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# 1 Out-of-Band SQL Injection (DNS/HTTP Exfiltration)

SQL injection is a code injection technique that exploits a
security vulnerability in an application's software, where
malicious SQL statements are inserted into an entry field for
execution (e.g., to dump the database contents to the
attacker). Some SQL injection attacks don't send data back
to the web page. In an out-of-band (OOB) SQLi, the attacker
makes the database transmit data out through a different
channel, like a DNS lookup or an HTTP request to a server
they control (invicti.com; cloudflare.com). For instance, a

smart payload may make the database resolve a hostname
like secretdata.attacker.com. The attacker's server gets this
DNS inquiry and reads the private information that is hidden
in it. This works even when the web app doesn't provide any
errors or output, which makes the attack hard to see. This
article dives into the various ways of guarding applications
from the manacle that is OOB SQLi.
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OUT-OF-BAND SQL INJECTION: ATTACKER SENDS A
MALICIOUS SQL COMMAND THAT TRIGGERS THE DATABASE
TO MAKE AN OUTBOUND REQUEST, ALLOWING DATA
EXFILTRATION TO A REMOTE SERVER.

For software developers the code is where the defense
begins because OOB SQLi takes advantage of database
features. Using parameterized queries or prepared
statements all the time is the best method to keep things
safe (invicti.com; indusface.com). Parameterized queries

separate the SQL logic from the data, treating user input as
literal data rather than as part of the SQL command. For
example, instead of writing: SELECT * FROM users WHERE
username =" + userlnput + "; use: SELECT * FROM users
WHERE username = @username; and then set the parameter
@username to the userlnput value. These solutions ensure
user input is treated merely as data, not as part of SQL
statements. It's vital to utilize parameterized queries for all
user inputs, without making exceptions for inputs that look
safe. Even trusted data can become corrupted, and utilizing
string concatenation in searches can lead to vulnerabilities.
In other words, never concatenate raw user text into SQL.
This single step stops all SQLI, including OOB variations. As a
rule, stored procedures (with fixed queries) can also be safe if
built appropriately, but avoid database functions that run OS
commands or DNS/HTTP calls wherever possible.

At the network level, block exfil channels whenever you can.
Exfil channels refer to the communication paths that an
attacker might use to extract data from the database server.
By blocking unnecessary outbound traffic, you limit the
attacker's ability to exfiltrate data. Since OOB SQLi needs the
database server to talk out, firewall off all unnecessary
outbound traffic. Don’t give your DB server full Internet
access; only allow connections that are truly needed. For
extra safety, disable dangerous database functions or
features (like xp_cmdshell in SQL Server) that let attackers
trigger external network calls (indusface.com). If you do need
external data (e.g. for genuine DNS updates), lock it down to
select, trustworthy domains.

THIS OOB SQLI IS POSSIBLE THANKS TO THE XP_DIRTREE
STORED PROCEDURE. WHILE ORIGINALLY INTENDED FOR
LISTING A LOCAL DIRECTORY TREE, IT CAN BE TRICKED INTO
CAUSING A DNS LOOKUP.
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Detection is mostly about noticing the abnormal traffic.
Monitor your DNS logs and web logs for weird queries
originating from database hosts. To detect out-of-band SQL
injection, monitor your DNS and HTTP logs for any
unexpected requests originating from your database server.
Look for queries to domains that are not typically used by
your application, or for HTTP requests to servers that are not
part of your normal operations. Unexpected DNS requests to
random domains, or odd HTTP callbacks from your DB
server, could mean an OOB attack in progress
(indusface.com). Similarly, a sudden spike in outbound
connections from the DB box, especially during a time-based
SQLi test; is a red flag. Application security teams should aim
to use intrusion detection or SIEM rules to alert on these
anomalies; considering setting up SIEM rules to alert on any
anomalous outbound connections from your database
server, especially those that occur during times when no
legitimate operations are expected. A good tactic is to set up
a “canary” domain that no normal process ever queries. A
canary domain is a domain that is not used by any legitimate
process in your network. If this domain is queried, it indicates
that an unauthorized action, such as an OOB SQLi attack, is
taking place. If that domain gets hit, you know someone is
snooping data out via DNS.

