Nghién ciru khoa hoc cong nghé

NHAN DANG CU CHI TAY BANG RA-DA FMCW
DUA TREN MANG NO-RON TiCH CHAP KET NOI CHEO
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Tém tit: Nghién ciru nay dé xudt sir dung mang no-ron tich chdp két néi chéo (Cross-
CNN: Cross-connection Convolutional Neural Network) dé nhdn dang cir chi tay dwa trén
dit liéu phan tich phé Doppler vi mé (micro-Doppler) cia ra-da FMCW (Frequency
Modulated Continuous Wave). Thém vao do, cac muc nhiéu khac nhau duoc thém vao dir
liéu d@é danh gid ddy di hon doi véi mé hinh dé xudt. Két qua thir nghiém cho thdy, mé
hinh dwoc hudn luyén voi dir lieu co nhiéu cho chat lwong nhan dang 16t hon mé hinh
dwoe hudn luyén véi dir liéu khong co nhiéu. Sau @6, mé hinh Cross-CNN duwoc phan tich,
danh gid khi thay doi cdc tham s6 cdu triic, tir d6 chon ra bé tham sé phit hop nhat cho bai
todn dé ra. Cuéi cing, md hinh Cross-CNN duwoc ddanh gid, so sanh véi cdc mé hinh hién
co khac khi thuc hién trén cung mot tdp dir liéu. Két qud la, mang Cross-CNN cho kha
ndng nhén dang cir chi tay tot hon cdc mé hinh khdc nho vao cdc két néi chéo cho phép s
dung két hop cdc ddc tinh cii véi ddc tinh méi trong qud trinh hudn luyén mang.

Tir khoa: Mang no-ron tich chdp; Nhan dang cir chi tay; Ra da FMCW; Phé micro-Doppler.
1. GIOI THIEU

Hién nay, voi sy phat trién bung nd ciia cac hé thong va thiét bi théng minh, viée diéu khién
khéng tiép xtic cac thiét bi dién tir, gia dung dang trd nén pho bién. Theo d0, su chuyen dong cua
tay, chan, co thé hodc su thay ddi nét mat s& 1a nhiing diu hiéu dé cac mo-dun giao tlep nguoi-
may (HMI: human-machine interface) thuc hién viéc nhan dang hoac phan loai [1]. Cac mod-dun
HMI thudng sir dung camera quang hoc dé nhan dang 1 chi yéu. Nhung tinh bao mat riéng tu
ctia dit liéu hinh anh lai tr& thanh van dé thach thic dbi voi cac nha phat trién thiét bi. Mot giai
phap thay thé cho camera quang hoc, d6 1a ra-da FMCW (Frequency Modulated Continuous
Wave), vi no6 c6 tinh bao mat, xir Iy nhanh, va tiét kiém nang lugng [2]. Nim bét duoc loi thé do,
hién nay, cac hang san xuét dién thoai da bt dau sir dung ra-da FMCW dé nhan biét ctr chi cua
con nguoi nham thyuc hién mot s tac vu trén dién thoai ma khong can tiép xtc. Pién hinh nhu
cong nghé Soli dugc phat trién bai Google cho dong hd thong minh va dién thoai [3].

Gan day, c6 nhidu cong bd str dung thuat toan tri tué nhan tao (AL Artificial Intelligence), dac
biét 1a cac mo hinh hoc may (ML: Machine Learning) va hoc sau (DL: Deep Learning), dé nhan
dang ctr chi tay dua vao cac dic trung pho micro-Doppler thu dugc tir ra-da FMCW. Dién hinh
nhu Scherer va cong su [4] da str dung két hop cac mang no-ron tich chap (CNN: Convolutional
Neural Network) khong gian va thoi gian dé nhan dang ctr chi bang ra-da cu ly ngan. M6 hinh
nay da dat duoc do chinh xac 86,6% trén tap dir liéu 26 nguoi dung véi 11 ci chi, va 92,4% véi
11 ngudi ding. Pic biét, md hinh CNN duoc thiét ké rat nhe, chi chiém 92 kB b nhé. Trong
mdt nghién ctru khac, Amin va cong su [5] da gioi thiu mot ky thut don gian nhung hiéu qua
cho bai toan nhan dang ctr chi tay bang cam bién ra-da. Theo d6, k¥ thuat dé xuat co thé phén
loai cac cir chi tay dua trén dudng bao ciia diu hiéu micro-Doppler. Bing cach nay, mo hinh dé
xuit trong [5] dat d6 chinh x4c nhan dang 1én dén 96%. Bén canh nhitng nghién ctru vé md hinh
thuat toan, Ritchie va cong su [6] da cong bd mot bo dir lidu vé 4 ctr chi tay dugc thu thap b.';'mg
ra-da FMCW ¢ tan s6 24 GHz, do rong bang thong 750 MHz. Tép dit liéu nay dugc kiém tra thir
v6i cac thuat toan ML. Két qua cho théy, ky thuat SVM béac hai (Support Vector Machine
Quadratic) dat ti 1& nhan dang chinh xac cao nhat (74,2%). Tap dir liéu nay duoc chia s& cong
khai va 1am co s& dé cac nha nghién ctru d& xuat cac mé hinh canh tranh khac.

