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m Robotics software development challenges

Robotics software engineering is still in a “craft”
stage compared to software engineering in more
advanced domains such as automotive and avionics

» Numerous and often incompatible component-based frameworks
» Code-centric software development approach

» No standard interfaces between roles involved in developing robotics
systems

» Participants involved with heterogenous backgrounds and skills
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RobMoSys H2020 — Composable Models and Software for Robotics Systems

https://robmosys.eu/
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Ecosystem Tiers and Roles

Ecosystem Tiers
and groups of roles

Ecosystem :]
Users ]
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CEA realization of RobMoSys approach
https://wiki.eclipse.org/Papyrus/customizations/robotics

Papyrus for Robotics is a model-based
development environment that supports
the RobMoSys methodology * A CONSOLIDATED EU DIGITAL INDUSTRIAL PLATFORM

FOR ROBOTICS ™

» Modular and role-based design
provide dedicated views and abstractions for the different stakeholders in the

robotics value chain
[An enabler]

. Papyrus&Robotics,
> COde'generatlon a RobMoSys-Compliant
transform models of software architectures, platform descriptions and deployment a’:(lii‘i:f:':dcgg'&:::“

specifications into code

» Reverse engineering
build component and service models from existing systems

» Behavior tree execution
enable modeling of reactive and composable robot behaviors

» Safety analysis
perform dysfunctional analysis on component architectures
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https://wiki.eclipse.org/Papyrus/customizations/robotics

Roles and interactions

Reverse ‘
voutu.be/fmAWe'ninO

Services Skill ﬁ
Definition T Definition
s Skills
Ser'v s Designer
Designer
fier2. | Model task and skills
Tier 3 Component i System i Behavior https://bit.ly/33qCjLw
Development ! Composition | Development
phase ! phase ﬁ | phase
Create ROS2 Build files n i
| youtu.be/LZxr66gtHgA | oo ; |
1 I 9
ﬂ Component i System 4 ; Task Y
Component Definition i Build /‘ Modeling L r

Developer Developer

code-generaMeployment risk

assessment
Cohesive CDT integration ﬂ ) : ﬁ
youtu.be/P61COtOUUmMO |, & Deploy robotic behavior Safety

youtu.be/MimOcAr1WCs Engineer
Generate component code (AMCL)

Link Hazards and Risks with Tasks
yvoutu.be/M2J9XxWcgEl youtu.be/fNbgmTONOQYc?t=163
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https://www.youtube.com/watch?v=fmAWepIiHd0
https://www.youtube.com/watch?v=LZxr66gtHgA
https://www.youtube.com/watch?v=M2J9XxWcgEI
https://www.youtube.com/watch?v=P61COtOuUm0
https://www.youtube.com/watch?v=Mim0cAr1WCs
https://youtu.be/fNbgmT0NQYc?t=163
https://bit.ly/33gCjLw

Services and components

Ros2 data types and services (components’ data flows / configuration&coordination)

9
Services
Definition
Service

esigner
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1 geometry_msgs

B msg

' a Paint

E Pose

_'C_01 Quaternion

x: floated
y: floate4
z: floated

position: Pain
orientation: Quaternior

EI Transform

x: floathd
y: floated
- float6d
w: floated

#

IC_Q Twvist

|CO| TwistwithCovaria...

translation: Vector3
rotation: Quaternior

linear: Vector3
angular: Vectar3

twist: Twist
covariance: floated

«binds

MoveToCS

<Goal -=> Pose, Response -> Empty, Feedback -= Empty

_________________________________________ :5.

5 Action
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Services and components

O Properties 52 | J Model validation M 38 = 0

o NavigateToPose

ID Provided Services MoveToCS | ... || & | Required Services |<Undefined> | .. |
~J navigation.com[ Ports
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|
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. e ! = Assertions @
Definition ! i
Component : El Contract
eveloper i #a Welcome | &
! el ] Properties &2 J ModelValidatioM’ M 8 = 0
_—
i
i 5 emd_vel
i
I . .
i ID Provided Services P_Twist | .. | % Required Services |<Undefined> .. =
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Component code-generation

