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Two-dimensional (2D) convolution is a very important operation
commonly used in the fields of image processing and convolution
neural networks. In this paper, we designed and implemented a
hardware module that performs two-dimensional convolution for use
in high-speed image processing. The convolution module was
developed using hardware description language VHDL, synthesized
on Xilinx's PYNQ-Z2 development board, and packed into a hardware
library for use in Python development environments for related
applications. Evaluation results showed that using the designed two-
dimensional convolution module could improve the performance of
the convolution operation by a factor of up to 9 times compared with
the performance of the software implementation. The design has
shown its potential in implementing FPGA-based hardware designs
for image processing, pattern recognition, and deep learning
applications.
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Tich chap hai chiéu 1a phép toan rat quan trong dang duoc sir dung
phd bién trong cac linh vyc xt ly hinh anh va mang no-ron tich chap.
Trong bai bao nay, ching toi thiét ké va thyuc thi mot md-dun phan
ctring thyc hién tinh tich chap hai chiéu dé tng dung trong xt Iy hinh
anh téc do cao. M6-dun tich chap hai chiéu dwgc phat trién bang
ngdn ngir md ta phan cing VHDL, dugc tong hop trén board phét
trién PYNQ-Z2 cia hing Xilinx, va dugc dong géi thanh thu vién
phan ctng dé sir dung trong moi truong phaét trién ung dung Python
cho cac ung dung lién quan. Céc két qua danh gia thuc té trén phan
cing cho thay, sir dung mo-dun tich chap hai chiéu duogc thiét ké
gilp cai thién toc do6 thyc thi 1én dén 9 1an so vai thyc thi bing phan
mém, va vi vay cd tiém ning tng dung trong trién khai céc thiét ké
phan cung dya trén FPGA cho céc ung dung xir ly hinh anh, nhan
dang mau va hoc sau.
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1. Giéi thigu

Tich chap hai chiéu (2D convolution) 1a mot phép toan rat quan trong dugc sir dung phé bién
trong cac linh vuc xir Iy hinh anh [1], [2], va gan day da duoc sir dung rat pho bién trong cac
mang no-ron tich chap [3] trong cac ung dung nhan dang mau va tri tu¢ nhan tao. Céac ing dung
xt Iy hinh anh téc d6 cao thuong doi hoi sir dung céc phan ciing chuyén dung cho viéc thuc thi
tich chap hai chiéu nhdm dam bao céc yéu cau khat khe vé toc d cao, kha nang cau hinh linh
hoat, thoi gian va chi phi thiét ké va thuc thi ing dung ngan. Trong cac truong hop ang dung nay,
mang cong lap trinh dugc dang truong FPGA (Field Programmable Gate Array) I& mot nén tang
phan cang cho phép thuc thi cac module gia téc phan ctiing (hardware accelerator) véi hiéu ning
cao va chi phi thap, rat phi hop dé thuc thi céc khéi tinh toan tich chap hai chiéu trong cac tng
dung xir Iy anh téc do cao.

Trong nhiing ndm gan day, cac thiét bi phan cing FPGA méi da duoc gigi thigu, mot trong s6
d6 13 board phat trién PYNQ [4]. PYNQ hd trg phat trién toan bo hé thdng trén chip SoC
(System-on-Chip) véi giao dién diéu khién gitra hé thdng phan mém va phan ciang FPGA c6 thé
dugc thuc hién toan bo trong méi truong phéat trién dya trén ngdn ngir Python, vi vay cho phép
trién khai d& dang cac tng dung xir Iy anh ciing nhu tri tué nhan tao hoan toan trong méi trudng
Python véi d6 linh hoat cao.

