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Contents of Full Tutorial:

0. Revisit to Fundamental Theorems in Network Information Theory

= End-to-End Lossless Relaying: Slepian Wolf Theorem with Source-Channel
Separation

1.1 EXIT Analysis for Source Bit-Flipped MIMO Transmission with Turbo Equalization

1.2 Slepian-Wolf Formulation for Lossless Two-Way Relay Networks

2. End-to-End Lossy Distributed Multi-terminal Networks:
Rate Distortion Analysis

2.1 Wyner-Ziv Formulation for End-to-End Lossy Two-Way Relay Network

2.2 Berger-Tung Formulation for Two Source One Helper Network

2.3 End-to-End Lossless and Lossy Multiple Access Channels

2.4 Two Stage Wyner-Ziv Network: Distortion Transfer Analysis

3. Wyner-Ziv Formulation for Decision Making Process

) Revisit of Helper-aided Lossy Networks

3l Distributed Hypothesis Testing (DHT)

3.3 Semantic Communications

34 Learning Process in Machine Learning
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Lossy Multi-terminal Cooperative Networks,

Queueing, and Decision Making:

»Erlang, Shannon, and Neyman-Pearson Meet in 6G Networks
March 27, 2023 @ Uoulu CWC Research Seminar by Remote

Tad Matsumoto™, **, ***

In what fields are they famous as land-make builders? IEEE Life Fellow
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Why “Neyman Pearson” Involved?

Ecole Mines-Télécom

Unclear but still Accident Avoidable
Make left turn or right turn?

Clearer but maybe Too Late to Avoid Accident
Decision: Make left turn!

Making correct decision is most important than lossless reconstruction
of the observation for risk avoidance!
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Risk Level

Is Lossless reconstruction Needed?

Risk =Risk(TM(time), CNDM(time))

V'
Minimum Risk
RN -y
7’
S - “ Risk due to Target Move TM
S o 7 Time spent due to transmission and queueing
S TM =TM(time): Increasing function of time
Y e < > ~
7’ ~
e ~
e ~
7’ ~
g A
s Risk due to Communication Network and Decision Making CNDM
CNDM=CNDM(time): Decreasing function of time
<

Time
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Chapter 0. Reuvisit of Fundamental Theorems in Network

Information Theory
1. Channel Capacity: Point-to-Point Lossless Channel’s Maximum Capability

Theorem 3.1 (Channel Coding Theorem). The capacity of the discrete memoryless
channel p(y|x) is given by the information capacity formula

NN Network
€ =max1 (X > Y). \ | Information
p(x) ,;’._.:jf- Theory

Abbas El Gamal

Channel X,' e oY’ @ Y, c Ca,g )| Channel
B F

Encoder Decoder

5 -:'.'-'":;' .
Binary/Non-binary finite alphabet *~ Noise = Error source

C=maxI(X:Y)>I(X:Y)>0

C < log|>X| because C =max /(X;Y) < max H(X) = log|c¥]
C <log|Q”| because C =max I(X;Y)<max H(Y)=log|3|
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| Gaussian capacity | Gaussian Code book
S7t ;
€.l M=64 Z | Gaussian Noise
2z, =t C= max I(X:;Y)= log(1+ SNR)
& p(x) EX*<P
st -

gl M=4

1,_

0 : ; | ; : |
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SNR(dB)

2. Rate Region:
Distributed Multi-Source Lossless Coding

B Slepian-Wolf Theorem: H(Y)

Ry > H(X]Y)
Ry > H(Y|X)
Ry+Ry > H(X,Y) H(Y[X)
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Two Sources:

Theorem 10.1 (Slepian-Wolf Theorem). The optimal rate region %" for distributed
lossless source coding of a 2-DMS (X, X,) is the set of rate pairs (R, R,) such that V%

Network

Rl 2 H(Xl |X2), \ x Infor]lfila;(i)?;;

RZ E H(Xz |X1)’ Young Han Kim
R, +R, > HX,, X,).

— | Encoderl ———

Decoder -

— Encoder 2 ———
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One Source One Helper:

Theorem 10.2. Let (X, Y) be a 2-DMS. The optimal rate region %" for lossless source
coding of X with a helper observing Y is the set of rate pairs (R, R,) such that

R, = HX|U),
: /\/  Network
R, > I(Y;U) \ O] htion
Theory
for some conditional pmf p(u|y), where |U| < | V| + 1.
RZ A 2
~ Admissible rate
/ Ll
_ region X" M,
g — Encoderl ——
# Xn
HY) ¢ g Approximated Decoder ——*
N,
T Encoder2 |2
ncoder XX
HY|X) ?

Remember! Coded Side Information=Helper

HXY) HX) Ri
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3. Lossy Source Coding:

Theorem 3.5 (Lossy Source Coding Theorem). The rate-distortion function for a
DMS X and a distortion measure d(x, x) is

R(D) = min 1(X; X)
p(X]x):E(d(X,X))<D

for D > Dmin = minf(x) E [d(X, Jz'(X) )] ‘ [ ". Netwqu
\\| Information
Sy Theory
n % n . Abbas El Gamal
SOU rce X SOurce X '.""Z.l‘ 2 Young-Han Kim
M Encader »| Decoder [—

fxr)et, 2 wo2tp Rr=glnlxr)et. 2 - 2

Example 3.4 (Bernoulli source with Hamming distortion). The rate-distortion func-
tion for a Bern(p) source X, p € [0, 1/2], and Hamming distortion measure is

R(D) = H(p) - H(D) for0<D < p, I[(X;X) = HX) - HX|X)
_ aFR= b = H(p) - H(X & X|X)
>H(p) - H(X & X)

S H(p) - HD),

with PIX# X} <D
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4. Source-Channel Separation:
A Connecting point between Source Coding and Channel Coding

Theorem 3.7 (Source-Channel Separation Theorem). Givena DMS U and a distor-
tion measure d(u, u) with rate-distortion function R(D) and a DMC p(y|x) with ca-
pacity C, the following statements hold:

e If rR(D) < C, then (r, D) is achievable.

N| Network
. . . O Information
e If (r, D) is achievable, then rR(D) < C. A Theory

Abbas El Gamal

Young-Han Kim

Remark 3.14. As a special case of joint source-channel coding, consider the problem of
sending U over a DMC losslessly, i.e., lim, P{U* # U} = 0. The separation theorem
holds with the requirement that rH(U) < C.



Note:
Source-Channel Separation applies to:

- Orthogonal transmission with multiple Point-to-Point links,

- Both Lossless and Lossy, so far as each link is orthogonal, ru’
- Helper link, IMT Atlantique

Bretagne-Pays de la Loire

- (Experts say it holds with majority of the cases....) Ecole Mines-Telécom

D %

Relaying with orthogonal links

Multiple Access Relaying with orthogonal links

17



5. Rate Region:
Lossy Source Coding with Side information/a Helper

With Side information:

Theorem 11.3 (Wyner-Ziv Theorem). Let (X,Y) bea 2-DMS and d(x, x) be a distor-

tion measure. The rate—distortion function for X with side information Y available 'u’
noncausally at the decoder is IMT Atlantique

Bretagne-Pays de la Loire
Ecole Mines-Télécom

Ry.p(D) = min (I(X; U) = I(Y;U)) = min I(X; U|Y) forD >D

min?

where the minimum is over all conditional pmfs p(u|x) with [¢/| < |X| + 1 and func- R
tions x(u, y) such that E[d(X, X)] < D, and Dy = ming,, Eld(Cx, (X ))]. ‘-‘?‘:;-" Information
B Theory
o M (U (X", D)
— Encoder —— pecoder >
v I
Notice: U>X->Y forms a Markov Chain PN

(X ;U) — LY ;U) = I(XY ;0) — I(Y U] X) —I(Y;U)
= I(XY ,;U) -I(Y ;U) =1I(X;U| Y) 18
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With a Helper:

Theorem 11.3 (Wyner-Ziv Theorem). Let (X, Y) be a2-DMS and d(x, x) be a distor-
tion measure. The rate—distortion function for X with side information Y available
noncausally at the decoder is

d4_nd

Ry p(D) = min (I(X;U) - I(Y;U)) =minI(X; U|Y) for D > D, IMT Atlantique
Bretagne-Pays de la Loire
RI—IelperZ I(Ya U)

Ecole Mines-Télécom
where the minimum is over all conditional pmts p(u|x) with (/]| < |A| + 1 and tunc-
tions x(u, y) such that E[d(X, X)] < D, and Dy, = ming,, E[d(X, x(Y))].

Tad’s Book?
X" M (U (X", D)
—| Encoder —f— Decoder >
Rg1p
n
_ Y ) T
Encoder 1
RHelper

Coded Side Information=Helper
19



6. Rate Region:

Distributed Multipoint-to-Multipoint Lossy Coding

Without Helper:

Theorem 12.1 (Berger-Tung Inner Bound). Let (X, X,) be a 2-DMS and d,(x,, x,)

and d,(x,, x,) be two distortion measures. A rate pair (R, R,) is achievable with dis-

tortion pair (D,, D,) for distributed lossy source coding if

Rl = I(Xl; U1|U2) Q))
R2 > I(XZ; UZIUI’ Q))
R+ R, > I(X, X, Uy, U |Q)

v

IMT Atlantique
Bretagne-Pays de la Loire
Ecole Mines-Télécom

for some conditional pmf p(q)p(u,|x,, q)p(u,|x,, q) with IZ/IJ-I < IX]-I +4,j=1,2,and
functions x, (u,, u,, q) and x,(u,, u,, q) such that E(dj(Xj,Xj)) <D;,j=12.

