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7} On-device Al

On-device Al: Intelligent Experiences, Redefined
Processing data directly on local hardware for instant, secure capability
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u e XIAO ESP32S3 Sense: Main development board with integrated camera
D QVI ce sensor, digital microphone, and SD card support
e Expansion Board: Features a 6-axis IMU (LSM6DS3TR-C) and 0.42" OLED
display for motion sensing and data visualization
e SD Card Toolkit: Includes SD card and USB adapter for data storage and
model deployment
USB-C Cable: For connecting the board to your computer

Antenna and Heat Sinks

sy M
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Install

We use Arduino for edge-Al programming.

@ sketch_jan19a | Arduino IDE 2.3.7

00

BOARDS MANAGER sketch_jan19a.ino
| ESP32 1 void setup() {
2
‘g Type: Al hd 3
4 }
. 5
Arduino ESP32 Boards by Ard
y Arduing 6 void loop() {
Boards included in this package: Arduino 7
Nano ESP32 8
Mare info 9 1

esp32 by Espressif Systems Output ==
= = 2 LT—gdDEll. o ] I}

ERlinstalcd ixtensa-esp-elf-gdb@ll.2_20220823

Boards included in this package: UM Configuring tool.

FeatherS2 Neo, Adafruit QT Py ESP32, LoPy4, esp32:xtensa—esp-elf-gdb@ll.2_20220823 installed

Labplus mPython,... Installing esp32:xtensa-esp32-elf-gcc@esp-2021r2-patch5-8.4.0

EErRhiE Configuring tool.

2017 v REMOVE esp32:xtensa-esp32-elf-gcc@esp-2021r2-patch5-8.4.08 installed
Installing esp32:xtensa-esp32s2-elf-gcc@esp-2021r2-patch5-8.4.0
Configuring tool.
esp32:xtensa-esp32s2-elf-gcc@esp-2021r2-patch5-8.4.0 installed
Installing esp32:xtensa-esp32s3-elf-gcc@esp-2021r2-patch5-8.4.0
Configuring tool.
esp32:xtensa-esp32s3-elf-gcc@esp-2021r2- NOTIFICATIONS
Installing platform esp32:esp32@2.0.17
Configuring platform.

Platform esp32:esp32@2.0.17 installed O Successfully installed platform esp32:2.0.17

A Offline Ln1, Col 1 X Noboard selected 221 B
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7] BLINK

#define LED BUILT IN 21 // This line is optional

void setup ()
pinMode (LED_BUILT_IN, OUTPUT); // Set the pin as output | Ryn at Start

}

// Remember that the pins work with inverted logic
// LOW to turn on and HIGH to turn off

void loop () {
digitalWrite (LED BUILT IN, LOW); //Turn on

delay (1000); //Wait 1 sec Run in Loop

digitalWrite (LED BUILT IN, HIGH); //Turn off
delay (1000); //Wait 1 sec

Note that the pins operate with inverted logic: LOW turns on and HIGH turns off.
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Microphone

XIAOML Toolkit equipped with a digital microphone.

o920 /dev/cu.usbmodem101

value 1 Interpolate m X=

70,000
60,000 I :_'| I [ [ | h |
50,000
40,000 ' | ' ‘\ /| ) -} [ [ |‘
30,000 ‘ | [
20,000 |‘
10,000 Y — —1—]

M, s, M i L VvV ™\ s —

-10,000
388831 388843 388855 388867 388880

Type Message . C New Line 9600 baud

https://github.com/Mjrovai/XIAO-ESP32S3-
Sense/tree/main/Mic_Test/XiaoEsp32s3 Mic_Test
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IMU Sensor

An Inertial Measurement Unit (IMU) is a sensor that measures motion and orientation. The
LSM6DS3TR-C on your XIAOML kit is a 6-axis IMU, meaning it combines:

e 3-axis Accelerometer: Measures linear acceleration (including gravity) along X, Y, and Z
axes
e 3-axis Gyroscope: Measures angular velocity (rotation rate) around X, Y, and Z axes