Trong bai béo nay, ching tdi thiét ké va thuc thi mot md-dun phan cing thyuc hién tinh tich
chap hai chiéu trén board phét trién PYNQ-Z2 ciia hing Xilinx dé wng dung trong xi ly anh va
trong thuc thi mang no-ron tich chap, biéu dién nhu sau:

$-18-1 (1)
FOm,m) = ) > Wli,jl-1m —i,n — ]
i=0 j=0

Bai b&o c6 nhirng dong gop khoa hoc sau:

- Thiét ké kién trac mo-dun tich chap hai chiéu dua trén ngén ngir mé ta phan cang VHDL,
thiét ké co thé tong hop duoc trén FPGA,;

- Thyc hién danh gi4 hiéu niang cia mo-dun tinh tich chap hai chiéu trén board FPGA PYNQ-
Z2 cua Xilinx, viéc danh gia duogc thuc hién trong moi treong Python.

B cuc cua bai bao gom cac phan sau day. Phan 2 gigi thiéu co s ly thuyét lién quan phép
toan tich chap hai chiéu va board phét trién PYNQ-Z2. Phan 3 trinh bay thiét ké kién tric phan
ctirng md-dun tich chap hai chiéu. Céac két qua danh gia thiét ké trén thiét bi Xilinx FPGA PYNQ-
Z2 s& duoc trinh bay chi tiét trong Phan 4. Trong phan 5, ching tdi tom tit cac két qua dat duoc
va giagi thiéu cac hudng nghién ctru dy dinh trong tuong lai.

2. Co sé ly thuyét
2.1.Tich chdp hai chiéu

Tich chap hai chiéu (2D convolution) 1a mot phép toan co so trong xir Iy anh, duoc sir dung dé
thuc hién cac phép toan loc hai chiéu. Ngay nay, véi su ra doi cua cac mang no-ron tich chap,
phép toan tich chap hai chiéu 12 mot thanh phan quan trong cua c4c mang no-ron tich chap, va
dong gop dén trén 90% khéi luong tinh toan cua cac md hinh thuc thi mang no-ron tich chap.

Tich chap hai chiéu dugc dinh nghia nhu sau. Cho anh déu vao I kich thudc MxN diém anh va
mit na loc W kich thugc SxS phan tir, anh dau ra F c6 cung kich thugec MxN la két qua caa phép
toan tich chap hai chiéu giita anh dau vao | va mit na W dugc xéac dinh theo cong thuc (1).
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Hinh 1. Minh hoa phép toan tich chdp hai chiéu Hinh 2. So d6 khei board mach PYNQ-Z2 [5]

Hinh 1 trinh bay mét vi du minh hoa vé tinh tich chap hai chiéu giita mot anh dau vao kich
thuge 5x5 véi mot mat na loc 3x3. Dé tinh gié tri tich chap cho mdi diém anh, mét cua sb truot
(sliding window) kich thudc 3x3 duoc ding dé lya chon cac diém anh can thiét va sau do thuc hién
phép toan nhan cong tich lily MAC (Multiply-Accumulate) gitta mat na va cac diém anh tuong tng
trong vlng ctra so truot. Trong trudng hop tong quat, dbi voi anh dau vao kich thusc MxN va mit
na loc kich thuéc SxS thi s6 lwgng phép todn MAC can thuc hién Ia MXNXSxS phép toan.