X f M 1
— > Encoderl [——
X; M,
— 1 Encoder2 ——

- N

(U

-~
Decoder

- N
(U,
~ 7

Notice: U; —» X; —» X, — U,

N Network
o \ ' Information
(X 1> Dl) 3 Theory
> Abbas El Gamal
Young-Han Kim
Yal
(X5, D,)
>

20
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Theorem 12.1 (Berger-Tung Inner Bound). Let (X, X,) be a 2-DMS and d,(x,, x,)
and d,(x,, x,) be two distortion measures. A rate pair (R,, R,) is achievable with dis-
tortion pair (D, D,) for distributed lossy source coding if

Rl > I(X1;U] |U29 V:Q):

R, > I(X,; U,|U, 7, Q), 'N’

IMT Atlantique

Bretagne-Pays de la Loire

R, +R, > I(X,, X,; U, Uy | ¥, O), S s Tokon
Riteiper=> 1(Y3V)
for some conditional pmf p(q)p(u;|x;, @) p(u,lx,, @) with [U;| < [X;| + 4, j = 1,2, and
functions X, (u,, u,, q) and x,(u;, u,, q) such that E(dj(Xj,Xj)) <D;j=12

Tad’s Book?
b M, [-~ (X7, D)
— Encoder1 —/—»LUI,' >
R]
Decoder )
K M, |-~ (X5 D)
—2> Encoder 2 7;2'( U;l (f \) P >
_r Encoder /R T Coded Side Information=Helper
Helper

21



7. Multiple Access Channels (MAC)
Correlated Sources Transmission over MAC:

First consider the following sufficient condition for separate source and channel cod-
ing. We know that the capacity region € of the DM-MAC is the set of rate pairs (R,, R,)

such that

Rl S I(XI)YIXZa Q))
RI + R2 g I(X1: Xz: YlQ)

for some pmf p(q)p(x,1q)p(x,1q). We also know from the Slepian-Wolf theorem that
the optimal rate region Z"~ for distributed lossless source coding is the set of rate pairs

(R;, R,) such that
R, > H(U,|U,),
R, > H(U2|U1),
R, +R, > H(U,,U,).
U X"

—— Encoderl >

Yﬂ

p(ylx, x;)

\i

—— Encoder 2

Y

Decoder

Y

4_nd

IMT Atlantique
Bretagne-Pays de la Loire
Ecole Mines-Télécom

N Network
\_ (| Information
g Theory

<A
X x

Abbas El Gamal
Young-Han Kim

» R,



There are two regions in this set up: SW and MAC regions.

AI ;r[
|\

JAPAN

ADVANCED INSTITUTE OF

SCIENCE AND TECHNOLOGY
. 1990

]

r O,

H(u;)
H(uz|uy)

: Y

IMT Atlantique
Bretagne-Pays de la Loire
Ecole Mines-Télécom

Relaying with orthogonal links

Independent

L
/
g

sources
DD
: '////Correlated

"""" sources

| 5

H(u1|u2) H(u1) R1

23



Revisit to Source-Channel Separation:

- Orthogonal transmission with multiple Point-to-Point links,
- Both Lossless and Lossy, so far as orthogonal,

- Helper link,
CWC
R W
D VYV
IMT Atlantique
Bretagng-Paye? c’!e la Loire
Rel aying with o rthogo nal links Ecole Mines-Télécom

S
Region intersection: The rate-pair plot belongs to the both MAC and SW regions.

- Source-channel separation holds!

RZ F 3
i) [F== ! i lated
I orrelate
H(uzluy) F--7--Y //l Z sources
L .
Separation holds in: H(uiluy) H(uy) R,

-  MAC transmission when the rates-plot is in intersection
(Sufficient condition, NOT optimal. Separation vs. Joint),
- (Experts say it holds in many cases....) 24



A sufficient condition for Lossless Recovery.

- Recovery for two sources
H(U,|U,) < I(X;5Y]X,,Q),
H(U,|Uy) < I(X,; Y[ X5, Q),
H(U 0, ) < #(X, X5 VIQ) .

Tad’s Book?

- Recovery for one source with one helper
R, < I(X;;Y]X,,Q),
& < XL Y| X500,
R,+R, < I(X,X,;Y|Q)

AAAAA
ADVA;

(\ Network
| Information
; Theory

IMT Atlantique
Bretagne-Pays de la Loire
Ecole Mines-Télécom

and
R.> H(X,
1= H(X,|U) Heu o)
> .
Rz 145 U) Appronimatedl%\l
which can be approximated by — T
r bt ooy R
H(uy|uy), for Ry > H(u»), ¢ LR,
e y
Ri>{ H(ui,uz)—Ry, for H(ualu) <Ry <H(u2), |z CGi)t Haw

| H(uy), for 0 < Ry < H(uz|uy),

25



N\ Network
. | Information
¢ Theory

A sufficient condition for Lossy Recovery.

Abbas El Gamal
Young-Han Kim

- Recovery for one source with one helper Tad’s Book?

R, < I(X;;Y|X,,Q),
Rz S I(X ;Y|X1) Q))

R, +R, < I(X,, X,;Y|Q) Brotacno-Pars do oo
and
Rz HX;UV)
R,>1(Xy; V)
wZ
Y
MA P
g
1 \\’
Region intersection . >
- Source-channel separation holds! -2 I(X5U) Ry
v ]
R(l‘l C(’h)



Properties of Binary Convolution:

Binary Convolution
x*xy=x(1—-y)+(1—-—x)y=x+y—2xy

m Forvariables x,t € [0,0.5] and y € [0,0.5)
2t —1

2y — 1

1
x*y <t :xSA(t,y)éE(l— )

m x*y < tinherentlyinvolves y <t
m A(y,t) is a monotonically decreasing function of y, with a maximum
Aly=0,t) =t
s A(y,t) is alinearly increasing function of t, with a maximum
A(y,t =0.5) =0.5
m Recursive structure:
yxz<s>y<A(,2)
xxyxz<t=x <At A(s,2))

viw <c;=>v <A, w)

x*xyxz*-vxw<c, =x <A, A(cn _ 1, A(...., A(c, w)))
27 loTAD-CEO Chair Lecture Series

Tad’s Book?
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hapter 1. End-to-End Lossless Relaying: Slepian Wolf 1!heorem
with Source-Channel Separation

1.1 EXIT Analysis for Source Bit-Flipped MIMO Transmission with Turbo Equalization
‘S,Dl +
/AR
H, Aa1 il E—
T —> ‘ '
i A £
X el a. A
b —e Cl Hl Hzl Hl_l » ]:)1 b
+
u -
(;nl a’Dl ::D]_
o 1
I, Hi, E Lz') to Hy
=2
E 37D2 - AN IleLaDQ
H22 /-I-
y A 9 a.D

Turbo Equalization with Horizontal and o] .
Vertical Iterations a2 o s N

\/+

M Vertical iteration is expected to improve performance because of space diversity gain

from using antenna 1 and 2, and coding gain. Mariella Sarestoniemi, Tad Matsumoto, Kimmo

Kansanen, and Jari linatti, “Turbo Diversity Based on SC/MMSE Equalization”, IEEE Transactions on Vehicular
Technology, Vol. 54, No. 2, pp. 749-752, March, 2005

B This design is called as Spatial Turbo Code (STC) because coded sequences are
multiplexed in the spatial domain, not in the time domain as in the Turbo codes.
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- We* developed Frequency Domain Turbo Equalization Algorithms
for single carrier signalling: It requires computational complexity of only
"high school levelmath™!

- Convergence property analysis made significantly easy!

"Do you still spread?” € Famous words said many times, said by a CWC person.

* Kimmo Kansanen, and Tad Matsumoto, ”An Analytical Method for MMSE MIMO Turbo Equalizer EXIT Chart
Computation”, IEEE Transactions on Wireless Communications, Vol. 6, No.1, pp.59-63, January, 2007




Source Bit-Flipped MIMO Transmission with Turbo Equalization:
With the bit flipping e between b, and b,, b, can be recovered losslssly by joint
decoding

0 c
LaiEQ I—a1;EQ D1+
ac g ,
x  x'  x T T ‘ c _
b1 C, L1, %xl: Iy 5 ‘ oo —{ 11—, D F+— b1
: S o — ;4 it
: D-ACC le — Le1;EQ Le1;EQ a,Dl. =/"+
: _ % ] el
: Correlation o p(p) p(p)
e+ Pr=bibe Hy | & - ¥
: Ple=1)=p 3 o I,
. Ple=0)=1-p E s
: :D‘ Z,Dz N €l
i ac <
] C H U
: v y v T 2 T 2 Leg;EQ LCG)Q;EQ c - ™~
by =11, C, |11, —%g— M o =L 0 D,
. S2 -
D-ACC .
_ 0 ,
Laz,EQ 1'. asEQ Hf) g’DQKV\_
Probability Update (p(p)) £ L4
P(x=0)=(1-p)P,(x=0)+ pB(x=1) (I-p)e" +p
p(p): LLR:pdate: In L
Px=D=(1-p)F,(x=D+pE(x=0) (I-p)+ pe
30

K. Anwar and T. Matsumoto, “Spatially Concatenated Codes with Turbo Equalization for Correlated Sources”, IEEE
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EXIT Chart for Source Bit-Flipped MIMO Transmission with Turbo Equalization

c c __ JE
Ie,Elv Ia,Dl - Ia,Dg

0.9

0.8 +
0.7 +
0.6 +
0.5
0.4

0.3

0.2

0.1+ .

0

T T T T T T T

SNR=-3.5dB 1
- Interleaver=1024 :
SRCC-4 (17,15)

[terations=5x with D-Acc, P=16

/

| | | | | | | | |

o 01 02 03 04 05 06 07 08 09 1

I e
CLEl I E27 €D1

Parameters:

B Transmitter:
Encoder: CC
4(17,15),17
Interleaver=5000
(random)

Correlation Model:

Bit-flipping

B Channel:
MIMO 2x2
Equal Power 64-
path

B Receiver:
Decoder: BCJR
Log-MAP
FFT=512
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Average BER in Block Frequency-Selective Block Rayleigh Fading Channels:
Source Bit-Flipped MIMO Transmission with Turbo Equalization

- Bit-flipped sequences are correlated sources!

Average BER

0
10 ¢

-5
10

[ERY
o,

-4
10 |

T

| 200 chaﬁnels realiéations

I-path Rayleigh (Turbo Code)

0

2 4 6

SNR (dB)

Parameters: W~

B Transmitter:
Encoder: CC
4(17,15),17
Interleaver=1024
(random)
Correlation Model:
Bit-flipping

B Channel:
MIMO 2x2
Equal Power 64-path

M Receiver:
Decoder: BCJR
Log-MAP
FFT=512
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Comparison in SNR to Sle

pian-Wolf Bound @ BER=10-°

./' -~ 1|| A l" /’ -~
VY [\_,
Yolu

One Source One Helper

p | Mot | Row [ BiTligeed MIMOTEQ_—_
0.00 1.000 0.250 -5.40 -4.38 1.02
0.01 1.081 0.270 -5.05 -3.88 1.7
0.10 1.469 0.367 -3.15 -1.88 L.27
0.30 1.881 0.470 -1.50 -0.25 1.25
0.49 1.999 0.499 -1.15 0.13 1.28
1

Slepian Wolf Theorem

Average SNR (dB)

B Transmitter:
Encoder: CC 4(17,15)

0.49
Interleaver=10000
% (random)
m 3 Correlation Model:
%D Bit-flipping
O
>
3~ . B Channel:
64-path Fading MIMO 2x2
— known p Equal Power 64-path
---- unknown p
Interleaver: 5120 1 .
NSNRCC-4 "r g B Receiver:
(17,15) ] Decoder: BCJIR
Iteration: 1
SQ(HIVS) | | N L Log-MAP
-3 -2 -1 0 FFT=512
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1.2 Slepian-Wolf Formulation for Lossless Two-Way Relay Networks
Observation on Bit-flipped MIMO TEQ: BF Model Works as Correlated SourcesI

* Scenario Assumption (Lossy-Forward, LF) AN
1. Source broadcasts information OON
2. Errors may occur in S-R link
3. Relay still forwards the lossy information

4. Destination recovers the source information by SO
joint decoding

5. End-to-End lossless.
SD— . < - e L — 2

N IO

e
00

IS §ti nation

Source \ % Nty



Do we need to recover the relay information b5;?

