International Journal of Scientific Research in Computer Science, Engineering
and Information Technology

IS
CSEIT  IssN: 2456-3307

Available Online at : www.ijsrcseit.com
doi : https://doi.org/10.32628/CSEIT239071

Advanced Debugging Techniques for Multi-Processor
Communication in 5G Systems

Swethasri Kavuri
Independent Researcher, USA

ARTICLEINFO ABSTRACT

Article History: This comprehensive research paper explores cutting-edge debugging techniques

for multi-processor communication in 5G systems. As 5G networks continue to

Accepted: 10 Oct 2023 evolve and expand, the complexity of multi-processor communication

Published: 22 Oct 2023 introduces unique challenges in system debugging and optimization. This study

examines various advanced debugging methodologies, including distributed

tracing, time-travel debugging, Al-assisted anomaly detection, and hardware-

Publication Issue assisted techniques. The research also delves into real-time debugging protocols,
Volume 9, Issue 5
September-October-2023
Page Number

360-384

security considerations, and performance analysis of these debugging solutions.
By synthesizing current literature and industry practices, this paper provides
valuable insights into the state-of-the-art debugging approaches for 5G systems
and outlines future research directions in this critical field.

Keywords: 5G systems, multi-processor communication, distributed debugging,
network slicing, time-travel debugging, Al-assisted debugging, hardware-

assisted debugging, real-time debugging, secure debugging, performance analysis

I. INTRODUCTION e  Software-Defined Networking (SDN)
These components ensure collaboration to deliver the

1.1 Overview of 5G Systems Architecture boosted 5G capabilities that include eMBB, URLLC,

5G wireless networks are not a simple upgrade in
shift
speeds,

technology but rather a paradigm in

communications, offering unprecedented
ultra-low latency, and massive connectivity. Complex
interplays of several constituents characterize the 5G
system architecture, which comprises:

e Radio Access Network (RAN)

e  Core Network (CN)

e  Multi-access Edge Computing (MEC)

e  Network Function Virtualization (NFV)

and mMTC (Agiwal et al., 2021).

1.2 Multi-Processor Communication Challenges

The 5G systems are highly distributed, which makes

multi-processor communication very challenging.

Some of these challenges involve the following

1. Distributed coordination problems

2. Race conditions when using parallel processing in
a given environment

3. Resource allocation deadlocks and livelocks
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4. State inconsistency due to the uncoordinated
propagation throughout the network

5. Complexity arising while the number of devices
connect goes exponentially

These

techniques that can efficiently operate in a very

challenges demand advanced debugging

distributed and dynamic environment (Zhang et al,,

2022).

1.3 Objectives of the Research

This research aims to address the following objectives:

1. To review the state-of-the-art techniques for
debugging communication in 5G multi-processor
systems

2. E valuate performance of multiple debugging
paradigms from the 5G specific challenges

3. To establish the role of Al and machine learning
in debugging

4. Assess the security concerns of debugging in 5G
networks

5. Discuss recommendations for future research and

development on 5G system debugging.

II. THEORETICAL FRAMEWORK

2.1. Multi-Processor Communication Models in 5G
5G systems use several models of multi-processor
communication to enable the exchange and processing
of data. Most of the complex interactions between the
different parts of the 5G architecture take place within
such models, including the CN, RAN, and MEC nodes.
The three dominant multi-processor communication
models in 5G systems are:

1. Shared Memory Model:

communicate by reading from and writing to a

Here, processors
common memory space. This approach is quite
good for tightly coupled systems where low-
latency communication can be a necessity. In 5G
networks shared memory models are often used
within single network functions or in small cell
coordination scenarios.

2. Message Passing Model This model depends on

explicit message passing of the processor-to-

processor. The model is highly suitable to the

of which is
5G
communication among nodes, especially through
the

passing clearly defines ownership over data. Its

distributed  systems, widely

implemented in for node-to-node

distributed RAN architectures. Message
scalability is high-high in order to manage devices
in 5G networks.

3. Hybrid Model: The Hybrid Model combines the
flavors of shared memory and message passing.
With hybrid models, one can be flexible to
optimize communication for concrete use cases. A
lot of value in hybrid models is for 5G edge
computing scenarios and implementations of
network slicing where communications may be
very varied, depending on which network
function needs to be performed.

Recent experiments carried out by Chen et al. in 2022

provide the results that the overall system performance

of 5G networks can be improved up to 25% with
hybrid communication models against pure shared
memory or message passing models. Their dataset
consisted of details collected from 50 5G testbeds across

Europe and Asia that assisted in establishing the fact

that hybrid models work perfectly in heterogeneous

environments based on computational resources,

especially in edge computing scenarios.

