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Emissions Change
2022/2020 Electricity 2022/2020
Industry (million tCO,e) (Twh)

2020 2021 2022 2020 2021 2022

Telecommunications 135 134 133 -1% 239 255 258
operators
Colocation data centers 36 40 43 20% 89 100 109

Cloud & content 22 27 2 46% 54 70 85
Subtotal 193 201 208 8% 382 425 442
% of world 0.6% 0.6% 0.6% 160%  170% @ 1.70%
ICT Equipment 154 173 154 0.5% 282 329 3N

- PCs 62 71 (o 48% 110 133 124
< rmartphones 60 64 57 -51% 116 13 119
- Network 2 38 33 24% 56 65 69

Product use 222 215 205 7.5% 430 442 430 : Can we improve electronics to

- PCs 203 107 187 2 qo 39 405 392 make it more sustainable?
@n es 19 18 18 34% 36 37 38

Subtotal 375 388 359 -4.2% 72 m 741
% of world 1.2% 11% 1.0% 3.0% 3.0%
TOTAL 568 589 567 -02% 1094 1196 1183 From ‘Measuring the Emissions & Energy

% of world 1.8% 1.7% 1.7% 4.6% 4.7% Footprint of the ICT sector
World Bank, 2024
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e The BAYFLEX proje
e Overview
* Recall of basic probability |

* Spiking neurons with organic electronics
» Bayesian inference with OECTs
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Von Neumann

Factor Graphs
V. Gaudet 2000
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Bayesian Inference
(Droulez, Bessiere,
Laurent, 2010)
FET-OPEN BAMB
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starting state
mapping W of | x Q onto

Automaton with time delay 6

McCulloch, W.S., Pitts, W. A logical calculus of the ideas immanent in nervous activity. Bulletin of
Mathematical Biophysics 5, 115-133 (1943)
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- One cure forthe error is to make multiple inputs.

V. Neumann, “Probabilistic logics and the synthesis of reliable organisms from unreliable
components,” in Automata Studies, (Princeton Press), pp. 46-98, 1956.
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ers X0,X1, ... for which any
foperties of a Bernoul

1,0,1,1,01,1011
0,1,1,1,1.1,1,0,0,0

Unipolar stochastic numbers: bitstreams of 0,1s: p,= %

Bipolar stochastic numbers: bitstreams of -1, 1 and p,,= 0.5 (1 5 %)

‘Tutorial on Stochastic Computing’ C. Winstead in W. J. Gross and V. C. Gaudet (eds.), Stochastic Computing: Techniques and Applications,
https://doi.org/10.1007/978-3-030-03730-7_3
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1,-1,1,1,-1,1,1,-1,1,1 = 0.7 HE -1,1,-1;-1,1,-1',41,1, 1-1'=03

. X
p.= 0.5 1+M p,=1—0.5 1+M

‘Tutorial on Stochastic Computing’ C. Winstead in W. J. Gross and V. C. Gaudet (eds.), Stochastic Computing: Techniques and Applications,
https://doi.org/10.1007/978-3-030-03730-7_3
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Need XNOR for Muiﬁplication

Bipolar P,=

‘Tutorial on Stochastic Computing’ C. Winstead in W. J. Gross and V. C. Gaudet (eds.), Stochastic Computing: Techniques and Applications,
https://doi.org/10.1007/978-3-030-03730-7_3
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Inputs ) Outputs

fa(y) = tanh(y)

Typical feed-forward neural network _(xHfx>0
(multilayer perceptron) fa) = 0 Otherwise
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Fig. 44 Stochastic finite state machine design for the rectified linear unit function

B. Brown, H. C. Card IEEE Trans on Comp 50 891 2001
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BAYFLEX organic system

Sensor Data Spike based probabilities Probabilistic Classification

spikes

.

Electrophysiological signal B S A wamm ]
(e.g.EEG) / w) Dry cutaneous electrode (b) Flexible OTFT Technology (¢) Flexible OECTTechnoEogy/ (d) Output probabilities /

Use fault-tolerant stochastic-compﬁtl g.;_With all-organic technologies on flexible
substrates to detect electrophysiological signals and classify them into categories.