Trén co so nghién ciru khao sat, trong bai bio nay, nhom tac gia da dé xuat mot mo hinh
CNN méi, tén 1a Cross-CNN, nham nang cao hi¢u nang nhan dang ctr chi tay bﬁng ra-da FMCW.
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Mo hinh d& xuit sir dung cac cdu trac két ndi chéo (Cross- connection) va két ndi bo qua (Skip-
connection) dé sir dung lai cac dic tinh cii trong qua trinh huén luyén, nho vao do, hiéu nang cua
mo hinh duoc cai thién dang ké. M6 hinh Cross-CNN dugc huan luyén va kiém ching trén tap
dir liéu Dop-Net duoc cong b trong [6]. Khi so sanh véi mot sé md hinh khéc, mo hinh Cross-
CNN ma chung toi dé xuat dat hiéu ning vuot trdi hon cac mo hinh khéac ca vé d¢ chinh xac
nhén dang, thoi gian thyc thi va kich thudc bo nhé.

2. RA-PA FMCW VA PHAN TiCH PHO MICRO-DOPPLER

Ra-da FMCW 1a thiét bi duoc st dung phé bién cho muc dich do cu ly va van tde chuyén
dong cta muc tiéu tdm gan. O phan nay, nhom tac gia s& lam rd nguyén 1y hoat dong cua ra-da
FMCW lam co s dé phan tich ph micro-Doppler. So dd nguyén 1y hoat dong cuia ra-da FMCW
dugc minh hoa nhu trong hinh 1(a). Theo do, tai myén phat, bo tao tin hi¢u da niang s€ tao tin
hiéu diéu khién cho bé VCO (Voltage Controlled Oscilator) phat ra tin hiéu diéu ché tan sé lién
tuc (FMCW). Tin hiu nay s€ dugc chia lam hai nhanh: nhanh thir nhat di qua bo khuéch dai
cong sut dé den anten phat, tir do phat xa tin hiéu vao khong gian; nhanh thir hai dugc dua dén
b tron & tuyén thu. Tin hiéu FMCW truyén di trong khong gian, néu gap vét can (muc tiéu) no
s€ phan xa tr¢ lai va dua tdi anten thu. Tin hi€u tir anten s€ dugc khuéch dai bang khéi khuéch
dai tap am thép, r6i di dén bd tron. Tai day, béng viéc tron tan gitra tin hi¢u thu va ban sao cua
tin hiéu phat, dau ra ctia bo tron sé& 1a tin hiéu ¢ trung tin. Tin hiéu trung tan nay tiép tuc dugc
khuéch dai va bién ddi tir twong ty sang sd nho bo ADC (Analog to Digital Converter). Cudi
cung, dit lidu dugc thu thap va xir 1y tai bo xir 1y tin hiéu sé DSP (Digital Signal Processor)
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Hinh 1. Nguyén Iy hoat déng ciia mét ra-da FMCW: (a) So @6 nguyén 1y;
(b) Tuwong quan tin hiéu thu so vdi tin hiéu phat.
Hinh 1(b) minh hoa mdi trong quan giita tan sb va thoi gian cua tin hiéu thu so véi tin hiéu
phat. Truong hop tin hiéu FMCW cé dang tam giac thi cu ly cua muc ti€u dugc tinh theo cong
thtrc sau:

c-f(R) C~(Afl+Af2)
AN
dt dt
trong d6, ¢ 1a van tdc cta song dién tr trong khong gian, df/dt la do bién thién tan sb theo thoi
gian cua tin hi€u. Tuong tu, d6 dich tan Doppler cling dugc xac dinh nhu sau:
Af, — Af
D =| : 2 2| )

