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1. FLHIC

BAAHB=2—F V3 v b7 —2 (CNN:Convolutional
Neural Network) 1%, HENEESLHEI{RTOR BB
Y, HRABRITFICBWTERIED SN TWS. FHERE
HFifio#EHIc kb CPUR GPU 2D 7ut v ¥+ OitaE
BALELTW2HDD, V7L EA LIRS 551K
FIERFFR OFRIIH L, V7 bv =2 7REDHEZ I Tl
BARDS. ZD7=, N— v 7T 25
FEHPEED, R LH ZHZATRER FPGA (Field
Programmable Gate Array) ZHW/= CNN 727t 51—
R DEENERANATON TV S, EFED FPGA il it
Hz & b EE TR R A B E L, Wk & D REIER
[E1F& DFIEHATEEIZIZ > T W 5.

Z ZCAWIETIE, CNN Z#lAEHHEERIC R L

THEET 2 Z T, KEERETOmEGRFHOER T His
L7z, AEVIHNI A ETARN L TEDIELFEL
AR ZAAT 2 — 7 FPGA &tz v, A
AbEERALEHTOREIIHEAE L WY THEITTE S
DEER DV NE K, BEAREZHAG OEEIEICE DA
LRDRBEA TV DPRETH 2 LW AR ERD. —7,
A ORISR 22BN D 5. WH vty ¥
TASE Y MEDHRE IR E NS A5 HE B T2 8/ N
A 328y MULRYICHEEINS OEARBOE Y b
§% 2o DH»HEIRTE2BEND . —7F, #HAGD

RERZERB ARG R S X 7 L THEL
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HEFEANERH T 2 58X EARBE A DR EIEICHD
A Z I EYEARBOE Y MEICIEED 2L, EAMRK
B IEEOL Yy MEIZT 2 Z e HETH 5. [MDH
HEREH L, EARMI L ICRRIEENDHELE B
LTk&k->TETF LYy MIEZE(LXE 2 Z THEDYS
b2 40 2 72 B B& AR o0 BT TR 2 aT L 7.
AEEDOWBIIRDE B TH2E. 2HETIZICNN 77 +&
7L —X D FPGA E#Er EARTLICOWT, BEFEFIE
NS S, 3ETIE CNN ZHllASDOERBEICEET 2
FlErmzzy, PHEBRICEXDFEEZHLPICTS. 4
BT 3ETHEL UTHL IR o A %2 0] B H
ZHITR X < [EEE R O B 2 BRI HES L - E A%
BOBFATERZIERT S, 5 BTRA4BOFEZHVT
CIFAR-10 ZX{5 ¥ L7z LeNet TEBZITV, RETEIC
X HWERHRT 5.

2. BfEF&

2.1 CNN 77t35L—42®0FPGA &

CNN FHEEERIC BV TEWEE 2RI, 8, #Hin
WA 2 S 5. 207z, FPGA RICHHTF—X
NRABFEET 2 2 v TR A 7T 4 2R FI L
HEeToEdbzEZR T 5. [ kBEFsTWS k51T,
CNN % FPGA 2T 254, —HINIEZ2AET1I 20
SAMY I TZLAERAVWTIRBI L IZIEICHEST 25
®2, BEZL 1 Oo0HEAERZHELA M) —I V7ML
HETOS LB REBELNE. ZHBIZFPGA NOR
SN-EREEMNIIERAL, ZA—Fy bR LEEE3Z
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LIRS LT, KEIOE AR TSR, v b7 —
JITHHS U7 % IS ST (4], HAIC,
BIE =2 —n U RETHEL, AEYHoEAEHA
HUTHD B LEE RS 7— %77 F ¢ L RoTV S,

2.2 CNN OE#HETFL

CNN O EAFRHO BT, FENMUSTOFETHE
LNT-EAREICH L, EEIMURTOMEP AR EICE
FhTszrThs. BFLAER BEEFL, JER
FEEFtEH 2. B LOFIEE LTIE, £TOEAMRK
Z—HICR LT 2R, BEMICE bz ED 2751
REND .

“fHIcEFILTEDHDE LT BNN (Binarized Newral
Network) [5] 23® D, BEAHKEEZ-1,1 O fHIC L THERZ
75, EMLBEIRUNE Sign BAEE FHWT, B b 1, BARS
—1 ZRF e TEILEITo T, EENMURTIE,
GPU T® INT8 3 R— b &N 272, PRvwEey MK
ANDERFHINZ CHESHTWS [6].

