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Real-time usage Iin the
BeagleBoard.org community

Real Time Summit 2019 (Lyon)

Drew Fustini

BeagleBoard.org Foundation
drew@beagleboard.org

Twitter: @pdp7/

o0 & beagleboard.org 0,00


http://twitter.com/pdp7
http://twitter.com/pdp7
https://github.com/pdp7/talks/blob/master/rt-summit-2019.pdf

* Open Source Hardware designer at OSH Park
* PCB manufacturing service in the USA
. [ Twitter:

* Member of Board of Directors of
BeagleBoard.org Foundation
* drew@beagleboard.org

*Vice President of the Open Source Hardware
Association (OSHWA)
*serving as Vice President


mailto:drew@oshpark.com
https://twitter.com/oshpark
mailto:drew@pdp7.com
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* Open Source Hardware computing for
Makers, Educators & Professionals

* Developed by BeagleBoard.org Foundation
and BeagleBoard.org Community

* Manufacturers: elementl4, GHI, Seeed



http://beagleboard.org/about
http://beagleboard.org/Community/Forums
http://beagleboard.org/logo
https://www.adafruit.com/product/1996
https://www.ghielectronics.com/news#23477
http://beagleboard.org/green
https://beagleboard.org/
http://beagleboard.org/

BeagleBoard.org released the first
BeagleBoard, an affordable, open
hardware ARM computer in 2008



http://beagleboard.org/
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Maker focused, Altoids tin sized
BeagleBone introduced in 2011



http://beagleboard.org/

&:beagleboard.org

More affordable, more powerful
BeagleBone Black in 2013
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http://beagleboard.org/

BeagleBone Black

DC Power 10/100 Ethernet

PMIC Ethernet PHY

Sitara AM3358
USB Client

Serial Debug LEDS

512MB DDR3
Reset Button

eMMC

USB Host

HDMI Framer
microHDMI

uSD Boot Button
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Open Source Hardware
BeagleBone derivatives

_mmm

BeagleBoard.org BeagleBone
BeagleBoard.org BeagleBone Black
Arrow BeagleBone Black Industrial
Elementl4 BeagleBone Black Industrial
SeeedStudio BeagleBone Green
SanCloud BeagleBone Enhanced

BeagleBoard.org BeagleBone Blue
BeagleBoard.org BeagleBoard-X15
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JTAG
Industrial
Industrial
Grove

1GB, 1Gbit,
wireless

Robotics
Big jump in
CPUs and I/O


http://beagleboard.org/boards
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BeagleBone Blue: complete Linux robotics
controller. 4 layer PCB designed in EAGLE.
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BeagleBoard.org PocketBeagle
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http://beagleboard.org/pocket
http://beagleboard.org/pocket

Linux Foundation training

* PocketBeagle and TechlLab board



https://e-ale.org/

BeagleBone Al: The Fast Track for

Embedded Machine Learning



https://beagleboard.org/ai

2 46 pin expansion headers compatible with USB super-speed (5Gbps)

many BeagleBone® Black cape add-on boards Type-C host/client (muiltiport capable)
serial port with power input (5V@3A)

LY
R

¥ reset button

5 user LEDs

1GB RAM

(2nd IC on bottom side) Gigabit Ethernet

USB high-speed (480Mbps)
Type-A host

micro-HDMI

(bottom side) | power button

2/5GHz 802.11ac
WiFi and Bluetooth

micro-SD
(bottom side)

Texas Instruments Sitara AM5729
11|6GhB on-board eMMC multicore 1.5GHz ARM processor with
ash storage Al, 1/0, graphics and video accelerators



https://beagleboard.org/ai
https://github.com/beagleboard/beaglebone-ai/wiki/Quick-Start-Guide

“T1 C66x digital-signal-processor (DSP) cores and embedded-vision-
engine (EVE) cores supported through an optimized TIDL machine
learning OpenCL API with pre-installed tools. Focused on everyday
automation in industrial, commercial and home applications.”

Feature highlights:
- BeagleBone Black mechanical and header compatibility

- TI AM5729 SoC: 2x A15 CPU, 2x C66 DSP, 4x M4 MCU, 4x PRU and
4x EVE

- 1GB RAM and 16GB on-board eMMC flash with high-speed interface

- USB type-C for power and superspeed dual-role controller; and USB
type-A host

- Gigabit Ethernet, 2.4/5GHz WiFi, and Bluetooth
- microHDMI
- Zero-download out-of-box software experience



https://beagleboard.org/ai

Why is BeagleBone perfect for bots?

