PYNQ*

Python Productivity for Zyng

Louis Liu

Senior Application Engineer
weli@xilinx.com

22 XILINX



fl—\pplications\

' PYNQT_ Python Productivity for Zyng
pgaton er argetlngt e data center
S’

[@ “-‘-T} artificial intelligence,

% matplotlib y Domain machine learning,
d Experts data science

/" Software ) :
& [ . New users are not hardware designers,

ARM. or embedded systems designers

\

POWERED

SDSoC” N Embedded software
\_ ' ) Engineers
AN
/" Hardware ) PYNQ
 VIVADO! Enable more people to program Xilinx
§Zy ‘ h . .
A Hardware processing platforms, more productively
\_ :-**'_ Engineers

>>2 © Copyright 2019 Xilinx 8 X”_INX



'Productivity Languages & Hardware Overlays

Zyng / Zynq UltraScale+

Users: Embedded
Applications
Apps Programmers: i Programmers
Programmers(embedded): Python
Device driver writers: I C/C++

Kernel developers:
P Overlays

Small group of experts create APSoC overlays and C APl/drivers

Many more users build applications in C/Python
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' Python iIs increasingly the Language of Choice

Growth of major programming languages
TO p P rog ra m m I n g La n g u a ge S, Based on Stack Overflow question views in World Bank high-income countries
IEEE Spectrum, July’18
p ) y To date jj]avascnpt
-a,’\;:'«\,"“—“ /:' ,"\’::‘::\ .“.H_‘,"“\'(\“ " o ‘ - Java
Language Rank Types Spectrum Ranking # T B . ij
1. Python ® s . E o |
2. C++ D ;| _‘ -g . o 7 . e . =% Lese-CH
S = § -
4. Java @0 é
5. C# _ .. s
@0~ ®2 | python is listed as an s e
6. PHP @ 85.4 s L,
- — embedded language 5 o
5. avaseript @0 w28 for the first time
8. Go 2 = - 76.7
10. Assembly o 745 -
https://spectrum.ieee.org/at-work/innovation/the-2018-top-programming-languages 2012 2014 Time 2016 2018

https://stackoverflow.blog/2017/09/06/incredible-growth-python/

Python is the fastest growing language: driven by data science, Al, ML and academia
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'PYNQT_ Python productivity for Zynq

Jupyter notebooks/lab, PYNQ enables Jupyter
browser-based interface / on Zyng and ZU+
L Jupyter web
| server Hardware drivers wrapped
IPython kernel ﬂ in Python libraries
Ubuntu-based .
Linux Overlays/designs
A=
HTML CSS J:gggi?x . . . . “:\‘\?.% ‘, “m;:.. -.‘
ke BE [ PS: ARM PL: Fabric =N \
Optimized for developer productivity {11 (BGCA\
> All the Linux libraries and drivers you expect

> Pre-built SD image

> Ubuntu/Debian ecosystem & community

>>110,000,000 Google hits
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'Jupyter Notebooks to JupyterLab IDE 2017 ACM

Software System Award

Code editor Terminal

Jupyter ... Julia, Python, R

Default engine of data science

6. Draw detection boxes using Darknet

Taught to 1,000+ Berkeley
students every semester

Step 6: Run and display waveform

7. Show the result

2+ million notebooks
on GitHub

Next-gen browser IDE

Jupyter notebooks Visualization Includes Jupyter Notebooks

>>6 © Copyright 2019 Xilinx & XILINX.



' PYNQ’s Ubuntu-based Linux

\_

Ubuntu Root File System

Kernel, Bootloader

__—

\_

=

Access to all Xilinx kernel patches
Works with any Xilinx supported board
Configured with additional drivers for PS-PL interfaces

-
PYNQ uses the PetaLinux build flow and board support package:

>> 7
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4 )
PYNQ uses Ubuntu’s: (PYNQ bundles : )
* Root file system (RFS) » Development tools
« Package manager (apt-get) » Cross-compilers
* Repositories ) % Latest Python packages )
4 4 A ]
Package Ubuntu/ Dev Python
Manager/ Debian
: Tools Packages
Repository Packages ,
\ y PYNQ’s