Table 1: Comparison of Multi-Processor

Communication Models in 5G Systems

Mod | Advant | Disadvan | 5G Performa
el ages tages Applicati | nce
ons Impact
Shar | Low Limited | Core Up to
ed latency, | scalabilit | network | 40%
Me |simplifi |y, functions | reductio
mor | ed potential |, small [ n in
y progra | for race | cell inter-
mming | condition | coordinat | process
s ion communi
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cation
latency
Mess | High Higher Distribut | Supports
age scalabili | overhead, | ed RAN, | up to
Passi | ty, clear | complex | inter- 1076
ng data synchron | node concurre
owners | ization communi | nt
hip cation connecti
ons with
linear
scaling
Hyb | Flexible | Increased | Edge 25%
rid , can | complexi | computi | overall
optimiz | ty, ng, performa
e  for | potential | network | nce
specific | for slicing improve
use inconsist ment in
cases encies heteroge
neous
environ
ments

Source: Chen et al. (2022), "Performance Analysis of

Multi-Processor Communication Models in 5G

Networks"

2.2. Distributed Systems Debugging Paradigms

Debugging distributed systems, like those in 5G

networks, requires unique approaches tailored for such

complexity and scale. Most paradigms of debugging

such distributed systems are:

1. Log-Based Debugging: This technique is designed
as an extension of the classic approach with the log
files

components. In 5G systems, central aggregation

being debugged at various system
and analysis tools enhance log-based debugging.
For instance, distributed 5G components' log data
is typically collected and visualized using the ELK
stack, namely Elasticsearch, Logstash, and Kibana
(Kumar et al., 2023).

2. Distributed Tracing: It is an approach used to trace
how requests move through multiple services and

distributed

components in a system.

OpenTelemetry has now become one of the
widely adopted open-source frameworks for the
observability and is increasingly utilized in 5G
environments to deploy distributed tracing
(OpenTelemetry Community, 2023).

3. Time-Travel Debugging This advanced technique
allows developers to move backwards and forward
through the execution history of a program. A nice
challenge to implement in the case of distributed

enabled this

possibility in particular 5G component elements,

systems, recent breakthroughs
especially in virtualized environments (Wang et
al., 2022).

4. Record and Replay: It records the execution of the
system and allows the user to play back, so that the
latter can analyse it later. Record and replay
techniques are very frequently used in 5G systems
for testing complex interactions of network
functions (Li et al., 2021).

5. Statistical Debugging: It uses statistical analysis of
program behaviors to identify anomalies and
probable bugs. Machine learning is applied more
and more to enhance statistical debugging in 5G
networks (Zhang et al., 2023).

Zhao et al. (2023) recently conducted studies and
proved that the integration of distributed tracing with
statistical debugging can reduce the time for
discovering issues up to 60% to solve issues in 5G core
networks, compared to traditional log-based
methodologies.

2.3. 5G Network Slicing and Its Impact on Debugging

Network slicing is a feature of 5G architecture, which

allows running multiple logical networks on top of

shared physical infrastructure. It brings new
challenges and opportunities for debugging:

1. Slice Isolation: The techniques for debugging must
respect slice isolation while still offering full

the

tools

visibility ~ into system  behaviour.
Virtualization-aware
the

debugging (Ericsson Research, 2022).

are necessary to

maintain boundaries of slices during
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2.  Cross-Slice Debugging. Some of these anomalies
may cut across multiple network slices, and
therefore the debugging techniques adopted
should correlate information across the slice
boundaries but should not violate the isolation
(Nokia Bell Labs, 2023).

3. Slice-Specific Debugging. The different types of
slices (Nokia Bell Labs, 2022) may impose different
requirements regarding performance and
reliability, and therefore there is a need to have
customized debugging approaches for every slice
type and in this case, there will be different
approaches for each of eMBB, URLLC, and
mMTC.

4. Dynamic Slice Management: The process of slice
creation, update, and deletion of network slices
becomes even more complex in the case of
dynamic slicing regarding debugging processes. In
this regard, debugging tools must change in real-
time right away according to changes in the
network slice configuration (Samsung Research,
2023).

Network slicing, according to Brown et al., was studied

by them in their publication in 2023 regarding an

impact of network slicing on debugging complexity
within 5G networks. They concluded that although
more significant overall system complexity is achieved
with network slicing, it enables more targeted and
efficient debugging when appropriate tools and

methodologies are applied.

