Semantic Revolution from Communications to
Orchestration for 6G: Challenges, Enablers, and
Research Directions

Masoud Shokrnezhad', Hamidreza Mazandarani?, Tarik Taleb® 3, Jaeseung Song?®, and Richard Li*
U Oulu University, Oulu, Finland; {masoud.shokrnezhad, tarik.taleb} @oulu.fi
2 Ruhr University Bochum, Bochum, Germany; hr.mazandarani @ieee.org, tarik.taleb@rub.de
3 Sejong University, Seoul, Korea; jssong@sejong.ac.kr
4 Southeast University, Nanjing, China; richard.li@seu.edu.cn

Abstract—In the context of emerging 6G services, the re-
alization of everything-to-everything interactions involving a
myriad of physical and digital entities presents a crucial chal-
lenge. This challenge is exacerbated by resource scarcity in
communication infrastructures, necessitating innovative solutions
for effective service implementation. Exploring the potential
of Semantic Communications (SemCom) to enhance point-to-
point physical layer efficiency shows great promise in addressing
this challenge. However, achieving efficient SemCom requires
overcoming the significant hurdle of knowledge sharing between
semantic decoders and encoders, particularly in the dynamic
and non-stationary environment with stringent end-to-end quality
requirements. To bridge this gap in existing literature, this paper
introduces the Knowledge Base Management And Orchestration
(KB-MANO) framework. Rooted in the concepts of Computing-
Network Convergence (CNC) and lifelong learning, KB-MANO
is crafted for the allocation of network and computing resources
dedicated to updating and redistributing KBs across the system.
The primary objective is to minimize the impact of knowledge
management activities on actual service provisioning. A proof-of-
concept is proposed to showcase the integration of KB-MANO
with resource allocation in radio access networks. Finally, the
paper offers insights into future research directions, emphasizing
the transformative potential of semantic-oriented communication
systems in the realm of 6G technology.

Index Terms—6G, The Metaverse, Semantic Communications,
SemCom, Semantic Networking, Semantic-Aware Orchestration,
KB-MANO, Computing-Network Convergence, Resource Alloca-
tion, and Lifelong Learning.

I. INTRODUCTION

In the foreseeable future of 6G communication sys-
tems, connections are expected to expand to everything-to-
everything interactions within platforms like the Metaverse,
involving diverse physical and digital objects continually en-
gaging, traversing, and coexisting. A consequential outcome
of deploying such immersive environments is the contin-
ual proliferation of connected objects, leading to significant
increases in upstream traffic. Predictions suggest that 6G
will be linked to highly dense environments with a con-
siderable number of entities and a substantial volume of
global data, of which a significant portion will be routed
to computing resources, particularly for services such as
telemedicine, holographic teleportation, immersive learning,
precision agriculture, smart supply chaining, and intelligent
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Fig. 1. The anticipated characteristics, QoS/QoE criteria, and illustrative
examples of services expected in 6G.

transportation. These services necessitate rigorous End-to-End
(E2E) Quality of Service/Experience (QoS/QoE) prerequisites,
encompassing requirements such as microsecond-level latency,
bounded jitter, multi-gigabit-level throughput, ultra-high reli-
ability, exceptionally high computing capacity, and superior
energy efficiency [1], as illustrated in Fig. 1.

To meet the substantial demand with stringent performance
requirements, the scarcity of infrastructure resources emerges
as a significant challenge. To tackle this challenge, there has
been notable interest in a recent paradigm, recognized as
Semantic Communications (SemCom). This paradigm extends
beyond the conventional Shannon paradigm (which primarily
optimizes opaque data pipes aiming to reproduce exactly
exchanged sequences of symbols) and centers on effectively
inferring the meaning of what has been communicated. This
process is facilitated through the utilization of background
and contextual knowledge, known as Knowledge Bases (KBs),
shared a priori between communicating parties necessary for
achieving a predefined shared view on the goal of communi-
cation [2]. To facilitate this, the sender and receiver engage
in semantic encoding/decoding (transcoding), as detailed in
Fig. 2. This semantic shift promises a ubiquitous connection
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Fig. 2. The elements of semantic encoders and decoders (transcoders)
encompassing various tasks, including buffering traffic, synchronizing traffic
from diverse sources, splitting or constructing streams, sampling data from
distinct streams, extracting or constructing semantics, and performing traffic
shaping. Semantic encoders can be implemented as service-specific functional
components on user devices or the system’s edge computing resources.
Conversely, semantic decoders should be implemented at locations where the
semantics need to be utilized.