[ JON ] fdevjcu.usbmodem101

value 1 value 2 value 3 value 4 [ |value 5°

Interpolate STOP x=
1.5
Y Qr
10 /// R _7__’// \\\/// | ) _//f /— / //
N
0.5 // L
a . \_ - /
X Q. s \\/ —~
Direction of detectable Direction of detectable 05 \/ o
acceleration (top view) angular rate (top view)
-1.0
4904 4916 4928 4940 4952
Type Message MNew Line 115200 baud
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17 WIFI

WIFI Scan and remote control

Scan start

Scan done

36 networks found

Nr | SSID | RSSI
1 | Junyi=iFhone | =38
2 | eduroam | =56
3 | NUS | =57
4 | NUS_STU | =57
5 | SOCLAB | =57
6 | NUS_Guest | =57
7 | eduroam | =59
8 | NUS_STU | -59
9 | SOCLAB | =59

Connecting to Junyi-iPhone
WiFi connected.

IP address:

172.20.10.6

0w o W W W W

Encryption

WPAZ2 7158 (&2 ! 46
WPAZ-EAP

WPAZ-EAP

WPAZ-EAP Click here to turn the LED on pin 21 on.

WPA+WPAZ Click here to turn the LED on pin 21 off.
open

WPA2-EAP
WPAZ-EAP
WPA+WPAZ

| NON ] & 172.20.10.6/H x  +

& > A\ Not Secure  172.20.10.6/H

aa & Drive [T Calendar B Translate @ mySoC S Canvas @ Libra

Click here to turn the LED on pin 21 on.
| Click here to turn the LED on pin 21 off.
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"1 OLED

A good way to demonstrate your output — OLED

sketch_jul23a | Arduino IDE 2.3.5

ece

LIBRARY MANAGER sketch_jul23a.ino
u8g2 - 1 void setup() {
2 / put vour setur ere
Type: All v 3
Topic:
opic: All 4 }
| I 5
USgZ by oliver . 6 void loop() {
<olikraus@gmail.com> 5 % R
/ D Jjour m I
2.35.7 installed 8
Monochrome LCD, OLED and 9 }
elnk Library. Display controller:
S$SD1305, SSD1306, SSD1309,... 10

More info

EiMOS_U8X8 by Chito
Kim...

Versatile Mahjong Scorer with
UBG2 Displays supports Legacy
Mahjong scoring systems

Ln1, Col1 XIAO_ESP32S3 on /dev/cu.usbmodem101 [not connected] [}

Test Code:
https://misysbook.ai/kits/contents/seeed/xiao_esp32s3/setup/setup.html#sec-setup-test-code-998c
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Object Detection

Keyword Spotting

Motion Classification
Anomaly Detection




"1 Project Requirements

Modality Task Description
Vision Image Classification Learn to classify images
Vision Object Detection Implement object detection
Sound Keyword Spotting Explore voice recognition systems
IMU Motion Classification and Anomaly Classify motion data and detect
Detection anomalies
Requirements:

2 of the tutorial tasks from the above (different setting);
1 in-depth exploration with advanced post-processing

Examples:
https://mlsysbook.ai/kits/contents/seeed/xiao_esp32s3/xiao_esp32s3.htrmkoryignt National University of Singapore. Al Rights Reserved.



"1 Project Workflows

@»»%»@mg@-

Define

DataSet Pre-Process Train Test
a Goal
N J _ AN J
Yo Y Yo
On-device Cloud Platform On-device
Toolkit Toolkit

Arduino: On-device programming
SenseCraft Al: Easy to use, but less flexibility
Edge Impulse Studio: More powerful, seamless with Arduino
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Project Workflows

@ Imagine you are creators of a startup of On-device Al...

pefine  Which setting should we focus on?
a Goal Industrial manufacturing, elderly/child caring...

What functions should we design?
Image classification, voice recognition...

How can we implement these functions leveraging the

device we have?
Camera, IMU unit, Microphone, WiFi, LED...

© Copyright National University of Singapore. All Rights Reserved.



("1 Project Workflows

—2o ini
= Gather data for your model training.

DataSet

Gathering (Device/Phone) Labeling and Uploading

https://mlsysbook.ai/kits/contents/seeed/xiao_esp32s3/object_detection/object_detection.
html#sec-object-detection-collecting-dataset-xiao-esp32s3-9814
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("1 Project Workflows

T = 3o = B

Pre-Process Train Test

Model Choose
Hyper-parameter Config

Ly

https://mlsysbook.ai/kits/contents/seeed/xiao_esp32s3/image_classification/image_classif
ication.html#sec-image-classification-preprocessing-feature-generation-ee2e

Test your trained model

Training (On platform)

© Copyright National University of Singapore. All Rights Reserved.