2.2. Board phat trién PYNQ-Z2 FPGA

Chung t6i sir dung board phét trién FPGA PYNQ-Z2 [5] ctia hing Xilinx dé thiét ké va thyc
thi mo-dun tich chap hai chiéu. Board phét trién PYNQ-Z2 1a mét san pham trong dong san pham
chuyén dung cho phét trién hé thdng trén chip SoC cua hang Xilinx. So d6 khdi chic ning cua
PYNQ-Z2 duoc trinh bay trong Hinh 2. Hé thong gom c6 bo vi xir Iy ARM-Cortex A9 16i kép két
hop cling céu trlic FPGA ¢6 thé cdu hinh dwoc dé thuc hién cac md-dun phan ciing. Bo xi 1y
ARM Cortex-A9 15i kép duoc goi la hé théng xir ly PS (Processing System), va cau tric FPGA
dugc goi la mach logic kha trinh PL (Programmable Logic). Cac b9 tang toc phan cung va cac
mo-dun phan cing thudng duoc thuc hién trong PL (cau tric FPGA) va c6 thé diéu khién tir hé
thng xu 1y PS. Bé thuc hién diéu nay, cac thiét ké phan cing trén FPGA & PL dugc xem nhu 1a
cac thu vién phan cing va duoc dinh nghia 1a cac overlay [5]. M6t overlay c6 thé duoc goi thuc
thi nhu mgt ham (thu vién phan cang) tir chuong trinh chay trong b6 xtr ly ARM-Cortex A9 cua
khdi PS dé tang téc ung dung phan mém cho mot tng dung cu thé. Mot tinh ning uu viét cia
board phét trién PYNQ-Z2 Ia hd trg céc tng dung véi giao dién Python cho phép céc overlay
trong khéi PL duogc diéu khién hoan toan bang chuong trinh Python dang chay trong hé thong xu
Iy PS, vi vay gilip FPGA dé dang str dung hon trong cac ung dung thi giac may tinh va hoc may
ngay nay.

2.3. Thiét lap thiz nghiém

Trong nghién ctu nay, chung toi khao sat ba cau hinh phan cting khac nhau caa md-dun tich
chap hai chiéu twong &ng V6i cc kich thuéc dnh dau vao 1a 32x32, 64x64 va 128x128 diém anh.
Mt na loc ¢6 kich thuéc ¢b dinh 3x3 phan tir. Chlng t6i tao 3 overlay Python khac nhau twong
g Véi cac cau hinh phan cimg da chon cia mo-dun dugc thiét ké. Phan mém dwoc sir dung la
Vivado Design Suite 2018.3 Webpack Edition cta hdng Xilinx.
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Hinh 3. So d6 khoi mo-dun tich chdp hai chiéu
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Dinh dang s6 thuc dau phay tinh (fixed-point number) duoc lya chon dé thuc hién cac phép
tinh s6 hoc trong mo-dun tich chap hai chiéu béi dinh dang s6 nay c6 thé dam bao do chinh xac
trong tinh toan cling nhu gitip tiét kiém tai nguy@én phan cung [6]. Chlng t6i st dung bd thu vién
thuc hién phép toan dau phay tinh (fixed-point number) bang ngdn ngit VHDL cua David Bishop
[7]. Binh dang s6 dau phiy dong Q1.7 vdi cac toan hang co do dai 8 bit duoc sir dung trong bai
béo nay.

3. Thiét ké md-dun tich chap hai chiéu

Trong phan nay, ching tdi thiét ké va thuc hién mo-dun tich hop hai chiéu cho cac FPGA
cua hang Xilinx. Hinh 3 trinh bay so @ khéi chung cuia mé-dun dugc thiét ké, gom ba md-dun
con: bo dém dau vao (Input Buffer), tich chap hai chiéu (2D Convolution) va bo dém dau ra
(Output Buffer).

3.1. B¢ dém ddu vao va bg dém dau ra

Bo dém dau vao va bo dém dau ra duoc thiét ké dé hd tro giao tiép gitra mo-dun va hé thng
xir ly. Bo dém dau vao duoc str dung dé luu trit tit ca cac diém anh dén truéc khi gui ching dén
md-dun tich chap. Twong tu, bo dém dau ra s& luu trit tit ca cac két qua duoc tinh toén va thdng
bao cho hé théng xu ly bang tin hiéu “result_rdy”.

3.2. Tich chdp hai chiéu

M6-dun con tich chap - trung tdm cua thiét ké - bao gdm hai khéi: mot bo dém hang (Line
Buffer) va mot khdi muladdtree 3x3 thyc hién chirc niang nhan cong tich lily MAC, nhu trinh bay
trong Hinh 4.

