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Abstract:

es, which greatly increases hardware deployment cost of deep learning algorithm. It is a promising scheme to make full use of

Convolutional neural network involves in high computational complexity and excessive hardware resourc-

the information redundancy of sparsity activation between layers can reduce the inference delay and power consumption with
low resource overhead and almost lossless network accuracy. To solve low utilization problem of operation module caused by
coarse-grained control in sparse convolution neural network accelerator, a sparsity-aware accelerator with flexible parallelism
based on FPGA is designed. Convolution operation module is flexibly scheduled based on operation clustering idea,and the
parallelism of input channel and output activation is adjusted online.In addition, a parallel propagation mode of input data is
designed according to the data consistency during output activated parallel operation. The proposed hardware architecture is
implemented on Xilinx VC709. It contains up to 1 024 multiplication and accumulation units and provides 409.6 GOP/s peak
computing power, and the operation speed is up to 325.8 GOP/ s in VGG-16 model, which is equivalent to 794.63 GOP/s of
accelerator without sparse activation optimization. Its performance is 4.6 times more than that of baseline model.
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1 for T),=T,,/2-1 to 0 do

2 // Dtm = ceil(chin /T},) /T
3 if Dtm << T, <=T,, then
4 T, «1<<T,

5 break

6 end

7 end
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for k=0 to ceil(Chout/Tn) —1do

forp=0to7,-1do

for out=h_outxw_outxp toh_outx w_out( p+ 1) do

sum|[T,][7,+1] <0
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end

end

end
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end

end

end

end

for kk=0to 7,— 1 do

form=0to7,—1do

sum[kk][T,, 1= sum[kk][T,, ]+ sum[kk][m]

end

oalhl[wllk x T, + kk] = sum[kk][T, ]

sum[kk][T,]=0

end

end

ZAT 55 R A i B B AT 55 A B A s, i
HA CUPTHIR BRI IE .

4 JniESSTEHEZEH

4 R N AR AL T2 L] . AR I8 SR B CPU [
Bl B P A A T AR s 1T 240 AXTA O 31
AR A AR BT SR R I B AN A . B 3 I AR I
ok H AXTEZ B T T H 3 BL 25 AN ] cluster 4745
IS . Cluster 1Y% A BIIIEAR H . kA i i 1
HEN RS % b AR AR T (B A [R] A i 2
FEiERE DT B i — > A S 8] i R AR
[l A . ol Tl AT 55 12 S A S T TR B
AT 55 (38 B, IR A AR A AN TR s O T R
cluster [P FRAV B R Bie B ) ook

o[RS E AL 2 R ey
w5 -CU 0 cluster| ] ]
& — Esn: - 0B_0
EAES Z |z
4h L% | W 4 i | OB 1 S A
| L .. | (2 & . fi
I feora o o A
cluster d
i G0 [ —* OB_T,/2-1 |
B CU_T,-1 =
j[ 5 A {E

P4 e e At T = P&

4.1 CUSEHHBHBRIEZHE

VE RGBT R B/ NATG, K] 5 TR CU S546 58 1R
BT T PSRRI B8 . i 0 SR 1 45 (Sparse Percep-
tion, SP) M i 22 4% ( Activation Buffer, AB) PN $2H Tn/l\
S P AR A X N stripe FURAS L, A7 1EAE 0 2%
1% nz_buf . nz_buf H H) i B2 {H 1% AN EE 2% A7 (Weight
Buffer, WB) #EAT A -4k, 45 21 7,4~ 38 38 A9 AL
FH A O W 46 T, MAC it R BB

WG EAT M E AT
HT v ks Uﬁﬁ@
1o s
| SEOwGE R0 BE
SP I 2R B S s hC
Stripe_new MAC

5 CUZH

4.1.1 K EHIEER

TEIZAT AT 55 B, B i R4 7 A% vl LAk /b o 5
ek, AT BT i B AF BRI — Bk DA T =4
T, =8 Jp iy i B A = an &l 6 s . iz i3t A 4
AMES S PR T /T =24 CU P . 4 CU
AT Al A G B ()6 BB 5 AR AN CU s 4T —



1814 H, ¥

EE 2022 4

TS5 . BT A AR AR R Y e AT 5%
730053, 15 AE SR AT 55 1 RRAE 1 BT 5 K 1 T A i
HA w_inx (k-stride) P 0E A0EE F &, WA 6 (a) R
WEOER. BT 25581776 CNN B [/ — B2
e RS (R4 55 it FH A IR B AS R L an sl 6 (b)
FIs .