Another quick detection tip involves restricting network
egress from DB servers and logging all outgoing DNS/HTTP
requests. If your database suddenly looks up a hostname it
shouldn’t (or “404s” a connection to an odd URL), investigate.
Many monitoring tools can alert on excessive or out-of-
pattern DNS queries (indusface.com).

Mitigation checklist

o Use prepared statements: Ensure every SQL query is
parameterized. This is the single most important defense
against any SQL injection, out-of-band or otherwise.
Using prepared statements is crucial because it ensures
that user input is treated as data, not as part of the SQL
command, preventing SQL injection attacks.

o -Block external calls: Configure firewalls or network rules
so the DB server can’t reach the Internet (or only allow
specific domains). Disable or remove DB functions that
allow OS/DNS calls (e.g. xp_cmdshell, UTL_HTTP,
LOAD_FILE). Blocking external calls limits the attacker's
ability to exfiltrate data by restricting the database
server's outbound connections (indusface.com).

e Sanity-check results: If possible, configure the app to
ignore or log any unexpected database responses. Some
environments let you disable DNS lookups in SQL entirely.
Sanity-checking results helps in identifying any
unexpected behavior from the database, which could
indicate an attack

e Regular testing: Include OOB vectors in your penetration
tests or automated scans. Tools like SQLMap can simulate
DNS exfiltration attempts, use them to ensure your
monitoring will catch an attack. Regular testing with
tools like SQLMap ensures that your defenses are effective
against OOB SQLi attacks.

Out-of-band SQLi is the sneak attack you don’t see coming,
until your database starts phoning home. Don't give it a dial
tone. Stick to parameterized queries, lock down outbound
traffic, and stay nosy with your DNS logs. In short: code safe,
monitor smarter, and never let your database chat with
strangers. By following these guidelines, you can significantly
reduce the risk of such attacks.
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# 2 Industrial Control System (ICS) Security: Safeguarding Critical Infrastructure From

Cyber Attacks

Think about a circumstance where a cyberattack on a big
factory leads to a breakdown in transport, interrupts water
treatment, and harms the safety there. The situation is not
made up for a dystopian story; it is an emerging reality in
2025.

Dragos has found, based on their most recent report, that
ransomware attacks on companies in the industrial sector
were up by 87% this year when compared to last year, and a
total of 708 companies in the industry were attacked in Q1
2025. Such increased risks highlight how important it is to
focus on protecting Industrial Control System (ICS) security.

Understanding the Stakes

ICS security risks

Default settings

Legacy systems
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Remote access

Lack of encryption

Many industries depend on industrial control systems for
energy, water, transportation, and manufacturing to work
properly. Systems such as Supervisory Control and Data
Acquisition (SCADA) and Distributed Control Systems (DCS)
are needed as they control processes that could result in
serious issues if they stop.

ICS systems use outdated tools that did not consider
cybersecurity, which puts them at a higher risk of modern
threats.

Real-World Impacts

ICS systems can be attacked, as the weaknesses are not just
a possibility. More than 145,000 devices connected to the
internet in industrial control systems were found in over 175
countries in 2024,

Among the most important groups, the CyberAv3ngers,
attacked water and gas systems in various areas, highlighting
how important services can be affected by cyberattacks.

Strengthening ICS Security: Best Practices
Securing Industrial Control Systems (ICS) is paramount in
today's cyber threat landscape. Implementing a multi-
faceted approach ensures the resilience and safety of critical
infrastructure.

1. Network Segmentation

Dividing ICS networks into distinct zones limits the spread of
potential cyber threats. By isolating critical systems from less
secure areas, organizations can contain breaches and
protect essential operations. This strategy aligns with the
Purdue Model, which emphasizes layered defenses and
controlled communication paths between network
segments.

2. Access Controls

By putting in place thorough authentication and
authorization systems, access to ICS is possible only for those
who are permitted. Having role-based access controls and
the requirement of multi-factor authentication reduces the
possibility of anyone accessing the system they shouldn’t or
disrupting it.

3. Regular Updates and Patch Management

It is very important to always keep all systems and software
updated. Using patch updates often helps close the doors to
attacks launched using old and unprotected code. If patch
management is organized, testing and deployments happen
at planned times, making sure disruptions are minimal and
security remains high.

