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* Motivation
e The need of new technology and architectures
* Memristor (memristive devices)
» Promising device, principal of working, potential
* Memrisor for memories
 Straightforward application
» Memristor for logic
« Different styles
» Computation-in-memory architecture
» Combining all together
» Some results/ potential of CIM
+ Does it make sense?
» Conclusion




Motivation: Computing walls
1. Power Wall

¢ Dominated by com & memory
e 70 to 90% for data-ints. Appl

evel ener rends

interconnect ™ compute

2. Memory Wall
 Slow Limited bandwidth
. . S0nm 65nm 45nm 32nm 22nm 14nm 10nm 7nm

* Communication bottleneck

[S. Borkar, “Exascale Computing: a fact or a fiction?,” IPDPS'13

e Stored program principle Operation Energy/Op Cost
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« Enhancement based on expensive on chip 10°)
memory (~70% of area) 10’

e Requires LD & ST: killers of overall perf 10' ¢
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Motivation: Technology walls

Source: ITRS + SEMATEC
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2. Reliability Wall L
* Unreliable components
* Expensive solutions : |
« Economically not affordable 3 .,m
s St onesoto e
3. Cost Wall N END of
. T CMOS
» Complex manufacturing e scaling
* Low yield, High cost e
« Limited scalability i
» Comes at additional cost aswona
=> Less/no economical benefit |




Motivation: tech & comp architectures

Today & near future Near to far future
Heterogeneous
Conventional Architectures Near memory

computin
Technology + PHANG

. Accelerators
Architectures

specialised logic,
DSP, FPGA’s Near Threshold
computing

Processing
In / near
Memory

[source: Jan van Lunteren, IBM, Zurich]
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Motivation: computing for the future

e Can storage and computation integrated in the same physical location?

« Keep data unchanged as much as possible & execute operations
« Significantly reduces communication/ power bottlenecks

» Can non-volatile technology used?

« Practically zero leakage p -
e Can (massive) parallelism supported? A
« For problems with a lot of data level parallelism L

Computation-in-memory CIM die?

e
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Need device technology enabler?

External memory

Memristor: basics

£ Goltage [

o 1971: Leon Chua '_EEXN Ro LEAVAVAVY i._”_‘

+ Two terminal non-volatile device | e [ Al

. . . i = CGarrent] G\MEB
 Driven by electrical signal (V or I)

1 |

» Resistivity depends on the past state | inductor Memstor

. . 4 4 = Ldi = Mdy
» Switchable between 2+ resist. values i Chwa >

* Physical mechanism

» Conductive filament grows by ion migration
accelerated by temperature and field

e Many materials under investigation: TiOx, HfOX,
Taox, ...
* A lot of industrial interest
 First by HP in 2008
e SK Hynix, HRL Labs, ...

switching material electrical field
or current

Switching material




Memristor: Advantages

e Dual functionality
» Realize both memory and logic functions
* Enable new computing paradigms
* Reduce (eliminate) memory wall

* Low energy consumption
* Low/zero leakage: Non-volatility
* Reduce the overall power consumption

‘=omtab capitai/tramsistor (Mooee's lnw)
=mTest capitatransitor (Mosre's Law for ter)

e Scalability/ Nanometric dimensions
» Extreme density at low price and reduce area
» Sustain the profitability of Moore’s law

HHHH?E;

*  CMOS compatibility P~ ~ ~
» Enable the heterogeneous integration
« Enhance manufacturing at low cost

* Two terminal passive device structure
* Realize dense crossbar architectures
» Stack on CMOS

* Good endurance & Good Reliability?

Memristor: potential applications

* Non-volatile memory
* Inc multilevel
» Logic gates
 Stand alone or hybrid
» Computing: Resistive, Neuromorphic and biological, ...
* etc.

Neuromorphic Networks
Field Programmable Analog Array

Crossbar Array

[~ Content Addressable Memory
Nonvolatile Memory
| Logic circuits

Memristor | | [~ Chaos circuits
Appications Schmitt Trigger

Variable gain amplifier
Difference comparator
Cellular Neural Networks
| Oscillators

Digital

B Logic operations
Digital gates

| Reconfigurable Logic Circuits




Memristive based memories?