without mandating the presence of a shared syntax or pro-
tocol in the transmission of data, improves communication
efficiency and reliability, and enhances QoS/QoE for human-
oriented services [3]. Furthermore, in contrast to conventional
bit-oriented methodologies where there is no inherent meaning
beyond bits, semantics can play a pivotal role in the decision-
making process of orchestrating communication system re-
sources. Leveraging the correlation between semantics allows
for the optimization of resource scheduling and utilization.

The exploration of realizing SemCom and its impact on
communication efficiency has been a focal point in recent
research efforts. Some studies have investigated the potential
of semantic-oriented communications to enhance point-to-
point physical layer connections, aiming to surpass Shannon’s
limit. Meanwhile, new research explores incorporating seman-
tic awareness into emerging communication systems. Trevlakis
et al. [4] thoroughly examined the integration of SemCom
in the context of 6G, suggesting a new SemCom network
structure based on optimal point-to-point resource utilization.
Luo et al. [5] and Wheeler et al. [6] proposed ML-aided
E2E semantic-aware communication systems for beyond 5G.
Yang et al. [7] introduced a similar edge-driven concept with
the aim of improving transcoding efficiency, where training,
maintenance, and execution of semantic transcoding are based
on KBs shared by service users. Similarly, Lu et al. [8]
developed an ML-transcoded semantic-aware design inspired
by natural human interactions. Furthermore, some research
efforts have aimed to introduce semantic awareness into radio
network architecture through architectural enhancements [9]-
[11].

While the aforementioned studies have tried to address
different challenges to realize SemCom, their applicability to
6G is limited. Achieving efficient SemCom in 6G necessitates
universal access to the same background knowledge by all
semantic transcoders of a given service, posing an exception-
ally formidable challenge, especially for dynamic and non-
stationary future systems [1], [5], [8], [9]. Existing literature

lacks a real-time and systematic approach to address the chal-
lenge of KB management, particularly tailored to the structure
of 6G and its ever-fluctuating services. To address this gap, we
first describe future 6G systems and their components in Sec-
tion II, highlighting the most challenging aspects of enabling
SemCom: KB refinement and KB arrangement. Subsequently,
we introduce the KB Management And Orchestration (KB-
MANO) framework in Section III, designed for the allocation
of network and computing resources dedicated to updating and
redistributing KBs across the system. The primary objective is
to minimize the impact of knowledge management on actual
service provisioning. Given that KB-MANO is grounded in
the principles of Computing-Network Convergence (CNC)
and lifelong learning, this section also delves into strategies
suitable for KB updating across various scenarios. Section IV
features a proof-of-concept scenario evaluating the efficiency
of semantic-aware orchestration enabled by KB-MANO, fol-
lowed by an exploration of open research directions in Section
V. The paper concludes in Section VI, summarizing key
findings and implications.

II. FUNDAMENTALS, CHALLENGES, & ENABLERS
A. Service Provision over Integrated 6G

In the context of 6G systems, decentralized computing
resources extend across in-network, edge, regional, and central
nodes dispersed across vast geographical areas. These nodes
interconnect through diverse networking technologies in radio
access, transmission, and core network sub-domains, featuring
varied network devices and links. Provisioning future services
over such infrastructures necessitates precise resource orches-
tration. A Metaverse scenario depicting users participating in a
holographic presence service within a virtual conference room
by a live lakeshore is illustrated in Fig. 3. The service inte-
grates rendering, motion tracking, stereoscopic 3D display, and
audio spatialization functionalities. To bring this experience to
life, the software instances of these functionalities should be
loaded onto available computing nodes. Subsequently, users’
video, audio, and motion data are transmitted to the instances
through their designated network paths. These instances col-
laborate in accordance with a predetermined order specified
in the service’s function chaining map. Following that, the
generated rendered content is transmitted back to users’ de-
vices, such as headsets. Throughout these processes, strict
compliance is maintained with factors such as the QoS/QoE
requirements of the service (as delineated in Fig. 1) and the
availability of resources.

