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Deep learning on microcontroller limited resources and memory
an application to a speech and image recognition system
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Tém tat

Nhan dang tiéng néi va nhan dang hinh anh 1a cac chd dé thu hat nghién ctu rdng rai trong linh viee tri tué nhan
tao. Trong do, viéc str dung cac mang noron nhan tao mang lai két qua nhan dang tbt v&i tiém nang ng dung
cao. Tuy nhién, cac ky thuat nay thuwdng yéu cau cé div liéu va bd nhé Ion, khién viéc str dung chung trén cac
thiét bi han ché vé tai nguyén, cong suét thap tré nén khé khan. Trong bai bao nay ching téi trinh bay viéc thuc
hién hai bai toan nhan dang tiéng néi va nhan dang hinh anh, st dung cac mang hoc sau (Convolution Neural
Network - CNN) trén module vi diéu khién ESP32. Giai phap dat d chinh xac trén 97% v&i nhan dang tiéng noi
va 98% v&i nhan dang anh, st dung khodng 200KB bd nhé. Mot ting dung dién thoai cling dwoc xay dung dé
nhan théng tin truc tiép tlr bo vi didu khién, cho phép twong tac tir xa véi hé théng nhan dang qua Wi-Fi hodc
Bluetooth.

Tir khoa: Tri tué nhan tao; bo vi diéu khién; hoc sau; thi giac may tinh; xtr ly ngén ngi¥ tw nhién; hoc may nhing;
TinyML.

Abstract

Speech recognition and image recognition are topics that attract widespread research in the field of artificial
intelligence. In particular, the use of artificial neural networks brings good recognition results with high application
potential. However, these techniques often require large amounts of data and memory, making their use on low-
power, resource-constrained devices difficult. In this article, we present the implementation of speech recognition
and image recognition problems, using deep learning networks (Convolution Neural Network - CNN) on the
ESP32 microcontroller module. The solution achieves over 97% accuracy with voice recognition and 98% with
image recognition, using about 200KB of memory. A phone application was also built to receive information
directly from the microcontroller, allowing remote interaction with the recognition system via Wi-Fi or Bluetooth.

Keywords: Al; microcontrollers; deep learning; computer vision; natural language processing; embedded
machine learning; TinyML.

1. DAT VAN BE hién, va cung véi do, y twdng chay cac thuat toan chinh

M6t vai nam tredc, visc trién khai cac thuat toan hoc e Vi dieu khien da c6 the thurc hién.

may hodc mang noron trén cac b vi diéu khién it dwoc
tinh dén, chd yéu do cac han ché vé phan ciing cua
chung. D& cai thien mot sbé van dé cla dién toan dam
may [1-3] lién quan dén tinh toan, lwu trir, chi phi, béng
théng mang, dd tré phan hoi, mire tiéu thu dién nang,
quyén riéng tw va bao mat, dién toan bién bat dau xuét

Nguwoi phan bién: 1. PGS.TS. Tran Hoai Linh
2. TS. Pham Van Nam

Cac bo vi diéu khién (Micro-Controller Unit - MCU)
thwong cé kha néng tinh toan thap va cdng suét nho.
Song, chi riéng trong nam 2021, cé t&i 31,2 ty bo vi
didu khién méi dwoc san xuét [4], vuot xa sb lwong
clia cac hé théng khac cé khd ndng cao hon. Béng
thoi, kha nang tinh toan ctia cac bd vi diéu khién ciing
dang ngay mét manh hon, hiéu suét tinh toan cao
hon véi mirc tiéu thu ndng lwong thap. Cac MCU méi
thwong cé kién trac tap 1énh dwoc tdi wu hoa déc biét
cho cac wng dung hoc sau.
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D3 xuét hién mot sd céng cu nham trién khai hoc sau
trén MCU dang nhan dwoc nhiéu sy quan tam. Chang
han, TensorFlow Lite Micro 1a khung phan mém [5, 6],
cho phép thyc thi cac mé hinh mang noron trén cac bd
vi diéu khién. Hay TinyML cho phép trién khai cac mé
hinh hoc may vao thiét bi c6 dung lvgng bé nhé nhd,
tiéu thu céng suét thap, cho phép phan tich di¥ liéu cuc
bd trén thiét bi va cé kha nang dap &ng trong théi gian
thwe [7].