4, Continuous Monitoring
With IDS (intrusion detection system) and network traffic

monitoring in place, it is easier to notice unusual activities.
Regular monitoring helps companies catch and handle
threats when they first happen, preventing the worst
outcomes. Having tools that help with network monitoring is
critical for staying aware of events on the network.



https://www.dragos.com/blog/dragos-industrial-ransomware-analysis-q1-2025/
https://www.fortinet.com/resources/cyberglossary/purdue-model
https://gca.isa.org/blog/structuring-the-isa-iec-62443-standards
https://thehackernews.com/2024/11/over-145000-industrial-control-systems.html

5. Employee Training

Employees are taught about cybersecurity during regular
training to promote awareness. Employees will learn to spot
possible attacks, such as phishing, and know how to3 alert
the appropriate person if something happens. It is very
important that workers are educated about cybersecurity to
help prevent attacks.

6. Incident Response Planning

Making and updating an incident response plan means
organizations know how to deal with and recover from cyber
incidents more efficiently. Having a clear plan with details
roles, methods of communication, and steps for recovery
ensures that teams work together effectively during crises.

7. Adherence to Standards

Implementing security protocols with the framework |EC
62443 organizes you on the best practices for cybersecurity.
They give detailed guidelines for protecting ICS
environments, covering areas like risk analysis, designing
systems, and maintaining them.

Putting these best practices into use will make
organizations’ Industrial Control Systems safer and better
defend the critical infrastructure from growing cyber risks.

Looking Ahead

We should adapt our defenses as new cyber threats appear.
Putting security measures in place prevents a downfall of
systems and keeps essential services available. If we deal
with vulnerabilities and enact thorough security measures,
we can protect our significant infrastructure from the rising
cyber threats out there.



https://sectrio.com/blog/guide-to-isa-iec-62443-3-2-risk-assessments/
https://sectrio.com/blog/guide-to-isa-iec-62443-3-2-risk-assessments/

# 3 Entropy Injection: A Paradigm Shift in Proactive Cyber Defense

The conventional defence mechanisms usually use an
unchanging setup, which, when deciphered by the attacker,
can be shot at and at again. In response, there has appeared
the notion of entropy injection where planned randomness
is injected into systems to increase unpredictability and
thereby prevent possible attacks.

As a study by Kush Janani indicates, the effectiveness of this

strategy lies in the possibility to decrease the chances of a
successful cyberattack by more than 90% without a
significant performance decrease. The entropy injection will
continually change the parameters of the systems, and
probing by the attackers will be distorted as such, injecting
entropy interferes with their reconnaissance process and
makes finding vulnerabilities a lot harder.

Cyber threats are getting more advanced, and agricultural
techniques such as entropy injection are essential to
implement. This paradigm shift not only contributes to
increasing security but also changes the relations between
the attack and defense sides and stresses the role of
unpredictability in the contribution to the security of digital

resources.

Understanding Entropy in Cybersecurity

Entropy means the degree of randomness or
unpredictability in a system, so the degree of confusion.
Increased entropy leads to increased ambiguity on the part
of potential attackers, so that it becomes harder to predict
what the system will do or take advantage of it.

The concept plays a key role in cryptography, where high-
entropy keys are the basis of producing secure systems
against brute-force attacks. In continuing the concept,
entropy injection can be used to apply randomness to
specific parts of the system to strengthen the security
position as a whole.

Real-World Implementations

Several widely adopted techniques are already proving how
entropy injection can disrupt attack patterns and strengthen
real-world cybersecurity defenses.

1. Address Space Layout Randomization (ASLR)
ASLR The most commonly implemented entropy injection
method is known as ASLR, which randomizes the process
address space. In this way, it denies the attackers a reliable
point of reference when getting the location of specific
functions or buffers, thus reducing some kinds of exploits,
e.g., buffer overflow attacks.

2. Moving Target Defense (MTD)

Strategies of MTD entail constantly varying the system set-
ups, which can be a network address or system values, so as
to have a dynamic setting. It is a continuous evolution, which
heightens complexity and costs for attackers trying to exploit
system vulnerabilities.