Source-Relay Correlation
(bit-flipping model > First Time Slot
equivalent to BSC, binary R
symmetric channel.

bR —> Second Time Slot

Orthogonal Transmission

As in Bit-flipped R,
MIMO TEQ) bS Joint decoding exploiting
S the source-relay
correlation
X1 (

Encoder 1 + Joint P SR

R, Rate R, V
v Y /
pe Encoder 2 7 o
Rate R, Ry

We do not care about the decoding result (=V) of bg, but we can use by as a helper!
- One Source One Helper Slepian Wolf Theorem for Lossless Multi-terminal Source
Coding

Zhou, Xiaobo, Meng Cheng, Xin He, and Tad Matsumoto, "Exact and approximated outage probability analyses for decode-and-forward 35
relaying system allowing intra-link errors," IEEE Transactions on Wireless Communications, vol. 13, no. 12, pp. 7062-7071, Dec. 2014.



LF Rate Region Analysis: Slepian -Wolf Theorem for
Lossless Multi-terminal Source Coding with a helper.

With LF, the S-R link is lossy, the admissible rate region is given by:

{R1 > H(X1| V)

Ry > I(Y; V) =H(Y)—- H(Y| V)
R2 A

2 . .
- This is a general expression.
-
L
C To calculate the rate region using
~ Admissible parameters related to the links, we
-
z rate region use -

M Y) ) A : ¢
(1) Shannon’s Source-Channel Separation
HY)-HNV) Theorem,

HY.X) ? (2) Test Channel Model of Binary R(D) function
to represent each link’s threshold, and
i Iy (3) Utilization of Markov Chain.
o > > Binary Convolution
HXLY)  H(X) Ri

36



Rate Region Analysis: we need threefold Integral!

R2 N\ ;
7 Ry > H(X4| V) =H,(a * p,)
] 2 Ry >I(Y;V)=HY)-H({Y|V)=1- Hy(a)
7
Z Admissible rate region Rir
HY) & 3
Approximation . To calculation the outage,
HY|Xx) ® b N we decompose the region
| e into 5 sub-regions.
+ ////////////>
HX|Y)  H(X) R1 “Ra, Ry, R., Ry and R,
This region is a function of y,, 5, and . % RLF=R: URy UR:

(SNR of S-R, S-D and R-D links)

- Threefold integral needed
with respect to pdf's of y,, 7, and .

37



LF Rate Region Analysis: SR Link

How can we combine Shannon’s Separation Theorem and the Rate Region?

By using the lossy Separation theorem R. ;- R(2) < C(v0).

and with Inverse C'(y,) of the Capacity Function C(y,), we calculate the
binary distortion (D=BER) of the S-R link after decoding, as

{JKHPJMwM:ﬁﬂ®*®h?mS®fﬂ)

%= o, for 70 > 7 (1),
and @4 (vp) = Eé;iji Separation Theorem
with  H. () denotes the inverse function of the binary
entropy function Hy(x) = —wxlogy, x — (1 — &)logy (1 — ).

and .;1)1—1(_) is the inverse function of ®4(-).

This means that given the instantaneous SNR vy, and R ;, we can
calculate the binary distortion (D=BER=p,) of S-R link after decoding!

38



LF Rate Region Analysis: Test Channel

Binary Source

Consider a Binary source x€X, Prob(x=1)=p , Prob(x=0)=1-p
Assume that p<1/2. The rate distortion function is given by:
H(p)—-H(D 0<D<mi 1-
R(D) = (p)=H(D) , 0<D=min(pl=-p)
0 , D>min(p,l—p)

where Hamming distortion measure is assumed.

With p=1/2, R(D)=1-H(D), hence SR test channel
is BSC with D=p,

1

Separation Theorem



LF Rate Region Analysis: RD Link

. We also do not need /ossless R-D link. R-D link’s error probability o
after decoding can be calculated in the same way, as

H 'l —®y,))], for @;1(0) yzl < ;1)

I .
Rc.1 1 Separation Theorem

By combining all, we have

Ry > H(X:|V) = H,(a*p,), because V->Y->X, forms Markov Chain.
Ry >I(Y;V)=H(Y)—H(Y|V) = 1— Hyla)

with *pe:(l_ a)pe_l_ a(l_pe)

We do not know y,, v4, v, but we know their distributions.
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To Calculate the Outage, we need threefold Integrals

P, =Pr{p=0,Ry > 1,0 < R; < Hy(p)} Py =Pr{0<p<05,R: >1,0 < Ry < Hyp(p)}

= Pr{7o > @7 (1),72 > ®3(1), = Pr{®7(0) < 70 < ®7'(1),72 > @5 (1),
®(0) <71 < 271(0)} ®71(0) <y < 7M1 — @1(70)]}
®71(1) @51 (1) &7 (1) @5 ' (o0)
— d 2 = d 0 d 2
L;‘(O) o L;l(()) : L;l(()) L L;l(l) .
o7 (0) &1 [1-21(70)]
-[_1 p(70) - p(m) - p(y2)dm -f_l p(70) - p(m) - P(12)dn
7 (0) ®;'(0)
=0, 1 ®7'(1)
i exp _4)2_(1)] (- 70)
= Prip=10,0 0< Ry < Hp(axp)} ()
Lets{sia;pl )mm-nlg th reeIlo d integra galculatlons'
‘I’Tﬁb%‘e Wh& Warit'to Know th De;mls{of the Calewlation, < #,(. - p)}
Ieasey ometo my Place after the Tutdiilﬁrl(@wwwﬂmp@w | L2
2 () 2:°(0) ®71(0) <7 < @7 ¥ (v0,72)]}
/‘I’ e p(v0) - p(m) - p(y2)dm ke i
@7 (0) Sz :[b;l(o) do L;‘(O) dy
1 d71(1) 2 Yo &7 [T (v0,72)]
B !_ T, }L;(O) =g, f p(%0) - P(m) - p(72)dm
71 — @a(v2)] >y
1 — exp( )| dye gt
[ Iy ] Fof‘zf L - exp(——o——z)

{1 _exp [ 1 [‘I’r("YOa“/z)]] } dvodys

1
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Comparison of exact and approximated SW
region with a helper (Orthogonal Case)

Outage Probability
o

i ~2.283)

bl

P,

3.995 4 4.005 401 4015

10°H - - - DF | /
=7 LF-Aprx :
LF-Helper ] Location B
o DF,MC
DF-IE, MC
10_4 | | | s
-10 =5 0 5 10 15

Average SNR of SD link (dB)

Location A, dO=d1=d2
Location B, d0=(1/4)d1, d2=(3/4)d1

[1] X. Zhou, M. Cheng, X. He and T. Matsumoto, "Exact and Approximated Outage Probability Analyses for
Decode-and- Forward Relaying System Allowing Intra-Link Errors," in IEEE Transactions on Wireless
Communications, vol. 13, no. 12, pp. 7062-7071, Dec. 2014.
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Chapter 2. End-to-End Lossy Distributed Multi-terminal Networks:<

Rate Distortion Analysis
2.1 Wyner-Ziv Formulation for End-to-End Lossy Two-Way Relay Network

* Internet of Things (IoT)

Connect objects to make Right
Decisions—=> E2E Lossy

CWC

WZ with a Helper:

AAAAA
IIIIIIIIIIIIIIIII
OOOOO

(X",D)
=

X" M {U
—— Encoder —— De&)der
Rg1p
n
Y / T
Encoder 1
RHelper
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2E Lossy Communications with LF

o) e |
. Objective of IoT: Al
* Make a judgement ratherX«recovering information '
itself

* The picture exemplifies LF for lossy communications:
NOT necessarily be E2E-lossless as long as

the system can make right judgement.
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X™ with distortion Dy

Ea——
First slot

E——
Second slot

X?’l

RO Rz

YTl

* S-R link: point-to-point communication.

* S-D and R-D links: distributed lossy multi-terminal source coding problem.
= As a whole, Wyner-Ziv Problem
X" M1 >
» Encoder 1 < N :
Ujoint | (X", Dy) _ First slot

oy h/{lz decoder >
\ »| Encoder 2 7R, 1V Second slot

Lin Wensheng, Shen Qian, and Tad Matsumoto, “Lossy-Forward Relaying for Lossy Communications: Rate-Distortion and Outage
Probability Analyses”, IEEE Transactions on Wireless Communications, Vol. 18, No. 8, 05 June 2019, pp. pp. 3974-3986, Dol:

10.1109/TWC.2019.2919831
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m WZ R(D) function for general sources

Ry > I(X;U|V),
Rs > I(Y; V)
* For binary sources

* S-Rlink
Ry >1-— Hb(p).

* R-D link
Ry >1-— Hb(p,).

e S-Dlink
Ri1 > Hy(p' xpx Dx) — Hy(Dx).
because V->Y->X->U forms a Markov Chain.

p: crossover probability between X and Y
p': crossover probability between Y and V
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Achievable region with Lossy WZ
is larger than with Lossless helper-SW!

Outage region )

The curve is shifted to the left!

