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TOM TAT

Cac mang no-ron tich chap (CNN) dong vai tro rat quan trong trong nhiéu ing dung thj gidc may
tinh nhu phan loai, nhan dang déi tugng. D€ dat dugc hiéu quéa nhan dang cao, théng thudng céc
mang no-ron nay can dugc thuc thi trén cac nén tang tinh todn c6 hiéu ndng cao vdi toc do xir ly
nhanh va khéng gian b6 nhdé 16n. Diéu nay la mot tré ngai rat [én déi véi ting dung chay trén cac
thiét bi tinh todn cé tai nguyén phan ciing bi gisi han nhu cdc may tinh nhing. G cac I8p tich chap,
dé 6 thé trich xuat dugc dac trung clia déi tugng ngd vao can thiét phai thuc thi mot lugng lén
cac phép nhan va codng dén. Bén canh do, hoat déng nhan trén cac s6 c6 ddu cham dong yéu cau
thai gian tinh todn I6n cling nhu phan cling phc tap. Nghién ctu nay phan tich va chi rd nhiing
nguyén nhan lam gisi han hiéu nang tinh toan ctia mang CNN. T d6, trinh bay phuong phap dé
thuc thi cdc mang tich chap trén phan cling cé tai nguyén gidi han. Viéc danh gia hiéu nang vé
mat cong sudt, thai gian thuc thi clng nhu ti 1é nhan dang dugc trinh bay chi tiét thong qua moé
phong va thuc thi trén phan cling. Cac két qua thuc nghiém trén ca hai nén tang FPGA va bo xU ly
nhung ARM Cortex-A chi ra ring mang CNN st dung phuong phap XNOR-popcount c6 thé dugc
t6i uu dé dat hiéu nang tinh toan tang 1000 lan va cong sudt tiéu thu gidm xap x1 24 1an khi so sanh
v&i mang CNN théng thudng trén cac bo xt ly nhing.

Tur khoa: mang no-ron tich chap, phép nhan, hoat dong nhan chap, XNOR-popcount, CIFAR-10,

anh trén giay, PYNQ-72

GIGI THIEU

Mang no-ron tich chip (Convolutional neural net-
work - CNN) la m¢t mé hinh mang no-ron nhén tao
¢6 d¢ chinh xéc cao, dugc trién khai nhiéu trong cac
ting dung nhan dang anh va giong néi!=3. DE& dat
dugc do chinh xdc theo yéu cdu dat ra, mo6 hinh mang
CNN thong thudng phai thuc hién mét lugng 16n céc
phép toan véi ki€u di liéu ddu chdm dong (floating-
point numbers) =3, Chinh vi diéu d6, mang CNN
thudng yéu ciu phan ciing phic tap véi téc do xit ly
nhanh va khong gian bo nhé 16n d€ huan luyén va
thuc thi tac vu nhan dang. Pugc minh hoa trong Hinh
la, mang CNN bao gém nhiéu 16p dugc t6 chiic lién
tiép nhau gém 16p tich chap (convolutional layer), 16p
téng hop (pooling layer) va 16p két néi day du (fully-
connected layer). Khdi lugng tinh todn cia mang
CNN cht yéu ndm & cdc phép todn tich chép (con-
volution), gom phép nhan va phép cong don, dé trich
déc trung cac d6i tugng anh ngo vao.

Trong tic vu nhén dang anh dugc thuc thi boi cac
mang CNN, phép tich chép gitta mét phin cta anh
ngd vao (receptive field) va bo loc (kernel) cé thé
thuc hién bang phép nhin ma tran trén tiing phin
tli (element-wise product)!. D& dat dugc ti 1é nhan

dang anh cao, thong thudng mang CNN dugc tao bsi
nhiéu I6p tich chap ghép lién nhau trong dé céc trong
s6 huén luyén dugc biéu dién véi dit liéu ddu chim
dong (floating-point number). Viéc thuc hién phép
toan tich chap véi phép nhan va cong don (Multiply-
Accumulate - MAC), trén céc dit liéu ddu chdm dong
yéu cdu phai cAn mot phén cing tinh todn phtic tap
va cong sudt tiéu thu 16n.

Dé thyc thi mang CNN véi phuong phép trén, thong
thuong cdc may tinh c6 hiéu nidng cao dugc st dung
dé dat dugc yéu cdu vé tinh todn do chinh xdc cao
lan t6c d6 xt Iy nhanh. Diéu nay la mot tré ngai rét
16n d6i véi cac thiét bi nhung véi cdu hinh phén cling
thé{p4. Céc thiét bi nay thudng c6 mot bd xti Iy va bo
nhd giéi han d€ thoa man yéu ciu vé chi phi san xuét
cling nhu t6i uu nang lugng tiéu thu. Ngay nay, nhiéu
phuong phép da dugc dé xudt dé c6 thé hién thuc héa
viéc thuc thi cic mang no-ron nhén tao trén cac phan

cling c6 tai nguyén gi6i han nay>13.