. | - ~ Navigation_impl.cpp —
75 Project EXD[DFEF ] %‘_ MOdElEKplOI’EI’ Open = -/devel/papyrus-robotics/robeticsrep-202...tionCompone save u
==
Component = | const rclcpp_action::GoalUUID & uuid,
. a . + =% NavigationC £ std::shared_ptr<
DEflnltlon = Navigationt.omponen const mobilemanipulationservicedef::action::MoveToCS::Goal>
Component b ﬁl-l Includes goal) {
Developeg ]
b = launch
b = models

code-generation
¥ = SIC

* = MavigationCompdef
b @ Navigation_impl.cpp rclcpp_action: :CancelResponse Navigation_impl::NavigateToPose cancel(

. . ] const std::shared ptr<
b Navigation_impl.h rclcpp_action::ServerGoalHandle<
mobilemanipulationservicedef::action: :MoveToCS>>

¥ & srcgen goal_handle) {
¥ = MavigationCompdef }
b = globalenums

Programmer » [g Navigation_main.cpp
binds data f t interf b [n Navigation_main.h
. . voild Navigation_impl::NavigateToPose_accepted(
INAS data Trom component Interrace b [& Navigation.cpp a cozst)std:I:shar;.:j_p;r.-; oPose_a
to internals (algorithms, etc.) ' B Navigaiont
o const auto goa]_ = b [n Pkg MavigationCompdef.h goal_handle) { : i
1
goal handle->get_goal(); v Esreskel :
« res = do_navigate_algo ( v & NavigationCompdef /’
- —_— . . b - - - .
goal->position.x, @'“wgﬂﬁn{mﬂ‘pp
goa1_>position.y ’ Navigation_impl.h void Navigation_impl::odom_handler(
? = CMakelLists.bxt const nav_msgs::msg::0dometry::SharedPtr odometry) {
- )5 E package.xml 3

« if (res == 1) { // algo OK }
else {algo KO }

void Navigation_impl::laser_handler(
const sensor_msgs::msg::LaserScan::SharedPtr
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Skills and behaviors

~? *mobilemanipulation. “? * [ Properties 53 J Model validation " § = 0O

# MoveTo (target_p: Pose)

MobileManipulatiol <y Coordinationserv | MoveToCS T
& OpenGripper() 0 . . : I. OnE
& CloseGripper() Style Input Attributes ar ‘ Output Attributes ar ‘ Result Akt Deflnltlon

0 MoveTol in target p: Pose) Appearance

Skills
& isBatteryAbovel in level: Floa o crc and crid

Designer,

% target_p : Pose

X Advanced
welcome | [E] MobileManipulationskills diagram &2 Tier 2
Behavior Tier 3
Fa@ack Development
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Task
Modeling

Behavior
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LnGripper] [nd@bj ] eGrippm
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obj_id obj_p target_p
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P
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Skill code-generation

code-generation ¢
il

# MoveTo (target_p : Pose)
skills Coordinationsery | = MoveToCs
1D ) )
style Input Attributes o Output Attributes o Result At o - -
ARReAIANCA @ target_p : Pose
Rulers And Grid
Advanced
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Generation of build and launch files

DistanceSenspr o
Code-generation .
» package.xml and CMakelists.txt code-generation = e
configure Eclipse CDT to use colcon
. . . . .. o : Control
» launch script with re-mappings according to components‘ composition \\ 3
launch scripts are also generated that activate components automatically -
» YAML files for parameter configuration “‘-’*‘a"‘*’I
default value overridden per instance PortDistance
: DistanceSensor

Eclipse integration

System

» Can launch and debug (CDT debugger) a component from Eclipse composito]
https://youtu.be/kWkUpKcJg48

» Use of Eclipse lauch configurations / console
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Task execution

4 Interaction Run-time architecture
E'e.% \

: SWC :
\- Coordinator - bt_sequencer (interpretes the BT)
(:Navigation
: with manual binding of .
maStermterf'_ : Services to : BT aCtlon nOde
>equencing o algoritth) realizations
Layer =4
(0/¢]
_______ R0
Skl 2 Coordination Services nav2_behavior_tree
Layer :
slave interf.
ONY
p Coordinated
©¢@% ), - Supporting modules (from standard ROS2)
§© - Supporting modules (customized from standard ROS2)
L —— ] Generated modules
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Examples

g ConteXt: S_imUIation Of the Execute the pick and place task
collaborative robot arm Isybot

described as Behavior Tree

performing a pick and place task X
e System composed of 2 components -- Sequencer Master
the Sequencer executes the Cogrdination Interface
behavior tree specification of pick — —
-and-place taSk . . E:\?:rencmg * Connection (dynamic wiring)
by opportune configurationand  _________________________ __ .+ Configuration and activation
activation of the Isybot component Sill * _Information query and results
Layer
e The coordination interface conforms - I_\‘
to the “Architectural Pattern for Slave
Component Coordination” [1] , Isybot Coordination Interface
introduced in RobMoSys and -
is generated from models of the Encapsulate the robot controller

