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The External Memory Wall Problernr
von Neumann (Architecture) Bottleneck
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And a Huge Energy Bottleneck

Operation Energy/Op  Cost
(16-bit operand) (45nm) | (vs. Add)
Addoperation 0.18pJ 1X
Load from orchip SRAN 11pJ 61X
Sendto off-chip DRAM| 640pJ 3,556X

>1000X more energy to go to memory

A. Pedsam, S. Galal, S. Richardson, S. Kvatinsky, and M. Horowitz, iDark Memory and Accelerator-Rich System
Optimization in the Dark Silicon Era,0 IEEE Design & Test, April 2017



Moving Computation to Memory

Input

Output




Processingin-Memorye (PIM)
Reducing Data Movement

Prior Art

Configuration
PIM machine

Memory

i lal Active Pages (DRAM)

SA connected to

SIMD pipeline

Automata
Memory

Ambit

H. S. Stone, AA Logic-in-Memory Computer,0 IEEE Transactions on Computers, January 1970

M. Gokhale et al., iProcessing in memory: the Terasys massively parallel PIM array,06 Computer, 1995

M. Oskin et al., fiActive pages: A computation model for intelligent memory,0 Comput. Archit. News, 1998

D. Elliott et al., iComputational ram: Implementing processors in memory,0 |IEEE Des. Test, 1999

P. Dlugosch et al., "An Efficient and Scalable Semiconductor Architecture for Parallel Automata Processing," IEEE TPDS, 2014

V. Seshadri et al., iAkmbit: In-Memory Accelerator for Bulk Bitwise Operations Using Commodity DRAM Technology,0 MICRO 2017

Recent Data transfer is still required

to/ from DRAM and PUs




This Tutorial

A The need for Processisig-Memory

A Memristors and Memristive Memory
A Memristive logic classification

A Out-of-memory logic

A Nearmemory logic

A Real inmemory logic

A Memristors for HW security



Memory Hierarchy

Cache Memory System High-Performance Storage
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Ack: I\/Iginuddin K. Qureshi
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P/E Endurance

The Problem with Flash Memory

Flash memory

10,000 4 .
B MLC-2 NAND ECC -
MLC MAND Endurance -
1,000 + -
100 !
Ox X 5x Ax 3x 2% 1x
Geometry (nm)

Source: D. Ruggeri, MICRON

ECC



Memristors
Emerging Nonvolatile Memory Technologie:
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3 Fundamental Circuit Elements

W~ s

Resistor Capacitor

v=R{ | g=C «

Resistor | Capacitor
SYYY -
Georg Ohm 1827 von Kleist 1745
Inductor
Jj =LK

Inductor
|3 Michael Faraday 1831



4 Basic Circuit Variables

* Joltage (1)

e Current i(7)

* Charge q(t) £ j.fwi(r)dr or | d=

e Flux

14

@(f)éfjmv(r)dr ,or | v=




3 Fundamental Circuit Elements
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The Missing Circuit Element
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The Memristorl971

-MM:@ I

Resistor A Capacitor
v=R{ [ g=C «
@- i ’@
'2880"%
Inductor | \emristor
Jj =LK H j =M §

IEEE TRANSACTIONS ON CIRCUIT THEORY, VOL. CT-18, NO. 5, SEPTEMBER 1971

Memristor—The Missing Circuit Element

LEON O. CHUA, SENIOR MEMBER, IEEE

507



The Missing Fourth Element?

Memristor

(v)

N
AW\~ .3
Resistor Capacitor
v=R-j qg=0"v

® f
SYYY -
Inductor
p=1L-1I
¢

Circuit Theory, 1971




The Conventional Story

| May 2008

The missing memristor found

Dmitri B. Strukov', Gregory S. Snider', Duncan R. Stewart' & R. Stanley Williams'



Memristor ¢ A Practical lllustration
Resistor with Varying Resistance

Current p

High resisitive siie
= ((RQP@ lH:@)

Voltage

Oacrease resistance

- Memristor



Attractive for Memory!

CMQOS compatible

Dense

Nonvolatile

Fast

Low power

Highendurance o] [soue
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Metal5

Metal4

Metal3

Metal2

Metall

Rad hard
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We Want to Compute within the

Memristive Crossbar Memory
Bitlines
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Read Operation in the
Memristive Memory

’ Voltage Sense
Driver Amplifier

, 21914
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Immediate Applications

A NAND Flash replacement
A Embedded NVM

CPU Register
t * 2CPU L1-3 Cache
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Immediate

Applications

A NAND Flash replacement

A Embedded NVM

CPU Register

Cost

t * _CPUL1-3 Cache

A Storage Class Memory

. DRAM

. SCM
SSD
HDD

Diameter ~log capacity ..
.t rrrer |

(T 171 17 1"
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Random Access Time
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Existing Product2019
39 Gon. MRAM | INTEL” OPTANE™ SSD 905P SERIES