R LR AT OEZ EE L H@HE T’ AR OE

CEIDYTHoIINL, IR FHLIEENTohE&T
{LRTOEDHFH P E FLZRDEIC L > TERZ D E R
5. IR oI BE b [7]) BETF LI 3.

BB Lo FF: 2 LT, INQ (Incremental Net-
work Quantization) [8] 23H 5. ZHUE, FETHELI
HADYHEZEFLLEIE LS A THEZE L ED, 15
ENREL 72D REFLRED S 5o o e & Ls
%, LWHOMERRIEEREITS e TRLEITS. 20
BT, EAREI 2 OREE 1T 0 0EICETFL
T35, TNOLDOEIRET 22T, EARKMORERENY
7 MEEDOATEITE 5729, sHEKRMOHIJRAAIEET
H5.

¥z, By VEBZ L ICRETEFIEP 2D
b, ZE6TIREZ L ICEARBOEOHMZHRL T&
FELTW3., EAMREOLY v MEXAIERTH S N— K
V7T VL—RBFETHDDD, TNHDEZLIE
BZrICEHADE Y MEPRE>TWVWS.

3. CNN O A EhHEBRREr FDiFE

3.1 CNN Ofi#EhtEEERE

B0 CNN 7 7+ 5 L — & D FPGA T3, HE
MmEHAL, BORLAAT 2 Z e THSHEIEEZITo TV
3. —fucix, B coEl L CGRHRELENEF SN, JE
ATHIHAEINZHERIED R LUAH XN TEHEED
7=, BIEREAKELS RS, 22 THry bV —I2k%
MAGDOEEBIC2ERL, BEREOHIBEITS 2%
EZB. 2y V=022 TEHASOERBICERT 2
BEw, HERELEE LW 2 TOFHEEZITNICHE
I TE 2 K51k BERBOEIRBSEfFINS.

%

(© 2022 Information Processing Society of Japan

Vo0l.2022-ARC-247 No.22
Vol1.2022-SLDM-197 No.22
2022/1/25

3.2 HFTh3A=, "R

CNN DA EDLEEEAD 2RI, *vy P T —2 K
DHEE 1 D120 1 DOHEMHEIEKE AR L2yt L
THEHEZITS. v bV —27 OFREE v 2 HEIXREE
HDAAZ G THEET 2. —fRVZFERIZ 2 ANTOREE
MTHEBEINLY, ThEry VY- DHEARR v %
FAWT 1 AND w G THET 2. BARBUIEE /ML
HTREHEINTWE D, Z0w EFETERMGHE L F%E
TH3. ZThiitkoT, 120ANRKLTRELTH
s % B IS FEITT & 3 72 DB IERER 2N X < 72
5. F72 RAM 2 SR8 Y ZHAHTHENRZ L 25
e TXEY 77 AR & RIFICHET RAM BARZEIZ
5. HlziE, BAAAE2E, 2EAE 38O CNN T
3 LeNet (1) T, TRXRTOEAMEEDS LY D
BE, 375,280 ¥y F 0D RAM BAREICKR S, BARAA
BIZFXxFxCiy (F:740ZYFAR, Cip i A1F% >~
IL) DT 4 NVREETH L7280, Fx FEDAIITRL
B R WCEAMBEEEIT 72 OO R R D 2 EAHE 217
5. D%, 1200 NICDOE, Fx F xCy, AN1OFEA
HERINE L 125, BEARBIIER S KN ES NS
ERTH D720, BEAZHEDOEZ N &5 INEIR THR X
N5, BAAAREEZ OBAEHEISRE 2 FL b D2 H
OB IR EL 2 5.

AR, BAOANWETEAN T 2BMER 21T
5. 255 b ERRICEAMRENIEBE ST E I N B E
BThsl-d, EACEDENGRLIMESRTHEREN
%. BHIABEEOGEIFEOF CEAHEER 2 N
T30, BREEEOLAIRE ) — FNOEAMRBUIEHLET
TR R 2 EANHBEISRDSH OB TR E L 72 5.

