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Abstract: This paper introduces a method of implementing Lenet5, the best-known convolutional neural
network, on FPGA (field programmable gate arrays) using HLS (high-level synthesis) tools. HDL
(hardware description language) and HLS tools are mainly used in the FPGA implementation of Lenet5.
HLS is implemented directly from C code to FPGA, so the development period is short, but compared
to HDL, there are limits to the optimization that users can do. In this paper, to improve the operation
speed of Lenet5, the memory was duplicated, and the for loop statement was unrolled to execute the
execution statements within the loop simultaneously and in parallel without repeating them. To loop
unroll the for loop statement, we introduce a method of implementing one-dimensional array variables
as registers and dividing two-dimensional or more array variables into multiple memories with the same
number of loop statement repetitions. In addition, to improve the access speed of some array variables,
we introduce a method of designating a 2-port memory that can be accessed twice within one clock
period. The method proposed in this paper is actually implemented on an FPGA, and its performance
and pros and cons are compared with existing HDL implementations and HLS methods.
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Helde Absak, A=A, 2ol A e, on#] A g
AEAs Zlsolth. 53] Hed 7leFilAE F8w
network)> 2 A ES ZEAAL QlojA G4 B R, om olvA &4 T3 E
D Al 7Hd Eol AREEAL Atk Htol= AAZE G AHE B OEQM AETs
A CNNS Ay Mol 94 HFAE AXA i ad x4 A5 ddst=
W] gisk AF7F Bol FaE k. & FA oA CNNS A5 A8t gl
A £ fEo] HE, AY AvEFTS algstolof g

Gddo A CNNS A5 Adsty] 91k gjxzQl wWHol GPU (graphics processing unit)
AF-&3} FPGA (field programmable gate arrays) AF-8©|t}. FPGAE GPUSt & HE9
A GAE o= shA @obd An[E, AAY B FAHS FHoRE Zhe=th FPGAC
CNNE +dst7] 98-+ 5= HLS (high-level synthesis)©} HDL (hard description language)
TEo Frhx] W o] Abgxa Ut HDL 18-S Verilog HDL == VHDL (very high-speed
integrated circuit HDL)¥} #-& 38 HDL ¢o]Z Al&3sl4 CNNS A3 FPGAY
T@ske Aol HLSw 7@€ HDL 1ol & ARESHAl @il dukzdl C, C+H+= A%
FEE AU CNNS FPGAR 133t wWalolt)

FPGA WH-ol & &9 355, LUT (look-up table), RAM (random access memory) 2] A}¢10]
Agtd o=z x3txo] Qlth. HDLS Td& dojojm=z olygt AFHQA AAES

i e B AR ZFSA HASIE &olstth. ¥ HLS+

C & C++ = ¥ =5 ARE3lA FPGAR FdstE =z AREA7E 7R e
FEo] Auid o=z AstHolr) wela] HDLA Hl&| 5 2 AFEALFANA 2
o]gth ¥l HLSE d¥hHel ¢, C+ AojE ALgstER o] AQHE
95EE ZHo] gtk HDLY| AMEEHE dlEAdd EEE XilinkA] Vivado?} 312
HLSO| AH&-¥= ti2A21 Eoll= XilinxAke] Vitis HLS7F 91

2 =wodAE tEAQ0 CNNQI Lenet5[1]1E5 318 3HC}. Lenet5 weight, bias, node=
T Zhzhe]l Fho] 32HE HEiaeioxR T AW Lenet5s HLS HEi= HDLS
AHEal A Able]l AgHA Q] FPGAE AH&3A F+dshr] 98l B2 5ol T3 A
gt A=A e A AMEES £ol7] A HFeiaxd HelHE nAHARH
tolH = ®gksh= WS ARESGlth [2]dA s Fesaxed] HolHE bR ARESA]
TAEETE =2)al AHYS wol AFESESIT [3]ol A= weight, biasell 16 HIE A4
HolE S ALg-3 T} [4]914 = weight 18 HIE 2 node 16 HE, [5]14E 11 HIE,
[6]°1 4= 24 HIE, [7]°]l A= weightoll 8H]E, nodeol] 12Y]E, [8]oA & 16HE 1A ATH
tolBl & ARESIAT. o5 =EsS 78 WHOE HLSE AEstiiem tiF-&# HLS
EoA It o= AME-E <= loop unrolling X o] Rl Fo] AA wWhHS A 83|
ds MAAe A=kl

