the program cs A@F @M@KXxYihat you have created in Unit A -3 - Exercise: Simple
data analysis fom a bag

You should see that the statistics ve changd.
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UNIT K-3
Exercise: Bag thumbnails "

| Assigned b: Andrea Daniele

3.1.Skills learned g
¥ Reading images flom images bpic in a bag yle.

3.2.Instructions 3
Write a poogram CS A@F SGTLAM@HKRS speciyed below

3.3.Specifcation for ! n

The program Cs A@F SGTLAM@HKRBreates thumbnails for some imag stream topic in
a bag yle.

The syntax is:

CS A@F SGTLAM@HK CED 6,:7,)-28

This should ceat the yles:

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

where the piogressive number is an incemental couner for the frames.

3.4.Test data A

If you don®have a ROS bag 6 work on, you can download the st bagbw@LOKD>QNR
A@F>) A@F. You should be abled get a btal of 653 fames out of it.

3.5.Useful APIs A

1) Read image from a pic A
The CTBIJHDSNVM>TSHKRnknown ref software_deel/duckietown-utils-library)
previouswarning 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@HKHGnodule
LBCO>CNBR BGDBJ>LHRRHMF>KHMJR

package provides the utility function QEFA>EQNL>QNR (unknown r ef software_deel/
duckietown_utils-rgb_from_ros)

previouswarning 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@HKHGnodule
LBCO>CNBR BGDBJ>LHRRHMF>KHMJR

that processes a @S messag and eturns the R5B imagg it contains (if ary).

2) Color space cowersion A

In OpenCV, an image can be conerted from one color space (e.g BGR) b another
supported color space (e.g RGB). OpenCV povides a list of supporéd corversions.
A $NKNQSNMUDQRHNMSNGEYNES a coversion between two diyerent color spaces. An
exhaustive list of color corversion codes can be foundhere. The corversion from a
color space ¢ another is done with the functionBu BUSSNKNQ


/tmp/mcdp_tmp_dir-root/prince_renderFUqSNL/warnings.html
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UNIT K-4
Exercise: Instagam filters ’

| Assigned b: Andrea Daniele

4.1.Skills learned 3
¥ Image pixel representation;
¥ Image manipulation;

¥ The idea that we can manipulat opeitions as objects, andafer to them (high-
er-order computation);

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

4.2.Instructions :
Create CS HMRS@FQ@as speciyed below

4.3.Specifcation for n
Write a pogram cs HMRS@FQ@hat applies a list of ylers © an imagg.
The syntax b invoke the piogram is:

CS HVMRS @FQCEZRIED

where:

¥ 24%0.25 isthe inputimage;

¥ 23:89 is a string, which is a colon-sepated list of ylters;
¥ 24%0.6;: isthe output image.

The list of ylters is given in Subsection 4.3.1 - List of wirs
For example, the esult of the command:

CS HMRS@FQ@HL@FD IOF "HO GNQHYNMS@K FQ@XRB@XILs IOF

is that NTS IOF contains the input image, tipped and than corverted to grayscale.
Because these tavcommute, this command gies the same output:

CS HMRS@FQ@HL@FD IOF FQ@XRB@KD "HO GNQHYNMSI@IS IOF

1) List of filters A

Here is the list of possible alues for the ylers, and their eyect:
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e "# o #1I"

"HO UDQSHB@KUips the image \ertically

"HO GNQHYNMS@KIips the image horizontally
FQ@XRB@KMMakes the ima@ grayscale
RDOH®@Mmake the image sepia

4.4.Useful new APIs "

1) User defned filters A

In OpenCV it is possible b deyne cusbm ylters and apply them b an image. A
linear ylt er (e.g, sepia) is deyned by a linear @imensional kernel. The RDOH@ /-
ter is deyned as:

0.272 0.534 0.131
Koepia = | 0.349 0.686 0.168
0.393 0.769 0.189

Alinear kernel describing a color yler deynes a linear tansformation in the color
space. A tansformation can be applied® an image in OpenCV by using the func-
tion SQ@MRENQL.
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UNIT K-5
Exercise: Bag instagam '

| Assigned b: Andrea Daniele

5.1.Instructions g
Create CS A@F HMRS@FQ@s speciyed below

5.2.Specifcation for 2

Write a program cs A@F HMRS@FQ@that applies a ylter to a steam of images
stored in a ROS bag