ng dung hoc sau trén vi diéu khién dang dan tré
thanh xu hwéng béi nhitng wu diém vé ning lvong
va chi phi. Cé thé diém qua mot sb cong bd trong
linh vwc ndy. Chéng han, hang ché tao vi diéu khién
STMicroelectronics gi¢i thiéu gidi phap phat hién
ngudi, s dung thi gidc may tinh trén dong vi diéu
khién STM32 clia ho [8]. Hay nhém tac gid Alessio
Canepa, Edoardo Ragusa, Rodolfo Zunino, Paolo
Gastaldo cong bd ng dung phat hién dbi twong trén
khung hinh video giam sat, s&* dung mang noron
sau trén bo vi diéu khién STM32 [9]. Giai phap dat
dd chinh xac 97%, trong khi tiéu thu it hon 400 mW.
Ho&c &ng dung nhan dang lénh bang giong ndi, st
dung hoc sau trén STM32 [10], dung diéu khién robot
tlr xa, cila nhom nghién ctru lvana Guarneri, Giuseppe
Messina, Arcangelo Bruna, Davide Giacalone. Ngoai
ra, con nhiéu nghién ctru khac trong linh viwc hoc may
trén vi diéu khién cling da dwoc thuc hién va cong bd
[11-13], v&i nhiéu ng dung da dang, nhw nhan dang
déi twong, diéu khién rotor dong co, cham séc sirc
khde,... Trong nuwéc, cac nghién ctru theo hwéng dwa
hoc may 1én vi diéu khién dwoc cong bé chwa nhiéu.
Mot cong bé hiém hoi theo huéng nay co thé ké tai 13,
tac giad trong [14] trién khai mang Lenet5 trén vi diéu
khién STM32 nham nhan dang hinh anh chi¥ sb viét
tay. Két qua dat dwoc twong dbi kha quan, véi d6 chinh
xac tong thé Ién t&i 96%.

Trén cac cong bd trong va ngoai nwéc gan day, chua
thdy ng dung nao két hop hai bai toan nhan dang
tiéng noi va nhan dang hinh anh, s dung cac mang
noron hoc sau, thwc hién trén vi diéu khién.

Trong nghién cru nay, chung t6i sé thwc hién bai toan
nhan dang tiéng noi két hop bai toan nhan dang hinh
anh trén module ESP32, han ché vé bo nhé va tiéu
thu nang lwong thap. Trong d6, phan nhan dang tiéng
noi dung kich hoat thwe hién bai toan nhan dang hinh
&nh, v&i nhiém vu phan loai sdn phdm may méac. Hai
mé hinh mang noron cho hai nhiém vu trén dwoc
xay dwng, huén luyén va cai dat trén bd vi didu khién
ESP32.

Cac phan tiép theo clia bai bao duoc td chirc nhw
sau: Phan 2 trinh bay viéc xay dung cac md hinh nhan
dang; phan 3 trinh bay hé thdng két hop hai mé hinh
nhan dang da xay dwng; phan 4 trinh bay moét sé thv
nghiém va danh gia cac mé hinh nhan dang; cudi cung,

mot sb két luan va hwdng phat trién dwoc trinh bay
trong phan 5.

2. XAY DUNG CAC MO HINH NHAN DANG
2.1. M6 hinh nhan dang tiéng noéi

Chung t6i st dung tap di¥ liéu Speech Commands [15]
gdm 65000 mau cé dd dai mot gidy cla 30 tr ngan, két
hop véi moét sb tir khoa dwoc thém vao (Marvin, Up,
Down, On). Cac tir khdéa dung lam Iénh danh thirc va
didu khién mot sd hoat dong cla hé thdng nhan dang
hinh dnh. Chung sé dwoc nhan dang trén nén nhiéu
loai tap &m khac nhau tir tap di¥ liéu dao tao. Tat ca div
liéu am thanh dai 1 giay trong tap dir liéu dwoc chuyén
vé dang anh phd, Ia cac mang dir liéu hai chiéu véi 99
hang va 43 cit.