Xem xét phan tich phd micro-Doppler, gia st van téc xuyén tdm ciia muc tiéu thay ddi theo

R =

(1)

16 L. Hii, ..., L. B. Phong, “Nhdn dang ci¥ chi tay ... mang no ron tich chdp két néi chéo.”
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mot ham phy thude vao thoi gian, khi d6, myc tiéu s€ giy ra tan s Doppler thay ddi theo thoi
gian. Pat v = vy +a(t)t, vdi a(t) 1a gia toc bién thién theo thoi gian, Vo & van tdc ban dau, thi tan
s0 Doppler la:

2(v, +a()t) _ 2y, 2a(t)t _
T = TR T = o+ o 1), ®3)

C6 thé thay, thanh phan thir nhat cua biéu thirc (4) 1a tan s6 Doppler do chuyén dong tinh tién
gdy ra, con thanh phan thi hai 1a tan s Doppler do chuyén dong c6 gia tdc gay ra.

fo =

(a) Viy tay (b) Véo tay (c) Bung tay (d) Vuot tay

Hinh 2. Anh phé micro-Doppler ciia bon cir chi tay trong tap dit liéu Dop-Net.

Xét dén ctr chi cia tay, mdi cir chi ¢6 chuyén dong khac nhau s& tao ra phd Doppler khac
nhau, nhu chi tra trong hinh 2. Cac phd nay 14 nhitng dau hiéu hiru ich dé mot mang no-ron hoc
sdu co thé tu dong nhan dang. Theo do, bf‘mg cach stir dung bién d6i Fourier thoi gian ngén
(STFT: Short Time Fourier Transform) cia tin hiéu trung tin & may thu c6 thé tao dwoc hinh anh
micro-Doppler va tir d6 phan loai dugc chung [7]. Phuong trinh tong quat cua phép bién doi
STFT dugc mo6 ta nhu sau:

X (z,®) = STFT{x(t)} = Tx(t)w(t —7)e idt (4)

trong do, x(t) 1a tin hiéu dau vao cho bién dbi STFT{.}, w(t-7) 12 mot ham cir s6 (window
function).

3. MO HINH CROSS-CNN

Pé nhan dang cac cir chi tay, nghién cttu nay dé xudt mot md hinh CNN st dung cach két ndi
Cross-connection va Skip-connection, tén 1a Cross-CNN, nhu duoc thé hién nhu trong hinh 3. Tir
hinh v& ¢6 thé thiy, mé hinh Cross-CNN ¢6 mot mach két néi chinh tir 16p dau vao (Input) dén
16p dau ra (Output) thong qua cac 16p dugc két ndi lién tuc gdm 16p tich chap (Conv), l6p gop
cuc dai (Maxpool), 16p kich hoat (ReLU), 16p chuin hoa (Norm), va lop ghep theo chleu sau
(Concat). Bén canh mach chinh, ching t6i thiét ké thém hai loai két ndi khac gom Skip-
connection va Cross-connection. Trong d6, Skip-connection duoc sir dung dé lay ban d6 dic tinh
tir 16p Norm dé ghép theo d6 siu kénh voi dau ra cua 16p ReLU tai 16p Concat. Nhu thé hién
trong hinh 3, sau khi ban dd dic tinh duoc chuin hoa boi 16p Norm, n6 sé€ tiép tuc duoc trich
chon (loc) bdi 16p Conv va 16p ReLLU. Trong qua trinh loc, mot s6 dic tinh hitu ich c6 thé bi triét
tiéu, vi vay st dung Skip-connection nhim muc dich léy lai ddc tinh cii cho 1an trich chon tiép
theo. Tuong ty nhu Skip-connection, Cross-connection cling dugc st dung voi muc dich s dung
lai cac dic tinh cii, cdi ma co thé bi triét tiéu trong qua trinh trich chon cia mang no-ron. Tuy
nhién, Cross-connection thuc hién két nbi xa hon so véi Skip-connection va thuc hién dan chéo
nhau. Vi phai nhay qua 16p Maxpool ma tai d6 thyc hién giam ban d6 dic trung di 2 1an theo mdi
chiéu (rong va dai), nén Cross-connection sit dung mét 16p Conv c6 K b loc kich thude 1x1,
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budc nhay (2, 2) nham tao ra kich thude ban d6 dac tinh bang véi kich thude dau ra cia 16p
ReLU ma khong lam thay doi dac tinh cii.
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Maxpool| Pool size: 3x3, stride (2,2) Conv = K@]1xI filters, stride (2.2) FC2 | 4 output classes

