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OUtI | ﬂe Incheon, South Korea

* |ntroduction to Stochastic Computing (SC)

» Representing numbers with Bit-streams

» Different Random sequences

» High vs. Low Discrepancy

= Proposed design: P2LSG

= Benchmarking

» SC Multiplication

» SC Scaled Addition
= Applications

» Image scaling

» Scene merging

= Summary

P2LSG: Powers-of-2 Low-Discrepancy Sequence Generator for Stochastic Computing
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StOChaStIC COmpUtlﬂg (SC) Incheon, South Korea

SC: are-emerging computing paradigm processing random bit-streams

X=4/8 — X (Bit-stream)

10101010, 11110000, 11001010,...

No bit significance

020202020202020

/A 1010101

1) Simple execution of complex arithmetic operations (e.g., multiplication using AND)

Advantages of SC.:

2) Tolerating high rates of noise
3) Progressive Precision

4) Clock and data skew tolerant

P2LSG: Powers-of-2 Low-Discrepancy Sequence Generator for Stochastic Computing
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StOChaStIC COmpUtlﬂg (SC) Incheon, South Korea

SC: are-emerging computing paradigm processing random bit-streams

X=4/8 — X (Bit-stream)

But how can we generate stochastic bit-stream?

compare

f AN
random # 1 X > random # & 10101010, 11110000, 11001010.,...
scalar X 0| X < random # &

W

To generate a bit-stream of N bits, we need N random numbers!

P2LSG: Powers-of-2 Low-Discrepancy Sequence Generator for Stochastic Computing
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RaﬂdOm Sequences Incheon, South Korea

Pseudo-Random? Quasi-Random?

Niederreitte

o . -;
T i e 8
:

. Zadoff-Chu

Van der Corput

1 s ETETETs
SR ﬁgf %ﬁj@g .+ Sequence 1
0.5 L OO 0. Versus
e o Sequence 2
o DESNRENY plots
0 0.5 1
Sobol Latin Hypercube Hemmersly Weyl

Various Random Sequences including Pseudo-Random and Quasi-Random characteristics

We explore some new random sequences for the first time in SC

P2LSG: Powers-of-2 Low-Discrepancy Sequence Generator for Stochastic Computing
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RaﬂdOm Sequences Incheon, South Korea

Quasi-Random
Pseudo-Random

Poisson
Disk

Hadamard

Latin
Hypercube

Niederreiter

*High-discrepancy

Poisson Disk

o

Lo s i eUnequally distributed in multi- 1
dimensional space y

Low-discrepancy .

*Evenly distributed in multi- ..

dimensional space

P2LSG: Powers-of-2 Low-Discrepancy Sequence Generator for Stochastic Computing
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Van Der Corput (VDC) Sequence Generation ncheon, Souih Korea

* A high-gquality random sequence SC: Van Der Corput (VDC)

» (General Algorithm to generate a base-B VDC seguence
» Generate an integer number
» Convert the integer number to base-B representation
» Reverse the base-B representation

» Convert the reversed base-B representation to a binary number

General VDC number Iin base N (VDC-N) Complexity of Hardware Design
depends on the chosen Base
VDC
a,_1 .. aGyasag .0 0.aya; a, .. a,_ _ -Of-
1 - (204 A Generator UL L L SR ) Non-Powers-of-2 Bases

II) Powers of 2 Bases

P2LSG: Powers-of-2 Low-Discrepancy Sequence Generator for Stochastic Computing
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Incheon, South Korea

QNG
nC ]
a0

RNG1

Uncorrelated operands

Best accuracy necessitates
Uncorrelation

Uncorrelated

(@)
Il

A X

B

MAE(%) of 2-input AND Multiplier

N = 2" (log scale)

W
AL

F

[EHL
L HM

[9&N
P

P2LSG}

MAE (%) comparison of multiplying two 8-bit precision bit-streams

Evaluation of all Cartesian combinations of inputs In 8-bit precision D Multiplication