* Mainly three popular classes

e STT-MRAM (Spin-Transfer-Torque Magnetic RAM)
« Ferromagnetic layers
¢ In plane MJT v Perpendicular MTJ

e PCM (Phase Change Memories)
« Chalcogenide materials (crystalline v amorphous)

Prarpondicular MTJ

Fros Layar

b4

Oicle Tunnel Barmer

Pinned Layer

PCRAM (Pillar Structure)

PCAAM (Mushroom Structure)

¢ Mushroom Structure v Pillar structure
Resistive RAM

* Oxide-RAM (0xRAM)

« Conductive bridge RAM (CBRAM)

Insulator

Top Electrode

L]
L]
F\
Amorphous

Flegian

Top Electrods

Botiom Electrode

Main characteristics:

OxRAM

CBRAM

High density

Top Electrods
—

Non-volatility; Zero standby power
High scalability

Two terminal devices

Low writing voltage?

b Vacanc
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]
Oxygen
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Oxygen _y J
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Bottom Electrode

Bottom Electrode

Source, S. Yu, et.al Emeriini Memori Technoloiies JEEE

Memristive based memories?

* OXRAM seems to be most promising
» Very high density (cross-point array structure)
» Smaller and simpler in respect to MRAM
» Lower consumption in respect to PCM.
» Lower programming voltage and faster

Features DRAM FLASH MRAM PCM ReRAM

| Nand STT OxRAM CBRAM
Integration FE FE BE BE BE BE
|Scalability 15 nm 20-30 nm 10-20 nm 10 nm 10-20 nm
Density 4-6f" 4 35-40f* 6-8f° 4-6f° 4-6f°
Write voltage Viom >10V 1v 3-5V 1-2.5V 1-2.5V
|Write time 50ns 0.1ms 20ns 10ns 10-50ns 100-1000ns
|Write energy 90fl/bit 2 5pl/bit 20pl/bit | 10-100f)/bit | 10-100f1/bit
 — 1EL 160 12 1" GEWEU 1Er0




Memrisor for memaories: RRAM are becoming reality

M Many prototypes Non-Velatile Memory Trend

1000000 1

64 Mb Multi-Layered (2010) - Unity Semiconductor, ™|

2Ghy
*

» Cross-Point Array Architecture, Meal Oxide % 10000} 7o
,;i 1000 4
e 8 Mb Multi-Layered- Panasonic (2012) E,
» Cross-Point Array Architecture , Meal Oxide g |

* 32 Gb 2-Layer - Sandisk/Toshiba (2013) '

» Cross-Point Array with Selective device Architecture

2000 2002 2004 2006 20068 2010 2012 2014

i 3D XPoint™ Technology:
* Metal Oxide TeChnOIOQy (24nm) An Innovati\tl’.:_-:]Hig:—cl}:nosifﬁyl')esign
* 16 Gb — Micron/Sony (2014)
* 1T1R Array Architecture ANWEELAE&E#UHHRHUGH

* Metal Oxide Technology (27nm)

o 3.D )P(é)’;)itr;tm(ri(l)olgi)—lnteI/Micron muux 10[]0)( mx

* March 2017: SDD for data centers? 375GB? FASTER EN[IlIRAN[:[

» Boolean logic
* CMOS like design (voukas]
» Rationed LogiC [kvatinsky]
¢ MAGIC Iogic [Kvatinsky]
* Other [snijder, Xie]