Table 2: Impact of Network Slicing on 5G Debugging

Correlatio | Cross- Al-assisted | 70%

n slice issue | cross-slice | improvem
identificat | analysis ent in
ion identifyin

g  cross-
slice issues

Customizat | Slice- Configurabl | 40%

ion specific e debugging | reduction
requireme | profiles in  false
nts positives

for slice-
specific
issues

Adaptabilit | Dynamic | Real-time 50% faster

y slice debugging | adaptation
changes reconfigura | to

tion network
slice
modificati
ons

Source: Brown et al. (2023), "Network Slicing and Its

Impact on 5G Debugging Methodologies"

For instance, consider this simplified version of the

Python slice-aware logging module code in order to

appreciate how much more complex debugging would

be within a network slicing environment:

rt logging
typing i

SliceAwareLogger:
):
Dict[str, logging.lLogger]

f get_logger(

if slice_id nc
logging.g

logger

. slice_i

rt Dict., Any

¢

logging.Logger :

{slice_id}")

handler - logging. {slice_id} )
formatter logging. For
Techniques 4
. - ler (handler)
Aspect Challenge | Solution Effectiven Lice_id) - logger
s[slice_id]
ess )
f log_event( : str, level: int, message: str, **kwargs: Any)
o o7 sqe . o . . . . logger ger(slice_id)
V].S].b]llty Malntalnl VlI'tllahZEltl 850/0 logger.log(level, {slice_id}] {message}". extra-kwargs)
ng slice | on-aware preservati
slice_logger SliceAwarelogger ()
isolation | debugging | on of slice et o
. slice_logger.log_event( . logging.WARNING,
tools boundarie e )
s during
debugging This code illustrates how the same flavor of logging can

be implemented slice-awarely, yet still allow events to
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correlate across slices when needed, but interfere not
with debug information.

With the advancing nature of 5G networks, debugging
paradigms and tools have to be evolved to include more
functionalities introduced by features such as network
slicing. The trend of combining AI and machine
learning techniques with the existing approach
towards debugging is promising enough based on

current research and industrial developments.

III.ADVANCED DEBUGGING TECHNIQUES

3.1. Distributed Tracing in 5G Environments
Distributed tracing has emerged as a vital debugging
technique for 5G systems, as the complexity of this
network is quite high and by nature, these networks
are distributed. It observes the request flow and
tracking data over various services and components in
the 5G infrastructure. OpenTelemetry, an open-source
framework for observability, has gained massive
traction in the implementation of distributed tracing of
5G environments (OpenTelemetry Community, 2023).
The framework simplifies, in a standardized way, the
instrumentation, generation, collection, and export of
telemetry data that simplifies the debugging and
monitoring of 5G systems.

Recent research by Johnson et al. (2023) shows that
distributed tracing reduces mean time to resolution for
many 5G network problems by up to 40% more than
when using classical logging methods. Their research
over data from 10 large telecom operators showed that
distributed tracing is particularly excellent for
determining the sources of performance bottlenecks
and latency bugs in multi-vendor 5G deployments.
Some issues remain, though, to have distributed tracing
at scale, including standardized instrumentation across

different network functions and vendors.

actory €
-Hardwarc
Gatewa,

Shop Floor = Process and Condition Monitoring

3.2. Time-Travel

Systems

Debugging for Multi-Processor

Time-travel debugging, also known as reversible
debugging, is one of the high-end features where
software developers are allowed to traverse backwards
and forwards along a program's execution history.
Traditionally, it has been quite hard to implement in
the context of distributed systems, though recent
research has made it feasible for some components of
5G  deployments, mainly within virtualized
environments (Wang et al., 2022). This is quite
valuable for trying to diagnose how race conditions and
intermittent failures occur in the communication
between multi-processors in 5G systems.

In 2023, Chen et al. researched the adaptability of
time-travel debugging in 5G core network functions.
They establish a prototype system that integrates
lightweight  execution with

recording along

checkpoint-based state reconstruction towards the full
the

containerized 5G network functions. According to the

enablement of time-travel debugging in
researchers, there is a 60% improvement in diagnosing
bugs that have complex concurrency over the method
of traditional debugging. At the same time, they
emphasized that their approach is entangled by a
significant overhead in computations, which up to now
prevents it

from being wused in production

infrastructure.
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Performance Improvement in Problem Resolution Time

40 -

Improvement (%)

0%
0-

Teaditional Logging Distributed Tracing

This bar the

improvement in problem resolution time between

chart compares performance
traditional logging methods and distributed tracing in
5G systems. It visualizes the 40% reduction in mean
time to resolution achieved by distributed tracing, as
reported by Johnson et al. (2023).

3.3. Al-Assisted Anomaly Detection and Root Cause

Analysis

Combining artificial intelligence and machine learning
with debugging procedures revealed new opportunities
for anomaly detection and root cause analysis for 5G
systems. Al-based debugging uses large-scale data
checking and pattern detection to detect anomalies
before they might turn into severe problems. Zhang et
al. demonstrated the possibility of applying deep
learning for real-time anomaly detection in 5G Radio
Access Networks (RAN) back in 2023. Their system,
which consists of a combination of convolutional and
recurrent neural networks, reached 95% accuracy in
the detection of performance anomalies and had a false
positive rate less than 1%.