VISION: Stochastic computing is a natural paradigm for organic electronics
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» Very hard to solve & | s
* Typically use ! i-_.___'-_’ i Y mpling (GibbS, 1V polis-1
* Applications '
* Robotics

Spam detection e e
Bioinformatics/healthcare applications
Ecology

Finance

BAYFLEX: Continuos Health Monitorin
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0 =1(1,2,3,45,6)
P(S,Q)=(1/6,1/6,1/6,1/6, 1/6, 1/6)

P(4,5) = P(4) + P(5) =1/3 Joint probability distribution
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It must be that:

Which leads to: P(FlE) == P(ElF)P(F) | Bayes’rUIe

25
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Or P(E) = zP(ElHi)P(Hi)

P(E|H;)P(H;) ~ P(E[H)P(H)
P(H;|E) = {HlE X NP TP BT,
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BAYES’ RULE

Define:

~ P(E|H) + P(E[Hy)

P*(E)P(H)

PUIED = p®pan + - P @) — PAD)

J.S. Friedman IEEE Trans CAS | 63 895 (2016) LPICm
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@ Dielectric molecule
@ Cation

© Anion

+ Hole

= Electron

NINIRIE

First OECT arrays for testing
(TUD)

@
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Gate action: Dielectric

Charge accumulated oxide
interface

Immobile charges, double later

* Bundesministzrum
! fiir Bildung
wnd Forschung

L21Cm

Gate action: electrolyte

Charge accumulated throughout
channel

Mobile ionic charges
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@ Dielectric molecule MOSFET
@ Cation
@ Anion

+ Hole

= Electron

Large capacitance of the electrolyte
lends itself to realization of a
compact Muller c-element

L21Cm



Centre National
de la Recherche

: : e s - - = _ ‘.éa‘ INSTITUT e
Sclentifique e g b ] o = N S : s Lol ave

large hystleresis

oL
°
@
b
o
£
e
5]
o=

—— upper hysteresis branch
lower hysteresis branch

-1.0 —-0.5 0.0 0.5
Vgs_14Vgs 2 /V

From Yeohoon Yoon, TUD
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P(X)=P(f| Cn)/(P(f| Cn)+ P(lf| NlCn))
P(Y):P(Cn) C-element

P(Z)= P(Cn|f)

Since the difference between the two distributions is significant, for a large number of heartbeats, P(X) tends
toOorl
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Variation of theoretical and measured probability for being normal heartbeat with bitstream length

—— Theoretical probability
*  Measured probability

400 600
Bitstreams

ength

Probability
= =
(4] -

=
b

Theoretical probability
¢ Measured probahility

400 600 1000

Bitstreams
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Probability

— Theeretical probability
Measured probability
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Variation of theoretical and measured probability for being PVC heartheat with hitstream length

— Theoretical probablity

Measured probability

400

Bitstreams

G0
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Simulation
Predicted label

Vin low state
Normal 0
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Organic tec
stochastic comp

Demonstration of Muller c-element implementiﬁg Bayes’
rule in OECTs
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extrinsic probability that one bit can be obtained based on the
other two since: P110.2 = Po (1 — p2) + (1 — po) p2

=>» This is known as belief propagation

V. Gaudet and A. Rapley, “Electron. Lett., vol. 39, no. 3, pp. 299-301, 2003

L21Cm




= i

Shes

Centre National “=. o : L’ =
de la Recherche: e e '-- = & oy

|
s e 4 = POLYTECHNIGUE
Sclentifique ~— == - . & =0 N oe ARTS
Rl e : K [T = 5 e e

fB fe

g(wlﬁ L2y L34 L, ;;L?S)

= falz)fp(@2) fol@y, x2, 3) fp(®3, 1) fE(2s, 235)

The ‘Factor’ is essentially computing the marginal probability of the data
Kschischang IEEE Trans on Information Theory 47 2001
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Figure 4: Hamming Code Factor Graph Constructed
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= Equality node is a c-elemé'nt

P(C) = P(A)P(B)/[(P(A)P(B) — (1 — P(A))(1 — P(B))

V. Gaudet and A. Rapley, “Electron. Lett., vol. 39, no. 3, pp. 299—
301, 2003.terative decoding using stochastic computation,”
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Factor Graphs | (Droulez, Bessiére,
V. Gaudet 2000 Laurent, 2010)
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