» Implication logic P T |p=gq
* Logic operations on two propositions: p & q tue | true | true
o QOut= p — q (|f p1 then q) true false false
« Different implementations [snider, Linn, Kvatinsky] false | false | tue
false true true
» Threshold/majority logic fniieriy
* Sum of weighted inputs compared with a w:

b um Outpy
certain threshold W QS—-L—P: v

. . . ) - o Threshold T
« Different implementations [Rose, Gao] J
) Wh




Memristor for logic

e Boolean logic [G. snider, APhy05, Lei, et.al, ICCD'15] Logic states: ﬂﬁ-
0 1

« Any logic function can be implemented Eo?ffg) 0

« E.g., 2NAND o= o 1 1

* 2 Control voltages: Vw, Vh, GND | y'p'p'y" i 0 1
. X\r/]v>vvt/hz> Vh [ 1 1 0
. =VW, TVers A 4

- L . Program to Roff
»  Working Principe y r V0 Vg0 Vel
mparalors

1. Program all devices to Roff P=Rort | G=Rorr o F=Rot

2. Program p to Ron V=V, | | =V

3. Process NAND % Ron<<Rs<<Rof

* Apply Vp=Vh, Vg=Vh, Vf=Vw

e Vw-Vx=Vw-Vh=Vh

=> f= 1 (Roff) Process NAND
V=V, V=V, VeV,

Program p to Ron
V,=Vw Vq=\f,,. VFVh

P=Ron | G=Roir o F=Rogr P=Ron 4| 8=Rot o F=Rast

V=V, | | I <7}-Float V=0 % | | ~ 0

Ron<<R; <<Rg Ron<<R; <<R.g

[T Requires a sequence of multiple accesses!  pumm

Memristor for logic

e Implication logic [Borghetti et.al, Nature, 2010] mm
1

- Logic operations on two propositions: p & q 0 o Logic states:

_ . Ron=1
Out= p — q (if p, then q) 0 1 1 Roff=0
« 2 Control voltages: Vw, Vh, GND 1 0 O
« Vw> Vth > Vh 1 1 1
e Vh=Vw/2
Program g to Roff Program p to Ron
e Working principal ViV V=0 V=V VeVh
1. Program p to Ron
2. Program g to Roff
3. Process imply V=V,
*  Apply Vp=Vh & Vg=Vw
=> Vx= Vh Ron <R, <<Rott
=> g= Roff
Vw-Vx= Vw-Vh<Vth
Requires a sequence of multiple accesses! Ron<<R, <<Roy




Memristor for logic

« Threshold logic 'wfaﬂf\
1if X0x=T ot i Outpue
o Xy x,) = {0’ g thelrwise ) : vi
+ Two control voltages: Vdd & GND
+ Two logic states: 0 & 1 K
+ Example
Assume n=3, T=Vth=Vdd/2
1. Program all devices to Ron
2. Provide the input voltages VisVag VomVas  V3=0
+  Vdd, vdd, 0
3. Vf=1 (Roff) Ron gy Ryl For
« Vx =(4/7) Vdd >Vth Vi | | | D [ Vi= Vs
R.=2Rgn
Cik]

Computation-in-memory: Is there any benefits?

[ Core | o [ Corep | Assume a program with 77; instructions 5’—‘“” ,—‘CIMA |
: | | H Program : ]
:| L1 Cache ‘ JR— | L1 Cache |I
i loopl cim
— 1 accelerator
External Memory
loop2 ——
External memory ops:
xterna ory * n, parallel crossbar arrays

e Latency oc (t's+t'y )*(ni/ny)

* N, processors
« Data already loaded in CIM

+ Latency o (t +tg+ty )*(n/ny)

Parallelism is program dependent

e Better overall performance .
* Uty SS ety » CIM consumes much less than cores
ot IS ~ . . .
© Uttayls con'stant * Higher n, => higher power => dark silicor]
* tdepends on m'§5 rate ) ) * Potential applications
« E.g. Large data sizes => higher miss rate + Loops on the same data sets
* Reduced energy «  Bit-wise operation

* High data volume and reuse
» E.g., bio-sequencing, graph processing.

