More than the Machine —
Using Memristors for Computing

Dietmar Fey
Department Computer Science —
Chair for Computer Architecture
Friedrich-Alexander-University Erlangen-Nurnberg

=== = = FRIEDRICH-ALEXANDER UNIVERSITY FUTURE COMPUTING 2015, Chair for Computer
== = = ERLANGEN-NURNBERG Key note “more than the Machine — Architecture

= —_==_= Using Memristors for Computing”

= &= === FACULTY OF ENGINEERING Nice, 23th March, 2015.

Slide 1



What is the Machine?

= \Who is aware of HP’s Machine?
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COMPUTING NEWS

HP Will Release a
“Revolutionary” New
Operating System in 2015

Hewlett-Packard's ambitious plan to reinvent computing will begin
with the release of a prototype operating systemnext year.

The story The Team e e
Il (> 3 hitp: = B ) Q- Google o O~ %
The Machine is HP Labs’ biggest i ; 0

By 2020, 30 billion connected devices will generate

/ unprecedented amounts of data. The project. A large team of talented EEEGR
infrastructure required to collect, process, store, research_ers at HF'_ Labs, and fcross HP, HP Ai - i
and analyze this data requires transformational la';e V.‘I'_:'k'"g to brln%The Ma:h;ne to Ims 10
changes in the foundations of computing. Bottom il A ot ot Revolutionize
’ @ line: current systems can’t handle where we are discu.allnes '"d“‘_""g semiconductor . coi o
physics, photonics, systems Comput[ng with 'The

headed and we need a new solution. gt .
engineering and software architecture. 3
Machine'

HP has that solution in The Machine. By discarding a computing model that

has stood unchall d for sixty years, we are poised to leave sixty years of Media coverage -
4 = . sted June 13, 2014
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What i1s the Machine?

= Utilisation of different technologies

Together...

Electrons for compute

Electrons like to interact; easily moved; interaction needed for compute

+ lons for storage

lons like to interact; stay put; good for storage

+ Photons to communicate

Photons don't like to interact or stay put; good for long-distances

Courtesy: Jouppi2011 @

Source: P. Ranganathan, “Saving the world together, one server at a time...” ACACES 201 |
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What is the Machine?

* Special purpose cores arbitrarily connected with pool of non-volatile
memories — the memristors
= Access times between 0.3 and 3 ns (< below 250 ns)

= Mostly flat memory model
— Paging and TLBs shall become obsolete

— Vision; Cache becomes non-volatile
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What is the Machine?

= \What is the Machine?

* HP will provide first products of a complete new computer architecture
within the next two to three years

* Up 160 racks based on memristors connected to a cluster
= Data capacity up to 160 Petabyte

= Size of a refrigerator

Using Memristors for Computing”
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What is the Machine?

° Processor cores and memory connected via high speed fiber optics
= Bandwidth of 6 Terabit / second

The Machine
@
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Special purpose cores Massive memory pool

* Machine rack no server

Architecture flexible configurable from mobile device up to large computer
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What i1s the Machine?

°* New memory controllers

Future History

Schedule for the revolution

begins

+ SoC Partners selected for
co-development
+ Machine 05 development

New OS for the Machine: Linux++ - Carbon

» Edge devices <hip in volume
+ Core Machines running real-world

workloads at scale

+ Machine OS released

* Memvristors begin sampling
* Physical infrastructure of Core

prototypes established

+ Open Source Machine 05 SOK and

emulators released

+ ISV Partner collaborations begin

[+ Core devices at volume
» Machine avallable as
product, service, and
as a business process
nsformation

tra,

+ Edge devices bagin sampling
+ Machine 0S enters public beta

ek Campady, L P The nlon pessn (0o Lainwd by iein b S| 40 ¢ bamgr Wy soch
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What is the Machine?