MANG NO-RON TiCH CHAP
Phép toan nhan céng dén

Viéc thuc thi phép toan tich chép gitia anh ngo vao va
bo loc dé trich dugc dic trung cta d6i tugng dugc thé

Trich dan bai bao nay: Khoa P V, Quang TN, Ldm N N. Téi uu cac mang no-ron tich chap trén phan
cling c6 tai nguyén gidi han. Sci. Tech. Dev. J. - Eng. Tech.; 5(1):1332-1341.
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Hinh 1: a) Kién tric mang CNN dién hinh; b) Hoat dong ctia phép tich chap giita dnh ngé vao va bo loc kich thudc

3x3

hién trong Hinh 1b. Bing cich trugt bd loc qua anh
ngo vao va thuc hién cac phép toan nhan va cong don,
16p tich chép thu dugc két qua la cdc ban do déc trung
(feature map) ctia anh ngé vao. Ung v6i méi bo loc va
dac diém cta anh ngo vao (hoidc feature map néu la
déu ra ctia 16p tich chap trude do) ta cin tinh mét ban
do6 didc trung. Nhu vay c6 thé thdy dé thu dugc cac
ban d6 déc trung cia mdt anh ngd vao thi trén mot
16p tich chép cén phai thuc hién rit nhiéu phép toan
tich chap st dung cac phép nhan va cong dén 1>, Bén
canh d6, d6i véi cac tdc vu nhin dang trong thuc t€ thi
anh ngd vao va céc ban d6 dic trung thudng c6 kich
thudc16n. Vi thé, thong thuong hé thong yéu cdu mot
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khong gian luu trii 16n chita tap di liéu cac anh va cac
tham s6 mang thu dugc trong va sau qua trinh huén
luyén. Hién nay, da phin cic mdy tinh dugc thiét ké
theo kién tric Von-Neumann'4. Han ché cta kién
tric nay khi thuyc hién phép toan tich chap trén di liéu
c6 d6 phiic tap cao la xdy ra hién tugng thit c6 chai
vi su tach biét gitia bo xtt Iy va bo nhé 4. Nhu vay,
phép tinh tich chép trén céc kién tric Von-Neumann
sé anh huong 16n dén thoi gian xt Iy hay téc d6 huén
luyén lan nh4n dang ctia mang.

Giai phép tang tan s6 ctia b xti Iy va m& rong khong
gian viing nhé trén b xt ly hau nhu khong phi hop
v6i cac nén tang phan ctng cdu hinh thip. Nghién
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cu®13 chi ra ring viéc tinh toan trén s6 nguyén (in-
teger) dat dugc lgi diém vé mit thoi gian x ly va
hiéu qua ning lugng hon nhiéu lan so véi cac phép
xt ly trén s6 thuc (floating-point number). Bén canh
do, phép xti ly bit va phép cdng la cac hoat dong tinh
toan yéu cau phan cling don gian va thai gian thuc thi
nhanh dang ké so v6i phép nhan va chia.

P4

Hinh 2: C4u tric mach nhan 2 s6 nguyén 4 bit '

Trong hé thdng mdy tinh, phép nhan dugc phat trién
tit thiét k€ ctia mach cong ban phén va toan phan, vi
thé& mach nhan ¢ c4u tric phén cling phtic tap va tiéu
ton thoi gian xt 1y 16n1°-17, Hinh 2 minh hoa thiét
ké dién hinh cho mach nhén 2 s6 4 bit'>. C6 thé dé
nhén thdy rang thiét k€ mach nhén kha phtc tap dya
trén nén tang phép cdng va dich dii liéu. Vi thé, d€co
thé hién thuc héa viéc thuc thi cdc mang CNN trén
cac phan ciling c6 tai nguyén gidi han nhu cac thiét
bi dién tt nhing can phai phan tich cu thé hoat dong
ctia phép tinh tich chép va nghién ciiu, dé xuit cac giai
phép t6i vu hda thiét ké phan ciing thyc thi phép tinh
nay trén cac mang CNN.

Luong tif héa va phuong phap tinh toan
trén sé nguyén

Céc nghién ctiu trude day da khao sat sy phéan b gia
tri ctia cac tham s huén luyén va tin hiéu kich hoat
ngd ra trong mang no-ron nhén tao® 3. Muyc dich
clia cac nghién cttu nay nhim d€ gian lugc sd bit can
thiét d€ biéu dién céc gid tri nay. Diéu nay gitp gidm
bét yéu ciu vé khong gian ving nhé chiia cac tham s6
huén luyén ciing nhu cac phan ciing xt ly tinh toan.
Céc nghién ctiu da chi ra ring tham s6 hudn luyén va
ca tin hiéu kich hoat déu c6 thé dugc lugng ti héa
v6i 86 bit nho hon nhiéu so véi viée st dung s6 c6

dédu chdm dong kich thudc 16n nhu 32 bit hodc 64 bit.
Két qua la cac hé thong nhan dang st dung céc gia tri
lugng tt hoa (Quantized Neural Networks — QNN) ra
d6i%°. Caché thong nay c6 uu diém 16n 1a t6c do xt
1y nhanh va thiét ké phén cting gian lugc hon, nhung
nhugc diém 1a ti 1¢ nhan dang thudng thip hon cac
hé thong st dung s6 ddu chdm dong. Tuy nhién, bing
cach st dung cac giai thuét lugng t& héa phti hop, su
chénh léch nay 6 muc chdp nhan dugc.