R N

g WBS %

w_inx(k-stride) g WB3 %
s wBoO |[[wB1
(a) WIS A7 (b) BUE LR A7

Ko R AR

AR Kb E B 1 DLEE AT AT 15 i n] Ul R h7
e A VTIR) . AR T (e s o B P — 41 T, (2
{149 BA S 36 B s — R HEAT AR I , BAS rp A — (5 0 L
—> CUBYZAT , AU 1 EAE 57 BT Xk 167 1) G A7 Rl 2247

Ik BRI 2Lt
2" -1
i AN ) i A8 3 %) 5 s S5 K BA B 22 B — o7 LA B
NI 25 47 . Re ok b, 2 T =1 B R da BA 5 R N
“00000001” ,3X 7 bk 5 1% AA A AT IR 745

F T 3 Bl — R AR, A 22 B i SR Dot
Fe A& . AR AT 55 2Z A7 A w_inx (k-stride ) (4 385 5
B, XARILAE N [R] cluster WP A% i 1 2 5 8 1 38005 B0
ISR R ST e = . AL AR T B B i, s
FER 4 A B 9 000000017 ; 7645 4 B S50 a5 4

27 -1
271
W R BAINZERS T, /T A7 s A i ) — 4 55 (4 A [ i A 3
TE T RT INE F JRI HACH K BA S 22 8 1 A7 . X RS A%
iy NBE A T R AR KRR, SO T R A B A
i AT SR
4.1.2 BRHEEE

i AP 225 IO 248 J 3 28 7 41 L 3 R b I i A
) T AN e 2 AR S L AT L L 78 CU Fp 8T A 3
I A () B A 2. RSB SRR S AL R 2 L)
stripe=T AR JE #EAT F-hb . BTG Bk SHAE T, A GE
T R S A SP P S IO AE 0 R CH:
1t stripe H' Y AL offset. 24— stripe T A &5 434
0 B, SPATS 4 H—A> 0 LAE XTI stripe #4747 . A (A
FHRHEAT AR 0 AR T4k, 7E AN stripe v 8 4 o 1
BUF  HCARRLRE S-HE0 B R oXT +offset, % ML hE % 5] 5

BASIEL - AR TR 55 B Xk 107 1) 88 ol

T A% 8 AR b — AN RS A T A AR
AT A MAC Frd i iz A7, SE3 T, /4 i s 38 8 19
HATiEH.
4.2 SHHmMER

T 2 AT 55 7 24 th 2 A4 s 45 5, F 5 —
AME S5 HHEA EB4Y cluster By Y, IG5 B 85— Fl &2
B R A S A L 22 A g i B T A Nk
By BN IER BA T A A A B CU i —
A MAC, I 25 0 4 % 1 20 i 1 B i 2 . AR PS4
WS B IEAT S, 225 AR A AN Ik 2 A
BC R BT 55 I e 2 e mT DABC O R — 2
ARSI . IR R AT B A S A — SOk AR
S O, WK A log, T R ¥ I A7 2 g TC 6 Ay i 114 114
IS N L — G Ik A8 AR AT . ik v ] —
DNk AR AR B AR IR T 24T 55 18T AT .

&7 v 6] —HE I BT X R 1R cluster J& T [R]— iz 5%
1, M) 2 B AR R B BE e el I AR R A . B4R
1z AR N — > (D) 1 g th 2 A7, iR s B AR AN
[F] , i 5 6 P A RO n vk vt A e ) B 5 el )
Xof I i A

B 7 ORI T BT I8 5 AR

4.3 HMIHZEFTAE

S TR AT B AR S RS AT L S5 cluster
BB — i A7 (Output Buffer, OB). #4847 FH IR
R 256 1Y FIFO F4 A%, , I DT E AXT A28 11 298 & K
Feor R i 58 . SR, H - 0 AT B Y T
B XSGR AT SRS —— X, R
TR a2 i, BT S B i s R A T
HERSCHE % PR AT £ TR B 5 |5 R I o 2 A
1, HA 84 cluster BIME (A L5 M AN 1A 8 s .