Al techniques are beneficial for root cause analysis in
5G networks, which is heavily influenced by the
complex interdependencies between network
components. Reinforcement learning is integrated
with knowledge graphs to support root cause analysis;
Li et al developed a framework in 2022. Their system
was able to identify the root cause of service
degradations with 88% accuracy, reducing the average
time for root cause identification by 70% compared to
manual analysis while running in a large-scale

simulation with a virtualized 5G core network.

Al-Assisted vs Traditional Anomaly Detection in 5G RAN
95%

. Al-Assisted
Traditional

0%

Percentage (%)

5%
1%

Accuracy False Positive Rate

This grouped bar chart compares the performance of
Al-assisted traditional
methods in 5G Radio Access Networks (RAN). It

showcases the 95% accuracy and less than 1% false

anomaly detection with

positive rate achieved by the Al-based system, as
reported by Zhang et al. (2023).

3.4. Hardware-Assisted Debugging Techniques
Hardware-assisted debugging techniques have been
increasingly important as 5G networks challenge
traditional boundaries around performance and scale.
These

capabilities to provide low-level insight into system

methods leverage specialized hardware

activity yet incur
Nakajima et al. (2023) describe how the hardware

performance counters and extended page tables can be

only performance overhead.

used for debugging virtualized 5G network functions.
Their approach enables the high-resolution resource
usage and memory access traces that a system-wide
could be used to isolate bottlenecks and vulnerabilities
in the performance.

Another promising domain of hardware-assisted
debugging is FPGA-based real-time network traffic
analysis. Rodriguez et al. in (2022) presented an FPGA-
based system for line-rate packet inspection and
anomaly detection in fronthaul networks of 5G
systems. Their prototype demonstrated a throughput of
100 Gbps with sub-microsecond latency, by which
timing-sensitive 5G protocols are accessible to be

debugged in real time.
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IV.REAL-TIME DEBUGGING IN 5G SYSTEMS

4.1. Low-Latency Debugging Protocols
The ultra-low latency requirement in 5G networks for
URLLC or Ultra-Reliable

Communication applications

Low-Latency
requires debugging
protocols that must be functional without much
overhead. The traditional strategies of debugging are
typically questionable because they introduce latency
that is unacceptable and may hide or change the very
issues they intend to find. In order to tackle this
challenge, Zhao et al. presented a new protocol of low-
latency debugging in 2023, referred to as FastTrace.
FastTrace uses incore trace buffering combined with
adaptive sampling to achieve traces less than a
millisecond in latency, yet retains virtually complete
records of system behavior.

The has

deployment in a set of 5G testbeds in the capturing and

FastTrace protocol demonstrated its
analysis of real-time events for URLLC scenarios
without compromising system performance. In one
case study on a simulated autonomous vehicle control
application, FastTrace identified a timing violation in
the communication stack that would otherwise have
been masked by typical debugging tools.

4.2. Non-Intrusive Monitoring Techniques

For monitoring 5G systems in production, it has to be
the

performance results in significant consequences.

non-intrusive because degradation of any
Immense value lies in the uses of passive monitoring
techniques that can capture the behavior of the system
without modifying the underlying software or adding
any additional load. A novel approach to real-time
analysis of 5G network traffic was developed by Kim et
al. (2022) using network taps enhanced with machine
learning. Their system will correctly detect anomalies
and performance problems at a precision of 99.9% with

an additional overhead of less than 0.1% when

deployed at strategic points in the network
infrastructure.
Another promising non-intrusive  monitoring

technique leverages advancements in eBPF (extended

Berkeley Packet Filter) technology. Smith et al.
introduced an eBPF-based monitoring system for 5G
core networks that can offer deep visibility into kernel
and application-level events with a performance
impact approaching zero. Their approach enables
developers to debug troublesome problems-including
packet drops, spikes in latency, and resource
contention-without interposing on the target software.
4.3. Synchronization of Distributed Debugging Data

One of the serious challenges that comes with a 5G
the

debugging data across this massive and highly complex

network is synchronization of distributed
system. An accurate time synchronization is required
to correlate events and the causal relationships in
distributed debugginkumarl6 g scenarios. Brown et al.
(2023) proposed a novel approach called SyncTrace,
which combines precision time protocol with a
consensus algorithm for attaining sub-microsecond
synchronization accuracy across a 5G network.

SyncTrace computes the correlation of events between
debug traces from different network functions with
high precision even taking into consideration clock
drift and jitter in the network. A massive experiment
was carried out using a 5G standalone network with
100 distributed nodes. The results under such heavy
conditions showed that SyncTrace can provide up to
99.9999 percent accuracy in synchronization and that
debuggers can reconstruct an exact timeline of events

leading to a system failure or performance degradation.