(black-box)

behavioral and system specification

[1] https://robmosys.eu/wiki/general_principles:architectural_patterns:component-coordination
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Examples

Gazebo L runtimemros2 - UrjcPilot/models/system/patrol.system.di - Eclipse Platform - X

File Edit Camera View Window

v Bydivra =~ Rx - it - 70% -
O~Q~ BA~ G~ A B I |A~&~. s~ Q ® | &
J patrol.bt.di 2 STl

a4 &
/ 2
\\\\ =
(o &
Fa@ck &I
Gt )
VisitPoints )
]
(& Welcome o Patrol diagram &3
~J visitpoints.bt.di &3 = O ||~ patrol.system.di &2 =5 {m]
©5) VisitPoints q q

checkBatteryNotUnderCharge

t B3 navigates to
battery level is'< 209

Reset | Left-Click: Rotate. Middle-Click: Move X/Y. Right-Click:: Zoom. Shift: More options.
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(&% Welcome &8s VisitPoints diagram 3
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checkEnoughBattery

te_to_loc
[y, Mavigate to|

a

Sl

: Navigations

[T Properties 2

[Zl bd : BatteryDriver

Parameters Settings

<

& welcome | & Patrol diagram &

battery_level : float64
battery_charging : bool

)



Evaluation

Goals

» Reduce the effort spent in programming
component development effort and system integration effort (by generating artefacts from the models).

» Improve the quality and safety of the obtained system
higher consistency due to generation, improved safety via HARA integration

1 Generated LoC — LoC due to modeling effort

Mceam3 = =
| Zc: Total LoC
Body files Header files | Service files Build files
Generated | Manual Generated Generated Generated | Manual
HMI 166 28 225 10 190 7 Reduction btw 35% and 67,5%
Skill Server 422 192 381 45 199 7

(depending on the user background and

Table 5.2: Generated and manually added LoC for the C++ header/body files, service and build expertise in programming)
files of components AdaptiveHMI and RobotSkillServer.
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Task-based Hazard Analysis and Risk Assessment HAZARD Vs  RISK

=
A HAZARD is something RISK is the likelihood ‘7’:—
that has the potential of a hazard
to harm you causing harm 1l
>
Q)
)
safety . L
engineer o
x
%
. -
behavior > '8
developer Task/skill g
=
(0]

behavior

system
builder

» Task-Based HARA is performed following ISO 10218-2:2011.
For each action in the behavior tree, we list all the relevant hazards and compute their risk index.
The risk analysis table structure is extracted from ISO/TR 14121-2:2007.
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| © runtime-EdipseApplicationTableESF - CEARobotPrinterModel/pickandplacebehavior di - Edlipse Platform - e (S e |

«Uses» <Usage > MovementSkills
«Uses» <Usage> GraspingSkills
«Usess <Usage> MovementSkills
«Uses» <Usage> GraspingSkills  ~
< 21 HazardAnalysis

« [¥ GraspUnGraspHazardAnalysis
1 HazardAnalysisTable

File Edit Nawvigate Search Papyrus Project Run Window Help
e S~ " EB~B~F 2y o~ v A vhvEeyWevirvw ww e o vide BvQOvQvis gvl v v'. . Mw vl oD
B/ v he v Quick Access © @ | i [F)
% Model Explorer & “ B~ pickandplacebenavior.di = =:0
FEwae sl - A B c
#3 Task Definition -
&3 PrinterPaperPickAndPlace L Task ? Hazard 2 Origin e
& Initialisation 1 = movements of ro... moveTo (p : Pose3d) movements of robot arm mechanical th
§8 PrepareToGrasp
§3 GraspUngrasp 2 “ unintended mov... moveTo (p : Pose3d) unintended movement mechanical 1
% «TreeRoot, Task» PrinterPaperPicl 3 = unintended mov... openGripper () unintended movement mechanical 1
%% «TreeRoot, Task» Initialisation
5 uTreeRoot, Tasks PrepareToGrasg q = end-effector failu... openGripper () end-effector failure (separation) mechanical v
< wTreeRoot, Taskx GraspUngrasp 5 = materials and pr... openGripper () materials and products falling or ejection mechanical
i wUsess <Usage> Initialisation
& wUsess <Usage> PrepareToGrasp 6 “unexpected relea... moveTo (p: Pose3d) unexpected release of potential energy fr. electrical
“ #Uses» <Usage> GraspUngrasp 7 @ unintended mov... moveTo {p: Pose3d) unintended movement of the gripper mechanical T
s «wUses» <Usage> MovementSkills
& «Usess <Usage> GraspingSkills 8 i« unintended mov... closeGripper () unintended movement of the gripper mechanical
-

