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Abstract—Recent advances in AI technologies have notably
expanded device intelligence, fostering federation and coopera-
tion among distributed AI agents. These advancements impose
new requirements on future 6G mobile network architectures.
To meet these demands, it is essential to transcend classical
boundaries and integrate communication, computation, control,
and intelligence. This paper presents the 6G-GOALS approach
to goal-oriented and semantic communications for AI-Native 6G
Networks. The proposed approach incorporates semantic, prag-
matic, and goal-oriented communication into AI-native technolo-
gies, aiming to facilitate information exchange between intelligent
agents in a more relevant, effective, and timely manner, thereby
optimizing bandwidth, latency, energy, and electromagnetic field
(EMF) radiation. The focus is on distilling data to its most
relevant form and terse representation, aligning with the source’s
intent or the destination’s objectives and context, or serving a
specific goal. 6G-GOALS builds on three fundamental pillars: i)
AI-enhanced semantic data representation, sensing, compression,
and communication, ii) foundational AI reasoning and causal
semantic data representation, contextual relevance, and value
for goal-oriented effectiveness, and iii) sustainability enabled by
more efficient wireless services. Finally, we illustrate two proof-
of-concepts implementing semantic, goal-oriented, and pragmatic
communication principles in near-future use cases. Our study
covers the project’s vision, methodologies, and potential impact.

Index Terms—Semantic communications, goal-oriented com-
munications, pragmatic communications, AI native networks, 6G.

I. INTRODUCTION

For decades, communication system design has progressed
through incremental cycles aiming to increase the network
throughput and coverage, and, in 5G, to provide massive
and/or ultra-reliable connectivity. This has been achieved
mainly by increasing the bandwidth, or introducing new net-
work elements, such as multiple antennas, small cells, or, more
recently, reconfigurable intelligent surfaces (RIS) to oppor-
tunistically shape the propagation in wireless environments
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[1]. Despite the constant growth in data traffic, these measures
have been successful in meeting the increasing demand so
far. However, as we are going towards 6G networks, we are
entering a new phase in communications geared to natively
interconnect Artificial Intelligence (AI) modules [2], [3] in a
sustainable way, i.e., by avoiding the paradox of increasing
efficiency while experiencing a much higher increase of data
traffic. The upcoming 6G networks are expected to create a
network of networks through the convergence of communica-
tion, computation, control, and learning principles, supported
by efficient interactions and exchange of knowledge among
agents with diverse forms of intelligence [4], [5].

Project vision: The 6G-GOALS project aims to realize the
potential of cutting-edge AI-native architectures along with
new semantic and goal-oriented communication paradigms.
The project challenges the prevalent method of transmitting
data without understanding its relevance or informativeness for
AI algorithms, a process described as content-blind-transmit-
without-understanding. Contrary to the common belief that
receivers are always interested in the transmitter’s message,
this paper emphasizes that information is valuable only when
it holds practical, exploitable significance for the receiver. This
approach targets the transmission of only the most pertinent
information, tailored to the specific learning or inference
objectives in machine-oriented communications.

The conceptual groundwork for this approach was laid over
70 years ago by Shannon and Weaver [6], who identified three
levels of communication: the syntactic (wireless) level, the
semantic (meaning) level, and the effectiveness (goal) level.
Recently, a new surge of interest in semantic and goal-oriented
communication has emerged, identifying this new paradigm as
a keystone for exploring the meaning behind the bits and en-
abling brain-like cognition and effective task execution among
distributed network nodes [7]. Moreover, novel approaches to
semantic joint source and channel coding [8], semantic plane
in 6G architectures [9], semantic extraction and compression



Non-Real Time RIC Semantic Engine

Semantic RAN Intelligent 
Controller

(S-RIC)
Core Network

CU-CP

Service Management and Orchestration

DU

RU

CU-SP

O-Cloud

O1

E2

O2

A1

E1

F1-c

F1-u

Semantic

Knowledge Base

To
w

ar
d

 In
te

rn
et

Cloud (CPU, FPGA, ASIC, GPU, etc.)

