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Our Robotics Systems 2
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... Marine and Sub-marine Drones ’

e ... Autonomous robots
8 E-Cobot
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ROS = Robot Operating System .

 Middleware to ease the
programming of robots

- Standard synchronization and
communication mechanisms to

hide low-level OS services
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— Multi-platform / multi-OS
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ROS because ... :

- Simplifies and accelerates the development of robots SW & HW

. 4
- Standard with many sensors and robots hardware i

. . N=
— Used in industry : demand from our clients / partners \(

— Set of tools for developing, monitoring, debugging«s: ==
 Nodes connections, frame transformations ...

/robot /move_base

[teleop_twist_keyboard /move_base/global_costmap

Irobot/videocamera
Buffer length: 1.328

Irobot/videocamera/image
& o Most recent transform: 1604219408.18
- Dldest transform: 1604219406.86
Irobot/depthcamera /move_base_simple/goal Imove_base/local_costmap \ 4

base_footprint

Broadcaster: /amcl

Average rate: 10.811

Buffer length: 1.295

ost recent transform: 1604219409.15
Dldest transform: 1604219407.86

I /move_base/global_costmap/costmap_updates

Broadcaster: /morse
Average rate: 60.988

/move_base_simple | /move_base/global_costmap/costmap

Jodom /move_base i Imove_base/local_costmap/costmap_updates

T : /my_trafo_base_footprint_to_base_link Broadcaster: /my_trafo_base_footprint_to_laser
e: 10.823 Average rate: 10.749
| fmave besellocel costmepicostinap h: 1.201 Buffer length: 1.302
— transform: 1604219410.21 Most recent transform: 1604219410.26

] form: 1604219409.01
o]

/map_server

n__rviz_1604218621777330119

Oldest transform: 1604219408.96
Broadcaster: /morse
Average rate: 20.851

base_laser_link
Buffer length: 1.295

Most recent transform: 1604219408.15

08.15
L Idest transform: 1604219406.86

Imy_trafo_base_footprint_to_laser

robot/videocamera




Visualization and Simulation 6

* More tools for multi-physical simulation (Gazebo, Morse ...)
* Digital twins in the development process

3DX_navstk_allmaps_stvoxels_paths.rviz* - RViz

File Panels Help

Interact | 6 Move Camera [ _]Select <@ FocusCamera mmMeasure # 2D PoseEstimate . 2DNavGoal @ Publish Point =, @,

\

e Views d

Type: | Orbit (rviz) = Zero

¥ Current View  Orbit (rviz)
Near Clip... 0,01
Invert z Axis [
Target Fra... <Fixed Frame>
Distance 5,65924
Focal shap... 0,05
Focal shap... &
Yaw 5,53864
Pitch 0,509797
» Focal Point  -1.3142;-0.2789...

v v Status: Ok

Topic /move_base/DWAPIan...
Unreliable O
Line Style Lines
Color M 255;0;0
Alpha 1
Buffer Length 1
» Offset 0;0;0
Pose Style None
Add Save Remove Rename
® Time ®
ROS Time: | 1586355044.51 ROS Elapsed: [309.16 Wall Time: |1586355044.54 Wall Elapsed: |309.16 ] Experimental

Reset 28 fps



BUT ... Help Is Needed ...

* Many services and relation ¢ 9] f.bj =
. v )
-With many parameters Lm =] L A_] | F_ Bl
crr- Mapping Navigation  Obstacle Adl\,foildar*.ce SLAM & V-SLAM
- Difficult to represent SFath Bhinin
* Many deployment solutions-
-Which computer boards? ~ * "
—-Which services + parameters ’3 /
- Large design space WLHT
* Difficulty to explore TF@ R
* Especially for non Real Time 1

Embedded Systems experts l



And we face ... Performance Issues

* Non functioning or s e Rl
malfunctioning robots |

- The robot Is too slow, or loses Its
way, or Iits target

-We observe :

* High CPU load

e Slow communications
* Missed deadlines

"HIS PATH-PLANNING MAY BE
SUB-OPTIMAL, BUT IT'S GOT FLAIR."