HDLS AF&3}o] Lenet5E T W o=+ [1][9][10]
nodeo 2z} 16 HIE A L3 HolHE AEstal &4
WS AE35 T [10]914+= weight 2 nodedl] 7HIE  ©]35}9]
AFE-3FTE [10] Lenets ©]9]2] thE CNNo| Fdo| FEoz g3
Aretdnt. Wb Lenetse] T+l Ak HAsb7r HHeA A Ao A= DSP
(digital signal processer)} &< FPGAS] Apdo] o] ALEHITH [1]914 = weight2]
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2 =wolAe (194 At WEZ] EAE loop unrollings o] ARESt= W
HDLe] o} HLS% ARgste] FAgith 9 E2+ Xilin Vitis HLSE A&7 weight©]
HIES=7}F 7,6, 591 Z42be] 7499 sk ++& ZI}E hit ratio, FPGA A AL&%, 5245
Zwo A (119 AT vlwet;, 3 7]E WHEDRE 245 hit ratio, FPGA A
A 52 washel HLse TA ol HDLE Td el waN 2E 3 U

o

=

_4

T

i

pt

g o]l FAHECL 28 A= Aokt HLS T3 WWE A7Eta
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2. Lelet52] HLS &

2.1 Lenet5 1%

C
16@8x8

A

I 6@24x24 B
28x28 6@12x12

A =1

[T — -

7 t \
convolutions

convolutions subsampling subsampling \ \

full connection

[Z1¥ 1] Lenet59] 3

[Fig. 1] Structure of Lenet5

[1¥ 1] 2 =wolA 238k Lenets] 7525 WEHLH =5 I+ 98 =S=o|H
2 oAl e 28x28 Al o|m A& AME-giT) 7t 'i.“*a‘% SHIE ke Zteth == A9
C ZZ} convolution 914t == B®} DT subsampling 994, == E, F % 0% full
connection AAFO. 2 =T glo] AAFHETE Convolution A4F 2 full connection <14Fe A
=9 activation $FZEE ReLu 55 AFESISITE == O+ activation $% softmax
b AR EHAINE B =EdA e gFo] FE % Lenet5E THSIEE softmax ¥TE
AREEA 2Fal =EZRE AR ARESe] diAR|uLE ST
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[3£ 1] Node, weight 2 bias 7|5~

[Table 1] Number of Nodes, Weight, Biases

Step Input node Weight Bias Output node
1 28x28 6x5x5 6 6x24x24
2 6x24x24 6x12x12
3 6x12x12 16x6x5x5 16 16x8x8
4 16x8x8 16x4x4
5 16x4x4 16x4x4x120 120 120
6 120 120x84 84 84
7 84 84x10 10 10

B =7 A= node, weight ¥ bias #tS G ALH o2 YeRd w ALE8l= B ES
A (1ol AAE 37HA] A5 e gk [1]elA = MNIST HZE do]El& hit
ratio”} 99.14%7} Y2 & Lenet52] weight, bias 2 node HI©|HE 37}4] = quantization
SHTE R2HE Hsihwd @S IAHATHOZ quantizations A FHH AWFH O 2 hit
ratio®] #&}7} A E Th Case 32 weight HIES7) 591 A2 H|ES7} FEEFA] ¢o} hit
ratio”} 97.99%% A dlE o)A AT5S S| A hit ratios 98.54%F A [ 210 7
7 9-o th3l node, weight & bias ¥ H]ES9} hitratioS X ST}

[3£ 2] Weight, bias, node2] H]ES>%} hit ratio

[Table 2] Hit Ratios and Number of Bits for Weight, Bias and Node

Case | Weight bias(bits) | A, B, C, D, E,F (bits) | O(bits) | Hitratio (%)

