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6G-GOALS: THE SEMANTIC & GOAL-ORIENTED
COMMUNICATIONS OPPORTUNITY
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Current content-blind transmit-without-understanding approach:

data is transmitted without any prior understanding of how informative it is
(semantic) to the receiver or useful (pragmatic) for the end-goal of communications

Shannon’s approach (The technical problem):
How accurately can the symbols of communication be transmitted?

< -

TARGET: Data volume & (ultra) communication reliability
syntactic feedback

o X
<0
T € Source/ Network Source/
> O .
o 9 channel traffic g channel
| q .

= encoder engineering y decoder

interference
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(GENERATIONS OF CONTENT BLIND COMMUNICATIONS 6@%

Current fast-content-blind transmit-without-understanding approach

Data is transmitted without any prior understanding of how informative it is
(semantic) to the receiver or useful (pragmatic) for the end-goal of communications

TARGET Data volume & (ultra) communlcatlon rellablllty
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6G-GOALSRURINM SEMANTICS & EFFECTIVENESS

1. Level A: How accurately can the symbols of
communication be transmitted?
(The technical problem)

Level A
Technical

Source: E. Calvanese Strinati and Barbarossa.,“6G Networks: Beyond Shannon Towards Semantic and Goal-Oriented Communications”. Computer Networks Journal, Feb. 2021.
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6G-GOALSRURINM SEMANTICS & EFFECTIVENESS

2. Level B: How precisely do the transmitted
symbols convey the desired meaning?
(The semantic problem)

THE MATHEMATICAL THEORY

1. Level A: How accurately can the symbols of OF COMMUNICATION
communication be transmitted? B it . i i WA W

(The technical problem)

Level A
Technical

THE SNIVIRSITY OF RUSOIS PRESS © URBAMA - 1963

Source: E. Calvanese Strinati and Barbarossa.,“6G Networks: Beyond Shannon Towards Semantic and Goal-Oriented Communications”. Computer Networks Journal, Feb. 2021.
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6G-GOALSRURINM SEMANTICS & EFFECTIVENESS

)

3. Level C: How effectively does the received
meaning affect conduct in the desired way?
(The effectiveness problem)

2. Level B: How precisely do the transmitted
symbols convey the desired meaning?
(The semantic problem)

1. Level A: How accurately can the symbols of
communication be transmitted?
(The technical problem)

Level A
Technical

The broad subject of communication

can be organized into three levels
[Shannon, Weaver, 49]

THE MATHEMATICAL THEORY
OF COMMUNICATION

by Claude E. Shannon and Warren Weaver

THE SNIVIRSITY OF RUSOIS PRESS © URBAMA - 1963

Source: E. Calvanese Strinati and Barbarossa.,“6G Networks: Beyond Shannon Towards Semantic and Goal-Oriented Communications”. Computer Networks Journal, Feb. 2021.
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6G-GOALSRURINM SEMANTICS & EFFECTIVENESS

/—\ - - .
effect of semantic information exchange

\% ﬁ‘m:
~
» |33

W/

! semantlc exchange of symbol "

_____________________________________________

_________________________________________________________________________________________

ieith i Source/ Network [N Source/
channel traffic channel
encoder engineering y decoder

(N “t
interference

Source: E. Calvanese Strinati and Barbarossa.,“6G Networks: Beyond Shannon Towards Semantic and Goal-Oriented Communications”. Computer Networks Journal, Feb. 2021.

Level A
Technical
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6G-GOALSKAIAAN (KEY PROJECT’S CONCEPTS)

Objective: Lay the theoretical, algorithmic and Meaningful concepts
operational foundations of a Al-Native semantic A
communication and networking paradigms / \

Semantic roon TAY:
Communicate (or protect) only tf'ﬁ y |||||‘ ||||||\ T @
what cannot be deduced or /A v Q
predicted by Al to: w0, W @ N

- Send less but understand more
- Facilitate knowledge sharing,
between heterogeneous/distributed