Studies prove that MTD can drastically curb the success rate
of cyberattacks with insignificant performance overheads

Advantages of Entropy Injection

+ Proactive Defense: Entropy injection produces
unpredictability, and this means the defense posture
becomes proactive, where future threat anticipations are
made and possible damages mitigated before they
occur.

o Limited Attack Surface: Randomization methods
reduce the predictability of the computed surface, which
is convenient to the attackers; consequently, a window of
opportunity is decreased.

+ Induced Resilience: Artificially endowed systems that
use entropy injection survive better against zero-day
attacks and other unknown threats since the exploitation
becomes complicated.



https://export.arxiv.org/abs/2504.11661
https://www.cybersecuritytribe.com/articles/artificial-intelligence-driven-entropy-model-aide
https://www.neemkuni.net/2025/06/cybersecurity-strategies-2025-advanced.html
https://arxiv.org/pdf/2504.11661

Al-Driven Entropy Models: The Future of
Adaptive Cyber Defense

Since the cyberthreats are becoming more advanced in
nature, introducing artificial intelligence (Al) and entropy
injection methods can be seen as a potential pathway
towards increasing proactive cybersecurity measures. Al has
the ability to sort through large quantities of data to
determine patterns and anomalies, allowing itself to change
the level of entropy in a system in line with the new threats
at hand.

A prominent contribution to the field in this regard is the
research into Al-powered entropy models, e.g., the Artificial
Intelligence Driven Entropy (AIDE) framework. AIDE exploits
Al to extend the production and use of entropy, better
randomizing and making unpredictable cryptographic
systems. Such synergy not only strengthens data protection
but also arms organizations to predict threats and react
proactively to them in a more efficient way.

Being constantly updated based on system behavior and
threat environments, the entropy models based on Al are
able to evolve dynamically by live adjustment of security
parameters to ensure the necessary level of security. What
this dynamic system does is that it keeps systems robust
against changing attack vectors and is a huge change over
the static defense systems to a responsive and intelligent
system of security.

Conclusion

The process of entropy injection can be characterized as a
fundamental change of approach to cybersecurity, no longer
resorting to reactive solutions and instead having proactive
ones that make the system harder to predict.

The skills, such as ASLR, MTD, help them to embrace
randomness and therefore make it too difficult to attack
their organizations, and hence can drastically lower the
chance of cyberattacks. Despite these difficulties, the
possible advantages in the form of higher resilience and
lowered attack success rates are sufficient to make entropy
injection a promising method for modern cybersecurity
systems.




# 4 The Role of Large Language Models in Cybersecurity: Opportunities and Risks

The world of cybersecurity is changing like crazy due to the
use of Large Language Models (LLMs), which provide an all-
new level of protection and management of cybersecurity
incidents, as well as automation. This capacity to handle
large amounts of data and spot complicated figures makes
them the tools of inimitable usefulness in combating
advanced cyber threats.

Showing this increasing importance, the LLMs in the
cybersecurity market are growing exponentially. According,
to a report by Market.us, the market size would jump up to a

projected 249.8billion by 2034 with a compound annual
growth rate (CAGR) of 52.8 percent compared to 3.6billion in
2024. This growth is impressive, which is an indicator of the
continually increased reliance on Al-based solutions to
improve cybersecurity protection.

But together with these opportunities, there are also big
risks. One of the common vulnerabilities that LLMs are
subjected to includes a prompt injection attack and the
unintentional generation of insecure code. Security
organizations are enthusiastic to take advantage of the LLMs,
but they must weigh the value against a cautious attitude to
the possible threats.

Opportunities: Enhancing Cybersecurity with
LLMs

xLLMs have been heralding fresh horizons in cybersecurity
involving more intelligent threat detection, quicker response
to incidents, as well as automation of security-related
complex procedures.

1. Advanced Threat Analysis and Detection

The potential advantage of LLMs is the opportunity to
process and interpret massive amounts of unorganized data,
which is the key to discovering complex cyber threats. They
are able to analyze the user behavior, network traffic, and
logs in order to identify anomalies that might be signals of
security breaches.

As an example, LLMs can help identify the patterns related to
phishing attacks or malware distribution, so the response
time can be reduced.

2. Optimization of Incident Response

LLMs can be used to compose reports, summarize, and
recommend remediation actions in an incident response
situation. They can derive meaningful stories out of
confusing data, which can assist security departments in
studying incidents in a better way and responding to them.

