BFER

12 % 3 4 159 i A Vol. 12 No. 3
2023 £ 5 A JOURNAL OF INTEGRATION TECHNOLOGY May 2023
g1 HE

FEdd, AT, MR 28, 55, FE Tl gu At i85 | BE A BORE R P [R5 o h OV R H 4 R R 4 [J). ERGER, 2023, 12(3):
82-93.

Kang L, Ren XC, Chen YQ, et al. An electrocardiogram arrhtymia classification system based on software hardware co-

design with field programmable gate array [J]. Journal of Integration Technology, 2023, 12(3): 82-93.

ETAIRmISZE IR ENE A R E
BOH R BEsT fea g

V(P OR A LR P8 710065)
TR ERPEBCEDNGE R AR AT I 518055)
Y(RERFEEEHNE S T 529000)

W B IR, OERESEBONERE S NP R A ORI IR IR B L,
B AR O S S R A R IRE RCE TR SRR . IEH I HOASI R B,
LR M AT O LA P TR, TR KI2 W) B A B 2 S (H N T 53 O B R R R 4
SERHPEEAR, PR AERIR N I B AETRTT I ML ROV 2R 2 S AR0TE B 7 T 2 BB 4 S5 M e 4%
Uig, — 77 T AEHE N0 S S AT SRR AT A0 3, — T v T s I RIS K 2 Atk . T AR g
WIS AR EE N ID G B — RSz B, EAEGESAEP LB TR A, B Y
FEIBHR 5 5 AT HEAT SE R K 238, (BT Verilog 8% VHDL #{F#IAE S, BAITFREAYK.
FSCAR TR~ R JE R S R PR S S it v o R IX — ), %SR- Xilink A RVHHE R MR B R gE TR
Vivado HLS, PASZIZET MIT-BIH H4E 52 1 O 0 1o K50, 48 H Xilinx Zynq FPGA {1 A R# {4
P&, fEORETIRE BT IR WS REIR, Z RGN KRR A 99.12%, HAG
o0 JOFHIHFERS 3.185 ms, 540 PS 5 ()8 ARM AZAHLE, 1% RS T 5.64 1% LA ERIIn#EMEfE .

XHER LB OERE S Vivado HLS; Zyng IRA R RS
FESES TP 3914  XEAMARERE A doi: 10.12146/j.issn.2095-3135.20221028001

ks HEA: 2022-10-28 f&EIAHA: 2023-02-10

EEWAB . EEKELAFRIRITE (2020YFC2007203)

E&®NY: g, m#dz, oyt ENUA RGN AR RS TR, BiEsrad, A mAR RS, FPGA HR: MR,
WL, BT N LR R AEME S b, MR, BULEFIUAE, BRI MO AU R A BUE GRIRER) , BYRERFF 5L, BT
75 T A SRR B A ER 2, E-mail: yan.yan@siat.ac.cn.



3 R &, S BT RIRREEE RSB I R R O R E R RS 83

An Electrocardiogram Arrhythmia Classification System Based on
Software Hardware Co-design with Field Programmable Gate Array

KANG Lei' REN Xuchao'” CHEN Yugian® MEI Haihong' YAN Yan™

'( College of Computer Science, Xi’an Shiyou University, Xi’an 710065, China )
*( Shenzhen Institute of Advanced Technology, Chinese Academy of Sciences, Shenzhen 518055, China)
*( Faculty of Intelligent Manufacturing, Wuyi University, Jiangmen 529000, China )

"Corresponding Author: yan.yan@siat.ac.cn

Abstract Arrhythmia classification is a hot topic in physiological signal analysis. Arrhythmias are very
common in clinical practice, and they are accompanied by abnormal patterns and rhythms in the heartbeat
of the electrocardiogram signal. Correct and timely detection of arrhythmias and accurate early warning of
cardiovascular diseases are of particular importance in the early stage of clinical diagnosis. However, the lack of
real time diagnosis of electrocardiogram may delay the best time for patient treatment. Implementing heart rate
disorder classification algorithms at edge-side smart terminals such as wearable devices enable real-time analysis
and processing of electrocardiogram signals. In addition, they improve the flexibility and safety of the devices as
well. By far, the field programmable gate array devices have been widely used in physiological signal processing
as a form of edge computing due to its capability of real-time pipeline operation. Whereas, the field programmable
gate array implementation needs a long development cycle, has high cost and is difficult to debug. To address
these problems, the new high-level synthesis tool Vivado HLS from Xilinx is used to implement the arrhythmia
five classification algorithm based on the MIT-BIH dataset. By using a Xilinx Zynq field programmable gate
array, an average classification accuracy of 99.12% on the electrocardiogram signal test set is achieved. Moreover,
an average of 3.185 ms required to classify a single heartbeat is realized, which leads to a speedup of more than 5.64

times compared to a single ARM core on the pure PS side.
Keywords ECG; arrhythmia classification; Vivado HLS; Zynq embedded system

