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SECOND SENSE

LESSONS LEARNED FROM Benjamin Cabé
BUILDING AN ARTIFICIAL NOSE @kartben
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Machine Learning with TensorFlow Lite on
Arduino and Ultra-Low-Power Microcontrollers

The ability to run a neural
network model at an energy
cost of below 1 mW.




DATASET
+ HARDWARE (L)

+ MODEL &
+FRAMEWORK

DEEP LEARNING APPLICATION



ASSEMBLING A DATASET

Wait... do | really want to bake dozens of baguettes
to gather enough data to train my model?

=» Let’s instead build a model that “just” recognizes smells.

My device will be rather constrained, how can |
efficiently capture my training data?

=» Edge Impulse to the rescue ©
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A CLOSER LOOK AT THE WIO TERMINAL | 192 of ram, 5126 of s,
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COST CONSIDERATIONS

Mf‘:""gc\;mn
Wio Terminal ATSAMDS51P19A
~$30 ~$5 (when ordering 3000+ units)
Arm Cortex-M4 Arm Cortex-M4F
512K of Flash 512K of Flash

192K of RAM 192K of RAM



BUT HOW CAN A MACHINE SMELL ANYWAYS?










Raw sensor data
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== Nitrogen dioxide 849 | 849 | 850 | 851 | 851 | 851 | 851 [ 852 | 852 | 853 | 853 | 854 | 855 | 855 [ 855
== Carbon monoxide 57 57 56 57 57 58 58 58 57 57 57 56 57 59 58
=Ethyl alcohol 95 96 96 95 97 97 98 98 98 99 98 99 | 100 | 100 [ 100
===Volatile organic compounds| 182 | 183 | 184 | 184 | 185 | 185 | 186 | 187 | 188 | 1892 | 189 | 182 | 190 | 190 | 191




BUT HOW CAN A MACHINE SMELL ANYWAYS?

Raw features (whiskey) — 1.5 s of sensor data, 10 Hz

[ 849,57, 95, 182, 849, 57, 96, 183, 850, 56, 96, 184, 851, 57, 95,
184, 851,57,97, 185, 851, 58, 97, 185, 851, 58, 98, 186, 852, 58,
98, 187,852,57, 98, 188, 853, 57,99, 189, 853,57/, 98, 189, 854,
56, 99, 189, 855, 57, 100, 190, 855, 59, 100, 190, 855, 58, 100, 191

]



BUT HOW CAN A MACHINE SMELL ANYWAYS?

Flattened features (whiskey) — step 1:

|
849,57, 95,1821,
849,57, 96,183 ],

[ 855, 58, 100, 191 ]
]



BUT HOW CAN A MACHINE SMELL ANYWAYS?

Flattened features (whiskey) — step 2 (scale axes):

|
0.849, 0.057, 0.095, 0.182 ],

10.849, 0.057, 0.096, 0.183 ],

[0.855,0.058, 0.100, 0.191 ]
|



BUT HOW CAN A MACHINE SMELL ANYWAYS?

Flattened features (whiskey) — step 3 (DSP):

[0.8520, 0.849, 0.855, 0.8250, 0.0019,
0.0572, 0.056, 0.059, 0.0554, 0.0007/,
0.097/7, 0.095, 0.100, 0.0946, 0.0016,
0.1868, 0.182, 0.191, 0.1808, 0.0027 ]
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TENSORFLOW LITE FOR MICROCONTROLLERS

Optimized for on-device machine learning

* latency — there's no round-trip to a server
* privacy — no personal data leaves the device
* connectivity — Internet connectivity is not required
" size — reduced model and binary size
* power consumption — efficient inference & a lack of network connections

High performance (hardware acceleration and model
optimization)

Available as Arduino library

TensorFlow, Lite




ON PERFORMANCE AND CODE SIZE

Classifying 3-5 smells:
= ~4KB of RAM, ~27KB of ROM (the actual TFLite model is ~3KB)
* Inference is ~1ms on an 80MHz 32-bit MCU

Quantization

* Reducing the precision of the numbers used to represent a model's
parameters. Think float32 = int8, i.e 4x size improvement

EON compiler — up to 50% less memory!
CMSIS-DSP & CMSIS-NN



OH, A FRIENDLY REMINDER...

Classification using neural networks always gives you a
result!

12Y; 51% WHISKEY!
=2 78% COFFEE!