=1/+1

Hinh 3: Mang nao-ron nhi phan

Mang no-ron nhi phén (Binarized Neural Networks —
BNN) 10-12 13 mot truong hop déc biét cia QNN khi
ca tham s8 hudn luyén va tin hiéu kich hoat déu dugc
lugng t thanh cac gia tri nhi phan nhu minh hoa
trong Hinh 3. Nhu véy, trong qua trinh huén luyén
mang, thuat todn sé thay d6i gia tri cta cdc tham s6
d€ tré thanh -1 hodc +1. Ham kich hoat (activation
function) trong mang BNN st dung la Sign(x) thay vi
sti dung cac ham phuc tap khé dugc thyc thi véi phan
cting don gian nhu Sigmoid hay ReLU. Ham Sign(x)
dugc st dung dé xét ddu cho két qua phép nhéan cong
dén (x) sao cho thoa cong thic (1)

x? = Sign = {

Nhu véy ngo ra ctia ham kich hoat Sign(x) c6 gia tri
-1 hodc +1 nhu dugc minh hoa trong Hinh 3. Bing
viéc lugng ti hoa nay, phép tich chip gébm phép nhan

+1,if x>0

—1,ifx<0 )

va cong don sé yéu ciu phan cling don gian hon so
v6i viée tinh todn trén gid tri s6 d4u chdm dong va
kich thuéc 16n. Vi dy, véi truong hop gid tri ngd vao
X[3:0] = {1; -1; -1; 1} va tham s6 hudn luyén W[3:0]
= {-15 -1; -1; 1} nhu thé hién trong Hinh 4a, ta cin st
dung 4 phép nhan va phép cong s6 2 bit c6 ddu dé thu
dugc két qua phép tich chap co gid trila 2. Tuy nhién,
khong gian viing nhé d€ chiia cac tham s6 huén luyén
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va phén cting dé xti ly phép tich chap c6 thé dugc gian
lugc t6i da chi st dung 1 bit néu thuc hién thao tic ma
hoéa nhdm loai bo bit ddu chuyén gid tri +1 va -1 thanh
1 va 0 tuong ting nhu thé hién trong Hinh 4b.

Conventional

multiplication XNOR'POPCOU1

D, D
N1 ENED I LY O ) X KA

MULT XNOR

ELEEY  wEhDIE
@ [2ftfaf1] @ fofi]]7]

4

S =AM A1) =
2

S =2*bItON-(N+1)=
2+3-(3+1) =
2

Hinh 4: Phuong phap thuc thi va két qué cta nhan
cdng dén cac s6 nhi phan 1,-1 st dung: a) phuong
phdp MAC; b) phuong phdp XNOR-popcount

Ngoai cac 1énh xt ly todn hoc nhu cong, trii, nhén,
chia, thiét k€ bén trong cta khoéi tinh todn s6 hoc
trong cac bo xu ly may tinh ciing chida cac phép xu
ly bit hay con goi la bitwise. Cac phép tinh trén bit
nay dugc ciu tao tli phan cling la cic cdng ludn ly
(logic gates). Céc cdng luan ly nay dugc két hgp dé
cdu thanh nén cic thiét ké tinh toan phtic tap nhu céc
mach t6 hgp, tudn tu va cic bo diéu khién. Vi thé,
xét vé€ hiéu nang cong sudt tiéu thu va thoi gian tinh
toan thi hoat dong xt ly bit sé mang lai hiéu ning t6t
hon!7. Phuong phap xit Iy XNOR-popcount '* dugc
trinh bay trong nghién cttu nay nham thay thé hoan
toan cho phép tich chap khi ca tham s6 huan luyén va
tin hiéu ngd vao dugc ma héa nhi phan thanh 0 hoic
1. Phuong phap xt Iy XNOR-popcount dugc thé hién
theo cong thiic (2) dudi day.