€— Semantic-Effectiveness ——>
plane

Al devices / — e T \\

- St.mUIate reasonlng between AI Observations & == == = = = e e = = = e 4 Informed decisio
rather than ensuring high bit (real world, cyber world)

accuracy of shared (raw) data Understand-then-transmit
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What if ... I can Read it ... can you?

fi yuo cna raed tihs, yuo hvae a sgtrane mnid
too. Cna yuo raed tihs? Olny smoe plepoe can.
i cdnuolt blveiee taht I cluod aulaclty
uesdnatnrd waht I was rdanieg. The
phaonmneal pweor of the hmuan mnid,
aoccdrnig to a rscheearch at Cmabrigde
Uinervtisy, it dseno't mtaetr in waht oerdr
the [tteres in a wrod are, the olny iproamtnt
tihng is taht the frsit and Isat [tteer be in
the rghit pclae. The rset can be a taot| mses
and you can sitll raed it whotuit a pboerim.
Tihs is becuseae the huamn mniddeos not raed
ervey lteter by istlef, but the wrod as a
wlohe. Azanmig huh? yaeh and I awlyas
tghuhot slpeling was ipmorantt!
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What if ... I can Read it ... can you?

fi yuo cna raed tihs, yuo hvae a sgtrane mnid  \When the order of words or

ihs?
too. Cna yuo rged tihs? Olny smoe plepoe can. characters changes,
i cdnuolt blveiee taht I cluod aulaclty

uesdnatnrd waht I was rdanieg. The your brain still correctly
phaonmneal pweor of the hmuan mnid, Interpret sentences.

aoccdrnig to a rscheearch at Cmabrigde . .
Uinervtisy, it dseno't mtaetr in waht oerdr Al Semantic understanding

the Itteres in a wrod are, the olny iproamtnt [elileXelgl{=Yaa:1g[e MeloF:1fS

‘l’lhng ISth"' fhe ff‘S“’ Gnd ISGT H"feel" be In en able Self_correctlon Of
the rghit pclae. The rset can be a taot| mses [ :
and you can sitll raed it whotuit a pboerlm. Inaccuracies &

Tihs is beuseae the huamn mniddeos not raed JlglefelgldEIIERERIIRO ELE!

ervey |teter by istlef, but the wrod as a and focus on meaningful

wlohe. Azanmig huh? yaeh and I awlyas . .. .
tghuhot slpeling was ipmorantt! iInformative information
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WieVANM 6G can do it differently — 2 paradigm shifts with Al

#1 Goal Oriented Communications

From: Data-oriented & content-blind communications
To: Goal-oriented effective transmission where communications
are shaped to achieve a goal or to accomplish a task
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WieVANM 6G can do it differently — 2 paradigm shifts with Al

#1 Goal Oriented Communications

From: Data-oriented & content-blind communications
To: Goal-oriented effective transmission where communications
are shaped to achieve a goal or to accomplish a task

#2 Al-native Semantic Communications
rom: Moving content-blina raw data

To: Share only what cannot be deduced or inferred by (Generative)Al (w/o GO)

=>identify the relevant needed information to recover the meaning intended by
the transmitter(s) and/or to attain the goal at the receiver(s)

But focusing rather on the actual effect that the received information has on
performing an action!

Targeting inference/intelligence reliability rather than blind bit-fidelity
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6G-GOALSEgI®IVA STUDY NEW FONDATIONAL PRINCIPLES @@

Incorporating semantic, pragmatic, and goal-oriented
communication aspects

* Al-empowered semantic data representation, sensing,
compression and communication

e Time-sensitive communication over wireless links

« Sustainability via technologies enabling new wireless services with
higher efficiency
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6G-GOALSglelVA PROPOSED ARCHITECTURE

—————————————————————————————————————————
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Al-native 6G system tailored for semantic
and goal-oriented communications

Semantic plane that enhances both the
user plane and the control plane

Open RAN to effectively handle semantic
communications on a large scale

New intelligent semantic network
functions responsible for semantic
communication and resource management

Coexistence & inter-operability with
semantic-agnostic systems
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6G-GOALS|gl®MWl DO WE EXTRACT, REPRESENT & USE G@%
SEMANTICS?