Our Needs

* A comprehensive view of the whole application = a model
- The software: a set of ROS nodes interacting
- The hardware: the robot, its sensors, and embedded computer boards

* A tool to perform performance analysis from the model

- Timing : schedulability & latency

- CPU load analysis

-BUS load analysis

—ASAP in the development cycle =

* A library of components to ease and speed the buildihg of complex
models

- Something simple, fast and accurate : simple & fast modeling, analysis, profiling



Our Choice ?

* AADL (Architecture Analysis and Design Language)

— Covers the domain of Cyber-Physical Systems (CPS, including robotics)
with a focus on real-time embedded systems including:

» Software components (process, thread, data, port ...)
* Hardware components (processor, bus, memory, devices ...)

* Deployment specification with bindings : specify to which HW component(s) a SW
component is bound to

—-Embeds in its heart several paradigms, making it a multi-paradigm

modeling language allowing to cover several parts / aspects of CPSs
* It is Object-Oriented (OO), which is very helpful in building component libraries

« Synchronous Data Flow (SDF) through its data port construct

 Discrete Event Dynamic Systems (DEv) through its event data port construct and its
DEVs Annex (DA, among others)



Multi-Paradigm Modeling for CPSs !

* Modeling paradigms as generalization of
programming paradigms

Principles:
—-Model every part and aspect of a system explicitly

— At the most appropriate level(s) of abstraction, with the most
appropriate modeling formalism(s) for the activity

- Do not try build a single modeling language that captures
everything

— Combine the most appropriate formalisms and workflows



Modeling Modeling and Workflows

* FTG+PM (Formalisms Transfarmation Graph + Process Model)

Mod

a8 R

CAD :ModelGeometry

geometry:CAD ) + . geo:Physical I
:FEMAnalysis_ | ,LP

Combined

.

:DesignPlant

D2FEM

plant:Simulink ¢

, :GetPhysicalPro ]
perties

plant:Physical
PropertyLanguage

:DesignControl J

Simulink

control:Simulink -

\J

From D. Istvan, J. Denl and H. Vangheluwe, “Towards Inconsistency Management by Process-Oriented
Dependency Modeling”



Realistic FTG+PM

e Automotive power window =S T
:’“‘;':f %ﬂf@sﬂrﬁiﬁﬁﬂ

F1G
[ ] ioncunge @ manusl ieredormaticn (@ automaic ranslomation

P
oo W
L anfact activity acthvity




Our Workflow

* From a deployed system
model

- Run different analyses

depending on the properties

In the components models
* E.g. CPU vs BUS load

— |terative exploration process

* If component not in lib.

—dev. new model = profiling &
benchmarking
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SLAM Robot AADL Models

* Graphical concrete syntax

15

g - ) -
slam_rand.impl* 1 Pioneer 300
hw2sonar vel_cmd_in_pass
ST | rosaria* [
;!rFar inpyt emd vel in sonar_out emdvelzhw keyboard® keyboard pass
— &
I keybd_stream o} =
keybodrd iput o 5 conar [ p— ¥ s CdroidXUa
e ; . Kevbd uzb Crfiroid _X1L14:: Oudroid_XU4.impl
y T | sonar_alert* / ush_31 : ;
tf_odom_to base link sensors in - Proxalert_out 7 ush bus 31" %
Eumper n--ﬁb_—‘ 1 Exynog SOC usb3l| e i
e %‘ wili_pass 1 1 sCreen®
hatiory rechargs wiate hifmi port hdmi hdmi_in
.3 ol o
odom ot p_output B
?’ : will_dong® ushd
e wirli con wifi ush ushi2
d vel 2 hFﬂ , : sy ¢tush_bus_2*
cmd ve W —_——— 1 ¢ ush bus 3%
n R * bhase vel cde®
F— | slamgm* Sonars ush 33 Vel
sonar_owl]2 tf_odom_to_base map_out | = A ek Hii o,
L | : sanar ush ; § M _bus 33 ) wel_crmd_in
i 1t msp 1o odon | ether_ctrl® 1o ysh3
tfhase2laser* .‘f I.aser scan_in By wel o ush
b published tf _q SONnar_out o
e tf_base_to_laser - =i : . —
_W? id S d ¢ ethernet_bus® %
i lidar* ; .
rplidar* 1 - 4 e
-!... i Iljase:r - nutf : i Sonar_out pass
gaf g , autornd* i lidar ush g =
| — stop  cmd_vel out
) a?. liddar stream ot
+ lidar_stream_in laser_scan_in - T T N
b rgb_cam®* Fih EtherBridge* idlar_ghyss
CAMEera_ush
kf = kbdtﬁ‘lﬁﬂ'g' I ,I' II'!|'|I.'I'II'| aubsice
e cmd_vel_out B gtre 1
Fey .‘ kbd2zbool* I RGE_stream |.l|.-l
L Jlicyhtl boolout video_rgh_pass
L F_1 ethermet_pass - -
N = g
\