The syntax b invoke the piogram is:

CS A@F HMRS@FQ ERIED

where:

+*025 ? 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
+*06;,: ?HR SGD NTSOTS A@F

NN ) N

5.3.Test data A

If you don®have a ROS bag & work on, you can download the est bagbwaL
OKD>QNRA@F>) A@F

5.4.Useful new APIs n

1) Compress an BGR imag into a messag
The CTBIJHDSNVM>TSHK®nknown ref software_deel/duckietown-utils-library)

previouswarning 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@HKH@odule
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/tmp/mcdp_tmp_dir-root/prince_renderFUqSNL/warnings.html

LBCO>CNBR BGDBJ>LHRRHMF>KHMJR J

package provides the utility function C >BNLOQDRRDC>HL@FD>EQNL>BU>HL
@FD __(unknown ref software_deel/duckietown_utils-d8_compiessed_imag_from_cv_image)

previouswarning 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@HKH®@odule
LBCO>CNBR BGDBJ>LHRRHMF>KHMJR

that takes a BGR imag, compiesses it and waps it into aRDMRNQ>LRFR $NL
OQDRRDC*L@HMRDS messag.

5.5.Check that it works n

Play your +*06;: ROS bag yle and run the following command b make sure that
your program is working.

QNRQTMHL@FD>UHDWHL@FD>UHDWHL@FD >HL@FD>SQ@MRONQS BNL

OQDRRDC
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UNIT K-6
Exercise: Live Instagam

| Assigned b: Andrea Daniele

6.1.Skills learned 3
¥ Live image processing

6.2.Instructions g
You may ynd useful: (unknown ref software_deel/r os-python-howto)

previouswarning (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@HKHModule
LBCO>CNBR BGDBJ>LHRRHMF>KHMJR

. That tutorial is about listening to text messa@s and writing back ext messags.
Here, we apply the same principle, butd images.

Create a ROS node that tales camea images and applies a gign opetion, as
speciyed in the ne&t section, and then publishes it.

6.3. Specifcation for the node " robot
name g

Create a ROS node CS>KHUD>HMRS@FQ 86+6: 5*4. >MNCDthat takes a paameter
called _ksbQ, where the ylter is something fom the list Subsection 4.3.1 - List of

ylters
You should launch your camera and joystick fom O~/duckieawnO with

8 L@JD CDLN INXRSHBJ B@LDQ@

Then launch your node with

QNRK@TMBGS>KHUD>HMRS@FQ CI A CS>KHUD>HMRS@FQEZN

B> VINCD K@TMBG _KSDQEERED

This program should do the following:
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e % "# o

¥ Subscribe b the camer images, by ynding a bpic that is called BNL
OQDRRDCCall the name of thedpic 672, (i.e., 672, = ).

¥ Publish to the topic :672, 23.8 BNLOQDRRDCa stream of images (i.e., video
frames) whee the ylter is applied b the images.

6.4.Check that it works a

QPS>HL@FD>UHDO

and look at :672, ?3.8 BNLOQDRRDC
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UNIT K-7
Exercise: Augmented Reality "

| Assigned b: Jonathan Michaux and Dzenan Lapandic

7.1.Skills learned 3
¥ Understanding of all the séps in the imag pipeline.
¥ Writing markers on imags b aid in debugging

7.2.Intr oduction :
During the lectures, we have explained one diiection of the imag 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 oppos# direction.
It is often said that:

Orhe inverse of compugr vision is compuer graphicsO
The inverse pipeline looks lile this:

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

7.3.Instructions g
¥ Do intrinsics/extrinsics cames calibration of your robot as per the instructions.

¥ Write the ROS node speciyed below irBection 9.4 - Speciycation c£S>@TFLDMS
DC>QD@KHSX

Then verify the results in the following 3 situations.