I
o Lots of 1/Os (65 digital, 7 analog inputs, 8 PWMs...)

-1 PRUs (2 32-bit RISC microcontrollers

- Fast (1GHz) super-scalar armv7a processor
- Linux makes networking easy

-1 Ready to use out-of-the-box

&:beagleboard.org



Examples usage

- Tight control loops

o Driving motors in a mobile robot, CNC machine or 3D
printer

-1 Custom protocols

o WS28x LEDs, DMX512, ...

O EtherCAT, ProfiBUS, ProfiNET, ...
-1 Soft peripherals

o PWM, UART (LEGO), ...



OpenROV

- Open-source underwater
robot

1 Community creating more
accessible, affordable and
awesome tools for
underwater exploration

-1 Started by people wanting to
explore an underwater cave

=1 Successfully Kickstarter’d




L

Self-Balancing robot powered
by the BeagleBone Black and
the Novus Robotics Cape

Hackable Open Source
Robotics Platform for Fun
and Education

Developed at the University
of California, San Diego to
Teach Advanced Digital
Control Systems



BeagleQuad == UCSD
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The new Novus Robotics Cape
sends your BeagleBone Black
projects to the sky!

&:beagleboard.org



Tl Sitara AM3358
(BeagleBone White/Green/Blue,
PocketBeagle)

r ______________________________ |
ARM® Graphics Display
Cortex™AS8 PowerVR 24-bit LCD controller
Up to 1 Ghz SGX
30 GFX Touch screen controller
32KB and 32KB L1 + SED Crypto FRUICSS
EtherCAT, PROFINET,
256KB L2 + ECC ?14HE:1 EtherNet/IP
176KB ROM| 64KB RAM SHiffﬂ and more

L3 and L4 interconnect

Serial System Parallel
UART x6 DMA SCAP X3
X e
, ADC (8 channel) MMS%EDEM
SPI x2 Timers x8 12-bit SAR X
I'C x3 WDT GPIO
McASP x2 RTC JTAG
(4 channel) eHRPWM x3 .
CAN x2 rystal
(Ver. 2 A and B) eQEP x3 Oscillator x2
USB 2.0 HS PRCM Memory interface
DRD + PHY x2 mDDR(LPDDR), DDR2,
EMAC (2-port) 10M, 100M, 1G _ DDRS3, DDR3L
IEEE 1553'!.-’2: and switch {1E—blt; EDD, EEE, 400, 400 MHE:I
(MII, RMIL, RGMII) NAND and NOR (16-bit ECC)




Figure 2. PRU-ICSS Integration
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What are PRUs

- “Programmable Real-time Units”

-1 32-bit RISC processors at 200MHz with single-cycle
pin access for hard real-time

- Optimized for packet processing/switching and
software implementations of peripherals

-1 Part of the PRU-ICSS, “Industrial Communications
SubSystem”



PRUSS architecture details
|
1 2 cores at 200MHz each
1 Memory

o 8kB program each e —1] k== la
o 8kB data each s

o 12kB data shared B

Figure 2. PRU-ICSS Integration
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Cape Expansion Headers

UART4_RXD
UART4_TXD
GPIO_48
SPIO_CSO
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25 PRU low-lat

ency 1/Os
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Accessing the other peripherals

I
~ Yes, you can!

-1 The “L3” bus is exposed, so you can directly poke
all of the peripheral registers

-1 Be careful! --- be sure the main CPU isn’t trying to
access them at the same time, so you need to
manually disable access to them on the main CPU



PRU Linux drivers

I
] Uio_pruss — upstream

0 Memory mapped PRU control registers from
userspace

O Interfaces entirely in userspace library

- Various remote_proc implementations
O “Proper” Linux abstraction of a processor
O Lots of different “standard” interfaces



beaglelogic

beaglebone logic analyzer

Created
BeagleLogic for GSoC 2014

BeagleLogic turns BeagleBone | &

iInto Logic Analyzer
14-channel, 100Msps
Web browser user interface

" beaglelogic =:

beaglebone loglc analynsr

Cape version 1.0



http://theembeddedkitchen.net/
https://www.youtube.com/watch?v=CDbEAq33vdA
https://github.com/abhishek-kakkar/BeagleLogic/wiki
https://github.com/abhishek-kakkar/BeagleLogic/wiki