{1.5TB, 2.5in PCle* x4, 3D XPoi

2017~

300 mm -

GF@Singapore fab.
pMT) ST-MRAM

256 Mb ~ 1 Gb Ly,
MgO Based
40 nm (256 Mb)

28 nm/22 nm FDX (1 Gb, Dev.) 20nm, 1.5 TB, PCle NVMe

INTEL’ l]PTANE"' MEMORY M10 SERIES

[GdGB M.2 80mm PCle* 3.0, 20nm, 3D XPoi

* | 20nm, 64 GB, PCle
(intel”)

We anticipate seeing new memory products throughout 2019 and into 2020, including
Samsung's 28 nm FDSOI STT-MRAM, TSMC eSTT-MEAM and eReRAM, Intel 22FFL STT-
MRAM, Micron XPoint QunantX and Panasonic/UMC 28nm FDX ePCM.




The Way for Commercializatioh019

Intel Expands 22FFL With

Production-Ready RRAM and MRAM
on FINnFET

Leading-Edge Foundry
Emerging Memory

0.10—+
/. 0.0486
22222
0.06 (R/MRAM)
40nm
E (MRAM)
3 7
s 0.0364
zzzzz /—\‘
< (MRAM) i n tel ®
0.01
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Agenda

A The need for Processisig-Memory

A Memristors and Memristive Memory
A Memristive logic classification

A Out-of-memory logic

A Nearmemory logic

A Real inmemory logic

A Memristor for HWsecurity

30



Logic with Memristors

Integrating memristors Logicwithin memory

with standard logic
Beyond Moore Beyond von Neumann

Reconfigurable Logic

31



Numerous Logic Families
Need Classification!

A Statefulnessrepresentationof data

A Proximity of computationintegrationof

processing and storage
A Flexibility:variety of logic operations using the

same circuit -@o

32 o




State Variable

A CMOSogic-> voltage

A Memristivelogic->

voltage and resistance

A Stateful logic family
resistancas the state

variable

33
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Proximity of Computation

A In-memory oot

Output

A Nearmemory

A Out-of-memory
A Defined by where the computation is performec

A What is a memory array?

34



In-Memory Computing

A All of the computation is performed

within the array

Control

Memory Array

Commands
>

Data movement

>

On-Chip
Controller

Periphery l

Memristor
Memory
Array




NearMemory Computing

A Some of the computation is out of the memory

arrayc data movement On-Chip
Controller

Control Periphery ﬁ

Memory Array 9

Memristor

Commands> Memory

Data movement Array
-




Out-of-Memory Computing

A All of the computation is out of the memory

arrayc data movement, |
Processing
dedicated processing units Element
_ Read Write
Control Periphery Operands Results
Controller
Memory Array
Memristor
Commands> Memory
Data movement Array
37 >




Proximity of Computation

Computation Computation Computation
using logic blocks using peripheral using
s Memory \ circuit memory cells

Logic

Dlugosch et al., IEEE TPDS, 2014

Oskin et al., Comput. Archit. News, 1998
Elliott et al., IEEE Des. Test, 1999
Gokhale et al., Computer, 1995

OUT- NEAR- IN-

Li et al., DAC, 2016
Seshadri et al., MICRO 2017
Aga et.al. HPCA 2017
Eckert et.al. ISCA 2018

Kvatinsky et al., TCAS-II,
2014
Talati et al., TNANO 2016

J. Reuben, R. Ben Hur, N. Wald, N. Talati, A. Haj Ali, P.-E. Gaillardon, and S. Kvatinsky,

"Memristive Logic: A Framework for Evaluation and Comparison”, PATMOS 2017 e



Flexibility

A How sequence ofontrol signalscan execute

different functions?
A What is thebasic logic functiof

A What is the basic structure?
e

39 o




Classification Summary

A Statefulnessrepresentationof data

A Proximity of computationintegrationof

processing and storage

A Flexibility:variety of logimperations

usingthe same circuit [

J. Reuag@ et al., iMemristive Logic: A Framework for Evaluation and Comparison,0 PATMOS 2017
J. Reu et al., A Taxonomy and Evaluation Framework for Memristive Logic",
Handbook of Memristor Networks, Springer 2019
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A The need for Processisig-Memory

A Memristors and Memristive Memory
A Memristive logic classification

A Out-of-memory logic

A Nearmemory logic

A Real inmemory logic

A Memristor for HWsecurity



Hybrid MemristorCMOS Logic

1 )

D

Save die area
More logic on die

Beyond Moore



Memristor RatioedLogic (MRL)

A Similar to CMOS logic
A Using CMOS for inversion and amplification

A Memristors operate only as computational
elements

i y atat, N. Wald, E. G. Fried dny, and U. C. Weiser, AMRL i Memristor Ratioed Logic,0 CNNA 2012



ANDOperation

Vour = Vec O o Ve &@ Vs
Ron + Rorr Ror

Increase resistance

Decrease resistance
y Rorr >> Ron



OROperation

. Rore
V., =V.. O \P
ouT cc R . +R.. cC ROFF >> RON

Decrease resistance

o 0] o f

0 1] 1 /
1 0| 1 < <
1 —

Increase resistance

45



N-Input MRL

1I"'FEIL.IT
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Vour



T = kQI I%)FF
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Need for Amplification
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Integration with CMOS Inverters

A Memristors can be fabricated with CMOS

A Input/output are voltages; as in standarc

CMOS logic E
A CMOS gates have gaiamplifier /

IN, ¢ 7
II(-T | IN, ¢ 7
hld nE
mr - '
AND 1. orR | -
1 | .