Hinh 3. So' d6 mé hinh Cross-CNN cho bai todn nhdn dang cik chi tay.
4. KET QUA PANH GIA THU NGHIEM

M6 hinh Cross-CNN duogc danh gia thir nghiém trén tap dir liéu Dop-Net [6] gdm bén ctr chi
tay duoc thu boi mot ra-da FMCW. Dix liéu duge xir Iy dé tao anh phd Doppler véi kich thude
200%200, nhu thé hién trong hinh 2. Vi viy, 16p dau vao (Input) cia Cross-CNN ciing phai dugc
chi dinh kich thuéc 200x200. Do tap dir liéu c6 bdn cir chi tay nén 16p FC2 (16p két ndi day du)
dugc thiét két vdi 4 phan 16p dau ra. Ngoai ra, dé tang thach thirc cho mang Cross-CNN, ching
t6i da thém nhidu Gauss cho tap dir liéu véi cac gia tri SNR tir -20 dB dén 20 dB véi bude
cach 2 dB. Qua trinh huén luyén mang Cross-CNN la qua trinh c@p nhat trong s0 ciia mang gdm
hai tién trinh tmyen thang (Forward propagation) va truyen ngugc (Backward propagation) dugc
lap lai nhiéu lan sau moi Vong 13p [8]. Qua trinh truyen thang dugc coi la giai doan kiém thu, con
qua trinh truyén nguoc 1a giai doan cip nhat trong sb. Trong su truyén thing, dau ra ciia mdi 16p
¢6 thé duoc khai quat bang cong thic sau:

y, = f,(w, *x, +b,), 5)

trong do6, X, yi, w,, by, Va fi () 1an luot 1a gia tri dau vao, diu ra, trong sd, bias va ham phi tuyen
cua 16p thir I O 16p cudi cung, dau ra Yout $€ dugc so sanh voi nhan dang Vi dé tinh ham mat
mat (Loss function). Nghién ctru nay thue hién phan loai bdn cir chi tay, vi viy, ham mit mat
Cross-entropy két hop diéu chinh L2 (L2 regularization) dwoc lwa chon [9]. Trong trudng hop
nay, ham mat mat dwoc mo ta nhu sau:

C
- _Z yi,true Iog(yi,out) + lz \Niz (6)

trong d6, A goi 1 tham s6 diéu chinh, C 14 s6 lugng phan 16p dau ra, w 1a trong sd. Sau khi da
xac dinh dugc ham mat mat, qua trinh truyén nguoc sé dugc thuc hién d€ cap nhéat trong so.
Trong qua trinh nay, thudt toan SGD (Stochastic Gradient Descent) [10] dugc st dung nhu sau:

O

Wupdated =Woig W (7)

trong d6, n71a ti 1€ hoc.

Mo hinh Cross-CNN dugc huin luyén trong 10 epoches; tde dd hoc khoi tao 12 0,01; toe do
nay s& giam di 10 14n sau bdn epoches; tham sé diéu chinh L2 1a A = 1x10™. Qu4 trinh huin
luyén dugc thue hién voi GPU cua may tinh Laptop ¢6 cdu hinh: CPU Core i5 9300H, RAM
16GB - 2667 MHz, GPU GTX1660ti 8GB. Tap dit liéu dugc chia thanh 80% cho huin luyén va
20% cho kiém chtng mé hinh.