B. Semantic Mastery in Orchestration

In the context of SemCom for future extensive-scale ser-
vices, users employ semantic encoders to compress data into
semantic segments (or semantics), transmitting these semantics
instead of raw bulk data to their designated instances. The
instances, in turn, utilize semantic decoders to reconstruct the
intended output. In scenarios such as holographic conferences,
spatial, visual, and auditory semantics—including positioning,
gestures, and ambient sounds—are extracted using semantic
encoders, and semantic decoding captures user interactions



Fig. 3. Forthcoming 6G services facilitated by an integrated cloud-network infrastructure, incorporating technologies such as deterministic networking,
time-sensitive networking, and intelligent medium access control.

with virtual elements, each other, and the environment, comnd knowledge arrangemenKnowledge re nement pertains
tributing to a realistic rendering and presentation of th® the optimal allocation of scarce computing and network
holographic presence. The adoption of semantics not omBsources to continuously evolve KBs, and knowledge arrange-
reduces resource consumption and enhances efciency bugnt involves the efcient distribution of updated KBs to
also optimizes resource orchestration. By understanding theers, instances, and entities responsible for resource allo-
semantics of user requests, prioritization can be applied giviogtion, such as network edge devices and/or the system or-
top priority to critical semantics to ensure seamless servickestrator. In dynamic environments, constantly re ning KBs
responsiveness, and similar requests can be directed to sharkite arranging every piece of updated knowledge can lead
computing nodes and network paths. While the vision o6 impractical resource depletion. Thus, achieving a balanced
SemCom has long existed, the recent emergence of ML-aidiggproach is essential for optimal semantic-aware provisioning
semantic understanding is recognized as a promising enalsled orchestration.
of 6G [12]. This involves the utilization of semantic-speci c
Deep Neural Networks (DNNSs) for transcoding semantics

D. The Era of Intelligent Integration

C. Semantic Costs in Play Addressing knowledge re nement involves utilizing the
In achieving effective semantic-aware provision and orchesencept oflifelong learning which accommodates a theoreti-
tration, a signi cant challenge arises from the dynamic natuglly unlimited number and variety of tasks, segregating train-
inherent in future systems. To comprehend this dynamising procedures for different contexts by assigning each one to a
consider the holographic meeting scenario, wherein the evefsk. This results in the long-term applicability and coherence
changing nature of interactions is in uenced by a multitudef trained tasks for recurring scenarios, diminishing the need
of sources. For instance, users may uidly transition betwedor frequent retraining, as well as the effectiveness of training
various roles, each accompanied by distinct QoS requitigem scratch for new situations. The approach mitigates the
ments, or they may modify their receivers, evolving thegnvironmental impact and computational overhead associated
QoE standards for immersive experiences across each receiwith traditional ML techniques. In the realm of SemCom,
Additionally, physical mobility at varying speeds introduceshis proves advantageous for adeptly managing emerging sit-
changes in users' connection points to the system. Consideringtions. For instance, in the holographic meeting scenario,
the temporal uctuations in 6G resources, distributed acrofifelong learning can be applied to 1) dedicate an individual
diverse domains and operating under different supervisiongsk to maintain each existing KB updated with changes in data
two primary challenges are anticipatddaiowledge re nement streams (such as emerging words and meanings in supported
1in ML-aided SemCom, background knowledge corresponds to the D jgnguages) and 2) initiate new tasks in response to the demand

weights of a trained ML agent. In non-ML solutions, it may take the form ’c\)%r_new KBs (such _as the 'nt_rOdUCtlon of heW data streams
a knowledge graph or a set of rules extracting information bit values.  facilitated by emerging user-side technologies).