5k 1: MNIST M} LeNet DMK

Hif% 28x28x1

convl ANF v a1l
HhFv>xn:6
T4 NEYFA X 55

maxpooll 2x2

conv2 ANIF v b 1 6
HAF v 2116
T 4NEHFA X 5x

maxpool2 2x2

fcl AT 1256
Hidr 128

fc2 AJ7 128
Hit1:84

fc3 AJ1 84
HA 10
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R 2: LeNet ORERER & % 4 D[R]

[0 % FBIERER | LUT 8 | 2B
conv 5x5H 4.42ns 998 24x24x6
maxpool 2x2 2.52ns 34 12x12x6
conv 5xH 4.42ns 998 8x8x16
maxpool 2x2 2.52ns 34 4x4x16
FC 256 = 1 7.45ns 8640 128
FC 128 —1 6.67ns 4383 84
FC 84 —1 6.22ns 2776 10
3.3 FlaEER

BHALE 2 E, KGR 38D CNN TH % LeNet[10]
AR Y UCRERH & B HEEOMAE R D 2175 72
LeNet DR &£ 1 127”3, AJERIZ MNIST I8 H+H
T 28x28x1 ZAE L, EARE R sbit EF{LLET L%
AR U7z, EEEEE K E GRS RR R D 22 5 72
B, BRETHIAICEEEER LR ER 2 1TRT. 2O
B s, 1 MOBHRERGRARERR 34.21ns THFEITRAIRETH
275, 600 T LUT S0 BEL 725 Z e hibh b, alHEE
X, 3x3 271D n & vEHNTEAX—D Y —
PRI [E K [11] T 50ns REOFHEHKM D20, Z0
BAERR T/ hE v wi b, L L, — ki FPGA
O LUT fE#ED 100 HERETH 2 e 2&E 2 5L, M
FERUED D270 D K& L KIBRHID RO 5. £ 2 TA
WZETlX, ZBHEAD Ly P =21t LT, HERKEOD
KEr HASDEREICH L 2B HETFEEE X, BE
Hz A TRIBHAEOHIRZ X 2 FEZXETER 5.

4. [BIEERIZEDHR

4.1 [EIRREZHIRT 2EARBOEFLFE
4.1.1 At

HARMOE v MEEAN— N Y 2 7 ORISR 5 2
3. BEAMRRIREFET 2 RAM REEROAT - HhEy
MIDOEIZ X D HBENZ LT 2720 TH 5. HamkEED
HiEii L oo, B bEiEd 2 2 & TRIFEHBEDME
DR TE 3. —J7, TOEADRTLIC X 2 NI
BRIETIE, BARBOBEAREICHLTE Yy MEZED,
Oy MECETFLLIMEZE D Y TI2HENDH S, K
A GDERELEETH D, -0 E EE
WCHRED 2 7-DICIT ERE ORI EGEABDEL 5729,
B RERD D Z L IIRARETH B, 2D, G
RENE T, KEDEAREI L TERANZRER-T
fRa k2 Z e N TEZRENTFEOMBEIRDOLNS.
ZROBEAFENRNCETLT 2729, [12) 12k 5 -5
TANBIDE D 5B RNCEARBORTLETS Z kI
T5. LROBETIT-> 2R & W #EmEE ST %
DD, HEOEOHEEICXDEESLENHTS
PR TE2-0TH5. ZOBRRKWETILTE, IR
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Fe2ErroREFTcEFLLTEL,, 2y bU—
ke U TR HEmHEDO L — A 7OHF TR
WIEDR SN2 0% EMICTFRIT2 2238 LV. 207k
B, %o BB EZEEEE L, &8 L IcHIBEEE
HEERFEEED FL— FA 7D TDORL — MEEREIRL, %
BORTFIADATIETEZLIT 5.

LR L — MEEZEFREHR S RD BT, [\
FRL L BRI BR T 2 aHilitERE 2 B o, [BIREHIR & HEGmts
EOMRE, #iiz e iHilites & HamEE O BfRICE 212
ZRENH L. 2T, BAMRBHOD 1 OBE L EAREK
DYy MEDBHIE 2 0D EELXE X 5. IEOBKORE
TlE, 1 OREUIEBOEOBICHY T 2720, HEEIEEIC
MOWHEERE 25, —HT, AOMEEUCEAMREE 2
2y, BRELHBRVIEEX IR SRV, —HTEARERD
vy MEOHRINZADRBOLE TS, [EIEHE 5RO
MEHOEEY 2%, 20k, HEAMRHOE v MEDOK
% BB E D 218E Y L TIRAT .