1) Situation 1: Calibmation patern n

¥ Put the robot in the middle of the calibation patern.

¥ Run the program CS>@TFLDMSDC>QD@KH®’th map yle B@KHAQ@SHNM>0@$S
SDQM X@LK

(Adjust the position until you get perfect math of reality and augmenéd reality.)

2) Situation 2: Lane N

¥ Put the robot in the middle of a lane.
¥ Run the program CS>@TFLDMSDC>QD@KHEXh map yle K@MD X@LK
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e $ # %
(Adjust the position until you get a perfect math of reality and augmened reality.)

3) Situation 3: Intersection A

¥ Put the robot at a sbp line at a 4way intersection in Duckiebwn.

¥ Run the program CS>@TFLDMSDC>QD@KHSWith map yle HMSDQRDB
SHNM> V@X X@LK

(Adjust the position until you get a perfect math of reality and augmened reality.)

4) Submission A

Submit the images accoding to location-speciyc instructions.

7.4.Specifcation of ! % 3

In this assignment you will be writing a ROS packag to perform the augmented re-
ality exercise. The pogram will be invoked with the following syntax:

QNRK@TMBGS>@TFLDMSDC>QD @ K HE g 3A @TFLDMSDQ K@TMBG

L@O>_KD ONANS>MELDEEZAD <KNB@K

where 4+7 23. is a YAML yle containing the map (speciyed in Section 9.5 - Speci-
ycation of the map).

If 86+6:5%. is not given, it defaults b the hostname.

The program does the following:

1. Itloads the intrinsic / extrinsic calibration parameters for the gien robot.

2. ltreads the map yle.

3. It listens b the image topic 86+6: 5*4. B@LDQ@>MNCD HL@FD BNL
OQDRRDC

4. It reads each imag, projects the map featues onb the image, and then writes
the resulting image to the topic /![r obot name]/AR/!\[map yle basename]/image/
compressed

where 4*7 23. +%9.5%4. is the basename of the yle without thex@ension.

We provide you with ROS packag template that contains the "TFLDMSDC3D@KH
SX/NCD. By default, launching the "TFLDMSDC3D@KHSX/NCBhould publish raw im-
ages from the camer on the new  86+6: 544. "3 4*7 23. +*9.5%4, HL@FD BNL
OQDRRD¢OpIC.

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

1. Implement a method called OQNBDRR>HL@HEat undistorts raw images.

2. Implement a method called FQNTMC OHWD#at transforms points in giound
coordinates (i.e. the obot reference fame)  pixels in the image.

3. Implement a method called B@KKA@Bthat writ es the augmengd image to the
appropriate topic.
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7.5.Specifcation of the map :

The map yle contains a 3D polgon, deyned 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. ltis possible b specify a eference frame for each point. (This will help malke this
into a general tool for debugging warious types of poblems).

Here is an &ample of the yle conents, hopefully self-&planatory.
The following map yle describes 3 points, and wvlines.

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) Reference flame speciication n

The reference fames ae deyned as follows:
¥ @wkbDcenter of the axle; coadinates ae 3D
¥ B@LDQ@camemr frame; coodinates ae 3D

¥ HL@FD : areference frame in which 0,0 is top left, and 1,1 is botom right of the
image; coodinates ae 2D

(Other image frames will be introduced lager, such as thevnQkcand sHkDreference
frame, which need the knowledg of the location of the obot.)

2) Color specifcation A

RGB colors ae written as:

QFA ;! =

where the RGB \alues ae between 0 and 1.
Moreower, we support the following strings:
QDCIis equivalent to ;QFA ; ==

FQDDMS equivalent to ;QFA ; ==
AKTDIs equinvalent to ;QFA ; ==
XDKKNVis equivalent to ;QFA ; ==
L@FDMS@ equivalent to ;QFA ; ==
BX@MS equivalent to ;QFA ; ==

K K K K K K
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e $ # %
¥ VGHSDIs equivalent to ;QFA ; =
¥ AK@BJis equivalent to ;QFA ; ==

7.6.0Ma® fles

1)1 %

This patern senes as a simplegst that we can dew lines in image coodinates:

ONHMSR
5- ;HL@FD ; ==
53 ;HL@FD ; ==
#3 ;HL@FD ; ==
#- HL@QFD ; ==
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 botom, yellow on the left.