Causal representations Generative Al
Latent Space ’Condltlonma
el Ao ki £ -I—— Diffusion Process ————— @emanﬁ
Edges show the causal effect of Hence, correlation does not equal causation. Ma
one variable on another. z Denoising U-Net €y 27 Text
(T -1) Repres
ﬁ entations
> Elml !
Nodes represent variable \\ ﬂ z 271 T
N 4 "
N / Pixel Space
N\ 7
N V4 W
N P, e s ¥ = To
im t is unobserved.
: u ‘l pact is unobserve o B (—T
* " denoising step crossattention  switch  skip connection concat ~—
Yuw

We use and study the term “semantic” in a very general sense :

any structural (topological), statistical, or causal relationship within the data to be
communicated, assessed In relation to the desired reconstruction metric or desired
actions to be taken at the receiver side.
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6G-GOALSHgloAWA DO WE EXTRACT, REPRESENT & USE
SEMANTICS?

Reasoning through Semantic Communications

Meaningful concepts

A

Pragmatic communications

/\ %,J—rlﬁﬂff FLM 015
i =l
/o %1 E=LrJE i |
TR . = T f—
S— II|I|| ||ll|| — 1 e, NG JE@} [l .
I v ﬁ 'EI:'-L—_A:—LE
= : /’ A State and reward U= ——iFET
. g AR @ o\ - Environment
T P/ v !
= ' A ) - - Ml chaned ¢
«— Semanti;f:::ctlveness — ) 'I;_ ‘;‘ )))) ? (( 1 i
Teacher \ \ o, %
/ channel \
el T T T T T * Informed dedslon Controller Robot (agent)

6G-GOALS : enable learning and reasoning via pragmatic communications, incorporating causal semantic
data representations, and considering mismatches of languages/logics/models and semantic rules between
sender(s) and receiver(s) & ensuring backward compatibility with legacy (data-driven) systems.
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Semantic Communications gains: Experimental

Factor 190+ in

data compression

100

@ Semantic approaches
+ Huffman
# 6-bits

2000 -

- ®

ompression Factor: 24

1730 <

1300 =

Factor 190+ in

1000 =

data compression

70 <

00 -

Node classification accuracy
8
1

Transmitted information per graph [bits]

€@ -
0 ! ! ! ! (&) EnCum,gmn
¥ EnCum, ttn
0 - ¢ + ¢ ¢ t $ % T T T T T T T T T
I 1 I | 1 | 1 0 30 100 130 200 20 300 [0 £00
2 3 4 3 ] 7 8

number of nodes Node embedding size

N Hello, P Di Lorenzo, E. Calvanese Strinati, “Semantic
Communication Enhanced by Knowledge Graph Representation
Learning”, IEEE SPAWC, 2024.
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Semantic Communications gains: Experimental

Factor 190+ in Factor 23 in

data compression Al training time reduction

i @ Semantic approaches —
£ ™ T+ Huffman
& # 6-its 102- - No equalization
-g_ 1730 ~ , -4~ Source grounded comm.
© =4~ Target grounded comm.
O 100 - f, =¥~ EM oriented equalization
g ? == SM oriented equalization
g 1250 - 9 \\‘
)
g 1000 = % )
& 0o
IR 2 ; —%
- Q \0
o i
G
c 20 o 4 : ! 4
©

0 = . . + ‘ + + $

7/
10 0 10 20 30 40 50

2 3 4 5 o 7 8 (09
number of nodes SNR [dB]
N Hello, P Di Lorenzo, E. Calvanese Strinati, “Semantic T Huttebraucker, M Sana, E. Calvanese Strinati, “Latent Space
Communication Enhanced by Knowledge Graph Representation Alignment for Semantic Channel Equalization”, ICMLCM 2024.
Learning”, IEEE SPAWC, 2024. (Best student poster award).
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Semantic Communications gains: Experimental

Factor 190+ in

data compression

Factor 23 in
Al training time reduction
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N Hello, P Di Lorenzo, E. Calvanese Strinati, “Semantic T Huttebraucker, M Sana, E. Calvanese Strinati, “Latent Space
Communication Enhanced by Knowledge Graph Representation Alignment for Semantic Channel Equalization”, ICMLCM 2024.