Memristor technology

Digital Boolean logic with memristors

Ternary Computing using memristors

Conclusion
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Memristor technology

= Memristor - The missing 4" element
* Predicated by Leon Chua in 1971

IEEE TRANSACTIONS ON CIRCUIT THEGRY, VOL. CT-18, No. 5, sepTemBER 1971 . 507

Memristor—The Missing Circuit Element

e e

LEON O. CHUA, SENIOR MEMBER, IEEE

.
°
Resistor o Capacitor
dv = Rdi 5 dg = Cdv
Abstrack—A new fwo-terminal circuit elemeniecalled the memristor—
<haracterized by a relationship batween the charge glf) = J ' ifr] dv
nd the Aux-linkage @it = f'. vir} dr is Introduced as the fourth basic
circuit elemant. An fleld . of this . dq = idt
in terms of a quasi-static sxpansion of Maxwell's squations is prasented. I
Maony circuit-theoretic properties of memristors are derived. It is shown v m
thot this element exhibits some peculior behavior different fram that E
exhibited by rasistors, inductors, or capocitors. These properties laad fo o E
number of vnigue which connot be reglized with RIC net-

Inductor Memristor
dp = Ldi dp = Mdq

* Experimentally found in 2008 at HP Lab T

nature Vol 4531 May 2008 di:10.1038/nature06932

LETTERS

The missing memristor found

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

= Two principal kinds of memristors
* Change resistivity of the device, e.g. due to ion transfer

forward bias

e <
- —~ 0 oo, SR +
:..‘-ﬂl E-I-r.:__lg-ﬂ
S
undoped ‘doped
L :
o
. oo
TlDEn ﬂ.:ﬁ

memristor symbol

i

reverse bias
=] Eu‘:' & .
+ nn 0: - Pt T|02 TIO2-X Pt
g {2
& high resistance low resistance

Image from http://bit-player.org/2012/
remember-the-memristor

Ryrenv () = Ron -+ Ropp - (1 — ),

h v 1

Total memristance = sum of resistances wnere T — D € (07 )
of the doped und undoped regions
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Memristor technology

* ResitiveRAM (ReRAM):
Growing of a conducting filament due to depositions of cations

Images and equations taken from

PCCP RSCPublishing

PAPER View Article Online

View Journal

Switching kinetics of electrochemical metallization
memory cells

awl|

Cite this: DOI: 10.1039/c3cp50738f

Stephan Menzel,** Stefan Tappertzhofen,” Rainer Waser® and Ilia Valov*®

v Vapp
Rs

Rel,ac Active

* More complicated model than o slecirode
to the HP model before o (oot & Tl
_Ly ( : ¢-l )’Tu

L i '] v -
) oez | Switching
I ser = JoetAm | exp| ——1m | — 1 i/ Layer

-

kgT R

Relin elt!-:rc',ftalrtt)de
3V 2meg AWy re? dnx
Ity = C—(—) exp| ———/ 2meg AWy ) A Vry.
2x h h —
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Memristor technology

= Modelling memristor behaviour

Zdenék BIOLEK, Dalibor BIOLEK Viera BIOLKOVA
SPICE Model of Memristor with Nonlinear Dopant Drift

° Used in a SP|CE simulation RADIOENGINEERING, VOL. 18, NO. 2, JUNE 2009

) Used window function
dx

: ﬂvRGN
Rl , =1V ON
dt e)f ) D’ flx)=1-(2x-1)*

V(t) = Ry (w) I—(t) '

* Using a model for a non-linear
dopant drift (window function)
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Memristor technology

= Modelling and simulating memristors

* Use an equivalent SPICE circuit model

* Simplifies execution of mixed-signal
simulations

Zdené&k BIOLEK, Dalibor BIOLEK Viera BIOLKOVA
SPICE Model of Memristor with Nonlinear Dopant Drift

RADIOENGINEERING, VOL. 18, NO. 2, JUNE 2009

* HP Memristor SPICE Model
* For Transient Analysis only
* created by Zdenek and Dalibor Biolek

st e e st sfe s e sk sfe sl st sfe skl sk ekl

* Ron, Roff - Resistance in ON / OFF States

* Rinit - Resistance at T=0

*D - Width of the thin film

*uv - Migration coefticient

*p - Parameter of the WINDOW-function

* for modeling nonlinear boundary conditions
* X - W/D Ratio, W is the actual width

