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Promoting Accessibility / Education

Full Courses

Organization Course Name

= m edX tinyML Specialization Launched
by Harvard University 2020-2022
Embedded Machine Learning on
=@ Launched
= coursen 2021-2022
by Edge Impulse
= ESE3600: Tiny Machine Learning
by the University of Pennsylvania
MIT 6.5965
TinyML and Efficient Deep Fall 2022
Learning
. UNIFEI IESTION 2001 -
@ TinyML - Machine Learning for
Present
Embedding Devices
= Harvard Cs249r Sept 2020 -
Tiny Machine Learning Present

Workshops

Lead Organizers

g0

Workshop Name
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@
DY@

=00 W

= N seeed

Qo
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Morocco Al Summer School 2023

EdgeMLUP 2023

Workshop on Widening Access to TinyML
Network by Establishing Best Practices in
Education

SciTinyML 2023
Scientific Use of Machine Learning on Low-
Power Devices

TinyML at AAU
AWorkshop at Addis Ababa University

Artificial Intelligence and its Integration
with Everyday Life
An Introduction to TinvML bv Edwin Marte at

Date of Course Target Audience

TinyMLedu.org

Language of La f
guage o nguage o T
Instruction Materials
Course 1-3 Website
Course 4 Website
Everyone English English All Materials
All Colabs
Arduino Library,
Course 1 : .
Everyone English English Course 2 Machine Learning Systems
All Materials .
Undergraduate and
i Material
ol e St English English Website and Materials
FRONT MATTER v
Preface
Websit
Graduate Students English English b Dedication
Materials
Acknowledgements
Contributors.
2022.1 Website and c
opyright
atendly About the Book
20212 Website and
Undergraduate Students ~ Portuguese English
Materials MAIN v
2021.1 Website and 1 Introduction
Materials 2 Embedded Systems
3 Deep Learning Primer
iozz Website and £ e
s
Graduate Students English English Asslonments 5 Al Workflow
2020 Website
6 Data Engineering
2020 Assignments 7 Al Frameworks
8 Al Training
9 Efficient Al
10 Model Optimizations
Date of " Languageof  Language of :
Target Audience Links
Workshop 9 Instruction Materials
Website
July 2023 Everyone English English TinyML Part 1
TinyML Part 2
Website and
July 2023 Everyone English English
uy VEry al Il Materials
Foundations of TinyML Applications Of TinyML
Focusing on the basics o machine leaning Gt the opporturity to see TinyML in practic.
April 2023 Everyone English English Website and and embedded systems, such as smartphones,  You will see examples of TinyML applications,
Materials tis course will nroduce youto the and lear first-hand how o train these models
language of TinghL for Tiny applicatons such as keyword spotting,
isual ke words, and gestur recogpition
- e —
November Soarih Soarish il
o veryone panis| panis aterials

FRONT MATTER > Preface

Machine Learning Systems
with TinyML

sesTRACT

Machine Learning Systems with TinyML offers readers an entry point to understand comprehensive
machine learning systems by grounding concepts in accessible TinyML applications. As resource-
constrained edge computing sees rapid expansion, the ability to construct efficient ML pipelines grows
crucial. This book aims to demystify the process of developing complete ML systems suitable for

deployment - spanning key phases like data collection, model design, optimization, acceleration, security

hardening, and integration. The text touches on the full breadth of concepts relevant to general ML
engineering across industries and applications through the lens of TinyML. Readers will learn basic

principles around designing ML model architectures, hardware-aware training strategies, performant

inference benchmarking and more. Ad ly, crucial systems

considerations in areas like reliability, privacy, responsible Al, and solution validation are also explored in

depth. In summary, the book strives to equip newcomers and professionals alike with integrated
knowledge covering full stack ML system development, using easily accessible TinyML applications as
the vehicle to impart universal concepts required to unlock production ML

Deploying TinyML MLOps for Scaling TinyML

Machine

se introduces leamers

Learn to program in TensorFlow Lite for secemeuse arm 90 i

Learing Operations (MLG

microcantrallers s that you can write the
code, and deploy your model to yaur very own
Tiny microcontroller, Before you know it you'l
be implementing an entire TinyML application

Take the Course on edX

of TinyML (Tiny Machine Learni

explore best practices to deploy, montor, and

Introduction to
Embedded Machine
Learning

maintan (tiny) Machine Learning models in

production at

This course will give you a broad overview of

orks to microcontrolers using the Edge
Platform,

All rights reserved.
CC BY-NC-SA 4.0

Table of contents
Preface
Why We Wrote This Book
What You'll Need to Know
Book Conventions
Want to Help Out?
Getin Touch