Learning”, IEEE SPAWC, 2024.

(Best student poster award).

Factor 6+ in
reduction of RIS active elements

0.8 4
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i

—&— Semantic Encoding
—+— Huffman Encoding
—+— 6-bits Encoding

sentence similarity
g
+
L

o
N
1

0.0 T T T T T T
0 20 40 60 80 100

RIS active elements ratio

(a) One bit phase quantization

N. Hello, M. Merluzzi, L. Sanguinetti, E. Calvanese Strinati ,
“Optimizing RIS Impairments through Semantic Communication”,
IEEE Globecom 2024.
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6G-GOALS|glOWA PROOF OF CONCEPTS #1.:

Wireless
Channel

\ 4

Transmitter

Semantic-empowered
Semantic-empowered

mobile terminal

kL

PoC implementation of the delivery of large deep neural network models over wireless links

* Point-to-point scenario:
» the transmitter models the edge server wherein the trained model is available
» the receiver (a mobile terminal): requests to download the model on-demand to carry out
Inference tasks locally within desired latency & energy budgets
 The In-LAb PoC will bring technology to a TRL 4 maturity
Goal: the recovered model can still serve its intended inference goal with high accuracy (robustness)
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6G-GOALS|glOM VA PROOF OF CONCEPTS #2:
SEMANTIC & GOAL-ORIENTED ENABLED COLLABORATIVE ROBOTS

Goal: To develop E2E robot control
techniques that use semantic
communication to exchange
sensing data, and allocate tasks
with a Goal-Oriented approach

Target: to reduce communication
overhead while improving energy
efficiency

The demo trial will bring technology to a TRL 5 maturity
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Al-Native Semantic Communication optimization over time

Communication
to ask for bread

Transmitter-receiver is like a couple experiencing a
relationship

© Communication improves over time
Building an optimal language
Mutual learning and shared knowledge

gg
First meeting

© Introduce each other

© Ask kindly with properly
described request

©® Thanks the other one

Content Blind Al-Native
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Al-Native Semantic Communication optimization over time

Communication
to ask for bread

©® Transmitter-receiver is like a couple experiencing a
relationship

© Communication improves over time
Building an optimal language
Mutual learning and shared knowledge

06

First meeting Several months
© Introduce each other © Know each other / brief
© Ask kindly with properly introduction

described request ©® Ask with described request
© Thanks the other one © Brief thanks

Content Blind Al-Native
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Al-Native Semantic Communication optimization over time

© Transmitter-receiver is like a couple experiencing a

relationship Communication
© Communication improves over time to ask for bread

Building an optimal language
Mutual learning and shared knowledge

06

First meeting Several months Several years

© Introduce each other © Know each other / brief © No introduction

® Ask kindly with properly introduction © Expect the other one to do the action
described request © Askwith described request @ Ask with short request

© Thanks the other one © Brief thanks © No thanks

Content Blind Al-Native
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Al-Native Semantic Communication optimization over time

© Transmitter-receiver is like a couple experiencing a

relationship Communication
© Communication improves over time to ask for bread

Building an optimal language
Mutual learning and shared knowledge

06

First meeting Several months Several years A whole life
© Introduce each other © Know each other / brief © No introduction © Just able to hear the other one
© Ask kindly with properly introduction © Expect the other one to do the action @ Ask with a quick eye contact
described request © Ask with described request @ Ask with short request © No thanks
© Thanks the other one ® Brief thanks ® No thanks © Wait for the next eye contact

Content Blind

training the model INCREMENTALLY over time
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Goal-Oriented and Semantic Communication in 6G For offline questions:
Al-Native Networks: The 6G-GOALS Approach emilio.calvanese-strinati@cea.fr : Project Coordinator
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6G: the catalyst for artificial
general intelligence
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