18 L. Hii, ..., L. B. Phong, “Nhdn dang ci¥ chi tay ... mang no ron tich chdp két néi chéo.”
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4.1. Panh gia hiéu ning ciia Cross-CNN khi huén luyén véi cac tap dir liéu khac nhau

Mo hinh CNN la phuong phap huong dir liéu, nghia la dir liéu cang phong phu thi hiéu nang
nhan dang cang tot. Trong phép thur d4u tién, mo hinh Cross-CNN s& dugc huin luyén v6i hai
tap dir li€u: tap tha nhét khong c6 nhiéu va tap thir 2 c6 nhiéu véi SNR tir -20 dB dén 20 dB,
bude cach 2 dB. Sau khi duoc huin luyén trong 10 epoches. Hai m6 hinh dugc kiém tra vé6i dit
liéu c6 nhiéu. Can luu y & day rang, tap dir liu dung dé kiém tra khong duoc dua vao huan
luyén. Ca hai mé hinh déu c6 cau hinh vé6i 8 kénh loc kich thude 3x3, tirc 14, hai mo hinh c6 cau
hinh hoan toan giéng nhau, chi khac 1 huén luyén trén tap c6 nhiéu va tap khong co nhidu.

Trong qua trinh hudn luyén, mé hinh huén luyén véi tap dir liéu khéng cé nhidu nhanh chéng
dat duoc tiém can voi do chinh xac cao hon so véi khi huan luyén voi tap dir liéu co nhiéu. Tuy
nhién, khi kiém tra hiéu ning ciia hai mé hinh nay v&i tap dit liéu kiém tra c6 nhiu thi mé hinh
duoc huin luyén véi tap dir liéu c6 nhiéu cho hiéu ning cao hon so véi mé hinh khi huén luyén
v6i tap khong c6 nhidu. Két qua thé hién trong hinh 4(a) cho thay, mé hinh huén luyén c6 nhidu
dat d6 chinh xéc trén 99% khi SNR > -10 dB, trong khi d6, mo6 hinh huén luyén khéng co nhiéu
chi dat d6 chinh xac trén 80% khi SNR > 12 dB. Nhu viy, c6 thé khiang dinh dit liéu cang da
dang thi m6 hinh hoc sau cang cho hiéu ning t6t hon.
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Hinh 4. Pdnh gid hiéu nang ciia mé hinh Cross-CNN khi: (8) Thay doi dit liéu hudn luyén;
(b) Thay doi s6 lirong kénh loc (d¢ chinh xdc theo SNR);
(c) Do chinh xac trung binh theo thoi gian nhdn dang va kich thudc mang.

4.2. Panh gia hi¢u ning cia Cross-CNN khi thay doi s6 lwgng kénh loc trong 16p Conv

O phan nay, nhom tac gia danh gia hiéu ning cua Cross-CNN khi thay d6i s lugng cac kénh
loc 1an lwot 1a 8, 16, 32 va 64. Céc kénh loc déu dugc chi dinh véi kich thude 3x3. Mo hinh duge
huén luyén trén tap dit liéu c6 nhiéu va giir c¢6 dinh cac tham sb khac. Két qua kiém tra hiéu ning
nhan dang ctr chi tay dugc thé hién nhu trong hinh 4(b) va (c). Trong d6, hinh 4(b) thé hién mdi
quan hé giita d6 chinh xac nhan dang véi cac gia tri SNR, hinh 4(c) thé hién mdi lién hé gitra do
chinh xdc, thot gian thyc thi va kich thudc cua mé hinh (thé hién bang do 16n hinh tron). Hinh
4(b) cho thiy, cang tang s6 lwong kénh loc thi ti 18 nhan dang dung cang tang. Dac biét, sy khac
biét hiéu nang dwoc thé hién rd rét véi cac gia tri SNR thap tir -20 dB dén -4 dB. Trong khi do,
v&i SNR > -4 dB thi sy khac biét @6 chinh xac cua cac mo hinh 1a khong nhiéu. Mic du tdng s6
kénh loc o thé cai thién d6 chinh x4c nhan dang cir chi tay nhung n6 ciing 1am tang kich thugc
md hinh va thoi gian nhan dang, nhu thé hién trong hinh 4(c). That vdy, khi ting s6 kénh loc tir 8
1én 16 thi do chinh x4c nhan dang trung binh ting déng ké tir ~ 97,9% lén dén =~ 99%, kich thudc
mang ting khoang 50,3 nghin trong sd. Trong khi d6, su chénh léch d6 chinh xé4c trung binh giita
cac md hinh véi 16, 32 va 64 kénh loc 1a khong nhiéu (ting khoang 0 ,28%), nhung kich thuaoc
md hinh lai tang dang ké, 1an luot 13 167.8 nghin va 604,4 nghin trong s0. Vi vy, viée lya chon

mo hinh phu hop dé can bang hiéu ning giita cc chi tiéu vé d6 chinh xac, kich thudc mé hinh va
thoi gian thuc thi la rat can thiét.
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4.3. Panh gia hi¢u ning cia Cross-CNN khi thay doi kich thuéc b loc trong 16p Conv