Random Sequence 26 27 28 29 210 211 212 213 214 215 216
Sobol 092 | 045 | 0.19 | 0.092 | 0.041 | 0.019 | 0.009 | 0.0035 | 0.0013 | 0.0003 | 0.0000
R2 .14 | 1.07 | 048 | 0.220 | 0.130 | 0.055 | 0.037 | 0.0164 | 0.0099 | 0.0078 | 0.0024
Weyl .46 | 1.40 | 0.83 | 0.530 | 0.400 | 0.220 | 0.190 | 0.1800 | 0.1300 | 0.0090 | 0.0065
Latin Hypercube | 3.19 | 093 | 085 | 0.380 | 0.390 | 0.250 | 0.240 | 0.1200 | 0.0795 | 0.0508 | 0.0424
Faure 260 | 1.40 | 0.88 | 0480 | 0210 | 0.110 | 0.077 | 0.0360 | 0.0136 | 0.0113 | 0.0040
Halton 331 | 1.42 | 1.14 | 0.780 | 0.380 | 0.150 | 0.093 | 0.0570 | 0.0330 | 0.0150 | 0.0083
Hammersley 1.31 | 0.85 | 0.37 | 0.200 | 0.120 | 0.061 | 0.030 | 0.0170 | 0.0098 | 0.0043 | 0.0019
Niederreiter 095 | 0.51 | 034 | 0.130 | 0.072 | 0.032 | 0.019 | 0.0067 | 0.0039 | 0.0015 | 0.0011
Poisson Disk 416 | 2.61 | 1.06 | 0.960 | 0.710 | 0.340 | 0.440 | 0.3800 | 0.3700 | 0.6000 | 0.5200
P2LSG .76 | 0.88 | 039 | 0.170 | 0.073 | 0.030 | 0.012 | 0.0045 | 0.0015 | 0.0003 | 0.0000

P2LSG: Powers-of-2 Low-Discrepancy Sequence Generator for Stochastic Computing




Benchmark 2

Correlated with each other

MAE(%) of 2-input MUX Adder

Incheon, South Korea

January 23, 2024

Scaled

Addition

30[
A+B b\ %
e _ > :\?25— x‘* *:nli
(ed ?\{&O(\ gze ........ |%I:—
ond ~e\d 1 “ W,
cof MAE (%) c:om%@lon\g Sqaled Addition of two 8-bit precision bit-streams
NGO ) - Random Sequence 2? 2’ 2° 2° 20 27 28 2°
e, . o Sobol 1498 | 743 | 366 | 1.77 | 0.83 | 037 | 0.15 | 0.00
U\devere\ﬂtx Unc?rréLated R2 12.69 13.37 8.68 5.04 .91 .66 0.60 .25
gnc with Sel Weyl 204 | 674 | 452 | 3.07 | 219 | 1.17 | 092 | 0.79
Latin Hypercube 3.54 5.30 3.92 295 | 1.81 | 0.97 1.02 | 0.86
m Faure 31.35 | 1339 | 1148 | 652 | 296 | 2.59 1.62 | 0.78
Halton 3794 | 21.66 | 1486 | 9.74 | 3.95 | 2.09 .58 | 0.75
m Hammersley 14.98 1.49 3.5 249 | 1.19 | 0.85 .29 0.18
Niederreiter 10.43 5. 74 3.18 .65 | 0.81 | 0.36 | 0.15 0.00
Poisson 26.46 | 16.31 .66 6.57 | 8.16 | 2.69 .53 .65
P2LSG 13.40 | 6.63 3.24 1.55 | 0.71 | 0.29 | 0.097 | 0.00
e‘ --------

10

1

N

n

2

10

2

(log scale)

el I ..
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Proposed Sequence Generator: Sequential Incheon, South Korea

