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Keyword Spotting

A microphone, one second of sound,
and a model that listens for one word

AUDIO MFCC EDGE IMPULSE

49 slides - 1 lab - XIAO ESP32S3 Sense

IESTIO1 - TinyML - Prof. Marcelo Rovai




WHERE WE ARE - PART |

From pixels to sound

The camera gave us images. The microphone gives us 16,000 nhumbers per
second, and we will turn them into an image too.



Edge Impulse Deploy

LEARNING OBJECTIVES

What you will be able to do

01

Explain where KWS fits

A tiny model that wakes up
a bigger one. Stage 1 of a
cascade, always on, always
local.
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02

Capture audio on the
board

The PDM microphone, the
12S bus, 16 kHz at 16 bits,
and WAV files on the SD
card.

03

Turn sound into
features

One second of audio
becomes a 13 x 49 MFCC
image, then a small 1D
CNN classifies it.

04

Deploy and act on the
result

Run it on the XIAO, read
the timing, and light an
LED or the OLED when it
hears "yes".

03



Audio data Edge Impulse Deploy

HOW A VOICE ASSISTANT WAKES UP

"Hey Google" is spotted on the device, not in the cloud

0 Stage 1 — a small processor
inside the speaker listens all

the time

0 Stage 2 — only after the wake
word does audio go to a large
model in the cloud

e The wake word is the trigger
between the two

IESTIO1 - XIAOML Kit - Ch. 4 — Keyword Spotting 04
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CASCADE DETECTION

A tiny model that listens, a big model that understands

o Stage 1: a TinyML device
listens continuously for the

keyword

G;c:n?le

The keyword closes the switch
and triggers stage 2

AWS

Stage 2: a local computer or
the cloud handles the full

Local : request
: @ C— Computer : This chapter builds stage 1 on
: Trigger Device | the XIAO

3
[
W
W
Ww
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WHY STAGE 1 MUST BE TINY

It never stops listening. So it must be small,
cheap in energy, and private — nothing leaves
the board until the keyword is heard.

That is exactly the TinyML profile — always on, milliwatts, and local.

IESTIO1 - XIAOML Kit - Ch. 4 — Keyword Spotting
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THE INFERENCE PIPELINE

Listen, pre-process, classify, then act

The digital microphone
samples at 16 kHz, 16 bits, one

Make things )
second at a time

Obtains an input Pre-Process Runs model Post-Processes haphpen
| L ] 1

= = Em o= oy e e - - S e { ______ \

MFCC turns that second into a

v
i
©o 00 ©

/ \ ' l, \ ' \ .
@ : Digital Mic : I : : I : : small image, 13 x 49
|
- |
| | 1 @) 2 g | | 1 | 1 \ /
I | 1O 2o | | I | z —m—————
El[: ' ! ﬁ> R E| ! [:> ' : I::> I ! The model outputs four
: : I FEg| ! : I ' ' Jra e eaaae \ e :
I . " ! I : I I o @50 SIS 1) probabilities — noise,
I 16KHz / 16 bits! | Output: Image i | 1 1 |:> I L eise: 5.000000 1
I Sample: [1s] 1 I [, 40,1 | |\ /I : : : b e v unknown, yes, no
) S — e . NP — - . Harp— . T A 7
If yes is above 80 %, the board

Output Dim [1, 4] If Probability of takes an action

- Prob ‘Noise’ YES is greater

- Prob ‘Unknown’ than 80%

|1" - Prob ‘Yes’ Take actions
o - Prob ‘No’
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FOUR CLASSES, NOT TWO

Two keywords, and two classes for everything else

01 02 03 04

YES NO NOISE UNKNOWN

Keyword 1 — the one that Keyword 2 — a second No one speaking. Only the Other words. Without it,

triggers the action. word the model must tell background of the room. every word would be
apart. forced into yes or no.

IESTIO1 - XIAOML Kit - Ch. 4 — Keyword Spotting 08
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THE MACHINE LEARNING WORKFLOW

Many voices in, one small model out

Dbtains data Pre-Process Train model Evaluate Model Canvert / Deploy

]
i I
i ]
@l 1 |
g
225 'm D'
S8z -
1 - I !
i I !
| 16KHz / 16 bits | output: tmage | '
1 Sample: [11] I [13,50,1] | '
N - i 1 N e i O
L R
|
: Sl
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Collect many speakers saying
each word

Pre-process every sample into
MFCC features

Train and evaluate — and loop
back when needed

Convert and deploy to the
device
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AUDIO DATA

Sound becomes numbers

A public dataset for the volume, and your own voice, recorded by the board,
for the real conditions.