* of the doped area (from 0 to D)

*

.SUBCKT memristor Plus Minus PARAMS:
+ Ron=1K Roff=100K Rinit=80K D=10N uv=10F p=1

st s e o ot s sl sde e st st e st sl stk ket sl sl kool st sdodokokod ol okolok ookl kool

* DIFFERENTIAL EQUATION MODELING *

SRR RO SRR SRR SIS R R SR RS R R SR R RS R R R
Gx 0 x value={ I(Emem)*uv*Ron/D"2*{(V(x),p)}

Cx x 0 1 IC={(Roff-Rinit)/(Roft-Ron)}

Rauxx 01T

* RESISTIVE PORT OF THE MEMRISTOR *

s sfe sfe sfe sie sfe sfe sie sfe ofe sie e e e spe sfe e sfesfesfesie sfesfe st siesiesfeoke e ek

Emem plus aux value={-I(Emem)*V(x)*(Roff-Ron)}
Roff aux minus {Roff}

st ot st ot e ool e ok s ot s o et o fe st el ek otk ol ek sk ks ok

*Flux computation™
sttt el o e et o e el e e el o e e kol o ok

Eflux flux 0 value={SDT(V(plus,minus))}

st sk s sfe sk skt sk sk stk st sk st sk sk sk skosk skoske sk sk kst sk sk sk sk sk sk stk stk R skokok skekoskok ksl

*Charge computation®
SRR AR AR AR RS R OR SRRSRK

Echarge charge 0 value={SDT(I(Emem))}

sttt de e ool dl o s o
* WINDOW FUNCTIONS

* FOR NONLINEAR DRIFT MODELING *

s e A Al R R
*window function, according to Joglekar

fune f(x,p)={1-2*x-1)"2*p)}

*proposed window function

- fune f(x,ip)={ 1-(x-stp(-D)"(2*p)}

.ENDS memristor
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Memristor technology

= Modelling multi-bit feature
* Demonstration in a SPICE simulation

AT UTspice IV - memvristor ternary_cellran ol
File View PlotSettings Simulation Tools Window Help

P ETIF0 QAR |IBUIBRE $BEH A L0 £33 FDDOD S iniidr

[ 4, memristor temary_cellasc | ¥ memnstor_temany_cellraw |

T —— P e REl]]| +, memristor temary cellasc =
V(n001)/Ix(Memristor:plus):

33K

LT memristor_ternary_cellraw

Cursor 1
Vlmenristor.x]

Hor: [1.002235 Vert [B37 ETamy ) . ) .

i G value={sgn(1.0-time)*1.3*(sin(2*pi*1*time))**2}
; VI A Mermistorpls]

-3Key N(memristor:x) Horz [223214ms vert [28Ka

Diff (Curser2 - Cursar1) i E1

Hore:[1000ms Vart [27.8891K,

Freq [1Hz Slope: [-27993.1

Memristor

e

M Ron=180 Roff=38k Rinit=28k p=1

V(n001)

.tran 0 2s 0 100u uic %

1.5V i
2V 1 1 T 1 ] 1 T T 1

0.0s 0.2s 0.4s 0.6s 0.8s 1.0s 1.2s 1.4s 1.6s 1.8s 2.0s
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What is the Machine?

Memristor technology

Digital Boolean logic with memristors

Ternary Computing using memristors

Conclusion
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Digital Boolean logic with memristors

= Different branches of computing with memristors

Memristive Computing

/\

Analog Computing

Large field

Neural networks,
Neuromorphic processing,
STDP

Digital Computing

N\

Hybrid approaches:
CMOS+memristors

Ratioed Logi IS Lol CMOS-circuit like equivalent
atioed Logic e memristor networks
I. Vourkas, G.Ch. Sirakoulis / Memristor-based combina-
tional circuits: A design methodology for encoders/
decoders , Microelectronics Journal 45 (2014) 59-70
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Digital Boolean logic with memristors

S. KVATINSKY, N. WALD, G. SATAT,

u Ratioed LogiC A. KOLODNY, U.C. WEISER, G.E. FRIEDMAN

MRL — Memristor Ratioed Logic
13th International Workshop on CNNA, 1:6, pp. 29-31, 2012.