4.1.2 HE

B Loz 1(a) 1R F. T ANEOEAREIC
Xt UC HBIE 2 EEGEH L TR TLEITS. T, B
TE7 FROABRFLEADET MK L TRALFEAD
BOEARBEZEEL, THOBEINLTHEEZITS.
Zhz kD, FAUEE TR AEEADOERDET VHAER
INB. mRIZ, REFLEIKR-> TV AHEICE, £
ENEBDETLDS S, R —MELB-oTWEHD
DAEERL, RICANTGEVWEOETLEITS. Zhes
TOEPETILTEZETITS.

Bl Z1x, 1(b) TiX, convl BHOEAHZEZ, (b)-11%
BARKOL v MEE KBS T L5112, (b)-21TD
HAMRRDMEIGE BB XS IKETLLZzdDe RS, C
NODEAMFBMOETEFNAOMEEEHL, K1(c) DL>
WEELZS AT TROREFMEOEAZHAET 5.
ROEDORTALEITSEHEIE, (b)-1, (b)-2 ZhEhic
X LB O BIVBEEIC & > TR T LI N ETADER X
Nazeeis.

4.1.3 BAOE v MED#EFIR/IME

BN OEARBORTFETIE, HHBE L EBAGREKD
Py MEDKRMO b L — FAT7DHT, KL — MEERD
ZRENDHBH. ZTIT, BIICR - TdEARBOEII
K370, SEAMFEOL v MiE L &7 LiE O RER
ZRDBZCIFHL L, FEMICEMTFIRCHES LK
RBOHEGREIRDSDE Y 25, 22T, #HERESEE LR
WHIBB 2 REL, ez kvd 35, HIVM
BHICEENE 7 X—2EEIE2 T, HEOM®
AR L, e 2 2 ICRBICHERRS M 2 1 72
TS 2 & TEHERREZ IR 5.

FROEFNCHELU-BNEBEE R 5. BEARROLE v
MEDEMZFR/MELIZW28, ETEARBOE v ME
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EE L TTFRz/aeE

Q
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o —EB%EER

LEDOEAFRED
EFLET
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(a) RTLOFN

»

-1/2 -1/2 -1

=
Iy

3/4 1/2
-0.43 | -0.50 | -0.52 | 0.7

b

0.

o
14

o 7/8 -1

=
@
N

-7/8
-0.01 | 0.98 | -0.91 | -0.99 | -0.:

@
@

085 | -0.09 | 038 | 0.05 | 0.98 /8 0 3/8 o /8
0.75 | 023 | -0.98 | -0.56 | -0.82 s/a 1/4 1 05 | -7/8
012 | 036 1 077 | 037 | -064 1/8 3/8 3/4 3/8 5/8
(a)
(b)-1
-27/64 1/2 -1/2 3/a 1/2
0 31/32 | -29/32 1 -1/8
21/32 | 1716 | 3/8 116 | 31/32
3/a 1/4 -1 -9/16 | -13/16
1/8 3/8 3/4 3/8 -5/8
(b)-2
(b) convl EBOERTL
convl (a convl (b)-1 ComLk U0 convl (b)-1
com1ORF(E BEHEBYE
\
S
Ceont 812 1) 9z Lo B2
EAERIE
)

(c) BEFLFEADE XD TiROMER

1: BT Loz

DORINIEMBEEICEEINEIRETH L. £72, BFLI
X o TEHAMMOEIETLORI» ST 5. Z{LIEH
KEVWEEESEPRELS I e TFRENE -0, ZIE
DANINE L BERETHS. —HTHETE ZEIE
WBEAMRBMI L ICE RS e B FRENS. OF DS
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R 2 EE LB WRBUE, RIS IS X 2 BN K
&, MR EMENRBII KRR B L2 PR T 2 Al EE
WaHs5., Lrl, BEORWRETH > CHHRDIEE
LTINS KIICE L L2356 1E, #HEmBEcs 2 3%
HEIEHATERVWREI IR EEZONS.
D Eoismnr s, BAOE v MEDOKAIR/IMEREZ L
ToksERMtLT 3.
AN 1EOBEAMRE Woefore