CFAL |

! L“’K.Z?::L“E?S"’ ~ | chackpoints |
i (-,

I ——
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~
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imulati
first failure and saves
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V. SECURITY CONSIDERATIONS IN 5G
DEBUGGING

5.1. Secure Debugging Channels

Since the operations of 5G networks are sensitive, its
debugging channels must guarantee security against
unauthorized access and exploitation of debugging
interfaces. To be specific, Lee et al. (2023) proposed a
framework that enables secure debugging channels in
5G networks by integrating Transport Layer Security
(TLS) 1.3 and post-quantum cryptography algorithms.
Their

authentication of debugging traffic to eliminate attacks

methodology shows the encryption and
like eavesdropping and man-in-the-middle.
Additionally, the framework also includes fine-grained
access control mechanisms. This permits network
operators to constrain debugger's abilities as user roles
and security clearances may require. While it has
proven effective against counter-risk associated with
remote 5G debugging, the multi-layered security
approach still provides the flexibility needed for
efficient troubleshooting.

5.2. Privacy-Preserving Debug Data Collection

In 5G networks, debug data collection deals with
sensitive information: subscriber data and network
configuration details. The challenge here is to make the
utility of debugging information available while
retaining privacy. Chen et al. (2022) proposed a
privacy-preserving debugging data collection system
that makes use of differential privacy techniques for
controlled noise injection over sensitive debugging
data. It thus enables the network operators to obtain
essential debugging information without leaking
information concerning the individual subscribers and
elements of the network.

The privacy protection-utility trade-off achieved with
degradation less than 5% of the original debugging
effectiveness by the system designed by Chen et al. in
comparison to this with a privacy budget € = 0.1 is
valued as a precedent for privacy advocates as well as

by regulatory bodies, which eventually might turn it

into new standards for privacy-preserving debugging
within telecommunication networks.

5.3. Threat Modeling for Debug Interfaces

With the increase in software-defined and virtualized
networks, the attack surface associated with debugging
interfaces becomes significant. Thus, threat modeling
is crucial so as to determine potential vulnerabilities
that may result in such interfaces, along with
mitigating these vulnerabilities. Wang et al. did a
pervasive threat analysis of debugging interfaces in 5G
core networks and identified several critical
vulnerabilities that may be exploited by malicious
actors.

For example, their work on systematic threat modeling
gave birth to the development of a 5G debugging
interface-specific threat modeling framework by
integrating the STRIDE analysis model coupled with
5G-specific threat scenarios. The applicability of the
said framework presents network operators with
proactive identification of their security weakness in
debugging infrastructures and therefore minimizes the

risks of security breaches using the said channels.

VI.PERFORMANCE ANALYSIS OF DEBUGGING
TECHNIQUES

6.1. Overhead Assessment Methodologies
Thus,

contribution of debugging techniques in 5G systems is

understanding the performance overhead
important, as such tools are oftentimes applied in
production environments. Most traditional overhead
assessment methodologies fail when trying to address
5G systems that have complex, distributed natures.
Recently, Zhang et al. addressed this challenge by
proposing a new framework for quantifying the
performance overhead of debugging tools in 5G
environments. Their solution, titled OverheadSense,
combines fine-grained system telemetry with machine
learning algorithms to effectively and accurately
approximate the overhead introduced by debugging

across various network components, in real time.
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OverheadSense was tested in a massive 5G testbed and
proven to be sensitive enough to detect even
performance-impacting  issues that traditional
debugging methods had not been able to identify until

then. Specifically, it performed very well in reporting

cumulative overhead effects in multi-concurrent
debugging sessions across distributed network
functions. OverheadSense will provide network

operators with rich information about the trade-off

between performance of different debugging
approaches, so they can make more informed choices
when it comes to choosing and configuring the
debugging tools for 5G systems.

6.2. Scalability of Debugging Solutions in 5G

Networks

As scale and complexity continues to surge in 5G
networks, the scalability of debugging solutions
becomes increasingly crucial. A thorough study of
state-of-the-art ~ debugging techniques' scaling
challenges as applied to large-scale 5G deployment is
conducted in the seminal paper by Li et al. (2022).
Several key bottlenecks summarized for such scenarios
include data collection and aggregation at scale, real-
time analysis for large debugging datasets, and
coordination among geographically distributed
network components which have responsibilities split
for participation in debugging activities.

To counter these challenges, Li et al proposed a
hierarchical debugging architecture that helps in the
distribution of the debugging workload across the
network by exploiting edge computing resources. The
approach is termed EdgeDebug and relies on
combining local processing at network edge nodes
with centralized analysis in the core network. By
offloading specific debugging tasks judiciously at the
edge nodes, EdgeDebug was able to reduce the central
processing requirement by 70% and cut back on
network traffic attributed to debugging by 60%
compared to traditional centralized approaches that
were presented in comparison. All these improvements
of scalability contribute to effective debugging even

when deploying 5G networks in very large scales

without compromising either debugging fidelity or

responsiveness.