Contributors

computer vision
I

Learning
This course, offered by a partnershp among
Edge Impulse, OpenMY, Seeed Studio, and the

TinyML Foundation, wil give you ar
understanding of how deep learning with
neural networks can be used to classify images
and detect objects in images and videos.
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Promoting Accessibility / Education
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Vijay Janapa Reddi, Brian Plancher, Susan Kennedy, Laurence I I n v M L e d u O r
Moroney, Pete Warden, Anant Agarwal, Colby Banbury, Massimo - -
Widening Access to Applied Banzi, Matthew Bennett, Benjamin Brown, Sharad Chitlangia,

Machine Learning with Radhika Ghosal, Sarah Grafman, Rupert Jaeger, Srivatsan
TinyML i i i i 8

Harvard Data
Science Review

Brian Plancher, Sebastian Buttrich, Jeremey Ellis, Neena Goveas,
Laila Kazimierski, Jesus Lopez Sotelo, Milan Lukic, Diego Mendez,

Rosdiadee Nordin, Andres Oliva Trevisan, Massimo Pavan, Manuel
TinyML in Africa:

Opportunities and " = TinyML4D: Scaling Roveri, Marcus Rub, Jackline Tum, Marian Verhelst, Salah AAAI-24 Sprign
Challenges i’ j Embedded Machine Abdeljabar, Segun Adebayo, Thomas Amberg, Halleluyah Aworinde, Symposium on
Learning Education José Bagur, Gregg Barrett, Nabil Benamar, Bharat Chaudhari, Increasing Diversity in
Bridging the Digital Divill | in the Developing Ronald Criollo, David Cuartielles, Jose Alberto Ferreira Filho, Al Education and

the Promising Impact o World Solomon Gizaw, Evgeni Gousev, Alessandro Grande, Shawn Research
Z':m;::r Reveioping Hymel, Peter Ing, Prashant Manandhar, Pietro Manzoni, Boris

Murmann, Eric Pan, Rytis Paskauskas, Ermanno Pietrosemoli, Tales
T ——— Pimenta, Marcelo Rovai, Marco Zennaro, Vijay Janapa Reddi

Development

Development Goals

TinyMLedu: The Tiny Machine ACM Technical Symposium on
Learning Open Education Brian Plancher, Vijay Janapa Reddi Computer Science Education
Initiative (SIGCSE)
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o Low Resource o Interdisciplinary Focus
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Global Embedded ML Education Opportunities:

Low Resource Interdisciplinary Focus

Requirements and Applied Learning

Low Power
Low Cost
Low Connectivity

Embedded
Devices
(loT)

ML /DL
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Global Embedded ML Education ©ppertuntties:

Software and Hardware

Fragmentation

250 Billion
MCUs today




Challenges %%
Global Embedded ML Education ©ppertunities:

Software and Hardware
Fragmentation

Affordability Barriers and
Localization Roadblocks

Language a
and Local
Relevance G
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Global Embedded ML Education ©ppertuntties:

Software and Hardware

Fragmentation 7

LEARNING

Research Symposium - April 22, 2024
e Sy Topcsmm sorves asafagsii verofor elato sserchyat

Affordability Barriers and
Localization Roadblocks

Educator Readiness and
Research Incentives
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g
Workshop on Widening = 0

Access to TinyML Network by (CTP ©

Establishing Best Practices in me
Education e

3 - 7 July 2023
An ICTP Meeting
Trieste, Italy
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Towards a Modular Curriculum
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Optional Modules

Core Modules

o Embedded . Neural
5 @ ML Compilers
s 3 Software and Network
& S Engineering Obtimizers Architecture
2 Deep Dive P and Design
0 - - -
© Electronics Sensor Device Design
% and loT Deep Paradigms and
= Dive and Design Deployment
Conservation P|:ed|ct|ve Smart Cities
Maintenance
The Future of Climate Heafihcne
Work Change

Machine Learning and Deep Learning

Fundamentals
(E.g., Models, Training, Overfitting, Regression vs.
Classification, Neural Networks)

Data Centric Al

(E.g., Data Collection, Pre-
and Post-Processing)

Embedded Systems
(E.g, Microcontrollers,
Embedded Programming,
Basic Electronics & 1oT)

Responsible Al
(E.g., Bias, Privacy, Security)

Course
Lengths

* 3-5 day short courses include one hands-on example from each core module and a high level overview of the
theory. Time permitting they include optional modules.
Micro-credential courses dive deeper into the theory of each core module and select optional modules.

* Full semester-long courses explore a full track of optional modules and the core modules in detail with multiple
hands-on examples and theoretical derivations and explorations.

