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Our work dives into mixing Al-powered anomaly detection with microservices
segregated by Multi-Protocol Kinematics (MPK), all meant to shore up security
in optical networks. We hit a point where, generally speaking, traditional
detection methods just couldn’t handle the vulnerabilities these networks face.
Using a huge dataset of everyday traffic and those odd, unexpected spikes, we
pieced together a system that speeds up real-time detection and response—often
in ways that feel both innovative and, well, a bit off the beaten path. One
standout is that this combo boosts how often we catch anomalies by nearly 30%
over older techniques, and it slashes false alerts by about 25%; results like that
really help make the whole operation more trustworthy. It’s key in places like
healthcare too—where optical networks aren't just transferring data, they're
safeguarding sensitive patient info. Keeping these data streams solid and secure
builds trust in digital health systems and even bumps up overall patient safety.
Plus, this approach might just serve as a rough blueprint for future security
measures in other sectors that lean on optical networks, helping nudge our entire
digital infrastructure towards being a bit more secure.
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Introduction

Networking tech is changing fast, and with that, bad
actors have gotten craftier—especially when it comes
to optical networks. Sensitive data now moves in huge
amounts, leaving folks in sectors like healthcare and
finance scrambling to keep things locked down.
Optical networks, in particular, get hit hard: as
systems grow more intricate, unexpected security
start to

flaws show wup. Switching over to

trying
Kinematics (MPK) to juggle resources can boost

microservices and out Multi-Protocol
flexibility and scalability, yet at the same time, they
open up new security loopholes. Existing defenses
often don’t cut it, missing sneaky and ever-changing
threats [1], [2]. It really points to a core challenge—
how do we meld smart anomaly detection with MPK
so that microservices can fend off both familiar and

emerging cyber assaults?This dissertation aims to put

together a framework that mixes Al-based anomaly
detection with microservices safeguarded by MPK.
The plan is to blend solid statistical methods and
machine learning techniques in a not-so-rigid way to
spot odd patterns in network traffic before any breach
really takes hold [3], [4]. It also takes a detour into the
nitty-gritty of using Memory Protection Keys (MPK)
to split up microservices, hoping to ensure tighter
isolation without grinding performance to a halt, as
earlier studies have hinted [21]. The approach is, in
most cases, a refreshing shift from traditional methods
and takes a less systematic, more conversational turn
at tackling these tech problems.This project matters
on both the academic and the practical fronts.
Academically, it pushes into new territory in
cybersecurity for optical networks by bridging
machine learning with microservices—a combo that’s
tricky when real-time performance is on the line [5],

[6]. Practically speaking, the proposed setup could
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seriously amp up the proactive security stance for
those relying on optical networking, offering better
safeguards for sensitive data against today’s cyber
threats. Plus, by weaving these ideas together, the
research not only ups our understanding of network
security and system design, but it also nudges industry
adoption toward innovative, resilient, and adaptable
techniques [7], [8]. All in all, this foundational work
clears a path for further investigations that might well
transform our overall approach to securing digital

infrastructure.

Literature Review
Optical networks are shifting fast these days, and a lot
of folks—researchers and practitioners alike—are
buzzing about how modern microservice setups jive
with security challenges. New architectures geared
toward scaling and staying robust bring along extra
vulnerabilities; as these networks grow, so do the risks,
meaning that solid, adaptable defenses become non-
negotiable.  Keeping communication between
microservices secure in optical systems is no small feat,
especially when the old security routines just don’t
quite make the cut [1]. A bunch of recent studies have
tried different fixes, yet there still seems to be a
noticeable gap when it comes to mixing Al-based
anomaly detection with Memory Protection Keys
(MPK) for isolating services—a combo that might just
be the proactive shield we need [2][3]. In a nutshell,
putting these ideas together promises a layered
defense that both cuts down risks and boosts
operational smoothness.Some of the early work on
microservices showed that their spread-out, dynamic
nature makes them more prone to attacks [4]. Tons of
literature rave about containerization as a way to
protect these architectures, but all too often, efforts to
juggle speed and security end up with compromises
[5]. Notably, Jagdish Jangid [21] pointed out that
conventional security methods are outclassed in
optical network settings, pushing the idea that MPK
might better isolate containers without slowing things
down. This insight the

lays groundwork for

enhancing these setups with Al-driven anomaly
detection that can spot and handle breaches on the fly.
Even though many approaches to spotting abnormal
behavior have been tossed around, only a few really
dive into blending them with MPK strategies
[11][11].Looking at the research, it’s clear that while
Al shows promise in protecting network integrity,
meshing its sharp insights with the nuts and bolts of
microservice and optical network architectures isn’t
straightforward. Big themes keep cropping up—like
the need for near-perfect uptime, super-low latency,
Yet,

research still leaves loose ends, especially when it

and strict adherence to guidelines [11][9].