S OALLSLE AR AR AR A RN RN SRR NRNRNY

A Admissible rate
H(Y) ® region
B H(X)
[(X;U1Y) 1(X;U) R

H(X]Y)

* The link rates (R, R, R, ) supported by channel capacities
cannot satisfy the distortion requirement Dy, when they fall
outside the achievable rate-distortion region.=> Outage

_
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Again, we need multifold Integrals

Pl,a =P {0 § Rl S Hb(O * Dx) — Hb(Dx),U S Rz
p=0}
=Pr{0 < R; <0,0 < Rs,p=0}
=Pr{6;'(0) <m <67%(0),0;1(0) <,

Pouw =Pr{(R, R;) € aU S}
=Pr{p=0,(Ry,R2) € aU B}
+ Pr{p € (0,0.5], (R1, R2) € aU S}

—Pr{p=0,(Ry,Rs) € a} (HRUSJQ

+Pr{p =0, (R, Ry) € B} :fm dwf i dyi

+ Pr{p € (0,0.5], (Ry, R2) € a} SI(0)) o7 (0)

+Pr{p € (0,05], (Bs, Ba) € ) o Fesason,
=Pr{0 <R, < Hy(p* Dx) — Hy(Dx),0 < Ry, o Prg=Pr{Hy(0*Dx)— Hb(DX)

=0 TWWKDCpCmPaTL: "2
— Hy(Dx

+ Pr{Hy(p* Dx) <R, <1p 0}
< Ry < Hy(p' *p* Dx) — Hy(Dx), =Pr{0 < By < Hy(p' * Dx) — Hy(Dx),

0<R<lp=0} =Pr{67'(0) <m

+Pr{0 < Ry < Hy(p* Dx) — Hy(Dx),0 < Ry, < &7 (el D)} — Fsi D),
0<p<0.5} 6;1(0) <72 < 03'(1),85'(1) < 70}
+ Pr{Hy(p*x Dx) — Hy(Dx) _ /@;1(1) = /6;1[Hb(sm,Dx))—Hb(Dxn -
< R1 < Hy(p' * px Dx) — Hy(Dx), ©;(0) o7 (0)
0< R, <1,0<p<05) -l;mﬂwHMﬁWﬁm

:P1a+P1ﬁ+P2a+P2,B, 1 =

| | | | - 2 (1)

:_i exp (_90__(1))/ - (_2) . [1
L To 0;(0) ¥s
- (_61‘1 {Hb[ff(’rz,ljx)] — Hb(DX)})]

T

deZZ ’
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Again, we need threefold Integrals!

We calculated, but too boring. Let’s skip it!

We evaluate the outage probability also by chain simulations
using very simple signaling and joint decoding techniques.

*“---lllllll......
N

X = I\
-’.—)- Encoder 1 —>»| Modulator R “‘,.-------.....
Ny, N N S.O.qucg punBs ut® + ._/' N . Demodulator — g ] .0‘
! —i D_egoder <« Dtamt_:u;ulmc.rT / : loint > j',‘(-?.
" Jo = decoder .
g N
T . Demodulator P> 4
Encoder 2 ——>» Modulator * R
LN o*
Relay * ol Destination .
" ...lllll-“
First slot: —— > Second slot: — — »
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1. Simulation results have the same
tendency and the slope decay
(=Diversity Order) as the theoretical
bound.

2. The gap between the simulation
and theoretical results becomes
larger as Dy increases. =2 We need
more efficient rate-distortion code.

SIMULATION PARAMETERS

Parameter Value
Frame length 104 bits
Number of frames 5 x 10°
Source coding rate 1
Channel coding rate 1/2
Generator polynomial of CC G = ([3,2]3)s
Type of interleaver random interleaver
Modulation method BPSK
Maximum iteration time 20

IMT Atlantique
A iIMuiation Resulits IMT Atlantique

Outage probability / FER

Ecole Mines-Télécom

106 ' ; -
—O— Simulation
—-—-- Bound
— Dy =0
——Dx =02
—Dx =03
10-1 — Dx =04

-k
<
N

1073 S
10 5 0 5 10 15

Average SNR for each link (dB)
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2.2 Berger-Tung (BT) Formulation for Two Source One Helper Network
* Objective of IoT: Not necessarily

Make a judgement. Observatio’galf

lossless

Sensor

im
%, _

Sensor Destination makes some actions/judgement

ST

|\
JAPAN
- ADVANCED INSTITUTE OF
SCIENCE AND TECHN
B . 1990
-~
= 2 _-—
A 2D
s
(- i)

Multiple Access Relay Channel X! M, [~ (X7, Dy)

formulated by BT with a Helper: *| Encoderl _HR, U g
Decoder )

X M, |-x (X", D,)

—— | Encoder 2 —/—2>'\U;,"\ 2 2,
R, NN
RN T
Encoder /}3

Helper 51

T

IOLOGY
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Encoder1
Joint
7" decode
Encoder 2 ~—— g
Encoder H T
Channels

X, X,: two sources M, M,, My: codewords  X{*, X7': recovered sequences
Y : helper information R, R,, Ry: link rates D, D,: distortion requirements

g(+): optimal helper (it utilizes the useful information at the maximum level, since
(U1, Us) — (X1, X2) = Y — V and by data processing theorem, (U, Us; V) < I(Y;V) < [Ru] ™)

Lin Wensheng, Qiang Xue, Jiguang He, Markku Juntti, and Tad Matsumoto, “Rate-Distortion and Outage Probability Analyses for

Single Helper Assisted Lossy Communications”, IEEE Transactions on Vehicular Technology, Vol. 68, 2019, No. 11, pp. 10882-

10894, DOI:10.1109/TVT.2019.2939622
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* What 1s the achievable rate-distortion region?

* Condition for reliable communications: link rates can support the transmissions to satisfy
the distortion requirements.

* Inner bound on the achievable rate-distortion region, given by Berger Tung Bound
Ry > I(Xy1;U1|Us,V,Q),
Ry > 1(X3; Us|U1,V, Q),
Ri+ Ro > I( X1, Xo;Up,Us|V,Q),
Br = 1Y V),
U;: compressed information of X;

V': compressed information of Y
Q: an auxiliary variable resulting from time-sharing scheme

Use Inner bound—> Upper bound of the outage probability

_
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* The inner bound for binary sources. p: crossover probability
(a) forsome 0 <d < D,, between Xy and X,
Ry > Hy(Dy % pxd) — Hy(D1) — [Ru]-, (representing correlation)
{ Ro > 1— Hy(d) d: dummy variable
(b) for some 0 < d < Dj, H,: binary entropy function
{R1>1Hb(g), a*b=a(1—b)+b(1—a)
Ry > Hb(g* p * Dg) = Hb(Dg) = [RH]_, [RH]_: min{l, RH}

(c) common case,
Rl -+ R2 > 1+ Hb(Dl * 0k Dz) — Hb(Dl) — Hb(Dz) — [RH]_,

* This i1s not an inner bound in general. It is only for the case that the following inequality
holds with equality.

[(Us; V|Uge) < [Rul™,
where § € {1,2}, and S° represents the complementary set of S.

_
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* The shape of achievable rate-distortion region.

1. The achievable rate-distortion region is
expanded as Ry increases.

2. However, the above part of the region
for Ry; > 1, does not change even if the
helper rate continues increasing.

Ry 15 15 By

p =0.15,D, = D, = 0.05
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* The achievable rate-distortion region
projected on the R{- R, plane by given Ry.

1.8 1
1.6

141
The derived inner bound perfectly coincides 12}
with the Berger-Tung inner bound when Ry = 0 £ 1)

(equivalent to no helper). 08
0.6

0.4r

0.2r

0

IMT Atlantique
Bretagne-Pays de la Loire
Ecole Mines-Télécom

Slepian-Wolf theorem
% Berger-Tung inner bound
—O— Inner bound (Ry =0) ||
—O— Inner bound (Ry = 0.25)

'1
d
0 0.I2 0.I4 016 0.18 1l 1.I2 1.I4 116 118 2
Ry
p = 0.15

Dl - Dz - 005
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R2 A

P, j Achievable

Region

HX2) — (D1, d-)
P 1
1 = Hy(D2) ¢ —~ (D1, D2)

: ((71, D-)
Hy(Di*p*D2) — Hy(Dz2) — [Ru]” F - T :—_ B L L L

HilpeDe) =B D) =Rl p T e | P

S Y HX) R
Hy(Dvxp) - H(D1) = [Rul” | 1 - Hy(Dr)

Hy(D1*p*D2) — Hy(Dh) — [Ru]”

Outage event defined as:

* The link rates fall outside the achievable rate-distortion region, 1.e., the link
rates (R, R,, Ry) supported by channel capacities cannot satisfy the distortion
requirements (D, D).
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* The outage probability 1s the multiple integral with respect to (R, R», Ry) .

POllt — jjj cec de dR2 dRH

* The instantaneous rates (R, R,, Ry) are supported by the instantaneous
signal-to-noise ratios (SNRS) (1, V2, Vu)-

¥

* The outage probability can be calculated by the threefold integral with
respect to SNRs (¥4, V2, Yn) -

Pyt = jfj - dy; dy, dyy
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Again, we need multifold Integrals

P2 - PI'{O < R1 < Hg(Dl * 0% (ig) = Hg(Dl) = [RH]_,

Pl = PI'{O < Rl < HQ(Dl * P) - H2(D1) - [RH]_'. 1-— HQ(DQ) < Rs < H(Xz),o < RH}
H(X3) < R2,0 < Ru} = Pr{07(0) < m < 7'M (da)],
=Pr{0 < 01(71) < A\1(0), H(X2) < O2(72), 05 '[1 — Ha(D3)] < 72 < 05 [H(X2)),
0 < Ox(u)} Oy (0) <}
= Pr{O] o)<y < 07 [A1(0 o0 05 '[H(X2)]
{07 (0) <m gl _11( )], :/ d“m/ P
@2 [ (Xz)] % ’YQ,@H (0) < ’)’H} O, (0) ©; '[1-H2(D2)]
- [)\ d2)]
- 67 (A1 (0)] / ' d
_ / o / i & L POOPO2IPORdn
1(0) 4O L) 1H(X3)]
drye
' f 1 72 71 m ©; '[1-H2(D2)]
TWWKDCpCmI%aTL
)P(v2)p(ym)dm
_ 1 05 ' [H(X,)] o) Yo 1(0)
= = =exp | — — : eXp\—= YH(X2)]
Tu s 6 (0) TH . / : dy
O71A(0 H iy ©; [1—Ha(D>)]
- [1 — exp (—M)] dyn. (41) e, '[0]
N : f p(v1)p(v2)p(vm)dm
o7 (0)

e, (1) 051 [H(X2)]
= / d’YH/ d’)’2
o5 ' (0) ©; '[1-H2(D2)]

1 [Aa(dz)]
' [ . p(v1)p(y2)p(m)dy + 0
e (0)

1

n (1)
== f dyu
Y2YH Je;'(0)

07 '[H(X2)]
I ow (-2 - 2t)

6, '[1-Ha(D2)]
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e Numerical Results (p = 0.1) 10° l . - ,
S —— No helper | ]
—6— One h(—gper 1
. . —D; =0
1. The larger the acceptable distortion , the ——D; =01
smaller the outage probability | . |
S
o
2. Without a helper, the curves always exhibit S k.
order diversity. 2 12
3. With a helper, it can achieve second order
diversity (P, decreases faster).
107