- Anomaly detection helps flag input data that is too
different from data seen during training



“GREAT... SO...
YOU’VE BEEN
TINKERING, EH2”
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Benjamin Cabé @kartben - Feb 12

V| realized | never quite published the instructions to replicate my #TinyML
and #/oT artificial nose project, powered by awesome tech from
@Edgelmpulse and hardware from @secedstudio. Working on getting this
fixed asap while sipping my espresso! 4. &9

QO s a2 Q 97 £ il



MOTORIZED
SELF
SOLVING
RUBIK'S
CUBE

Make:

MACHINE
LEARNING

Swear Bear... Trash Sorter... Easy Al Trainers
Teach your project to think for itself

BENJAMIN CABE'S “NOSE” KNOWS!
Build this smell-identifying Al sniffer —*

2 3 PROJECTS! \
- Raspberry Pi Meteor Camera
- Digital String Art Portraits \\\

- Animated LED Skirt
« Arduino Borealis Lights

| BUILDERS

|‘\| - Digital Mobile Radio
ﬁ' - Hack a Knitting Machine

makezine.com | makercampus.com | makerfaire.com VOLUME 77
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twas a long weekend of May 2020
'o!my human siblings styck a1 ho
on their hands due to oNgoin;
busy trying to perfect My bread recipe, |n fact,
Justa few days before, | hag Ordered 5 g,
(Figure @ that | thought would pe ideal to help
me monitor my sourdo ugh start

bread at just the right moment
And then | thought about it S0me more.
'Surel” this is the perfect excuse for me to
finally start {earning this Machine learning thing
that everyone's talking about. Byt
want to bake dozens of baguettes before | haye
alraining set large &nough to teach an A the
rélationship between the olfactory fingerprint of
the Sourdough starter and the yumminess of the
final foaf? Plus, flour is Pretly scarce these days!

That's how, over the course of the n,
days, | ended up building 5 DIy, genombpu’pose‘
artificial nose — one that can smel| virtually
anything You teach it to recognize! The artificial
fI0S8 IS powered by artificia| Intelligence — 3

TinyML neural network that | traineq using the
free online tool Edge Impulse and then uploaded
onto anArdumo-compaubie microcontroller
Hearned 4 (ot along the w.
machine 1aming. From des
enclosure 1o fudimentary fiy;g dynamics [the
aiﬂ!owmthm the nose is not exactly aptimal),
"twas the first time | built my own “th;
Scrateh, 5o I'm exciteq to
COmmunity, Here are the
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“INTELLIGENCE AT THE EDGE” + INTERNET = ) *
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* a.k.a. AloT



Contoso Virtual Scents Inc. L Search

L Devices > Artificial Nose > nose001 % Connect © Block @@ Attach to gate... =B Rename & Edit template IE Delete
nose001
R"?
About  Overview  Settings Raw data ) .
@ Last data received: 4/30/2021, 4:45:56 PM | Status: Provisioned
VOC (ppm), NO2 (ppm), C2HsOH (ppm), CO (ppm) e VOC (ppm) d NO. (ppm) 4
J%
® voc (ppm) ® NO; (ppm) ® C.H;OH (ppm) O (ppm)
E © 12.35 442 .91
e} .
400
&, Average, Past 12 hours Average, Past 12 hours
(o
C2HsOH (ppm) / CO (ppm) i
‘qq 200
%

20.08 27.01

0.0+
04 1é PM 04 45’ PM
04/30/2021 04/30/2021 Average, Past 12 hours Average, Past 12 hours
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FROM CONNECTED THINGS TO CONNECTED ENVIRONMENTS*®

city: Cthqgo building: Willis Tower
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floor: Floor 2 >

nose: Nose TBR26P

* a.k.a. Digital Twins



TinyML-powered
artificial nose

O

kartben/artificial-nose

OPEN SOURCE // OPEN HARDWARE | 2iiofmerericl soure



@kartben
https: / /blog.benjamin-cabe.com

THANKS!
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Intelligent Agent

Newton

Automated TinyML

Zero-code SaaS solution

Create tiny models, ready for embedding,
in just a few clicks!

Compare the benchmarks of our compact
models to those of TensorFlow and other leading
neural network frameworks.

Build Fast. Build Once. Never Compromise.

t: 2
g targe 100

0

i gmzjsﬂnsm_nating
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Arm: The Software and Hardware Foundation for tinyML

+ -* + +

Connect to
high-level
* frameworks

y Supported*by
end-to-end tooling

+ - + -
3
Connect to
Runtime
+ + + -
Stay Connected + +

B @ArmSoftwareDevelopers

s ’ @ArmSoftwareDev "

+ + -+ - + +* -+
Application
+ -+ . . " + .