Graphical Textual Syntax

16

system Exynos_5422

" feat
¢ Blended mOdeIIng eauﬁl?f’?requires bus access USB: : USB.usb2;

usb31: requires bus access USB: :USB.usb3;
usb32: requires bus access USB: : USB.usb3;
hdmi_port: out event data port;

end Exynos_5422;

system implementation Exynos_5422.impl

subcomponents
big_procs_cluster: system big_procs.i;
little_procs_cluster: system little_procs.i;
gpu: processor arm_mali_T628.impl;
dram_2GB: memory DRAM.impl;
AMBA_bus: bus AMBA.impl;
USB2_bridge: device usb2_bridge.impl;
USB31_bridge: device usb3_bridge.impl;
USB32_bridge: device usb3_bridge.impl;
hdmi_dev: device hdmi.impl;

end Exynos_5422 .impl;

system implementation big_procs.i
subcomponents

big_proc1

properties

: processor Cortex_A15.Processori;
big_proc2:
big_proc3:
big_proc4:
big_cache:

processor Cortex_A15.Processor?;
processor Cortex_A15.Processor3;
processor Cortex_A15.Processor4;
memory cache. big;

SEl: : MIPSCapacity => 8000.0 MIPS;

end big_procs.i;



Our AADL Library ’

* Models for software components organized in packages according to ROS
based applications

* ROS nodes and complex services from mainstream ROS distributions / ROS data types and
messages / ROS synchronization and communication mechanisms

* Models for hardware components

- SBC : Jetson Xavier, Nano, Odroid XU4, Raspberry Pi4, Pi3 ... /| SoC : Exynos 5422,
Broadcom BCM2711 ... / SoPC : Xilinx, Altera with hardcores/softcores (PowerPC,
uBlaze, NIOS ...) / Robots : (Pioneer3DX, LeoRover, TurtleBot ...)

- Example of lib. package tree for a complete robotic app.

operties  fH generic fpga  HHipc:mutex  fHipc:mqueue  [ESProperties  #fipcishm (i ipc:semaphore  fhipc:buffer  # ipcisocket | sys rover

T Basic_OP_Properties [ POSIX Properties 1 generic hw [ Power_Properties —» i sw_rover

-
-
e T

|_laser_to_image 3 nd_image viewer 3 nd_astra_camera f5 nd_teleop_twist_keyboard _ f8nd _pos_ to cmd 3 nd_map server & nd_slam_gmapping 5 nd_amcl
— e 2
Hros tHcamera_usb 4 Raspberry Pi4B i USB “ 4 ETHERNET t1 Raspberry Pi4B