Concepts Edge Impulse Deploy

SPEECH COMMANDS - PETE WARDEN, 2018

35 words, more than 1,000 one-second samples
each, recorded by thousands of different people.

Edge Impulse offers a subset with yes, no, noise, and unknown — keywords2.zip.

IESTIO1 - XIAOML Kit - Ch. 4 — Keyword Spotting
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v S 7

SOUND VERSUS AUDIO

From a pressure wave to a WAV file

Sound " | PDM microphone |# 12S bus = Samples WAV file

pressure wave in the air MEMS, digital output clock + data 16 kHz x 16 bits 32 KB per second

Any device that records 16 kHz, 16-bit audio can feed this model — the board, a computer, or a phone.

IESTIO1 - XIAOML Kit - Ch. 4 — Keyword Spotting 12
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THREE WAYS TO RECORD YOUR VOICE

Deploy

Pick the one that fits your setup

01

SenseCraft Al

Record from the board in the
browser and export 1-second .wav
files. Quick, but the length is fixed.

IESTIO1 - XIAOML Kit - Ch. 4 — Keyword Spotting

02

XIAO + SD card

An Arduino sketch records 10-second
WAV files, named by label, straight to
the microSD card.

03

Phone or computer

Connect it to Edge Impulse Studio, or
use a recorder app set to 16 kHz and
16 bits.

13
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SENSECRAFT Al - TRAINING PAGE

Record from the board, export one-second clips

Models » Training » Audio

£+ 3G T oo #)ols s Classification Detection
22 | @ PreviRed [0] WebpagetoPDF -.. 5 httpsifwww.pdfes.. (B KDP @ SavepageasPDF [® GPlayDevCons ) WPconfig & RPi %" MIT App Inv2 » | [3 Al Bookmarks
SenseCraft  SenseCraft Al Home Applications  Models  Community () % English v W mirovai v
Models Model Library Workspace My Models Connect the XIAO ESP3253
Sense Mic, then Collect
Image Classification Detection Audio Classification Detection Image Object Detection

Training Data

Generate Al Classification Model - Audio

Step 1: Collect Classification Data XIAO ESP3253 Sense Mic Disconnect

Class1 &

Recording is split into fixed 1-
second samples, shown as
spectrograms

30 samples

” @ - Ei Eg—-—,.’-‘-"' E = Recognition Threshold @ : 0.75
g : —)
b e L
%

Overlap Factor O : 0.50

The three-dot menu exports
the clips as .wav files

0000
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THE MICROPHONE

A PDM MEMS microphone on two pins

VCC_3V3

aj
=8 JP1 MSido61 0250611 PM
o
i w4 VDD  GND F&—i
| 1042/PDM_CLK > ® 2| cLK LR > I
| 1041/PDM_DATA > @ S 1 paTA  GND 2 I
o —HE-
i
o JP2
=0
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MSM261D3526H1CPM — a
PDM, digital-output MEMS
microphone

CLK on GPIO 42

DATA on GPIO 41

L/R tied to ground — left
channel only, so mono

15
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WHAT IS 12S?

Inter-IC Sound, a bus made for audio

G Serial clock (SCK): one tick per

bit
: = Word select (WS): left or right
Serial clock {SCH) |— 0 channel — its frequency is the
sample rate
Word select (WS) \k _
- Serial data (SD): the audio bits,

Serial data (SD) X LSB X MSBX X ' :X X LSB XMSEX most significant first
| | |

Right channel : Left channel | Right channel

IESTIO1 - XIAOML Kit - Ch. 4 — Keyword Spotting 16
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FIRST TEST

Start 12S at 16 kHz, 16 bits, and print every sample

XiaoEsp32s3 Mic Test.ino

— setAllPins — clock on 42, data on 41; -1
means not used.

#include <I2S.h>

void setup() {
Serial.begin(115200);
while (!Serial) {}
// start I2S at 16 kHz with 16-bits per sample
I2S.setAl1Pins(-1, 42, 41, -1, -1);
if (!I2S.begin(PDM_MONO MODE, 16000, 16)) {
Serial.println("Failed to initialize I2S!'"); __Naxmthee$B2C0#32017andPSRAM
while (1): enabled. 12S.h is gone in core 3.x.
}
}

— PDM_MONO_MODE, 16,000 Hz, 16 bits
— the format our model expects.

void loop() {
int sample = I2S.read();
if (sample && sample != -1 && sample !'= 1) {
Serial.println(sample);
}
}

IESTIO1 - XIAOML Kit - Ch. 4 — Keyword Spotting 17
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SERIAL PLOTTER

Whispering in two tones, seen as a waveform

The same microphone, two whispers. A higher tone gives a faster oscillation.