Ubuntu-based Linux
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'Ubuntu-based Linux versus embedded Linux

Ubuntu-based Linux  » Optimized for developer productivity

> All the Linux libraries and drivers you expect
> Pre-built SD card image

> Ubuntu/Debian ecosystem & community

>>145,000,000 Google hits

Embedded Linux » Optimized for deployment efficiency
)g\
3 orders of magnitude diiference > Commonly delivered in flash memory on board

a_p
>> 143,000 Google hits

>>8 © Copyright 2019 Xilinx 8 XI I_INX

> Selective Linux libraries and drivers




'Hundreds Overlays in PYNQ Community
- Need your contributions too

>>9

PYNQ Community

A selection of projects from the PYNQ community is shown below. Note that some examples are built on different
versions of the PYNQ image.

Machine Learning on Xilinx FPGAs with FINN

I I BN lopciogy PYNQ has been widely used for machine learing ressarch and prototyping.

FINN, an experimental framework from Xilinx Research Labs to exr!ore deep neural
network inference on FPGAs. It specifically targets quantized neural networks, with

< emphasis on generating dataflow-style architectures customized for each network,
FINN makes extensive use of PYNQ as a prototyping platform.
For more information sze pyng.io/ml

PYNQ community projects

PYNQ RFSoC PYNQ-PRIO RISC-V on PYNQ
yde BYU age ucso
d Parta ratian In ¢ rus
Strathclyde — - 2 LRISC
> e i R

-
Z
=z
Ol

Extended Kalman filter spoonNN iSmart DNN
University Sydney ETH Zurich FPGA

3l network Infe:

°
- .
* . — = ek
-0 RS
* -_— .
= o =1
=D .
. g (=]
form I
cv2PYNQ Video processing ZipML-PYNQ PYNQ bot
FAU KU Leuven ETH Zurich IT Tallaght
OpencV image filtering ! vid Hardware accel compression  Control af robotic car from PYNQ

T .
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'PYNQ provides Linux Drivers for PS-PL Interfaces ...

Zyng wrapped in Python Libraries

Processor System Programmable Logic
----4> Bitstream (1)
ARM
A9 <«—> GPIO @
t <—— |Interrupts @
L2 Cache
t /4—-» M_GPO @ — — — — — 7
> M_GP1 : [ . 1 2 3 4 5 A .
‘_: STGPO T User Logic \ Linux [L_j . ]_[U - ]—[U - HLEJ &) - Drivers
AX| Switch —t> S GP1 | xdevcfg sysgpio uio evmem ]—[ xInk ]—' ]
Network YRR
<«—+> S HPO } { axi_intc | 7
<«—+> S HP1 ® 4 A
$ \4—-» S_HP2 [ Userdesigns | Bitstreams
<«——1> S HP3 - L
DRAM e FPGA [ PYNQoverlays |
Controller 9 )
’ -
v
DRAM
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' How MMIO works

€) PYNCQ/mmic.py at master- Xilin: X +

&« C & GitHub, Inc. [US | https://github.com/Xilinx/PYNQ,/blob/master/pyng/mmio.py

THIS SOFTWARE IS PROVIDED BY THE COPYRIGHT HOLDERS AND CONTRIBUT O PYNQ/mmio.py at master - Xilin: X +

AND ANY EXPRESS OR IMPLIED WARRANTIES, INCLUDING, BUT NOT LIMITE

THE IMPLIED WARRANTIES OF MERCHANTABILITY AND FITMESS FOR A PART . . - .
PURPOSE ARE DISCLAIMED. IN MO EVENT SHALL THE COPYRIGHT HOLDER C < c @ GitHub, Inc. [US] | i L BT L s LR L Sz S L
CONTRIBUTORS BE LIABLE FOR AMY DIRECT, INDIRECT, INCIDENTAL, SPE
EXEMPLARY, OR CONSEQUENTIAL DAMAGES (INCLUDING, BUT MOT LIMITED
PROCUREMENT OF SUBSTITUTE GOODS OR SERVICES; LOSS OF USE, DATA,
OR BUSINESS INTERRUPTION). HOWEVER CAUSED AND ON ANY THEORY OF L self._debug{'MMIO(address, size) = ({8:x}, {l:x} bytes).',
WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIG cel.base_addr, self.length)