("1 Project Workflows

|
Ofo)

Deploy ¥
m A2 N
Download the : Test with your
trained model % edge device

Ly

https://mlsysbook.ai/kits/contents/seeed/xiao_esp32s3/image_classification/image_classif
ication.html#sec-image-classification-model-deployment-arduino-library-ei-studio-5579

Migrate to Edge device
via Arduino
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{71 Project Example

An industrial installation that should automatically sort
wheels and boxes.

© Copyright National University of Singapore. All Rights Reserved.



{71 Project Example

An industrial installation that should automatically sort
wheels and boxes.
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{71 Project Example

Upload your dataset to the EDGE IMPULSE Platform

Labeling

-
P—— s @)
Datawxplorer  Datasources  Syntheticdsta |  Allabeling  CSV Wirard
) I oATA COLLECTE ToAN TEST Collect data
. 150 items 77% 1 23%
- ® Conmecta devics o sar
Dataset
° . - g T : Click on a sample to load..
Ty ]
o » 20 aan:
]
-
o 2008 10
B
-
Upgrade Plan

o o
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"1 Project Example

Define training model and parameters

Output features °

3 (background, box, wheel)

Image data o Image ° Transfer o
Learning

Images
Input axes Name ( Bes)

Image Image Name
Transfer learning

Input features

Image width Image heig...

Input axes (1)

Neural Network settings

Image
Resize mode

A-R

() Image

image v
Training settings

Output features

Number of training cycles @ 20
3 (background, box, wheel) e

Use learned optimizer @

= Learning rate @ 0.0005

|
Training processor @ cPy v
Advanced training settings -

Neural network architecture

Neural network  Transfer learning

Input layer (27,648 features)

2D conv/ pool layer (16 filters, 3 kernel size, 1 layer)

20 conv/ pool layer (32 filters, 3 kernel size, 1 layer)

Flatten layer

Dropout (rate 0.25)

Add an extra layer

Output layer (3 classes)

© Copyright National University of Singapore. All Rights Reserved.



{71 Project Example

Train/Test the model and get the report.

Ptode] tadel s

Meural Metwork settings |

Last YA PNE PESFGrMBNGE b il
Trairing =ettings

Accuracy wass
Hamher af traniog eycles & ) e 100.0% e o

Uze leamed opd mizer G Confus lon matnx rastaense:
Learing racs (& s
amz
Train ng prosessan ] v
-

Data pupmetation & a P scone

LT T ———
Adanced training sectings . 1 £

[ e
walidzgon ser sice 3 ™ % frea e ADE e @) 18

gl traisuabid atinn net on metidata by 0 Wit eurags P

Wieighiad avurage Razal (B 182
Babeh size B

winighod awmeage Bl 2sre () 18
Aunpwe g chisie

DL deox plerar ball wainiog oy 0B
FProfie iwd moded 8 n
Meural recanrk archicecturs *l

MCE e e 5

035 [Tira Fay e 15 rerurmns, 0.0 Grogaun

On-deescs parinrmance 3 Frgine: | 0N Complar (LM cpzrmbned » |
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{71 Project Example

Deploy the model to edge

@ image_olass_XIAOML-Kit | Arduino IDE 2.3.5

¢ XIAO_ESP3253

BOARDS MANAGER

=

esp32

Type: All ~

Arduino ESP32 Boards

by Arduino

Boards included in this package:
Arduino Nano ESP32

More info

2.0.18v INSTALL

esp32 by Esprassif
Systems

2.0.17 installed

u-blox NORA-W10 series (ESP32-
5$3), M5Stack-Corelnk, Frog Boar.,
More info

330 v

image_class_XIAOML-Kit.ino

15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

INCLUDING BUT NOT LIMITED TO

device and implement the post-processing

¢include <Box_versus_Wheel -_XIAO_ESP32S3_inferencing.h>
tinclude "edge-impulse-sdk/dsp/image/image.hpp"
¢include "esp_camera.h"

on /devjcu.usbmodem101 [not connectead]

© Copyright National University of Singapore. All Rights Reserved.