IESTIO1 - XIAOML Kit - Ch. 4 — Keyword Spotting
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BEFORE RECORDING TO FILES

Insert a FAT32 microSD card, and enable PSRAM

microSD card

@ Arduino File Edit Sketch | Tools | Help

Auto Format
Archive Sketch
Fix Encoding & Reload

Manage Libraries... g |
Serial Monitor M
Serial Plotter oML

WIFi101 | WiFININA Firmware Updater

Board: "XIAQ_ESP3253" >
Upload Speed: "921600" >
USB Mode: "Hardware CDC and JTAG" >
USB CDC On Boot: "Enabled" >
USB Firmware MSC On Boot: "Disabled" >
USB DFU On Boot: "Disabled” >
Upload Mode: "UARTO / Hardware CDC" >
CPU Frequency: "240MHz (WiFi)" >
Flash Mode: "QIO 80MHz" >
Flash Size: "8MB (64Mb)" >
Partition Scheme: "Defauit with spiffs (3MB APP/1.5MB SPIFFS)" >
Core Debug Level: "None" >
PSRAM: "OPI PSRAM" > Disabled
Arduino Runs On: "Core 1" ﬂ
Events Run On: "Core 1" >
Erase All Flash Before Sketch Upload: "Disabled" >

>

>

JTAG Adapter: "Disabled"
Port: "/devjcu.usbmodem1101 (ESP3253 Dev Module)"
Get Board Info

Programmer >
Burn Bootioader

Tools » PSRAM » OPI PSRAM. Ten seconds of audio is 320,000 bytes — too much for internal RAM, easy for the 8 MB PSRAM.

IESTIO1 - XIAOML Kit - Ch. 4 — Keyword Spotting
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WAV_RECORD_DATASET

Allocate in PSRAM, read, amplify, write

Wav Record dataset.ino — record wav() (excerpt)

#define RECORD TIME 10 // seconds
#define SAMPLE RATE 16000U

#define SAMPLE BITS 16

#define VOLUME GAIN 2

rec_buffer = (uint8 t *)ps malloc(record size); // PSRAM

esp_i2s::i2s_read(esp_1i2s::I2S_NUM_0, rec_buffer,
record size, &sample size, portMAX DELAY);

for (uint32 t i = 0; 1 < sample size; i += SAMPLE BITS/8) {
(*(uintl6_t *)(rec_buffer+i)) <<= VOLUME_GAIN; // x4
}

file.write(wav _header, WAV HEADER SIZE); // 44 bytes
file.write(rec buffer, record size);

IESTIO1 - XIAOML Kit - Ch. 4 — Keyword Spotting

— Type a label (yes) in the Serial Monitor,
then rec for each sample.

— Files are saved as yes.1.wav, yes.2.wav,
and so on.

— A shift left by 2 multiplies every sample
by 4.

20
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SERIAL MONITOR

Each rec gives ten seconds, and 320,000 bytes

Start recording ...

Buffer: 347064 bytes

Record 320000 bytes

Writing to the file ...

Recording complete:

Send rec for a new sample or enter a new label

Start recording ...
Buffer: 347064 bytes
Record 320000 bytes
Writing to the file ...
Recording complete:

IESTIO1 - XIAOML Kit - Ch. 4 — Keyword Spotting

PER FILE

10 s

SIZE

320,000 B

NAMES

no.1l.wav, no.2.wav

21



EDGE IMPULSE STUDIO

O 3 One second becomes an image

Upload, split into one-second clips, extract MFCC, and train a small 1D CNN.
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THE PROJECT

A public project you can clone, targeting the ESP-EYE

A
. EDGE IMPULSE

a

Dashboard

Data acquisition
BB Experiments
@  EON Tuner
4+ Impulse design -
® Create impulse
® MFCC
®  (Classifier
Retrain model
3 Live dlassification
Model testing
e Perf. calibration

W  Deployment

GETTING STARTED
& Documentation
® Forums

& Discord

MJRoBot (Marcelo Rovai) / XIAO-ESP3253-KWS  susiic B Clone this project

Welcome to Edge Impulse, the largest community of edge Al developers!
This is a public Edge Impulse project, use the navigation bar to see all data and models in this project; or clone to retrain or deploy to any edge device.