Tiép theo, md hinh Cross-CNN véi 8 kénh loc trong cac 16p Conv dugc lya chon cho phén
danh gia nay khi thay ddi kich thudc cua bo loc 1an luot 1a 3x3, 5x5, 7x7 va 9x9. bay cling la
nhiing tham sb 1am anh huong dén higu ning nhan dang cir chi tay cia mé hinh dé xuat. Cha y
rang, cic tham s6 huan luyén va kiém tra 1a nhu nhau cho tat ca cac truong hop. Két qua danh
gia duogc chi ra trong hinh 5. Tur hinh 5(a) cho thdy, mic du sé lwong kénh loc khong ddi (8
kénh) nhung khi ting kich thudc bd loc thi ti 1€ nhén dang ding ct chi tay cling ting theo. Sy
khéc biét do chinh xac cua cac kich thude thé hién rd khi SNR < -6 dB, va khong co nhiéu sy
khac biét khi SNR > -6 dB. Pac biét cac bo loc 5x5, 7x7 va 9x9 c6 d6 chénh 1éch dd chinh xac
khong dang ké, va cao hon dang ké so v&i bd loc 3x3. Hinh 5(b) cho théy, viéc tang kich bo loc
ciing lam gia ting kich thuéc md hinh va dong thoi cai thién do chinh xac. Tuy nhién, khi S0
sanh v6i hinh 4(c) c6 thé thay, ti 1 ting do chinh xac nhan dang tuong duong nhau, nhung so
luong trong s6 ciia mo hinh thay dbi kich thude bod loc ting chadm hon so véi sé lwong trong sb
cua mo hinh khi thay ddi s luong kénh loc. Cu thé, moé hinh 8 kénh loc kich thudc 9%x9 c6 do
chinh xac trung binh 99,59% nhung chi c6 118,6 nghin trong sd, trong khi d6, md hinh 64 kénh
16¢ kich thugc 3x3 chi dat do chinh x4c trung binh 99,55% ma s6 lwong trong sb 1a 853 nghin,
cao gap 7.8 14n so véi md hinh 8 kénh loc kich thudc 9x9. Bén canh do, téc do xur 1y ciia mod
hinh 8 kénh loc kich thudc 9x9 (2,9 ms) nhanh hon mé hinh 64 kénh loc kich thudc 3x3
(3,1 ms). Nhu vy, co thé thiy rang, tang kich thudc b loc ¢ thé mang lai hiéu qua cao hon so
v6i ting s lugng kénh loc. Mic du vdy, can phai cAn ddi giita hai tham s6 ndy cia mang dé phu
hop véi phan cling st dung va nhu cau ing dung ctia md hinh.
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Hinh 5. Bdnh gid hiéu ning ciia mé hinh Cross-CNN khi thay doi kich thurde bé loc va so sanh
vOi cdc mo hinh khac: (a) Pg chinh xac theo SNR; (b) Do chinh xdc trung binh theo thoi gian
nhdn dang va kich thucc mang; (c) So sanh cac moé hinh.