ERE L7480 g
. B ROEAMRE warter
BRI (F|/IMb) :

> bit_width(wa ster)

k2

n
+ 87 Z |wafter - wbefore||g(i)|

(2

- IB Z Sign(wafter - wbefore)g(i) (]-)

Y 0 |waster — Woeforel < R

nIZEAMRBOBTH D, BAAAETIEn = F?2xCj), x
Cout (F:7 4 NEFAX, Cip s ANF ¥ IV, Cous
HAOF v 28, 2FEETEn=pxq (p: AT,
q: BB k%, bitwidth(z) i EE v MEZIR TR,
sign(z) XFEBEETH D, 2>045 1, 2=0745 0, 2<0
-1 BRI THE. 22T, o, BIFEIH =
HOBEAZRTHRMTHS. /2, RIETICKZEA
DEDOBARENETH 2. o, 8, REZ(IE2ZLTH
MR E X TR ICELIEZ e TE, B2 REH
PERTEIENTES.

4.2 DT MICLZEBREEROEXIRA

— R REII O EOMEBEIC X > TREMSREERD
3. FRCHL, AL TIZERGRTHERHEBTE 3
72, [13] TREINTVWE ES5%, &7 b e REE v
TeWEICT 5 2 e TRARKOHEZM/INETH S, >
7 MEEFESRICEDEHTE S0 LUT A ETH 5
ZehRHCEMTH B.

5. 2Bk

DTFoZERTIE, BIREEY — 1 Ii2id Xilinx 0
vivado(v2020.1) % vy, FPGA 13 Virtex UltraScale+
FPGA VCUI118 x5 ¥ L CRIEEE K Z1T - /2.

5.1 7 bEAVERRERIC & 3 ERENHE

42 HOFEE AN CERRAEE AR LA, ik
% TS T OB O B E R 2(a) 1R T, Hii
TR AT, HIATE HDL GRS « % FV-ClHlg
FRBL TV S, BT & H# LT LUT $02 F49C 45 %
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0 4
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104
'5 251 !
— 201 1"‘ J .
Els }fi; |( | ‘J‘ J' |
H | I
09 / J \ .| | ‘ ‘
57—|::efcre
o{ — after
—1‘0(} —‘5(] (I) 5‘0 160
Coefficient Value
(a) RER1OITHER LUT
6 1 —— before

—— after

A I

—llﬂ() —!;0 (I) 5‘0 llII'D
Coefficient Value
(b) FHE 1 DT CARRYS £

# of CARRY8

B 2: REHIDELIRIETH

B L TW3. £/, FPGAICIFET AHBETL L TE
WE v ) —nPy 7 THs CARRYS b 5. EHEIEDME
BRI, 255D FHT I8 NollE . —
HOMETIEITEOFIETEBE 2R L 7213 5 A EFE D)
XL BRBGEDND DD, ZIoDEEIETIIITTOFIETH
R L 7z BI S BB OMOE L R L TH H/h X wicd
TEDOFIETH L 2B E2AviuE v, 5.3 BioEET
&, 7 bERAVWEERREREHAW5.

5.2 BEAMRBOEFIC K ZEIRRIELIR
5.2.1 EEREM - &4

CIFAR-10 %38 L 7= LeNet 2l LT, ZHIFEAET
NERERFIETEHMELEADE v ME L FEE OBERE
BT 3. BAERTOE T OVXEERHICEAZ S Yy MMCL
TEY, ZOETAELROB»LEEADE v MED/N
XL RBEITRD LI CETELT.
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0.65 4

0.60 -

: ]
‘6 0.55 | o0
-
L
0.50 4
0.45 4
- kx
5{313 lDIOG 1560 20‘(]0 25:110 30;]0
Sum of Bit Width
(a) B LEROKKE
0.46 1
0.44 .
° [ ]
E L]
= 042
L

0.40

0.38 1

T T T T T T
500 1000 1500 2000 2500 3000

Sum of Bit Width
(b) A EBOMEE
K 3: BAAA 1 JEHDOETLIER
eI HERRER S, WEEE convl BOEADE v MEORMTH 3. x
F3EA%Z 8 ¥y PEFLLIREBOETFTLVERL, +HIODW 2%

DEF AL — MEERT. K 3(a), K 3(b) £dIHDEXT a DK
FIERLTED, BLIEY a BREW.

