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Technion ςIsrael Institute of Technology

ÅCampuses in Haifa, 
China and New York

Å14,000 students, 
4 Nobel prizes

ÅMain contributor to Israeli
hi-tech industry
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The External Memory Wall Problem
von Neumann (Architecture) Bottleneck
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And a Huge Energy Bottleneck

A. Pedram, S. Galal, S. Richardson, S. Kvatinsky, and M. Horowitz, ñDark Memory and Accelerator-Rich System 

Optimization in the Dark Silicon Era,ò IEEE Design & Test, April 2017

Operation
(16-bit operand)

Energy/Op
(45 nm)

Cost
(vs. Add)

Addoperation 0.18 pJ 1X

Load from on-chip SRAM 11pJ 61X

Sendto off-chip DRAM 640 pJ 3,556X

1000X more energy to go to memory>
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Moving Computation to Memory
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Micron 
Automata 
Memory 
Processor

Prior Art

SA connected to 
SIMD pipeline

Configuration 
PIM machine

Active Pages90ôs

Recent

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

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

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

D. Elliott et al., ñComputational ram: Implementing processors in memory,ò 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., ñAmbit: In-Memory Accelerator for Bulk Bitwise Operations Using Commodity DRAM Technology,ò MICRO 2017

Processing άIn-Memoryέ (PIM)
Reducing Data Movement

Data transfer is still required 
to/ from DRAM and PUs

CPU

CMOS 

Processing 

Units (PUs)

Memory 

(DRAM) 
Memory 

(DRAM)

Ambit
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This Tutorial

ÅThe need for Processing-in-Memory

ÅMemristors and Memristive Memory

ÅMemristive logic classification

ÅOut-of-memory logic

ÅNear-memory logic

ÅReal in-memory logic

ÅMemristors for HW security
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2-1 21 27 211 213 215 21925

Typical access latency in nano seconds

SRAM DRAM HDD 

23 29 217 221

High-Performance StorageMemory System

Memory Hierarchy

NAND

Flash

Ack: Moinuddin K. Qureshi

Cache

Slow

Big

Nonvolatile

Volatile

Unlimited endurance

Faster

Smaller
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The Problem with SRAM

Source: E. Esteve, IPNEST

Chip energy



The Problem with Flash Memory

Source: D. Ruggeri,  MICRON

Flash memory

1x



Memristors
Emerging Nonvolatile Memory Technologies

STT MRAMResistive 

RAM 

(RRAM)

Phase Change 

Memory

(PCM)
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3 Fundamental Circuit Elements

Resistor

v R i= Ö

Capacitor

q C v= Ö

Inductor

L ij= Ö

Resistor

Georg Ohm 1827

Inductor

Michael Faraday 1831

Capacitor

von Kleist 1745
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3 Fundamental Circuit Elements

Resistor

v R i= Ö

Capacitor

q C v= Ö

Inductor

L ij= Ö

ñ

ñ
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?

The Missing Circuit Element

Resistor

v R i= Ö

Capacitor

q C v= Ö

Inductor

L ij= Ö

ñ

ñ
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Memristor

The Memristor 1971

Resistor

v R i= Ö

Capacitor

q C v= Ö

Inductor

L ij= Ö

ñ

ñ

M qj= Ö

Memristor

Leon Chua 1971
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Memristor
The Missing Fourth Element?

L.O. Chua, ñMemristor ïThe Missing Circuit Element,ò IEEE Trans. on  Circuit Theory, 1971
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The Conventional Story

19



Memristor ςA Practical Illustration
Resistor with Varying Resistance

Decrease resistanceIncrease resistance

Current

Voltage

Current

Low resistive state

(RON, LRS)
High resistive state

(ROFF, HRS)

Memristor20



Attractive for Memory!