49




Standard Cell Approach

A MRL standard cellsNAND and NOR
A Robust- no current leakage between stages

A Two CMOSnemristor crosdayer connections
per cellg consume area and power

A1
LI

i

!

>O— NAND

.

—IL—
—h[1Ls

R

D NOR



NAND Physical Design

CMOS

MRL

K. Cho, S.-J. Lee, and K. Eshraghian, iMemristor-CMOS Logic and Digital Computational Components,0 MEJ 2015



Optimized Approach

A Target- minimize CMO$hemristor crosdayer

connections

A Solution¢ use inverters only when needed

| Signal restoration (voltage optimization)

I Logic function requires inversion

=)

@)




Different MRL FulAdders(Cho2015

ABD—r H

BE—r1 »s H . ®
Cin BB Cn®

e El Lac.

S=A® B Cy, rr—— i

Cou=(A-B)® (Cn- (4 ® B)) :”“", |

53
K. Cho, S.-J. Lee, and K. Eshraghian, iMemristor-CMOS Logic and Digital Computational Components,0 MEJ 2015



MRLC Summary
Beyond Moore&Q Law

A Hybrid CMO$nemristor logic

A CMOS inverters for signal restoration and

complete logic structure
A Increase logic density

A Applications?

54



Agenda

A The need for Processisig-Memory
A Memristors and Memristive Memory
A Memristive logic classification
A Out-of-memory logic
A Nearmemorylogic
I Akers

T Assoclative Processors
I Neuromorphic

A Real inmemory logic
A Memristor for HWsecurity



Akers Logic Array$972

A Executes any Boolean function

/

/

111__9
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IR

4

—>
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|

3 x 3 Akers array

6 ~ . R :
S. B. Ekers Jr., 1 A Rectangular Logic Array,0 IEEE Trans. on Computing, August 1972

X
Z

y —> /—> f(x,y,2)

\k
f(x,y,2)

Primitive logic cell



Primitive Logic Cell

A Three input majority gate

A The input combinationsl(0,0 and ¢,0,1)
never occur X>KY)

X

X

Z
y —> %—> f(x,y,2)

v

f(nyJZ) “@(h(h(:] - dﬁ)-l_dlzx

Rawy =L ouawd)

QGGG = WiF b

R|lo|r|lOo|rRr|O|R|O
Rl |lOo|lOo|lrR|R|O|O|<

Qahd = o+

RPIPIPIPIOOCIOOIN




The Input Matrix

AIf A, B, C, Dare the input
entries to the logic array,

we say that
A B
C D

IS theinput matrix

58
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Basic Properties

A If there is aD-path over the 5
rows, then the array output 0
ISZero

A If there is al-path over the
columns, then the array 1
output iIsone 1




Various Boolean Functions with
Akers Arrays

_.'__ AI
[%[e[c]

.—-_\ B

KBC "A'E
B | A Alc

A® B J\-ﬁ-tﬁiﬁ]
NG B A
al alT| c | a
Bl ¢ | A | Al B

%B: I:E‘L-::hna

6 0



XOR Akers Array




Memristive Akers Arrays

*‘ v“ U(JO
, & U
LN @EL +@|—E e )
v
By v Primitive memristive
2 X 2 memristive logic cell

Akers array

6 2 : . : : . .
Y. Levy, J. Bruck, Y. Cassuto, E. G. Friedman, A. Kolodny, E. Yaacobi, and S. Kvatinsky, "Logic Operation in Memory Using a
Memristive Akers Array," Microelectronics Journal, Nov. 2014



Primitive Memristive Logic Cell

A Based on complementary memristor (CRS)
A Implementing f,(X, v, 2)

. |
O ? U & 0 7‘ S A 0
W
—»@-L > Ay >
) U &
W
Q "Q

v v




Write to the Primitive Cell

A Write to both memristors

Gy = 03
‘*’l Reduce M, l 0 ¢
W Q
— bl >
N Increase M, 0 ¢
o -
= = "VEGED

Write logical Ao

64



Primitive Cell Write Simulations

Voltage [Volt]

1
e
1

-20.0 -10.0 0.0 10.0 20.0

Current [pnA] 40

20
0.0

2.0

-40 .
125.0 1

75.0
25.0

Vy [V]

-

Z=0 y Z=1

Rz [KQ]

-25.0 -
125.0 ]

75.0

25.0 -
25.0

Rz[KQ]