CU-UP

Near-Real Time RIC

Semantic 
Module

Application

Edge

Semantic 
Module

Application

UE

Fig. 1: Illustration of the 6G-GOALS system architecture.

[10]–[12], goal-oriented system design and optimization [13],
semantic reasoning [14], [15], and semantic communications
based on generative AI [16] have been proposed.

While a theory of semantic and goal-oriented commu-
nications is currently absent, the project seeks to lay the
groundwork for semantic goal-oriented communication. This
includes exploring new methods to represent, sense, compress,
and convey semantic information. The objectives are to bridge
research efforts into concrete practical implementation and
standardizable industrial use in 6G, to benchmark their poten-
tial advantages for 6G against classical, semantic-agnostic ap-
proaches, and to explore solutions for sustainable and effective
coexistence with legacy communication systems (i.e., data-
oriented) [17]. To this end, the 6G-GOALS project proposes
a novel AI/ML-based architecture built on top of hierarchi-
cal O-RAN architecture where the semantic plane, semantic
RAN intelligent controllers (S-RIC) and semantic reasoning
engines units are introduced. Moreover, we investigate the
foundations of semantic-based distributed reasoning and goal-
oriented actuation in time-varying data scenarios. First, we
assume that the interaction between agents is based on an
agreed common semantic setting, thus assuming the use of
a common ontology language to represent knowledge and/or
compatible semantic extraction (at the transmitter) and inter-
pretation (at the receiver) logic/models. Here we incorporate
causal inference in representation learning to allow efficient
semantic representation of unstructured data and also to ro-
bustify learned models with respect to possible distribution
shifts. Second, going beyond the state of the art and following
the initial results in [18], [19], we investigate the impact
and potential countermeasures when distinct semantic settings
lead to communication errors at the semantic and effective-
ness levels. These errors may induce interpretation errors

and result in defective AI cooperation strategies, potentially
affecting the communication’s effectiveness. The proposed
framework enables the exploration of novel resource alloca-
tion strategies for effective semantic-oriented communications,
aiming for substantial energy and spectrum efficiency, reduced
EMF exposure, and interoperability of massive machine-type
communications, while ensuring backward compatibility with
semantic agnostic agents.

II. 6G-GOALS SYSTEM ARCHITECTURE

The system architecture for 6G-GOALS is built on the O-
RAN architecture [20], which is a key enabler of innovation
in 6G [21] and offers several benefits in terms of underpinning
semantic and goal-oriented communications [22]. The essen-
tial design elements for the 6G-GOALS system architecture
are outlined as follows:

• Establishing an AI-native 6G system specifically tailored
for semantic and goal-oriented communications.

• Offering a flexible design that includes intelligent net-
work functions. These functions will be responsible for
semantic data extraction, information representation, and
managing and optimizing resources.

• Implementing a semantic plane that enhances both the
user plane and the control plane. This implementation
aims to facilitate the delivery of semantic services, en-
able knowledge-driven reasoning, and improve both user
experience and overall system efficiency.

• Creating an intelligent and adaptable Radio Access Net-
work (RAN) to effectively handle semantic and goal-
oriented communication on a large scale.

• Ensuring that the new semantic-aware system compo-
nents can operate in conjunction with existing legacy
system components.



The envisaged 6G-GOALS system architecture is illustrated
in Fig. 1. It leverages the programmability, the disaggregation,
and the openness, and more importantly, the RAN intelligent
controllers (RICs), offered by the O-RAN architecture for
achieving the aforementioned design requirements. The overall
architecture considers a disaggregated RAN, i.e., the base
station is split into the radio unit (RU), the distributed unit
(DU), and the centralized unit (CU).

6G-GOALS Architectural Blocks

The key components of the system architecture in Fig. 1 are
described in the sequel.