XW=2YY XNOR(X;, W;)—N )

Trong do6, X la vec-to clia anh ngd vao hodc ngo ra
cua ham kich hoat. W la vec-to dugc tao thanh tu
cc tham s6 hudn luyén. N la d¢ dai véc-to. Thiét ké
kién tric XNOR-popcount v6i 3 thao téc chinh gém
(1) thuc hién xt Iy XNOR trén 2 s6 nhi phan 1 bit,
(2) thuc hién Popcount dém t6ng s6 bit 1 6 trong két
qua XNOR, va (3) thuc hién 2x S - N trong d6 S la
téng sO bit 1, N la chiéu dai ¢ dinh ctia vec-t. Nhu
minh hoa trong Hinh 4b, phin cting cin thiét dé xu
ly XNOR-popcount gébm cdc cdng XNOR 2 ngé vao 4
bit, mach cdng tinh t6ng cac bit 1 ctia két qua XNOR,
mach dich tréi d@ liéu nhdm thyc hién phép nhén 2,
va mach trii 2 s6 4 bit. Dic biét d€ gidn lugc t6i da vé
mat phin cting thi todn hang 2 trong hoat dong trti c6
thé dugc dit c¢6 dinh boi gid tri N la kich thude ctia
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bd loc va di dugc dinh sdn. So sanh v6i phuong phap
nhan cong don MAC, phén ciing XNOR-popcount &
Hinh 4b ¢6 phén cling dugc gian lugc nhung két qua
tinh todn tuong duong.

PHUONG PHAP

Thuc nghiém véi phép nhan céng don trén
s6 ¢6 dau cham ddng (FP-32) va sé nguyén
(INT-32)

Dé thuc nghiém sy anh hudng ctia phép nhén s6 thuc,
s6 nguyén va phuong phap thay thé XNOR-popcount
lén hiéu nang cua hé théng, nghién ctiu nay sé thuc
thi va danh gid cac thiét ké mach nhén véi s6 thuc,
s6 nguyén va phuong phap thay thé st dung cac hoat
dong tinh todn trén bit. Hinh 5 thé hién dang song
ctia cac hoat dong tinh todn néu trén. Gid st ring
trong mang CNN, cac phép tich chap dugc thuc hién
trén ma trn 2 chiéu ctia anh ngd vao va bo loc véi
kich thudc 3x3. Trong phuong phép truyén théng ap
dung trén cdc mang CNN, cén thiét phai st dung 9 bo
nhan s6 32 bit ddu chdm dong hodc s6 nguyén va cac
mach cong don két qua. Tuy nhién, véi phuong phap
XNOR-popcount chi can st dung cac mach xu Iy bit
va dich ciing nhu mach trti s6 9 bit.

Dang song cua thiét ké XNOR-popcount hoat dong
6 tdn s6 1GHz, dugc minh hoa trong Hinh 5c. Tai
thoi diém t = 1ns, gid tri ngd vao thu nhét 1a in1[8:0]
= “000000010” va ngd vao thi hai la in2[8:0] =
“000000001”, két qua phép XNOR dugc thé hién véi
thanh ghi 8 bit xn[8:0] = “111111100”. Thanh ghi 4 bit
pc([3:0] dugc stt dung d€ luu trit s6 bit ‘1’ c6 trong két
qua XNOR. Cudi cung, thanh ghi 4 bit result [3:0]
chtia két qua XNOR-popcount. Trong trudng hop
trén thanh ghi result c6 gia tri la ‘5’ tuong duong véi
két qua c6 dugc tit phuong phap nhén cong dén khi
hai ngd vao lan lugt la in1[8:0] = {-1; -1; -1; -1; -1; - 1;
-1; +1; -1} va in2[8:0] = {-1; -1; -1; -1; -1; -1; -1; -1;
+1}.

Tt két qua phan tich cong suit dugc tdng hop bing
phan mém ISE Xilinx XPower 18, gid trj cong sudt tiéu
thu cua tling thiét k& dugc thé hién trong Hinh 6.
Cong sudt tiéu thu tai tdn s6 100Mhz ctia hoat dong
MAC trén 2 vec-to 9 bit v6i s6 c6 ddu chdm dong (FP-
32), v6i s6 nguyén (INT-32) va phuong phép thay thé
MAC st dung XNOR-popcount dugc thé hién trong
Hinh 6. C6 thé thay thiét ké MAC vdi s6 32 bit ddu
chdm dong tiéu thu cong sudt 16n nhat la 330.7mW.
Khi thyc hién MAC trén s6 nguyén 32 bit, cong suét
gidm di 3 14n con 97.4mW. DPéng chu y, cong sudt
tiéu thu c6 thé gidm gan 24 lan tit 330.7mW xudng
13.9mW khi sti dung phuong phap XNOR-popcount
v6i phén cling don gian.
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Hinh 5: Dang séng cla thiét ké mach nhan 2 s6 véi a) s6 dau cham dong 32 bit b) s6 nguyén 32 bit ¢) XNOR-

popcount trén 2 vec-to 9 bit
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Hinh 6: Céng suattiéu thu clia hoat déng nhan 2 ma
tran kich thudc 33 tai tan sé f=100Mhz trén tting
thiét ké phan cting