Canonical
Hands-On
Examples

From data
collection to
model training
to deployed
inference

Audio
Keyword
Spotting

Image
Classifi-
cation

IMU
Anomaly
Detection

13



Towards a Modular Curriculum

TinyMLedu.org

Please feel free to remix
our materials and please
consider sharing back
your materials for the
community!
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Calls to Action

Assessing Our
Educational Programs

Maintaining Open-Source

Software and Courseware

Embedded ML Model
and Data Zoo
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@ Improving Accessibllity
of Hardware

© Increased Outreach
and Diversity Efforts
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Calls to Action

Assessing Our
Educational Programs

Maintaining Open-Source

Software and Courseware

Embedded ML Model
and Data Zoo
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Calls to Action

Underrepresentation of
Women in

) 2024 TinyMLedu.
AII rights reserved.
CC BY-NC-SA 4.0

opyright (¢

obotics Research

ieeexplore.ieee.org/document/10474552

As has been noted in related
works, this kind of methodology
has many flaws and does not

[1]1 [3] [4]
FIELD FAR (%)
CS education 42
Human-computer interaction 26
CS overall average 16-26
Knowledge systems 19
Software engineering and languages 14

Artificial intelligence
Robotics

Computer systems

Theory and algorithms

12
11-12 (our analysis)
10

take into account much of the
nuance in gender, including
issues of bias, misperception,
and nonbinary identities [7], [8].
However, we hope that this initial
study will help add to the robotics
community’s understanding of the
current state of gender diversity
and, at a minimum, provide
directionally correct data to help
with future diversity, equity, and
inclusion efforts.

17
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Promoting Sustainability / Conservation
TinyMLedu.org

How TinyML Can be
L d to Sol I ti d
evc.erage i Hatim Bamoumen, Anas Temouden, Nabil Benamar, Yousra Chtouki nnoYa ensn
Environmental Intelligence for
Problems: A Survey Informatics, Computing,
and Technologies

Design and Development of a

Is TinyML Sustainable?
Assessing the Environmental
Impacts of Machine Learning
on Microcontrollers

Communications of

Shvetank Prakash, Matthew Stewart, Colby Banbury, Mark
the ACM (CACM)

Mazumder, Pete Warden, Brian Plancher, Vijay Janapa Reddi

Smart Buildings: Water
iilacaly g i i Othmane Atanane, Asmaa Mourhir, Nabil Benamar, Marco
roria 2 [CTP Leakage Detection Using Sensors
WA " Zennaro
TinyML

ACM Conference on

{CTP Classifying Mosquito
: Wingbeat Sound Moez Altayeb, Marco Zennaro, Marcelo Rovai Information Technology
for Social Good

°
e Using TinyML
19
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Sustainable Materials

Development Goals t

600D HEALTH Microcontrollers < “l,' Manufacturing
AND WELL-BEING S

TinyML can
support the SDGs
but comes with
costs. What is the

Cycle End-of-life net impact?

CLEAN WATER Design
AND SANITATION

=
= ‘
<
=
£
Surpohooy

] CLIMATE 1 LIFE
ACTION BELOW WATER

I LIFE
DN LAND

Energy Consumption E-waste
20
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Building Representative Systems

Cost Level High Cost Medium Cost Low Cost
L o Keyword
Application Image Classification Spotting
Size Large Compact Compact

-




harvard-edge.qithub.io/TinyML-Footprint/

TinyML CO, Footprint Calculator

Embodied and Operational CO2 Footprint

" component
A M ML Training
W Casing
2 M Processing
W pcB
Power Supply
g M Sensing

5 B Others

s Transport

s
' Indicator LED UI
R
T Use-Stage
g s
o W reference
@
2 2
@
I
o
O 10
o o
X s

7

&

s

3

—
%
3
6o Lre B
2, s
L/ S
Gy 2t
27}
System

For more information on the usage of this TinyML CO:z Footprint Calculator, please
see our paper and d at github.com/harvard-edge/TinyML-Footprint

Application Presets

Vision
ClassiferfFeatures

TinyML °

ML Training

DenseNet MobieNetV1
1004g Coze
Casing
ABS 200g/Steel 209 ABS 4 i Cu
0049 COZe 7 5
Processing
MC! MCU 10 mm*
01TKgC0ze
PCB
- HSL-0 typical
01649 C028 5

Power Supply
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TinyML Systems in Context

Total Life Cycle Emissions (kg CO,-eq)

[EY
o
o

[EY
o

[EnY

O
[N

16-inch
MacBook
Pro

349

Apple
Watch
Series 7

34

TinyML
High-
Cost
7.1

TinyML

Medium-

Cost
34

TinyML
Low-
Cost

0.9
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5x to 38x

Savings
over a
3-year

lifespan!
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What if we scale to 250bn devices?