CMOS compatible Rad hard

Dense 

Nonvolatile

Fast 

Low power

High endurance 
21



We Want to Compute within the 
Memristive Crossbar Memory

Bitlines
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Write Operation in the 
Memristive Memory

Voltage 

Driver
Vwrite

Ground
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Read Operation in the 
Memristive Memory

Voltage 

Driver

Vread (<Vwrite)

Sense 

Amplifier

Iout24



Immediate Applications

ÅNAND Flash replacement

ÅEmbedded NVM
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Immediate Applications

ÅNAND Flash replacement

ÅEmbedded NVM

ÅStorage Class Memory



Existing Products 2019

28

20nm, 1.5 TB, PCIe NVMe

20nm, 64 GB, PCIe



The Way for Commercialization 2019
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Agenda

ÅThe need for Processing-in-Memory

ÅMemristors and Memristive Memory

ÅMemristive logic classification

ÅOut-of-memory logic

ÅNear-memory logic

ÅReal in-memory logic

ÅMemristor for HW security

30



Logic with Memristors

Integrating memristors 
with standard logic

31

Logicwithin memory

Memristor layer

CMOS

layer

Beyond Moore

Reconfigurable Logic

Beyond von Neumann



Numerous Logic Families
Need Classification!

ÅStatefulness: representation of data

ÅProximity of computation: integration of 

processing and storage

ÅFlexibility:variety of logic operations using the 

same circuit

32



State Variable

ÅCMOS logic -> voltage

ÅMemristive logic -> 

voltage and resistance

ÅStateful logic family: 

resistance is the state 

variable
33

Volts

Ohms

Logic 1

Logic 0

Logic 0

Logic 11KҠ 
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Proximity of Computation

ÅIn-memory

ÅNear-memory

ÅOut-of-memory

ÅDefined by where the computation is performed

ÅWhat is a memory array?
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In-Memory Computing

ÅAll of the computation is performed

within the array

35

On-Chip 

Controller

Memristor 

Memory

Array

Control Periphery

Memory Array Dedicated Processing

Commands

Data movement



Near-Memory Computing

ÅSome of the computation is out of the memory 

array ςdata movement

36

Control Periphery

Memory Array Dedicated Processing

Commands

Data movement

On-Chip 

Controller

Memristor 

Memory

Array



Out-of-Memory Computing

ÅAll of the computation is out of the memory 

array ςdata movement,

dedicated processing units

37

Control Periphery

Memory Array Dedicated Processing

Commands

Data movement

Memristor 

Memory

Array

Processing 

Element

Controller

Read

Operands

Write 

Results



Proximity of Computation

Computation 

using 

memory cells

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

Comp

Memory

Logic

Computation 

using logic blocks

Computation 

using peripheral 

circuit

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

IN-NEAR-OUT-

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
38



Flexibility

ÅHow sequence of control signalscan execute 

different functions?

ÅWhat is the basic logic function?

ÅWhat is the basic structure?
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Classification Summary

ÅStatefulness: representation of data

ÅProximity of computation: integration of 

processing and storage

ÅFlexibility:variety of logic operations

using the same circuit

40
J. Reuben et al., ñMemristive Logic: A Framework for Evaluation and Comparison,ò PATMOS 2017
J. Reuben et al., ñA Taxonomy and Evaluation Framework for Memristive Logic",
Handbook of Memristor Networks, Springer 2019



Agenda

ÅThe need for Processing-in-Memory

ÅMemristors and Memristive Memory

ÅMemristive logic classification

ÅOut-of-memory logic

ÅNear-memory logic

ÅReal in-memory logic

ÅMemristor for HW security
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Hybrid Memristor-CMOS Logic

42

Memristor layer

CMOS layer

Save die area

More logic on die

Beyond Moore



Memristor RatioedLogic (MRL)

ÅSimilar to CMOS logic

ÅUsing CMOS for inversion and amplification

ÅMemristors operate only as computational 
elements

S. Kvatinsky, G. Satat, N. Wald, E. G. Friedman, A. Kolodny, and U. C. Weiser,  ñMRL ïMemristor Ratioed Logic,ò CNNA 2012

ORAND

IN1
IN1

IN2IN2

OUT OUT

43



ANDOperation
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Decrease resistance

ANDIN2IN1

000

010

001

111

ROFF

RON

0

0

No current 0

1

1

1

Increase resistance

ROFF  >> RON

~0

IN1
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OUT
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OROperation
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ORIN2IN1

000

110

101

111

1

0

Increase resistance

Decrease resistance
RON

ROFF

~1

OFF
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R
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N-Input MRL
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MRL Delay
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Need for Amplification