2. Multiterminal Source Coding with a Helper
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050

n
21 Encoder 1 > Modulator jt DeM (—> A
T Vol e [
ﬁ Encoder 2 > Modulator DeM —> Joint
/ decoder Q i
o[ {TTas ) jt 22
>E§Y, Encoder H —>| Modulator DeM >
SIMULATION PARAMETERS
Parameter Value
Frame length 10 bits
Number of frames 5 x 10°
Source coding rate i
Channel coding rate 1/2
Generator polynomial of CC G ={[3.2]3)
Type of interleaver random interleaver
Modulation method BPSK
Maximum iteration time 20

100§ | '
..... %« Simulation
—©6— Theoretical
D;=0
q
_ —D; =01
o —D; =0.2
E o D; =03 ]
=
©
o
2
(ol
[
& (o2 ]
£ 107} *
S %
% %
* %
. %
1 0-3 % Y 1 .." *
10 5 0 5 b L

Average SNR for each link (dB)

Fig. 13. Simulation results with p = 0.1.
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2.3 End-to-End Lossless and Lossy Multiple Access Channels

Internet of things (loT) system

fusion B 1
— | o= o o o o o o ——— ——— ——————— - - - ]
H @ IF]'I_t_'\$ B 7 | |
el ! AT AR ~ X — Encoder1 N |
& { oss R, - y | Distributed :
B A EOSSY e Hy/HP i | hypothesis !
Y Joint decoder i : — 3
ﬁt@ il Target eco € 71 (DHT) :
i1 *¢@ — Encoder 2 > i
N Rz : :
- I 1
An example of wireless sensor network. 62 i E ~ VT /i b Y # :
. . g . 1
'l Information gathering | Decision making |
: L U S S U — ed :
| |
I . . . . . . . i
| Low-Latency D|§tort|on Is a DeC|S|9n-Mak|ng part Requirement |
: to information gathering part. |
I 1
L

Data gathering should not necessarily be lossless.

Shulin Song, Meng Cheng, Jiguang He , Xiaobo Zhou, and TadMatsumoto,”Outage Probability of One-Source-with-One-

Helper Sensor Systems in Block Rayleigh Fading Multiple Access Channels”, IEEE Sensor Journal, Accepted date: Aug. 24,
DOI: 10.1109/JSEN.2020.3018787
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A sufficient condition of successful transmissions is defined as the case Slepian-Wolf region with
a helper and MAC rate region intersect, where Source-Channel Separation holds.

H(u;)
H(uz|uy)
H(uqluy) H(uy) R, CQF -)l,-lyz) C(r1) Ry

Approximated Slepian-Wolf rate

region with a helper (h-SW) MAC rate region

H(pe), for Ry >1, ! RiR. & C(m),
Ry > 1+ H(pe)— Ry, for H(pe) <Ry <1, | RyR. < C (72) .
1, for 0 < Ry < H(pe). -LRch + RoRA< C (71 +72),

Source-Channel Separation

Source — Channel separation modeled by Bit—Fipping Model (as in BF MIMO TEQ)
with flipping probability p, 63

)
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Cases where Outage Happens e
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R, ¢
H(uy, u) | 4
—Cri+yv)fh, [/
NN
/N h-SW
H)
MAC N
£ \\\\ -
H(uq|uy) | H(uy) R,

1 I
EC()&)

{H(U1|U2) < =C(m) < H(w)
=C (71 +72) < H (w1, ug)
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Outage Probability Expressions

Outage probability can be calculated by multifold integrals with respect to the instantaneous
SNR of each link.

1 o Pr{ H (u1]ug) < 5:C (m) < H (w1); }
Poutg = Pr {EC (1) < H (uy | U2)} ot 2C (m1 +72) < H (uy,us)
c P[H (u1)] [H (u1,u2)]
BlH(n )] o(+oc) -/ / p (1) p (1) dadd,
= / f p (7)) p(72) dyedm ®[H (u1|uz)] J ©(0)
®(0) 9Re 1 oRc[1+H(Pe)] 1~
oReH(Pe) 1 hoo = f / p (1) p (72) dyedm
d oRcH(Pe) _ 0
¥ / Ty W D 1
W CpCquTl 7 1)} — exp [~ (2% - 1)
R.H(P.) 1
=1—exp { Fl 2 R 1

—_— (2B _1
I —Ls = [ I ( )]
- e )
[y
- Iy ] [2ReH(P) _ 1]
Fonp = Pout,l . met,? N P Iy

1
. exp {_F_2 [2RCH(PE)+RC _ 2RCH(P6)] } ,
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10° £ | . . . . .
A E?TTHH pe=0.01, expression
AV el pe=0.1, expression
- N pe=0.5, expression
107" F Y+ pe=0, expression_ | -
D R - - pe=0.01,MC |
| *ﬁ\x -+ pe=0.1,MC """~
> Nk \ ~ =3~ pe=0.5, MC
3 102 ¢ i S |--5— pe=0,MC i
o 5] ~ =
-g . 2 H&“m ]
& * 3 Lower outage with smaller p,
@ 4 e 1
g 107 | A 3 \‘ﬂ\ |
- : X . 5
'\-:\L._ .
© S \1
o ] B#0
— T Not fully correlated.
L . = ! In this o
Fully correlated - | Inthis case,
Diversity order stays 2. j, Diversity order
1 2>1
1[]'5 | | | | R |
5 0 5 10 15 20 25 30

Average SNR(dB)
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End-to-End Lossy MAC:

X

Encoder of >
source Ry .
Joint L=x
Correlated decoder L5 | ossless recovery
sources R
/4 2 / V
Y A
Encoder of /' ¥V
> helper R, Hepler Slepian-Wolf A Lossless (H-SW)
(h-SW) rate region L 1 . W2)
ossy
HVF---Y ¥
Py Lossy Y
Encoder of o 17 recovery
source R, Joint = Hy/H, '@l
Correlated decoder ~ » DHT —» !
sources v D(X,X) < Dx :
Y Encoder of ? — — ->
helper R> ;___. i ._I i Rl
. :" v |
- ~ AN ~ J I(X’U|Y):I(X,U) i
Data transmission Decision making v

Dx =Maximum Acceptable Distortion
Wyner-Ziv (WZ) rate

region o : :
In lossy case, admissible rate region is larger.

Shulin Song, Jigang He, and Tad Matsumoto, “Rate-Distortion and Outage Probability Analyses of Wyner-Ziv Systems over

Multiple Access Channels” IEEE Trans. On Communications. DOI: 10.1109/TCOMM.2021.3087128
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Intersection Analysis

> :
Ro t Approximation Exact: { R}{; 21 A(T)(( }7/ [{{)})/’) ;

Exact

4

Admissible WZ
HY) p---- rate region I(X;UlY), for R;>H(Y),
Approximation: Ry > S ész + 57 for H(Y|X) £ B < H(y)’
HY|X)b---- | I(X;U),  for 0< Ry <H(Y|X),

-

I(X;U|Y) I(X;U) Ey

Admissible WZ rate region
P —L 510, _I(X;0) - I(X;UY) - H(Y|X)

CIXUM 16Ty P I(X;UY) - I(X;U)
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R2 A
_y Ry =aR, —f
|
|
: W/
|
MAC : QZZ;Rl + %C (71 + ¥2)
|
|
: —» —
- I(X;U) Ri .
v o
Rilc(')’l) i
v
I(X;U|Y)

Two scenarios that outage happens.  Poyttotai = Pour1 + Pout2
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Twofold Integral Similar to Lossless Case

Pout, MAC,1
—Pe{0< 20 ) S TOGUIY )i -C ) 20
Rc,l RC,Q
=Pr{®(0) <y <®[I(X;U|Y)];72 > ®(0)} Pout,MmAC,2
BI(X;U[Y)] ptoo :Pr{ I(X;UlY) £ 55C(m) £ I(X;0); ]
[ [, pOupOen P Sk NGO

9Rc,1[Hy(Dx*Pe)—Hp(Dx )| _1

<m<OI(X;U); }

[ TWWIKDCPCmPaild <7, <%

[I(X;U)]
= / / p(71) p (72) dy2dm
B[I(X;U[Y)] J &(0)

oRc,1[1-Hy(Px)] _q

)

M
— d d ’
/ch,lle(DX*Pe)—Hb(Dx)]_1L p(vl)p(f}?) Y2d7Y1

aRc 2
with M = 2~ 6R02(1+7)( +1)—1—fyl.
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10° 1 1 I T :

: p. stands for source-helper o oo |1 The results show that the

bit-flipping probability. Dx =05 Ot ] ] difference between Orthogonal

o T N B Dy =0.00, MAC and MAC is negligibly small.

~ |- Dy =0.10, MAC | A

i, Y e e et b = T2 Dx =0.15, MAC| ]

: \ e e o oo s Dy = 0.20, MAC | o o _
Sl 0.=0.1 I« Transmission efficiency with MAC

© ' transmission is twice as large as
that in orthogonal transmission.

*v ___________

—

o
T

/

Outage Probablity
=)
T
1

| \\\\ - \\‘ Orthogonal 2 phases
1072 7 \ : @ e
- Lower outage with larger Dx o ]
L \\
1 phase
107 * i ! 1
0 5 10 15 20 25

Average SNR of the SD and HD links (dB)
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2.4 Two Stage Wyner-Ziv Network: Distortion Transfer Analysis

Analyze: How Distortion causing at the previous stage is forwarded to the current stage?
Distortion Transfer Function (DTF)

Lossy/lossless scene First lossy/lossless

reconstruction for scene reconstruction
final decision- for intermediate
making

/\ decision-making

II*IIIII |
OSS

y

_ 7 QObseryation

/
, —
| ]
Lossless =
Observation —
||

Camera viewing angle

Inter-network nodes
communication

_9 Network to vehicle

communication

Amin Zribi, Lin Wensheng, Reza Asvadi, Elsa Dupraz, Tad Matsumoto, “Two-stage Successive Wyner-Ziv Lossy Forward

Relaying for Lossy Communications: Rate-distortion and Outage Probability Analyses”, Under Review, |IEEE Trans.
Vehcular Technology.