= a 5 «HazardAnalysis» moveme
Ag',e R'Sk = «MazardAnalysis» unintend . — !
Assessment £3:sHazardanalysiss unintend % Welcome §3 Initialisation 3 PrepareToGrasp | §3 GraspUngrasp $3 PrinterPaperPickAndPlace [ HazardAnalysisTable ©
" —_— " - . = «HazardAnalysis» end-effes )
N ol =11 = «HazardAnalysis= matenals [ Properties =2 J [ re -
= =HazardAnalysis» unexpect EG .
- GraspUnG HazardAnal
= «HazardAnalysis= unintend s - i
= =HazardAnalysis» unintend UML Name GraspUnGraspHazardAnalysis *
(-~} 3ges MobileManipuiationSkels Table Gt =
o | A ~
PEAIANCE 1 abstract wue @ false
T Paste
Mk Visibil blic -
0 5 Comments b o
Profile Protocol <Undefined> [

Risk assessment is performed assessing operational hazard situations and mitigation measures.

Thes project has recenes hmdng fram e
Eoropean rean's Hergen 3033 research
278 ooV aten programima under

WA agrenmeant Nb THMLD
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Deployment of the final solution

“? CartesianT 72 PRC2Cartes 72 mobilemani 72 *pickandpl &8 2 bt fled =&

1 8 o (-

Current Action i
RobMoSys in Execution |
Composable Models and Software :
For Robotics Systems _

#ROBO

p: Pose3d T o Poseda ' o Pose3d p: Pose3d p: Pase3d

J v: Posedd v Poseid M v: Pose3d L v Pose3d ),r,-

Cucron o ) (dosn o0 JRrosr o]
OBJECT EXIT DEPOSIT AP DEPOSIT EN DEPOSIT EXIY

2 F oSN @ g P (o cridrote

i B - ‘F v

' /
B v~

—

H" RENMNSAS L o=.gv ®
grasp_ungrasp.py [/usr/bin/python])
disable

enable
enabled
PREPARING TO UNGRASP

v Gripper Open
Warning : No change proceed, already in this mode.
GRASP UNGRASP STARTED

) . e C [2968.923] [DIAG-FALL] 1sbl6 cont robot sat cTauMSat: filter saturate :
et ) Digital L/, l‘mggj:gr index 3 output is at maximum
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Compositional Safety Analysis

safety
engineer

component
supplier

-
-~
~

system
builder

safety
engineer

Fault Tree Analysis (FTA) View
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Compositional Safety Analysis (demo)

workspace-pap) i 8-12 - RobotControllerAkeoPlus_RobMoSys/modelSafety.di - Papyru:
File Edit Mavigate Search Papyrus Project Run Update PMF Model Window Help
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@ «SAbsentFailureMod .
@ «SAbsentFailureMod iIntAccCmd
@ «SAbsentFailureMod
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«SLacalEvent» Intern 1 ..:37

o Dysfunctional
o Association
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EnE— T mmE— T Teha— T ——_, T e — T  —
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4
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' Akeo_RT_MotionControl

o

IR L o TP I PR T -

Commissariat a I'énergie atomique et aux énergies alternatives M. MORELLI 09 juillet 2021 _



../../../../ActivePresenter/papyrus_robotics/20190411-demoday/P4RModularAndSafeRobotics/Video/P4RModularAndSafeRobotics-Compositional.mp4

Outlook roadmap

» P4R used internally in several (European) projects
= Continues to be developed actively

» Support for composite components to model
whole-part relationship

» Modeling and deployment of ROS2-based
automated planning solutions

» Real-time support, model of
computation & communication (MoCC)
- ROS2 and pyCPA support
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