fi HH BB B P BB P 8 B R R AR AN, R AR
2 AT S OB B . AL_a_b UK E 45 a 2kt g
55 b AN INE AR B L BB B B
ANIETE S5 19 00 B, HOE AT B 25 B0br 5 14 B0 ai o6 6 41
PIAT W 250 5 A . BR T MUX_0, Hg MUX #1475k
H - — g R AT s A . PR AR R — A A
BRI B AE . 4 T =20, 8 i ih B A7 I ZAUA
OB_3 F1OB_7 MAN% 4 th 11, X FEAREMT 45 HA 4x256
% 22 A7, AN TR 9 IR .

2149800005 P A T AR N, 454 i 8 A 1 BB A

[ N B P
0 A —

Cluster 0
Cluster_1
Cluster_2
Cluster_3
Cluster_4
Cluster_5
Cluster_6
Cluster 7



%8 1 TR VR TAT [ 6 F AT (R 5 R 28 ) 485 i 2 1815
ALOO I~ ALOS N HEAT RAIGECE . M AHE1T1E 0.2 GHz TAEMU% |,
7,-8 ! Sepe N Y o N
7o E ToOBO 4| B TooBs BB SR E R T =64, T =16, 1 024 vk 8, HIHiE
AL 30 Hﬁ_ Owrﬁii T2 BT 2536 2%0.2 GHzx64%16=409.6 GOP/s. FPGA i
T,=1 y~oters
' PRSE S IR R R0 ER 1 BRAM H T4
N~ AL O S ™ . - Jass
Bt ) AHEEY WG AT A ZEA7 , DSP TS MAC K51
OB 0 IS OB_0 o *1 REHEFE
T,=others - T=othes
i AL 06 i B SSil| LUT FF BRAM DSP
iij)j A HEE aui1 | E] o6 [ 322745 537191 768 1089
oB1 4| X OBI Tﬂ;‘ N PRIPREE: 74.5% 62.00% 52.00% 30.25%
T=othess | ™ potes
B = L X - .
— ALon ~ 2 8 3 o B A FH BRAM 2> 8 Jin A 28 4 i, on 1
ALO3 gl moss T s g| Toony AU 52% 11 BRAM %28 . B34 MAC 242K FH DSP 5%
0B 2 i 0B 2 s B, Hrh 1024 DSP I THE %, HiAy DSP I T4k
T,~other } T,~othe| |

P8 i B i ph 5 b

oo F} [ons F}
e . o .

oy oo

L{ OB_3 H L{ OB_7 H

B9 T =2 ZAr iR G R

N PEARDS , o MR OR B A P e i i o R
FHTEN 9 Bt 2 At 4 7 AT DUA R se ke Hh G4
TRIE I s Sxl i th Al SE A

i R R A o AXT RS A AN
I, 75 BN 22 A 55 1 i i 45 2R TR i — e
it 22 S By AORAE SR A T AR Lo BT
5 R4 KN Ry h_outxw_outxChout/T Hiht: I A E 5B
R R T — 2 A RIS S AT LUK b — R i
BERBNE— S BAFIE A

5 XB5SH

S PEAS TR 57 7F Xilink VC709 ) FPGA &
b, %M Xilinx Vivado(v2019.1) T H#H 78 8254 352
BT RTLACHS . il &5 B A7 14 e 7 B35 4 FH S e
15 B AR T2 B RE s 7R84 7 B 0 A i saif SO
OS2 401 a5 ) B R A B iR R T
A Vivado B DIFETEAL T B, DL 0] GE o 6 b 0FAk D
PERE .