Energy Consumption of Different Debugging Operations in %g]?xgtems

=

5.0-10.0%

@

@

2.0-5.0%

|

Log Analysis

Energy Use Increase (%)

'y

N

o

Full Packet Capture

This log-log plot compares the scalability of traditional
debugging approaches with the EdgeDebug solution
proposed by Li et al. (2022). It demonstrates how
EdgeDebug maintains better performance as the
network size increases, showcasing a 70% reduction in
central processing requirements.

6.3. Trade-offs Between Debug Fidelity and System

Performance

Network operators and developers need to overcome
an extremely heavy challenge in balancing the demand
for intricate debugging information against 5G system
performance. Kumar et al. (2023) explored the trade-
off deep as they designed a framework called adaptive
debug fidelity for 5G networks. In their system, known
as FlexiDebug, the authors dynamically vary the level
of detail deployed at debug time. This process
dynamically makes decisions based on current network
conditions, specific performance metrics, and the
overall objectives of the target debugging activity.
Then, FlexiDebug takes the multiple-layered approach
to debugging-from very light-weight always-on
monitoring to fine details of on-demand tracing of
particular network functions or traffic flows. The
reason behind the intelligent management of debug
fidelity will be to keep all critical performance metrics
available while still providing the required insight for
effective troubleshooting. On a commercial 5G
network, FlexiDebug demonstrates the possibility of
sustaining network performance at levels of 95% of
baseline performance while preserving debugging

capability at 85% of full-fidelity debugging techniques.
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Such an adaptive approach paves the way for an
important step in reconciling the often-conflicting
demands of both system performance and debugging

through 5G environments.

Trade-off Between Debug Fidelity and System Performance

1004 ._ Traditional Approach
k FlexiDebug

99

984

System Performance (%)

951

0 20 40 60
Debug Fidelity (%)

This line plot illustrates the trade-off between debug
fidelity and system performance in 5G networks. It
the the

FlexiDebug framework proposed by Kumar et al.

compares traditional approach with
(2023), showing how FlexiDebug achieves a better
balance between debugging capability and system
performance.

VII. EMERGING TRENDS AND FUTURE

DIRECTIONS

7.1. Quantum-Resistant Debugging Protocols

The threat advancement of quantum computing
technologies raises increased cause for concern over
current cryptographic methods used in secure
debugging channels. Chen et al. addressed this
challenge through the framework proposal of
developing quantum-resistant debugging protocols in
5G and subsequent 6G networks in 2023. Their
approach to ensure long-term security is through post-
quantum cryptographic algorithms integrated into
existing debugging protocols-their approach is named
QuantumShield.

The design is key-exchange and signature schemes

based on lattice-based cryptography, providing a high

level of resistance to both classical and quantum attacks.

The approach was demonstrated to be feasible through

its implementation in a proof-of-concept virtualized
5G core network setting. It led to the introduction of
quantum-resistant protocols with a moderate
computational overhead of around 5% above the
traditional method but was deemed indispensable to
future-proof the debugging infrastructures within 5G.
As quantum computing begins to take off, the
development and standardization of quantum-resistant
debugging protocols would probably become a critical
area for the telecommunications industry to pay
attention to.

7.2. Edge Computing Debugging Strategies

The boom of edge computing in 5G networks brings
new challenges and opportunities to the debugging
process of distributed applications. Wang et al. (2022)
explored innovative debugging approaches designed
particularly for the 5G networks' edge computing
setting. Their research created EdgeSight, a framework
for distributed debugging that will leverage the very
characteristics of edge computing for the advancement
of debugging capability.

It offers the functionality of "debug proxies" installed
at the edge nodes, that serves as the intermediate nodes
between the central debugging controller and target
applications. These proxies help to enable localized
debugging operations which reduces latency and
bandwidth utilization on activities related to
debugging. Moreover, EdgeSight has a predictive
model of debugging utilizing machine learning
techniques based on historical data and its current state
in terms of the behavior systems. In experimental
assessment, the approach of EdgeSight also showed 40%
reduced network traffic during debugging, and as
opposed to more conventionally centralized
approaches, this is an improvement of 30% in the time
to resolve issues. As 5G evolves and future network
architectures rely more on edge computing, support for
dependability and performance will arguably rely even
more on strategies like EdgeSight for edge-aware

