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“In the future it should be possible to
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Micro-ROS
Robots are networks of devices
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Micro-ROS
Open Framework for Embedded Robot Applications (OFERA)
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Micro-ROS
Situation

» ROS+Linux is a powerful combo
» Excellent libraries for perception, planning, networking, etc
» Unified developer eco-system: One kernel, most devices
» It’'s what we all have on our desks
» But...
» Issue 1: Hardware access
» Issue 2: Hard, low-latency RT
» Issue 3: Power saving
» Issue 4: Safety
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Micro-ROS
Real-Time Operating Systems (RTOSs)

» RTOSs are optimized for real-time performance ”0
» In OFERA, we’re using NuttX as the default ‘M
» POSIX-style APl makes porting easy

» Other interesting choices include RIOT, FreeRTOS, Zephyr, etc &
0T

» RTOS diversity is an issue

» Hardware diversity is an even bigger issue Lj
Ay
&

» Something unifying would go a long way...
 _

o Zephyr'
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Micro-ROS
New DDS-XRCE Standard

» DDS-XRCE for eXtremely Resource
Constrained Environments
... brings DDS on MCUs

» Client-server approach

» Power-saving

= O oo _
(J < XRCE > » Disconnected use
> O """"""" Global-Data-Space
% I’'m assuming you heard a lot about it
AGENT yesterday

CLIENTS

Open-source at github.com/eProsima/Micro-XRCE-DDS
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Micro-ROS
Side-by-Side Comparison

Hardware X86, ARM Cortex-A, ... ARM Cortex-M, ....

Resources >512MB RAM, >8G Disk ~100K RAM, ~1MB Flash
Communications GBit/s, Ethernet, 802.11 WiFi Serial, WPAN - 250k to 1MBit/s
Operating System Linux, Windows, MacOS RTOS (NuttX by default)
Middleware DDS variant (by default) XRCE-DDS (by default)
Middleware Abstraction RMW RMW

Client Support Library RCL RCL

Execution Layer RCLCPP/RCLPY/ ... RCL + RCLCPP

Executors Generic Custom
g Bosch Copore Reseach | 201824 BOSCH



Micro-ROS
Issue 1: Hardware access

» Why not use Industrial PCs? ROS
» You’re always talking to some piece of firmware over a comm link Linux
» It usually doesn’t do exactly what you want
, Regular CPU
» There’s latency Y
» Driver implementation...
] ) Serial/Bus
» A multitude of serial protocols
» Almost as bad for field buses Y
» Often, important things (timing...) are not in the data-sheets Firmware
» State management for external devices is a mess Micro-Controller
Sensor/Actor
- We need to get into the firmware
Bosch Corporate Research | 2018-12-04 BOSCH




Micro-ROS
Hacker-friendly single-board computers

» Cortex-A class

>

vV v.v Yy

E.g., Raspberry Pi

512MB RAM, SD card storage
Reasonable set of I/O pins
WIFI, BT, Ethernet, USB
Linux capable
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Cortex-M4 class

>

E.g., STM32 loT Discovery
~128kB RAM, 1MB flash
Arduino-1/Os, PMOD

Low-power networks

Built-in sensors + 12C, SPI, etc

» Arduino-class

>

vV v v Yy

8/32 bit MCU

4-16kB RAM
Bare-metal

Arduino I/Os

Huge shield ecosystem

BOSCH



Micro-ROS
Micro-Controllers: Hardware Access

» Micro-Controller, n: Chip that contains a processor and ChomARTAceeetor™] gt bk i
peripherals

FMCISRAM/NORMNAND! 2x 16-bit
System CFISDRAM muotor control

PWM
10x 16-bit timers
2x 32-bit timers

Dual Quad 5P1

x 80-byte + 4-Kbyte
180 MHz backup SRAM

ARME Cortex®-M4
o

Power supply
1.2 V intermal regulator
PORIPDR/PVD

» analog/digital converters (ADC)
» Quadrature decoders (QED)

» PWM generators

» Digital I0s (GPI0) S

RTCiAWU
» 1x SysTick timer
LN

2z watchdogs
{ndependent and

» Buses with register support e
» CAN, UART, SPI, I?C,... O Cheek (CROY

S6-bit unique ID

» Register mapping for read/write Vottage =caling

Xtal oscillators
32 kHz + 4 ~26 MHz

Internal RC oscillators
32 kHz + 16 MHz

Floating Point Unit

ERL) Connectivity
Nested Vector
Intermupt
Controller (NVIC)

JTAGISW debug

Embedded Trace
Macrocell (ETM)