Optimized models for embedded

- - -

+ -
Profiling and
debugging
tooling such as
Arm Keil MDK
+ +
+ +
+ +

A

K - v

Runtime
(e.g. TensorFlow Lite Micro)

A

- - +

Optimized low-level NN libraries
(i.e. CMSIS-NN)

A S 2

RTOS such as Mbed OS

Arm Cortex-M CPUs and microNPUs

Resources: developer.arm.com/solutions/machine-learning-on-arm

+ + + +

+ -

+

4

+ + +

a

Al Ecosystem

Partners
+* - >
+ + +
+ + +
+ + +

‘ arm



TinyML for all developers

Acquire valuable ' Enrich data and
G B training data train ML
securely algorithms

OO,

ARDUINO Edge Device Impulse
Real sensors in real
Arduino library t|me
Open source SDK
M Embedded and Test impulse
edge compute with real-time
deployment device data
WebAssembly options Test flows

www.edgeimpulse.com




Qualcommwn

Al research 0 @

_ . ®
Advancmg Al Id oo e loT/lloT

o recognition, contextual fusion

h to mak =
researcn 10O make .
]
efficient Al ubiquitous | Edgecloud &=
Reasoning
Scene understanding, language Automotive
Power efficiency  Personalization Efficient learning understanding, behavior prediction
Model design, Continuous learning, Robust learning
compression, quantization, contextual, always-on, through minimal data, —
algorithms, efficient privacy-preserved, unsupervised learning, =
hardware, software tool distributed learning on-device learning ACtion I
Reinforcement learning CIOUd

for decision making

A platform to scale Al
across the industry Mobile

Qualcomm Al Research is an initiative of Qualcomm Technologies, Inc.



SYNTIANT

Syntiant Corp. is moving artificial intelligence and machine learning from the cloud to edge
devices. Syntiant’s chip solutions merge deep learning with semiconductor design to produce
ultra-low-power, high performance, deep neural network processors. These network processors
enable always-on applications in battery-powered devices, such as smartphones, smart speakers,
earbuds, hearing aids, and laptops. Syntiant's Neural Decision Processors™ offer wake word,
command word, and event detection in a chip for always-on voice and sensor applications.

Founded in 2017 and headquartered in Irvine, California, the company is backed by Amazon,
Applied Materials, Atlantic Bridge Capital, Bosch, Intel Capital, Microsoft, Motorola, and others.
Syntiant was recently named a CES® 2021 Best of Innovation Awards Honoree, shipped over 10V
units worldwide, and unveiled the NDP120 part of the NDP10x family of inference engines for

low-power applications.
g @Syntiantcorp

www.syntiant.com
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(infineon

Part of your lite. Part of tomorrow.

www.infineon.com



Pre-built Edge Al sensing modules,
plus tools to build your own

b R e a I |ty AI , 'Reality Al so.lgtions \

Prebuilt sound recognition models for
indoor and outdoor use cases

Solution for industrial anomaly detection

Add Advanced Sensing ; <

Pre-built automotive solution that lets cars

to your Product with \ Homger s !
Reality Al Tools® software

Ed ge Al / Ti nyM L i Build prototypes, then turn them into i

real products

Explain ML models and relate the function
https://reality.ai ) info@reality.ai W@SensorAl [ Reality Al i to the physics

Optimize the hardware, including
sensor selection and placement




Gold Sponsors




Adaptive Al for the Intelligent Edge




Dc-cl mi
SensiML

Build Smart loT Sensor
Devices From Data

SensiML pioneered TinyML software
tools that auto generate Al code for the
intelligent edge.

e End-to-end Al workflow

e Multi-user auto-labeling of time-series data

* Code transparency and customization at each i
step in the pipeline | Ao

641
8 10 E6 E3

We enable the creation of production-
grade smart sensor devices. sensiml.com



LEMEA Silver Sponsors
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The loT Hardware Enabler
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The presentation(s) in this publication comprise the proceedings of tinyML® EMEA Technical Forum
2021. The content reflects the opinion of the authors and their respective companies. This version of the
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There is no copyright protection claimed by this publication. However, each presentation is the work of
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regarding the use of any materials presented should be directed to the author(s) or their companies.

tinyML is a registered trademark of the tinyML Foundation.

www.tinyML.org