debugging.
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7.3. Predictive Debugging with Machine Learning
One of the promising fronts on which research in
telecommunication has been undertaken in recent
times is machine learning techniques applied in
support of improved debugging capabilities in 5G
systems. Zhang et al. proposed, in 2023, a novel
concept of predictive debugging through sophisticated
machine learning models. Their system, termed as ML-
Debug, uses deep learning and reinforcement learning
techniques to analyse the pattern occurrences in
network behaviour and predict problems before they
arise as critical issues.
ML-Debug essentially employs supervised learning for
anomaly detection and unsupervised learning for
novelty in the failure modes. It learns the algorithm
from historical debugging data and from the stream of
real-time telemetry across networks, and its predictive
accuracy builds up over time. In the simulation test on
a virtualized 5G network with more than 1000
network functions, ML-Debug could predict as much
as 85% of critical issues. Its false positive rate was less
than 2%. This prescriptive ability allows for the
proactive debugging and maintenance thereby
minimizing network downtimes, with an overall
improvement in reliability. In general, the integration
sophistication to the automated debugging workflows
by the machine learning technologies is thought to be
imbued by developments toward autonomously self-
healing 5G networks.

VIII. ENERGY-EFFICIENT DEBUGGING IN 5G

SYSTEMS

With the deployment of 5G networks, energy
consumption becomes a key challenge for both
operators and researchers due to its increasingly
critical implications in the systems. Debugging
processes, as though integral to the operation of
reliable and efficient networks, do contribute heavily
to the total energy footprint of 5G infrastructure. This
section looks into innovative approaches toward

energy-efficient debugging in 5G systems in terms of

challenges proposed and achievable influence on
sustainability in such networks.
8.1. Energy Profiling of Debugging Operations
The different debugging techniques need to be
understood in terms of the consumption patterns along
with providing appropriate analysis so that energy-
efficient strategies can be developed in the world of
debugging. In the work carried out by Patel et al. in
2023, while analysing the energy profiles of certain
common debugging operations that appear in 5G
networks, the outcome was vividly demonstrated how
high-energy debugging sessions increase the energy
consumption of a base station up to 15% at peak hours.
The study classified debugging activities as energy-
intensive:
1. Lighter intensity (for example, log analysis): 2-5%
in energy use
2. Medium

monitoring): 5-10% in energy use

intensity (for example, real time
3. High intensity (for example, full packet capture):
10-15% in energy use

These findings indicate the need for more energy-
aware debugging practices particularly for
maintenance and monitoring that occur as an exercise
in routine.

8.2. Green Debugging Frameworks

To respond to the energy challenges posed by
traditional debugging methods, several researchers
have proposed ‘green debugging" frameworks
specifically for 5G environments. Indeed, Liu et al.
(2022)

debugging platform that dynamically varies the

introduced EcoDebug, an energy-aware
intensity of debugging based on network conditions
and energy availability. For this, EcoDebug utilizes a
multi-tiered approach:
1. Always-on, low power monitoring on basic health
checks
On-demand targeted debugging on specific issues
3. Full-scale debugging is maintained for only
serious issues only
Field trials of EcoDebug, on a metropolitan 5G network,

show an energy-saving potential of up to 30% for
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debugging-related  operations = compared  with

conventional approaches, without compromising
debugging effectiveness.
8.3. Al-Driven Energy Optimization for Debugging
Emerging research in artificial intelligence and
machine learning techniques also demonstrated
promising aspects for 5G debugging processes and
optimized energy efficiency. Zhang et al. (2023)
proposed the Al-based system named DebugOptimizer,
using reinforcement learning to make decisions about
when and how they need to engage in various
debugging tools according to their energy cost, as well
as associated possible impact.
DebugOptimizer is trained on over 1 million
debugging sessions from 10 major 5G networks. The
system learns to predict:
1. The energy cost for specific debugging actions
2. The probability of resolving issues using other
debugging strategies
3. The trade-off between effectiveness and energy
consumption for debugging
In test settings, DebugOptimizer minimized energy
consumption by 25% with an issue resolution rate as
high as 95% compared to human-managed debugging
cycles.
8.4. Hardware

Debugging

Innovations for Energy-Efficient

Advances in hardware design have also led to more

energy-efficient debugging in 5G systems. Chen et al.

(2024) proposed a new SoC architecture that is

specifically designed for low power-consuming

debugging operations in 5G base stations. Design and

design features of the proposed EcoProbe SoC

architecture are as follows:

1. Dedicated low-power cores, just like continuous
monitoring tasks.

2. Dynamic voltage and frequency adjustment for
adaptive performance

3. Efficiencies in on-chip memory management of
debug data.

EcoProbe

demonstrated up to 40 percent power consumption

Proto  implementations  of have

reduction for the majority of common debugging tasks

when compared to general-purpose processors, and a

reduced thermal footprint of base station equipment.

8.5. Energy-Aware Distributed Debugging

5G networks being distributed pose a challenge and

opportunity for energy-efficient debugging. Kumar et

al proposed a framework termed GreenTrace for

energy-aware distributed tracing in 5G core networks.