ÅChain of memristor-only logic gates

AND

OR

OR

48



Integration with CMOS Inverters

ÅMemristors can be fabricated with CMOS

ÅInput/output are voltages ςas in standard 
CMOS logic

ÅCMOS gates have gain - amplifier

49

AND OR



Standard Cell Approach
ÅMRL standard cells ςNAND and NOR

ÅRobust - no current leakage between stages

ÅTwo CMOS-memristor cross-layer connections 
per cell ςconsume area and power

50

NAND NOR



NAND Physical Design

51

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

CMOS
MRL



Optimized Approach

ÅTarget- minimize CMOS-memristor cross-layer 

connections

ÅSolutionςuse inverters only when needed

ïSignal restoration (voltage optimization)

ïLogic function requires inversion

52



Different MRL Full Adders (Cho 2015)

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



MRL ςSummary
Beyond MooreΩs Law

ÅHybrid CMOS-memristor logic

ÅCMOS inverters for signal restoration and 

complete logic structure

ÅIncrease logic density

ÅApplications?

54



Agenda

ÅThe need for Processing-in-Memory
ÅMemristors and Memristive Memory
ÅMemristive logic classification
ÅOut-of-memory logic
ÅNear-memory logic
ïAkers
ïAssociative Processors
ïNeuromorphic

ÅReal in-memory logic
ÅMemristor for HW security
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Akers Logic Arrays 1972

56

 
 

ÅExecutes any Boolean function

3 x 3 Akers array

Primitive logic cell

S. B. Akers Jr., ñ A Rectangular Logic Array,ò IEEE Trans. on Computing, August 1972



Primitive Logic Cell
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X Y Z f

0 0 0 0

1 0 0 -

0 1 0 0

1 1 0 1

0 0 1 0

1 0 1 -

0 1 1 1

1 1 1 1

ÅThree input majority gate

ÅThe input combinations (1,0,0) and (1,0,1) 
never occur (X Җ Y)

Ὢ0 ὼ,ώ,ᾀ= ώὼ+ ώᾀ 

Ὢ1 ὼ,ώ,ᾀ= ὓὃὐ(ὼ,ώ,ᾀ)  

Ὢ2 ὼ,ώ,ᾀ= ὼᾀӶ+ ώᾀ 

Ὢ3 ὼ,ώ,ᾀ= ὼ+ ώᾀ 



The Input Matrix

58

ÅIf A, B, C, Dare the input 
entries to the logic array, 
we say that 

is the input matrix

0     0

1

1

A B

C DA B

C D



Basic Properties

ÅIf there is a 0-path over the 
rows, then the array output 
is zero

ÅIf there is a 1-path over the 
columns, then the array 
output is one

0

0

0

0

1

1 1

1

1



Various Boolean Functions with 
Akers Arrays

60



XOR Akers Array
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ó0ôó0ô

ó1ô

ó1ô

A

Aô

Bô

B

A=0

B=0

A=0

B=1

A=1

B=0

A=1

B=10

1

1

0

0

0

1
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1
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1

0

1
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Memristive Akers Arrays
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Ἢ Array for ╧╞╡═,║  Ἡ Array 2x2 model 
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2 x 2 memristive

Akers array

Primitive memristive

logic cell

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

63

ÅBased on complementary memristor (CRS)

ÅImplementing  f2(x, y, z)
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Write to the Primitive Cell

64

ÅWrite to both memristors
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Primitive Cell Write Simulations
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Primitive Logic Operation
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ÅExecute below threshold

Ὢ0 ὼ,ώ,ᾀ= ώὼ+ ώᾀ 

Ὢ1 ὼ,ώ,ᾀ= ὓὃὐ(ὼ,ώ,ᾀ)  

Ὢ2 ὼ,ώ,ᾀ= ὼᾀӶ+ ώᾀ 

Ὢ3 ὼ,ώ,ᾀ= ὼ+ ώᾀ 
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Memristive Akers within Memory
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Memristive Akers 2-Input XOR
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Memristive Akers Arrays
Open Issues

69

ÅAkers memory design (Y. Levy thesis 2015)

ÅNon-binary Akers arrays (extends E. Yaakobiet 

al. ISIT 2013)



Agenda

ÅThe need for Processing-in-Memory
ÅMemristors and Memristive Memory
ÅMemristive logic classification
ÅOut-of-memory logic
ÅNear-memory logic
ïAkers
ïAssociative Processors
ïNeuromorphic

ÅReal in-memory logic
ÅMemristor for HW security
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Content Addressable Memory (CAM)
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CMOS CAM

72



Memristive CAM

73

K. Eshraghianet al., TVLSI 2011



Associative In-Memory Processing

74

ÅAssociative processing computing by 
Look-Up-Table (LUT)