'u’ C-\W ("
o Y Y \_
) i

u IMT Atlantique :
Block Diagram i
» Mathematical assumptions
i.i.d Bit-Flipping model for the correlation between the observations

Hamming distortion measure

Definition of Admissible rate-distortion (RD) region:

R(Dy) = {(Ry,R{,R,): (Ry, Ry, R,) is admissible if lim E(D(X,Xp) < Dy +€,Ve > 0)}

______________________________ n —-»+oo
Tentative Helper ¥ Stage 1: static parameters
c::if.fg Stage 2: block Rayleigh fading

" Dy =D(x,%y) <Dj |

Pdf of Instantaneous SNRs with the links are:
V | Joint XAH Encoder 1 yi
> decod ) = _rt

| i % ) Py = exp{~ |,

E~Bern(py) Ry A ‘U . '
AT e ) I i€ {SD, HD}.
I ,( 9 ________ S _t_a_ge 1 Stage 2 I Destination™ { ’ }
‘Source . Ro i "Z i
X | [ ] 5 R, EW( ot &y
- : Encoder = :. >L decoder :
| ' ’

4

_____________________

D(x,Xp) <D

____________
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Stage-Independent RD Analysis

» Stage-by-stage admissible RD region

Stage 1 Stage 2

= H,(Dy *py) —H,(Dy) R, =1(Y;Z) =1— H,(p)

oo A= Hp(Dp) Hy,(Dy * Dy) — Hy(Dy)
> A i 1 i | 4 T T T
= 0. D,=0.0,D,=0.1
3 e 091\ D,=0.05, D, =0.1 | |
g o4t a8 1 D,=0.1,D,=0.1 | |
S D, =02D, =01
§ 0.3 0.7 DH=0.3, Dx=0'1
= o3} g — — ~D,=0.1,D,=0.0
< £ osp — — —D,=0.1,D,=0.05
@ 0.25 £ o5k \ — — —D,=0.1,D,=0.2
= Q - — — —D_=0.1,D_=0.3
g o02p = - 0l :
g &
8 015 03l Hb (DX)
s ol \ \ . :
5 0.2
A: 0.05 o1l \
0 ki L 4 i . 4 i A L - - \ \ 3
0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 09 1 0 i L LS t B 1 L
R_: S-H link rate 0 01 02 03 04 05 06 07 08 09 1
2 R,: S-D link rate
<
Smaller rate R, is required Smaller rates R, and R, are required
when Dy is larger or py, is lower when Dy is larger or Dy is smaller |
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Stage-Dependent RD Analysis Teaenes U

» The Recursive Structure of the Binary Convolution is Referred to as:
Distortion Transfer Function (DTF)
R(D)=Hy(p)-H, (D)

DTF Connects the two stages, as 1

Stage 1: p=H, (R +H(D))

Assume the required distortion Dy at Helper is given by Dy
It is found that Bit-Flipping probability between the observations should satisfy

pn < A|Djy, Hy " (Ro + Hyp(Dpp))|

to distortion requirement DTF From distortion requirement
on Side information at Helper

When Ry = 1 — H,(Dy;), using A(y,t = 0.5) = 0.5, we have py < 0.5
which corresponds to the case no side information is required.

When R, decreases, H; * (R, + H,(D;;)) also decreases, and hence also py
decreases,

which corresponds to the case higher correlation is needed to satisfy Dj;
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Stage-Dependent RD Analysis: 4" 3 4
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Connecting Stages oy

Stage 2
Assume the required distortion at Destination is given by Dy
It is found that the distortion at Helper should satisfy

D < A [p ,A|Dx, Hy ' (R, + H,, (Dx))]]

DTF From distortion requirement
at Destination

to distortion
requirement at Helper

When R, is large enough, p = H; *(1 — R,) = 0, then using A(0,t) =t :
D}y < A|Dy, Hy* (R, + H,(Dy))| = Dy

In this case, Stage 2 is equivalent to Stage 1 with distortion requirement Dg; on
Side Information.

Condition p < Dg; is required to achieve Dy at Destination

76 loTAD-CEO Chair Lecture Series
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Rate Surface Calculation e, ng'

» Connecting Stage 1 and Stage 2
3D admissible RD region

DX:()OS,pHZOOS DXZOZ,pH:()OS DX=02'pH=O4'
15 1-— Hb(Dx) = 0.71 1 15

0.8 4 .8 4
0.8 4 0.8

ol 1—Hy(Dy) =027 <1 1—H,(Dy) = 0.27

0.4

0.4 -

0.2

Hy,(py) = 0.28 Hy,(py) = 0.28 TH,, (py) = 0.97

(Higher observation correlation reduces A
distortion requirement at Helper as well as
Source-Helper link rate R, resulting in
\_expands the admissible RD region )

77 loTAD-CEO Chair Lecture Series

Relaxing the requirement with larger
Dy expands the admissible RD region
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Outa ge Probabili ty sooperordooe Mg

» Assumptions:
Static stage 1: Dy is a fixed parameter
Destination is moving: fading variation on S-D and H-D links
When rates R; and R, are in the inadmissible RD region: outage happens

5 Ls = Hb(IDH * Dy) ~ Hb(DX)I

Case 1:
¢; 2{0 <Ry < H,(Dy * Dx) — Hy(Dx), Rz = 0 } 1.5
Case 2: Ls 1

C, 2{Ls <R < Hy(p*Dy*Dyx) —Hy(Dx),0 <R, <1}

f(R2) o L\ L~ H®x) |
0 0.5 1 1.5
Ry

Pous = Pr{(Ry, Ry) € C1} + Pr{(Ry, Ry) € (3} = Pyl + P2

out out
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Twofold Integrals for Y =cwc
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Outage Probability Calculation P
» Utilizing Lossy Source-Channel Separation theorem,

C(ys) C(Yy)
RSP R, < O4(yy) £ RED

Ry < dg(ys) =

v

C(y) =log,(1 + y) : the channel capacity function with two dimensional signaling

Poi: = Pr{0S B <Ls,0< o} PG = Pr{Ls < Ry < Hs(m).0< Ry <1}
= Pr{0 < ®5(75) < Ls,0 < ®a(7n)} = Pr{Ls < ®5(vs) < Hs(7u),0 < @p(yy) <1}
= Pr{®5'(0) < 7" < @5 (L ) @' (0) < v} = Pr{®5'(Ls) < vs < ®5'(Hs(vn)), ®5'(0) < vu < @5 (1)}

o, (1) peg'(Hs(vips
= j / (vs,vH) dys dyu = / / p(vs,vu) dvs dvu
(0) @,'(0) Jog'(Ls)

p=H,'(1-®y(vm))

Hs(vu) = Hy(H, "(1—®y(vu)) * Dy x Dx) — Hy(Dx)
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Twofold Integrals for VN‘V TS

Bretagne V

Outage Probability Calculation

» For independent fading on S-D and H-D links

» 50 L5 Y
vt / / exp ——) eXp(—F—) dvys dyu
H

out T FSFH

1 —exp
waKDngmPaT!

" Y(Hs(vm)) vs Vi
P& = exp(——= — Y dvyg d
out FSFH / 1(0 / Xp 1—15 ) eXp( FH ) ’YLS P)/H

_ ! exp(-'ﬂ) {exp (—(I)gl(LS)) — exp (-@EI(HS(WH)))] dyn

1_‘H @' (0) L'y I's I's
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Outage Probability
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» For independent fading on the S-D and H-D links

10°

Outage Probability
=)

-
S
E=y

»—D,=00, D, =01
| | ——D,,;=0.01,D,=0.1
10°5 : _e_DH=0.05‘ Dx:0'1
1 —e-—-DH=0.1, Dx:(“
[ ] oilihnsis D,=0.3, D, =0.1

10°® . ‘
-10 -5 0

81

5

Average SNR (dB)

10
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15

20

First order diversity when first stage is
lossy and high Dy at Helper

—oN(L
Py~ P% =1 —exp (M)

I's
-l (Lg) 1

~ x
I's I's

( N
Second-to-first order diversity change

when first stage is lossy and Dy is low
\. J

r A
Second order diversity achieved when
Stage 1 is lossless (Dy = 0,Ls = 0)

\ J

Ca
-P()uf = P

out

1 AR 1
~ b (H dvyg o
= B (Hsm) i < e

Amin ZRIBI



Outage Probability

AT

IMT Atlantique = Ouly

Outage Probabil Ity G- Paro ok

» For independent fading on the S-D and H-D links

10°4
4 )
y X . : :
10 : Increasing the allowed distortion
o R at Destination Dy provides lower
-2 _ oy egoge
107F| D700, D=00 1§ outage probabilities
++g+:D,=0.0, D,=005 {§}" \_ J
1073 '“0"”DH=0'0' Dx=0'2
..@-+-D,=00, D, =03
—— D_=0.01, D_=0
107 F +DH=0 01, D, =0.05 4 : )
. T However, Dy has no impact on
—e—D,=0.01,D,=0.2
o5} | — & ~D,=001,D,=03 the slope of the outage
— & =D, =01, D,=0 probability (parallel curves)
— @ —D_=0.1, D _=0.05
-6 L
10°F| — @ —D_=0.1, D, =02
— —DH=0.1, Dx=0'3
10*? 1 1 i 1 L
-10 -5 0 5 10 15 20

Average SNR (dB)
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Impact of Spatial Correlation on VMY . C

IMT Atlantique

W C

Outage Probability i W

» For correlated fading on the S-D and H-D links

p = < hq, h; > the correlation of the complex channel gains h; and h,
The joint PDF of the instantaneous SNRs

1 1 v  Ym ) ( 2|p| /’mﬂ)
: exp | — + —) | x I
p(vs, 1) = IsTu(1—|pl?) p( = |p|2(Fs FH) "\1-1p]2V sy

I, (x) is the zero-order modified Bessel’s function of the first kind

TwWK% pC IPIS’QaT'

m= 0

The outage probability of cases 1 and 2 can be written as

+00 Lc, ) m )
R)(u]t % m/ / (f}/bfYH) exp (—av—b) exp (—afY_H) d,ys d’)’H,
m=0 '(0) sy I's 'y
©) YSYH " Ys YH
~ “1m - i — , —q J Ive dyir.
()uz‘ Z /_1 5 [) (FSFH) exp ( a ]_—\S) exp ( (IFH) ays ayy

m=0
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Outage Probability

103t

-
=
£

=&
&
e

108

107

Impact of Spatial Correlation on
Outage Probability

Al

» For correlated fading on the S-D and H-D links

fo] DI=D.3. p=09

Y - DX=D.3. p=0
—= .Dx=ﬂ.3.;1ﬂ.?5

- Dx=ﬂ.3. p=0.99
—_—— Dx=ﬂ.2. p=0.19
e Dxtﬂ, p=0.9
— D)c:D' p=0.75

-5

0 5 10 15 20
Average SNR (dB)

(-

outage probabilities

Higher fading correlation induces higher

Increasing Dy
reduces the

1t order diversity ‘
is obtained

outage probability || asymptotically |
Second order A For small Dy and
diversity is achieved|| p values, 2"

with Dy = 0 (even order diversity
when p = 1), can be achieved
independently at low average
ef Dy )| SNRs )

Outage Probability

C\MN

7~

s ¥ Y t‘\‘/

IMT Atlantique Quly
Bretagne-Pays de la Loire B
Ecole Mines-Télécom

10‘0 E v — T 1
| i
o l

{ T
107 R"Y

—#— D =01, »=0
—e—D =01, p=09 |
—— D _=0.001, p=0 |

v ,‘,:0‘75(
, =09 |

|
, p=0.99/|

—e— D_=0.001, =0 |

0

5 10 15 20
Average SNR (dB)