XIAO-ESP32S3-KWS

About this project Run this model

Scan QR code or launch in browser
This public Edge Impulse project does not have a README yet. Clone this project to add new data or retrain this project, or

to deploy this project to a device.

Data (6,047 samples) View all
yes.9e92ef0c_nohash_1 unknown.a759efbc_nohasl yes.7fb8d703_nohash_3 noise.orig_train.CopyMach
4 LD} > O 4 L DI 4 D)
Dataset summary
LABEL: yes LABEL: unknown LABEL: yes LABEL: noise
SAMPLE LENGTH: 1s SAMPLE LENGTH: 1s SAMPLE LENGTH: 1s SAMPLE LENGTH: 15

DATA COLLECTED “
yes.f2898d06_nohash_0 yes.6f2c6f7e_nohash_0 unknown.d5b963aa_nohas yes.62b7c848_nohash_0 1h 42m 36s 'o

IESTIO1 - XIAOML Kit - Ch. 4 — Keyword Spotting

XIAO-ESP32S3-KWS — public
project 230109

Target: Espressif ESP-EYE, the
closest device to our board

6,047 samples, each one
second long

1 h 42 min of audio in total

23



Concepts Audio data Edge Impulse Deploy
—

DATA ACQUISITION

Upload the WAV files with their labels

G MJRoBot (Marcelo Rovai) / XIAO-ESP32S3-KWS  rusLic 4k Target: Espressif ESP-EYE... 1B Clone this project
. EDGE IMPULSE
Data explorer Data sources

Data acquisition DATA COLLECTED DATASET SPLIT RAW DATA

Upload existing data, one class
at a time, with its label

a

Dashboard

1h42m 36s 1 78% 1 22% Click on a sample to load...

BB Experiments

4,830 training samples and
1,217 for testing

@ EON Tuner

Dataset
4V Impulse design v
Training @830 Test (1217) % Y
® Create impulse
SAMPLE NAME LABEL ADDED LENGTH
(o) (o) 1 1
& w 78 % / 22 % split — automatic
no.0a2b400e_nohash_0 no May 22 2023, 15... 1s .
W s at upload, or later in the
ol no.0a2b400e_nohash_1 no May 22 2023, 15... 1s D h
Retrain model
ashboard
5 Live dassification no.0cb74144_nohash_4 no May 22 2023, 15... 1s
i .0d6d7360_nohash_2 May 22 2023, 15... 1 e
el msing e icnp. % : Every sample is 1 s long, the
s Perf. calibration no.0d85a428_nohash_0 no May 22 2023,15... 1s Sa m e a S S peec h CO m m a n d S
W  Deployment n0.0a196374_nohash_1 no May 22 2023, 15... 1s
no.0e6e36¢9_nohash_3 no May 22 2023, 15... 1s
GETTING STARTED
7  Documentation no.0d90d8e1_nohash_1 no May 22 2023, 15... 1s
- I
® Forums no.0ea0e2f4_nohash_0 no May 22 2023, 15... 1s
B Discord no.0b7ee1a0_nohash_0 no May 22 2023, 15... 1s H o

IESTIO1 - XIAOML Kit - Ch. 4 — Keyword Spotting 24
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SPLIT SAMPLE

Cut each ten-second recording into one-second clips

Three-dot menu on the sample

oo e 5 XIAO-ESP32S3-KWS-Datas X 4

-
.
<« C {y @& studio.edgeimpulse.com/studio/230109/acquisition/testing?page=2 h 4 » 0O ) Spllt Sample

== EDGE IMPULSE Training (4430 Test (1208

[ Split sample 'yes.1'

Segment length 1,000 ms —

® Deices = - the Studio finds each word
& Da tio Remove sexmemt
: Add or remove segments by
. hand, then Split
P

rsioning
Deployment

CCCCC | Shift samples @ Split
G STARTED

IESTIO1 - XIAOML Kit - Ch. 4 — Keyword Spotting 25
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S o w N v

THE IMPULSE

From one second of audio to four probabilities

Window = Raw audio =) MFCC =) 1D CNN

1,000 ms, stride 500 ms 16,000 samples 13 x 49 = 637 features 2 conv blocks

The window slides every 500 ms over each sample — a cheap form of data augmentation.