BeagleLogic - Google Chrome

< e & [[192.168.7.2:4

beaglelogic

beaglebone logic analyzer

<# BeagleLogic

BeagleLogic A logic analyzer on the BeagleBone Black Help  About

£} Configuration

Sample Rate 5 MHz v

Sample Limit 1000

£Z Input Selection and Annotation

P8_19 P8 20
P8_21 P8 22
P8_23 P8 24
P8 25 P8 26
P8_27 P8_28
pe_29| L | Ps_3o
P8_31 P8 32
P8_33 P8_34
P8_35 P8_36
P8 37 P8 38
P8_39 P8_40
Pe_41| L P8_42
Pg 43| @ P8 44

Ps_45 ¥ ¥ ps_4s

BeagleLogic - Logic Zero to One in 2 minutes

Rendered in 486 ms.

P Begin Capture | X Save Capture =~ A Dump Raw Data

P8_45

P8 a6 N\ / \ / L b Ly i

P8_43 /

Requesting capture.
Received 3080 bytes of data.

Rendering... This may take a couple of seconds, and make the browser window non-respensive. Please be patient!



https://www.youtube.com/watch?v=E6MWDyBO9Nc&list=PLB51hk_14f3I1zD_SYADRLsWeUEnQzmhB&index=1
https://github.com/abhishek-kakkar/BeagleLogic/wiki
https://www.youtube.com/watch?v=E6MWDyBO9Nc&list=PLB51hk_14f3I1zD_SYADRLsWeUEnQzmhB&index=1

beaglelogic

beaglebone logic analyzer

fi

- Look in tree/testapp for a sample userspace application
tree/beaglelogic-firmware

Writes Samples into

%@ Buffer
2%
Interrupts and %% Management
transfers via PRU L 2,
Scratchpad to O@% %0
2 \\ % | 1
s\ \ ¥ | Linux Kernel modules °!

on
ARM Cortex*- A8

* pru-rproc (patched)
* beaglelogic

tree/beaglelogic-kernel-driver

Source: https://hackaday.io/project/4395-beaglelogic


https://hackaday.io/project/4395-beaglelogic
https://github.com/abhishek-kakkar/BeagleLogic/wiki
https://hackaday.io/project/4395-beaglelogic
https://hackaday.io/project/4395-beaglelogic

beaglelogic

beaglebone logic analyzer

The AM3358 SoC

Graphics

Display

PowerVR
SGX
3D GFX

24-bit LCD controller

Touch screen controller

32k pnd 32k L1 + 5e0 || [ Crveto | CPRUACSS
2\6K L2 + ECC 64K el e Al
176K F)&M | 64K RAM o Jf and more
L3 and L4 i%erconnect
Senal\ System Parallel
\ DMA e MMC, SD and
UQST X8 = ADC (8 channel) ek
x2 \ Timers x8 12-bit SAR
FC x3 N WDT GPIO
MCASP x2 N RIC JTAG
(4 channel) GR'REWM 3
(Ver%o\ R ;rznd B) eQEPNY, wﬁﬁl X2
USB 2.0 HS % A Memory interface
OTG + PHY x2 mDDR(LPDDR), DDR2,
EMAC (2-port) 10M, 100M, 1G ~DDR3, DDR3L
IEEE 1588v2. and switch (16-bit; 200, 266, 400, 400 MHz)
(Mil, RMII, RGMI) NAND and NOR (16-bit ECC)

PRU

[Programmable Real-Time Unit]:

Two Programmable 200 MHz
Microcontrollers on chip for real-time
tasks.

Share the interconnect which
connects the ARM core to system
memory

Can access DDR3 RAM independent
of ARM Core!



https://github.com/abhishek-kakkar/BeagleLogic/wiki
https://www.youtube.com/watch?v=nxXwN-mIFfA

beaglelogic

beaglebone logic analyzer

For Developers

PRU Firmware

Linux Kernel Driver [beaglelogic kernel module]

Front-end /dev/beaglelogic Character Device

Appears as a standard file

open( ) to initialize

read( ) to sample, block-waits accordingly until data is available
ioctl( ) to configure sample rate and other settings

Non-blocking and Zero Copy I/O support via Memory Mapping [ mmap () ]