| <43 values > |*

99

43

Hinh 1. Bién déi &m thanh thé thanh &nh phé

T mbi doan am thanh thé dai 1 s trong mién thoi
gian, chung t6i chia nhd thanh 99 doan 20 ms lién tiép,
véi ti 1&é chdéng chap 50% (chung 10 ms cudi cung),
(Hinh 1). Sau d6, méi doan 20 ms trén sé& dwoc bién doi,
st dung thuat toan Fast Fourier Transform (FFT256)
dé thu dwoc mang 256 phan tkr. Tiép do, cac théng tin
nay dwoc nhém 6 phan t& lién tiép va tinh trung binh,
dé tao ra 43 phan t&r trong 1 hang cia ma tran anh phd.
V&i 99 doan 20 ms, sé thu dwgc 99 hang trong mét &nh
phd dau vao.

Bang 1. Huan luyén céc mang CNN nhén dang tiéng néi

Cau £ bo . 7
nt]ra.:]ncg Layer fi?tZr Epoch c:;r::h K"::(::;:;oc
1 |1Conv+2FC| 4 10 88% | Phuhop
2 |2Conv+2FC| 4 10 90% | Phuheop
3 |2Conv+2FC| 4 50 95% | Phuhop

4 3Conv+2FC| 4 50 97% | Tran bd nh&

Mang CNN dwoc st dung dé xay dwng mé hinh nhan
dang tiéng néi. Sé lwong cac I&p tich chap (convolution
- Conv) va két ndi day du (fully connected - FC) dwoc
diéu chinh nhadm dat dwoc do chinh xac tdi thiéu trén
90% theo yéu cau. Do kich thwéc div liéu chi la 99x43,
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ddng thoi can cé cau trdc mang nhé nhéat, da dé tich
hop 1&n vi diéu khién, nén ching téi chi thtr nghiém cac
cau tric mang véi 1, 2 hoac 3 I¢p convolution. Cac thiy
nghiém cho thay céu truc mang véi 2 16p convolution
va 2 16p fully connected, 1a phu hop ca vé kich thudc
va két qua nhan dang. Bang 1 trinh bay mot s6 két qua
huén luyén va lya chon ciu truc mang.

Hinh 2 va Bang 2 trinh bay cu thé hon vé kién truc
mang va cac tham sé ctia md hinh duwoc chon.

1x560

4@24x10 1x80
\ \

Max-Pool ~ Convolution Max-Pool

Hinh 2. Kién triic mang tich chdp cho nhén dang tiéng néi

4@99x43
e A@AM21  4@49x21

™ R
|

Dense

Bang 2. Céc tham sé mé hinh nhéan dang tiéng néi

i S6 Kich thwéc Bu’fivc K,"Ch,
kernel kernel nhay |thwéc anh

Input 0 0 None 99x43
Conv2D 4 3x3 1 99x43x%4
Max-pooling 4 2%2 2 49%x21%4
Conv2D 4 3x3 1 49x21x4
Max-pooling 4 2x2 2 24x10%x4
Flatten 1x1x960
Dropout Dropout=0.1 1x1x960
Dense 80 1x1x80
Dropout Dropout=0.1 1x1x80
Output 0 0 None 1x1x5

hop 2 16p fully connected dwoc chon thty nghiém dau
tién. Tuy ddm bdo doé chinh xac nhan dang tbi thiéu
trén 95%, song hai ciu tric mang nay cé kich thwéc
I&n, khong phu hgp cho viéc str dung trén module vi
diéu khién ESP32.

Bang 3. Huén luyén céc mang CNN nhan dang hinh énh

Cau sé Do Kich
truc Layer . Epoch | chinh thwéc
filter .
mang xac model
1 Conv + 2 o Tran bd
! FC 20 50 98% | 1hé Flash
1 Conv + 2 o Tran bd
2 FC 10 50 97% nhé déng
3 2FC None | 150 98% Phu hop

Do d6, cAu tric mang don gidn hon chi st dung 2 1&p
fully connected dwoc thir nghiém. C4u tric nay dd nhd
dé chay trén vi diéu khién va cé dd chinh xac dat yéu
cau, khi ting thdi gian huén luyén. Két qua mot sé tha
nghiém dwoc thé hién tém tat trong Bang 3.