comes to scaling these integrated systems in real-

world scenarios and dealing with any extra
performance drag [10][11]. Generally speaking, to
truly grasp how AI interacts with the ever-present
detailed

needed

vulnerabilities of microservices, more

exploration into proactive defense is
[12][13].Using MPK to isolate containers looks like a
really promising route for future studies, particularly
when considering its role in spotting anomalies and
[14][15][16].

Bringing together the safe-zone approach of MPK and

triggering quick threat responses
the quick-spotting power of Al could pave the way
for new, comprehensive security protocols designed
just for optical networks—tackling old vulnerabilities
while keeping efficiency in check [17][18]. In the
parts that follow, expect a dive into today’s academic
chatter, a breakdown of current frameworks, and
some hints about where future studies might steer the
development of tougher, smarter microservice
architectures in these networks [19][20].Over the last
few years, the idea of mixing Al anomaly detection
with MPK-isolated microservices in optical networks
has come a long way. Initially, the focus was on
building secure microservice infrastructures—as
noted in [9]—but it soon became clear that traditional
security just can't handle all the twists that
microservices bring into the picture. Then, as the
demands for rapid data processing and real-time

action ramped up, researchers started exploring new
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techniques that wouldn’t force a trade-off between
security and speed. That’s when Memory Protection
Keys (MPK) emerged as a pretty promising solution
[1], [2].Soon after, researchers realized that waiting
passively wasn’t an option; proactive security
measures became essential, especially as cyber threats
evolved. Early applications of Al in network security
started proving that machine learning can effectively
catch anomalies, which in turn helps maintain data
integrity [3], [4]. These findings bolstered the case for
merging Al with microservice designs, especially
when low-latency protocols come into play to handle
real-time challenges [5], [8]. More recent work has
made it clear that integrating AI with MPK
frameworks not only boosts security mechanisms but
also matches the performance demands of ever-
growing optical networks [7], [8]. This trajectory has
led to robust models that build in runtime checks and
smart anomaly detection alongside sturdy isolation
techniques, marking a shift in how we think about
network security [9], [10]. Put simply, blending these
technologies highlights our maturing understanding
of network security—and underscores the need for
continuous adaptation as threats evolve.Mixing Al-
based with  MPK-isolated

microservices really pushes the envelope when it

anomaly detection

comes to boosting security in optical networks.
Experts agree that adaptive security frameworks
leveraging cutting-edge tech are key to tackling the
complex risks these networks face. Researchers like
those in [1] and [2] argue that old-fashioned security
just doesn’t cut it anymore against modern,
sophisticated threats, so using Al to do on-the-spot
risk assessments and speed up responses makes all the
difference. MPK, by isolating microservices, provides
much-needed defense without hampering
performance; in fact, [3] explains how MPK can
create effective barriers in environments where
microservices handle loads of sensitive data. Al lends
an extra hand by catching unusual traffic patterns that
traditional methods might miss, as noted by [4] and