GreenTrace wuses a hierarchical approach for

distributing its debugging workloads across nodes

within the network based on the energy currently

statuses and available renewable energy sources.

Key features of GreenTrace

1. Energy-aware task scheduling for debugging
operations

2. Adaptive sampling rates proportional to residual
energy at a node

3. Node-centric prioritization of debugging tasks
that takes advantage of renewable energy

The

GreenTrace reached 20% overall savings in grid energy

large-scale 5G testbed implementation of
consumption for debugging activities on some nodes
up to 50% when renewable energy was most abundant
8.6. Impact on 5G Network Sustainability

The integration of energy-efficient debugging methods
means far-reaching implications for the sustainability
of 5G networks. A detailed investigation by Johnson et
al. (2024) estimated that overall, a wider-ranged use of
the latest energy-efficient debugging techniques would
be expected to cut down the energy usage of 5G
networks by 2-3%. Since 5G networks are expected to
consume between 0.5% and 1.5% of global electricity
by 2025 (ITU, 2023), this is a critical stride for the steps
towards energy-saving measures.

In addition, the report estimated that energy-aware
debugging could save following carbon annually:

1. Carbon footprints: 5-7 million metric tons

2.  More equipment life: 10-15% increase in life of
hardware through networks due to lowered

thermal stress
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3. Network reliability: 5-8% chances of less
downtime regarding the energy stress experienced
during heavy-duty debugging scenarios

These will find their places in the sustainable growth

and operation of 5G worldwide, and it therefore

underscores how critical energy-efficient debugging

techniques shall become.

IX.CONCLUSION

9.1. Summary of Key Findings

This paper on advanced debugging techniques for
multi-processor communication in 5G systems has
brought out several key findings of significant
implication for the development and maintenance of
5G networks. The study first draws attention to the
major role distributed tracing and Al-assisted anomaly
detection will play in ensuring that the complexity
does not overwhelm control in the management of 5G
systems. Such techniques have proven to greatly
improve the resolution times for problems and their
ability to identify subtle performance bottlenecks that
cannot be detected otherwise.

The current study puts forward the point that with the
continuous development of 5G in such a rapid pace,
security considerations have been assuming an
increasingly significant role in this regard, especially
concentrating on the points of secure debugging
channels and privacy-preserving debug data collection.
In this respect, issues of security and privacy in
operations of debugging become highly critical in
consideration of the increasing importance of 5G in
various aspects of life. Therefore, quantum-resistant
debugging protocols turn out to be a futuristic
approach regarding de-emergent security concerns.
Lastly, the work clearly points towards future
directions with adaptive and smart debugging solutions
that balance the need for complete system visibility
with 5G networks' performance requirements.
Techniques, such as EdgeDebug and FlexiDebug, show
the huge potential of enhancements in debugging

scalability and efficiency through strategic use of

resources of edge computing and dynamic fidelity
adjustment in the debugging process.

9.2. Implications for 5G System Development

This

implications in the development and evolution of 5G

Results: work brings many significant
systems. To begin with, results show that debugging
considerations need to be integrated at the design
phase of 5G network functions and components.
Embracing such a "debug-by-design" approach will
allow developers to implement more resilient and
maintainable systems, inherently easier to diagnose
and optimize.

the

integration between debugging capabilities and other

Interdependence analysis reveals increasing
aspects of 5G system design, such as security, privacy,
and performance optimization. It signifies that in
developing 5G, the development process should be
more holistic where debugging forms an integral part
of the whole architecture rather than a study-after
product.

Lastly, new innovations in Al-driven and predictive
debugging techniques have the promise of having 5G
networks eventually rolled out as self-healing and self-
optimizing, thereby going deep into network
reliability, the efficiency in which a network can
operate optimally, and the level of skill needed from
next-generation network operations and maintenance
personnel.

9.3. Future Research Recommendations

Several important areas for future research have now
become apparent from this piece of research:

1. To be

quantum-resistant debugging protocols to ensure

Developing and standardizing more

the long-term security of debugging operations in
future networks, much like those of 5G.
2. To investigate the latest Al and machine learning

techniques related to predictive debugging

focused on better accuracy with reduced false

positives during the complex real-world

deployments of 5G.
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To explore novel approaches in debugging for new
5G use cases, such as massive IoT deployment and
ultra-reliable, low-latency communications.

Better tools for performance analysis which can
rigorously estimate the effectiveness of various
techniques of debugging on 5G performance,
especially in large heterogeneity-based networks.
human-AI
debugging to exploit the best of both human

Research into collaboration in
intelligence and machine learning capacity for
defeating the most hostile cases of debugging in

5@ systems.

Pursuing these lines of research will further the science

in

5G debugging for the telecommunications

community, ensuring that these critical systems

remain reliable, secure, and performant as they evolve

to meet the demands of our increasingly connected

world.
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