{71 Project Example

Test the performance of your model.

https://github.com/Mjrovai/XIAO-ESP32S3-Sense/blob/main/XIAOML_Kit_code/XIAOML-Kit-
Img_Class_OLED_Gen/XIAOML-Kit-Img_Class OLED_Gen.ino

© Copyright National University of Singapore. All Rights Reserved.



{71 Project Example

Advanced post-processing and loT

IMAGE-BASED CLASSIFICATION APPLICATION: DEVICE & HOST WORKFLOW

:I XIAO ESP32-S3 SENSE DEVICE \: : HOST MACHINE (PC) 1
1 ] 1 I
1 ) 1 1
i ( Start/ Power On ) i E E
] ] 1 ]
i v i | Receive Image i
i o : i Frame on Host PC |
= Periodically Capture Image ] ! i
- (Onboard Camera) 1 i i
: Immediate, : i \ 4 :
- v Interpretable Feedback : : S il :
i " " B ' WiFi ! un More Accurate Mode i
i Lightweight On-Device . Render Results E (HTTP Transmission) E (Deep Learning: PyTorch/TensorFlow i
- Inference » (Labels, Confidence)on | ] OR 1
- (Coarse Object/Event Onboard Display ' i Traditional ML: XGBoost) i
s Detection) ! : :
1 - I 1 ]
i | i \ 4 i
1 ) 1 ]
: (((.))) : : Post-Processing ]
g ] : (Analyze, Verify Predictions, )
! Select Image : ! ! Log Results !
' | No Frame? Transmit : : g ) :
i O : Selected Frame 1 i
' (Pen%jlc or Specific (WiFi, HTTP) | | v :
utcome !
E ) E E Visualization & Evaluation i
' ' ' (Trade-off Exploration) |
e ) g s A R e |
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{71 Project Example

ESP32S3 Live Camera

Transmit captured image via WiFi

2 mainpy > ..
- L ——
4 from io import BytesIO
5
6 import torch
7 from transformers import AutoImageProcessor, AutoModelForImageClassification
8
9
10 Y/ ESP32 IP
11 "cpu”
12
13  # ================== ¢ HF

FE@ St EtEHs  SE w0 +v PBw D W - | 3 X

PS C:\Users\jyshe\OneDrive\5[fj\ondevice> uv run .\main.py
pencil sharpener 0.015
mousetrap 6.015

Top-5 Prediction:

mouse, computer mouse 0.864
cassette player 0.024
CD player 0.007
crash helmet 9.906
projector 0.005

Top-5 Prediction:

mouse, computer mouse
cassette player

0.918
©.009

loudspeaker, speaker, speaker unit, loudspeaker system, speaker system ©.805

projector
crash helmet

Top-5 Prediction:

mouse, computer mouse
cassette player
space heater

0.004
0.003

©.851
©.022
©.009

loudspeaker, speaker, speaker unit, loudspeaker system, speaker system ©.8@9

projector

Top-5 Prediction:

mouse, computer mouse
cassette player

©.006

0.582
0.043

Deploy a stronger model on PC

© Copyright National University of Singapore. All Rights Reserved.



"1 Project Bonus

e Multi-modality Support: Design a system that fuses information
from more than one sensor simultaneously (e.g., combining
Vision and Audio, or Vision and IMU).

e Hardware Expansion: Add and integrate new components
(sensors, actuators, or servos) to the existing toolkit to enable
novel functions.

e Original Design: Demonstrate a unique application scenario or
system design that significantly differs from the standard course

examples.

© Copyright National University of Singapore. All Rights Reserved.



{7 Important Dates

e [Mar 05] Project proposal
e [Mar 26] Mid-term project report
e [Apr 16] Demo presentation

e [Apr 16] Final report

Good luck with your on-device Al journey!
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" THANK YOU
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[} References

https://mlsysbook.ai/book/

https://mlsysbook.ai/kits/

https://sensecraft.seeed.cc/ai/home

https://www.edgeimpulse.com/

https://github.com/Mjrovai/ XIAO-ESP32S3-Sense/tree/main/XIAOML Kit code
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