0.0 20.0 40.0 60.0

65 Time [nS]



Primitive Logic Operation

A Execute below threshold

le‘
| @@n il
<—
c:
e
o]
v
Ve [V]

R,[KQ] Vx[V]

fout [V]

6 6



Memristive Akers within Memory

X inputs

L
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1

Column decoder and voltage controllers




Memristive Akers2-Input XOR

N P
. \L v
o) Q « "
A 4 A 4 H>—> 0] o
=T Bl o
>“@ »hH T > d$e—| O O'._
U U
[V
v é 1.0 -
o 0 ¢ Q ] _ _
W 0 ] A=0 B=0
—»% >% > 00 ] A
1.0 1
. ‘ — ] A=0 B=1
) la S _[ \
& 1.0
“ ' -
:o ] , A=1 B=0 \
> 0.0 -
1.0 ]
] A=1 B=1
0.0 ) — I
0.0 5.0 10.0 15.0 20.0 25.0 30.0
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Memristive Akers Arrays
Open Issues

A Akers memory design (Y. Lakesis2015

A Nonbinary Akers arrays (extends¥aakobet
al. 1SI2013

6 9 Column decoder and voltage controllers




Agenda

A The need for Processisig-Memory
A Memristors and Memristive Memory
A Memristive logic classification
A Out-of-memory logic
A Nearmemorylogic
I Akers

I Assoclative Processors
I Neuromorphic

A Real inmemory logic
A Memristor for HWsecurity
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Content Addressable MemoryGAM)

Regular Memory Cells

SearchData10011 Port #
Compare | [J 1|1 0 1 00
Compare 01110 0 1
Compare |1 |0 (1|00 110 reel
Compare |1 (0|0 |1 (1 11| <=
\ Match
CAM Cells
Search Data1001 1
0(1{1]0(1] oo
0(1(1[|1|0| o1
Match 1]0(1]0]0] 10 Result
mp (1 (00|11 11 ¢




CMOS CAM




Memristive CAM
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K.Eshraghiaret al., TVLSR011




Associative IAMemory Processing

A Associative processingcomputing by
LookUp-Table (LUT)

Aln typical LUT, function values are stored in
memory, while data Is fed from outside

An associative processor, data is stored in
memory while function arguments are fed
from outside

I Computing Is done-situ




Assoclative Processor

A Processingnearmemory (PNM) using CAM
A AP is similar to a loelkp table

A Computation is a series aompare and

(XerteS operatlon Search Data1001 1

0|11

00
01

10 Result
11 <

Match

el [ =l (=
—\.ggd

0|11
101
100




Example: Associative Vector Additic

ASSOCIATIVE PROCESSOR: MEMORY MAP

55 1211 8 7 4 3 0
0oo01fo100
01011]10101
0oo0o0foo1o0
01000110
1001 foo0o0o0
01000101
0011 1(1101
00000101
1001 o010
0011 11010

O
wn
Il
>
+
vy

76



Example: Associative Vector Additic

ASSOCIATIVE PROCESSOR: MEMORY MAP

55 1211 8 7 4 3 °

01011J01001 0 0 0 0 0
0oo0oo0o0Joo1o0 0 1 0 0 1
01000110 0 1 0 1 0
1001|0000 1 0 0 1 1
01001(0101 0 1 1 0 0O
0011 (1101 0 1 1 0 1
0000 1(0101 1 0 1 1 0
1001|0010 1 1 1 1 1
0011|1001

cC S = A + B

77



Example: Associative Vector Additic

SELECTING BIT COLUMN O
55 1211 8 7 4 3 0
0 0 1 0|1/]0 1 01 0 0 0 0 0
0 O 0 0J0j]JO O 1}0 0 1 0 0 1
0 O 1 0j10j]j]0 1 1}0 0 1 0 1 0
0 1 0 01110 0 0O}O 1 0 0 1 1
0 O 1 0|0jJO0O 1 0}1 0 1 1 0 0
0 O O 1|1|J1 1 01 0 1 1 0 1
0 O 0 0|O|JO 1 0O}1 1 0 1 1 0
0 1 0 01110 0 10O 1 1 1 1 1
0 O 0 1|1 1
C S =A + B

78



Example: Associative Vector Additic

COMPARE
55 8 7 4 3 0
01 o0|1/flo 1 0]z 0 ol 0 0O O
000@»0010|7| 0 1 0 0 1
= N
0 1 ofo)fo 1 1(0)] 0 1 0 1 0
10 0f|1/]lo o o]0 1 0 0 1 1
01 o0|ollo 10|z 0 1 1 0 0
O O 111|111 1 01 O 1 1 O 1
o0 ofloffo 1 0]z 1 0 1 1 0
10 0f1/]Jo 0o 10 1 1 1 1 1
001|101
S = A + B