Semantic Engine – The semantic engine is responsible
for the effective and efficient delivery of semantic-oriented
services through the orchestration of semantic information re-
source processing, lifecycle management of semantic models,
and user experience management. In terms of hierarchy, the
semantic engine is positioned at the service management and
orchestration (SMO) layer of the overall system.

Semantic RIC – The Semantic RIC provides a pro-
grammable and extensible platform for the deployment of
semantic-oriented applications (semantic xApps). It is con-
nected to the control and user planes of the CU as well as
to the DU. This connectivity can be realized via existing O-
RAN-specified interfaces or new interfaces that are being in-
vestigated in the project. The semantic RIC supports different
service time requirements, ranging from non-real-time to near-
real-time and real-time.

RAN Semantic Plane – The semantic plane in the RAN
spans the CU, the DU, and the RU. The semantic plane in
the CU, i.e., the CU-SP, takes instructions from the seman-
tic RIC and communicates with the CU user and control
planes, i.e., CU-UP and CU-CP, respectively, for effective
task coordination. Further, it handles the semantic information
flow with the DU and the RU. The DU and the RU are
semantic-aware and these components can co-exist with legacy
components. The semantic awareness in the DU and the
RU implies empowering these components with a range of
functionalities such as semantic information extraction and
encoding and JSCC. Further, the semantic-aware RU and DU
should be coordinated by a set of well-defined semantic model
management/update policies controlled by the semantic engine
and the semantic RIC.

Application Plane – The application plane is orthogonal to
the semantic plane and provides necessary interfaces for the
semantic applications across edge devices or user equipment.

UE and Edge Components – The User Equipment (UE)
and edge devices will be significantly upgraded with advanced
computational and learning abilities. This enhancement is
crucial for the initial phase of semantic information extraction,
where they will be tasked with processing and interpreting raw
data from various sources such as images, videos, and sensor
inputs. This will be possible thanks to a sophisticated semantic
module capable of not only extracting meaningful information
from these raw data formats but also understanding and

contextualizing them to provide a more intelligent and efficient
data processing workflow.

Knowledge Base – The knowledge base is a cornerstone of
this architecture, seamlessly involved in virtually all aspects of
semantic processing modules. Its involvement is crucial across
all facets of semantic model development, from training to
validation. The presence of a coherent and unified knowledge
base is vital for efficiently decoding and interpreting semantic
information, providing support for these processes.

Enhanced Core Network – The core network can fur-
ther support the semantic-empowered functionalities of 6G-
GOALS for the RAN and the management, orchestration, and
application domains. For instance, the network data analytics
function (NWDAF) can collect performance metrics for AI-
based optimization in the semantic engine and the seman-
tic RIC. The network exposure function (NEF) can expose
network control and management features to the semantic
engine and the semantic RIC, in terms of policy control, QoS
management, traffic re-routing, etc.

It is emphasized that the architecture supports generative AI.
For example, generative AI fine-tuned for vertical applications
(with a specific knowledge base) can be deployed in the
semantic engine. The generative models after pruning have
the potential to be deployed at the RU/DU level.

III. RESEARCH ON INNOVATIVE TECHNOLOGY ENABLERS

The 6G-GOALS framework aims to go beyond the es-
tablished limits of the current sense-compute-connect-control
models and transition toward semantic communication-based
AI architectures, protocols, and services. The envisioned pil-
lars are described in the sequel and can be summarized
as (i) AI-empowered semantic data representation, sensing,
compression, and communication; (ii) timing-aware semantic
communication for distributed reasoning and actuation; (iii)
6G sustainability via semantic-empowered RAN.

A. AI-empowered semantic data representation, sensing, com-
pression, and communication

The first pillar of 6G-GOALS will be the development
of the theoretical and algorithmic foundations of semantic
and goal-oriented communications, encompassing several key
aspects such as data acquisition, extraction, representation,
compression, and caching to minimize the amount of data to
be transmitted to optimize desired performance metrics under
complexity and physical constraints. The methodologies are
detailed in the sequel.