T-FF T-FF

T-FF T-FF

P2L.SG using

Sigrit}gitcant ‘ Sig;i;jzant 8-b It COU nter

Bit

B1t

bb b, ... «u. ... byb,b,b,

n“n-1

IEGEECTETaE et B 4 GEE X € X O by_logZ(B) gr‘ouping
b,bbb, ... ... ...bb b, |
CEECCE® o =3 . raexeccea - S1gN1T. 1nversion
Examples of structuring an 8-bit by-10g,(4) b,bebsb,b3b,b,b, by-10g,(&) b;bgbsb,b;b,b,b, by-10g,(16) b,bgbsb,bsb,b,b,
counter to generate P2LSG-4 grouping o o grouping - grouping
] ) | Significance b,b,b.b,b.b,b.b, Signif. b.b,b,b.b,b,0b, Signif. b,b,b,b,b.b.b.b,
P2LSG-8, and P2LSG-16 i nvercion — — e - - i ——
SNG Area Power CPL = Improvement
2
Hardware_ cost for (pm”) (W) (ns) compared to Sobol
generating two Sobol#2 & Sobol#3 [2] 2 X 781 2 X 45.15
different 8-bit Halton#l & Halton#2 130 + 450 | 15.15 4+ 35.30 @ Area = 9.5 X

random seguences ‘4 P2LSG—-4 & P2LSG-16 163 16.05

@ Power = 5.62%

P2LSG: Powers-of-2 Low-Discrepancy Sequence Generator for Stochastic Computing
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Proposed Sedquence Generator: Parallel incheon, South Korea

* We can also implement a parallel P2LSG to generate more than one
number (I.e., PAR numbers) of the sequence at any cycle

 The general rule to assign parallel iIndexing bits

bnbn-lbn-z ce e s o e o e b3b22129 Reserving

log,(PAR)-bits PAR=4
bb b, ... ... ... bsb,b,b,

ICEGEECCECE + o ¢ v CEEEKECKECEKE by'lﬁgz(B) grou plﬂg
bBbeibe & & @ & & @ & & @ bnbn_lbn_z . . . .
L€ << < BT s s IS ECEE * Slgnl'F. inverslion

Parallelization
Rule

(a) bib=0@ b;b,=01 b,b,=18 b,b,=11 Parallel Indexing

» P2LSG-16 example with PAR=4 concurrent number generation.

by-1log,(16) b,b.;b:b,b,b,b.b, Pagaléllelb Ibnie;;ing s 9
grouping I 30,06D,b¢bsb, n m
Sighif b.b,b.b,b,b.b.b b3b,01b,bgbsb, & % O
| 1gn1. . ;1_3 776754 b3b2£b7b5b5b4 E F E-
inversion b,b,11b bbb, o o

P2LSG: Powers-of-2 Low-Discrepancy Sequence Generator for Stochastic Computing
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Case Study 1: Interpolation & Image Scaling incheon, South Korea

[, 1mage pixel

4 b s) ‘...- N 1
4 & L I i

(1 — Pgy)(1 — Pay) Py, + (Pax)(1 — Pgy)Py,,
+(1 = Pax)(Pay)Pr,, + (Pax)(Pay)Pr,,

oy ‘.a

S0, S1=d,, d,

coordinate distances

SC IMAGE SCALING WITH DIFFERENT RANDOM SEQUENCES.

Original |
Image
Image Scaling (Scale Factor=2)
P2LSG Sobol (S) |Niederreiter (N) LFSR
Mona Lisa
—— PSNR: 46.25dB PSNR: 46.37dB PSNR: 44.63dB
Image SSIM: 0.9958 SSIM: 0.9948 SSIM: 0.9949 SSIM: 0.9892
Minion
PSNR: 39.36dB | PSNR: 39.26dB PSNR: 39.30dB PSNR: 38.50dB
SSIM: 0.9926 SSIM: 0.9958 SSIM: 0.9964
Original van Gogh
Image | PSNR: 43.10dB | PSNR: 42.91dB PSNR: 42.99dB PSNR: 41.65dB
. SSIM: 0.9921 SSIM: 0.9923 SSIM: 0.9880

P2LSG: Powers-of-2 Low-Discrepancy Sequence Generator for Stochastic Computing
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Case Study 1: Interpolation & Image Scaling incheon, South Korea

[, 1mage pixel

AT & r .. : ‘ y’
L \ - ‘ % -’