IESTIO1 - XIAOML Kit - Ch. 4 — Keyword Spotting

Classes

no, noise, unknown, yes

26
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CREATE IMPULSE

Time series data, Audio (MFCC), and a Classification block

A
. EDGE IMPULSE

a

Dashboard

Data acquisition
BB Experiments
@ EON Tuner
4+ Impulse design v
®  Create impulse
® MFCC
®  (Classifier
Retrain model
3 Live dlassification
Model testing
e Perf. calibration

W  Deployment

GETTING STARTED
& Documentation
® Forums

QA Discord

MJRoBot (Marcelo Rovai) / XIAO-ESP3253-KWS  susiic B Clone this project

Impulse #1

AN Animpulse takes raw data, uses signal processing to extract features, and then uses a learning block to classify new data.
Time series data e Audio (MFCC) 0 Classification o Output features °

Input axes Name Name 4 (no, noise, unknown, yes)

Input axes (1) Input features

audio MECC

Window size [©)

1,000 me. audio MFCC

Window increase (stride)

-

Output features

4 (no, noise, unknown, yes)

Frequency (Hz)
16000 (&

Zero-pad data
v

Train on data subset

100 %

IESTIO1 - XIAOML Kit - Ch. 4 — Keyword Spotting

Window 1,000 ms, stride 500
ms, 16,000 Hz

Zero-pad data on — short
samples are filled with zeros

Audio (MFCC) as the
processing block

Classification block — 4
outputs: no, noise, unknown,
yes

27
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WHAT MFCC DOES

16,000 numbers in, 637 numbers out

Raw data = 16,000 features G Raw data: one second of audio,
16,000 samples

Q Processed features: 13
coefficients x 49 time frames

Processed features =» 637 features (13 x 49) e Time runs left to right — it is a

small image
o ; E m oo B & | e .-

il E == -. .
B J - ‘ . " |

H L ] [ =

e .

~
|

49
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Concepts Audio data

INSIDE THE MFCC BLOCK

Edge Impulse

Four steps from a waveform to 13 x 49

01

Cut into frames

25 ms frames, a new one
every 20 ms. One second
gives 49 frames.

IESTIO1 - XIAOML Kit - Ch. 4 — Keyword Spotting

02

FFT per frame

A 512-point FFT shows
which frequencies are
present in each frame.

03

Mel filter bank

32 filters spaced like
human hearing — dense in
the low tones, sparse in
the high.

04

Log and DCT

Compress the energies and
keep the first 13
coefficients — the shape of
the voice.

29
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MFCC PARAMETERS

Autotune picked the parameters; the board pays for them

Raw features Label DSP result G 13 CoefﬁCientS, frame Iength
1, 4,5,6,8,7,9,6,6,3,3,2,43,2,2, -2,1, -1, -.. no Cepstral Coefficients 0025 S’ Strlde 002 S
L=
| |

Parameters

32 filters, FFT length 512, low
frequency 80 Hz

Mel Frequency Cepstral Coefficients : % 1

Number of coefficients @ 13

rame length ® . i
Frame length 0.025 e The DSP result is the 13 x 49

Processed features .
cepstral image

Frame stride ® 0.02

. -0.9470, -0.2613, 0.9388, -0.1342, 0.2956, 0.1780, 0.5192, 0.1811, 0.1794, 0.91..
Filter number @ 32 ’ ’ ’ , ’ ’ , , ’

FFT length ® 512

The on-device estimate for the
DSP alone is in hundreds of
Low frequency @ 80 @ PROCESSING TIME @ PEAK RAM USAGE mi”iseconds

583 ms. 20 KB

On-device performance ®
Normalization window size @ 151

High frequency ® Not set

Pre-emphasis

Coefficient @ 0.98

IESTIO1 - XIAOML Kit - Ch. 4 — Keyword Spotting 30
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N

MODEL DESIGN

A small 1D CNN that reads the MFCC image in time

Neural network architecture

Input layer (637 features)

Reshape layer (13 columns)

Input of 637 features,
reshaped into 13 columns

1D conv + pool, 8 filters, kernel
3, then dropout 0.25

1D conv / pool layer (8 filters, 3 kernel size, 1 layer)

Dropout (rate 0.25)

1D conv + pool, 16 filters,
kernel 3, then dropout 0.25

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

Dropout (rate 0.25)

Flatten, and an output layer
with 4 classes

Flatten layer

Output layer (4 classes)

‘ P Clone this project to train this model ’

IESTIO1 - XIAOML Kit - Ch. 4 — Keyword Spotting 31
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Audio data