1) Mathematical Definitions and Fundamental Limits: 6G-
GOALS focuses on developing information-theoretic funda-
mentals for networked systems, targeting semantic characteris-
tics and information representation for improved cost and per-
formance. It involves analyzing network trade-offs, studying
semantic metrics, and assessing the value of information [10],
[11]. The output covers multiuser semantic communication,
including sampling and compression, and explores efficient
computational methods using both convex and non-convex op-
timization. Additionally, it examines cost-performance trade-



offs in semantic communication and strategies for energy-
saving and complexity reduction using generative AI models
and theoretical approaches like Kolmogorov complexity. The
project also investigates topological models to balance data
representation richness with semantic information extraction.

2) Semantic Data Acquisition, Representation, and Com-
pression: 6G-GOALS aims to design and optimize algorithms
for semantic and goal-oriented data acquisition, representation,
and compression, targeting relevance for specific tasks while
considering energy, accuracy, and latency constraints. Objec-
tives include developing compact semantic data representa-
tions for effective communication, using manifold learning
and topological neural networks to uncover key information
properties [23], and employing theoretical methods for opti-
mal representations. It also involves designing AI algorithms
for rate-limited channels and addressing the rate-distortion-
perception trade-off, along with delivering large neural net-
works, like Bayesian networks, with training and fine-tuning
methods considering compression rates. Additionally, the task
focuses on semantic sensing [10], utilizing active learning,
joint sampling and transmission techniques, and sparsity-
inducing attention mechanisms for relevance detection in data.

3) Semantic Source and Channel Coding Schemes: The
focus of this activity is on Joint Source-Channel Coding
(JSCC), particularly using deep neural networks (DeepJSCC)
[24], [25], to extract, process, and transmit data content
like images and videos. The goal is twofold: to advance
DeepJSCC beyond current convolutional models in terms of
complexity, training, and generalizability, and to integrate
these advancements into practical solutions for next-generation
mobile networks. This involves: i) creating modular JSCC
architectures compatible with existing standards and tailored
for industry-specific applications; ii) developing transformer-
aided DeepJSCC for efficient media transmission; iii) design-
ing DeepJSCC for semantic communications using topological
DNNs; iv) devising adaptable JSCC schemes for various signal
sources. Additionally, the project will exploit wireless delivery
of DNN models, a critical aspect of JSCC, providing also a
proof of concept implementation (cf. Sec. IV.A).

B. Timing-aware semantic communication for distributed rea-
soning and actuation

The second pillar of 6G-GOALS entails distributed reason-
ing and actuation in timing-varying data scenarios. The main
outputs of this research area are AI/ML-aided semantic com-
munication techniques and reasoning algorithms that respect
timing constraints when executing distributed coordination and
control to satisfy the KPIs defined by 6G-GOALS.

1) Foundations of Reasoning through Semantic-Empowered
Communications: In semantic communications, agents typi-
cally use compatible languages and models, with errors usually
due to lossy compression or incomplete knowledge. However,
using different languages and models can lead to semantic
noise and performance issues [18], [19]. 6G-GOALS will
tackle these challenges using domain adaptation theory to
address language and model mismatches between senders and

receivers. The methodology will be based on optimal transport
theory for effective semantic recovery, linking it to domain
adaptation and rate-distortion theory, and on JSCC schemes
that are robust against model mismatches.

2) Semantic Communications under Timing Constraints:
6G-GOALS aims to develop new methodologies that focus
on the relationship between context, relevance, and value of
information, utilizing advanced time-aware metrics [8], [26],
[27]. The methodology includes: i) Techniques to represent
information relevance and capture time-dependent aspects;
ii) An AI/ML framework to optimize data transmission and
decision-making within specific timing constraints; iii) Dy-
namic information exchange strategies using AI/ML for data
relevance and timing-based communication; iv) Stochastic
optimization and reinforcement learning methods for effective
policy development under timing constraints; v) Context-
specific coding schemes and prioritized communications.

