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Moore's Law Struggling with CMQOS
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1 National Research Council, “The Future of Computing Performance: Game Over or Next Level?"”, 2011.



Moore's Law
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1 The economist, “A golden rule of microchips appears to be coming to an end”, Nov. 18, 2013.
2 Vivek Singh, Intel, “Moore's Law at 50: No End in Sight”, DAC 2015 keynote.



Emerging Technologies to the Rescue?
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1 R. Lavieville et al., “350K Operating Silicon Nanowire Single Electron/Hole Transistors Scaled Down to 3.4nm Diameter and 10nm Gate
Length” EUROSOI-ULIS, Jan., 2015.

2 X. Jehl et al., “The coupled atom transistor’ Journal of Physics: Condensed Matter, 2015.

3 M. Seo et al., “Multi-valued logic gates based on ballistic transport in quantum point contacts” Scientific Reports, 4, 2014.



Quantum Dot SET Half Adder
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1 M.V. Klymenko and F. Remacle, University of Liége.



Multi-Valued Logic
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Multi-Valued Logic
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Multi-Valued Logic
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Multi-Valued Logic
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Multi-Valued Logic
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Multi-Valued Logic
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Multi-Valued Logic
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e Binary for increased noise tolerance
e Quaternary for increased entropy
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Carry-Lookahead Adder

B7 A7 Be A Bs As B4 Aq : B3 A3 B2 A2 Bi Al Bo Ag
7 A7 Be A Bs As .

Bi Aj Gi Pi Gi-1 Pi-1 Gj
Gj = Carry of Aj + Bj Gj = Gj or (Pj and Gj-1) Ci = Gj

Pi = Gj xor carry of (Aj+Bj+1) Pi = Pjand Pj-1
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Carry-Lookahead Adder
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Dual-Mode Caches
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Evaluation

o EnerlJ
e Implemented our own Cache Model
e New Error Models

 Eight benchmarks

o Energy Estimation

o Gate Equivalents
o CACTI



Results — Erro

80

Errors (%)

—
2
2

20

L

3
3

imagefill
sobel
jmeint
fft
raytrace

0

5
&
K.

scimark2_lu
scimark2_smm
scimark2_sor

%
2

Raw Bit Error Rate (RBER) (One error in 1e+0X)



ayoeo—abelone
Bai-abeione

ayoeo—aoelifel
Bai—aorilhRL

ayoeo-juswl|

%
e 18% average energy reduction for arithmetic

Bas—jurowl
2Yoeo—|9qos
Bai-jaqos Q
= o
v C
syoeo—|yebew; O O
+ [0}
> Boi-|yebew v oo
=
2 @o —
i} |
2yoeo-Jos
2 4 0 o
£ Bai—los £
H ]
5 - -
2 eyora-y L L
] Boi-yy c c
Q2 0
- =
= ayoRO-WIWS (SIS}
@ =] =]
0 Bai-wws T O
@ (0] (0]
2 — pus
9]
Q
x ayoed-n > 02>
& m; I & &b
™ 21| S O
T T T T T T T T T 1 < <
(0] (5]
- ® @ N © 1 ¥ ® o = O
O © o ©o o o o o o [O] (D]
o0 o
ABisu3 paziewioN O
(0] (3]
> >
@ (o]
o
o<
A
o
[ ]

e 36



Results — L1 DC Miss Rate

Benchmark | Original (%) | Approximate (%) | Improvement (%)
lu 5.11 2.67 48%
smm 7.00 4.36 38%
fft 15.91 0.004 100%
sor 2.13 1.08 49%
imagefill 17.26 11.62 33%
sobel 0.10 0.05 50%
jmeint 1.30 0.65 50%
raytrace 0.50 0.25 50%




o We live in interesting times
e CMOS scaling is reaching its end
o Emerging devices have new characteristics
« Continued scaling leads to unreliable devices
o Approximate computing
e Trading power and performance against precision
o Multi-value devices

e Dual-mode architecture
 Binary format for reliable operations
o Quaternary format for efficient operations
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