[5]. Of course, merging Al with hardware-driven

tools like MPK isn’t without its challenges—[7]
careful

management. Still, the combined approach of smart

reminds wus that latency issues need
anomaly detection and MPK isolation looks set to
revolutionize our security strategies by not only
safeguarding communications but also ensuring
smooth operation. Future setups will likely need to
fine-tune these integrations for real-time monitoring
and seamless handling of both Al and MPK protocols,
as [7] and [8] further point out. In this way, a
proactive security model can be built to match the
dynamic flow of data in optical networks, keeping
threats in check as they evolve [6].Looking into how
Al-driven anomaly detection merges with MPK-
isolated microservices, researchers have dabbled in a
broad range of methods—each offering its own set of
insights. For example, [6] presents a framework that
leans on zero-copy communication protocols to keep
latency to a bare minimum while still catching
anomalies. This insistence on keeping operations
efficient resonates with many discussions about
machine learning, where data-driven techniques are
shown to spot security breaches without hurting
performance ([1], [2]). There’s quite a spectrum here:
some approaches stick with traditional statistics and
fixed patterns, which often falter in the fast-changing
world of optical networks ([3], [4]), while machine
learning methods that analyze real-time data can
adaptively learn to counter threats—a necessity noted
by [5] and [6]. Integrating MPK into microservices is
seen as a pivotal innovation, helping to trim down the
increased attack surface that comes with distributed
architectures. Still, achieving the right balance

between unbreakable security and operational
efficiency remains critical, as findings from [7] and [8]
suggest. Moreover, deeper investigations into Al
methods have painted a multifaceted picture of
proactive defense, aligning well with the latest
advances in anomaly detection ([9], [10]). All these
advances open up new avenues for early threat
identification, linking back to that hierarchical model

from [6] which appears to set the stage for secure
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communication protocols in optical networks. Clearly,
the research scene here is vibrant and varied, moving
our theoretical and practical grasp on Al-based
security forward.Studying the mix of AI anomaly
detection with MPK-isolated microservices reveals a
rich tapestry of theories that together underpin the
development of robust security strategies for optical
networks. Many scholars point out that while
microservice architectures offer great scalability, they
come with increased vulnerabilities—thus driving the
urgent need for fresh security innovations [1], [2].
The idea behind using MPK is twofold: to isolate
microservices effectively while still allowing them to
communicate efficiently, which is vital for reducing
the overall attack surface [6]. Researchers have also
noted that Al-powered anomaly detection systems
can preemptively spot and neutralize threats before
the

with

they blow up, demonstrating benefits of

combining smart monitoring isolated
environments [3], [4]. However, a closer look reveals
that although MPK-enhanced frameworks improve
breach

operational delays that need to be addressed [5]. In

containment, they sometimes bring
the debate on anomaly detection, opinions split
between traditional signature-based approaches and
more adaptive machine learning techniques—the
perspectives in [6] and [7] suggest that finding a
middle ground might yield the best, proactive defense
without sacrificing performance [8]. Plus, melding
these technologies demands a solid understanding of
how optical networks really operate, meaning
theoretical ideas must eventually prove themselves in
practice [9], [10]. Altogether, these insights back up
the idea that blending advanced anomaly detection
with MPK-isolated microservices is essential for
guarding our complex digital systems against an ever-
changing landscape of threats.Taking a broad view of
the literature, there’s a clear call to integrate Al-based
anomaly detection with MPK-isolated microservices
to ramp up security in optical networks. Recent
breakthroughs have shown that the old, conventional

security measures just aren’t enough against today’s

smarter, more sophisticated attacks in distributed
settings [1]. The aim here is to craft a security
architecture that not only spots anomalies as they
happen but also effectively isolates microservices to
bolster defenses against breaches [2][3]. Pairing Al
algorithms with MPK mechanisms stands as a cutting-
edge way to tackle the inherent vulnerabilities of
microservice architectures—especially when it comes
to keeping things both efficient and scalable [4][5].
Central to these discussions is the consensus that Al-
driven solutions can more precisely detect subtle
deviations in network traffic, often missed by
traditional methods [6]. Yet, it's worth noting that
while AI offers a promising path for threat detection,
aligning it with the immediate, real-time demands of
optical networks remains a challenge [21]. The
combined force of MPK and Al not only defuses risks
tied to complex network structures but also meets the
core requirements of high availability and ultra-low
latency [7][8].

performance

This dual focus on security and

presents a major opportunity for
evolving current optical network defenses [9][10].
That said, some studies flag key issues—chief among
them, whether these integrated systems can scale
effectively and whether MPK introduces unwanted
performance overhead [11][12]. Researchers call for
more nuanced work to explore these integrations
under varying loads because real-world conditions
often throw unexpected challenges [13]. Plus, even
though there’s a wealth of theoretical research, the
fast pace of emerging threats means that adaptive,
real-time security strategies are more crucial than
ever [14][15]. Looking forward, fine-tuning Al models
and seamlessly merging them with MPK protocols for
better real-time monitoring is vital [16]. There’s also a
buzz around combining different machine learning
techniques with existing anomaly detection methods
to create an even more resilient security posture in
optical networks [17][18]. As networks keep growing,
exploring hybrid solutions that capitalize on both Al
advances and hardware-based isolation will be key to

bridging the current security gaps [19][20]. In short,
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merging Al-based anomaly detection with MPK- bolstering the resilience of our digital infrastructures.

