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Abstract Memristor is one of the most promising candidates to build processing-in-memory (PIM)
structures. The memristor-based PIM with digital or multizlével memristors has been proposed for
neuromorphic computing. The essential frequent AD/DA converting and intermediate memory in these
structures leads to significant energy and area overhead. To address this issue, a memristor-based
PIM architecture for deep convolutional neural 'network (CNN) is proposed in this work. It exploits
the analog architecture to eliminate datal converting in neuron layer banks, each of which consists of
two special modules named weight¢sub-arrays (WSAs) and accumulate sub-arrays ( ASAs). The
partial sums of neuron inputsgare generated in WSAs concurrently and are written into ASAs
continuously, in whichs the results® are computed finally. The noise in proposed analog style
architecture is analyzed quantitatively in both model and circuit levels, and a synthetic solution is
presented to suppress_.the 'noise. which calibrates the non-linear distortion of weight with a corrective
function, pre-charges the write module to reduce the parasitic effects, and eliminates noise with a
modified noise-aware traifiing. The proposed design has been evaluated by varying neural network
benchmarks,‘in ‘which the results show that the energy efficiency and performance can both be
improved ‘@bout 90% in specific neural network without accuracy losses compared with digital

solutions.
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Fig. 1 The structure of LeNet-5 CNN
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Fig. 2 Circuit structure of the memristor array
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Fig. 3 An assembly example of 2X2 convolutional

computation
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F1 B WSA 1 ASA BIH N H
. Input of . Input of
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Partial suml of O,

2 LINE,
Partial sum2 of Oy,,

Partial suml of Os,,
3 LINE; Partial sum2 of O,.,

Partial sum3 of Oy,
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Partial sum2 of O; 1,
i LINE; Partial sum3 of O;—»., Oi—4.;
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Partial sum4 of Osg,,
27 LINE:; ()27_]

Partial sum5 of Oz,
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1AM ER A 2 A B oAb MOS i i 4880 5 ik Hb 2
AR N n X on, 45 UL I RINGE R kil A0
LWTFEE n X (n—k+D Xk ML AR HIT.

3 Mm@ CNNIEUTE R PIM 454

3.1 PIM E&%&4

ALt T — Pt T AR RS A R B CNN
I RUTEAR PIM 254 ClniEl 7 pirs). RGEAL$E 16 ~43
e (banlo . g% 730 7 B HR 5350 8 < 4 R 4 A%
(globalcontroller, GC) |, Fu# (FEH0) % e 2% (DAC/
ADOW =#ij A £ B 3 #:2% (multiplexer, MUX) 325
fei gk (write and read, WR) M H F-4k 4 5k (addressing
AD) JF KB (switch, SW) WSA Fl ASA.

D &l ay. O RS G TAEZ b, R4
AN R R B2 AR ASE 1 A AR P 28 I 2% B T L AN bank Al
bank P B85 B 2 A 2 Tk #F A7 BCE A B 7R
bank 21 . >4 75 5K (19 CNN L H B 3 B2 7 AR 455 6
it —> bank 11z 530 [ B, 42 R 45 ) A% R G B 2
A bank WA iz 5, 48 75 208 50 BUHE 4 i B A&
bank H1IFFT 1A . & bank 12 B 5 B EUHE & i IR
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TAT » 4 Jr 45 1) 45 K AR 40 T 5 LB O D 3 & R /N |y
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TEAAER . OFE RS LAER B bl M5 5 5
WA R TAE TR 4 a5 i 45 b A T 8RR
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Bk 5 i A5 o fi HC T A

2) B (BEEO e e s F A 3B 5 A 30715 %
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Fig. 7 Configurable PIM structure for CNN approximate computation
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Fig. 8 The memristor model simulation curve
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Fig. 11 The write process simulation results

11 B AN R

4.3 EFEBAMEINESE

0o & A F AR PR 00 W P 6 HAS BT 88 1
P P R R M R AL 2R R R TR R OR BT R B
i PFAS B A0 55 FR R 7 T DR R e 7 45 5 o AR R R
T A 25 Rl BEHL A AL, 0, J8o3 8 2 BE P
Rt 0 W U BB ok, I HL L o0 X L) i
U FRL B I3 T 732 R 4 o 9 B

ARTCAR T — b RS R I 27k L RE B RS
X TR0 TG FE DG A R B TR B3R A TR P R A T I

I 5. SCRCL7 T 3416 T MOS (A5 (1 g s
B, SCHR T8 I St 1 A2 BH & A e 7 A 2R L i g Mg
AT LA P IE 25 00 A R SRR Bl AL T MR R
TR 2 i R B — B 28 0 1Y o A
4 BT A7 W P o B R AT & PR AR B89 A SUHE I S
22 SCHR17-18 ], T dE 47 4T U R AR 408 o 22 0
25 I3 FH A9 RS R 2 5 A5 TR0 25 500 o I B I
A A B A 1 Y1 5 e (A5 A A 39
R E Ry 2 REAE KU MER R S 30 A A



TERE R A B T AL B AR Y PTM 45 K49 52 IR B2 A5 AR 28 00 2301 01 1 5 1377

5 XWELERSN

5.1 HEFAE5EE

FL i 119 05 BOF- 5 2 HSPICE. {21 (19 2 A i
BEOCUEAT < B AL NMOS iR PMOS i &
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Table 2 Memristor Parameter Setting
x2 ZHEH\BHIEE

Rinr/kQ

Rorr/kQ Ron/Q D/nm pv/(mz'Vﬂ) p

200 200 11 10 101 1

5.2 FEEEMNERE

ARSCHEBET 325 6 Pl AUFE 2 Bl [A) BB
28X 28 Hiy NG TR 22 W 4% .3 A [A] AR 1) 22 J Jm
MLP)YFI 1 Fh VGG-19 M4 , T 2 245z 2 T
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T3~ 5 g T LR PR SR
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Table 3 Two Kinds of CNN Benchmarks Parameters
x3 2HERHBENEREELESH

Layer CNN-1 CNN-2
Input Layer 28X28 28X 28
Coventional Layerl 6X 24X 24 32X 24X 24
Pooling Layerl 6X12X12 32X12X12
Coventional Layer2 12X 8X8 17X8X8
Pooling Layer2 12 X4 X4 17X4X4
Full Connection Layer 192-64 272-46
Output Layer 10 10

Table 4 Three Kinds of MLP Benchmarks Parameters
x4 JHSEBRANRBRHEEAESH

Layer MLP-1 MLP-2 MLP-3
Input Layer 784 784 784
Hidden Layerl 500 1000 1500
Hidden Layer2 250 500 1000
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Output Layer 10 10 10

Table 5 VGG-19 Benchmarks Parameters
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VGG-19 pool-con¥3x512-conv3x512-conv3x512-conv3x512-

pool-conv3x512-conv3x512-conv3x512-conv3x512-
pool-4096-4096-1000
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Fig. 13 Simulation results of energy saving
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Fig. 14 Simulation results of performance improvement
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