OTHERWISE) ARISING IN ANY WAY OUT OF THE USE OF THIS SOFTWARE, E

ADVISED OF THE POSSIBILITY OF SUCH DAMAGE.

self.debug = debug

o OB B K K ¥ O K W W W

import os os.open( ' fdev/mem",
import mmap ps.0_RDWR | o0s.0 SYNC)

import numpy as np

__author__ = "Yun Rock Qu” s2lf.mem = mmap.mmap(self.mmap_file, self.length + self.virt_offset,

_ copyright__ = "Copyright 2816, Xilinx" mmap.MAP_SHARED,

—Emedl = Tpyna_supportxiiing. cont mmap.PROT_READ | mmap.PROT_LRITE,
offset=self.virt_base)

class MMIO:

""" This class exposes API for MMIO read and write. self.array = np.-Fr"c-mbuF-Fer‘{sel-F.mem_, np.uint32,

) length »» 2, self.virt_offset)
Attributes

virt_base : int def __del_ (self):
The address of the page for the MMIO base address.

virt_offset : int

"""Destructor to ensure mmap file is closed

CINERT]
The afFecik of &le MBTA bece cddeeme Foee dle cofed beo-

o5.close{self.mmap_file)
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'PYNQT is a Framework
- The key of productivity Is

/Applicatiqn_s\

python NS

o
Jupyter

o~

4 Software h

L.1=] g
do™ H

ARM:

SDSoC™

\_ ~/

a Hardware )
o VIVADO!

%%%Bl

)/
\-

4 \ )
Jupyter/ L[-[_[ PYNQ notebooks
IPython
N matplotlib numpy | e scikit-learn opencv
4 L[_u video audio
Python —
Overlay pyngmicroblaze XLNK
- PL H GPIO H Interrupt H MMIO H libsds.so
[ Linux kernel
xdevcfg sysgpio H uio H devmem H xink
-~ - axi_intc
U User designs
FPGA [-U PYNQ overlays
PYNQ IPs
\ Q

/L

- Apps

- APIs

- Drivers

- Bitstreams

© Copyright 2019 Xilinx

the Unified

PYNQ™
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'Software—style packaging & distribution of designs
Enabled by new hybrid libraries

O Features Business Explore Marketplace Prici ing This repository Signin - Sign up O Tha repostory

3. Open image to be classified SPYN - lll phase AC motor control

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

Download a design from GitHub with a single Python command:

pip install git+https://github.com/Xilinx/pyngDL.git

© Copyright 2019 Xilinx 8 XI I_INX



'Loading a design into Zyng using PYNQ

from pyng import Overlay
resizer = Overlay(‘./resizer.bit’)
Processor System Programmable Logic )
4 N
‘ ] = ot [ dma .
£ ython - Libraries
3 | N pL H cepPioc Hinterrupt { Mmi0 Hlibsds.so } |
L2 Cache _ —_ -
-l Linux O, 2 : O : ) () - Drivers
1t / i . [ xdevcfg ]—[ sysgpio ]—[ uio ]—[ devmem ]—[ xInk ]—’
ST [ axi_intc .
Network 1 FPGA ([_Userdesigns ] L Bitstreams
-t e [ PYNQ overlays ]
NG LS (- N J |
DRAM B e —
Controller ST
~ PYNQ automatically configures many design parameters
DRAM based on data parsed from hybrid library
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o =
'NewTaD L W - = . -
clal x5 o v@E

T Apps T Jupyterlab ) Xilinx/PYNQ-DL:Xili [} PYNQ- Python prc Master

Gmail Images 3i%

Deskop = il Y o
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'Realtime and Graphic analysis