Funding This work is supported by National Key Research and Development Program of China
(2020YFC2007203)

5l

il

(AR A5 RG34 (I H 4 & 4E) AT LA

AR AT, BTEREAH G, JRATIER
AN N A B BRI PERE B T RUAS . DHAFE & HOAR 55 10 P) SE A A A 1 b SE . AR SCAE B
AR SFTT 32 2R A, ERECEIE SR T ik Vivado mERGE S TE, T C M Cc++
AN B | R4 (system on chip, SoC) KRS HEATRA g2 ™, RAE %7 1E T LU s s
PPk RE, BRI, HETH SoC (W Xilinx Zyngs) — fillfFhnig, @ﬁmﬂ%ﬂ)ﬁﬂﬁﬁkgx, IRHEAT

HHE K ARM AbH % 5l dm e 28 1R (field  THtib.

programmable gate array, FPGA) &5 & 75—t A FPGA 1EN—Fhf el g, ik 7 THE

EP. 455 JRK SoC B ARM AbEEHRS5 FPGA i H AT b o il FE B R AT g A2 A i ™, L3k



84 £ R

HEoOR 2023 4

B KMIZHE R IT, 150 g stk R E
. REFIATIREE S JE T FPGA Bk, (KIIFE
S, EWAMEET T REVHR, DO
{5 5 AL ARV I SIC IS A R 251

2012 4, Chou %573 FPGA &t 7 —Fhy
FWATLLEMEFRFERNRSG, ZRGEAA
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Fig. 1 Comparison of effects before and after denoising
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Fig. 2 Convolutional neural network model structure

R1 DEBERESERBMEREIT
Table1 Arrhythmia classification model performance
evaluation

VR A Recall (%) Precision (%) Fl-score (%)
TEH Dk 99.36 99.86 99.61
PRk 85.84 88.83 91.90
FEPERA OB 99.11 96.24 97.65
FEARS AL T LI 99.70 99.69 99.69
RS A S 98.39 99.69 99.19

2.3 ETF Zynq FPGA I AR BG4

AR O R S REEIRA X RS
T s AT VG H . RRGFIF Zyng-7000
T3 ARM+FPGA FARIZERIFIAR A Y, K%
WEPEP E BT 7k, PASEELO S S T 2R
k. Al YmFEiZ 45 5) (programmable logic, PL)Ii#
it Vivado HLS 2019.2 &2k EiA TH, Witk
DB E W% BB 2 R TR E 1P %
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HCAGEPE B [ BE L E VA TE FPGA FF R AR b SE80
BRFEDPRRG; KHEILE FPGA Ligfrms#
A% 4 TPk R F A AT AN 234
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BEAT AT, e AR TH B 4 R ad i R R (]
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Fig.4 Vivado HLS design flowchart

Vivado HLS HALLFLA: (1) T HLS XH
C/C++ Mgt F AT IR, W LLR I PRE LT
PRELIRE, KOREE 7R . (2) WUl
BT C 15 B DURAESVE T e IERTE AL, I8 AT
F RTL ARRB R ThBELRAE, AH LG TAL 88 105 FARAIE
J5i%, Vivado HLS ZhRERAEHIR E R . (3) K
@SS RAR T EHRML4EY, — BTk
TR, AR E SRR T SO R A T R
H &R 7K
3.1 EBRMEMERE IP #I%1T

HBRAME MR NE 2 fix, HLS TAM
TERE 3 AT IP % BIP . ik 1P
LS R P #%, ASCHIH HLS THSEH T
LR 25 1) S (B ml Ok B it ik 2

GER) MAEREE WA 1P, R sk T VR

I3
3.1.1 ConvlD %Rk TP %

BIZAE NG R E M4 (convolutional
neural network, CNN) R EEN—Z, @idH
PUIZ S0 B 1 B4 AT R . B
125 X £ ELAG s 5 58 EL AU e 2 KRR A, A
HArehg b 28, BEZRNINGES S,
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R BRI E M2 b h g 5 M ERZ
A2 ANERIAGE, SREE I B — ConvlD
BRI TP R e UL E 4> ThAE, BRIEHET
SRR AR AFIE S, B S A ConviID
(1) B8 H5 2 IR 5 R BCRER HLS 3R AR AL S
W L NS4 NG E 1 — 4ERRE B
R sizes NG ERFHEEIANEL ch in; &
FRUZ (05 AR B0 2 S5 40) RFAE SN in;
R Z 5 FOAFAE AN ch_outs 2 BSR4
Weight Al bias H TIRFEZSEL, 23 pool
AT HEAT AR, (E15% 1P A% 0] LA TR [E
Rl E s, B S 4N ConviD IP #%H FTR
QI W A =R
3.1.2 EEE P
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void convld(data_t* in,data_t* weight,data_t* bias,data_t* out,int ch_in