84

25

[ Fading correlation has no impact on the asymptotic diversity order ]
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Chapter 3 Wyner-Ziv Formulation for Decision Making Process | (i v
3.1 Revisit of Helper-aided Lossy Networks

Wvyner Ziv Networks:

-

X" M (U (X", D)
Encoder Decoder >
LN T VY
' IMT Atlantique
. . Eretaghr;‘g-Pa}la_§lge la Loire
Notice: U2 X=2Y forms a Markov Chain cole Mines-Telécom

I(X;0) — (Y ;U) =I1(XY ;U) —I(Y ;U X)—I(Y ;U
— I(XY ;U) - I(Y ;U) = I(X ;U| Y)

We have used U->X->Y in the networks of:

Outage analysis for wireless End-to-End Lossy Communications networks

A two-stage wireless communications network based on Distortion Transfer Function
Extension to two-sources one-helper End-to-End Lossy wireless communications network

Fact: I(X; U) - I(Y; U) = I(X; U|Y) can be understood as:

- Yis training sequence for Machine Learning,
- Yis training sequence, maybe followed by online observation, used for the knowledge
updating of 15t and 2"d order statistics, pdf and Markov dynamics, in Semantic

Communications.
85
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3.2 Distributed Hypothesis Testing (DHT)
Landmark Builders for Hypothesis Testing (HT): Neyman-P

Information Theoretic formulation of HT:
Basically, HT is a Code Design problem:
Design f" and g™ such that

Minimize Type Il Error Probability 5, subject to
Type | Error Probability «, < ¢

L=P[g™ (o X”'):H H, is true) |
o 9 (f (X") 1 | Ho is rue: Hy X~ Pyx
Bn — P g(n) (f(n) (Xn)) — FHa | Hl is true HIIXN PI,X

R (U H, | H
X—> Encoder > Decoder 05!
fin) g

under constraint the rate R being given.

Note: Tradeoff: a,t , 8,
Note further: Decoder does NOT have to really “decode” to obtain U".
e.g., by Syndrome check only.

86
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With R=1.0, the decision problem boils down to traditional
Nyman Pearson test using Likelihood:

PO (XI’X2’ 0. ’Xn)
P, X,X, .. ,X)

>T y :XI’X2’000,Xn EX, Cll’ld HUXN P(),X HIXNPLX

Unconstrained

—> Encoder > Decoder }———

a, and S, are given by a* = PHA(T)), p*=Py(A (T),

P(x,,x5,...,x,) S T} |

.th —
with - 4,(T) {Pz(xl,xz, %)

Note: Tradeoff «, T B, l still holds with the threshold T.

87
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" Distributed Hypothesis Testing, DH'Il

Encoder Decoder
R U _
Xn » f'::“:] » ‘g':nl » HE {Ho, Hl}
F ™ — M, ={1,2,--+ , My} I Ho : (X", Y") ~ Py xy,
g™ M, x V" — H ={Hy,H}. Y Hy: (X", Y") ~ Pixy.

Decoder g" does NOT have to really “decode” to obtain U,
because the objective is to make a decision under the constraint on rate R.

» Objective : find the type-ll error exponent 6 such that type-|
error is imposed and a rate constraint is satisfied

o =P [g™ (£ (X"),Y") = Hy | Ho is troe|

s =T —g(”) (f(”) (X™) ,Y”) = Hy | Hy is true- :
The objective is that minimize g, subject to , < ¢ . Tradeoff: a,t, 5,|

Ismaila Salihou Adamou, Elsa Duprazl, Amin Zribil, and Tad Matsumoto, “Error-Exponent of Distributed Hypothesis Testing for Gilbert-Elliot
Source Models”, to be published, Proc of IEEE ISTC 2023, Brest
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(1) In the same way as HT, again, a DHT problem is a Code Design problem:
Design f" and g™ such that

Minimize Type |l Error Probability £, subject to
Type | Error Probability «,, < ¢ under constraint on the rate R given.

o, =P -g(n) (n) (X™) ?Yn) = Hq | Hy is true_ Hy: (X™,Y") ~ P, xy,

Bn — [P) -g(n) (n) (Xn) ’Yn) — HO | Hl iS tme- Hl : (Xn’Yn) - Pl,XY'

R (U H, I H
X—> Encoder > Decoder 05!
fin) g

=

(2) Find Type-Il Error Exponent 4 lim sup . log 3. >0

n—oo N n

Subjectto a, <€

1
and lim sup — log My < R

n—oo N 89
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1 1
limsup — log — > 6
n—oo N Bn

It has already been known that:
0 = min{G (Po,uxy,R), D (Po,uxy||P1uxy)}
binning-error testing -error
with the binning-error part being:
G (Po,uxy,R)=R—[I(X;U) = I(U; Y)]

D (PO.UXYHPLUXY) is the KL divergence

and

We rewrite the binning-error part:
G (R,R(D)) = R — R(D)

being Wyner Ziv R(D) tunction! - The DHT Problem (1) boils down
to WZ Coding Problem, because U->X->Y forms a Markov Chain.

So far up to this point, formulations are generic, and hence distributions are not
specified.

with
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Wireless Link ——
ecision

__________ > )— —» H,/H

Rate R Center o

Enc i R ........... ). D ecC. .____,_}___L..(.).Z_ﬂ.;l_-,

|
0 Y ) ) | . A

YEXaoW Sensor X \4

Hy : W ~ Bern (pg),
H,: W ~ Bern (p,), 2,

»

Y’s view:
X and Y Independent

X and Y are independent when p,=1/2. 4

Type-| error and Type-Il error:

an, = Pr(Hi|Ho)
Bn = P7‘(H()|'H1) H,: Correlated=Dangerous!
H,: Independent=Safe!

Objective: Minimize Type Il Error Probability g, subject to Type | Error
Probability o, < € under constraint on the rate R given.

Y’s view:
X’s view X and Y Correlated
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- Compression of X by Short Linear Block Code

- Yis not compressed. P Ho/H
- Nayman_PearSon Test Ene. -2 M Dec. | Tto/ 7t 1)
= x
Consider a binary linear code C defined by a k x n generator X . Y -
L

matrix G with a rate of # = — as the binary quantizer
component [17]. According to the standard array concept [18],
the minimum Hamming weight vector dy (.) in each coset Cg

associated to the syndrome s is referblack to as the coset leader
defined as

L(Cs) £ arg min dy (z),
z€Cq

S ' —— s, n n
Encoding: u,; =arg min dp (x .,xq)
uke{0,1}

T

) - n _ .k
Neyman Pearson Test: E (2q; ®y;) S where xj =u*G
f=il

7, 1s the threshold that determines the «, and the S, values.
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Semantic Communications

i iy i

ok
1 a 00575 a
2 b 00128 b
3 c 00263 o
4 d [0.02585 d
5 e 00013 e
6 f 0.0173 f
7T g 00133 g
B B 00313 h
1) i 0.0599 i
10§ 0.0006 j
11 k 0.0034 k
12 1 0.0335 1
13 m 0.0235 m
14 n 0.0596 n
15 o 0.0689 o
16 p 0.0192 P
17 q 0.0008 q
15 00508 I
19 = 0.0567 8
M o+ 0.0706 t
21 w 0.0334 u
22w  0.0069 v
23 = 00119 W
4 = 00073 X
25 y 00164 ¥
260 = 0.0007 z
2 0.1928

Figure 2.1. Probability
distribution over the 27 outcomes
for a randomly selected letter in

an English language document

H

[t Rt e el R Y Lo el o I R g R T o 5 Lo P o el

[0t e ) o) = ot ) 1 T D [ i Ohi D L

abcdefghi jElmnopqratuvwiye
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School of Information Science

+oaee  ENGliSh Letters Appearence Probabilities

Copied from:

David J. C. MacKay

Information Theory, Inference,
and Learning Algorithms
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= CONditioned English Letter Appearance

If we can evaluate conditional probabilities p(xi|xi.¢), p(Xi|X;_1, X;.5),
p(Xxi|x.1, X0, ..., X)), €mpirically or theoretically and create a Markov
model of the letter appearances, we can reduce the rate required to

encode English.

Shannon’s landmark paper presents artificially created English sentences!

1.

Using empirical

knowledge p(x;) ,

pxixs)

pP(xi|x. 4, Xi2)

—_—) 4

Zero-order approximation. (The symbols are independent and
equiprobable.)

XFOML RXKHRJIFFJUJ ZLPWCFWKCYJ
FFJEYVKCQSGXYD QPAAMKBZAACIBZLHJIQD

First-order approximation. (The symbols are independent. Fre-
quency of letters matches English text.)

OCRO HLI RGWR NMIELWIS EU LL NBNESEBYA TH EEI
ALIIENIITTIA OOBTTVA NAH BRL

Second-order approximation. (The frequency of pairs of letters
matches English text.)

ON IE ANTSOUTINYS ARE T INCTORE ST BE S DEAMY
ACHIN D ILONASIVE TUCOOWE AT TEASONARE FUSO
TIZIN ANDY TOBE SEACE CTISBE

Third-order approximation. (The frequency of triplets of letters
matches English text.)

IN NO IST LAT WHEY CRATICT FROURE BERS GROCID
PONDENOME OF DEMONSTURES OF THE REPTAGIN IS
REGOACTIONA OF CRE



AIST Higher-order Conditioning:

Letter and Word Levels

USIng emplrlcal ) i Fourth-order approximation. (The frequency of quadruplets of let-
ters matches English text. Each letter depends on the previous

knowledge of three letters. This sentence is from Lucky’s book, Silicon Dreams
(183].)
p (Xilxi-1 ’ Xi-2 ’ Xi-3) THE GENERATED JOB PROVIDUAL BETTER TRAND THE

DISPLAYED CODE, ABOVERY UPONDULTS WELL THE
CODERST IN THESTICAL IT DO HOCK BOTHE MERG.
(INSTATES CONS ERATION. NEVER ANY OF PUBLE AND TO

U sing empirica / THEORY. EVENTIAL CALLEGAND TO ELAST BENERATED IN

WITH PIES AS IS WITH THE)
kn OWI edg e Of th e Instead of continuing with the letter models, we jump to word

Wor: d maodels.
ap p earan—}ce 6. First-order word model. {The words are chosen independently but

pr obability p(Wi) with frequencies as in English.)
REPRESENTING AND SPEEDILY I5 AN GOOD AI'T OR COME
CAN DIFFERENT NATURAL HERE HE THE A IN CAME THE TO

OF TO EXPERT GRAY COME TO FURNISHES THE LINE

p(Wil W,_q, Wi MESSAGE HAD BE THESE.
— 7. Second-order word model. (The word transition probabilitice
match English text.)
THE HEAD AND IN FRONTAL ATTACK ON AN ENGLISH
WRITER THAT THE CHARACTER OF THIS POINT IS
THEREFORE ANOTHER METHOD FOR THE LETTERS THAT THE
TIME OF WHO EVER TOLD THE PROBLEM FOR AN

UNEXPECTED

With the 4! order model, Shannon showed that 2.8 bits are enough to
express one English letter!
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Adaptive Morse Code ~_5

Semantic Communications
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Morse Code Alphabet

A - N - 0 -----
B -eee ) s B
C  -e-e P e—e 2 ee___
D -o0 Q - 3 eee__
E R e 4 eeee_
Foee S eee 5 eeeee
G - T = 6 -eeee
H eeee U ee- 7  --eee
| ee \/  eee. < J—
J .- W e-- g e
K -e- X -ee .« e_e_e
L e-e - - R
M y A—T 7 ee__ee

The higher the appearance probability, the
shorter the code length, following the Huffman
coding rule.