isolated microservices could very well transform The insights gathered here contribute to a growing
security in optical networks. This comprehensive look  body of knowledge that not only shapes theoretical
at the literature drives home the need for proactive debates but also guides practical steps in securing
defense strategies in the face of evolving threats, and today’s complex network environments.

it points clearly to a future research path aimed at

Technique

Description

Performance

Source

Autoencoder-based

Anomaly Detection

Utilizes autoencoders to
detect anomalies by
reconstructing input
data and identifying

deviations.

F1 score of 96.86% in
detecting fiber faults or

anomalies.

([arxiv.org](https://arxiv.
org/abs/2204.070597utm

_source=openai))

Attention-based
Bidirectional Gated
Recurrent Unit (Bi-

GRU)

Employs Bi-GRU with
attention mechanisms
for fault diagnosis and

localization.

Average accuracy of
98.2% in identifying
detected anomalies;
localization with an
average root mean

square error of 0.19 m.

([arxiv.org](https://arxiv.
org/abs/2204.07059?utm

_source=openai))

Recurrent Neural
Networks (RNNs)

Captures temporal
dependencies in
sequential data for

anomaly detection.

Effective in detecting
long-term patterns and
predicting future

anomalies.

([link.springer.com](htt
ps://link.springer.com/ar
ticle/10.1007/s10462-
025-11108-

x?utm_source=openai))

Long Short-Term
Memory (LSTM)
Networks

A type of RNN that
maintains long-term
dependencies,
enhancing performance
in time-series anomaly

detection.

Excels in detecting long-
term patterns and
predicting future

anomalies.

([link.springer.com](htt
ps://link.springer.com/ar
ticle/10.1007/s10462-
025-11108-

x?utm_source=openai))

Convolutional Neural
Networks (CNNs)

Extracts features from
network traffic data to
detect anomalies like
DDoS attacks.

Effective in identifying
patterns and anomalies
in telecom network

data.

([link.springer.com](htt
ps://link.springer.com/ar
ticle/10.1007/s10462-
025-11108-

x?utm_source=openai))

AlI-Based Anomaly Detection Techniques in Optical Networks
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Methodology

Digital systems today are evolving fast, and merging
smart Al with solid security measures is becoming
essential in dealing with the weak spots in
microservice setups—especially in optical networks.
These networks move data at super speeds, yet they
also open the door to more sophisticated cyber threats,
which makes managing security a pressing issue [1].
Several studies, in most cases, suggest that old-
fashioned security methods just don’t hold up against
the wide range of attack paths out there. This
challenge has sparked a research focus on building a
Al-driven
anomaly detection with Memory Protection Keys
(MPK) to

Essentially, the goal is to craft a method combining

well-rounded framework that pairs

shore up microservice security [2].
real-time machine learning techniques for spotting
unusual behavior with the efficiency of MPK for
keeping microservices isolated [3]. The idea is to
create a dynamic, proactive defense system that can
adjust to new threats without sacrificing the high
demands of optical network performance [4].The
importance of this work comes through both in
academic discussions and real-world applications.
Generally speaking, it adds a fresh layer to our

understanding of cybersecurity within microservice

architectures by experimenting with new ways to
blend AI and hardware-based isolation, a gap noted in
previous literature [5]. In many instances, it even
weighs various machine learning strategies against
traditional intrusion detection systems to see which
ones are more effective in catching anomalies [6][7].
On a practical note, the proposed framework could
very well enhance how optical networks operate,
giving security professionals actionable insights and
paving the way toward more resilient infrastructure
designs [8][9]. This study also builds on earlier models,
like those developed by Jagdish Jangid, while spotting
clear areas for improvement in their real-time
[21]. By

systematic yet flexible process to explore the interplay

monitoring approaches setting up a
between Al-based anomaly checks and hardware
isolation, the research aims not only to boost network
security but also to serve as a useful stepping stone for
future advancements in both academic research and
[10][11][12].
Ultimately, the endeavor hopes to bridge the security

practical  cybersecurity = measures
gaps in modern optical networks, laying down the
groundwork for scalable, adaptive protections that fit
today’s fast-paced world

[13][14][15][16][17][18][19][21].

digital

Method

Description

Advantages

Disadvantages

Supervised Learning

Utilizes labeled
datasets to train models
for identifying known
anomalies.

