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Abstract

Ransomware has transitioned from a localized cryptographic nuisance to a professionalized multi-extortion
ecosystem capable of paralyzing critical infrastructure. Traditional signature-based defenses are increasingly
ineffective against polymorphic and zero-day variants that leverage "Living-off-the-Land" (LotL) techniques.
This paper provides a comprehensive analysis of ransomware taxonomies, focusing on Locker, Crypto, and
Multi-Extortion models. We further evaluate advanced behavioral analysis frameworks, emphasizing
Machine Learning (ML) techniques such as LSTM and Random Forest to identify anomalous file system
activity. The study concludes that an integrated behavioral approach is essential for achieving real-time threat
mitigation in modern heterogeneous networks.

Index Term: Ransomware Taxonomy, Behavioral Malware Analysis, Machine Learning, Cryptovirology,
Zero-Trust Security, File Entropy Analysis, Multi-Extortion Models, Endpoint Detection and Response
(EDR), Living-off-the-Land (LotL) Attacks, Proactive Threat Mitigation.

I. INTRODUCTION

In the contemporary cybersecurity landscape, ransomware has evolved into a formidable threat, characterized
by its ability to hold critical data hostage through cryptographic coercion. Unlike traditional malware that
seeks to remain covert for long-term data theft, ransomware operates with immediate and high-impact
visibility, paralyzing essential services across healthcare, education, and government sectors. The rapid
professionalization of this threat has seen the rise of the Ransomware-as-a-Service (RaaS) model, which
lowers technical barriers for affiliates while significantly increasing the volume and sophistication of global
attacks.
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Current ransomware taxonomies primarily distinguish between Locker ransomware, which prevents system
access by locking user interfaces, and Crypto ransomware, which targets the data itself through high-grade
encryption. However, modern trends in 2024-2025 indicate a critical shift toward multi-extortion strategies.
These include Double Extortion, where data is stolen before encryption, and Triple Extortion, which utilizes
Distributed Denial-of-Service (DDoS) attacks or direct harassment of a victim's clients to maximize leverage
for payment.

Despite the increasing severity of these attacks, traditional security solutions remain heavily reliant on
signature-based detection, which compares file hashes against known databases of malicious code. These
methods are inherently reactive and frequently fail to identify zero-day ransomware or variants that use
obfuscation and "Living-off-the-Land" (LotL) techniques—Ileveraging legitimate system utilities like
PowerShell to bypass security filters. Consequently, there is a paradigm shift toward behavioral analysis,
which monitors real-time dynamic traces of processes to identify malicious intent. Behavioral detection
focuses on identifying a "trademark behavioral trace,” such as sudden spikes in file entropy, rapid file
renaming, and unauthorized attempts to delete system backups (e.g., Windows Shadow Copies). Advanced
research in this field now integrates Machine Learning (ML) models including Random Forest and Long
Short-Term Memory (LSTM) networks to recognize these patterns with high accuracy and minimal latency.

1. LITERATURE STUDY

Chauhan [1] proposed the RZBAR Framework, a real-time behavioral response mechanism that utilizes a
hybrid of XGBoost and LSTM models for sequential API call analysis. Their study demonstrated that
correlating API call patterns with real-time threat intelligence significantly improves the precision of detection
in high-velocity environments. However, like many deep learning frameworks, it faces challenges regarding
the computational overhead required for continuous monitoring.

[ Finding: Proposed a real-time behavioral response framework using a hybrid of.XGBoost and LSTM
models for sequential API call analysis, showing that correlating APl patterns with threat intelligence
improves detection precision.

[ Limitation: Like many deep learning frameworks, it faces challenges regarding the high computational
overhead required for continuous monitoring.

Albshaier et al. [2] conducted a systematic review of early-stage ransomware identification, emphasizing the
importance of detecting the "staging" and "scanning™ phases before the encryption payload is triggered. Their
work categorized the most significant behavioral indicators, such as the deletion of Windows Shadow Volume
Copies via vssadmin.exe and sudden spikes in file entropy. Despite these insights, their review highlighted a
persistent lack of high-quality, diverse datasets for training Al models against the latest multi-extortion
variants like Akira.

[ Finding: Emphasized the importance of detecting the "staging™ and “scanning™ phases (e.g., deletion of
Shadow Copies, file entropy spikes) before the encryption payload is triggered.

0 Limitation: Highlighted a persistent lack of high-quality, diverse datasets for training Al models against
the latest multi-extortion variants like Akira.
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Sgandurra et al. [3] investigated dynamic classification through behavioral trace profiling. Their research
established that runtime feature set identification—specifically monitoring common registry and API call
characteristics—is  essential  for the early detection of cryptographic  ransomware.
0 Finding: Established that runtime feature set identification—specifically monitoring common registry and
API call characteristics—is essential for early ransomware detection.

[0 Limitation: Modern ransomware using obfuscation and encoding techniques can still blind these
traditional dynamic analysis tools

Yamany et al. [4] investigated habitual behavior baselining as a method to reduce false positives in behavioral
engines. By establishing a "normal™ operational profile for a system, their research showed that deviations
caused by ransomware—such as mass file renaming—could be flagged with higher precision.