79



Example: Associative Vector Additic

WRITE
55 8 7 4 3 0
o0 o0f1]]lo 1 oo
O 1 01110 1 01 [O O O O O
OJJIO O 0|O0||O0O O 1|O|| I 0 1 0 0 1
9)|01000110|7| 0 1 0 1 0
1 00[1/lo 0 o]0 1 0 0 1 1
o1 o0follo 102 0 1 1 0 0
o0 1f1/]l1 1 o2 0 1 1 0 1
o0 ofollo 1 02 1 0 1 1 0
1 00[1/lo 0 1]0 1 1 1 1 1
001|101
S = A + B

80



Example: Associative Vector Additic

COMPARE

55 8 7 4 3 0
01 0f1[]lo 1 02 0 0 0 0 0
olo o oflojfo o 1]0 0 1 0o o 1
oflo 1 oflo|fo 1 1]0 0 1 0 1 O
1001000/(_)\\ 1 o o0 1 1
orofglosoi" g g 1 g o
001’1\110’:‘ 0 1 1 0 1
0 oofofforofap 0 4 g
1 0o0f1f]o 0o 1]0 1 1 1 1 1
00110 1lo
= A + B

81



Example: Associative Vector Additic

WRITE
55 8 7 4 3 0
01 0f1[]lo 1 02 0 0 0 0 0
olflo o ofo|fo 0o 10 0 11 0 o 1
offo 1 ofo|fo 1 10 0 1 0 1 0
ﬁ10010000 ‘ 1 o o 1 1
1o 1 ojo[fo 1 o|1|[ ¥ O 1 1 0 0
A0011 1101 ‘ 0 1 1 0 1
(1o o ofo|fo 1 of2|] V 1 0 1 1 0
1 00/[1/lo 01 1 11 1 1
001101
cC S = A + B

82



Example: Associative Vector Additic

SELECTING BIT COLUMN 1

55 1211 8 7 4 3 0
0OJ0 1|0|1 JO 1|0|1 0 0 0 0 0
ofo olofo Jo o|1]0 O 1 0 0 1
ofo 1/ofo Jo 1|1]0 O 1 0 1 0
1|1 ojo|l1 |o ofo]o 1 o0 o 1 1
110 11040 JO 10|12 0 1 1 0 0
0OJ0 O|1j1 |1 1|0|1 0 1 1 0 1
1o ojofo |o 1|0|1 R
111 0|01 |0 1 1 1 1 1 1
110 olaJ1 |1 ol
S = A + B

83



Example: Associative Vector Additic

END OF COMPUTATION
55 1211 8 7 4 3 0
of [o]t o 1jofjo 0 1 Jo]1 0 0
oj|1/0 1 0j0j1 0 1 o1 0 1 0 0 0 0 0
of [oJo 1 oJojo 0 0 Jofo 10 O 1 0 0 1
of|1/0 1 0|0j1 0 0O 01 1 O 0 1 0 1 0
of [t]o o 1]1|o 0 1 Jofo 0 0 1 0o o0 1 1
off1/0 o 1jo|1 0 0 Jof1 0 1 0 1 1 O O
of/1{o 0 ojojo 1 1 1|1 0 1 0 1 1 0o 1
of [o|1 o 1]o|o 0 0 Jof1 0 2 1 0o 1 1 o
offrjo 1 1/2fo 0o 1 Jojo 1 1 1 1 1 1
o 1J1 0 1|10JO0 1 1 |1 1
c S = A + B
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AP Complexity

A Arithmetic:
I Fixed point
Ad bit add / sub: 0 (&) cycles
Ad bit mult/div: 0 & cycles
A Pattern match: 0 p cycles

A Finding max/min: 0 (p) cycles

A Independent of the dataset size:
The larger the problem, the better the
performance of the Associative Processor!



Resistive Assoclative Processor

| MASK | | [Bit Bit |
| | |
vy vy vy v %f vy |
|
[N (S
||| ®l
M }chfw d L
—eam [ Jcam | cam [ cam [0 cam 1 A6 CeeRST
Bitcell Bitcell Bitcell Bitcell Bitcell| T JUUSELL E;E “““““
= I I I M Lh_/_vf__?_l-__ TAG -7 T Precharge
CAM CAM CAM CAM CAM )‘F ‘.
Bitcell Bitcell Bitcell Bitcell Bitcell e +—[>o>e— Latch -|{
Cl RST
| write \;*,
Match/Word Line
eam [ Jeam [ cam [ cam [ cam TAG . (a)
Bitcell Bitcell Bitcell Bitcell Bitcell Tl (b) ‘ (c)
' S~ol :
| | | | | | | | H | | TT~<._ FIRST_TAG \—mz_TAG
L]
L]
L]
| | | | | | | MaLch/Word Line| |
—|cAM [ |CAM [ | CAM [ | CAM | 77T ] cAM TAG
Bitcell Bitcell Bitcell Bitcell Bitcell | | ‘
T |
(a)

A Converting a memory crossbar into a massively paralle
SIMD processor
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L. Yavitset al., dResistive Associative Processoomputer Architecture Letters2015