* Creating simple AND- and OR- gates by (mem)resistive networks

* Making following abstraction
= Current flowing into the device: memristance |
= Current flowing out of the device: memristance 1

Out of
Into the device the device
_;@4__
Structure of OR gate Structure of AND gate
vinl L Winl
Vaout
Vin2 Vin2
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Digital Boolean logic with memristors

* Example for OR and AND gate for
inputV,, =landV,,=0

Vinl

OR gate = AND gate

LT
Vin2 '||'|r vinz

oL sz O l VOUt

T_I_|-|_|-l

D
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Digital Boolean logic with memristors

= IMPLY Logic

* Based on conditional toggling (kind of 3-phase logic)
= |nitializing certain states in memristors by input data
= Apply constant voltages (Vg and V) that possibly change states
» Reading out the state (applying voltage that does not change states)

I LETTE:; Y vv”

Vp

‘Memristive' switches enable ‘stateful’ logic
operations via material implication

P Q
Julien Borghetti', Gregory S. Snider', Philip J. Kuekes', J. Joshua Yang', Duncan R. Stewart' + & R. Stanley Williams'
%RG
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Digital Boolean logic with memristors

= State changing after time by |
0
Read Read Veiose pen
inputs IMP outputs | | | i 4
V,
T T T T Vo Vors”
% 30 ) Veoro 1ms Cloge 4—1
S 50 4 Verr | DR ‘1’(c|osald) ‘o (oplwen}
A—
P q P
10 - / — Veonp 1€t PP
10°8 1 J Vser Mmakes q‘«— 1 if p is opened

1
o

106 o
1
\ a
‘V—‘v
Behaviour y y
11° 0 0 corresponds ConD SET
= Q
<
I |

;-
) .
s

: 3

Current (A)

J exactly to IMPLY logic
10°¢ v Iaal e —-q=dq
A—A, p—-q=gq
1076 1 ’ \ ’ \ ’ \ i
~
y 1 1 1
R
108 A \ = G
‘V_’v
Time
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Digital Boolean logic with memristors

= Can be expanded to NAND by subsequent IMP
operations

Read Read
a I Clocking voltages ¢ 0 inputs IMP  IMP  outputs
v oo
Step1:5=0 5= VCLEAR = —
& -3V, 100 ms
Step 2: pIMPs Vo=Veonp Vg = Veer g COND
Step 3: gIMPs Vo= Veonn Vs = Veer L o Verr
P g s s p q s”
V V V. L 0 0 1
P P Q Q S kS 104
T sl m[ """ Mm"
3R ) - =
104k 0 |1 9
z |
’ sl MM 1] 1
Step 1 Step 2 Step 3 Steps 1,2, 3 S L[] [ ] _
s=0 S'€pIMPs s"€glMPs’ | s"&PNANDg 1041 1] o 1
s p s S: q S: su p q sn -F R
0 00 1 01 1 = 00 1 — —
0 00 1 11 1 01 1 104 L 4| 14 0
0 10 0 00 1 10 1
0 10 0 10 0 11 0 r
102" M . "
Time
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What is the Machine?

Memristor technology

Boolean logic with memristors

Ternary Computing using memristors

Conclusion
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Ternary computing using memristors

= Ternary computers
* Since the days of Konrad Zuse and John v. Neumann
= Binary computers
1 Of 000

* Ternary system
= differentiates between 3 and not 2 states

http://ternary.3neko.ru/history_of_ternary.html

* 17t century: Caramuel y Lobkowitz
= |nvestigated number system with digits 0, 1, and 2

ERLANGEN-NURNBERG Key note “more than the Machine - Architecture
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Ternary computing using memristors

18t century: Abraham Gotthelf Kastner
= each number weighted sum of multiples of 3
= Weights were -1, 0, and +1