* Reduce memory & power wall

» Significant communication reduction




Computation-in-memory: ideal example

(all alZ)*(bll blZ]_[all*b11+a12*b21 all*b12+a12*b22]

a2l a22) \b21 b22) (a21*bll+a22*h22 a21*hl2+a22*h22
T\ T Memristor crossbar array (CIM die) |
: ala11 Rl L TET ——ali,
| Jﬁ»Eﬁ'——- X | b g X —b2 i
I & -r:»alz_——v 1 1 % “Hc120k- —-al2|
| g ~t>b21— X |z} e X ~——b22|
| = .J-LI_—__ ] = - — 2 :
1 n a21 — x I 20 el X a21|,
| -g-bbu — I 211+ - OIJ— ~—b12|
! =
I g T:’_aZZ_—"-* =+ + +—c220 “Ta22 i
| E —+*b22 > X |z 1 _‘-—:::221 — X '—% b22|
: || Mem Comp Mem Comp | | Mem, Comp |Mem ||
| e | [EECOmP (e | [ECompi paem| | EEEampE sy
J R o vt o ot O
Macro controller |
|
|

Source: H. A. Du Nguyen, et .al . NANOACRH 2015

Computation-in-memaory: requirements & challenges

e Some requirements e Some challenges
» Crossbar based: dense * Logic and arithmetic operations within
+ Heterogeneous integration the crossbar (memory)
+ Good/enough endurance * Sneak path currents
« Specific applications * High voltage drivers
« New program models « Existing logic design requires multiple
. Etc accesses to preform a single operation

e Reduce endurance & increase latency

— Need better schemes for logic
and arithmetic operations

loopl: cim
d accelerator

oops: Scouting Logic?

» Perform operations while reading
the operands

» No write of the devices during EX

+ Use lower-voltage & simple control

10



Computation-in-memory: Scouting Logic

Read a memory cell

M,

0 1
Input Iref
| ; Iin
Vr/ RH Vr/ RL
Output 0 1

Read & operate on two cells

M,

Si
v, -

S;
V., -~

Irel' I in
VDUI

00  10/01 11

2V,/Ry  VJ/R. 2V./R. ™

OR operation

Computation-in-memory: Scouting Logic
Read & operate on two cells

Read & operate on two cells

M,

V, B

Input 00 10/01 11
Iref )

2\"rr/RH Vr/RL
Output 0

1

AND operation

Irel' I in rel
I? §e° : %
Vau( XS ‘X\‘\S Vau(

} Iin
2\"rr/RL

M,

S
vV, =
M,
S
V, [~ Iref2

0
B\

00 10/01 11
Irefl lre!“z

2V/R "
0

2Vr/RH Vr/RL
0 1
XOR operation

11



Computation-in-memory: Scouting Logic

Voltage based design VSA Current based design CSA
M,
o M Sy
Ly V. |

M M
M,.= 2R, r2 r1
Ma-r, (Sl 4ty
Mz=2.5R, SE—IH‘"']-
. -

Switch Configurations
Operation | Si | Sz | Sa Switch Configurations
OR/Read | ON | OFF | OFF Operation | S | S

Power (uW)
AND ON | ON |OFF
Delay (ns) | OR | AND [ XOR | Area (um?) OR/Read |OFF| ON
XOR OFF | OFF | ON L

CSA 2.73 15.99 | 17.19 | 17.59 | 29.7216 AND | ON |OFF
VCA 9.31 8.65 | 6.00 | 11.01 22324 XOR |OFF |OFF

Computation-in-memory: potential

é ‘ Core 1 | I | Core P | E Program ’—‘ cp-u H—‘CIMA
Thcae| o [LiCothe]’ —vy owm |
5 os | -

I =
H H .