2) %

A

This pattern is based oy the checkrboard calibration target used in estimating the
intrinsic and extrinsic camera palameters:

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 checkrboad:
red on the bp, green on the right, blue on the babm, yellow on the left.
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3)

%

#(

We want something like this:

— = = = = —

77 - 79 - 77

Then we have:

ONHMSR

O ;@WKD ; ==
;@WKD ;% ==
;@WKD ; ==
;@WKD ;% ==
;@WKD ; ==
;@WKD ;% ==
;@WKD ; ==
;@WKD ;% ==
;@WKD ; ==
;@WKD ;% ==
;@WKD ; ==
;@WKD ;% ==

O UTUOUTUOTUVUOTUOT

av)

RDFLDMSR

4)

ONHMSR ;0 P=
BNKNQ VGHSD
ONHMSR ;0 P=
BNKNQ VGHSD
ONHMSR ;0 P=
BNKNQ XDKKNV
ONHMSR ;0 P=
BNKNQ XDKKNV
ONHMSR ;0 P=
BNKNQ VGHSD
ONHMSR ;0 P=
BNKNQ VGHSD

#% %
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ONHMSR

/- ;@WKD ;

/- ;@WKD ;

/- ;@WKD ;

/- ;@WKD ;

/- ;@WKD ;

/- ;@WKD ;

/- ;@WKD ;

/- ;@WKD ;

/$ ;@WKD ;

/1$ ;@WKD ;

/$ ;@WKD ;

/$ ;@WKD ;

/13 ;@WKD ;

/13 ;@WKD ;

/13 ;@WKD ;

13 ;@WKD ;

/13 ;@WKD ;

/13 ;@WKD ;

/13 ;@WKD ;

13 ;@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 /- [-=

#(



e $ # Io#

7.7.Suggestions :

Start by using the yle GTC X@LK To visualize it, you do not need the calibation data.
It will be helpful t 0 make sure that you can do the easy parts of thex@rcise: loading
the map and drawing the lines.

7.8.Useful APIs A

1) Loading a map ile: A

To load a map yle, use the functiokxN@c>L@provided in CTBJIHDSNVM>TSHKR
EQNL CTBJHDSNVM>TSHKR HLONQS KN@C>L@O

L@O>C@S@ KN@C>L@O L@0O>_KDM@LD

(Note that L@0is a resened symbol name in Python.)

2) Reading the calibation data for a pbot A

To load the intrinsic calibration parameters, use the function KN@C>B@LDQ@>HMSQHM
RHBRprovided in CTBJHDSNVM>TSHKR

EQNL CTBIJHDSNVM>TSHKR HLONQS KN@C>B@LDQ@>HMSQHMRHBR

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

To load the extrinsic calibration parameters (i.e. gound projection), use the function
KN@C>GNLNFQ@Omovided in CTBIJHDSNVM>TSHKR

EQNL CTBIJHDSNVM>TSHKR HLONQS KN@C>GNLNFQ@OGX

) KN@C>GNLNFQ@OGX QNANS>M@LD

3) Path name manipulation n

From a yle name like 0@SG SNL@O X@LK , you can obtain the basename without
extension Xx@LK by using the function FDS>A@RD>M@Lprovided in CTBJH
DSNVM>TSHKR

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

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

4) Undistorting an image A

To remowe the distbortion from an image, use the function QDBSHEXprovided in CTBJ
HDSNVM>TSHKR
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EQNL CTBJHDSNVM>TSHKR HLONQS QDBSHEX

QDBSH_DC>HL@FD QDBSHEX HL@FD HMSQHMRHBR

5) Drawing primitiv es A

To draw the line segments speciyed in a map yle, use th@bmMcbQ>RDFLDMS$Rethod
deyned 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>RDFLDM4$A draw segments on an imag, you must yrst imple-
ment the method FQNTMC OHWDK
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