What AP Is Good for

ADense and sparse linear algebra
AK-means clustering

ALinear SVM classification

AFFT, convolution, feature extraction
ASequence alignment (Smitlvaterman)

AGraph processing (Dijks@sshortest path
finding)



Performance and Power Consumptic

— T 1000 T T T

L + BSC ReAP " + BSC ReAP )
.\N f'ﬁ,
Q_ 10000f| © DMM ReAP AR S DMM ReAP &)
@) O FFTReAP . 2] O FFTReAP 8-
- < Titan X (Peak) 59 ; jooll 9 Tian X g

L Knights Landing (Peak) é o Knights Landing i

(D 1000 + . ~
~— +* © O — B

o )

Q + O ; B

O . 2 o 101 .

C 100 - O

© * a¥ &

= 5o b

e 0"

B 10t @ C 1 =
Y £ o &

| - * 4 é

Q o]

O
o 1 : : 0.1185 : : :
0 1 10 5, 100 1000 0 1 10 100 1000
2
Area (mm") Area (mm’)

A ReAP size (and consequently performance) are
constrained by memristor write energy

A Max Dense Matrix Multiplication performance is
5TFLOPS under this constraint

L. Yavitset al., dResistive Associative Processoomputer Architecture Letters2015



Agenda

A The need for Processisig-Memory
A Memristors and Memristive Memory
A Memristive logic classification
A Out-of-memory logic
A Nearmemorylogic
I Akers

T Associlative Processors
I Neuromorphic

A Real inmemory logic
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Top-1 accuracy [%]

Al Requires a Lot of Data

Inception-v4
80 -
Inception-v3 ResNet-152
ResNet-50 VGG-16 VGG-19
75 1 ResNet-101
. ResNet-34
70 - ﬂ ResNet-18
°° GoogLeNet Mel I |Ory
ENet
65 - A . .
© o Millions of different weights
60 - 5M 35M 65M 95M 125M 155M
BN-AlexNet
23 AlexNet
50 Y : : ' Y Y ' Y
0 5 10 15 20 25 30 35 40

Operations [G-Ops]

Billions of calculationsCPU, GPL



Memristor-BasedASIC for DNN

A Ena
'|'

A Ana

nle heamemory processing

Reduce memory traffic
og MAC operation

Parallel computation

Reduce energy consumption

L



DNN Inference and Training

Feed forward

Backpropagation



Memristive Processing foDNN

A The crossbar is used to store the weights data
The conductance = the weight value

ce =
B0

A The activation is theoltage

drop over the columns (rows)
F = mmpk
e R
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Multiply and Accumulate
(Feed Forward)

A UsingKCL

The output currenis ¢ ¢ &
the weighted sum
(inner-product)

0O W

A Parallel operation
to all rows Is the
crossbar
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Data Representation

R R

R
R
R

R
RN

Input > discrete

Weights W- discrete

Input &> discrete
Welghts W analog

Input & analog
Weights W- analog

Input 6> analog
Weights W discrete



Back Propagation

The error] Is propagate
according to:

of (0 @ ) , (@)

D.Seudry, D. Di Castro, A. Gal, A. Kolodny, and S. Kvatinsky, iMemristor-based Multilayer Neural
Networks with Online Gradient Descent Training,0 IEEE TNNLS 2015



Stochastic Gradient Descent Training

The O A A EOAATT €@ Aor fully

connectedlayers: W W | W ‘
I w ,
m e
. . W W
For Stochastic gradient descent vy
(SGD:
W W —T—é W  —uW @
T w W W W
W

D.cSeudry, D. Di Castro, A. Gal, A. Kolodny, and S. Kvatinsky, iMemristor-based Multilayer Neural
Networks with Online Gradient Descent Training,0 IEEE TNNLS 2015



SGD Memristive Weight Update

Conductivity:
30 "A3Y w) A3w)

(74 (14 7 rr ] r s, [} A J 4 (I) (I) (I)
FY oo 1 QQew | |
W W W
Moving from voltage
to time and voltage ’
W
a -->V (voltage) R

W W
: i N
y --> e (voltage and duration). - - | \ \%
=" \

D.Sgudry, D. Di Castro, A. Gal, A. Kolodny, and S. Kvatinsky, iMemristor-based Multilayer Neural
Networks with Online Gradient Descent Training,0 IEEE TNNLS 2015



Going Beyond SGD
(Optimization Algorithms)

A Helps SGD performance
i Increase accuracy

n
, -
I Accelerate convergence y msaD N\_  COvow y)

Momentum =

A Momentum Ns } N

N
i Keeps thaipdate = oL

history g
I Memory overhead 0 TR | BRI sl

I Computation overhead ~ = W,

0.1
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Runtime Speedup vs. GPU

903.68 947 .25
813.19

ot
oo =
= =
= =

600

400

200

Normalized Speedup

=

MMIST1 MNISTZ MNIST3
B Limited His.

@ Internal Mem.