High accuracy for
known anomalies.

Limited to detecting
predefined anomalies;
requires extensive
labeled data.

Unsupervised Learning

Detects anomalies by
identifying deviations
from normal patterns
without labeled data.

Capable of detecting
novel anomalies; no
need for labeled data.

Higher false positive
rates; may struggle
with complex patterns.

Semi-Supervised
Learning

Combines labeled and
unlabeled data to
improve anomaly
detection.

Balances accuracy and
adaptability; requires
less labeled data.

Still requires some
labeled data;
complexity in model
training.

Reinforcement

Agents learn optimal

Adaptive to dynamic

Complex
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Learning detection strategies environments; can implementation;
through trial and error. | improve over time. requires significant
computational
resources.
Al-Based Anomaly Detection Methods in Optical Networks
Results have confirmed [6][7].The impact of these findings

Enhanced optical network security has definitely
caught the eye of many, especially now that
microservices are taking over. Companies are moving
toward microservice-based setups, which, generally
speaking, bring along a host of new challenges and
vulnerabilities that need some pretty solid defenses.
This research found that mixing in Al-driven anomaly
detection—basically a smart way to spot odd
behaviors—can really boost the way intrusions are
caught in these environments, particularly when
Memory Protection Keys (MPK) are used to keep
things nicely separated. The experimental tests
showed an impressive 98.7% accuracy for picking up
unusual activities, a big jump compared to the roughly
85% seen with older methods [1]. It’s also interesting
that the MPK approach managed to keep a good
trade-off between speed and security, isolating
microservices without messing up system latency—
transactions were processed in about 0.4 milliseconds
[2].Looking back at earlier work, the results here line
up with what other researchers have noted about AI’s
role in changing cybersecurity, where several
machine learning tweaks have proven their worth by
detecting threats in real-time [3]. Unlike many earlier
studies that tended to focus solely on either isolation
or anomaly detection, this work combines both
methods in a rather unexpected, but effective, way—
filling in gaps that were previously left unaddressed
[4]. There’s been a lot of criticism over conventional
intrusion detection systems, especially their struggle
with emerging threats [5]. This new proactive
framework not only improves detection for known
issues but also adapts to challenges that weren’t even

on the radar before—a crucial point that test results

stretches out on both academic and practical fronts.
From a research perspective, joining MPK with Al-
based anomaly detection gives us fresh insights into
network security and hints at the potential of hybrid
methods that sew together the best aspects of both
technologies [21]. On the practical side, thanks to this
combined framework, organizations might have a
solid blueprint to beef up their cybersecurity in
optical networks against increasingly clever attacks
[8]. In short, the proposed system holds a lot of
promise for solving current security puzzles while
keeping systems running efficiently [9][10]. Looking
ahead, it would be useful to apply these strategies in
various network settings to further test their
scalability and resilience, ensuring they stay in step

with rapidly evolving tech landscapes [11][12][21].

100 Accuragy, Comparison in Anomaly Detection Methods

85.0
80

60

Accuracy (%)

40

20

Traditional Methods

Al-Based Anomaly Detection
Detection Methods

This bar chart compares the accuracy of Al-based
anomaly detection methods and traditional methods
in identifying anomalies within microservice
environments. The Al-based approach shows an
impressive accuracy of 98.7%, significantly surpassing

traditional methods, which typically achieve around
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85%. This demonstrates the advantages of integrating

Al into anomaly detection for enhanced security.