H Types  HHwifi 5 Buses:UART @t Buses:Misc 3 USB | t Ethernet EISEl ~ 3 ros data

] Data_Model | =] Bus Properties | T Electricity Properties



Profiling a ROS Node ’
* Launch the node, in realistic situation and setting
2.5e+1
® a15 /noetic MIPS: 197|319
- CPU frequency : cpufreg-set ... L ogesdon | M o7 |
.. - " 2e+10- - regression MIPS: 57.4175
- CPU affinity : launch-prefix="taskset -c 5,6,7" ... a7 roele ¥
_ _ _ _ @ 15e,1(™ 17/ melodic E — A
- Process scheduling policy & priority : chrt -f -p 15 PIDy.=
. . 2 jent0 —
* Record performance for different durations IS
- Perf stat -p PID -- sleep duration SE*UQI"' __P_T_ff---'rf' """ 1
. . 0 -_--F_
e Using scripts (shell, awk ...) 200 90 4 0 6070 &0
number of instr number of cycles freq (GHz) duration MIPS MIPS/frame|ipc cycles/frame run_time fira procload  |core ]
3947426403 2751780463 1.992 20.00375| 197334288 6577810 1.43 4599867 0.00231 6.92751 A15
78985407914 5736961174 1.992 40.00616| 197454813 6581827 1.38 4769440 0.002359 7.18285 A15
5121547760 15567239635 1.4 20| 256077388 8535913 0.329] 25845399 0.01853 | 5558728 A7
10244464108 31191572553 1.4 40 | 256111603 B537053 0.32844 | 25992977 0.01857 | 55.689924 AT




Analysis with OSATE (Main AADL Tool)”

* Deployment 1 A7.1: pos_to _cmd

A7.2: sonar_alert

A7.3: rosaria

A7.3: roscore

* Results

—Processor p3dx.(...).big procl: Total MIPS 140.545 MIPS of bound tasks within MIPS capacity 2.000
GIPS of p3dx.(...).big procl : CPU load is 7.03%

- Processor p3dx.(...).big proc2: Total MIPS 2.242 GIPS of bound tasks EXceedsiMIPSicapacity 2.000
GIPS : CPU load is 112.10%

—Processor p3dx.(...).little procl: Total MIPS 7.380 MIPS of bound tasks within MIPS capacity 1.100
GIPS of p3dx.(...).little procl : CPU load is 0.67%

* = Change deployment !
—ocv_color_tracking now bound to A15.2,3,4




Analysis vs Measurements

* mpstat ...
... and a few scripts

CPU Measured load %  Analysis %  Error %
AT #1 0.65 0.7 0.05
AlS #1 9.5 7 2.5

AlS5 #2,3,4 93 112 19

cpu %load

A7.1. pos to cmd

A7.2: sonar_alert

A7.3: rosaria

A7.3: roscore

100
.-
e T
; ]

85 i :

80 b

75 ] 'aL

70 I| III

B5 [~ AT#1 —

B0 - A1541 —

|

gg - A15#2 .f '|] .1
a5 | = A15#3 I! : ]
40 — A15#4 I’ Il. II
35~ A15#2 to #4 — ;
30 L
25 | ,

20 i !|

15 ! *

10 prsepmmm=npe == 1* 2 *‘“‘*'li"“‘“ A T*‘*“ ]

g e ____-_t;f:___ - F_FTH_T_: iL': ————— .-.,_l_ % 11._ _,il- "

0 5 10 15 20 25 30 35 40

time in seconds
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Bus Capacities

Profiling

producer - listener with

growing messages sizes and rates

* Experimental setup

[ Jno cPU affinity

[ a7
[as

vs CPU affinity—1

BW capacit
lock size (Bytes)

frequency (Hz)

VA

(s/seiAgi) wipmpueg

Al5 cores
block size (Bytas)

frequency (Hz)




To Conclude

* An AADL library of ROS components with dedicated properties to
allow for multiple analysis

—-Using OSATE

* Resource allocation analysis
- CPU load / Bus load / Memory capacities / Power consumption / Weights

* Timing (flow latency) and scheduling analysis
Very useful for industrial robotics applications

* Workflow

- Choosing hardware targets & software architectures

- Exploring binding solutions / balancing between CPU vs Bus load
- To guarantee reaction time for robotic applications

- Generate code

22



RAMSES

. R|efinement of AADL Models for the Synthesis of Embedded Systems

(1.1) Application Architecture
model model
(2)
Mapping
model(s)
s RAMSES
RAMEEIS code
; ' moae enerator ;
model generated code
\. & J
Analysis )
— Reduced abstraction levels
\_

Front end pP——3 Middle end [——»

Back end

_» ARM

——» Sparc

— = x86_32

T PowerPC



Future Work

* Automatic code generation for ROS
* Based on AADL library

* Modular architecture of RAMSES
—Open source core
- Develop ROS extension (Eclipse plugins)

24
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