TRAINING

100 epochs, and 90.7 % on validation

& Target: Espressif ESP-EYE... I Clone this project

A
. EDGE IMPULSE

a

Dashboard

Data acquisition

Experiments

@ EON Tuner

Impulse design v

® Create impulse

® MFCC

®  Classifier
Retrain model

3 Live dlassification
Model testing

e Perf. calibration

W  Deployment

GETTING STARTED

kel
'

a

Documentation

Forums

Discord

Neural Network settings

Training settings

Number of training cycles ®
Use learned optimizer ®
Learning rate @

Training processor ®

Advanced training settings

Audio training options

Data augmentation ®
Add noise @
Mask time bands @
Mask frequency bands @

Warp time axis @

Neural network architecture

Input layer (637 features)

MJRoBot (Marcelo Rovai) / XIAO-ESP32S3-KWS  pustic

100

0.005

CPU v

None Low High

None Low High

None Low High

IESTIO1 - XIAOML Kit - Ch. 4 — Keyword Spotting

Edge Impulse Deploy
N

Model

Model version: @ | Quantized (int8) ~

Last training performance (validation set)

ACCURACY
90.7%

Confusion matrix (validation set)

w

NOISE 0.4%
UNKNOWN 10.2%
YES 2.1%
F1 SCORE 0.90

Data explorer (classified samples) @

no - correct
noise - correct
unknown - correct

yes - correct

no - incorrect

noise - incorrect
unknown - incorrect
yes - incorrect

Rgpese

0000000

On-device performance ®

Loss
0.25

Engine: ® | EON™ Compiler «

100 training cycles, learning
rate 0.005

Augmentation: add noise (low)
and mask time bands (low)

Validation accuracy 90.7 %,
loss 0.25 — int8 model

On-device estimate: 6 ms, 3.7
KB of RAM, 27.1 KB of flash

32
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READ THE CONFUSION MATRIX

Yes is the strongest class, and unknown the weakest

ACTUAL | / PREDICTED - NO NOISE UNKNOWN YES
No 92.2% 0.8 % 5.3% 1.6 %
Noise 0.4 % 95.2% 4.0 % 0.4 %
Unknown 10.2 % 51% 82.0 % 2.7 %
Yes 2.1% 0.4 % 3.3% 94.1%
F1 score 0.90 0.94 0.85 0.95

Validation set, int8 model. Yes, the word that triggers the action, has the best F1 — that is the one that matters.

IESTIO1 - XIAOML Kit - Ch. 4 — Keyword Spotting 33
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MODEL TESTING

Edge Impulse Deploy

86.7 % on 1,217 samples the model never heard

ACTUAL | / PREDICTED — NO NOISE UNKNOWN YES UNCERTAIN
No 86.3 % 0.7 % 3.9% 1.4 % 7.7 %
Noise 0% 88.6 % 3.3% 0.7 % 7.5%
Unknown 4.4 % 2.7 % 78.1% 1.7% 13.1%
Yes 0.3% 0% 0.7 % 93.9% 51%
F1 score 0.90 0.92 0.84 0.95

Test set, as in the book. "Uncertain" means no class passed the confidence threshold — the model abstained instead of guessing.

IESTIO1 - XIAOML Kit - Ch. 4 — Keyword Spotting 34
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Edge Impulse Deploy

LIVE CLASSIFICATION

Test with your phone before you flash anything

20:20 wr®

-« cimera

AA & @ one.edgeimpulse.com ¢

=  MJRoBot (Marcelo Ro...

noise
N Lol UNKN YE
54 { 0.98 0.02 0.0
53 0.86 [iN] 0.0

20:29 wEm

4 Camera

AA & & one.edgeimpulse.com &

=  MJRoBot (Marcelo Ro...

Listening

yes

IESTIO1 - XIAOML Kit - Ch. 4 — Keyword Spotting

20:20 2
i FERRd ool

AA & @ one.edgeimpulse.com

=  MJRoBot (Marcelo Ro...

no

159 0.81 0.00 0.19 0.00

158 0.88 0.00 0.12 0.00

< > O m O

20:22 [ o4

AA & & one.edgeimpulse.com &

= MJRoBot (Marcela Ro...

unknown

Live classification » Connect a
development board » scan the
QR code

Choose Classification in the
phone's browser

Speak, and the four
probabilities update every
window
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DEPLOY AND ACT

Listening on the board

An Arduino library, five edits for the XIAO microphone, and then an LED and
the OLED.
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DEPLOYMENT

Arduino library, quantized int8, EON Compiler on

Search for and select Arduino
library as the deployment
target

— MJRoBot (Marcelo Rovai) / XIAO-ESP3253-KWS  rusiic
- EDGE IMPULSE

0

Dashboard Configure your deployment Run this model

. . . N . . Scan QR code or launch in browser
You can deploy your impulse to any device. This makes the model run without an internet connection,

minimizes latency, and runs with minimal power consumption. Read more.