>> 16

[7]:

fs=4008

ig_plot = sdr_plots.IQTimePlot(ol.qpsk_tx.get_many_shaped_time(N=18), fs, w=800)
ig_dt = dma_timer.DmaTimer(iq_plot.add_data, ol.qpsk_tx.get_shaped_time, 9.85)

fa_plot = sdr_plots.HWFregPlot{ol.qpsk_tx.get_shaped_fft(), fs, avg_n=4, w=880)
fa_dt = dma_timer.DmaTimer(fa_plot.add_frame, ol.gpsk_tx.get_shaped_fft; 8.3)

tabl = ipw.Tab([ipw.VBox([fa_plot.get_widget(), ipw.HBox(fa_dt.get_widget())}]),
ipw.VBox([iq_plot.get_widget(), ipw.HBox(iq_dt.get_widget())])
1

tabl.set_title(®, 'Frequency domain')

tabl.set_title(1l, 'Time domain’)

tabl

Frequency domain i Time domain

30k —
—0
20k

10k

-10k

—20k
—-30k
0.05 0.1 0.15 0.2 0.25 0.3
t [s]
»> L ]
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How Python helps, really a lot..

NN
s

22 XILINX
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' Ecosystem Advantage: there’s a Library for that...

Standard Python comes with comprehensive libraries for common operations (web, regex, 0s, etc)
In addition to this ‘batteries included’ strategy, there is a massive external ecosystem ...

149,433 projects 1,053,356 releases 1,433,310 files 256,727 users

The Python Package Index (PyPlI) is a repository of software for the Python

™
Uthon programming language.

Package

q PyPl helps you find and install software developed and shared by the Python community. Learn
Index

I‘ about installing packages.

Package authors use PyPI to distribute their software. Learn how to package your Python code
for PyPI.

CPython is written in C ... and most popular C/C++ frameworks have Python libraries

>>18
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'Base Python libraries used for all Use Case

—_

pandas

Yir = BTy + p; + €4t

=
N

Acquire,
NumPy Matplotlib pandas Transform,
Organize,
A Matlab™ like 2D plotting library Data wrangling for Displa
framework for for static and easy-to-use data play
numerical computing. | interactive data ingestion,
visualizations transformation,
and export
functions

>>19 © Copyright 2019 Xilinx 8 X”_INX



' ..,y What iIs NumPy

> NumPYy is the fundamental package for scientific computing with Python. It

contains among other things: in [1]: smport mapy 3z np
: . . #Array multiplication...
>> a powerful N-dimensional array object a = mp.array([2,3,8,51) # in Matlab a = [2 3 4 5]
>> sophisticated (broadcasting) functions e s
>> tools for integrating C/C++ and Fortran code s ey, 2, 2, 450
55 useful |inear algebra’ Fourier tranSform In [2]: #Matrix multiﬁémtion.“ - L m
m1 = np.array([[1, 2, 3, 4.0], [5.1, 6.2, 7.3, 8.4], [9, 1@, 11, 12

m2 = np.array([[1.3, 2.5, 3.7, 4.9], [5.21, 6.22, 7.33, 8.44], [12, 1@, 11, 18]])

m3 = ml * m2
m3

out[2]: array([[ 1.3 , 5. , 11.1 , 19.6 ],
> NumPy can also be used as: on. 2 100, e e 1D
>> An efficient multi-dimensional container of generic data.
>> Arbitrary data-types can be defined.

>> This allows NumPy to seamlessly and speedily integrate with a wide variety of databases.

© Copyright 2019 Xilinx 8 XI I_INX



'How Numpy interacts with Programmable Logic?

P NumPy

Array, Matrix

In [7]:  import numpy as np

import pyng

def get_pyng_buffer(shape, dtype):

" Simple function to call PYNQ's memory allocator with numpy attributes

turn pynq.Xlnk().cma_array(shape, dtype)

Virtual memory

PYNQ“

Physical memory

»
»

Shared Object

Contiguous Array
in DDR Memory

o = = = = =

Hard Real Time

Dedicated “Accelerator”

VIVADO!