Hinh 3 va Bang 4 thé hién cu thé hon vé kién tric mang
va cac tham sb ctia mé hinh dwoc chon.

1784

Hinh 3. Kién triic mang tich chdp cho nhén dang hinh dnh

Bang 4. Céc tham s6 mé hinh nhan dang hinh &nh

2.2. M6 hinh nhan dang hinh anh

Trong bai bao nay, ching t6i st dung tap dir liéu cé sén
Fashion_mnist [16] dé trién khai hé thdng nhan dang,
phan loai 10 s&n pham thoi trang. Cach trién khai hé
théng nay cé thé thwc hién trén cac tap di liéu khac,
cho (ng dung cu thé, v&i cac loai dbi twong bét ky.

Fashion_mnist gém 70.000 san pham thi trang thudc
10 danh muc. Mdi danh muc 96m 7.000 anh voi kich
thuwdc 28x28 pixels, theo thang d6 xam. Chung t6i st
dung 60.000 hinh &nh cho tap huén luyén va 10.000
hinh anh cho tap kiém tra. D@ liéu dwoc st dung trwc
tiép cho qua trinh huan luyén md hinh ma khéng can
xt ly gi thém.

Mang CNN dwoc str dung lam md hinh nhan dang san
phém. Do tin hiéu vao voi kich thwdc chi la ma tran
28x28, déng thdi yéu cau mang coé kich thudc nhd,
nén cac cau tric mang véi 1 va 2 1ép convolution, két

Lép kesr::’el Kich thwéc kernel Kiché:;“""c
Flatten 1x1x784
Dense 128 Activation="relu’ 1x1x128
Dense 10 Activation="softmax’ 1x1x10

Hai mang noron cho nhiém vy nhan dang tiéng noi
va nhan dang hinh anh, sau qua trinh huén luyén va
tdi wu héa dwoc chuyén sang dinh dang phu hop véi
vi diéu khién, s dung thw vién TinyMLGen. Sau do,
TensorFlow Lite Micro dwgc dung dé nap moé hinh da
chuyén déi 1&n vi diéu khién.

3. XAY DUNG HE THONG NHAN DANG TREN VI
DIEU KHIEN
3.1. Nhan dang tiéng néi

Am thanh thu dwoc tir microphone dwoc chuyén ddi
lién tuc sang dang sb va lwu trong b dém. Khi doc div
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liéu, cac doan am thanh dai 1 giay véi ti 1&é chéng chap
50% dwoc trich xuat nhw minh hoa trong Hinh 4.

—15—>»
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Hinh 4. Céach thire thu thap di liéu tiéng néi

Cac doan di¥ liéu am thanh duwoc chuyén sang dang
&nh phd st dung thuat toan FFT, v&i kich thwdc 99x43
phu hop véi di¥ liéu dau vao ctia mang noron. Céac
&nh phd nay dwoc dua téi mang noron da dwoc huan
luyén dé du doan Iénh kich hoat bang giong néi. Két
qua dy doan |a xac suat méi tir nhan dang xuét hién
trong khung di¥ liéu 1 giay.

Mé&i dw doan thwc hién trén mot clra s6 div liéu dai
mot gidy va thwc hién lién tiép trén cac ctra sb truot.
Dé& dadm bao c6 két qua nhan dang chinh x&c, tranh
trwong hop clra s chi bao trim moét phan div liéu cta
mot tr nguyén ven (Hinh 5), cac ctra sé dwoc chdng
chap 0.5 giay.