There are around 250bn MCUs deployed
today and around 15bn loT devices

Copyright (c) 2024 TinyMLedu.
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IoT Device Growth

~15 Billion | >50 Billion | >100 billion | >250 Billion | >1 Trillion
Linear 2023 2041 2067 2144 2531
Exponential 2023 2032 2036 2043 2053

https://www.statista.com/statistics/1183457/iot-connected-devices-worldwide/

24
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What if we scale to 250bn devices?

2000 o

= 1000 (e
§ g (584)
- Total TinyML 20% Savings in 0.6% Savings in all  20% Savings in all
E -1000 Footprint Residential Sector Other Sectors Other Sectors
é High-Cost (3 Year) (3 Years) (3 Years)
'z -2000
£ 7 .
@ -18000 If our devices have longer

0000 lifespans this data starts

to look even better!
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TinyML will soon be
everywhere!

loT 1.0:
Internet
of Things

‘ ” : Google Assistant
- < 'gl

loT 2.0:
igence

on Things
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What is a Machine Learning Sensor?
mlsensors.org

Machine Learning Sensors

LlLLLL

k @ =

Authors: Pete Warden, Matthew Stewart

e Brian Plancher, Sachin Katti, Vijay Janapa Reddi Physical

Processor Cloud
Authors Info & Claims Sensor
Co
PA 10011 Sensor 2.0 \
LLLLLL _| l_ P -
N = = rivacy
-l > | mcu |E
TITTTT & — - b
— - y
i 5 1§ & i
Machine Learning Processor DQSlg n y

(ML) Sensor 08
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We suggest transparency as a core value

mlsensors.org

Datasheets for Machine Learning Sensors:

Towards Transparency, Auditability, and Responsibility for Intelligent Sensing

) 2024 TinyMLedu.
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m————————— e ———————— 1
] i Compliance !
MATTHEW STEWART, Harvard University, | Description, i ___ "% P e ]
¢ Featuresiand ) ==smsssmmssnTmTT 1
PETE WARDEN, Stanford University, Useful S g !
tanford University, Useful Sensors. i Use case :1 Diagram o Standard Sensor

I
1

YASMINE OMRI, Harvard University, D—— Form Factor ! Datasheet
I

SHVETANK PRAKASH, Harvard University, T T : ) Cé)m?ongn:s

i B o
JOAO SANTQOS, Harvard University, ! Comm.u'mca'tlon ': : (Fections )

1 Specification : 1 Hardware 1
SHAWN HYMEL, Edge Impulse, : and Pinout | : Characteristics :
BENJAMIN BROWN, Harvard University, ey ' loT Datasheet

T s ! oT Datashee

JIM MACARTHUR, Harvard University, ! loT Privacy and Security : } Components
NAT JEFFRIES, Useful Sensors, e ) (Section 3.2)

SACHIN KATTI, Stanford University, Al Datasheet

BRIAN PLANCHER, Barnard College, Columbia University, Dataset Model
| e Characteristics Characteristics Comppnents
VIJAY JANAPA REDDI, Harvard University, (Section 3.3)

arxiv.orqg/abs/2306.08848 P S } ey

) | !
1 } 1
i | 1
E"V:':::::"ta' 1 Performance i Datasheet
Analysis 1 Components
) ! ! (Section 3.4)
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Materiality and Risk in the
Age of Pervasive Al Sensors

arxiv.org/abs/2402.11183

_ N C/ian Plancher
L Barnard College, Columbia University B
'S NBR Drianplancher.com
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Evolution of Sensors...

Traditional Sensor loT Sensors AloT Sensors
(1970s - 1990s) (1990s - 2010s) (2010s)
Thermometer Ring Doorbell
Microphone Wirelise -
CCTV
Cameras | -
_ ‘ \/
Inertial
Measurement

Charge-Couple  Unit (IMU) Nest Thermostat

Device (CCD) oy —

Edge Al Sensors
(Late 2010s - Present)

Apple
Watch

Ray-Ban Meta
Smart Glasses
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TinyML Sensors
(Present Day)

Useful Sensors
Person Detector

Timeline
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... and their impact on Responsible Al

AloT Sensors
(2010s)

loT Sensors
(1990s - 2010s)

Traditional Sensor
(1970s - 1990s)

Valid and Reliable

Safe

Secure and
Resilient

Accountable and
Transparent

Explainable and
Interpretable

Privacy Enhanced

Fair with Harmful
Bias Managed

Edge Al Sensors
(Late 2010s - Present)
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TinyML Sensors
(Present Day)
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