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[Abstract]

Al processing of massive data is mainly conducted on cloud-based servers. With increasing real-time data collected from IoT
and various sensors, edge Al technology has been developed using edge computing to process Al algorithms locally rather than
in the cloud or server. Machine learning on embedded devices through edge AI has advantages such as high responsiveness and
cost reduction. In this paper, we learn voice in TinyML-based Edge Impulse, a major component of Edge Al and upload the
result to Arduino Nano 33 BLE Sense to implement servo motor control. Thus, machine learning is processed in
resource-constrained embedded devices, enabling various Al processing in microcontrollers without cloud load. TinyML performs
deep learning algorithms on embedded devices operating in the low power range without relying on cloud processing. In the

future, various machine-learning techniques will be used in low-power embedded devices.
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Fig. 2. Edge impulse workflow
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Table 1. Arduino Nano 33 BLE Sense spec

Arduino Nano 33 BLE Sense

Microcontroller

nRF52840(15]

Operating Voltage 3.3V
Input Voltage(limit) 21V
DC Current per I/O Pin | 15mA
Clock Speed 64MHz

CPU Flash Memory

1MB(nRF52840)

SRAM

256KB(nRF52840)

EEPROM none

Digital Input / Qutput 14

PWM Pins all digital pins
UART 1

SPI 1

12C 1

Analog Input Pins

8 (ADC 12bit 200k samples)

Analog Output Pins

Only through PWM(no DAC)

External Interrupts all digital pins
LED_BUILTIN 13

uUsSB Native in the nRF52840 Processor
IMU LSM9IDS1
Microphone MP34DP05
Gesture, light, proximity | APDS9960
Barometric Pressure LPS22HB
Temperature, humidity HTS221
Length 45mm

Width 18mm
Weight 5gr
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Table 2. SG90 specifications

Specifications

Speed 0.1(sec)
Torque 2.5(kg—cm)
Weight 14.7(g)
Voltage 4.8 ~ 6(V)
1-2ms
Dty Cycle
48V (~5V) |
Power
and Signal ™ .
20 ms (50 Hz)
PWM Period

a8 13. SG90 PWM F7|
Fig. 13. SG90 PWM period

)
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ool record ready = false:

sampleBuffer;

tatic beol debug_nn = falss; Set this to
int print results = —(EI_CLASSIFIER SLICES

1823,
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Fig. 14. SG90 control code
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7] 9l xS A o dds Qs F
gk 4 grf. . AFeAE USB 5VE SGI02
Line(Vce)¥} Brown Line(GND) 2.2 143t Y&
3lal Nano 33 BLE Sensed D9 oA A
PWM(Pulse Width Modulation) A A& 3= Orange Line
o7 A 17 14 APgek F=9] Yytelrh A2
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- Intel Core i19-9900KF 3.60GHz
- 32GB(2666MHz) Memory & 1TB SSD

MbedOSE AF&-3k= Nano 33 BLE Sense2] E4°
z27] Aol diEgf 102 ool e, ARkl wet
15~20% o]} A8 ¥ttt 27] A9 o] AL S 3
s 4 B U= PHudoe] gaE) 79k o]% Nano 33
BLE Sense®l 428 st Av= 17 169} 22tk

EI_CLASSIFIE F
EI CLASSIFIER RAW SAMPLE COUNI / 18):

a8 15, Ao & HRE
Fig. 15. Compile & upload
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V. 4¢ 2 21 Az HE A opdR1-TIXd WIHADC: Analog to
Digital Converter) Ao A 918 A58 MZesta MZe
47oll A= Nano 33 BLE Sense®lAl &% /i. o] A B =S OAE gros dxlslsle] et} axlals &
o2 =X Agsta Qg @Jf} Helgh # 2 01-24 elolng mulo] F7]2 Zol| Aol A3™
A ML ©]% Classifierell AH& 713 243} ghS gl T QAT MLe] Aol Jaks F+4| g o)A Aejd

F 37} 72o] RAM AHE#L 9.6K G502 53] stk Ad
AIZEE 53ms ol BE AL opdR 3 gk Farste]

Sl MLE 488 4 9let,
o ® 24240 WE 4% eIt WA "open'
29% A 13 163} o] B mEelA £4E 914

3lo] Arduino Serial Monitoroll A S4% <1215 gt} 914
74 "Open"& EH(FHSM F1gtv| 2 BAD g SAd
Nano 33 BLE Sense?] LED_BUILTIN®| LEDE "On"°o.&
=95kl SGI09] Y 331 7kE 7] ZF 0%=ollA 90%== A
ofste] Ao w FAES ERI(aH 1730t ® 32
Nano 33 BLE Senseol 1=A] xtsld k3 #4317} 5

A ks W] ghs Btk dAkshE AR Ao Q1 QI

= oA A 84S fEiA BEedt HRE AA
3kl dlolEle] AAVE Fol= Ao R AW mdoM 715
29} stre] Fhetn|e AEEE ER1th

E 3. 2AtE 4ol vl
Table 3. Comparison of quantized values
Quantized(int8)

Unoptimized(float32)

RAM Usage 9.6K 13.9K
Latency 53ms 796ms
Flash Usage 65.3K 151.1K

Predictions (DSP: 19 ms., Classification: 40 ms., Rnomaly: 0 ms.):
close: 0.10158
noise: 0.12109
oopen: 0.17572
opsn: 0.304€%