5.1 BEEFERE

TN 2% R A H AL BE . 84 cluster 45 A4 A [H]

H cluster 803 1l & A% ARG FPGA 114 52 Bl 14 B it

5.2 ZEMERITM

R TGRS VA 22 AT 55 SR W X 12 45 1 B rr) 4 T
BOR EST — A5 HE AR ZE R M A Y baseline B . 1%
BARAGEATTE AT S5 8T, AR AT A3 5iZ0n 2
—, DI il FH 22T 55 SR s 1 ek 2 PR i

AlexNet j&— % - Al [a] - 53 ™ 8 1) CNN B2 A
EAEAR DB B2 v R 1 3k O A A T A . SAFP
TEA NG RUZ BT &7 L & 10 B s B 5 R
JRIBATI R V-1, 3K R IR SAFP X T s 50 1k
FEAEUR . AE XL, 7 baseline HP L AR 1 )2 iz 17
[k T 90%.

100%
oo R
80%
70%
60%
50%
40%
30%
20%
10%
0%

& S IE 5 b

SAFP baseline

HERL RR2 RR3 FRER4 WES

FI10 75 AlexNet g i BUR (015 SR ] 4 1L
O T I B 13 s Y S B R B T o B

erformance - .
e s T 1 2
ensity

A SR BB A R H — b PERE

VGG-16 45~ 4 FLUZ 1E SAFP Al baseline #5151 | (1)
BEPEREXS L AN E 11 fR . 1328 T E R -7 i e
M, SAFP 1725 — k2 B P RE A 3 794.63 GOP/s,
J& baseline [ 4.6 ff . (HFF RIS, 2 12 HH
JEEL 2 35 3 baseline [ 30 5 L)L .

VGG-16 BT FURAR L LUK 36 i B0 i Al
TESEARAE A A 200 |, B 12 19 baseline £ F %A

A3 performance

normalizationt



1816 H, + ~ 1R 2022 4
1400 — VGG-16%—F ——VGG-163LfE
=SAFPYERE  mbaselinelE VaG-1eRE R e
1200 400 ’
350 X L
1000 , X[ &
< 300 ’ X
[=9)
5 800 2 250 | %
32 600 3 o
E g]; 200 l*
fiiy
0 I = s NN I I 50 ’
1 2 3 4 5 6 7 8 9 10 11 12 13 0

2
11 #EVGG-16 P ARZRYE M fE

B FUZ 1) 5 AR AN ) 50% , 3% 3 808 1 —2F
A SRR N . 5k VGG-16 A1 5 , JCi8 baseline
iz B IR AT s, Haz BAERE AN S/ TR T . I
T ZAE5 1 SAFP B 755 1)2, R 2 iz B IR
HIPR IR E] 100%.

100.00%
90.00%
80.00%
70.00%
60.00%
50.00%
40.00%

M 30.00%

20.00%
10.00%
0.00%

baseline

SAFP

SLBHURF %

1 2 3 4 5 6 7 8
JZ

12 75 VGG-16 AR Z g A %

9 10 11 12 13

SR AL 55 5 T 42 THAE RS N 58 g 1 ] I 3 m 1
B BT i Ahal TE AR . X B AT 55 TR
i, T B EEN T E S UM Z R CR . BV NR
16 (Roofline ) B4 W1 & 13 firsn , T 43T VGG-16 £ 4
FUBITE S UM Z BRI R, DL il A b i ] 3 303k
T T M.

0 60 120 180 240 300 360 420 480 540 600 660 720
THAE S Gop/Byte

13 A AR 1 Roofline B

Horp, B @32l AN 3 2S Roofline B ) “ = 57
F A", 2 35 55 00 2545 W 01 43 391 SR o L 50 X
HEMBIX . AT, VCG-16 48 K3 4 5 F 2 115 34 245
RV R TIHEMSX B, R S — B FUZ (A 32
MMESIFATE) Wiz B A5 K B T vEm X . & 13
BRZZEE RN T L8 %E, Hits 8%
— A BUZ 1 Roofline #5587 (1) “ J= 10 52 s 1o Ay £1 283
A I RN S (e BT e S T Ayl
B, 0T 8 X s # PE RE A 2 A R A FR . eAh TS5
IEATHE T B9 3H 53 07 2 A 2 ok in 3 g% 14 % 1 7 9
7.
5.3 MHEEESHT
FE2XF b 1A SCHNEE 2% SAFP 533 FPGA HIlE £
R B PEREFIhFE . AR (1), SAFP A IH— kP fig
iK% 794.63 GOP/s , 7t #1115 22 A S0 Fi i v s e Ak
FITBETTH . LACS " B A S B K Y IR AT, X E 4 PR
T g B P BE K s SAFP S T H DU 9 I A7
B I SAFP R RE FL = B AR 2 . Xt iiEB] T SAFP 1]
DLTE B 5 K8 5 W VR 9 FPGA b U 85 i 19 o sk i
B SCHRL 17 D FAS R R ST 6 B 2 A B b AT
FERN A R | 3K — A 20 I E 2R s EAOR
[H It SAFP LAHE /DY) DSP 98 J5 5280 T o 73 14328 P RE
OMNI " b T W AU 3 Ry JL2H - 3 ) kA 2 LA A T