Donald Knuth
= Denoted that as balanced ternary system

1961: Avizienis [IRE Trans. Trans. Electron Computers]
= Fast carry-free addition with signed-digit (SD) numbers
= Difficult to implement in digital electronics

1988: Parhami
= Binary SD number system

1958: Brousentsov
= SETUN ternary computer

Using Memristors for Computing”
FACULTY OF ENGINEERING Nice, 23th March, 2015.
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Ternary computing using memristors

= May be a renaissance of ternary computers?
* CMOS compatible,
* fast,
* Energy-poor,
° multi-bit storing capable non-volatile memory cells

liIke memristors

= Hybrid CMOS-memristor approach

10P Publishing Semiconductor Science and Technology
Semicond. Sci. Technol. 29 (2014) 104008 (13pp) doi:10.1088/0268- 1242/29/10/104008

Using the multi-bit feature of memristors for
register files in signed-digit arithmetic units

Dietmar Fey

Friedrich-Alexander-Universitit Erflangen-Niimberg (FAU), Department Computer Science 3, Chair for
Computer Architecture, Martensstr. 3, 91054 Erlangen, Germany
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Ternary computing using memristors

= Signed-digit number representation to base 2

w(a) = Zn:ai .2 a=(a, ,..a,), aec{-101]}

Example: 101 =1x2%+0x2'-1x2°=4-1=3 ;1=-1
111=5-2=3
011=2+1=3

= Used digital coding for signed digits (SD)

ar a SD
0 1 -1
1 0 1
1 1 Not used
=== = = FRIEDRICH-ALEXANDER UNIVERSITY FUTURE COMPUTING 2015, Chair for Computer
== = = ERLANGEN-NURNBERG Key note “more than the Machine — Architecture
= —_==_= Using Memristors for Computing”
= &= === FACULTY OF ENGINEERING Nice, 23th March, 2015.

Slide 26



Ternary computing using memristors

= Carry-free addition in O(1)

Binary addition Signed digit addition
1 01 @ 1011 = (Y, Xi Vi |z Ciy
+ 010 1 + 0101 = (5, O 0|0 o0
c 0 0 o/1f - @C 11110 0 1|1 1
S - 11\1)0 @z 01110 e
1 1 0 1
C 0 O/1\0 - S100 00 = (16),
S - 1\1/0 O
C 0/1\0 0 - Gz | s
s ol1/o0 0 SN T
A 0 1| -1
S 1 000 O 1 5 1
O(n) O(1) 1 1710

Best case: log(n)
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Ternary computing using memristors

= Addition / subtraction of (i) a SD number a and a
binary number B and (ii) two SD numbers c and z
(i) — (ii) —

+ o+ - . _ + - +
c; =a, V(BI- /\a,-) A: and v: oor S, =Z, NC,

_l_ —
Z. :(a?- vaf)@Bl— @: exor S. :cf_l/\zi

I

° a-— B: Subtraction can be simply reduced to addition

a—B=(-1-((-1)-a+B)

* Negative complement simply by exchange positive and negative part

+ -
a.- art
1 |
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Ternary computing using memristors

= Schematic of a digit
processor cell

. Digit
/ processor
' cell

ERLANGEN-NURNBERG Key note “more than the Machine - Architecture

1 Using Memristors for Computing”
= == FACULTY OF ENGINEERING Nice, 23th March, 2015.

Slide 29

FRIEDRICH-ALEXANDER UNIVERSITY FUTURE COMPUTING 2015, Chair for Computer I I I



2 Signed-digit (SD) arithmetic

Corresponding gate logic for an SD adder /

[ |
° . d .
Completely implemented in SPICE
L7 LTspice IV - [sd_cellas o e |
BRIP40 QR BRI AR FREHAAS| L ID LI TDHOD S niia \
| 4 add_step1.asc | 42 add_step]_with_v_input_puisesraw | . add_sep2asc | T+ add_sep2asy | ¥ add_step2raw | 4 Exch_Bypass.asc — nstance: E/Bswich_in | 4 Bxch_Bypassran|  sd_csllase |7 sd_celaw
c_+ >
o
c_+ add_step_2
c+ s +
E/B-switch_in Z- s_-
add_sub eX  Lutd E/B-switch_out
in1 add_step_1
= . out2 — ex
la_- - in2 a_+ , out! ———S_->
a_ et in1 out2
and B_ z_- in2
zero > in1
. out
in2
B> B>
stran 8s
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Ternary computing using memristors