Line Buffer doc dong hinh anh dau vao I(m, n) dé trich xuat chin diém anh 1an can can thiét
cho viéc tinh toan tich chap cua mdi diém anh dau vao. Chin diém anh dau ra tir Line Buffer
duoc Ky hiéu 12 Xmyn (trong d6 m, n = 0, 1, 2) cho phép tinh tich chap & mdi chu ky xung nhip.

Khéi muladdtree 3x3 (xem Hinh 5) thuc hién phép nhan cong tich lily giita c4c gié tri trong sb
Wmn Ca Mat na va 9 diém anh 1an can Xmyn tir Line Buffer, do d6 cung cip két qua tinh tich chap
cho mdi diém anh dau vao I(m,n) tai m&i chu ky xung nhip.

3.3. Tang hep phdn ciing cho mo-dun tich chdp hai chiéu trén FPGA

Bang 1 trinh bay két qua tong hop phan cting ciia mo-dun tich chap hai chiéu trén board
FPGA PYNQ-Z2 tuong ung Vvéi cac kich thudc anh dau vao la 32x32, 64x64 va 128x128
diém anh.
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Bang 1. Két qua tong hop phan citng mo-dun tich chdp hai chiéu trén board PYNQ-Z2

Tai nguyén Téng sb St dyng
32x32 64x64 128x128
LUT 53200 1463 3517 11766
LUTRAM 17400 570 2218 8786
FF 106400 486 559 795

3.4. Dong goi mo-dun thanh Python Overlay

Sau khi tong hop mo-dun tich chap hai chiéu, ching t6i thuc hién viéc dong g6i mo-dun da
thiét ké thanh mot Python Overlay dé c6 thé st dung md-dun nay nhu mét thu vién phan cimng
trong moi truong Python cho cac ang dung lién quan. Giao dién AXI (Advanced eXtensible
Interface) duoc sir dung dé giao tiép gitra mo-dun trén FPGA va bo vi xir Iy ARM-Cortex A9.

4. Két qua va ban luan

Trong muc nay, ching tdi trinh bay két qua danh gia hiéu ning mo-dun tich chap hai chiéu
duoc thiét ké va thyc thi trén board phat trién PYNQ-Z2.

Hiéu ning mo-dun duoc danh gia thong qua hai thong sd: tbe do dinh trén ly thuyét va toc do
hoat dong thuc té cia mo-dun. Téc do dinh (peak performance) cé thé duoc xac dinh thdng qua
md phong hoat dong cia mé-dun bang phan meém Vivado véi gia thiét viéc truyen dit ligu gitra
md-dun va bo nhé ngoai caa hé thong vi xt ly hoan toan khong co tré. ‘Trong khi do, tdc do hoat
dong (sustained performance) cua mo-dun cung cap mét sb do thuc té hon vé gié trj hiéu ning
cho toan hé théng vi co tinh dén thoi gian tré do truyén dit liéu gitta md-dun va bo nhd ngoai.

Bang 2 trinh bay tdc do dinh cua mé-dun dugc thiét ké. Mo-dun duoc thiét ké két ndi hoan
toan theo ciu triic dudng 6ng (fully- pipeline) gitra cac mo- -dun con bén trong nén mo-dun co thé
cung cap két qua tinh toan tich chap cua mdi dlem anh tai mdi chu ky may. S6 chu ky can thiét dé
tinh tich chap cho mot anh dau vao d6i vai ba cau hinh mé-dun lan luot 12 1034, 4106 va 16394
chu ky xung clock, tuong &ng véi cac cau hinh 32x32, 64x64 va 128x128 diém anh. CO thé thay
ca ba cau hinh déu c6 cung sb chu ky tré (overhead latency) la 10 chu ky xung clock. Tc do
khung hinh t6i da & tan sé xung nhip 100 MHz lan luot 1a 96759, 24358 va 6100 anh/gidy cho
cac kich thudc anh dau vao lan luot 1a 32x32, 64x64 va 128x128 diém anh.