: 0.30488

95

#fn3 (DSP: 19 ms.,

closs: 0.00000

noise: 0.00000

ocopen: 0,00000

open: 0,99609

uninown: 0.00000

a8 16. “Open” S4 214
Fig. 16. “Open” speech recognition

open :

Classification: 40 ms., Ancmaly: 0 ms.):

38 17. “Open” SA0l4l
Fig. 17. “Open” speech recognition(Servo motor 90°)

(ME2E 90°)
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ok wkef i Aol AlZE AR dlofeut elojolE
F71sted sldo] 7kt Edge ImpulseclM Aleshs %
A 7o Bl REd HF wjEE YT 0 7))
float327} obd UIH-o] int8 S ARSI dite] W
ol vje] AR Ed 5 slon] ARt & wal et
Rk 3& 3] At AF- ghS vl R 9 AR Sl
A AHsE A(float32) 7494 13.9Ke] A717h A3t
(int®) ©]%- 9.6K A7|= 4.3K7} &€ A& 1 & 5 3

— A= J3d

t} A AR float32004 796mse] Lol A °¥2}§} o]%
53msC.2 743ms7} E0jE%lom, LA ALEHE 7]E
151.1KellA 65.3KZ 85.8K7} 2502 2l &= it}

_AﬁAJ‘QL

2 0=® "Close" AQ=E3hA  Arduino Serlal
MonitorellA] "Close" 121Eol that $(0.99609) 7 <1
Tl "Close"S 18 183} o] &= 3t} HA)d) Nano 33
BLE Sense®] LED_BUILTIN®|] LEDE "Off'® =5}l
SG90 MK RE|9] 3]-7}S 90% Aol A 0= 3] -}

=2
T 199] He4) Bzl LEDS ARmE 522 o

HE R

Predictions (DSP: 19 ms., Classification: 40 ms., Znomaly: 0 ms.):
0.087¢8
noise: 0,14062
oopen: 0,16797
open: 0.29685

: 0.29688
Cloge : 99
dict] DSP: 10 ma., Clasaification: 40 ma., Anomaly: 0 ma.):

closs: 0.9%609
neises 0.00000
ogpen: 0,00000
open: 4.00000
unknovn: 0,00000

[ R 1.

38 18. “Close”
Fig. 18. “Close”

close:

N\

24 ol

speech recognition

1292

2 AMOo|Al
==

(SG90 0°)
speech recognition(SG90 0°)

38 19. “Close”
Fig. 19. “Close”



¥ 4. ML Z22|5 2| 7|& Hlu
Table 4. Comparison of ML algorithm processing

techniques
: Bandwidth | Computation
Technologies| Structure Latency BecuiliErnat | Capalili
Fully Very ) .
Cloud Centralized High Very High Very High
Edge/Fog Not Low Low High
Centralized
Not .
MEC Centralized Low Low High
) May Operate | Very
TinyML Independently| Low Very Low Low

¥ 5. ERl E2Eo| M5 H|W
Table 5. Performance comparison of target board

Flash ) Internet

LejEinay Usage Uil Connection
Nano 33 BLE Sense 53ms 65.3K Yes No
Raspberry Pi
RP2040 128ms 90.6k Yes No
ST loT Discovery Kit 44ms 90.6K Yes No
Texas Instruments
TIDL-RT Library 53ms 90.6k Yes No
SiLabs
Thunderboard 247ms 90.6k Yes No
Sense 2
General
Embedded Device N/A N/A No Yes

B Aqto| A= Edge Al 8 4 8491 TinyML7|wk
°] Edge Impulse® 54+ gh5stal, 22k 59 QIEY
AZ glo] sgdE 7I9=E e R AdAF #7491
Arduino Nano 33 BLE Sense°llA Sxl8o g 2449142
FPeoitt. 1 AR w544 WHgste] Serial

Q13T & 49} o] TinyMLE 7|¥ke2 MLE A2|3s
o] QJAEH AZgle] HHA 0w 54 7hssh, X|AAIRE o
AZ QFAE; ZHoA Cloudyt Edge ¥ MEC(Mobile
Edge Computing)¢} HlaLste] 9-9fol Q-2 g < 3l
o o AR sEe Y A BEe MCUMicro
Controller Unit) 573 7H¢ SAwF 543 5402 3
ez A EAEA et =3 F 53 2o Nano 33
BLE Sense®} B} tjufo] 2 SHEES A|A AL S AR
&, TinyML A& o4, JIEYl A4 o= WA Blusksd
th RAM AR&-%E ML 283 giFie] tulo]~ E3E
ol A 9.6K FEo =2 HIs=alglell mellA AL A|A
A7t A Nano 33 BLE Sense?] %9 53ms® &2 A
AlZHS 7HA]aL 9lt). Raspberry Pi RP20402 128ms,
SiLabs Thunderboard Sense 2+ 247ms°¢|th &Y 2
ZAoA XA A7+ ST [oT Discovery Kityh Nano 33
BLE Sense’} <8ttt Z@l5] ARl A= Nano 33
BLE Sense”} 65.3K= B} Z3&2] 90.6K tiH] 2 &3t
= AAFE v e 2 TingML 7|9z 18Ul 12 ¢l

r

ol

OFF0| & 0|8t TinyML 7| gte| SMlAl 73
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ol o] 2 BRE AT e, ke NS BEe
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