HLx Editions

meratiare 0

nnnnn

e e e e e e e Em e e R e R N e Em R G e R e R R S e R e e e e e e R e em e e e O

& XILINX
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'Provide a Numpy Array (or Arrays) with collected data
Or Pandas structure

This notebook makes the Exploratory Data Analysis:

n [3]:

wt[3]:

We aquire the Data

We display the Data

We process the Data

PLdata #it is the

Numpy Array

MotdD cycle Setupl Setup2 Setup3 la_mA Ib_mA Total_Current s4 55  s6 s7 s8 s9 Acc Freq ttf
0 1 1 -0.0007 -0.0004 100 51867 641.82 1580.70 140060 1462 2161 55436 2388.06 004619 13 47.47 191
1 1 2 00019 -0.0003 100 51867 642.15 1591.82 1403.14 1462 2161 553.75 238804 004407 13 47.49 19D
2 1 3 -00043 0.0003 100 51867 642.35 1587.99 140420 1462 2161 55426 238808 005294 13 4727 189
3 1 4 00007 0.0000 100 51867 642.35 158279 140187 1462 2161 55445 238511 004948 13 4713 188
4 1 5 -0.0019 -0.0002 100 51867 642.37 1582.85 140622 1462 2161 554.00 238806 005515 13 47.28 187
5 1 6 -0.0043 -0.0001 100 51867 642.10 1584.47 139837 1462 2161 55467 238502 004968 13 47.16 186
6 1 7 00010 0.0001 100 51867 642.48 1592.32 1397.77 1462 2161 55434 238802 0059.13 13 47.36 185
7 1 8 -0.0034 0.0003 100 51867 642.56 1582.06 140097 1462 2161 553.85 2385.00 004050 13 47.24 184
8 1 9 00008 0.0001 100 51867 642.12 1590.98 1394.80 1462 2161 553.69 238805 004646 13 47.29 183
9 1 10 -0.0033 0.0001 100 51867 641.71 159124 140046 1462 2161 553.50 238805 005170 13 47.03 182
10 1 11 00018 -0.0003 100 51867 642.28 158175 140064 1462 2161 55454 2388.05 004961 13 4715 181
11 1 12 00016 0.0002 100 51667 642.06 1583.41 140015 1462 2161 55452 238809 004937 13 47.18 180
12 1 13 -0.0019 0.0004 100 51867 643.07 158219 1400.83 1462 2161 553.44 238812 004682 13 47.38 179

>> 22
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Your Job is done
Customer can take from it
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'Connect other Python Libraries -

= | B N

data analysis . .
Quick Prototyping

pandas

) Tip+ pb

h%f%ﬁ%

f?ilkit -] ]h.earn ﬁ@
Statistical machine Learning
™

=

data analysis

—L

ELIJIL L ET I SDSOC"’

PHYSICS LIBRARY sensors ‘ ]
Embedded Acceleration c ++ { Environment

LR
g
eoee
:::ROS.org VIVADO® | oveRLAYs
je2 0
S. m PY ®-- O RTL Acceleration
Drecrete event simutation for Bytnon discrete event simulation \\ - /

© Copyright 2019 Xilinx 8 XI I_INX
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'Edge-to-cloud co-design

>> 25

Common JupyterLab tooling at edge and cloud

Device performs inference
locally to take action quickly

Results from /

Device data

¢ inference processing .
) m

B e

i Transfer trained

AWS Amazon Bring your
ML model Greengrass service SageMaker own hﬂ.ymodel

| -

Trained ML models

Transfer ML models to
Greengrass devices

Build and train
ML models in the cloud

Edge-to-cloud co-design trade-offs:

* Maximize on-chip processing

* Minimize edge-to-cloud data exchange
* Exploit scalability of cloud processing

« Aggregate intelligence between and across multiple edge nodes

» Co-optimize the above for best system performance

© Copyright 2019 Xilinx

PYNQ enables ML experts
and radio engineers
to focus on their ‘value-add’
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'AWS loT Greengrass ( Base on MQTT

>> 26

Cloud

Control
(device)

AWS loT Greengrass Core

Enables the local
execution of AWS Lambda,
messaging, device shadows,

and security. AWS loT
Greengrass Core interacts
directly with the cloud and

works locally, even with
intermittent connectivity

(191)
é Device Type 01

Device Type 02

@ Device Type 03
B yp!