Bang 2. Pdnh gid toc dp dinh (peak performance) cua mo-dun tich chdp hai chiéu duoc thiét ké

Thong sé CAu hinh
32x32  64x64  128x128
S6 diém anh 1024 4096 16384
S6 chu ky thuc thi (chu ky) 1034 4106 16394
Thai gian thuc thi tai tin s6 100MHz (micro-gidy) 10.34  41.06 163.94
Tbc d6 khung hinh téi da mai giy tai tin s6 100MHz (anh/giay) 96759 24358 6100

Bang 3 so sanh thoi gian thyc thi tich chap khi st dung md-dun phan cing trén FPGA voi
phién ban thuc thi tich chap bang phan mém chay trén bo xir Iy ARM-Cortex A9 trén cling mot
board phat trién PYNQ-Z2. C6 thé thdy, tdc d6 hoat dong thuc té cia mo-dun thap hon téc do
dinh 1y twéng, su suy giam hiéu ning nay 1a do tr& truyén dit liéu gita md-dun va bd nhé ngoai.
Két qua thir nghiém & Bang 3 cho thay tdc do thuc thi phép toan tich chap hai chiéu bang mé-dun
phan cimg dugc cai thién dang ké so véi tée do thuc thi bang phan mém, véi céc hé sb ting toc
lan luot 12 7,8 1an, 8,6 14n va 9,0 lan twong tng cho ba cu hinh cac kich thudc anh dau vao.

Bang 3. So sanh thoi gian thuc thi tich chdp dung mé-dun phan ciing véi ding phan mém

Thong sé Cau hinh
32x32 64x64 128x128
Thoi gian thuc thi trén md-dun phan cing (gidy) 0,033 0,124 0,487
Thoi gian thyc thi trén phan mém (gidy) 0,260 1,061 4,364
Do tang tdc (1an) 7.8 8,6 9,0
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5. Két luan

Trong bai bao nay, chiing toi da trinh bay qua trinh thiét ké, thyc thi va danh gia mé-dun tinh
tich chap hai chiéu trén board phat trién FPGA PYNQ-Z2 cua hang Xilinx. Ba c4u hinh khac
nhau da dugc phat trién va dong géi thanh cac Python overlay tuong @ng véi kich thude hinh anh
dau vao 1a 32x32, 64x64 va 128x128. Cac overlay nay c6 thé duoc goi thuc thi nhu mot ham tir
chuong trinh Python chay trén board phat trién PYNQ-Z2. Cac két qua thyc thi trén phan ctng
cho thay sir dung md-dun duoc thiét ké cai thién toc d6 thuc thi cua phép toan tich chap dén 9 lan
so vai thyc thi bang phin mém. Qua nghién cau nay, ching toi tin ring md-dun phan cing duoc
thiét ké s& c6 tiém nang (g dung trong trién khai cac thiét ké phan cting dya trén FPGA cho cac
ung dung xu ly anh va hoc sau.

Dé nang cao hiéu qua cua tng dung tinh tich chap trén board phat trién PYNQ-Z2, giao dién
truyén théng giita md-dun va hé théng xtr ly dua trén ARM can duogc cai thién bang cach sir dung
giao dién AXI-Stream véi diéu khién truy cap bo nhé truc tiép. Mot hudng nghién cau khac 1a sir
dung mo-dun tich chap hai chidu dé thuc thi mang no-ron tich chap trén nén tang PYNQ. Nhiing
hudng nghién ctiru nay sé dugce danh cho tuong lai.

Loi cam on
Nghjén ctu nay duoc tai tro boi Quy Phat trién khoa hoc va cong nghé Pai hoc Pa Ning
trong dé tai c6 ma s6 B2019-DN02-61.
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