3) Causal Semantic Representations and Pragmatic Com-
munications: Traditional ML-based communication systems,
which often ignore causality in favor of statistical models,
struggle with real-world data distribution shifts. 6G-GOALS
aims to move towards causal models for a better understanding
of interventions and planning in semantic communications.
It involves learning causal representations from time-varying
data, focusing on extracting causal structures from unstruc-
tured data, and employing multi-view learning for causal se-
mantic data representation. The project will use advanced tech-
niques from Markov decision theory, reinforcement learning,
and optimal transport theory to address sequential optimization
problems with causal objectives [28]. This includes devel-
oping scalable causal estimation and low-delay compression
techniques for semantic message reconstruction and exploring
energy-efficient AI/ML models. The aim is to create interven-
tions in 6G-GOALS systems as sequences of communication
messages and actions, extending causal reinforcement learning
to a distributed setup for improved pragmatic communication
and action strategies.

C. 6G sustainability via semantic-empowered RAN

The third pillar of 6G-GOALS aims at demonstrating the
benefits of semantic communication, bridging architectural,
theoretical, and algorithmic solutions with operationally adap-
tive intelligent RAN mechanisms. To this end, consolidated
and novel semantic-performance metrics will be instrumental
in devising mechanisms that optimize the new emerging trade-
offs among several KPIs, such as a) spectrum efficiency, b)
energy efficiency, c) reliability, d) latency, e) performance of
end-to-end communication, learning and control.

1) Semantic control strategies: 6G-GOALS aims to de-
velop efficient L1/L2 protocols and control signaling for ML
and semantic communication in classical and ORAN architec-
tures. It involves creating a semantic radio intelligent controller
(S-RIC) to enhance real-time control and network efficiency.
The approach includes implicit transmission of control infor-
mation using AI, reducing overhead and improving system
resilience. Key efforts include designing L1/L2 protocols for



Fig. 2: Experimental setting of PoC on real-time semantic
communication.

two-way communication, focusing on energy and overhead
efficiency, and integrating semantic control into the O-RAN
architecture. Additionally, we explore new semantic control
metrics for error handling and message reformulation, ensuring
compatibility with existing vendor-specific systems.

2) Connect-Compute Network Resource Management for
Semantic Communications: 6G-GOALS aims to design and
optimize network resource allocation for semantic-oriented
communications, focusing on energy and spectrum efficiency.
It involves balancing performance between semantic and
traditional communication systems through innovative spec-
trum management and AI-driven resource management. Key
areas include developing new metrics for spectrum shar-
ing, prioritizing goal-effectiveness and semantics, and using
AI for energy-efficient management of network resources.
The approach includes minimizing data transmission while
maintaining communication goals. Additionally, Over-the-Air
Computing (OAC) methods will be explored to compute arbi-
trary functions from multiple transmissions efficiently, moving
beyond traditional decoding methods.

IV. PROOFS OF CONCEPT

Realistic use cases will substantiate the attainable perfor-
mance of semantic and goal-oriented communications while
pursuing different objectives and comparing them with con-
ventional communication schemes. This will be performed
and hereafter described using two different PoCs involving: a)
hardware implementation of semantic-aware communication;
and b) semantic-aware collaborative robots.

A. Hardware implementation of semantic communication

This PoC focuses on implementing a real-time semantic
communication system over a wireless channel with bandwidth
and power constraints, focusing on a point-to-point communi-
cation link. In particular, we will focus on the transmission of a
model for a learning task, e.g., the delivery of a neural network
model over a wireless channel [29]. The transmitter has the
goal of enabling the receiver terminal to perform inference
on new data samples by exploiting a semantic communication
paradigm. The hardware implementation will equip terminals
with JetsonNano processors for training and inference of large
AI/ML models, as depicted in Fig. 2. Additionally, software-
defined radio (SDR) units will be utilized to map model
parameters directly to channel symbols, providing a flexible
and cost-effective implementation tested under various channel
constraints and mobility conditions.