4.4. So sanh hi¢u ning cia Cross-CNN véi cac mé hinh hién cé khac

O phan cudi cung, mé hinh Cross-CNN 8 kénh loc kich thudc 9x9 dwgc chon dé so sanh véi
mot s6 md hinh CNN hién ¢ khac nhu GoogLeNet [11], ResNet50 [12], NasNet-Mobile [13] va
MobileNet-V2 [14]. DBé co sy canh tranh cong bang, cac md hinh dugc huin luyén trén ciing mot
tap dir liéu Dop-Net c6 thém nhiéu. Pé 1am dugc diéu d6, diu vao cua bdn mo hinh néu trén
dugc diéu chinh véi kich thuéc 200x200, va dau ra duoc chi dinh thanh bon phan 16p. Cac chi
tiéu so sanh gdm d6 chinh xac trung binh, kich thuéc mang, va thoi gian thyc thi trung binh cho
mot 14n nhan dang cir chi tay. Két qua so sanh thé hién trong hinh 5(c) cho thay, mé hinh Cross-
CNN c6 s luong trong sb it nhat (118,6 nghin trong s6), dd chinh xac nhan dang trung binh ma
n6 dat dugc cao nhét (99,59%), va thoi gian thuc thi ciing nhanh nhit (2,9 ms). Cac mé hinh con
lai déu co6 st dung Skip- -connection, cai ma chi s dung lai déc tinh mot lan, nén trong mot sO
truong hop, cac dic tinh cii vAn c6 thé bi triét tiéu trong cac khdi trich chon tiép theo, dleu nay
lam cho hiéu qua phan loai chua t6i ru. M6 hinh Cross-CNN mic du sd lugng trong s it hon
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nhung lai dat duoc d§ chinh xdc cao hon la do n6 da dugc khéo léo su dung cac Cross-
connection két ‘hop véi Skip-connection dé ting cuong sir dung cac dac tinh ct nhiéu 1an va chéo
nhau, cai ma van con hitu ich trong qua trinh truyén thang ctia mang no-ron. Hon nira, chung t61
cling xem xét dén sy phu hop gilta mang no-ron Cross-CNN véi tap dir liu Dop-Net, rang so
nhin cia dit liéu nay it (bdn nhin), vi vay, nhitng mé hinh c¢é nhiéu trong sb 1a khong quéa can
thiét dé phan loai cho tap di liéu nay.

5. KET LUAN

Tom lai, bai bao di d& xuit mé hinh Cross-CNN nham nang cao hi¢u ning nhan dang cir chi tay
bang FMCW dua vao cac déu hiéu phd micro- Doppler. Qua khao sat danh gia bang cach thay dbi
tap dir licu khi huan luyén, thay d6i cac tham sb ciu tric c6 thé thiy rang, mo hinh Cross-CNN dat
duogc hi€u nang tdt nhat khi thiét ké cac 16p tich chap véi 8 kénh lgc kich thude 9x9. Khi so sanh
v6i mot s6 mang no-ron hién c¢6 khac trén cing mot tap dir liéu, Cross-CNN dat dugc hiéu néng
vuot trdi so vo1 nhimg mo hinh d6. Qua nghién ctru co thé rat ra mot s6 danh gia nhu sau: (1) mo
hinh CNN céan duoc huin luyén voi tap dir liéu phong phii, da dang dé nang cao hiéu ning phan
loai/nhan dang khi dugc Umg dung thyc thi; (2) m6 hinh CNN cang 16n thi d6 chinh xac phan loai
cang cao, tuy nhién, né s& tang chi phi bd nhd va thoi gian thuc thi, vi vy, can phai lwa chon va
danh doi gifra cac chi tidu dé dat dugc hiéu qua tét nhat tiry thudc vao muc dich, nhu ciu st dung.
Trong twong lai, nhom nghién ctru tiép tuc ti héa mo hinh Cross-CNN nhim nang cai thién do
chinh xac cho cac tap dit lidu 16n hon, nhiéu ctr chi tay phirc tap hon, dong thoi tién hanh do thuce
nghiém kiém chting va dua vao ting dung chay thoi gian thuc trén thiét bi.
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ABSTRACT

HAND GESTURE RECOGNITION USING FMCW RADAR BASED ON CROSS-
CONNECTION CONVOLUTIONAL NEURAL NETWORK

This study proposes a cross-connection convolutional neural network, namely
Cross-CNN, to recognize hand gestures based on micro-Doppler spectrum data of FMCW
(Frequency Modulated Continuous Wave) radar. In addition, different noise levels are
added to the dataset for improving the recognition accuracy of the proposed model when
predicting gestures in different noise conditions. The experimental results show that the
model trained on the dataset with noise gives better recognition accuracy than the model
trained on the dataset without noise does. Afterwards, the Cross-CNN model is
investigated in changing the structural superparameters for selecting the most suitable
parameter set for the proposed problem. Finally, the chosen Cross-CNN model is
compared with other existing models in the same dataset and training conditions. As a
result, the Cross-CNN network outperforms other models in terms of recognition
accuracy, time-consumption and structural capacity thanks to using cross-connections
which allow to combine new features with former ones in training process of the network.

Keywords: Convolutional neural network; Hand gesture recognition; FMCW radar micro-Doppler spectrum.
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