,int ch_out,int size,int pool)

Tz e T

v o, convid(data t* data t* datat* data_t* int, int, int, int) : void

EIE, NI EETFRY, AN S AR A 2 ) 2%
BROCRH— B aiEs:, B TR o vigeE
K. 2EEEFEEXNSEH N ANt E)z
iR in, REEZSHIER weight, fME bias.
Ak, 8 XU out LLORAFAEEE M 45 R,
4% 4% (full connected, FC) JZ At 1T 4 He
{ERITI)Z R 2 BN void fe (data t* in,data t*
weight,data_t* bias,data_t* out), FELZHHAFE
TCRIRCE PR REAT R RIS 5, HH 7 RaE R,
RIBLRKE PIPELINE fRALSR 4 A0 BRE R34 A
AT IFATIZ S

¥ ERWAS 1P EEm S C U, &1
FLRE G, (EE S50 S s A AL
R (L 3.2 /N9), FHIIN Interface 54
WHE IP M, MsEs A~ 1P ki, HT
AR SL A S B R P8 Bt 22 I 24 1) T 1 A%
Dropout EAXEIZRFEH, Fik, NZGHHT
PACBER Z 30 JZ 97 R AE HLS R, IR Ja il

v @ load_bias
v ' for Statement
v ' load_bias_input
%% HLS PIPELINE
v @ load_input
v %' for Statement
v # load_input_loop
# HLS PIPELINE
© tmp
v @ load_weight
v %' for Statement
v ' for Statement

++ memcpy(void *, const void * size_t) : void * etk v ¥ load weight loop
v e, compute_output(data t *, data_t *, data_t (*)[150]), data_t *, int, int, int, int) : void (3 matches) & 4 # HLS PIPELINE
> o, load bias(data_t ()[150], data_t *) : void i © tmp

update_block(int, int, int &, int &, int) : void

@ 0 v v v

o, load input(data t *, data_t (*)[152], int, int, int) : void (3 matches)
o load_weight(data t *, data_t (*)[4](3], int, int, int) : void (3 matches) v
o compute(data_t (*)[152), data_t (*)[4](3], data_t (*)[150]) : void (4 matches)

,, write_back(data t *, data_t (*)[150], int, int, int, int, int) : void (4 matches)

v @ compute
v %' for Statement
compute_loop
% HLS UNROLL
v ' for Statement
v % for Statement
G psum
® mult
G sum
v @ write_back
v ' for Statement
v %' write_back_loop
# HLS PIPELINE
© tmp
> %' for Statement
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Fig. 5 Function hierarchy and optimization strategies



S/HH )% ?‘%7 é:—J‘é:

BT AT g R R TR SRR P R BE T R B 2 R R S 89

ORI E S S T s - R B i I E AT
T A R
32 keSS EE

FEES 3.1 /ANirh, FEOEIS B0 HLS AR
SER A R RTL 4840, AR A1 4 i 5
AT HLS #84, #t— B EPERe. £ Vivado
HLS Zp&kiiry, s BEm e mvE i iets
JEBNERGE . SEAFINTR] . 5 Bl IA]RE 4E R OB Pk
NI TR TAN R, B BB R, RR R At
HEOR SFEAFINTALHR HOE M\ B4 H BT 2 1
(]IS, AR T SRR AT RS R, RN RoR
SEEBLHAT B (AR R . JEIEE HLS =2 IR
gia TRPRMAE R ERATE S, P EAR
(1) RTL 2544, Ai&iiiiesa 4 nr DL in Sk pi b
AT S ek &, S T BN 8 G

ALi%FE PIPELINE. UNROLL. ARRAY
PARTITION £l ARRAY RESHAPE (¥ 2) 543
TR LAY, DA NG R 4 N 2% & 2 AR
WrpsRe iz SR AT, IR R, AT
U7 ie) BV ECAH EAT 43 X, AT 43l 8 0 4 1 ity
k7 oe, HRFEUHENRIITER. ik,
X EEHE A ] B T AN AR J HEARES 5 A
BH, AMOEIN T EAE /S LA, IR
THIREAR, BRI RI) C AU
I SR AR RV R, AT AN TS AR H
ZIRRTTZR, € s 2 7521 RTL fi

FBAET WA TR HLS JEACHS BB AME
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ARSI AR KBRS T & )2 138 S
4, FIH HLS 56 TE, BERMEms 3 4
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Vivado HRBETHH H1IERZ
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KL AR RS block design f & &1
Kl 6 frx, Bt 384 PS . Wit im
NG E M2 ] 2 1P FEd: B ah 4 B &
lZER) 1P FERIEHI AT, BRIEE T2
P iz H AR E AR, SHRZ NS
%4 LUT. BRAM Al FF.