3. Automated Security Operations

LLMs have the potential to automate reporting on logs,
vulnerability scans, and checks of whether the system meets
security requirements. Security professionals have less to do
with this automation, thus they can put more emphasis on
more strategic initiatives.

Real-World Case Studies

These real-life examples bring into focus that large language
models are redefining the cybersecurity future not only as
potent defensive mechanisms but also as possible attack
vectors.

Case Study 1: Google's Sec-PalLM 2 Enhances

Cybersecurity Operations

Google released a variant of LLM, Sec-PalLM 2, in 2024, a
variant to guarantee its use in security purposes. A part of the
Google Security Al Workbench, Sec-PalLM 2 also supports
security experts in investigating IT data, creating security
settings, and detecting malicious code, as well as
summarizing threat intelligence.

As an example, a Fortune 500 company and speaker,
Accenture, used Sec-PalLM 2 to optimize security processes
and help analysts prioritize events and work with complex
attack graphs more efficiently. This application is a perfect
representation of the human-enhancing impact of LLMs that
can result in more proactive and efficient ways of more
effective cybersecurity protections.
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Case Study 2: Malicious Use of LLMs

On the other hand, bad actors are also co-opting LLMs. By
2025, scientists discovered versions of WormGPT, a malicious
chatbot based on conventional LLMs such as xAl Grok and
Mistral Mixtral. These altered models find their way through
networks such as Telegram and BreachForums, where
cybercriminals get the tools to create phishing emails,
develop malware, and evade security checkpoints.

As of particular concern, these evil LLMs were available
within subscription-based pricing models, further reducing
the cost of entry into cybercrimes, further demonstrating
that serious measures are necessary to protect against the
misuse of generative Al technologies.

Mitigation Strategies: Safeguarding LLM

Integration

Prompt injection, information leakage, and insecure output
are some of the risks that have to be mitigated by
organizations to reap the benefits of LLMs securely.

1. Upholding Aggressive Input Verification

It is essential to validate and sanitize injections to LLM inputs.
This involves primary screening of the conceivably
malevolent with imposed strict input formats.

2. Consistent Security Audits and Tests

Performing regular security checks, such as red teaming and
penetration testing, allows locating the vulnerabilities in LLM
deployments. The kind of auditing that should be carried out
on this model should be both on its behavior and on how it
is integrated with the rest of the system.

3. Ensuring Data Anonymization

Sensitive data is supposed to be anonymized before training
or fine-tuning of LLMs to eliminate the risk of leaking data.
Introducing high data governance measures is a way of
sufficient the protection of personal or confidential
information.

Conclusion

LLMs present an unprecedented improvement in
cybersecurity by improving threat monitoring, incident
response, and operational productivity. Care should,
however, be taken when integrating them with
consideration of the risks which they cause. Being well-
protected by good security practices, regularly audited, and
having a wide extent of management of data, organizations
would use the benefits of LLMs and minimize the associated
risks.



https://www.axios.com/newsletters/axios-future-of-cybersecurity-1038e950-4889-11f0-b558-17dac864894e

# 5 Signal Intelligence with Software Defined Radio: The Quiet Revolution in

Cybersecurity

Think of a gadget that can turn into any radio system by
changing its software. That's what Software Defined Radio

(SDR) is all about: a technology that is gradually transforming

cybersecurity. Since SDR can monitor and analyze wireless
signals, it is now a must-have tool for those who protect
computers and networks.

In line with the significance of SDR, the world SDR market is

projected to expand from $29.5 billion in 2024 to $56.9
billion by 2032, or 8.6% each year. Since wireless risks are

increasing, SDR is now considered the best option for
modern cybersecurity strategies.

The Rise of SDR in Cybersecurity
Software Defined Radio
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Software-defined radio (SDR) is becoming a key technology
in the field of cybersecurity. Unlike traditional radios, SDRs
rely on software and can be easily adapted and tweaked.
Because of this, cybersecurity experts can watch over and
study all forms of wireless communications, including Wi-Fi
and satellite signals.