0 Finding: Investigated habitual behavior baselining to establish a "normal™ system profile, which helps
reduce false positives by flagging deviations like mass file renaming.

[ Limitation: Did not fully account for "Living-off-the-Land" (LotL) attacks where attackers use legitimate
administrative binaries to blend in with the baseline.

Aggarwal et al. [5] explored the intersection of identity and access management with ransomware defense,
particularly in Zero-Trust enterprise cloud environments. The study emphasized that ransomware often
exploits identity misconfigurations and excessive privileges to move laterally through a network.

0 Finding: Integrated Identity Access Management (C1AM) with Privileged Access Management (PAM) in
Zero-Trust environments to prevent ransomware from moving laterally through a network.

1 Limitation: Large-scale performance evaluation of this architecture in cross-cloud scenarios remains
limited.

Seceon [6] introduced the use of Decoy Assets (Honeyfiles) as a proactive detection layer. By planting
"decoy" files in sensitive directories, any process that attempts to read or encrypt these files is immediately
flagged as malicious.

0 Finding: Evaluated various Machine Learning models (Random Forest, Decision Trees, Neural Networks)
for behavioral classification.

[ Limitation: From general context: High-speed ransomware can often complete its task before ML models
reach a high-confidence threshold, and false positives can disrupt business operations.

IJSRA [7] evaluated detection performance metrics by analyzing the precision and recall of real-world
Machine Learning (ML) models. The research focused on minimizing false positives which can disrupt
legitimate business operations during rapid encryption events.

0 Finding: Identified critical behavioral signatures of the Akira family, specifically its reliance on
PowerShell to systematically delete Windows Shadow Volume Copies preventing data recovery.
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[0 Limitation: From general context: Reliance on "Living-off-the-Land” (LotL) techniques (like
PowerShell) often allows these attacks to bypass standard security filters.

Electronics [8] investigated neutralizing technical countermeasures by focusing on encoding algorithm-based
detection. The study utilized ML to identify obfuscated or encoded malicious payloads that attempt to bypass
standard entropy-based triggers, though the approach requires significant pre-processing power that may not
be available on all endpoints.

1 Finding: Analyzed the growth of Triple Extortion trends (DDoS + Exfiltration), noting that data
exfiltration often occurs well before the encryption phase.

[ Limitation: The use of encrypted tunnels by attackers frequently blinds network-level inspections meant
to detect this exfiltration.

Halcyon [9] conducted a dynamic analysis of the Akira ransomware family, identifying its reliance on
PowerShell and compromised VPN credentials for initial access. The study highlighted a critical behavioral
signature: the systematic deletion of Windows Shadow Volume Copies to prevent local data recovery.

[ Finding: Introduced Decoy Assets (Honeyfiles) which immediately flag any process attempting to read or
encrypt them as malicious.

O Limitation: Integration of these decoys into complex, multi-cloud enterprise architectures remains an open
area for operational research.

EasyChair [10] proposed a contextual analysis framework that utilizes role-based behavioral profiling of
system states. By identifying deviations from established baseline user behaviors, the framework can detect
anomalies in file access patterns. However, the study noted that dynamic environments with frequent
administrative changes often trigger false alerts.
[ Finding: Highlighted statistical shifts in attack trends, specifically targeting sectors like education and
healthcare, and the recovery costs involved.

0 Limitation: From general context: Statistical analysis of trends does not address the technical challenge
of entry-point variation (RDP vs Phishing).

MeitY [11] analyzed the evolution of Triple Extortion trends, where attackers combine data encryption with
exfiltration and Distributed Denial-of-Service (DDoS) tactics. Their report emphasized that exfiltration
activity often occurs well before the encryption phase, suggesting that monitoring outbound network traffic
for data staging is a vital proactive measure.

[0 Finding: Utilized deep learning models (Adaptive Autoencoders and Meta-Attention Transformers)
applied to system-level execution traces.

[ Limitation: From general context: Deep learning models face "black-box" issues regarding explainability
and are susceptible to adversarial manipulation.
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MDPI [12] explored network traffic anomaly detection using Al-driven labeling to distinguish between
normal and abnormal traffic. The research focused on identifying communication spikes related to Command
& Control (C2) servers, though it acknowledged that the use of encrypted tunnels by attackers frequently
blinds network-level inspections.

1 Finding: Focused on the detection of abnormal process spawning and injection techniques within
ransomware payloads.

1 Limitation: From general context: High-fidelity behavioral solutions often introduce increased system
latency and operational overhead.

IEEE [13] presented case studies on ransomware threats within 10T and 10T (Industrial Internet of Things)
environments. The study identified that while file encryption is the end goal, the initial behavioral traces often
involve unusual registry entries and unauthorized filesystem changes in constrained devices.

1 Finding: Utilized ML to identify obfuscated or encoded malicious payloads that attempt to bypass standard
entropy-based triggers.

0 Limitation: The approach requires significant pre-processing power that may not be available on all
endpoints.

Sgandurra et al. [14] investigated dynamic classification for early ransomware detection, focusing on runtime
feature set identification. By monitoring common registry and API call characteristics, they developed a
profile for cryptographic ransomware execution, although they noted that evasion techniques like "sleep”
commands can bypass short-term monitoring windows.