T. Gregnberg-Toledo, R. Mazor, A. Haj-Ali and S. Kvatinsky, "Supporting the Momentum Training
Algorithm Using a Memristor-Based Synapse," IEEE TCAS-I 2019



Challenges

A Architecture

;’[T]_[T
i Programmability o
. 8 6
I Limitedcrossbar size B

EXTERNAL IO INTERFACEIE

i Pipeline utilization |
| Data converters overhead
A Technology
I Precision
I Reliablility
I Endurance (training)

CHIP (NODE)

..................................................

< XB |w/<| XB
sl IS |

< xB Mgl x8 ADC

O () |
S+H S+H ADC

Shafiee et al., ISAAC A convolutional
neural network accelerator with in-situ
analog arithmetic in crossbars," ISCA 2016



Ongoing/Future Work

T RRam
array

A Quantized neural networks
I BNN/TNN for inference
I BNN/TNN for training

A Programmable accelerators &

A Intelligent mixedsignal circuits — * L —ere

out =a &k

E. Giacomin et al., "A Robust Digital RRAM-Based Convolutional Block for Low-Power Image Processing and Learning

Applications," IEEE TCAS-I 2019

L. Danial, N. Wainstein, S. Kraus, and S. Kvatinsky, "Breaking Through the Speed-Power-Accuracy Tradeoff in ADCs
using a Memristive Neuromorphic Architecture”, IEEE TETCI 2018

L. Danjal, IN. Wainstein, S. Kraus, and S. Kvatinsky, "DIDACTIC: A Data-Intelligent Digital-to-Analog Converter with a
Trainable Integrated Circuit using Memristors", IEEE JETCAS 2018



Agenda

A The need for Processisig-Memory

A Memristors and Memristive Memory
A Memristive logic classification

A Out-of-memory logic

A Nearmemory logic

A Real inmemory logic
| Stateful logicc IMPLY, MAGIC
I Memristive Memory Processing UnmiMPU)

A Memristor for HWsecurity
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Proximity of Computation

Computation Computation /Computation\
using logic blocks using peripheral using
s Memory \ circuit memory cells

Logic

Dlugosch et al., IEEE TPDS, 2014

Oskin et al., Comput. Archit. News, 1998

Li et al., DAC, 2016
Seshadri et al., MICRO 2017

Kvatinsky et al., TCAS-II,

: 2014
Elliott et al., IEEE Des. Test, 1999 Aga et.al. HPCA 2017 :
Gokhale et al., Computer, 1995 Eckert et.al. ISCA 2018 Qalatl AT IS Zoy

J. Reuben, R. Ben Hur, N. Wald, N. Talati, A. Haj Ali, P.-E. Gaillardon, and S. Kvatinsky,

"Memristive Logic: A Framework for Evaluation and Comparison”, PATMOS 2017 104



State Variable

A CMOSogic-> voltage

A Memristivelogic->

voltage and resistance

A Stateful logic family
resistancas the state

variable

105

1V,
Volts

a
b
c
d
e
f
g

:Dh

s

L2

L3 L4

1
=

.

o

300 kq

1kq .




RealComputing within the Memory
Beyond von Neumann Architecture

CPU
Control Unit
Input | __,|Output
Device Arithmetic/ Device
Logic Unit

Memory l T
Processing
Unit Memory
(MPU)
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We Want to Compute within the

Memristive Crossbar Memory
Bitlines

Ky
%,
%,
iy
%,
%,




Processing iWMemory with Memristors
Logic Families

IN, Vconp

— L ouT
Ve il o=

—E = p q

IN,

MAGIC %

Kvatinsky et al., TCAS-1l 2014

IMPLY

Borghetti et al., Nature 2010

J. Reyben, R. Ben Hur, N. Wald, N. Talati, A. Haj Ali, P.-E. Gaillardon, and S. Kvatinsky,
"Memristive Logic: A Framework for Evaluation and Comparison", PATMOS 2017



IMPLY Function

A One of the elementarg input Boolean functions

Truth Table

p_ g pIMPq --
0 0 1 pY q
0 1 1 If p then ¢
1 0 0
1 1 1

IMPLY + FALSE == Complete logic



IMPLY Logic with Memristors

Logic0 Y Rger
Logic1l Y Rgy

P dlpIMPg
1

0O O

0O 1 1
1 O 0 RON < F%; <R)FF
1 1 1

J. Borghetti et al, iMemristive Switches Enable &tatefuldLogic Operation via Material Implication,0 Nature, 2010



Behaviorfor Different Cases

OuUT : 1 kq
Decrease resis State Drift

111



Performanceand Robustness
Tradeoff

TRADEOFF

2
31 State drift
A

1 1 1 \
OUT Refreshing the gate



IMPLYc Basic Operation

A Performance and robustness tradeoff
A Need for refresh because of state drift

A Widely used linear ion drift memristor model is

iIncompatiblefor logic design

VCOND VSET




Complete Logic with IMPLY
A Sequential operatiorof IMPLY and FALSE

A NAND: va V V

I Stepl ¢ FALSE(S)
I Step2¢ P IMPLY S Iﬁ/ Oﬁ‘ ﬁ
I Step3 ¢ Q IMPLY S

2

A Many different optimizations for various
Boolean functions
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IMPLY within a Crossbar