However, the appearance probabilities should
change according to the sources, such as
Book, Video, File type, ...., situation, person,
...< Semantic Dependency.

Joint Source and Channel Coding and
Adaptive, to exploit higher order Markov
Memory Structure and error correction,
depending on “Semantics” = Learning
needed to construct Corpus for Natural
Language Processing!
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Knowledge updating for Semantic Communications:
a WZ Problem

“‘ il “SewaeessE [/l e Share the updated knowledge
) of pdf, dynamics, .... Share
the updated knowledge of pdyf,
dynamics, ...., representing

S P E E C H E S J “Personality”.

Knowledge
By Martin Ruther King Jr.

-%\ -

) ENGLISH .

sharing

of Statistics

Decoder
“I have a dream! ..... ”
Decision 9
Codebook Making
System

\ 4 R
¥y . ) Encoder # u
‘ | h??e a ?r?7am! ..... AN(X) g M(F(X), Y)

Remembering Martin Luther King Jr. | Tory Daily (toryburch.ip)
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Knowledge updating for Semantic Communications:

a WZ Problem Updating the knowledge to
under the rate R given, so that:

N i e A, minimized subject to «, < ¢
RRe z : _
= 7 Min I(X; U) - I(Y; U)= Min I(X; U|Y)
|/
“S ENGLISH
® Share the updated knowledge of
SPEECHES Knowledge Pdfs dynamics, ...., representing
By Martin Ruther King Jr. sharing  “Personality”.
N - e
B of Statistcs
Decoder
BN HolH:
Decision
Codebook : ; ;
Making | have a dream! .....
v Rr| ™ | A, minimized subject
31 Encoder # U o =&

Y < h722e a 2r7am!
: | h??e a ?2r7am! ... AN(X) g (X)), Y)

Remembering Martin Luther King Jr. | Tory Daily (toryburch.ip)
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SEMANTIC COMMUNICATION °.
FOR THE INTERNET
OF VEHICLES

A Multiuser Cooperative Approach

Wenjun Xu®™,Yimeng Zhang ~, Fengyu Wang , Zhijin Qin®
Chenyao Liu™, and Ping Zhang™

AISF[
JAPAN
ADVANCED INSTITUTE OF

SCIENCE AND TECHNOLOGY
1990

IEEE VTS Magazine Volume 18, No. 1, pp. 100-109

-..

“Three Cars
Collided! Help!”

Y
“Why |s Traffic so
Jammed Near
the Hospital?”

the Correlation Through Offline Training _‘,;,-:f”' =

Implicitly Cooperate by Learning ~ Knowledge Sharln

ﬁ "— ------- “
- 1
I 1
1 i
]
Cooperative : Cooperative i
JSC ..} Semantic .
Decoder "} Decoder : ’
i :
: i
#: -
\
\- —————
Knowledge
Base
Users W o ?" Server
Knowledge Sharlng

Semantic-
Driven
Cooperative
Task
Performer

i [nuaEan e

=
“Car Crash
on XX Road!”

“Heavy Traffic
Jam Around
Hospital. ”

“ID-XXX"
Identification

“Library
Road--XXX”

~— Tracking

Forward Pass With Correlated O Calculate the Loss Function With the Output
Inputs of the Module that directly Uses Correlation

Back Propagate the Gradients With
Correlation Implicitly Embedded
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Semantic Forward |
Relay —» First slot .
T o [ S s secomaeee We know already (see Lossless Relaying)
| information| oncoder | | information| .
3 ey > XY
: Y”:_) 38R B | Ro > ( : )
Py | T |
" ; Ry > H(X|U),
M, X'R,
nowledge rggm!a;tlg R2 Z I(Y, U)
MU// base : '
R, % | information| . .
v T | -ooz0| With Semantic encoder and decoder,
=Xy == Lo———— ! 3| Joint I recovery [
| Original | r_ltogs}_-; decoder | Xn Rl 2 H(X|U, V)
| information| M1/ ): information Ly = |
I |
B R > I(V;UIV)
Source Destination V reduces the required rate > Compression
PP !_'_'§6ﬁi~_cé_'_'; :_ '''''''''''''' Destination |
| " vn
, iX"| Channel j i p ML =X
|
2nd slot |_’ ENC1 | | Channel " =K\LLR§= :
o fmmmm e Y o pECT et | ExInfo-Ex|
I Relay 'V : LLR‘% LLRe“ |
: Channel | ' ?,| Channel |  |Semantic _2/\ :
| yn DEC1 | ' DEC2 | | DEC P\ |
i Y |V | 7y LLRZ [ - :
| |Semantic| | Channel ' : LLR? [Semantic LLRZ |
| l I |

ENC [’| ENC2 ENC
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Semantic Forward

Relay —» First slot
[ “lossy | [semaac| | Semantic | —> Second slot
| information| i | information
=k Al B
| ) | Prpttrd |
== A L s
M 2//R2
Y
nowledge F it T
Y% tace |_Semant-|c |
1R, = | information|
D | T | nnn
|3 U | Lossless |
LS _ | i
o C Ly| Joint || recovery |
| Original | | Lossy | decoder I gn
: information | M, L, ): information|_,| el
f |
| X% "Ry | |
== I= =4
Source Destination

o
..

Original Semantic

(a) Example with p = 0.

AIST

ADVANCED INSTITUTE OF
SCIENCE AND TECHNOLOGY
1890

() 1 = —5 dB, p = 0.35.

(b) v1 = —5 dB, p = 0.1.
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3.4 Training Process in Machine Learning
Updating the knowledge to
minimize the rate R so that:
o4
‘ _gb f,, minimized subjectto o, < ¢
\ o Knowledge  Min I(X; U) - I(Y; U) = Min I(X; U|Y)
/ > wring
_f* Share the updated
A& — ndate :
/E] X 5 —> [ ——0 e knowledge of pdf, dynamics
¢ N\ . F -
\ : ] f T | Decoder H € {Hy, Hy}
Decision —> :?
Codebook Making ﬁ\,\f\‘
'\ﬁ Encoder # U

fmx) g ™MAEMN(X), Y)
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X corresponding to the Current Observation, U to the Lossy Reconstruction,
and Y to Data Set for the Learning of Probability Distribution for knowledge updating
followed by Codebook generation!

Y=(Y.,Y,, ....., Y)
R(D)=min{l(X; U) - I(U; Yl,Yz, v, Y ) yEmin (XU YLY,, o, Y)

n

y Question:
Y O Independent Data or
\ 4 Correlated Data for

Learning?
Codebook g
g

4
P4
:.ﬁ&
Y2 k ;-":l
P

. Y
y P T Decision
Y n = = Making
System
DHT

(R SN Y- ORI I
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Learning in the WZ framework: Open Questions

(1) Yis fully covered by (2) Y'is NOT fully covered.
sub-probability space Y. Y;are overlapping.
without overlapping.

/w( <0
. . . H- ’_‘fh o .
Decision on the observation X=g " lunex. being correct or incorrect

depends on the generated learning data by (1) or (2).
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Ergodic vs. Instantaneous "=

(1) is suitable when decision is Ergodic (time average).
—-Learning requires Large size of training data. Suitable for pre-training,

such as ML.
(2) is suitable when decision is Instantaneous. Learning data may require only partial data.

=> Suitable for online-training by introducing a forgetting factor.
A similarity to Information Bottleneck!
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Connection to Information Bottleneck

E entropy MoPy

Tutorial

On the Information Bottleneck Problems: Models,
Connections, Applications and Information Theoretic
Views

Abdellatif Zaidi ** and Iiaki Estella-Aguerri > and Shlomo Shamai (Shitz) ®

Specifically, IB formulates the problem of extracting the relevant information that some signal X ¢ X
provides about another one Y € ) that is of interest as that of finding a representation U that
is maximally informative about Y (i.e., large mutual information I(U;Y)) while being minimally
informative about X (i.e., small mutual information I(U; X)).

Ye)y
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Information Bofttleneck as a classification problem
Specifically, IB formulates the problem of extracting the relevant information that some signal X € X
provides about another one Y € ) that is of interest as that of finding a representation U that
is maximally informative about Y (i.e., large mutual information I(U;Y)) while being minimally
informative about X (i.e., small mutual information I(U; X)). In the IB framework, I(U;Y) is referred

Medical Data Analysis: an Example . _
Compressed data including

as much information Y as possible

What is happening while minimizing the rate.

in the Organ/Tissue

XeX encoder 1 U = ¢(X) | decoder R
(o y 2 ™5 o rey

Reconstructed

Ye)y

What we observe

Balancing factor information
. Y, NOT X,
% * = max I(U;Y) - BI(U; X). But it may be Lossy

Pux I

This term can not be ZERO because X has some information about Y.

The encoder and decoder need to have some medical factor. The roles can be performed by DNN.
They need “training”.
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Formulation under WZ Framework!

AAAAA
AAAAA

Accordingly, for a given  and source distribution Py y, the optimal mapping of the data, denoted

by P&&, is found by solving the IB problem, defined as
L5 (Pyx) = I(U;Y) - BI(U; X)

with U2 XY and Lagrange Multiplier 5. —® \We can use some optimization tools.

. Encoder . Decoder

| | LatentSpace | |
%) e~N@©, 1) | Representation P|U)
DNN
H P
C — |z U
X_,_, P
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Any Questions?

§ \\ ‘q"
- -‘f’.

Sy e
A=

My SISU Continues.
Thank you!

See you soon again somewhere in the world!

Do they meet
in 6G Networks?




