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Design of an ARM and FPGA Heterogeneous
Accelerator for SpMV Computation

ZHU Mingda, XUE Jiging, Al Chunyao
(College of Information Science and Engineering,China University of Petroleum,Beijing 102249, China)

Abstract; To address the problem of inefficient implementation of sparse matrix-vector multiplication
(SpMV) at the edge, the authors study the storage format of sparse matrix and field programmable gate
array ( FPGA ') acceleration method of SpMV and propose a multi-port modified compressed row format
(MCSR) acceleration method combined with task-level data-level hardware optimization in ARM+FPGA
architecture. Computational parallelism is improved by using multiple ports to access data in parallel.
Parallel acceleration between and within loops is achieved using dataflow and pipeline. Fine-grained
parallel caching and computation of data is achieved using array partition and stream transfer. The ARM+
FPGA architecture is used,with ARM completing the control of the system and offloading the computation
to the FPGA for parallel acceleration. Experimental results show that the parallel acceleration optimized
ARM+FPGA scheme can achieve up to 10 times acceleration compared with the single ARM scheme. And
the increased resource consumption is within the acceptable range. The results also show that the larger the
matrix size,the more non-zero value, the more obvious the acceleration effect. The research results are of
practical value in the implementation of SpMV computing at the edge.
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indices=[2 0 3023 4 21 3]
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_______________________________

indices_1=[2 0 3 1]
indices_2=[2 3 4 2 1 3]
values_1=[2 1]

values 2=[1 4 2 1]
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1 MCSR F#fi#tgs(
Fig. 1 Schematic diagram of MCSR storage format
1.2 BT E
BEXT SpMV 3z B4 5L, A SCRHE 1RO AL T vk
Iy R AT S FAAE B IR R Al . AR 55 Al ik
- 303 -



www. teleonline. cn

R

2024 4F

G20 T SR SRR, R
£ 1 MCSR A7fiti i 2C R, AT {8 B I S 0 22 i
P55 947 , 8 R B 07 7K S 3045 3 11 P B4 55
AT, BAEH AR o E AL, Koy
FISEIL T BOHE R E B IR AT, T A S BT A
ZAT
1.2.1 %wATE

SpMV B S ITEME 3 MES, BT
i EAT S i BAE A i AR ORI 24 5 1 347
B BE MAT i f A5 5 2] FPGA . W3R FPGA %
D N7l 2 v 10, B 1 B BT, F AR B
value ,indices F RN TCE 25K g b HLEE, AT
Ty AT R R R (R A543 B p 30543 %6F I 22336 11 MCSR )
p I L AR A AR U A B M 5 A B 4 v
p BT HE . p IFEAR (1) PR,

p<b (1)
g+h

FEAE LR RR T i o 1) iy B — 8B4y, S
¥y A FRA7E] BRAM Hf£5i %] DDR v, Bk
p (AT RO/ SpMV TH5 ZE B {H 23 36 I 5% 5 A
2R, 55 % R e 55 0 R W RS | AR SCsk 5 3 1
B p=8 AT,
1.2.2 #HIFER

BOHE FR AL 7 3k SEBAT 55 G K 8, Fu il BB
SAE IR Z R A ERAE IR A T T, RTUs /Bt 4E 3840 RTL
DA a5 =B et e g N U €T R A
BB AT, 90, T 20 7 7 1) B4
%) BRI B A B 22 B 52 0 B 2H 1 I A L S 5 )
M F R TR — Aol B B R BRI Y 3
B, RBAERR AL | 240 R A A A
YERTHE 1 — A~ PR B 6 34 58 G H BT A R 4E 2 Wi
oy, i 2 s,

void top(.....){
N:for(i=L;i<N;i++){

,
P:for(k=1;k<P;k--){
:

s rgerr L

Mewhile(<M){

| Loop_N | Loop_M | Loop_P | | Loop_N | Loop N |

| Loop M | Loop_M |
Loop_P | Loop_P

5 cycle

8 cycle

B2 BERMLFTE
Fig. 2 Data flow optimization method
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Fig. 3 Details of data flow optimization method
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void func(m,n,0) {
for(i=2;i>=0;i--){
op_Read;
op_Compute;
op_Write;
}
3
MUy, ooy
—— >
3cycle 1 cycle
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5cycle
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Fig. 4 Optimization method of circulation flow
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Fig. 5 Details of stream transmission optimization method
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Fig. 6 Acceleration structure of SpMV based on ARM+FPGA
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Resource\Control Step o c1 c
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T 246 1 indices | values BRI IFATEEA | AT, Fl
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Fig. 7 SpMV program analysis
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Tab. 1 Sparse matrix attributes

i L AL T8tm G4 n JEEAH BRI/ % 2D A 3D A
besstk03 112 112 376 2.99
rotorl 100 100 708 7.08
S:f»‘;
besstk05 153 153 2 423 10. 35 \
fpga_dcop_11 1220 1220 5892 0.40
\\
spaceStation_5 1 020 1 020 7 859 0.76 \ N
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Tab. 1( Continuation)

i b 4 P T m SHL n AEEAE TR/ Yo 2D K 3D A
cage8 1016 1016 11 003 1.07 X n
g
“i‘;':"‘,
cage9 3534 3534 41 594 0.333 \\ Q
c—48 18 354 18 354 92 217 0.03 ; *\{
N
mhd4800a 4 800 4 800 102 252 0. 44 -
abtaha2 37 932 332 137 228 1.09 ‘ D
rajat22 39 900 39 900 197 264 0.01 -
TF16 15 437 19 321 216 173 0.07 m
¢7jac080 23 672 23 672 293 976 0.05 -
Sio 33 404 33 404 675 528 0. 06
Thr34c 35152 35152 764 014 0.39
scircuit 170 998 170 998 958 936 0.01
1G5-17 30 162 27 944 103 5008 0.12
mixtank_new 29 960 29 960 1995 041 0.22
TSOPF_RS 28 338 28 338 2 943 887 0.37
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Fig. 8 SpMV calculation running time

®2 SpMV itEZOEEIT LR

Tab. 2 Horizontal comparison results of SpMV calculation core

JE I ms ARM+FPGA

R ARMAFPGA  ARM+FPGA JHTmENE
HARM  JFfTimE JFfm HEARM

i} bl Tk L

besstk03 0.005319 0.0168 0.0165  0.32
rotor] 0.007779 0.0304 0.0247  0.31
besstk05 0.031272  0.0643 0.0295  1.06
fpga_dcop_11 ~ 0.050 811  0.1488  0.033 6 1.51
spaceStation_5 0.073 115 0.1761  0.0348  2.10
cage8 0.078 148  0.2383  0.0352 2.2
cage9 0.508012 0.9333 0.1427  3.56
c-48 1.233822 22179  0.3034  4.07
mhd4800a  0.575088 1.6794 0.1396  4.12
abtaha2 1.280203 5.3214 0.5867  2.20
rajat22 1.957403 3.2580 0.3345  5.85
TF16 L677043 51719 0.3341 502
¢7jac080  2.297791  6.5577 0.4413  5.21
Si0 5.098 102 16.4939  0.8613 5.9
Thr34c 4973272 17.7908  0.8488  5.86
scireuit 6.629088 21.5016 0.9552  6.9%
1G5-17 7.994850 259062 1.1109  7.20
mixtank_new 13.812478 50.1441  1.9557  7.06
TSOPF_RS 30.806370 73.3291 2.9724 10.36
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Tab. 3 Comparison of FPGA core resource usage before
and after parallel acceleration

e JHATHE JHTHE JFATIN IR
i CERTEE ROEAG EUSME SN
M % iR %

BRAM 1824 101 5.54 312 17. 11

Bty

DSP 2520 5 0.20 56 2.22
FF 548 160 4 460 0.81 31778 5.80

LUT 274080 5439 1.98 39 643 14. 46
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