For example, SDRs check for irregular signal patterns,
recognize unknown transmissions, and can even be used to
train for various attacks. Because more devices are wireless,
SDR should be integrated into current cybersecurity plans.

Decoding the Airwaves: SDR's Role in SIGINT
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Intercepting electronic messages and examining them is the
focus of Signals Intelligence (SIGINT). Thanks to Software
Defined Radio (SDR), unmatched efficiency and flexibility
have been achieved.

With their ability to be reprogrammed, SDRs help
cybersecurity experts monitor a wide range of frequencies
and search for irregular commmunication, detect any
suspicious incidents, and practice responding to different
hacking events.

Because of this, cybersecurity techniques today must have
this trait to protect systems from wireless vulnerabilities.
Implementing SDR technology allows businesses to protect
their wireless traffic more efficiently.
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Real-World Applications and Implications

The practical applications of SDR in cybersecurity are vast:

e Incident Response: In the event of a security breach, SDR
can assist in tracing the source and nature of the attack,
providing valuable insights for mitigation.

¢ Regulatory Compliance: Firms can maintain that their
wireless systems obey the rules by regularly monitoring
their radio waves.

o Research and Development: SDR helps to experiment
with and evaluate new ways to communicate and
protect data.

Challenges and Considerations
SDR improves cybersecurity, but several problems still need
to be solved.

Technical Complexity

Setting up SDR systems requires strong software and radio
frequency (RF) engineering knowledge. Developers must
understand how digital signal processing, hardware, and
software come together and how real-time system
requirements affect their work. Additionally, interfacing
analog RF components with digital processing modules can
be complex, often increasing development time and costs.

Security Risks

Changing SDRs is helpful, but it can also weaken overall
network security. If SDRs are not secured well, someone
could use them to listen to secret messages or transmit data
without permission. Remotely reconfiguring SDRs makes the
devices vulnerable to attackers who could change their
functions for illegal purposes.

Regulatory Considerations

Rules about operating SDRs are not the same everywhere
and may be subject to local laws. Authorities in the field
usually set rules about frequency use and transmission
power to ensure licensed communications are not disturbed.
Researching the local laws and earning the necessary
licensing or certification is important to deal with these rules.

SDR technology should only be used securely and fully in
cybersecurity if these challenges are adequately dealt with..

Conclusion

Since cyber threats are getting more advanced, the tools
used to handle them should also advance. SDR is special in
cybersecurity because it is adaptable, easy to adjust, and
improves knowledge about wireless technologies. With Al,
cybersecurity experts are prepared to stop and ward off new
digital threats.
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# 6 From Multics to Mobile: A Half-Century Journey of OS Security Innovation

From the early research-driven architecture of Multics to the
hardened mobile and cloud systems in use now, the OS has
remained a critical control point in the broader
cybersecurity.

Each generation of computing has brought forward new
security paradigms, driven by changes in technology, user
needs, and threat environments.

Origins of Secure Computing

The foundation of OS security can be traced to early research
systems that involved the use of protection mechanisms
directly into system architecture.

Multics: A Security Milestone

The Multics project was initiated in the 1960s by MIT by Bell
Labs, and GE and it represented one of the first serious
attempts to design an OS with security as a primary
objective.

Multics implemented a ring-based privilege model, per-file
access control lists, and modular design principles.

Its architecture introduced the concept of least privilege and
hierarchical protection domains. These features later
influenced the development of UNIX and the broader field of
secure system design.

Early Unix: Usability Over Security

UNIX was, while inspired by Multics, prioritized simplicity
and performance over strong security controls. Its access
model was based on user IDs and group permissions and
provided basic protection in a multi-user environment.

However, the early Unix design lacked the mandatory access
control mechanisms needed to enforce stricter security
boundaries.

Institutionalization of OS Security

Security standards and government frameworks began to
formalize how OS security should be measured and
implemented across platforms.

TCSEC and the Orange Book Era
The United States Department of Defense introduced the
Trusted Computer System Evaluation Criteria (TCSEC) which

is also commonly known as the Orange Book.

It categorized systems into levels of trustworthiness, from
discretionary access control (C-level) to verified protection
(A-level).

This framework shaped the development of trusted
operating systems such as Honeywell's SCOMP and Secure
VMS.