0 Finding: Identified that in 1oT/I10T environments, initial behavioral traces often involve unusual registry
entries and unauthorized filesystem changes.

[ Limitation: These environments often consist of constrained devices, making it difficult to deploy heavy
agents for monitoring.

AAG IT [15] analyzed the rapid evolution of the Ransomware-as-a-Service (RaaS) model, noting a 105%
growth in attack volume driven by affiliate programs. The study concluded that while technical access vectors
like RDP and Phishing vary, the core behavioral outcome—data locking for profit—remains consistent,
necessitating a behavior-centric rather than entry-point-centric defense.

0 Finding: Noted a 105% growth in attack volume driven by the Ransomware-as-a-Service (RaaS) model
and affiliate programs.

[0 Limitation: Technical access vectors (like RDP and Phishing) vary significantly, meaning defenses
focused on entry points are less effective than behavior-centric ones.
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I11. PROPOSED COMPARATIVE METHODOLOGY

This paper follows a structured comparative analysis framework to examine existing research on ransomware
taxonomies and behavioral detection models. The methodology is designed to enable a systematic comparison
of ransomware research based on threat classification, detection logic, and mitigation efficacy rather than
implementation-specific details. Relevant ransomware research studies are first identified from established
academic and industry sources, focusing on works from 2020-2025.

Table I: Research Methodology Phases

Stage Action Taken Objective

Data ID Filter 20202025 literature (IEEE, MDPI, etc.). | Ensure modern relevance to the threat landscape.
Categorization Group by logic (ML, Entropy, Zero-Trust) Identify the evolution of defense strategies.
Critical Evaluation | Analyze Precision, Recall, and FPR metrics. Determine real-world operational viability.

Gap Synthesis Map scalability and evasion limitations. Define the scope for future implementation.

This unified evaluation framework ensures consistency in comparison and enables an objective assessment
across heterogeneous ransomware defense approaches.

IV. COMPARATIVE ANALYSIS OF RANSOMWARE BEHAVIORAL DETECTION
APPROACHES

A comparative analysis of representative ransomware research-works is conducted to highlight similarities,
differences, and limitations across existing behavioral detection methodologies.

Static Analysis: Early studies primarily emphasize signature-based and static analysis models. While these
offer low computational overhead, they suffer from an inability to detect zero-day variants and are easily
bypassed by polymorphic code.

Behavioral-Based Detection: Recent research shifts toward architectures monitoring real-time process
execution (file entropy, API calls). These demonstrate improved resistance to unknown families but often
introduce increased system latency.

Al-Assisted Frameworks: Models like LSTM and Random Forest show promising capabilities in identifying
abnormal access patterns. However, concerns related to model explainability (the "black-box™ problem)
remain largely unresolved.

Proactive Defense (Decoys): Integration of Honeyfiles improves early-stage detection but requires complex
orchestration in multi-cloud environments.
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Table Il: Summar

y of Comparative Findings

Approach

Key Strength

Major Challenge

Static Analysis Minimal resource usage. Fails against Zero-Day/Polymorphic threats.
Behavioral Analysis | Detects unknown variants in real-time. | High computational overhead.
Al/Deep Learning | High accuracy in pattern recognition. | Lack of explainability & adversarial risk.

Proactive (Decoys)

Early-stage "kill" capability.

Complexity in large-scale deployment.

V. RESULTS ANALYSIS

The analysis focuses on evaluating how different behavioral detection approaches address the critical
challenges of detection latency, false-positive mitigation, and resource consumption. The results reveal a
significant technical evolution from static security toward proactive, identity-aware architectures. The results
suggest that monitoring for specific high-signal triggers—such as the deletion of Windows Shadow Volume
Copies—serves as a near-universal indicator for modern cryptographic attacks.

Table 111: Aggregated Results of Behavioral Detection Parameters

Parameter

Traditional
(Static)

Behavioral (Heuristic) | Al-Driven (ML/DL)

A Instant for known | High (requires event | Moderate  (data  processing

Detection Speed .

threats accumulation) delay).
Zero-Day . .

Low (<10% High (85%-95% Very High (>98%
Acculi (<10%) gh (85%-95%) y High (>98%)
Syste(iEpR Qe Negligible Moderate High (GPU/RAM intensive)
Impact

Moderate baseline | | .. .

False Positive Risk | Very Low drift) ( High (Black-box logic)

VI. CONCLUSION

Ransomware has evolved into a complex and multi-dimensional security challenge, shaped by the rapid
adoption of RaaS and multi-extortion tactics. The reviewed literature demonstrates that modern threats exploit
weaknesses in traditional signature-based frameworks by utilizing "Living-off-the-Land" (LotL) techniques.
While advanced approaches like Al-assisted detection and Zero-Trust architectures offer improvements, no
single technical solution can effectively address the expanding threat landscape. Robust protection requires a
holistic strategy combining real-time behavioral monitoring, intelligent sequential analysis (e.g., LSTM), and
proactive mitigation layers.
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