1 7 10 13 98.97
2 6 9 11 98.89
3 5 7 9 98.54

22 HLS 73

[1% 2] == A @S A4S yehlE € 220t [+ 98 ==, woE weight, b0E
biasE YWEFTE == AZLS A ISiAE el RS 6%24%24%5%5 = 86,4003
HkEgfol ) /div FES 9Y == I 25602 U] 93 FEojn o] RES
6%24%24 = 3456 HiE ol 3rl o3t WkE 35S Foly] 9d) [1]¢AM = HEE
B¢} loop unrollingS AF&3Fal ©]S HDL =& ZHAEQIT B =fo = HLS 5<%
AL-&-5to] W22 A9} loop unrollings 4 -8-3Hc,

o
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for (i=0; i<=5; i++)
for (j=0; j<=23; j++)

for (k=0; k<=23; k++){
=0;
for (m=0; m<=4; m++)

for (n=0; n<<4; n++)
t+=I[j+m][k+n]*wO[i][m][n]; /el

A[i][j1[k] = /256 + bO[i]; /ldiv

} //for k

(18 2] == A AXF 7=
[Fig. 2] Calculation Code of Node A

for (j=0; j<=5; j++){
j0=5,j155+6, j2=+12, j3=+18;
for (k=0; k<=23; k++){
for (i=0; i<=5; i++){ //forl
#pragma HLS UNROLL
tO[i]=t1[i]=t2[i]=t3[i]=0;
} //ffor 1
for (m=0; m<=4; m++){
for (n=0; n<=4; n++){
for (i=0; i<=5; i++){ //for2
#pragma HLS UNROLL

t0[i] += Ia[jO+m][k-+n]*wO[i][m][n];
t1[i] += la[j1+m][k-+n]*wO[i][m][n];
t2[i] += Ib[j2+m][k+n]*wO[i][m][n];
t3[i] += Ib[j3+m][k+n]*wO[i][m][n];
} /ffor i
}} /ifor n, for m
for (i=0; i<=5; i++){ //for3
#pragma HLS UNROLL
A[i][jO][k] = tO[i}/256 + bO[i]; //al
A[i][1][K] = t1[i}/256 + bO[i]; //a2
A[i][j2][k] = t2[i}/256 + bO[i]; //a3
A[i][j3][k] = t3[i)/256 + bO[i]; //a4
} /ffor i

3} /ifor k, for j

[19 3] == A 9 ¥4 ALt 3=

[Fig. 3] Parallel Calculation Code of Node A

HLS AA]E AFg3ete] 98 =& 15 a9t b= HASFAL loopE unrollingdt FE=&
[ 3]9] XSt} #pragma HLS UNROLL #| Al &)= forloop -5 unrollingdle] Z=E WHE

AefstA] Fa WY A S Stet= AAoolth d® Jforl @] t0[i]=t1[i]=t2[i]=t3[i]=0;
=¥ =057 6Wl ®bE AdskA] k3l t0[0]=t1[0]=t2[0]=t3[0]=0;
tO[S]=t1[5]=t2[5]=t3[5]=0; <} o] FAlo]l WHA=Z AP}t oj#d ¥y APS fer=
tO[i], t1[i], t2[i], B[]= 1 F=oNA read TE write 3571 12 A3EE RAMOE
THEHE or¥ar 1 FFNA read @ write 37F AFHo] gl UAAEHEZ ALHE ok
ghoh vl Bl 0[]5 A SHE sk HLS A Aol o 2o

ey

#pragma HLS ARRAY PARTITION dim=1 type=complete variable=t0
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oA woli][m][n] ¥1E W= w00[m][n], wO1[m][n], ..., wO5[m][n]3} ZFo] W9l 67]2]
Haeg Bosla 7z By W8S RAMORE FEsdth ol 93 HLS A Aloj+=
g5 2o wo[l[l[l= 3AHY alela ARA Adnt BEEtRR (5, dim = 1) 6719
HyE2 27 "o