ARSI 5 CA AR g Rk 5 s,
Tsoutsouras 25" E T Zynq-7000 “F6, LT 0
BRE S RRG, NCFrRENNEIS TR
it 7HRIH Vivado-HLS HIMRALARRT R, FHEL—
AN LA BT RO R A I R S8, SR TR
FAEAG I S ) EATL IR 28 BT Zyng W 4 f%
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Table 2 HLS optimization directives

g4 B
PIPELINE T I E A P B R T R AT R A 18 B TR
DATAFLOW RS- Rk E, BREFIEIRFEIN BT, T iR/ Ml R
INLINE PBREREL, MBR TR R BUZ IREG R, T8 I R B0l R AR A, SR8 I 92> bR B0 P 488 ok e 4838 8] B
UNROLL JEFF for EIR AR Z ML IEAE, TAS A HR AT HAT IR0

ARRAY_PARTITION
ARRAY_MAP
ARRAY_RESHAPE

REHN MRS L TR ER Y AT 5

ORISR 53 0 22 A NI S A A 2 A7 s LA X i 7 1R O BR B RAML Jf0
H 2 MNEUNIBEIIAE & A KBRS, DSBS He RAM BRI
SEORMEAL, BB TAENMERE L0 RAM B 0L R it RAM Vi
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Table 3 Applied directives and their parameter configuration
THEA b g4 Variable Factor Dimension

load_input_loop on (on,off)

load_weight_loop off (on,off)
Pipeline

load_bias_loop on (on,off)

write_back_loop on (on,off)

Unroll compute_loop on (on,off)

ConvlD buff in 1 4 (complete,2,4) rows (dim=1)
buff in2 4 (complete,2,4) rows (dim=1)
wt_buff 1 4 (complete,2,4) columns (dim=2)

Partition
wt_buff 1 4 (complete,2,4) rows (dim=1)
wt_buff2 4 (complete,2,4) columns (dim=2)
wt_buff 2 4 (complete,2,4) rows (dim=1)
FC Pipeline compute loop on (on,off)
x4 WRAKREFRFRBER
Table 4 Latency and resource utilization
) Latency/us Utilization (1)
T4 PRI
min max BRAM DSP FF LUT
w4 R 67 67 28 70 11871 18930
ConvlD
eI =Rl 1418 1562 21 13 4388 5667
w4 R 241 241 8 1 2825 3392
FC
IR T 721 721 8 1 2611 3208

Railis 257 5 5 70 B 1O 2 4G I B2 3
IKERTE Zynq SoC FIZATHIITh#E. TERERIGE =
Gy, PPAL T MG A S it 3 T ) R A I )
REBRRIETT SR, FFR5 7 &7 2 B e
T2 (94%) « LB DA K B A5 L o

Zairi Z5PHER T — Rl TN TG R 25 0
AR RG] AR R S R, H
F5T Nexysd Artix7 vHEEM T T I4LTT,
SEERBIUHERRIE 95%, AN EE IR — AN ELE
). IR BN O Il R 4.

AR T Zyng-7000 “F G 0K H 4y
KAEGE, Wil 1 R SR 2 I 28 45 1),
Wi mE R G A TRRRZ MR, Ui
SRRV S, g SR B A e (R 0 B T
%, 1£ FPGA ‘P& FHUS T 99.12% K 5r S

R fEREFETTIH, A RGHIBNASTIFEN 1.893 W
EBFEETTH, KRB0 RF
TR 3.185 ms, TI/EMFEZEMFT, 40 PS i
ARM #% (ARM Cortex-A9) NI 75 % 17.948 ms, A
RENISHIHEE N ARM L FEERH 5.64 f5LL .

g5 bR, RSO TP AR A S R e AN
FATPERIE S, el 1A SRR A B RE, R
VERE IS A 1P A% AR B[R] ¥ i 1) 77 1%
WZAAE FPGA PRSP & ESCIL ORI R
gt, IR VB RAFH 70 281k RE DAL EARAY
Di¥E.
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Table 5 Comparative analysis of the arrhythmia classification’s FPGA implementation with existing research
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