Data acquisition

BB Experiments

EON Compiler — same
accuracy, less RAM and flash

Deployment target
@ EON Tuner

A+ Impulse design - C++ library
A portable C++ library with no external dependencies, which can be compiled 2d

with any modern C++ compiler.

® Create impulse

® MFCC 5
Inference engine Launch in browser

®  (Classifier

Retrain model EON™ Compiler .
o Same accuracy, 40% less RAM, 58% less ROM.

3 Live dlassification

int8 estimate for the ESP-EYE:
MFCC 675 ms + classifier 6 ms
=681 ms

Model testing Model optimizations and performance

float32: the classifier takes 31
Il Perf. calibration Model optimizations can increase on-device performance but may reduce accuracy. Performance ms — the M FCC iS the same
estimate for Espressif ESP-EYE (ESP32 240MHz).
o Deplayment Quantized (int8) MFCC CLASSIFIER TOTAL 675 ms

Selected v LATENCY 675 ms. 6ms. 681 ms.

GETTING STARTED RAM 15.6K 37K 15.6K
FLASH - 27.1K
& Documentation ACCURAGY
® Forums
Unoptimized (float32) MFCC CLASSIFIER TOTAL
& Discord LATENCY 675 ms. 31 ms. 706 ms. o
RAM 15.6K 7.0k 15.6K
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THE EXAMPLE

Start from esp32_microphone, written for the ESP-EYE

a Sketch » Include Library »
Add .ZIP Library

XIAD-ESP3253-CAM-Fruits-vs-Veggies-ESP-NN_inferencing
X|AD-ESP32S3-CAM-Fruits-vs-Veggies-v1-ESP-NN_inferencing
XIAO-ESP3253-CAM-Fruits-vs-Veggies-v2_inferencing
XIAD-ES5P3253-CAM-Fruits-vs-\Veggies_inferencing
XIAD-ESP3253-Motion-Classification_inferencing

0 File > Examples > XIAO-
ESP32S3-KWS_inferencing

WOOW W W

e esp32 > esp32_microphone

nann_-hle:’,’:!_,seﬁsé esp32_fusion

> >
XIAO_BLE_Sense_-_KeyWord_Spotting_inferencing > nicla_sense >
XIAD_BLE_Sense_-_Motion_Classification_inferencing » | nicla_vision > esﬁﬂ‘memg-hanq_paﬂﬁnﬂouh
XIAO_BLE_Sense_-_Sound_Classification_KWS__inferencing > | portenta_h7 5% ' :
X|AO_ESP3253_mug_or_not_mug_inferencing > | rp2040 y
INCOMPATIBLE > static_buffer >

The ESP-EYE uses a different microphone setup, so the example needs a few changes.

IESTIO1 - XIAOML Kit - Ch. 4 — Keyword Spotting
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FIVE EDITS

From the ESP-EYE microphone to the XIAO's

xiao esp32s3 microphone.ino — the changed parts

: : : . . — The complete sketch is on the project's
// 1. includes: use the I2S library instead of driver/i2s.h GitHub . e

#include <I2S.h>
#define SAMPLE RATE 16000U

#define SAMPLE BITS 16
— — Same rules as before — esp32 core

) 2.0.17 and PSRAM on.
// 2. setup(): start the PDM microphone once 0.17 and PSRAM on

I2S.setAl1Pins(-1, 42, 41, -1, -1);

if (!'I2S.begin(PDM MONO MODE, SAMPLE RATE, SAMPLE BITS)) { — The model. the MECC cade. and the

sliding window come from the library
unchanged.

// 3. capture samples(): read from the XIAO microphone
esp_i2s::i2s_read(esp i2s::I2S NUM 0, (void*)sampleBuffer,
i2s bytes to read, &bytes read, 100);

// 4. microphone inference start(): delete the i2s init() call
// 5. microphone inference end():

free(sampleBuffer);

el free(inference.buffer);
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SERIAL MONITOR

515 ms to prepare, 3 ms to classify

_ DSP (MFCC)
Edge Impulse Inferencing Demo

Inferencing settings: 515 ms
Interval: 0.062500 ms.
Frame size: 16000
Sample length: 1000 ms. wlelel:
No. of classes: 4

Starting continious inference in 2 seconds... 3 ms
Recording. ..
Predictions (DSP: 515 ms., Classification: 3 ms., Anomaly: 0 ms.): WINDOW

no: 0.007813

noise: 0.964844 16,000 samples

unknown: 0.023437
yes: 0.000000
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THE LESSON OF THIS CHAPTER

The network takes 3 ms. Turning sound into

features takes 515 ms. In audio, the features are
the bill.