R2 NEEIFMAEXTLE

Design SCHR[10] LACS™ SCHk[17] OMNI™! AL
Precision Fixed-16 Fixed-8 Fixed-16 Fixed-16 Fixed-16
Density — — 23.5% 12% 41% ‘ 39%
Device Arria-10GX 1150 XC77030 7ZCU102 7ZCU102 VC709
CNN Module VGG-16 VGG-16 VGG-16 VGG-16 VGG-16 ‘ VGG-19
Frequency(MHz) 150 250 200 200 200
DSP Utilization 1518 256 1144 1089
Power(W) — — 23.6 23.6 17.4
Performance
(COP/s) 645.25 127.5 309.0 127.1 325.8 332.7




#0081

SR AT 1] SR TG A7 PO 0L 4 BR Al 22 0 2 e 2 1817

i AR O B0t , R B AR Tk 2% B i R S
RIEVE, IF HAZ s 2% 75 280 A 5 U S Rk 454
AL BT AL . T LR, 7E VGG-16 MK 4
W SAFP I a8 S T = i as SRR

AR SAFP B2 1T 2 AT 55 ir s i B S 5l E A7
AL, i T M2 2 H080 W iE R 2, 8T 55
AR HE S B KR D, IS T R AL
g,

6 it

T T A7 0 A A 2 IO 4% T s 28 %) T R 9 M A A1
TR, A SO M T — b ] A LR T AT R R AR
AT T AT 1) 5 is 5 AT 55 T AT RS B
B . T 2R R T — 1B 2 cluster 1Y
B JINSHE 25, cluster PSR B B NS B T LA v 26kl sk
U O B4 5 B cluster AR F5 i AT 38 25 940 i 21 AN []
155 B B8 1, DA 4 Ik 25 0432 B8 0 - 5 TR A
248 AN [7] cluster 2 8] 1 £ HE — BobE | R FH O 4y B 4%
AT S A — B B |, b T s g X R A g
iy T ) T AR . 2N RS ALA TE FPGA - &5 LA
P52 BRI HEAT 70 40 50 UE FZE A VEA , SE 00 45 S W H
iE A RE =1k 325.8 GOP/s, PR UIFEN 17.4 W, iKE L
K22 Fi S T B v A 2 A R R

5% Sk

[1] BAIL, LYU Y, HUANG X. RoadNet-RT: High through-
put CNN architecture and SoC design for real-time road
segmentation[J]. IEEE Transactions on Circuits and Sys-
tems I, 2021, 68(2): 704-714.

[2] KRIZHEVSKY A, SUTSKEVER I, HINTON G. ImageN-
et classification with deep convolutional neural networks
[J]. Advances in Neural Information Processing Systems,
2012, 25(2): 1097-1105.

[3] HE KM, ZHANG X Y, REN S Q, et al. Delving deep into
rectifiers: Surpassing human-level performance on Ima-
geNet classification[C]/IEEE International Conference on
Computer Vision. Santiago: IEEE, 2015: 1026-1034.

(4] XU, B— L, HB, & Jp58 . BT ZYNQ iy ) 544 45 1

M2 RN ER ()], FL 72741, 2021, 49(4): 729-735.
LIU Jie, GE Yi-fan, TIAN Ming, MA Li-qgiang. Reconfigu-
rable convolutional network accelerator based on ZYNQ
[J]. Acta Electronica Sinica, 2021, 49(4): 729-735. (in Chi-
nese)

[5] LIANG S, YIN S, LIU L, et al. Acoarse-grained reconfigu-
rable architecture for compute-intensive mapreduce accel-

eration[J]. IEEE Computer Architecture Letters, 2016, 15

(2): 69-72.