NodelS server, SocketlO link between Web interface & BeagleBone



https://github.com/abhishek-kakkar/BeagleLogic/wiki
https://www.youtube.com/watch?v=nxXwN-mIFfA

BeaglePilot

* Victor Mayoral Vilches for
GSoC 2014

* Linux-based autopilot for flying
robots based on BeagleBone

* Ported ArduPilot to Linux

* ROS Integration

* Videos: Introduction & Final report
* GitHub: BeaglePIilot



http://elinux.org/BeagleBoard/GSoC/BeaglePilot
https://github.com/vmayoral
http://elinux.org/BeagleBoard/GSoC/BeaglePilot
https://www.youtube.com/watch?v=-giV6Xr8RtY
https://www.youtube.com/watch?v=irROS-2n0mU
https://github.com/BeaglePilot/beaglepilot

Latency

Task

100 ns

1 us

1 ms

20 ms

200 ms

SPI bus transitions

PWM transitions, PPM-SUM input and
SBUS

IMU sensor input (gyros and accels)

Barometer, compass, airspeed, sonar (12C,

SPI and analog).

GPS

Table 1: Usual latencies required in an software au-

topilot

If these latencies are met, the autopilot will be able to
fetch the sensor samples and respond in a good manner.
Generally, for a capable autopilot system following sensors
aATe necessary:

- 3-axis gyroscope

- 3-axis accelerometer

- J-axis magnetometer

- barometer

- airspeed



http://elinux.org/BeagleBoard/GSoC/BeaglePilot

BeaglePilot

* Towards an Open Source Linux autopilot for
drones

“Linux can perfectly be used to meet the real-time
requirements needed by an autopilot requiring only
about 25% of the processor in BeagleBone Black.”

autopilot
/3

o
utopilot/heartbeat
autopilot/land_abort

/

rostopic_25604_1403435705080

Table 2: Kernel benchmarking results

/

Kernel type Min (us) Avg (us) Max (us)

vanilla 14 19 193

PREEMPT 16 21 68 |
RT_PREEMPT 20 27 91 Apontogdie ol

Xenomai 15 23 630

Figure 6: autopilot_bridge topics and nodes pictured
with rosgraph


http://elinux.org/BeagleBoard/GSoC/BeaglePilot
https://github.com/BeaglePilot/beaglepilot/blob/master/files/APM_Linux.pdf?raw=true
https://github.com/BeaglePilot/beaglepilot/blob/master/files/APM_Linux.pdf?raw=true

MachineKit.io (fork of LinuxCNC)

MACHINEKIT

Home  About Community Documentation Blog  GitHub Forum

*» Site ; s

— i Commercial Support  Editthis page
MOVES. CONTROLS. THINGS.
Using a wide variety of /O Remote control your Your imagination is the limit!
driver components, Machinekit project through C Machinekit can control
effortlessly coordinate or Python APls. Whetheran machine tools, quadrotors,
motion on your choice of Android GUI, acommand line robots, or your refrigerator.
ARM or x86 platforms and interface, or an interface into a
Xenomaior RT_PREEMPT higher-level system,
real-time kernels. Machinekit is flexible and

simple to integrate.



MachineKit

 Machinekit will run on either Xenomai or
PREEMPT_ RT

 Current image for BeagleBone has kernel
4.19.72-bone-rt-r39

* “And the winner is: RT-PREEMPT"*

- http://blog.machinekit.io/2015/11/and-winner-is-rt-pr
eempt.nhtmi


https://elinux.org/Beagleboard:BeagleBoneBlack_Debian#BBW.2FBBB_.28All_Revs.29_Machinekit
http://blog.machinekit.io/2015/11/and-winner-is-rt-preempt.html
http://blog.machinekit.io/2015/11/and-winner-is-rt-preempt.html
http://blog.machinekit.io/2015/11/and-winner-is-rt-preempt.html

MachineKit

* Charles Steinkuehler implemented the
LinuxCNC/MachineKit HAL on the BeagleBone

* The servo thread (motion planning) typically
runs at 1 KHz (1 ms) on the ARM cores

* "Bit twiddling" (eq: step pulse generation)
typically runs much faster, with a 3-5 uS thread
period on the PRU cores



UniBone: PDP-11 card emulator

Jorge Hoppe
* http://retrocmp.com/projects/unibone
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UniBone: PDP-11 card emulator

 Emulate PDP-11 disk controllers and disk

* Devices in separate pthreads. To verify these devices | let the
PDP-11 CPU exercise them with DECs "XXDP" diagnhostics.

