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Scalingl01 ¢ Dennard Scaling
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Faster transistors
(Frequency scaling)

S? = 2X

| Computing capabillities
More transistors

iIncreased by S3=2.8X

"""""""""" 2.8X more transistors >
switches per second
Power increased by 2.8X
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Scalingl01 ¢ Dennard Scaling
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2005The End of Dennard Scalin

Threshold Scaling and Leakage
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The End of Frequency Scalin
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Moving to Multicore
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Dark Silicon
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Dark Silicon
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The Four Horsemen of Dark Silicor
Taylor DAR012

A Shrink
A Dim
A Specialize

A Technology magic
(Deus Ex Machina
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The Four Horsemen of Dark Silicor
Taylor DAQR012

A Shrink
A Dim
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A Technology magic
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Sources of Energy Inefficiency

Operation Energy/Op Cost
(16-bit operand) (45nm) (vs. Add)

Addoperation 0.18pJ 1X
Load from orchip SRAM 11pJ 61X
Sendto off-chip DRAM 640pJ 3,556X

I —
t t t

|-Cache Access Register File Control Add
Access

M. Horowitz, iComputing® Energy Problem (and what we can do about it),0 ISSCC Keynote 2014
A. Pedtam, 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 (submitted)



Dark Memory and Specializatiol

A Memory system contributes56% system power

A Memory hierarchy does not solve everything,

SRAM is never completely dark

A Specialization increases memory

power portion

A Amdah@ law- need to dim memorysl

A. Pedtam, 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 (submitted)



Will Memristors Light
the (Dark) Memory?

A Nonvolatilityc low static energy
A Dense memory short wires

A Still large memory> relatively long wires,

not a fundamental change in energy |
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Fundamental Solutior SWHW

A Minimizing memory accesseslgorithm

execution

Fy
(FL)OP/Memory
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>50

A High chiplevel locality |

Blocking

A Memristive accelerators

10

BBBBBB

can help

ccccccc

Algorithm Complexity
Nlog N N2 N3 :

A. Pedpam, 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 (submitted)



Memristive Accelerators
A Resistive Associative Processor
(ReAPYavitset al. CAI2015
A Resistive GBIMD Morad et al., TACQO016
A Neuromorphic $oudryet al. TNNL3015

A Memory Processing Unit (MPU, Kvatinsky et a
TVLS2014 TCAS R014 Levy et al. MEXD14)




Memristive Accelerators

A Resistive Associative Processor
(ReAPYavitset al. CAI2015



Assoclative Processor

A Processing imemory PiM), using CAM
A AP is similar to a loelkp table

A Computation is a series aompare and

(XerteS operatlon Search Data1001 1
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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

C S =B + A
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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

C S = B + A
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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 =B + A
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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 = B + A
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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 = B + A
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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
= B + A
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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
C S =B + A
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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 |0 110 1 1 1 1 1
1loolw1 |1 olnJo
S = B + A
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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 0 0 1 1
ofl1]{o o 1jo|1 0 0 Jo|1 0 1 0 1 1 0 0
off1|o o ojojo 1 1 J1|1 0 1 0 1 1 0 1
of [o|1 o 1]o|o 0 0 Jof1 0 2 1 0o 1 1 o
of [t]o 1 1]1]o 0 1 Jofo 1 0 T 1 1 1 1
o 1J1 0 110JO 1 1 j1jo 1 O
Cc S =B + A
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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

,’1| T T Match/Word Line!
// | . " |
S 1 |Bi i |

M }chfw d L
“leam | |CAM [ [CAM |  |[cAM | TTTTT "1 cAM
Bitcell Bitcell Bitcell Bitcell Bitcell
M Lchfw dL
“leam [ |[CAM [T | CAM [ | CAM [ 77T | cAM
Bitcell Bitcell Bitcell Bitcell Bitcell
Match/Word L
“leam [ |[CAM [ |[cAM [ | cAM [ TTTTT | cAM
Bitcell Bitcell Bitcell Bitcell Bitcell
T 1T |
| | | | | | | MaLch/Word Line| |
“lcam [ |[CAM [ | CAM [ | CAM | TTT°T | cAM
Bitcell Bitcell Bitcell Bitcell Bitcell
T |

(a)

TAG

A Converting a memory crossbar intdEnabling &.00M PUAF

a massively parallel SIMD processor
39



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 P :'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
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ReAPThermal Map
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Thermal View

A Temperature and hot
spots are the reason
3D integration of
CPUs and DRAM is
stalling

A AP does not have
this problem due to
its (almost) uniform
thermal distribution

ReAPTemperature (vs. DRAM)