Thuc nghiém trén mang no-ron tich chap
v@i tap dif liéu CIFAR-10

Nhim danh gia hiéu ning vé thoi gian xi ly cta
phuong phip XNOR-popcount khi thay thé hoat
dong MAC trén cac mang CNN thong thudng, nghién
ctiu nay da thuc nghiém mot s6 mang CNN véi ciu
hinh phén ciing khic nhau dé€ thyc thi téc vu nhén
dang dé6i tugng trén di liéu anh mau CIFAR-10 st
dung nén tang FPGA. Trong d6, CIFAR-10 la mot tap
dit liéu dnh mau phé bién trong linh vuc thi gidc may
tinh 1. Tap dii liéu nay chita 60.000 dnh véi 50.000
anh lam tap di liéu huén luyén va 10.000 anh lam tap
dit liéu kiém tra. Dugc minh hoa chi tiét trong Hinh
7a, cac anh c6 kich thudc 32x32x3 pixels dugc phan
b6 déu cho 10 16p tuong ting véi 10 d6i tugng nhan
dang nhu may bay, xe hoi, tau thay, xe tai...

Hinh 7b thé hién so d6 khéi hé théng dugc st dung
trong nghién ctiu nay. Trong d6, mang CNN st dung
kién tric dugc mo ta nhu trong Bang 1 d€ nhan dién
cac anh trong tdp CIFAR-10. Trudc tién, nghién ctiu
s& hufn luyén mang CNN véi céc trong s6 stt dung
gid tri s6 ddu chdm dong, cc trong s6 va gia tri ngo ra
ctia ham kich hoat sau d6 dugc lugng ti hoa véi s6 bit
6 dinh dé tao ra cac ciu hinh mang CNN khéc nhau.
Toan bd qua trinh huén luyén va lugng ti héa dugc
khao sat va thuyc hién trén cac mdy tinh hiéu ning
cao vGi ngdn ngit cdp cao Python. V6i sy ho trg caa
cong cu téng hgp phén ciing Vivado cta hang Xilinx,
céac cdu hinh mang CNN khac nhau st dung phuong
phép nhén cdng don (MAC) théng thudng va phuong
phép thay thé XNOR-popcount dugc cdu hinh mét
cach linh hoat 1én phén cting FPGA PYNQ-Z2 20,

V6i nén tang phan cting PYNQ, nha thiét ké c6 thé
viét ma tryc tiép bing ngén ngii cdp cao Python dé
thuc thi mang CNN trén ca b xt ly 32-bit ARM
Cortex-A va phén cling FPGA v6i cdu hinh mo6 ta
chi tiét trong Bang 2. Su két hgp nay mang lai mot
giai phdp hiéu qua d€ thuc thi va danh gid hiéu ning
ctia cdc mang CNN trén cdc cdu hinh phén cling khac
nhau mét cach linh hoat ma khong doi hoi nha phat
trién phai c6 kién thiic chuyén siu vé thiét ké phan
cting. Dua trén dic diém ctia nén tdng PYNQ, céc
mang CNN véi trong s6 va gia tri ham kich hoat dugc
lugng ti dugc thuc thi trén ca bd xti Iy ARM va phin
cting FPGA mot cach nhanh chéng. Tu d6, viéc dainh
gid hiéu nang cta thiét ké bao gém t6c do xu ly, ti 1¢
nhéin dang va tai nguyén phan cting dugc phan tich
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Hinh 7: Danh gia hiéu nang nhan dang ctia mang CNN véi a) bd anh CIFAR-10; b) phan cliing PYNQ-Z2

mot cach cu thé. Ngay nay, mot s cong cu da duge
gi6i thiéu d€ ho trg viéc chuyén d6i ma lap trinh cép
cao nhu Python cho thuc thi cic mang CNN trén bo
xt ly da dung sang ma mo ta phan cting nhdm thuc
thi cdc mang CNN trén phan cting FPGA 2122,

Kién tric ctia mang CNN gém 6 16p tich chap (con-
volution) va 3 16p két néi ddy du (fully connected) véi
hon 10 triéu tham s6 st dung trong nghién ctiu nay
dugc thé hién chi tiét trong Bang 1. Trong d6, cic
16p tich chap st dung céc bo loc c6 kich thuée 3x3.
C6 thé théy ring, cdc 16p tich chép trong mang c6 s
lugng tham s6 it hon so véi cac 16p két néi day du boi
cdc tham s6 nay dugc chia sé trong méi 16p tich chap.
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Tuy nhién, cac 16p tich chap yéu cdu s6 lugng 16n cac
phép nhén ma trén gitta kernel va receptive field. D€
dap tng dugc yéu cdu nhén dang déi tugng thoi gian
thuc thong thudng phén ciing phép nhén va cong dén
phai dugc thuc thi v6i tdn s6 cao. Diéu nay 1a mot trd
ngai rdt16n cho cac thiét ké hé thong nhuang khi bi gidi
han bai tdn s6 hoat dong va cong sudt tiéu thu.