 The emulator-threads must have realtime priority
(SCHED_FIFO), else some diagnostics complain about violated
timing constraints (obviously when other threads get preempted)

 When the PDP-11 CPU does an register access via UNIBUS to
PRU to my devices, best case a delay of about 50 microseconds
until the Linux threads get activated (via PRU interrupt)

 If not SCHED_ FIFO, that delay can be 10-20 milliseconds.



Open-source platform
for beautifully responsive
interactive audio

EPSRC centre for ‘Q Queen \Adl’y bela_ io

University of Londan



A project of the Augmented Instruments Laboratory:
http://instrumentslab.org

i




* What is Bela?




What is Bela?

Embedded computer New approach Open-source
designed for to high-bandwidth maker

interactive audio Sensor processing platform

L i Ty

- ¥ g cizmgTee 18 SIRVINE

-

e Power of a single e Analog, digital I/O * Open hardware and
board computer sampled at audio rate software

e Connectivity of a ¢ Ultra low action-sound e Targeted at
micro-controller latency musicians, artists

e Combines the e Jitter-free alignment e Online community
benefits of both between audio and resources: forum

Sensors ’

wiki, blog.




Latency

Does it matter? Yes!

- Long latency causes an audible delay

* But even an imperceptible delay may make an
iInstrument feel less responsive to play

* How low is “low enough”?

“We place the acceptable upper bound on the computer’s
audible reaction to gesture at 10 milliseconds. ... Low variation
of latency is critical and we argue that the range of variation

should not exceed 1 ms.”

-- David Wessel & Matthew Wright, “Problems and Prospects for Intimate Musical
Control of Computers”, Computer Music Journal, 2002.

 Surprisingly few systems for building digital

musical instruments meet this threshold!

A. McPherson, R. Jack and G. Moro. “Action-Sound Latency: Are
Our Tools Fast Enough?” Proc. NIME, 2016.




Action to Sound Latency

Bela ] 0.5
MIDI on Mac - 5.0

iIPhone 6+

Arduino to Max

PDon RPi 2
0
5
10
15

Latency (in milliseconds) 20

19.0




Bela hardware

Stereo 1.1W
speaker amps

2 —lms "3
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1!“ OF-( 2 COR=E A audio out
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Bela software

 Bela uses the Xenomai real-time Linux extensions to
run audio code at higher priority than the entire OS

m Input/Output
ROl 3
Priority e ‘))) Audio
- ~

t@*" —————— E Storage

__“LL
b

”
Processes

« Allows buffer sizes as small as 2 audio samples

- Digital and analog sensors sampled at audio rate,
synchronously to audio clock for near-zero jitter

Linux Kernel
AN A




Bela features

High sensor bandwidth:

Digital I/Os sampled at 44.1kHz

Analog I/Os sampled at > 22.05kHz
Jitter-free alignment between sensors and audio

Hard real-time audio/sensor performance but full
Linux APls still available

USB, network, filesystem, etc.

---------------------------------------------------------------------------------------------------------------------------

(ieen [_161/0s 16 1/0s 16 1/0s 16 1/0s

0o (o1 23]« Blelz o[+ 2] 4 [E]E]7]

Sampled automatically each block




Bring up the Bela IDE:
http://bela.local/ (or 192.168.6.2 on Windows)

@

I'] rendercpp, sinatona (examy

2 @ 192.168.7.2 S

B W

- projects

& ject of che Augmesed Trstrumen
12 [enlre for Digilal Music al Queer M
184 nttp://www eeCs.gmul.ac. uks/~andrewm

Lahoratorme within =k

Universily of Londer.

16 (c) 2€1€ Asgmented Instruments Leboratory: Andrew McPherscor,

1 AsL~id Bin, Liam Do on, Lkristion Heiwnruchs, Koberl Jaock,

18 Giulio Mora, aurel Pardue, Victar Tappl. A1l rights reserved

15

29 > software is disiribute¢ under the GNJ Le * Generel Public License
21 avallable here: https:/ www.gnu.org/licenses/lgpl-3.0.txt

22

24 de «Bela.h=

28 ginclude <omaths

27 float gFreguency 440.9;
2R float gPhase;

floot glnverscSumpleRoce;

21 ool setup(BelaContext *context, wold =use-Data)

33 glrvarsebarplefote - 1.8 / cortext-~auciobampleRate;




C++ API

In render.cpp....