Security-Enhanced OS Models
Several OSs incorporated mandatory access control (MAC)
systems during the 1990s and early 2000s

Some worthy examples include SELinux, developed by the
NSA, and TrustedBSD.

These systems introduced policy enforcement frameworks
that could restrict applications and users more tightly than
traditional discretionary models.

Desktop Security in the Networked Era

As desktop systems became mainstream, and internet
connectivity expanded, operating systems had to strengthen
their native security controls.

Windows NT and the Rise of ACLs

Windows NT was released in 1993 and then Microsoft also
introduced the NTFS file system featuring detailed access
control lists, auditing capabilities, and user rights
management.

NT's kernel was designed with modularity, user-kernel
separation, and built-in support for threading and memory
protection. These features provided for a more secure
baseline for enterprises.
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# 6 From Multics to Mobile: A Half-Century Journey of OS Security Innovation

Evolution of Linux and macOS

Linux gradually incorporated improved security modules
such as AppArmor and SELinux. Its flexible kernel allowed for
security extensions without major architectural changes.

macOS which is built on a Unix foundation also added
system integrity protections and other important features
such as code signing enforcement, and sandboxing features
that hardened its runtime environment against exploitation.

Transition to Mobile and Cloud Platforms
The rise of mobile devices and virtualization technologies
redefined security expectations and demanded new
isolation strategies.

Mobile Operating Systems and Sandboxing

The launch of iOS and Android introduced sandboxing as a
core design principle.

Both platforms have strict application isolation in place and
use digital signatures to verify app integrity.

iOS goes one step further by combining secure boot,
hardware-backed keychains, and memory protections such
as Address Space Layout Randomization (ASLR) and Data

Execution Prevention (DEP).

Virtualization and Cloud OS Security

The virtualization transformed how operating systems
enforce the isolation. There are hypervisors such as KVM,
Hyper-V, and VMware ESXi to allow multiple guest OS
instances to run independently on the same hardware.
Containers further added another layer of abstraction and in
return it enabled microservices, while relying on the host
kernel's capabilities to enforce boundaries.

Innovations Driving OS Security Forward
Key technical advancements have transformed how
operating systems enforce security, detect threats, and
maintain system integrity.

Access Control and Policy Enforcement
Access control started from simple permission flags to
complex, policy-driven mechanisms.

Modern systems now combine discretionary, mandatory, and
role-based access models which are easily enforced through
kernel modules and user-space policy engines.

Memory Protection Mechanisms

Memory-related vulnerabilities have historically enabled
critical exploits. Operating systems responded by integrating
ASLR, DEP, stack canaries, and control flow integrity checks.

These defenses collectively make memory corruption attacks
more difficult to carry out successfully.

Hardware-Backed Security

Recent developments in hardware-assisted security have
had a significant impact on OS design. Intel SCX, ARM
TrustZone, and TPM modules enable secure enclaves, trusted
boot processes, and cryptographic key protection.

These technologies complement software defenses by
establishing hardware-enforced trust anchors.

Shifting Threat Models and Strategic Trends
Fresh attack techniques and distributed computing
environments have compelled OS designers to rethink trust
and protection boundaries.

From Perimeter to Zero Trust

Traditional OS security models assumed a trusted perimeter.
Currently, the most modern architectures operate under the
assumption that no component is inherently trusted.

The zero-trust model has a core focus on continuous
verification of identities, access requests, and device health,
often with the OS acting as the enforcement layer.
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Impact of Research and Open Source
Academic contributions have led to formal methods
for kernel verification, including the seL4 microkernel.

Open-source initiatives have accelerated OS security
advancements through peer review, rapid patching,
and collaborative auditing.

Operating systems like OpenBSD demonstrate how
security can be achieved through minimalism and
discipline.

Conclusion

OS security is a reflection of adaptive engineering, which is
informed by historical lessons and future-facing innovation.
The history of OS security reflects a persistent effort to adapt
foundational principles to changing technological contexts.
From Multics to the recent containerized and mobile
platforms, OS security has moved from theoretical constructs
to integrated, hardware-aware ecosystems.

Future operating systems will likely focus on continuous
attestation, formal verification, and Al-assisted threat
detection. The formal understanding of this path is essential
for designing and defending the next generation of secure
computing platforms.
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