#pragma HLS ARRAY PARTITION dim=1 type=complete variable=w0

Wl Ta[][], b1 ¢ =F5UlA 2W read &2 doFst2E 2 ports RAMO 2
RS o2 A% HLS Aol e} g,

#pragma HLS BIND STORAGE variable=Ia type=ram_t2p

[ffor3  FEol A= wiE®T A[NNE 67/1e wEws Ao[l[], AL[D, ... AS[=
=gtk A, i=0,...,.5% Y9 =FulolA 29 writeZ7} AAE T AEF 2 ports
RAMO. 2 Fd3ITE Bk bo[] WlEdHSTE dA=HE FH3AT o]E 93 HLS
AN = 7247 g5 2o

#pragma HLS ARRAY PARTITION dim=1 type=complete variable=A
#pragma HLS BIND STORAGE variable=A type=ram_t2p
#pragma HLS ARRAY PARTITION dim=1 type=complete variable=b0

=
-

wrgkel At M= wEE EA|9F loop unrollings & Al A8t W EE
BAE =& Bolke A&sidlon =t 19 459 H|stAl Ba, Bb F/HE HAsHI T
< 1Y wEe AS dAAEHE Fdsta ok
He wjd¥sEE et [ 314 7

=
o

il

1o

i

[¥ 3] & 2F

[Table 3] Implementation Options

Step Implementation options

[: memory duplication with Ia and Ib

Ia, Ib: 2 ports RAM

1 A: separated into 6 array variables, 2 ports RAM
wO0: separated into 6 array variables

b0: register

B: memory duplication with Ba and Bb

Ba, Bb: separated into 6 array variables, 2 ports RAM
C: separated into 16 array variables, 2 ports RAM

3 w2: separated into 16 array variables

b2: register

D: separated into 16 array variables

w4: separated into 120 array variables

w5: separated into 84 array variables

NN | 0| B~

wo: separated into 10 array variables

6 Copyright © 2024 KCTRS
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379 2% 9 24

2 = AeE Fd EE XilinxAe] Vitis HLS 202325 A& o™ FPGA« [1]%
g XilinxAFe] A7} FPGAQ! xc7a200tsbgd84-3E5 AH&-3FSAth. Vitis HLS 2023.2 &2
loope] WHE 317} e40]3tH Fo|zepl 2oz A= 7] AAEo U &
=9 Lenets 4A5olv HZAZE Ay do]lzggl w42 FdE =ZFo] Histal
SAEET oA HEgelA] ggkth B E=fFol e Vitis HLS 20232 E2] wlo] gl
TAS AFGSEA] @A B =l 2d™elA Alder HA3E whHS ARSEIA FAdSEsiT
Lenet52] 34 ZA3E MNIST HAE HlolEHZ #HEsle] dao ¢ =9 A=A Axr}
oS g9l sglth

[ 4] 293¢ 9 FAdF9 Lenet59] 13 s%tol Uit Algdeld ZAiE
Uebdt AlE#E oA AFEE FE52 10nsolt) 1™ W] HAE o|uAE
ZredtE=d 786 F=, WAILFE GAT7HA] ZH2E, 7207, 1159, 4809, 67, 382, 209, 109 F=0]
2853 7[eRsgtel B8k 5 5744 et F 14,733 50| AMEH AT

>
2

SIMULATION - Simulation Result - lenet5.wdb

lenetS.wcfg

Q W @ Q@ N ¥ « M o= o o4 X

o [20,000000 us . ... 140, 000000 us . 160 us ... [B0.000000. us . (100, 000000 us. ... [120.000000, us .. .. [140. 00D0(

' jfu_ 2599 a
i_fu

W result]4:0]

C Inputs

& return|

» W data_address0[9:0]
% Block-level IO Han

[23 4] Aol 23t

[Fig. 4] Simulation Results

4 A Al A SASEE WD TH BNE AED [ vne
Avtoleh. Aa B F/E A=k BA A Ak TS 18 ouish Hasy
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ARFE Lenets7h AA EAE 18] @hmetid deli A om@th (1]
AL HDL QolE Abgetel A4TaS

HLS B2 AMgste] casolA] F4she 39ur Fom ol & delx Abdeltt 1),
[ 4190 e uheh o] FAAZe B i=fe] HLSE ALEF WY