ÅIn typical LUT, function values are stored in 
memory, while data is fed from outside 

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

ïComputing is done in-situ



Associative Processor

ÅProcessing-near-memory (PNM) using CAM

ÅAP is similar to a look-up table

ÅComputation is a series of άcompareέ and 

άwriteέ operation

75



Example: Associative Vector Addition
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034781112

0   1   0   0

S = A + BC

255

0   0   0   1

0   1   0   10   1   0   1

0   0   1   00   0   0   0

0   1   1   00   1   0   0

0   0   0   01   0   0   1

0   1   0   10   1   0   0

1   1   0   10   0   1   1

0   1   0   10   0   0   0

0   0   1   01   0   0   1

1   0   1   00   0   1   1



Example: Associative Vector Addition
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1 1 1 1 1
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Example: Associative Vector Addition
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0   0   1   01   0   0   1

1   0   1   00   0   1   1

cout s cin a b

0 0 0 0 0

0 1 0 0 1

0 1 0 1 0

1 0 0 1 1

0 1 1 0 0

0 1 1 0 1

1 0 1 1 0

1 1 1 1 1

0

0

0

0

0

0

0

0

0

0

0   1   0   1

1   0   1   0

0   0   1   0

1   0   1   0

1   0   0   1

1   0   0   1

1   0   0   0

0   1   0   1

1   0   1   1

1   1   0   1



AP Complexity

85

ÅArithmetic:

ïFixed point

Åάbit add / sub: ὕά cycles

Åάbit mult/div: ὕά cycles

ÅPattern match: ὕρ cycles

ÅFinding max/min: ὕρ cycles

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



Resistive Associative Processor

86

ÅConverting a memory crossbar into a massively parallel 
SIMD processor

L. Yavitset al., άResistive Associative Processor,έ Computer Architecture Letters, 2015



What AP is Good for
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ÅDense and sparse linear algebra

ÅK-means clustering

ÅLinear SVM classification

ÅFFT, convolution, feature extraction

ÅSequence alignment (Smith-Waterman)

ÅGraph processing (DijkstraΩs shortest path 
finding)



Performance and Power Consumption

88

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

ÅMax Dense Matrix Multiplication performance is 
5TFLOPS under this constraint

L. Yavitset al., άResistive Associative Processor,έ Computer Architecture Letters, 2015



Agenda

ÅThe need for Processing-in-Memory

ÅMemristors and Memristive Memory

ÅMemristive logic classification

ÅOut-of-memory logic

ÅNear-memory logic
ïAkers

ïAssociative Processors

ïNeuromorphic

ÅReal in-memory logic
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AI Requires a Lot of Data

Dot size = number of parameters

Billions of calculations

Millions of different weights

CPU, GPU

Memory
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Memristor-Based ASIC for DNN

ÅEnable near-memory processing

ï Reduce memory traffic

ÅAnalog MAC operation

ï Reduce energy consumption

ï Parallel computation
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DNN Inference and Training

Feed forward

Backpropagation

Error

92



Memristive Processing for DNN

ÅThe crossbar is used to store the weights data

The conductance = the weight value
Ὃ ὡ

ÅThe activation is the voltage
drop over the columns (rows)

ὡ

ὡ

ὡ

ὡ

ὡ

ὡ

ὡ

ὡ

ὡ

ὥ

ὥ

ὥ

ὡ

ὡ

ὡ

ὡ

ὡ

ὡ

ὡ

ὡ

ὡ

ὥ ὥ ὥ
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Multiply and Accumulate 
(Feed Forward)

ÅUsing KCL

The output current is 
the weighted sum 
(inner-product)

Ὅ ὡ ὥ

ÅParallel operation 
to all rows is the 
crossbar

ὡ

ὡ

ὡ

ὡ

ὡ

ὡ

ὡ

ὡ

ὡ

ὥ ὥ ὥ

Ὅ ὡ ὥ ὡ ὥ ὡ ὥ

Ὅ ὡ ὥ ὡ ὥ ὡ ὥ

Ὅ ὡ ὥ ὡ ὥ ὡ ὥ
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Data Representation

Input ὠ- analog
Weights W- analog

Input ὠ- analog
Weights W- discrete

Input ὠ- discrete
Weights W- discrete

Input ὠ- discrete
Weights W- analog
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Back Propagation