» Access time CIM die: 2 or 4 cycles
e CPU - CIM communication: 82 cycles (165/2)
* Instructions n= n, (logic)+ n, (rest)

External memory

- Multicore [Intel Xeon E5-2680] + m;: % of memory access due to n,
. np:4 cores, each 2.5 GHz e m.: % of memory access due to n,
e L1=32KB, 1CC access latency ¢ CIM area= —~ area of on-chip multicore caches

» L2=256KB, 2CC access latency licati le - Bi ind
« mr,/ mr,: miss rate L1 /L2 » Application example : Bit map index

) || Dist. |Size [ Vear |
* 8GB DRAM, latency: 165 cycles
55 lage 2016
23 Medium 2014

45 Smal 05 wom [T 19T T T 0]
I

Far

Near

Large

Medi 1
60 Medium 2016  Smal 0 0

Mew o

o 1

OR

« Page fault latency: 800 cycles el el
« Page fault rate: 0.0001* mr,
« Instructions n;

* m: % of memory accesses

1T 1 100
00011
35 Medum 2000
3 Medium 2001 L 01111
T e S (1foliliTololol0]
30 Small 2011 AND

(a) Original Dataset (b) Bitmap Operations

TOTmD 0O e >
= |=|=|=
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Computation-in-memory: potential

PS=~TB,%Acc=0.1

I Multicore

-
- ;

e
o

Norm Delay

—_—

05

0.5
L2 misss rate 0o L1 miss rate

P5=-~TB,%Acc=0.5

MNom Delay
-

-

05

05
L2 misss rate 00 L1 miss rate

Norm Energy
—_—0 = N W

05

L2 misss rate

MNorm Energy
o

-

05 >

I vutticore

PS=~TB %Acc=0.1
. cimvsa

05

U L1 miss rate

PS=-~TB,%Acc=0.5

05

L2 misss rate U] L1 miss rate

Computation-in-memory: potential

P&=~TB %Acc=09

I vutticore

Norm Delay
o 5

-

05

05
L2 misss rate 00 L1 miss rate

P5=~TB,%Acc=0.99
; [
CIM-VSA

w
(=]

Bl Cim-CSA

Norm Delay

—_D

- 05
L2 misss rate 00 L1 miss rate

05

Norm Energy
- b
o o

-

05

P&=~TB, %Acc=0.9

Il vulticore

05

L2 misss rate 0o L1 miss rate

MNorm Energy
1)
o

=1

05

L2 misss

P5=~TB,%Acc=0.99

Bl multicore

Ecim-vsa

. 05
rate 0o L1 miss rate
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Computation-in-memory: Potential

« Examples It He 4l
e Healthcare: DNA sequencing Genome Seques
» we assume we have 200 GB of DNA data to be compared to

» A healthy reference of 3GB for 50% coverage**
[**E. A. Worthey, Current Protocols in Human Genetics, 2001]

e Mathematic: 108 parallel additions

* Assumptions
e Conventional architecture

* FINFET 22nm multi-core implementation, with scalable number of clusters,
each with 32 ALU (e.g comparator)

* 64 clusters; each cluster share a 8KB L1 cache
e CIM architecture
* Memristor 10nm crosshar implementation
» The crossbar size equals to total cache size of CMOS computer

[Source: S. Hamdioui, et.al, DATE 2015]

Computation-in-memory: Potential

* Metrics
* Energy-delay/operation
e Computing efficiency > number of operations per required energy
e Performance area > number of operations per required area
* Results
Metric Archit. DNA 106
sequencing additions
Energy —Delay/ Conw. 2.02e-03 1.5043e-18
operations > x100
CIM 2.34e-06 9.25702-21
Computing Efficien Conv. 4.11e01 .5226e+
CIM 3.70e04 3.9063e+12
Performance Area Conv. 5.73e06 5.1118e+09 > x100
CIM 8.28e09 4.9164e+12
Key drives: Reduced memory bottleneck,

non-volatile technolocﬁ & ﬁarallelism

14



Conclusion

* Von-Neumann based computers
e Memory & communication bottleneck
» Complex progammability of multi-cores
» Higher power consumption
« => Unable to solve (today) and future application at affordable cost

* Short term
 Specialization: application-specific accelerators (reduced prog)

» Near memory computing, accelerator around memories (data-centric
model)

* Long term
 Alternative architecture, beyond Von Neumann & using new device tech
» Resistive computing has a huge potential (CIM architecture)
» But many open questions: device & materials, HW& SW, algorithms, etc
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