Analog

TFT LCD controller

MIPI-DS! interface Z e

2x 12-bit DAC
3x 12-bit ADC/2.4 M5PS

Camera interface
Ethernet MAC 10/100

Up to 24 channels
7.2 MSPS

Memory Protection o)
Unit {MPLU} with IEEE 1588
2x CAN 2.0B

1x USB 2.0 OTG FS/HS

1x USE 2.0 OTG F5
Mutli-AHB bus matrix Crypto/

2L Hash processor

dx USART + 4 UART
g S LIN, smartcard, irDA, [l 2DES, AES 256, GCM,
CCM

modem control

» Much higher diversity and rate of evolution than general
purpose CPUs
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Micro-ROS
Issue 2: Status of RT on Linux

25000 -

» Linux scheduler has an RT class
» On a high-end PC, it gets you down to ~5ps task

20000 -

activation time
» But kernel processes can stall it
» Outliers up to tens of milliseconds 5000 -
» Linux PREEMPT-RT Patch solves this = "

microseconds

» Can be difficult to integrate with other patches (e.g., BSP
and proprietary drivers)

» This is after more than a decade of work

ol ... L . .

0 2000 4000 6000 *°
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Micro-ROS
Example: Context Switch Time RTOS vs. Linux

cycles cycles

200 10000

47 a7 47

0 B BN =N 1283 1284 1286

Zephyr Linux
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Micro-ROS
NuttX, the ,, Tiny Linux®

» RTOS with POSIX API

» Released first in 2007 by Gregory Nutt

» ,Batteries included®

>
>

>

Shell

TCP/IP

— Incl. DHCP, NTP

6LowPAN

C++ standard libs: libcxx or uclibc++

Many device drivers and BSPs
— Focused mainly on ARM, ARC, Atmel
much more...

» http://nuttx.org/
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http://nuttx.org/

Micro-ROS

.config - Nuttx/ Configuration User Logged-in!

NuttShell (NSH)

Arrow keys navigate the menu. <Enter> selects submenus ---> (or empty | nsh> 1s
submenus ----). Highlighted letters are hotkeys. Pressing <Y> | /-
includes, <N> excludes, <M> modularizes features. Press <Esc><Esc> to aev/
exit, <?> for Help, </> for Search. Legend: [*] built-in [ ] etc/

proc/

Build Set ---
- b > nsh> help

ystem Type --->
Board Selection --->
| | RTOS Features --->|
evice Drivers ---> [
Networking Support ---> ?

rypto API ---> addroute

ile Systems ---> arp
raphics Support ---> basename
Memory Management ---> break
udio Support ---> cat
ireless Support ---> cd

inary Loader --->

ibrary Routines --->

pplication Configuration --->

[0] O:make* 1l:install/microxrcedds agen> "colcon build [61/61 d" 07:09 07-Ma=-1s
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help usage:

help [-v] [<cmd>]

cmp
dirname
date

dd
delroute
df

echo
exec
exit

false
free
help
hexdump
ifconfig
ifdown
ifup
kill

1s

mb

mkdir
mkfifo
mh

mount

mv

mw
nslookup

pPs

pwd

rm
rmdir
route
set

sh
sleep
test
telnetd

BOSCH




Micro-ROS
Issue 3: Power-saving

» Power use is important in many embedded
applications
» Battery-powered sensors
» Unmanned aerial vehicles
» Standby operation

» Linux SBC use 1-2 orders of magnitude more
power

(Sources: http://www.pidramble.com/wiki/benchmarks/power-consumption,
https://learn.adafruit.com/embedded-linux-board-comparison/power-usage,

OFERA measurements)
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Device Idle Operational
Rpi A ~150mA ~180mA
Rpi 3 ~350mA 500-800mA
STM32L1 ~3mA ~10mA
STM32F4 ~10mA ~100mA

BOSCH
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Micro-ROS
Issue 4: Safety

» Being worked on since (at least) 2011
» SIL2Linux
» Project P
> ...

» SIL2Linux

» Target: Safety Integrity Level 2
— Strips much of Linux, most notably many drivers

Servers

— Going on for years, not clear what the outcome is Real-Time Linux

— But do watch https://elisa.tech/!
» The highest SIL level is 4...

b 74 >
» And then there’s the question of appropriate o o e
compute hardware

Mobile
devices

1 7 Bosch Corporate Research | 2018-12-04
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https://elisa.tech/

Micro-ROS

Open Source and Safety e

» Zephyr RTOS (a Linux Foundation project) 4 = ' 'wm‘:ﬂms‘m
attempts Safety Certification in 2019 | 8 gi
» Subset of whole OS

» Orange boxes: In scope for 2019
» Notably no drivers!