Two scenarios are considered: in one, data samples are
wirelessly transmitted to the receiver for model training; in
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Fig. 3: Semantic-aware cooperative robotics PoC.

the other, a model is trained at the transmitter terminal and
sent to the receiver. Due to bandwidth and latency constraints,
samples in the first approach and the model in the second
approach are transmitted in a lossy manner, contingent on
the channel state. The primary focus is on a joint source-
channel coding approach for model transmission, where model
parameters directly map to OFDM symbols, and the receiver
utilizes noisy model parameters. To enhance model robustness
against channel noise, noise injection during training and
distillation methods will be employed.

B. Semantic Communications-enabled Cooperative Robotics

The principal objective of this PoC is to demonstrate an
improved connectivity layer driven by semantic and goal-
oriented communication for a cooperative robotics use case,
showcasing and measuring the potential advantages of se-
mantic communications in such scenarios. Conducted in a
specialized arena with multiple low-cost multi-radio, multi-
sensory robotic platforms designed for collaborative operations
in warehousing and logistics, the trial will assess the perfor-
mance of a semantic communications-based approach com-
pared to the conventional method relying on the transmission
of raw command/feedback messages. A qualitative scenario
example is illustrated in Fig. 3. The connectivity layer for
the robotic platforms will be provided by an advanced 3GPP-
compliant core network (Rel-17/18) and an advanced 5.5G
Open RAN system [30] equipped with semantic awareness
and an enhanced RIC platform. Leveraging GPU capabilities,
the robot nodes will serve as semantic information processing
nodes, encoding or decoding such information in real-time
from a heterogeneous set of sensors, including inertial units,
LiDAR, camera, etc. Emphasis will be placed on the exchange
of sensory data, with a semantic-aware physical layer de-
signed to effectively manage sensor data. A comprehensive
semantic knowledge base will be established for managing
the semantic codec, and the in-lab demonstration of semantic
model training and deployment in edge devices will be in-
tegrated into the cobots testbed for large-scale deployment.
The disaggregated O-RAN architecture will play a crucial
role in realizing semantic awareness enhancements, offering
flexibility for the implementation of semantic communications.
The testbed will be enriched with a semantic-aware controller



for the multi-robot system to efficiently manage semantic
models and provide in-time semantic responses. Moreover,
the O-RU component will be empowered with near real-
time semantic processing capability for robotic sensor data
in conjunction with the introduction of the semantic control
plane. To effectively support semantic communication, control,
and task allocation in cooperative robotics systems all the
software will be developed and instantiated as virtualized in-
stances, e.g., microservices, xApps, rApps, etc. Beyond RAN-
centric enhancements. The core network will also undergo
improvements to support semantic communications, including
the introduction of new quality-of-service classes to facilitate
end-to-end semantic communication and the exposure of new
application functions for policy-based control of semantic-
aware network components.

V. CONCLUSIONS

This paper presents the vision of the 6G-GOALS project,
aiming to establish the theoretical, algorithmic, and practical
cornerstones for semantic and goal-oriented communication.
This vision concentrates on managing semantic data–its rep-
resentation, sensing, compression, and communication–while
delving into the basics of semantic-aware AI reasoning. This
involves comprehending causal semantic data in its time
context, emphasizing relevance and value for efficient goal-
oriented communication, and exploring the effects of differ-
ent semantic communication scenarios among cooperative AI
agents. Then, to transition research into practical, standard-
izable industrial applications for 6G, the paper identifies key
technical challenges: a) creating a new network architecture
incorporating a semantic plane and specialized semantic mod-
ules; b) determining the essential limits of semantic and goal-
oriented communications; c) crafting sustainable, efficient
strategies to minimize connect-compute-sense resources while
maintaining compatibility with existing data-oriented commu-
nication systems; and d) developing experimental benchmarks
through two distinct proof-of-concept scenarios.
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