20 4ol

[Table 4] Minimum Clock Period and Minimum Operation Time
Minimum clock period Minimum operation time
Cose [1] Proposed 1] Proposed
1 9.2ns (108.6MHz) | 9.74ns (102.7MHz) 0.0791ms 0.147ms
2 8.5ns(117.6MHz) | 9.57ns (104.5MHz) 0.0731ms 0.144ms
3 8ns (125MHz) 9.11ns (109.7MHz) 0.0688ms 0.137ms

)

[3 515 T8dl AMEE FPGA AYEC W& 2 =9 WS (113 Bluslch
LUTE lookup table, LUTRAM<S LUTOl X% RAM, FF= Z%#H3=3%, BRAM block
RAMS 9wm]gtt}. A¢ks #¥S DSP, BRAM, FFS [1]o] H|&] o] A& At
LUTRAMY} LUT= AA AFEskSlth. ol HLS Aol Eo] == DSPE A3l
wAY QAlS Fds Aol (1119 ¢# %l vkep o] HLSol A= AFEA7F HDLS
AREE wiop e AR FA4 HAEHA #HdE & 4 glal HLSAA = AREALY
ARl 7F A Ao A A AAA] e AFE DA Y gk Aok o] glolA
HA sloll &A7F lojA EAYE Aol

==

[3£ 5] FPGA & utilization

[Table 5] FPGA Implementation Utilization

Case 1 Case 2 Case 3
Resource Available
[11 |Proposed| [1] |Proposed| [1] |Proposed
LUT 18845 7830 18747 7186 19245 6954 133800
LUTRAM 173 0 155 0 485 0 46200
FF 6586 8665 5831 7630 4836 5911 269200
BRAM 84 174 78.5 174 355 85 365
DSP 149 302 99 287 0 272 740

[ 6] U2 =859 ddxe 2 =F9 A% 39 FAHZAH}E Hwdk ghyolr}
=19 ZA3E HLS 52 ARESE (713 [8]19] Aol Hs|A F2HAIZE (timing)ol A]
TS ¢ F Uvh =3 HDL =

S AER B3 (919 Assh MusdAE
. L oolfrmi 31 nAs5A dolHE PEasd
H Pz

M

TAa5d dolHE A= A4S AXH 9=
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sho] efl o

2 #H=A o)tk 2 =il A AEe wlRY HA9 loop
unrolling WHo] Bt} a84%dS & 4 9l

[Table 6] Comparison of Implementation Results

[3] [9] [7] [8] [1] Proposed
XCZU9EG-

FPGA XCZU9EG xc7a200tsbg484 Sfib1156 XC77Z020-CLG484-1| xc7a200tsbgd84-3 | xc7a200tsbgd84-3

Tool HDL HDL HLS HLS HDL HLS

Clock 150MHz 75MHz 100MHz Unknown 125MHz 109.7MHz
Precision 16bits floating 16bits fixed 18/12bits fixed 16bits fixed 5/7/9bits fixed 5/7/9bits fixed
Timing 0.162ms 0.526ms 4.631ms 1.07ms 0.0688ms 0.137ms
Hit ratio 99.11% unknown 98.40% 99.01% 98.54% 98.54%

4. A&

2 =il A= Lenet5®] FPGA TS #lél HLS &5 AR&afAl WX EHA9 loop
unrollingS 483k WHES AVNSY =23ty ALl S55 FEA7I7] e 9=
SRS AFStE WEZEE EAISHAL loop unrollingS® WEH AdS gty WE
A9% 99 14 MY WEEe AAsHT FAGT dE AY BEES loopd
HEESl 40} Fd3 749 mid a2 B Aloks WH S Vitis HLS 20232 &5
AFE3Y] FPGAO| & 3G o™ HDL AoE AFE&iA HEY Exﬂﬂ- loop unrolling=
Q8o Lenets® A% FPGAS] TAE HUA MmUY v A% EALEG A4
B SHAA HDL A0l ALEE A97F Sapth e /€9 HISE AFEE
€ EEES A ANE # wE WYl TGS wdd 5 uPRe
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