ANatural method within memristive crossbal
I Input and output are resistance
I Basic structure iIs erossba#like
I Additional resistor pewordline




Other Stateful Logie Example

Vv
COND- Veer

- -
el L k=N =N -]
- oo |lo K

— O - O T
el Ll =R =N =]
- - R

Y. Zhang et al., "A Novel Design for a MemriBlasedORGate,"IEEE TCASAuUg.2015
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MAGICC
A One appliec

Memristor AildedLoGIC

voltag¥,;, no additional devices

A Separate input and output memristors

IN, IN,

Ve

ouUT IN, IN, OUT

NAND = B

{E}%{E}@l

NOR

S. Kvatinsky, D. Belousov, S. Liman, G. Satat, N. Wald, E. G. Friedman, A. Kolodny, a dUCW |||||
"MAGIC i Memristor Aided Lo GIC |EEE TCAS II, Nov. 2014



MAGICc Memristor AildedLoGIC
Example of MAGIC NOR

Initialize OUT to B, Roee >> Rap
/OUT\

Ve 1
Rorr
— ROoN . >

~Increase resistance

S. Kvatinsky, D. Belousov, S. Liman, G. Satat, N. Wald, E. G. Friedman, A. Kolodny, and U. C. Weiser,
"MAGIC i Memristor Aided LoGIC," IEEE TCAS II, Nov. 2014



N-Input MAGIC NOR




Real MAGIC

Logic-in-Memory 10° . ' '
on Textile s - | !
AUpEGDMA & . ; : |
Un;n:ranted Ya."\ \ %10" 0o : ofjo : 00 : 0
. o 7 510‘ : : :
-=N3¥gi:§te> &, . ll :‘ I: |I: |
"R 410,_"‘” TlmoT(nc)
4 o' i
S
€107}
g
310°;
e e Time (s) ' NOT gate 107
<NOR gate> Time (sec)
Jung et al., Nano Research, July 2017 Bae et al., Nano Letters, Oct. 2017

ASIC? winbond

Our lab (HfOx based)

120




Lab Demonstration

TaOx memristors

Fabricated by
Vikas Rana (Julich)
Tested by Barak
Hoffer (Technion)

(Unpublished)
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MAGICNOR 1ma Crossbar

IN,
OuT

IN,




MAGICNOR 1ma Crossbar




MAGIC NOR in a Memristive Memo

Ve Vs

> b ﬁ Parallelism
S AD S| ko
A 894

N. Tala%i,zsﬂ.' Gupta, P. Mane, and S. Kvatinsky, fiLogic Design within Memristive Memories Using MAGIC,i
IEEE Transactions on Nanotechnology, July 2016




Hierarchy of Logicafunctions

I\_/Ia_trlx : Convolution
multiplication
o

SUB

"o
MAGIC- NOR Complete
125 logic family

MUL
ADD

NOT XOR



Agenda

A The need for Processisig-Memory

A Memristors and Memristive Memory
A Memristive logic classification

A Out-of-memory logic

A Nearmemory logic

A Real inmemory logic
i Stateful logicg IMPLY, MAGIC
I Memristive Memory Processing Unit{iMPU)

A Memristor for HWsecurity
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R. Ben-Hur and S. Kvatinsky, "Memory Processing Unit for In-Memory Processing,”" NANOARCH 2016
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R. Ben-Hur and S. Kvatinsky, "Memory Processing Unit for In-Memory Processing,”" NANOARCH 2016
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Issues Involved iIn mMP8ystem

Periphery
Design MmMPU System

_CPU-‘{

Programming

<

mMPU
Controller
Design and
Optimization

mMPU

: ,:;-.. European
oleeote. Research
< erc Council

R
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Circuit and Memory Example
Node Analysis Tool

v (74 !‘O - - . - ﬁ
L O d— ‘ .
| l Y i

»Voltage Vy
Driver
High Resistance ROFF%

Low Resistance Rgy Yy t
Vq eq €
v&zb_g ‘_g
VG

Ameer Haj Ali, M.Sc. thesis



Outputs of theTool

Important parameters: 31mW
Ap¥Yp ¢ p @
Ai R4 pda 17.6mAY 7.9mAY 155mAA i
| i grar—g
AYY  p i g8 800 12 14 16
AY p TG 2 |
A 0 C(b O 4 No Switching
o N
A «  T@b S 6
-
Ad 186 o O
| | £10
AY 5 Y ol T 12
ABQNGOWRME =44
133 16

Ameer Haj Ali, M.Sc. thesis



MMPU Controller

A Supports regular memory operations-[flDR)

é N

A Optimized logic flow:

I Parallelism