Three main functions:

setup()

runs once at the beginning, before audio starts

gives channel and sample rate info

render ()

called repeatedly by Bela system (‘callback”)

passes input and output buffers for audio and sensors
cleanup()

runs once at end

release any resources you have used

Code docs available in sidebar of IDE, or at docs.bela.io




Example: sinetone

#include <Bela.h>
#include <cmath>

This runs once

float gPhase = 0.0; /x Phase of the oscillator (global variable) ﬂ;// per block

void render(BelaContext *xcontext, void *userData) .

{ This runs :
/* Iterate over the number of audio frames x/ 1}
for(unsigned int n = 0; n < context—>audioFrames; n++) { the block

/* Calculate the output sample based on the phase *x/
float out = 0.8 * sinf(gPhase); (

gives the number)

/* Update the phase according to the frequency x/
gPhase += 2.0 x M_PI * gFrequency *x gInverseSampleRate;
if(gPhase > 2.0 *x M_PI)

gPhase —= 2.0 *x M_PI;

for(unsigned int channel = 0;
channel < context—>audioOutChannels; channel++) {
/* Store the output in every audio channel x/

audioWrite(context, n, channel, out); once for each channel

. \

write to buffer of interleaved audio data,
specifying a frame, a channel and a value

This runs

i
%) Queen Mary

University of Lantdon




Light sensor
examples/00-Workshop/5-fm-synth

Add this to the existing components on the board

A2 goes to both
resistor and LDR

fritzing



Light sensor
examples/00-Workshop/5-fm-synth

Lop~ 18
: ¥
send- dmplLLude| [;emk hanmnitRallo] [send~ modulationIndex|

TASK [|: map the LDR to an
appropriate range by using the scope

Feceive— harmonicRatio|

[receive~ modulationIndex

TASK 2: use the FSR to trigger an
envelope once over a threshold

TASK 3: EXTRA try to connect simple-
sequencer.




Bela one-handed bass




Bela one-handed bass

Laptop + Puredata
MIDI Controller Pop
T 4
eensy Adapted Bass \‘\&O
AR EREREE RN

Adapted Bass @

Bela
MIDI Controller
- ggg .




Adapted/One-Handed Bass Guitar (Mk2) o »




Bela: real-time deadlines

Xenomai 3.0.7 with 3.1 in current testing

Kernel 4.4.113-ti-xenomai-r149, current testing 4.14.108-ti-xenomai-
r122 (i-pipe bug just fixed)

2 or 4 samples per block. Sampling rate is 44100 Hz.
The audio callback is called every 2 or 4 samples
Periodic task that needs to wake up every 45us or 90us.

If the thread wakeup latency is larger than that value, then the
thread will not wake up on time to even run when it's meant

If the thread takes a significant amount of that time to wake up then
it will have very little CPU time to actually perform the computation it
has to perform



Bela: Xenomal vs. PREEMPT_RT

e Giulio Moro from the Bela team has done some specific latency measurements

— This was with 4.4 PREEMPT _RT versus 4.4 Xenomai co-kernel (i-pipe)
— Xenomai i-pipe bug in 4.14 prevented moving to newer, fix found last week
— Bela will soon be able to compare between 4.14 PREEMPT_RT and 4.14 Xenomai (i-pipe)

 “the thread wakeup latency is smaller on average and worst case for xenomai vs
preempt rt, which means fewer time spent waiting for the audio thread to start
executing and more time spent processing audio.”

» “average latency is as low or lower on RT, but that the ceiling is lower on Xenomai
and therefore that is more dependable for real-time audio applications”

 “doubt RT would work reliably at 2 or 4 samples. That would mean having a
repeatable thread wakeup latency below 45 and 90us respectively. While | think
RT can achieve the latter fairly often, | don't think it can hit the former not even
half of the time.”



Questions for PREEMPT_RT:

 What are the expectations could developers have for
latency deadlines?

- 100 uS? 50 uS? 10 uS?
- Thread wakeup latency?
— What are best practices for measuring their use case?

* Reasons to switch from Xenomai to straight RT?

* What PREEMPT _RT is new enough to see improvements?
- 4.147 4.19? 5.xX?

e 1GHz Cortex A8 versus dual 1.5GHz Cortext A15
(BeagleBone Al)?
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