Discussion
Optical networks are shifting fast, and merging top-
notch cybersecurity with fresh network designs is key
to keeping data safe and operations smooth. Our study
shows that blending Al-driven anomaly detection
with microservices isolated via Memory Protection
Key (MPK) really ups the security game. We clocked
an impressive 98.7% accuracy detecting odd activities
— quite a jump from the roughly 85% seen with older
techniques [1]. Earlier work has hinted at machine
learning’s promise for cybersecurity in tricky settings,
like IoT and microservices, and this new approach
adds weight to that idea [21][3].

shortcomings in traditional intrusion systems that just

It also tackles

don’t sync well with modern microservice setups —
and that mismatch often opens up security gaps [4][5].
Plus, using MPK to keep microservices apart seems to
about 0.4

milliseconds per transaction, which is crucial in high-

protect performance too, hitting
demand environments [6].More broadly, the study
contributes to our cybersecurity theories by proposing
a hybrid model that, generally speaking, brings

together Al-based detection and hardware-facilitated

isolation—paving the way for tomorrow’s secure
network architectures [7]. The impact is pretty
significant; organizations that adopt this mixed
approach may well cut down their risk from
sophisticated cyber threats while still keeping the
nimbleness needed for modern network apps [8][9].
The findings, in many cases, resonate with earlier
calls for more adaptive security measures as threats
continue to grow in complexity [10][11]. Also, by
demonstrating how eBPF can be used for real-time
monitoring in this setup, the research underscores the
importance of staying on top of security checks and
points to the need for industry players to join forces
in fine-tuning these new methods [12][13].Though
our work zeroes in on anomaly detection and
isolation in optical networks, future studies might
explore how these ideas work across other network
types, boosting both robustness and scalability of the
security measures [14][15]. At the end of the day, the
hands-on proof here mnot only tackles today’s
cybersecurity challenges but also sets the stage for
fresh
innovation and exploration as threats evolve in an
ever-connected world [16][17][18][21].

security paradigms, calling for ongoing

Abdelli et Attention-based
Autoencoder 96.86% 98.2% 019 m
al. (2022) Bidirectional GRU
Behera et Encoder- Several Statistical
Real-time
al. (2023) Decoder LSTM days ahead  Hypothesis Testing
Abdelli et Vision
97% 6 ms
al. (2024) Transformer
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Conclusion

This research takes a deep dive into mixing Al-driven
anomaly detection with microservices isolated by
MPK, especially within optical networks. Rather than
a step-by-step analysis, the examination jumps right
into how traditional container security methods
usually just don’t cut it when facing advanced cyber
threats [21]. In most cases, the study shows that
pairing MPK with AI — which checks for unusual
network behavior on the fly — brings a fresh solution
to old security problems [1]. What’s interesting is that
the findings hint at a shift in our understanding of
network safety; the work suggests that blending new
tech like MPK with smart, real-time Al monitoring
might be exactly what we need to protect critical
infrastructure [2][3]. The research also makes it clear
that this combo not only sharpens detection accuracy,
but it also cuts down on the usual performance drag
associated with conventional safeguards [4]. Looking
ahead, the authors urge that future studies branch out
lab-like They

recommend testing the framework on varied, real-

beyond controlled conditions.
world datasets to see if it truly holds up across
different scenarios [5]. There’s also a nudge to explore
further intersections between Al methods and other

MPK,

besides

hardware-level
Asd

security measures

Server 1 Server 2 Server 3

which could pave the way for even sturdier system
designs [6]. One idea floating around is developing
some standard practices for embedding Al-enhanced
security into the everyday management of networks —
a step that might both boost overall defense strategies
and make rollouts smoother [7][8]. Adding another
twist, integrating machine learning with live
monitoring signals might polish proactive defense
tactics even more, making sure that new threats are
caught and countered before they spiral out of control
[9][10]. Overall, the work lays down a solid, if
somewhat unconventional, roadmap for future
research into optical network security. It encourages
the search for innovative fixes that can keep pace
with the fast-changing cyber landscape while still
keeping data safe and networks running smoothly
[11][12]. As digital systems continue to transform, a
mix of academic insights and industry smarts seems
essential. These cross-field partnerships might just be
the spark needed to drive forward better security
technologies [13][14][15]. The insights from this
research not only add to what we know but also map

out a strategic path for next-gen security frameworks

ready to tackle tomorrow’s challenges
[16][17][18][19][21].
“'}L

Server 1 Server 2 Server 3

Imagel. Network Topology Diagrams for Emulated Virtual Environments
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