The error  ‏ is propagate 
according to:

ώḯ ὡ ώ „ ᾀ
ὡ

ὡ

ὡ

ὡ

ὡ

ὡ

ὡ

ὡ

ὡ

ώ

ώ

ώ

‏ ὡ ώ ὡ ώ ὡ ώ

D. Soudry, D. Di Castro, A. Gal, A. Kolodny, and S. Kvatinsky, ñMemristor-based Multilayer Neural 

Networks with Online Gradient Descent Training,ò IEEE TNNLS 2015
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Stochastic Gradient Descent Training

The gÒÁÄÉÅÎÔÖÁÌÕÅɝὡ for fully 
connected layers:

‬ὅ

‬ὡ
ώὥ

For Stochastic gradient descent 
(SGD): 

ὡ ὡ –
‬ὅ

‬ὡ
ὡ –ώὥ

ὡ

ὡ

ὡ

ὡ

ὡ

ὡ

ὡ

ὡ

ὡ

ώ

ώ

ώ

ὥ ὥ ὥ

D. Soudry, D. Di Castro, A. Gal, A. Kolodny, and S. Kvatinsky, ñMemristor-based Multilayer Neural 

Networks with Online Gradient Descent Training,ò IEEE TNNLS 2015
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ὡ

ὡ

ὡ

ὡ

ὡ

ὡ

ὡ

ὡ

ὡ

ώ

ώ

ώ

Conductivity:

ɝὋ ὪɝὝ ὠ Ὢɝὡ

ɝὝ ὥὦίώ, ὠ ίὭὫὲώὥ

ὥ

ὥ

Ὡ ώ
Ὡ ώ

ὥ ὥ ὥ

D. Soudry, D. Di Castro, A. Gal, A. Kolodny, and S. Kvatinsky, ñMemristor-based Multilayer Neural 

Networks with Online Gradient Descent Training,ò IEEE TNNLS 2015

SGD Memristive Weight Update

Moving from voltage

to time and voltage

a --> V (voltage)

y --> e (voltage and duration)
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Going Beyond SGD 
(Optimization Algorithms)

ÅHelps SGD performance

ïIncrease accuracy

ïAccelerate convergence

ÅMomentum

ïKeeps the update
history

ïMemory overhead

ïComputation overhead

99



Runtime Speedup vs. GPU

T. Greenberg-Toledo, R. Mazor, A. Haj-Ali and S. Kvatinsky, "Supporting the Momentum Training 

Algorithm Using a Memristor-Based Synapse," IEEE TCAS-I 2019
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Challenges

ÅArchitecture
ïProgrammability

ïLimited crossbar size

ïPipeline utilization

ïData converters overhead

ÅTechnology
ïPrecision 

ïReliability

ïEndurance (training)

Shafiee et al., "ISAAC: A convolutional 

neural network accelerator with in-situ 

analog arithmetic in crossbars," ISCA 2016
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Ongoing/Future Work

ÅQuantized neural networks

ïBNN/TNN for inference

ïBNN/TNN for training

ÅProgrammable accelerators

ÅIntelligent mixed-signal circuits

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. Danial, N. Wainstein, S. Kraus, and S. Kvatinsky, "DIDACTIC: A Data-Intelligent Digital-to-Analog Converter with a 

Trainable Integrated Circuit using Memristors", IEEE JETCAS 2018
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Agenda

ÅThe need for Processing-in-Memory

ÅMemristors and Memristive Memory

ÅMemristive logic classification

ÅOut-of-memory logic

ÅNear-memory logic

ÅReal in-memory logic
ïStateful logic ςIMPLY, MAGIC

ïMemristive Memory Processing Unit (mMPU)

ÅMemristor for HW security
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Proximity of Computation

Computation 

using 

memory cells

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

Comp

Memory

Logic

Computation 

using logic blocks

Computation 

using peripheral 

circuit

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

IN-NEAR-OUT-

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
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State Variable

ÅCMOS logic -> voltage

ÅMemristive logic -> 

voltage and resistance

ÅStateful logic family: 

resistance is the state 

variable
105

Volts

Ohms

Logic 1

Logic 0

Logic 0

Logic 11KҠ 

300KҠ 

1V 

L1 L2 L3 L4
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q

1V
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Real Computing within the Memory
Beyond von Neumann Architecture