To make it faster, tune the MFCC first — FFT length, number of filters, frame stride — not the network.

IESTIO1 - XIAOML Kit - Ch. 4 — Keyword Spotting
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POST-PROCESSING - LED

Find the top class, and light the LED on "yes"

xiao esp32s3 microphone led.ino — inside loop()

— The loop keeps the index of the highest

#define LED BUILT IN 21 // active LOW srrafbaatling

int pred index = 0;
float pred value = 0;
for (size t ix = 0; ix < EI CLASSIFIER LABEL COUNT; ix++) {
if (result.classification[ix].value > pred value) {
pred index = ix;

red value result.classification[ix].value; : .
} P - [1x] — The LED on GPIO 21 lights when the pin

} is LOW.

— Index 3 is yes, because the classes are in
alphabetical order.

if (pred_index == 3) { // 0 no, 1 noise, 2 unknown, 3 yes
digitalWrite(LED BUILT IN, LOW); // turn on

} else {
digitalWrite(LED BUILT IN, HIGH); // turn off

}
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IT WORKS

Say "yes", and the LED turns on

UTNIKINown ;. v. b‘m
5 yes: 0.039063
* Predictions (DSP: 514 ms

IESTIO1 - XIAOML Kit - Ch. 4 — Keyword Spotting

yes at 0.98 — the top class, so
pred_index is 3

The built-in LED lights up

The same line could trigger a
relay, or wake up stage 2
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POST-PROCESSING - XIAOML KIT OLED

The class and its confidence, right on the board

The 0.42" OLED, 72 x 40 pixels,
shows the top class and its
score

Class names and count are
read from the model — no
hard-coded labels

No computer needed — a
standalone sensor
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THE BUDGET

In vision the model is the bill; in audio, the features are

CONFIGURATION INPUT PRE-PROCESS MODEL OUTPUT
KWS, Studio estimate (ESP-EYE, int8) 1 s audio 675 ms 6 ms 4 scores
KWS, XIAO, Arduino (book) 1 s audio 515 ms 3ms 4 scores
Ch. 3FOMO, XIAO 96°, gray 4 ms 143 ms centroids
Ch. 2 classifier, XIAO (measured) 96% RGB 4 ms 199 ms 1 label

Same board in every row. The ESP32-53's faster cores beat the ESP-EYE estimate again, but the MFCC still dominates.
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BEYOND KEYWORDS

Edge Impulse Deploy

The same pipeline classifies any sound

01

Safety and security

Breaking glass, alarms,
intrusion — events, not
words.

IESTIO1 - XIAOML Kit - Ch. 4 — Keyword Spotting

02

Industry

Machine health and
anomalies, heard before
they are seen.

03

Health

Coughs, breathing, sleep
— on a device that never
sends the audio out.

04

Environment

Birds, insects, urban noise
— on a battery, in the field.
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SUMMARY

Three things to remember

01 Stage 1 must be tiny

It listens all the time, so it must be small, local, and cheap in energy. It only wakes the big model.

02 Sound becomes an image

16,000 samples become a 13 x 49 MFCC image, and a small CNN classifies it.

03 In audio, the features are the bill

515 ms of MFCC against 3 ms of model. To go faster, tune the pre-processing first.

IESTIO1 - XIAOML Kit - Ch. 4 — Keyword Spotting
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CHECK YOURSELF

The board prints "DSP: 515 ms, Classification: 3 ms". You need a faster
response. What do you change first?

A Remove one convolution block from the CNN

B The MFCC parameters — for example a 256-point FFT or a longer frame stride

C Deploy the float32 model instead of int8

The network is only 3 ms of a 518 ms cycle. Only a cheaper pre-processing can make a real difference; float32 would make the model slower, not faster.

The interactive deck gives per-answer feedback.

IESTIO1 - XIAOML Kit - Ch. 4 — Keyword Spotting

48



Questions?

Next — Motion Classification and Anomaly Detection, where
the sensor is an IMU.

I[ESTIO1 - TinyML - Prof. Marcelo Rovai
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