0S5 Services

» Based on existing work on security

Functional
Safety Process

¥unctional Safety
Standards e.g. IEC 61508

Basic Quality Management
System
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CURRENT STATUS




Micro-ROS
Target Devices

» Device Classes
» Low-end: MCUs starting at 32kB RAM with low-power consumption
- E.g., STM32L1
» Typical: Cortex-M4 devices with ~100kB RAM
- E.g., STM32F4

» Going below 32kB would likely require a different architectural
approach and is not currently in scope

» OFERA has two references boards with full OS support
provided by partner Acutronic Link Robotics

» STM32L1-DISCOVERY
» OLIMEX STM32E407

2 0 Bosch Corporate Research | 2018-12-04
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Micro-ROS
Turtlebot 2 Demo

ROS 2 (Crystal) running

- Visualization micro-ROS running

- Keyboard control DDS-XRCE over UDP - thin_kobuki_driver

- odometry to TF - DDS-XRCE client

- DDS <-> DDS-XRCE agent at less than 100 KB RAM

Preliminary version at github.com/microROS/micro-ROS_kobuki_demo

Bosch Corporate Research | 2018-12-04 BOSCH
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Micro-ROS
Turtlebot 2 Demo

» Based on ,thin kobuki“ driver
» Converted to use rcl API

» rclcpp wasn‘t ready at the time
» Porting issues?

» Afew issues with C++ initialization

2 2 Bosch Corporate Research | 2018-12-04
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UPCOMING WORK




Micro-ROS
Recap: Composable firmware

» Nowadays, firmware provided by vendor
» Unforeseen features? Bad luck...

» Vision: Add new features to existing firmware
» ROS2 way: Just add nodes

» Challenge: Interference
» Need to make sure existing stuff still works!

» Micro-ROS Approach:
» System Modes
» Domain-specific scheduling, towards providing guarantees

Bosch Corporate Research | 2018-12-04
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Micro-ROS
Towards explicit architecture

Planning + Executive (Deliberation)
| R

1 Mode manager h Diagnosis (micro-)ROS

| ) il ‘
The OFERA project is funded by the European
Union‘s Horizon 2020 research and innovation

programme under grant agreement No 780785

mal syste™

For - mﬂde\

mod
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Micro-ROS
System Modes

» Introduces (sub-)systems hierarchy to ROS 2

» Abstraction for hierarchical configuration,
called system modes

» Mode manager manages consistent, system-wide
configuration

» See microros.github.io/system_modes/

The OFERA project is funded by the European
Union‘s Horizon 2020 research and innovation
programme under grant agreement No 780785

BEYAIE Ebrharge [REEMES-29018-12-04

Mode Manager o)

3 mode change
model file doo | e
> e " N
.yaml| AV AY,
/// 22 \\ A

inference =

observation

subsystem




Micro-ROS
Predictable Execution

» First approach enables multiple executors
per operating system process

( N[ )
Drive-Base node Other node
» Executors can be configured individually B onEmergencyStopMsg | || ...
using standard scheduling mechanisms onCmdVel |

publishWheelTicks
l reportDiagnosticsData
» Open-sourced prototype for ROS 2 \. J \ J

Executor Executor

OS Scheduler

» See microros.github.io/real-time_executor/

The OFERA project is funded by the European
Union‘s Horizon 2020 research and innovation
programme under grant agreement No 780785
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Micro-ROS
Domain-specific scheduling

» Current real-time schedulers typically use

» Not composable!

 Laser * Sensior  Path _ * Velocity
» Not domain-appropriate .« IMU Fusion Planning control
. ) . « Wheel » Mapping * Obstacle * Report
» Micro-ROS Approach: Domain-specific Encoders Avoidance progress
schedulers
» E.g., stage-based approach with ,,Sense-Plan-
Act®
Laser Driver AObggacIe Drive Base
» Or more stages... voldance
» Assign callbacks to stage using callback groups

» Derive within-group order from communication

links Compute Velocity Speed Control
. « Diagnostics
» Provide ,budgets® by group

Bosch Corporate Research | 2018-12-04
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Micro-ROS
Building micro-ROS...

» Challenge: RTOS defines toolchain and system
headers

» What's the build order?

» Currently: ROS2 workspace built as part of NuttX
build

» Pro: Handles toolchain (cross-compiling, etc.)
» Con: Time consuming

» Con: Workspace is not aware of being a micro-ROS
target

» Current work: Build everything using colcon
» NuttX vendor package to configure and build NuttX
» Colcon configuration to configure toolchain

Bosch Corporate Research | 2018-12-04 BOSCH




Micro-ROS
Building an ecosystem

» Does this mean that every ROS developer can now start using MCUs?
» Well...

30 Bosch Corporate Research | 2018-12-04
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ROS 2 Embedded
Further information

» microROS organization at GitHub

» https://micro-ros.github.io/
» https://github.com/micro-ROS/

» OFERA website: https://ofera.eu/

» ROS 2 Embedded Design Page
» Currently at https://github.com/ros2/design/pull/197
» After merge: http://design.ros2.org/articles/embedded.html

3 1 Bosch Corporate Research | 2018-12-04 BOSCH
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https://micro-ros.github.io/
https://github.com/micro-ROS/
https://ofera.eu/
https://github.com/ros2/design/pull/197
http://design.ros2.org/articles/embedded.html
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