Nghién ctiu nay danh gia cac thiét ké gom mang CNN
sti dung s6 ddu chdm dong 32 bit (CNN-FP32), mang
CNN dugc lugng ttt héa & cip do nhi phan véi 1 bit
cho tham s6 huén luyén va tin hiéu kich hoat (QNN-
WI1AL1); 2 bit cho tham s6 hudn luyén va tin hiéu kich
hoat (QNN-W2A2); 1 bit cho tham s huén luyén va
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Bang 1: Kién truc mang cnn nhan dang cac déi tugng
trong tap dir liéu CIFAR-10

Lép mang Bo S$6 lugng tham s6
loc
Convolution 3x3 3%x3%x3x128 = 3,456
Convolution 3X3 3x3x128x128 = 147,456
Convolution 3x3 3%x3x128x256 = 294,912
Convolution 3x3 3x3x256x256 = 589,824
Convolution 3x3 3Xx3%x256x512 =
1,179,648
Convolution 3x3 3x3x512x512 =
2,359,296
Fully connected 1024 %4608 = 4,718,592

Fully connected 10241024 = 1,048,576

Fully connected 1024 x10 = 10,240

T6ng cong 10,352,000

Bang 2: Cau hinh phan cliing ARM va FPGA

ARM FPGA
Dong san phdm  Cortex-A9 Artix-7
Tai nguyén xti  Loikép 215 ngan cong
ly logic
Tidn s6 hoat 650 MHz 100 Mhz
dong
Bo nhé SRAM 8 MB 630 KB

2 bit cho tin hiéu kich hoat (QNN-W1A2). Thiét ké
ctia mang QNN-W1A1 con c6 tén khac la mang no-
ron nhi phan (Binarized Neural Network - BNN), day
la truong hop déc biét cia mang QNN khi ca tham
6 hudn luyén va tin hiéu kich hoat déu dugc thé hién
béng gid tri nhi phan.

KET QUA

Hinh 8a minh hoa ti 1é nhan dang cta céc thiét ké
mang CNN. Trong d6 mang CNN-FP32 st dung hoat
dong MAC thong thuong véi s6 ddu chdm dong dat
dugc ti 16 nhin dang cao nhét véi 87.32%. Mang
QNN-W1A1 véi cac tham s6 huén luyén dugc lugng
tt hoa voi 1 bit ¢6 ti 1é nhin dang giam khoang 8%
con 79.15%. Khi thuc hién nang s6 bit lugng tit hoa
cho ca tham s6 huén luyén va tin hiéu kich hoat 1én
thanh 2 bit véi QNN-W2A2, ti 1é nhén dang tang lén
gan 5% ti 79.15% 1én 84.22% nhung do phtc tap vé
phén cting xt ly va khong gian bo nhé luu trii ciing
tang theo. Ddc biét, ddi v6i cdu hinh QNN-W1A2,
ti 1¢ nhan dang 13 80.58% x4p xi v6i cdu hinh QNN-

W1A1. Diéu nay cho thdy s6 bit biéu dién cho ngo
ra no-ron hay tin hiéu kich hoat trén cic mang CNN
khong anh hudng 16n dén ti 1¢ nhan dang so véi cac
trong s6 huin luyén. Két qua nhén dang trén cac doi
tugng ctia CIFAR-10 véi tiing thiét ké mang QNN
dugc minh hoa chi tiét trong Hinh 8b.

90

87.33

Recognition Rate (%)

CNN-FP32 QNN-W2A2 QNN-W1A2 QNN-W1A1

T L] T T T T T .2 . | P, T ;3 T
W] ONN-CvW AT
] ONN-CrvWW 1A2

QNN-Crviv 242 ]

60
40

20 Bk

Recognition Rate (%)

Object

Hinh 8: a) Ti 1é nhan dang ctia mang CNN s{ dung
cdu hinh phan ciing khéac nhau; b) Ti 1é nhan dang
cla 10 d6i tugng trong tap dir liéu CIFAR-10 trén 3
cdu hinh CNN

Phuong phdap XNOR-popcount v6i phén cting don
gian gitip tang toc do thuc thi ctia 16p tich chép trong
mang CNN. Nghién ctiu nay ciing da so sinh hiéu
nédng thyc thi cac cdu hinh mang khéac nhau trén ca
b xti Iy nhing va phén cting tai cdu hinh trén FPGA
dugc tich hgp trén nén tang PYNQ. Hinh 9a minh hoa
hiéu nang xu ly ctia cac phuong phap thuc thi mang
CNN trén cac nén tang phan cting khac nhau khi xét
thoi gian cin thiét € nh4n dang tiing anh ngo vao.
Trong d6 dudng dut nét thé hién cho hiéu ning xt ly
ctia phan cting FPGA va duong lién nét thé hién cho
hiéu nang cic mang CNN thuic thi trén bo xti ly ARM-
Cortex A. Hiéu ning xt Iy dugc do ludng bang thong
s6 khung hinh trén giay (frame per second - FPS).