#BFUE, FEBEAET UL, 41 TRLEFIETE o
1% [0,10], R X [1,32] o#iF % 2L X TRELEITo 7.
5.2.2 ERERER

3(a) X convl EZ B TLERDOKETHD, K 3(b)
BEF R, EFEAOEALNEHEE LD TH
5. 3OHDEIT o DEORNEZRLTED, adi/h
SWVH DL Y MEIKELHFZATED, & ER
BHESEBED. —7, K 3(a) ¥ 3(b) KT 2
Y, BEERICEEEDORLELTWS. convl BDEAD
By MEZ 1/I0 LIPS LI BEO ST, FEEH 2.7 %
EAoTW2d0bH25. FEXF L HEY LTI,
‘AW RFED SELEE) L REfRIE oW b
BEZOND.

4%, convl BEZETFILL7ZETVIINL, conv2 &
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Sum of Bit Width
(c)

4: BEAAA 2 BHOEFLAER
4(a) 13X 3(b) OFEHHD L — ME ROOM) D conv2 EZ &
TIELZZd D, X 4(b) XX 3(b) DL — ME (FOLHD) ©
conv2 HEZEFLLZZDDTHS. K 4(c) 1ZK 4(a) &M 4(b) TR
L7zRL— MROIETH 2. #HKX 4(a), HDK 4(b) KL T
W5,
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5: A 1 HE TR LU HR
5(a) 1, X 4(a) OEHO L — MED fcl BERFLLZHDT
»%. X 5(b) XX 5(a) DILKKTH 3.

FPETELEERTHS. convl BOEADE v MEE K
ZES LIGE RN 4(a) 12, convl O Y v MEERIR-
725G %M ADb) IRT. ZASD L — MED KR K
4(c) WRT. convl HOEAFHOL v MEZKE HI-
72356, conv2 BOEADY v MEZ FEEEHIRL 256
WIBEENSLT AR o7 FC, mIBREE/NEL
L7235E2 1 WiRE DA R .

5(a) 1X, convl &, conv2 BOMAMBETLEADE
T LT fel BrREFLLAMERTH L. X 3(b) X
4 2T 22, v MEICK AEENDHEDEE IR
NTws. ZoZehs, BAABETIIE v MEZHITR
L, &EETEYy MERERT XOICT S Z e THES.
MR L7z y MEOHIBDFIRETH 2 L EZHNS.
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R 3: BTFLHED convl EIHE R D Hg

Wey M LUT # CARRYS % biyica
296 1,109,170 178,352  0.608
487 1,562,750 264,204 0.613
1262 3,317,515 582,600 0.618
1314 3,516,231 613,696  0.620
2979 7,212,999 1,230,208  0.622
5.3 2F1tL7: convl BDEIRRIRIELEE:

X 3(b) DL — MED S5 5 DD convl &% [EIFEARK L
TRERERIIORT. Z0E2S, By MEZEDET
FEREHRED KEL RoTWB R0 5. %72, 1.4 %D
FEEDRF VT 4 TLUT #, CARRY8 #(% & 312 15 %
EEEZTHIRTE TV, %y bV —27 2K ToEEEHRE
HITRA R DRI S HORETDH 5.

6. o

ARETIE, HASDEEEIC CNN 2 2R 2 ETH
Meindy 7 MRV ERREROFMNE, [BE R
ZHIR T 2 BT LFEERET L, 200 OEBRIVFEHZ
fTolz. 7 PERAWERAERMERKICLD LUT 8% ¥
45 %, CARRYS % ¥ 18 WHIE T 2 Z L BA[RET H -
Jz. ¥, FEBAETNOARERCEAREI LD
Bty "OTZEOB L TIEZIREL, HEEHEE
LOoDOEARBOY v MEHIEEIT 572, convl BT,
1.4 % DIEERF LT 4 T 85 % D [a] B HAEHI IR A AT HET
Hoiz.

SHOBEY LTE, Fv M7 —27 20 EEEEDRE
iz ML, L — MEEZEBEHES 2 2 & TRIEHBO
BMEDTE TV Z e 2R T 2 2 e ons.

A DO—ERIIEIFE EAEIST (B) (FREERS: 19H04079)
7% 5N JST CREST (&% S: JPMJCR19KS) 12X 5.
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