Any device using Amazon
FreeRTOS or AWS loT Device
SDK can be configured
to interact with AWS loT
Greengrass Core via the
local network

Core
(Greengrass
Core)

© Copyright 2019 Xilinx
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ARM PS Programmable Logic
AXHite
el I l O RF Data
R Converter
Transmit Side IP (RF-DAC)
Config. f¢&——- | N U T
_/' N\
Oupyten) Jo Ay QP ol e [ merpolaton - ol g .-V
cer=rn —p| (pulse shaping) | filter chain p- | .
| cable to
______ e, receiver
signals to
inspect
o) ,g AXH4-MM m AXLstream
& 76 Visualisation
4 v (J up yter) AXH-MM ( DMAj AXI-stream
g\ ’9 k }
AXI4-MM (T3 AXIstre
e P DMA e
s @/ ;
a
L ARM PS Programmable Logic
(i ‘Q\ : AXl-lite
RF Data
Converter
Config. Receive Side IP (RF-ADC)
| Axmite), | M-
(Jupyter) N ”[QPsk receiver l¢- matched [ decimation A N -” ¢
BRP TP A (timing & freq. it filter chain, i, o -
Ol 3 ‘ . - synch.) €7 "M€MM9 <= coarse synch. AXI- | [ from
11 stream ! | .
L fo ) transmitter
FFT§—™ L
signals to
inspect
Visualisation | AX4-MM {DMA\ AXl-stream
(Jupyter) )
AXI4-MM h AXl-stream
DMA
)
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'Student contest designs base on PYNQ

More and more are on the way

£ XILINXOpenHw = S
|

Processed Image

BIZIBRIS TR AITRE E7 PYNQ BYERESRIAIEREE

ET FPGA 89 E MBI

ZEniE , B

ETFPYNQ-Z269tb B ERRGIH. . JEERT A B ISISEIRE
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' PYNQ-Z2 Board
-design for starter

 New PYNQ reference platform

* New stereo audio with on-board codec
 New Raspberry Pi connector

« QOpen source design

« Z2 manufactured in Taiwan by TUL
 Distributed globally by Premier Farnell
« Also Newegg in US

 Academic discounts & donations

$119 to everyone in US

available

>>29 © Copyright 2019 Xilinx 8 X”_INX



PYNQ on other Boards

KX

< XILINX.

PPN
>PPPA




'Next steps: scaling across platforms and domains
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 ISMML )

pgthon 4pyter
S’

!

& matplotlib
\_ j

4 Software N

B POWERED

]

/ Zynq \
w VIVADO!

4 IIoTvision.\
oﬂ J;pyter
Opegv .v

python'
(‘\ Index
L

4 Software )

1)

®

7=
o
==
o
=
=]
&
|

ARM

SDSoC™
K Environment j

4 ZynqU+ )

VIVADO! £
. 4 ,%5

@@ 7

\_
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'Efficient porting PYNQ to any Zyng-based platform

e Target-specific PYNQ | Board-specific porting
components Common interfaces available for re-use
e PYNQ Software Core  Pre-built images available
(board independent) Expected to take less than 1 day to port
e PetaLinux build _Available for any Xilinx-supported board;
tools/BSP Instructions for building for custom boards available

Page 32
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'http://www.pvnq.io

>> 33

spoonNN
ETH Zurich

(XN NN}
[ ]

Video processing

SPYN PYNQ networking
?(il ISM, Trenz electronics Xilinx labs

lay with metwork smafysis
capability

BNN

NTNU, University Sydney, Xilinx
Iebs

FIR filter example
CU Bould:

PYNQ computer vision
Xilinx labs

CNN on PYNQ

mperial College London

LTSM
TU Kasiserslautern

GZip on PYNQ
u y Bucharest

GZIP on PYNQ

© Copyright 2019 Xilinx
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http://www.pynq.io/

'New open source HLS book

Parallel Programming for FPGAS is an open-source book

Parallel Programming for FPGAs aimed at teaching hardware and software developers how
The HLS Book

to efficiently program FPGAs using high-level synthesis

Reply “pp4fpgas” in wechat console
http://kastner.ucsd.edu/hlsbook/

>>34 © Copyright 2019 Xilinx 8 XI I_INX



http://kastner.ucsd.edu/hlsbook/

Adaptable.
Intelligent.

22 XILINX