Tu két qua Hinh 9a, c6 thé thiy rang su danh déi vé
ti 1é nhan dang da mang lai cai thién rét 16n vé t6c
do xt ly. Thiét ké phan cing XNOR-popcount khi
thuc thi mang QNN-W1A1 véi tham s6 hudn luyén va
tin hiéu kich hoat 13 1 bit nhi phéan dat hiéu ning cao
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Hinh 9: a) Hiéu nang xu ly do ludng bang FPS déi
vGi mang CNN trén cac nén tang va cau hinh phan
cting khac nhau b) Tai nguyén phan cting dugc st
dung trén FPGA gom Lookup Table, Flip-flop va bo
nhd can thiét dé thuc thi mang QNN-W1A1 va QNN-
W2A2

nhét khi c¢6 thé nhin dang dugc 630 khung hinh/giéy.
Trong khi d6, mang QNN-W2A2 véi tham s6 huidn
luyén va tin hiéu kich hoat 13 2 bit nhi phan cn st
dung phan ciing MAC d€ xu ly s6 nguyén 2 bit ¢
hiéu ning gidm hon 3 1an khi chi nh4n dang dugc 205
khung hinh/gidy béi mang nay yéu cdu st dung cac
phép nhén s6 nguyén cé d6 phiic tap cao hon so véi
phuong phap XNOR-popcount. Trong trudng hop
thuc thi mang CNN trén bd xti Iy ARM-Cortex A,
hiéu nang xt Iy ghi nhén chi dat 0.6 khung hinh/giay
d6i v6i cdu hinh QNN-W1A1 va khi st dung cdu hinh
QNN-W2A2 hiéu nang giam di rdt nhiéu chi con 0.1
khung hinh/giay.

Dua trén Bang I, ta c6 s6 lugng tham s6 ctia kién tric
mang CNN 14 10,352,000. Néu cac tham s6 nay dugc
biéu dién boi cic gid tri ddu chdm dong 32 bit thi b
nhé t8i thiéu dugc yéu ciu tuong ting 1a: 10,352,000
X 32 = 331,264,000 bit = 41,408 KByte. Tuy nhién,
mang QNN-W1A1 véi cac trong s6 va gia tri ham kich
hoat dugc lugng tt 1 bit kich thuéc Iuu tri t6i thiéu
la: 10,352,000 bit = 1,294 KB tuong tng gidm 32 lan
so v6i mang CNN khong lugng tti. Thém vao d4, kién
tric mang CNN dugc st dung trong nghién ctiu nay
yéu cau mot lugng tai nguyén rat 16n trén FPGA dé
thuc thi va khong pht hgp v6i cdu hinh phan clng
FPGA dugc hd trg trén PYNQ. Két qué tai Hinh 8a
cho théy khi so sanh véi QNN-W2A2 thi BNN hay
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QNN-WIALI c6 ti 1¢ nhin dang giam khoang 5% ti
84.22% xudng 79.15% nhung dem lai toc do xu ly
nhén dang nhanh hon gdp 3 lan tuong tng la 630
khung hinh/giy so v6i chi 205 khung hinh/giay dat
dugc bdi QNN-W2A2 nhu thé hién trong Hinh 9a.
Hiéu nang xu ly ting bat nguon tit thiét ké phén cling
ctia mang QNN-W1AI1 don gian hon so véi QNN-
W2A2. Hinh 9b thé€ hién tai nguyén phan cling trén
FPGA can thiét ké xay dyng 2 mang trén bao gém cac
thanh phan logic ctia mach t6 hgp, tudn ty ciing nhu
bd nhd luu tri.

THAO LUAN

Muc dich cta nghién ctiiu nady nham chi ra nhiing
diém han chélién quan dén thoi gian thuc thi va cong
sudt tiéu thu khi may tinh st dung phuong phap nhin
va cong don trén cac dit liéu phtic tap c6 ddu chdm
dong déxiily tinh todn céc tdc vu nhin dang véi mang
no-ron nhan tao. O nén tang két noi van vét (Inter-
net of Thing - IoT) céc thiét ké mdy tinh da phan dugc
nhing vao trong cac hé thong thong minh va dugc dat
phén tdn & nhiéu noi khac nhau st dung nguén ning
lugng gi6i han tli pin hodc cac ngudn nang lugng tai
tao nén cong suét tiéu thu 1a moét vin d€ rit quan trong
can phai xem xét. Bén canh do, cic mdy tinh nhing
v6i tai nguyén phén ciing gi6i han da phan sé hoat
dong véi chiic ning phan loai dii liéu tho cdm nhan tu
modi trudng bén ngoai thong qua cac cam bién trude
khi dua di liéu da dugc xi 1y co ban 1én cdc mdy tinh
¢6 hiéu ning cao hon nhu cidc may cht. Vi thé, thsi
gian thyc thi can dap ung nhanh d€ cap nhat kip thoi
véi sy thay d6i lién tuc tit moi trudng bén ngoai.
Viéc so sanh va phan tich hiéu qua tinh toan trén hai
nén tang bo xu Iy nhing ARM va phén cting thay thé
dugc thuc thi trén FPGA 1a nham chi ra rd sy khong
phtt hgp dan dén mot hiéu nang thyc thi thép trén cac
may tinh nhing ARM khi thuc thi cac c4u tric mang
no-ron kich thudc 16n véi di liéu hudn luyén phiic
tap. Giai phap dua ra la két hgp song song phuong
phép lugng tii héa dii liéu hudn luyén va phuong phap
xt ly bit XNOR popcount thay thé cho phuong phap
nhén cong don thong thusng thi hiéu ning tinh toan
ctia hé théng dugce cai thién ddng k€ v6i tilé nhan dang
chép nhan dugc trén cic mdy tinh nhing.