Memory

Control Unit

Arithmetic/
Logic Unit

Input 
Device

Output 
Device

CPU

Memory
Processing

Unit
(MPU)
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We Want to Compute within the 
Memristive Crossbar Memory

Bitlines

W
o

rd
li
n

e
s
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Processing In-Memory with Memristors
Logic Families

MAGIC

IMPLY

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

Kvatinsky et al., TCAS-II 2014

Borghetti et al., Nature 2010
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IMPLY Function

109

p IMP qqp

100

110

001

111

If p then q

p Ÿ q

IMPLY + FALSE Complete logic

ÅOne of the elementary 2 input Boolean functions

Truth Table



IMPLY Logic with Memristors

110

p IMP qqp

100

110

001

111

Logic 0  Ÿ ROFF

Logic 1  Ÿ RON

ON G OFFR R R< <

| | | |COND SETV V<

J. Borghetti et al, ñMemristive Switches Enable óStatefulô Logic Operation via Material Implication,ò Nature, 2010

IN INOUT



Behaviorfor Different Cases

111

p IMP qҦqqpCase

1001

1102

0013

1114

IN OUT
Decrease resistance

~1 V

0.5 V 1 V

1 kɋ

RON = 100 ɋ

ROFF = 10 kɋ

10 kɋ
~0 V

100 ɋ100 ɋ
~0.5 V

~0.5 V

10 kɋ

State Drift



Performanceand Robustness 
Tradeoff

112

p IMP qҦqqpCase

1001

1102

0013

1114

Write time

State drift

TRADEOFF

IN OUT Refreshing the gate



IMPLYςBasic Operation

ÅPerformance and robustness tradeoff

ÅNeed for refresh because of state drift

ÅWidely used linear ion drift memristor model is 

incompatiblefor logic design
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Complete Logic with IMPLY
ÅSequential operation of IMPLY and FALSE

ÅNAND:

ïStep 1 ςFALSE(S)

ïStep 2 ςP IMPLY S

ïStep 3 ςQ IMPLY S

ÅMany different optimizations for various 
Boolean functions
114



IMPLY within a Crossbar

ÅNatural method within memristive crossbar

ïInput and output are resistance

ïBasic structure is a crossbar-like

ïAdditional resistor per wordline

115



Other Stateful Logic - Example

116

Y. Zhang et al., "A Novel Design for a Memristor-BasedORGate," IEEE TCAS II, Aug. 2015

AND OR



MAGIC ςMemristor Aided LoGIC
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AND

OR

NAND

NOR

ÅOne applied voltage VG, no additional devices

ÅSeparate input and output memristors
IN1 IN2 OUT

IN1

IN2

OUT

VG

VG

IN1 IN2 OUT
VG

IN1

IN2

VG

OUT

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



MAGIC ςMemristor Aided LoGIC
Example of MAGIC NOR

NORIN2IN1

100

010

001

011

RON

ROFF  >> RON

ROFF

ROFF <<VG

Increase resistance

>VG/2

ROFF

RON

RON

Initialize OUT to RON

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

RON =Logic Ψ1Ω
ROFF=Logic Ψ0Ω
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N-Input MAGIC NOR
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Real MAGIC

Jung et al., Nano Research, July 2017 Bae et al., Nano Letters, Oct. 2017

Our lab (HfOx based)
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Lab Demonstration

TaOx memristors

Fabricated by

Vikas Rana (Julich)

Tested by Barak 

Hoffer (Technion) 

(Unpublished)
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VG VG

IN1 IN2
OUT

MAGICNOR in a Crossbar 
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VG VG

IN1 IN2
OUT

MAGICNOR in a Crossbar 
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VG VG

IN1 IN2
OUT

IN IN
OU

T

VG VG

IN1 IN2 OUT

MAGIC NOR in a Memristive Memory

N. Talati,  S. Gupta, P. Mane, and S. Kvatinsky, ñLogic Design within Memristive Memories Using MAGIC,ñ
IEEE Transactions on Nanotechnology, July 2016

IN1 IN2
OUT
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Hierarchy of Logical Functions

MUL

COPYNOT

DIV

NANDOR

Convolution

MAGIC - NOR

XOR

Matrix 
multiplication

SQRTPOW

ADD SUB

LOG
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Agenda

ÅThe need for Processing-in-Memory

ÅMemristors and Memristive Memory

ÅMemristive logic classification

ÅOut-of-memory logic

ÅNear-memory logic

ÅReal in-memory logic
ïStateful logic ςIMPLY, MAGIC

ïMemristive Memory Processing Unit (mMPU)