1-second window

Hinh 5. Phé cda tir “byte” trong khung nhan dang

Marvin: 75% Marvin: 100% Marvin: 50%

Up: 5% Up: 0% Up: 10%
Down: 5% Down: 0% Down: 10%
Oon: 5% On: 0% Oon: 10%
NaN: 10% NaN: 0% NaN: 20%

Os 0.5s 1s 1.58 2s

Hinh 6. Cach thuc hién nhan dang mét ttr khéa

Dé tang do chinh xac nhan dang cla hé théng, ching
t6i 14y trung binh két qua nhan dang cia mé hinh
CNN trén ba khung ctra sé lién tiép, nhw thé hién trén
Hinh 6. T nao c6 két qua nhan dang trung binh I6n
nhét thi két luan nhan dang dwoc tr d6. Hinh 6 minh
hoa trwdng hop tr “Marvin” dwg'c nhan dang.

C6 4 tir khéa dwoc siv dung trong hé théng nhan dang
tiéng ndi va méi tr c6 mot chire nang riéng. Trong do,
tor “Marvin” dung dé danh thirc hé thdng; cac twr “Up”,
“Down” dung dé ra lénh cai dat théng sé sau khi hé
thédng dwoc danh thirc; va tir “On” dé ra lénh cho hé
thdng chuyén sang qua trinh nhan dang anh.

3.2. Nhan dang hinh anh

Chung t6i st dung camera OV7670 véi dau ra 1a anh
mau RGB565 va kich thwédc khung hinh 160x120
pixels. Do d6, hinh anh thu dwoc can chuadn hoéa vé
dinh dang phu hop véi dau vao mang noron da dwoc
huén luyén (&nh den trédng va kich thuwéc dnh 28x28
pixels). DAu tién, anh RGB565 dwoc chuyén thanh
RGB888 [17] dé dwa 3 gia tri dai dién cho red, green,
blue v& cling mét kich thuwéc. Tiép theo, chuyén tir anh
mau vé anh thang dd xam:

Grayscale = (red + blue + green)/3 (1)

Sau do, cét vién anh tir 160x120 pixels thanh 112x112
pixels va lay trung binh gia tri m&i diém anh mai tr mot
khung 4x4 dé gidm do phan gii va kich thwéc anh
(Hinh 7). Theo do, ttr anh 112x112 pixels thu dwgc anh
28x28 pixels theo yéu cau.

Hinh 7. Chudn héa kich thuéc anh

D liéu dwoc dwa vao mang noron da huan luyén dé
nhan dang san phadm. Két qua dy doan dugc hién thi
I&n man hinh TFT (Thin Film Transistor) tai chd, déng
thoi st dung bluetooth dé truyén, hién thi va lwu triv két
qua lén rng dung dién thoai.

Hinh 8. C4c linh kién phan cung (a) va giao dién trén
trng dung dién thoai (b)

Hé théng gdm microphone INMP441 dé thu di¥ liéu am
thanh, camera OV7670 dé thu di liéu hinh anh, véi
cac dau ra sb co thé két ndi trwc tiép véi vi didu khién
va giao tiép l1an lwot qua cac chuan 12S va I12C; man
hinh TFT dé hién thi di liéu tai chd, module HCO5 dé&
két ndi khong day véi app dién thoai (Hinh 8a). Céac
thiét bi trén dwoc ghép ndi véi mé dun vi didu khién
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ESP32, cho phép diéu khién toan bd hoat dong cla
hé théng. Mot ng dung dién thoai don gian, véi giao
dién nhw trong Hinh 8b da dwoc xay dwng, dé hién thi
dir liéu nhan dang va truyén lénh diéu khién hé théng
qua giong noi.

4. TH NGHIEM VA DANH GIA

Pé danh gia hiéu suat va mirc dod chinh xac ctia mo
hinh nhan dang, ching t6i ap dung phwong phap kiém
tra chéo (cross-validation). Cac théng sé Precision
(Pre), Recall (Rec) va F1-score (F1) duwgc st dung dé
lwong héa két qua.