Nghién ctiu nay di chi ra néu 4p dung giai phap néu
trén thi thoi gian thuc thi cé thé giam 1000 lan & ti 1é
nhéin dang x4p xi 80% khi so sanh véi phuong phéap
sti dung nhan céng don véi di liéu c6 ddu chdm dong
trén thi€t k&é mdy tinh nhung ARM-Cortex A. Bén
canh d6, mot két qua thyc nghiém trudc d6 tit hiang
cong nghé ARM da dua ra danh gia hiéu nang cta
mang CNN trén thiét ké may nhiing ARM-Cortex M.
Nghién ctiu clia Liangzhen Lai va cdc cong sy?’ da
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sti dung tép dit liéu CIFAR-10 va cho khd niang nhin
dang dugc 10 khung hinh/gidy tai tan s6 hoat dong
216Mhz khi cdc trong s6 hudn luyén dugc lugng ti
héa thanh céc gia tri 8-bit.

KET LUAN

Nghién ctiu nay phén tich va chi r6 nhiing nguyén
nhan lam gidi han hiéu nidng ctia mang no-ron tich
chap. Phép nhén tich chép von yéu ciu thoi gian tinh
toan ddng ké, 1a nguyén nhan chinh din dén kém hiéu
qua ca vé nang lugng tiéu thu va thoi gian thuc thi téc
vu nhén dang ctia CNN. Bang viéc phén tich cc yéu
t6 v€ mit cong sudt tiéu thu va t6c do xu ly trén mang
CNN v6i cac thiét k€ phan cing khac nhau, c6 thé
thdy viéc gian lugc hoa phan ciing d€ xti Iy cac di liéu
s6 nguyén c6 kich thudc nhdé mang lai hiéu qua cao vé
hiéu nang. Trong do, phuong phap XNOR-popcount
véi thiét ké phin cling gian lugc lam tang toc do xt ly
1én hon 1000 14n, cong suét tiéu thu gidm 24 lan vdi ti
1é nhan dang chdp nhan dugc khi so v6i mang CNN
sti dung hoat dong MAC thong thuong trén cac bo xtt
1y nhing thong thudng.

LGOI CAM ON

Nghién cttu nay thudc dé tai nim 2022 dugc hé trg
kinh phi bgi Truong Pai hoc Su Pham Ky Thuét Tp.
H6 Chi Minh.

XUNG POT LOI ICH

Nhém tac gia xin cam doan rang khong co bt ky xung
dot lgi ich nao trong cong bé bai bao.

PONG GOP CUA TAC GIA

Pham Van Khoa la tdc gia chinh dua ra y tudng va cha
dé nghién ctiu, mo6 phong, thuc nghiém cac noi dung
va viét ban thdo.

Tran Nhat Quang da thao luan vé cac vin d€ nghién
ctu va cung tham gia viét ban théo.

Nguyén Ngoé Lam da tham gia gop y hiéu chinh ban
thao.
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ABSTRACT

Convolutional neural networks (CNNs) play an important role in many computer vision applications
such as object classification and recognition. To achieve high recognition rate, these neural net-
works are usually implemented on high-performance computing platforms with high processing
speed and large memory. This is a big obstacle for deploying these models on devices with lim-
ited hardware resources such as embedded computers. For convolution layers, it requires a lot of
multiply-accumulation operations to extract useful features from input images. Furthermore, mul-
tiplication of floating-point numbers has long latency and demands a big hardware overhead. In
this paper, we analyze and identify the causes that limit the performance of CNNs. Then a method
for implementing convolutional networks on hardware with limited resources is presented. Per-
formance evaluation in terms of power, execution time as well as recognition rate is presented in
detail. Experimental results on both the FPGA hardware platform and the ARM Cortex-A embedded
processor indicate that CNNs using the XNOR-popcount approach can be optimized to achieve a
1000-fold increase in computational performance and approximately a 24-fold reduction in power
consumption compared to the tranditional implementation of CNNs on common embedded com-
puter systems.

Key words: convolution neural network, multiplication, convolution operation, XNOR-popcount,
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