ÅMemristor for HW security
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Memristive
Memory
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Column Control
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b2

bn

Ƴat¦ ҡ!ǊŎƘƛǘŜŎǘǳǊŜ

R. Ben-Hur and S. Kvatinsky, "Memory Processing Unit for In-Memory Processing," NANOARCH 2016
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Memristive
Memory
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R. Ben-Hur and S. Kvatinsky, "Memory Processing Unit for In-Memory Processing," NANOARCH 2016
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Memristive
Memory
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R. Ben-Hur and S. Kvatinsky, "Memory Processing Unit for In-Memory Processing," NANOARCH 2016
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Memristive
Memory
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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 in mMPU System

CPU

mMPU

mMPU System

mMPU 
Controller

?

Memory 

Design

Periphery 

Design

mMPU 

Controller 

Design and 

Optimization

Programming 

Model

Software

Applications
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Circuit and Memory Example
Node Analysis Tool

Ameer Haj Ali, M.Sc. thesis

High Resistance ROFF e1 e2 e3 e4 e5 e6

e7 e8 e9 e10 e11 e12

e13 e14 e15 e16 e17 e18

eô1 eô2 eô3 eô4 eô5 eô6

eô7 eô8 eô9 eô10 eô11 eô12

eô13 eô14 eô15 eô16 eô17 eô18

V2 V3 V4 V5 V6V1Voltage 

Driver

Low Resistance RON

Vô1

Vô2

Vô3

ὑὅὒȡ
○ ▄

ὶ

▄ ▄

ὶ

▄ ▄ᴂ

Ὑȟ
π
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Outputs of the Tool

Important parameters:

ÅρὛρὙȟρφρφ

Åὶ τȢυσЏ ρφὲά

ÅὙ ρππЏ

ÅὙ ρππὯЏ

Åὠ ςὠ

Åὠ ȟ πȢσ6

Åὠ ȟ πȢω6

ÅὙ ȟ Ὑ ȟ πЏ

ÅὄὒρπN ὔὕὙὄὒρȟὄὒυ

7.6mA    7.9mA    15.5mA

31mW

No Switching

2     4     6     8    10   12   14   16

2

4

6

8

10

12

14

16

0.6

0.4

0.2

0

-0.2W
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n
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m
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e
r

Bitline number

Ameer Haj Ali, M.Sc. thesis
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mMPU Controller

ÅSupports regular memory operations (R-DDR)

ÅOptimized logic flow:

ïParallelism(in-array and banks)

ïCost function

(latency, throughput, area, energy)

ÅReal-time memory mapping

N. Talati et al., ñCONCEPT: A Column Oriented Memory Controller for Efficient Memory and PIM Operations in RRAM," IEEE MICRO 2019

R. Ben Hur et al., ñSIMPLE MAGIC: Synthesis and Mapping of Boolean Functions for Memristor Aided Logic (MAGIC)," ICCAD 2017

R. Ben Hur et al., ñAlgorithmic Considerations in Memristive Memory Processing Units (MPU),ñ NANOARCH 2016
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Exploit Parallelism

ÅReducing the number of gates is not enough

ÅMapping determines the possible parallelism

INj1 INj2 OUTj

INk1 INk2 OUTk

INj1 INj2 OUTj

INk1 INk2 OUTk

2 gates in 1 step 2 gates in 2 steps
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Supporting Addition

136

Input 2Input 1

Full Adder using 
12 NOR gates

Sequence of Full Adders Result

N bits N bits 11N-1 bits N+1 bits

N. Talati,  S. Gupta, P. Mane, and S. Kvatinsky, ñLogic Design within Memristive Memories Using MAGIC,ñ
IEEE Transactions on Nanotechnology, July 2016



Supporting Multiplication ςPrior Work

137

Input 1

M. Imani et al., ñUltra-Efficient Processing In-Memory for Data Intensive Applications,ò DAC 2017

Input 2

Partial products
Addition

Partial products Sequence of adders Result

N bits N bits 3N2 bits 12Nẗ(N-1) bits 2N bits 

N2 AND 

operations

3N2 NOR 

operations

Requires 
~3700>>512 
columns for 

N=16