= Schematic of a digit processor cell

* Several cells are connected side-by-side to a row

ﬂ T + + TI
3 I 3 ﬁ ) & w5
= add_sub|
SD_Cell4 SD_Cell3 J SD_Cell2 J SD_Cell1 J
a_+ | a_+ | a_+ L a_+— Ii
_= E lus a- cB*: lus a- E lus a- E lus a_- +V1
—P add_sub ] —P add_sub—] —P add_sub —P add_sub — [t
S_+ . ] S_+ . ] S_+ s s_+ > N
s Cc_ s - c_ s_- o s - c 5V
- zero —‘ - zero —‘ - zero —‘ - zero —‘

S4 +
S4_d|
<83 +
< 83_4
S2 +
s2_-|
<81 _+
<81
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Ternary computing using memristors

= Modelling multi-bit feature
* Interfacing to produce binary input for digital processing circuit

A, memristor_cell_interface.asc = [ @ |5 | | ¥Z memristor_cellinterface.raw o=
V(n008) V(n002)
5V
4V
3V
2V
1V
L
oV —
990y V(n004) V(n005) V(memristor:x)
u1
value={uramp(sgn(2.0-time)*1.3*(sin(2"pi*0.5"time))="2)} [ B10mV
E1 R %m 630mV-
3K
Ron=180 Roff=38k Rinit=28k p=1 450mv-
0. L| ——
R R3 e 270mv
100K 10K
v 90mVv—
.tran 0 3s 0 100u uic %
-90m\V-
13\ V(n003) I(E1)
- S8pA
- -8pA
0.7V --24pA
--40pA
L--56pA
0.0V- T T T T T T T T T 72pA
0.0s 0.3s 0.6s 0.9s 1.2s 1.5s 1.8s 2.1s 2.4s 2.7s 3.0s
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Ternary computing using memristors

= Memristor-based SD arithmetic unit

E4 E3 E2 E1
Memristord Memristor3 Memristor2 Memristor1
@ @ 7] | @
8 g g L 3
£ © © = £
- £ £ -
.tran 3s = = = =
e o [=] e o EE o
3 | FR 33
° < < o < © 0«
I I 1
£ £ £ £
« L) N -
g = £ = Z = g =
= 3 = 3 =3 = 3
T T T i
N o= N = N = N = N = N = N = N =
£ Lo £ £ |. £ £ o £ L |n £ L & EE|m £ L |n £ L |-
k-] ° -] ° ° o o k-]
w |§ = |8 - |§ e & e & w |® e & &
3 3 3 3 3 3
Vi
5V J
% b | ‘ ‘
[ 1] [
BREZSohahah o
A¥IIRNNTS
k]
® %
I T I ST
(Y O Y B
B B R I B
HDHOLOOBO®
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Ternary computing using memristors

= Simulation result

¥ sd_cell testraw [ @]=]
v V(e +) :
4V
3V
2V - - - - - -
1V
0V-
5V-
4V
3V
2V - - - - - -
1V

\/-
v

V(s_+)

\/-
v

4V
3V

o b=0 b=1
1V
OV
SV
o
Z& a=0 a=1 a=-1
1V
OV
SV
4V
3V
2V
1=

V(a_+) V(a_-)

V(add_sub)

subtract add subtract add subtract add

oV T T T T T T T T
0.0s 0.9s 1.8s 2.7s 3.6s 4.5s 5.4s 6.3s 7.2 8.1s 9.0s
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Possible computer architecture revolution happens?

Core technology are NVM like memristors
Proposal for first memristive Boolean logic gates

Renaissance or break-through for ternary computers

Outlook
* First simple gates have to be realised

* Devices have to be improved
° From gates to complex systems
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