True Positives
Pre = )
True Positives + False Positives
e = True Positives 3)
True Positives + False Negatives
Fl=2x Precz.'szl'onx Recall 4)
Precision + Recall
Bang 5. Mot s6 két qué thir nghiém
C['u,c Kich ban Pre | Rec| F1
nang
Diéu kién t6i wu (khéng tap 1 1 1
am)
SNR =12dB 1 10.97/0.98
Méi trwong _
Nhan dang tiéng nodi SNR = 6dB 1 10.94/0.97
tiéng noi SNR =2.5dB |0.970.94 | 0.95
Chra tap am SNR =12dB 1 1 1
(tiéng kéu, SNR=6dB | 1 | 1 | 1
tieng xe) SNR=25dB | 1 |0.97|0.98
Diéu kién téi wu (d&t dung vi
. 1 1 1
tri)
5° 1 1 1
Nhan dang Dat chéo anh 10° 1 10.97/0.98
hinh anh 15° 0.97/0.97|0.97
. . 5% 1 1 1
piat 1 phan 10% 097 0.97|0.97
15% 0.94/0.97|0.95

M6 hinh nhan dang dwoc thir nghiém véi mét sb kich
ban khac nhau dé danh gia chat lwong (Bang 5). Mbi
kich ban dwoc thtr nghiém 60 1an doc lap, véi di liéu
thwe, thu tlr microphone va camera cta hé théng,
khéng thudc tap di liéu st dung dé huan luyén va toi
wu héa mo hinh.

V6i ng dung nhan dang tiéng noi, chung téi thor
nghiém trong cac mai trwdng cé hai ngudn tap am khac
nhau (tiéng ndi va tiéng dn khong phai tiéng néi). Ti 1&
tin hiéu trén nhiéu (Signal to Noise Ratio - SNR) dwoc
chon v&i ba mirc 2,5dB, 6dB va 12dB. Cac két qua thir
nghiém téng hop trong Bang 5 cho thdy phan nhan
dang tir khéa hoat dong tét. Khi ngudn nhiéu khéng
phai tiéng noi, két qua Precision déu 13 1 & ca 3 murc
SNR khéac nhau. Trong méi trwdng tap am 1a tiéng noi

gan voi tr nhan dang va & mirc SNR thap nhét, do
chinh xac du gidm nhwng precision van dat 0.97.

V6i (rng dung nhan dang hinh anh (phan loai san phadm)
chung t6i thir nghiém hai kich ban la &nh bi dat Iéch va
anh bi méat géc. Ba gbc léch 5°, 10° va 15° dwoc st
dung. Két qua thtr nghiém cho thay, v&i hai goc léch
nho, dbi twong dwoc nhan dang chinh xac 100%, voi
géc léch 16n nhat (15°) dd chinh xac gidam, song van
thda man yéu cau dé ra (97%). Cac thtr nghiém anh
mat 5%, 10% va 15% dién tich géc, cho thay khi méat
15% dién tich anh, do chinh xac chi con 94%, dwdi
ngudng 95% dé ra (Bang 5).

5. KET LUAN VA HUONG PHAT TRIEN

Trong nghién ctru nay, ching téi da xay dung va huéan
luyén dwgc hai mang noron hoc sau, cai dat thanh
coéng trén module vi didu khién han ché tai nguyén.
Dbng théi, moét hé thdng trng dung don gidn ciing duoc
xay dwng, nham th&r nghiém kha n&ng nhan dang hinh
&nh théng qua ra lénh bang giong néi. Cac thir nghiém
buéc dau, trong diéu kién c6 nhiéu & cac mirc d6 khac
nhau, cho két qua tét. Kha nang nhan dang tir khoa
ngan dat do chinh xac trén 97%. Kha nang nhan dang
hinh &nh véi do léch va ti 18 mét dién tich dudi 15%
dat d6é chinh xac trung binh trén 98%. Mét rng dung
trén dién thoai thong minh cling dwgc xay dwng dé thor
nghiém viéc thu thap di¥ liéu va diéu khién hé thdng
twr xa.

Trong nghién ctru tiép theo, ching t6i s& thir nghiém téi
wu hoa ti 1& chdng chap di liéu dé tang dd chinh xac
nhan dang tir khéa béng tiéng néi. Béng thoi, dwa cac
tiv tiéng Viét vao hé thdng ra 1énh béng giong néi. Nhém
ciing sé chuén bi co s& di¥ liéu thwc té cho tng dung
nhan dang chét lwong san pham trong day chuyén ché
bién néng san, gép phan vao xu hwdng phat trién nong
nghiép sach, néng nghiép théng minh.
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