(1 — Pgy)(1 — Pay) Py, + (Pax)(1 — Pgy)Py,,
+(1 o de)(de)P121 T (de) (de)Plzz

~

S0, S1=d,, d,

coordinate distances

Hardware cost comparison in 45nm technology
when processing Mona Lisa image (107 x 104 size)

Area | *Energy | *CPL | Total Energy :
Runtime
N=256 (pm?) | (pJ) (ns) ")

Image Scaling
Sobol [2] 2017 17.55 366 0.781 16.3 ms
Parallel 4 X Sobol | 4548 4.07 ms
P2LSG 715 : 14.12 ms
Parallel 4 x P2LSG | 2040 : 3.16 ms

Original '
Image

Original
Image

= Improvements (Parallel Design

+ Energy = 6.66x% <" Area=223x

P2LSG: Powers-of-2 Low-Discrepancy Sequence Generator for Stochastic Computing
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Case Study 2: Scene Merging (Video Processing) incheon, South Korea

Merged Pixel =
Background Pixel x (1 — alpha) +
Foreground Pixel x alpha

P2LSG:
PSNR: 48.23 dB
SSIM: 0.999

[ i i - bl .- HI. I .' :I' F -IS';J;-:I.'II .:-{i '-. .';-.I fl I. I-- U :; '.-.' e
: [ ] 3 |-. . '-.'l--.riI,'_ B '-_-'r- . .'Ii?-. -.-IEI= 3 f :-I'l.- ":II- ¥ I ¥ -'..;a' -J-Iu
S e R R G

e T

bt FEs s =

.:II|I ._|..-'F.I.I: J"r*._ .-‘I.!I 5P | 1: o
LT - O

E i i & P v

T T AL . e
i ||-I '.1I. o Illr I!-Il"ll 1R, ud ! W I| I:' ! "I I.|. i ? i'
. e 1 y i A ':'; o 1 o v ¢ L . . J_ ._ 5. I"‘_I 'y "I:.I:I |I
{ _|I i "‘_Ji"l' X 4
1 l' Srpet

1 i = A = . L r s | 1, 1, = ¥
w F - L5 I i o L 7 JiTa T reipgl s, . A H el i 24 0 L vl T e LR i I 10 oI
f v gl o, ; X 2y ] . Y ’ H At . fl e 0 e
i 2T [:"‘-.. H gy ) E h'\-l'q . | |_l'| E o ! 'ﬁg.‘ E ] - !_lJ 1 e - ! o o 5 - LN . 1 Rk ﬁ re T = 1 A
a T -".!l-‘l Ayl R S '-"-_I"'#""t TEES F AR i o e A E R et R S R S e B e Xr (g res E EEJ‘. Ar L
ol Ty Y LA g Bor Tl e il o e L T e o L, S il P e Sl 4 , ¥y T .||!.' n'ﬁi : 3N bl A A

Sobol:

. . PSNR: 48.13 dB
Hardware cost comparison of scene merging SSIM: 0.9999

cene Merging : Improvements
Parallel Desi
Sobol [2] 1787 16.6 353 1568 33.3 8 (Parallel Design)

Parallel 4x Sobol | 3628 | 5.1 1424 8 Energy=10.17%
485 304 v
Parallel 4x P2LSG| 1120 | 148 | 68 | 140 | 64s ¥ Area=3.24x

“Energy and *CPL are for producing each output pixel. Bit-stream Length (/V) is 256.

P2LSG: Powers-of-2 Low-Discrepancy Sequence Generator for Stochastic Computing
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S U m m ary Incheon, South Korea

v' Powers-of-2 Low-Discrepancy Sequence Generator (P2LSG):

Cost-efficient and accurate random bit-stream generation in SC

v Efficient & ultra light-weight hardware design

v Parallel processing opportunities

v Explored a new set of deterministic sequences for SC

v' Evaluated practicality in image scaling & scene merging

v Potential for other computing paradigms: Hyperdimensional Computing (HDC)

P2LSG: Powers-of-2 Low-Discrepancy Sequence Generator for Stochastic Computing



Thank you for your Attention!

najafi@Ilouisiana.edu
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