[6] YUY, WU C, ZHAO T, et al.OPU: An FPGA-based over-
lay processor for convolutional neural networks[J]. IEEE
Transactions on Very Large-Scale Integration(VLSI) Sys-
tems, 2020, 28 (1): 35-47.

[7] ZHANG C, ZHENMAN F, PEIPEI Z, et al. Caffeine: To-
wards uniformed representation and acceleration for deep
convolutional neural networks[C]//IEEE/ACM Internation-
al Conference on Computer-Aided Design(ICCAD). Aus-
tin: IEEE, 2016: 1-8.

[8] GUO J, YIN S, OUYANG P, et al. Bit-width based re-
source partitioning for CNN acceleration on FPGA[C]/
IEEE 25th Annual International Symposium on Field-Pro-
grammable Custom Computing Machines(FCCM). Napa:
IEEE, 2017: 31-31.

[9] ALBERICIO J, JUDD P, HETHERINGTON T, et al. Cnv-
lutin: Ineffectual-neuron-freedeep neural network comput-
ing[C]//IEEE 43th International Symposium on Computer
Architecture. Seoul: IEEE, 2016: 1-13.

[10] MA Y, CAOY, VRUDHULA S, et al. Optimizing loop
operation and dataflow in FPGA acceleration of deep con-
volutional neural networks[C]//ACM/Sigda International
Symposium on Field-programmable Gate Arrays. Mon-
terey: ACM, 2017:45-54.

[11] LEE H, GROSSE R, RANGANATH R, et al. Convolu-
tional deep belief networks for scalable unsupervised
learning of hierarchical representations[C]//26th Interna-
tional Conference on Machine Learning. Montreal: ACM,
2009: 609-616.

[12] KARPATHY A, TODERICI G, SHETTY S, et al. Large-
scale video classification with convolutional neural net-
works[C]//Computer Vision & Pattern Recognition. Co-
lumbus: IEEE, 2014: 1725-1732.

[13] YU D, DENG L. Deep learning and its applications to sig-
nal and information processing[J]. IEEE Signal Process-
ing Magazine,2011, 28 (1): 145-154.

[14] CONG J, XIAO B. Minimizing computation in convolu-
tional neural networks[C]//International Conference on
Artificial Neural Networks. Hamburg: Springer, Cham,
2014: 281-290.

[15] LIY,MA S, GUO Y, et al. Configurable CNN accelera-
tor based on tiling dataflow[C]//2018 IEEE 9th Interna-
tional Conference on Software Engineering and Service
Science(ICSESS). Beijing: IEEE, 2018: 309-313.

[16] SHANG J W, QIAN L, ZHANG Z, et al. LACS: A high-
computational-efficiency accelerator for CNNs[J]. IEEE



1818 H, ¥

g

il

2022 4F

[17]

(18]

Access, 2020, 8: 6045-6059.

ZHU C, HUANG K, YANG S, et al. Anefficient hard-
ware accelerator for structured sparse convolutional neu-
ral networks on FPGAs[J]. IEEE Transactions on Very
Large-Scale Integration(VLSI) Systems, 2020, 28 (9):
1953-1965.

LIANG Y, LU L Q, XIE J M. OMNI: A framework for
integrating hardware and software optimizations for
sparse CNNs[J]. IEEE Transactions on Computer-Aided
Design of Integrated Circuits and Systems, 2021, 40 (8):
1648-1661.

1EEEIT

RBE LWL 1976 AT I
e, B AL R AL K25 B SRR B, 2T
FET7 15 Ay TG ) N TR A R BE AT B AR 4
T AR 51 5 8 A AR BAL B L T RGUA S
S MEHA
E-mail: yhyen@126.com

BEE B, 19974 A T, ST
Tl KR B AR e A . SRR ST I )
FEET FPGA B FRAN 22 2% Jin i i
E-mail: m_x_zy@126.com

AW 519954 A TR B
b mt Tl K25 B 2T ot A . ot
J7 o] h Rt R B 22 [ 2%
E-mail: chengjp@emails.bjut.edu.cn



