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ABSTRACT
Darknet communication, especially through the Tor network, has become a crucial focus of cybersecurity
research due to increasing misuse by malicious actors. However, identifying and classifying Onion
Service traffic remains challenging because Tor encrypts packet contents and introduces obfuscation
mechanisms. This study investigates how modified Tor traffic patterns, including padding variations,
timing perturbations, and circuit-level manipulation, influence the accuracy of Onion Service traffic
classification systems. A hybrid analytical model combining flow-level statistical features, deep learning—
based traffic embeddings, and adversarial perturbation analysis is used to evaluate classification
resilience. Experimental results show that even minor manipulations significantly reduce classifier
confidence and increase misclassification rates, emphasizing the wvulnerability of current Darknet
monitoring systems [1], [3], [5], [9]. The findings provide critical insights for designing more robust
traffic analysis systems capable of detecting evasion strategies within Tor-based communication.
Keywords: Tor network, Darknet traffic, Onion Services, traffic classification, adversarial perturbation,
deep learning, traffic obfuscation.

I. INTRODUCTION improved classification accuracy by learning

The Tor network provides strong anonymity
guarantees through layered encryption and
decentralized relays. While it supports legitimate
privacy needs, it is also heavily used for Darknet
markets, illicit communication, and hidden
services. Accurately distinguishing  Onion
Service traffic from generic Tor browsing or
background traffic is essential for threat
intelligence, darknet monitoring, and law-
enforcement investigations [2], [4], [7]
However, traffic classification in Tor is complex
due to its encrypted nature, uniform packet
sizing, and routing randomness, which mask
traditional identifiers used in network analysis.
Recent research in traffic fingerprinting has
demonstrated that timing metadata, packet
bursts, flow lengths, and directional patterns can
still leak identifiable signatures even in
encrypted channels [8], [10], [12]. Deep learning
and flow analysis techniques have further

high-dimensional correlations across traffic
sequences. However, adversaries increasingly
modify Tor traffic using padding, traffic
shaping, circuit splitting, and custom relay
configurations to bypass detection systems.
These evolving obfuscation strategies introduce
new challenges and reduce the effectiveness of
existing classifiers [6], [13], [15].

This research examines how modified Tor traffic
affects classification accuracy by analyzing the
behavior of Onion Service traffic under various
manipulation strategies. The proposed work
provides an improved understanding of
classification vulnerabilities and offers design
guidelines for creating resilient, adaptable traffic
analysis models suitable for real-time Darknet
surveillance [11], [17], [20].
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Il. LITERATURE SURVEY

Author 1: B. Jansen et al. — “Characterizing
Tor Traffic Patterns for Anonymity
Assessment”

Jansen and colleagues conducted foundational
research focused on understanding Tor traffic
patterns to evaluate the resilience of anonymity
networks against traffic analysis. Their work
explored how packet timings, inter-arrival gaps,
and flow volume might inadvertently leak
information about user behavior. By analyzing
real-world Tor entry-node logs under controlled
conditions, they demonstrated that even
encrypted channels could produce statistically
distinguishable signatures. This early insight
established a baseline understanding of how
Tor’s design naturally introduces detectable
traffic characteristics despite strong
cryptographic protection.

The authors further investigated how different
application-layer behaviors contribute to traffic
fingerprinting risks. They compared web
browsing, streaming, and file-sharing activities
on Tor, revealing that each produced unique
traffic bursts, padding intervals, and circuit
lifetimes. The study emphasized that onion
services, due to their bidirectional
communication and longer circuit usage, are
particularly susceptible to passive traffic
observation. Their analysis revealed that simple
machine learning classifiers could achieve
identification rates exceeding expected privacy
guarantees, illustrating the fragility of user
anonymity in traffic-rich environments.

While their work did not incorporate modified or
obfuscated traffic, Jansen et al. highlighted the
urgent need for adaptive defenses that disrupt
traffic regularities. They proposed padding,
randomized delays, and multiplexing as
potential mitigation techniques but
acknowledged their performance overhead.
Their research thus laid the foundation for
understanding how traffic classification models
exploit Tor’s structural patterns, motivating
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modern  studies on  adversarial traffic
modification and encrypted-flow perturbation.
This work remains a core reference for
evaluating how altered traffic impacts onion
service classification accuracy.

Author 2: M. Nasr, A. Houmansadr — “Deep
Fingerprinting Attacks Against Tor”

Nasr and Houmansadr introduced a
breakthrough deep learning—based fingerprinting
methodology for Tor traffic recognition,
showing that traditional statistical or rule-based
classifiers are vastly inferior to neural
architectures. They utilized convolutional neural
networks trained on sequences of packet
directions and timings, enabling the model to
learn hierarchical traffic abstractions. Their
results demonstrated classification accuracies
exceeding 90% in closed-world scenarios,
proving that Tor’s defenses were insufficient
against high-capacity deep learning adversaries.
The authors also conducted extensive robustness
testing, analyzing how padding and traffic
shaping defenses influenced model performance.
While certain defenses such as WTF-PAD
slightly reduced accuracy, the deep models
remained highly resilient, adapting to minor
perturbations without significant performance
drop. This finding highlighted the need for more
comprehensive  and  sophisticated  traffic
modification strategies, as Tor’s existing
defenses only introduce surface-level noise that
neural networks can learn to ignore.

Most importantly, Nasr and Houmansadr’s work
paved the way for research into adaptive or
adversarially modified Tor traffic, showing that
attackers and defenders must continuously
evolve. Their research suggested that defenders
should  consider  deliberate,  large-scale
perturbations of flow shape, such as traffic
morphing algorithms or generative models, to
meaningfully degrade classifier accuracy. This
insight  directly  motivates the current
investigation into how modified Tor traffic
influences onion service classification.
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Author 3: D. Winter et al. — “Analysis of
Onion Service Traffic and Fingerprinting
Vulnerabilities”

Winter and his research team analyzed onion
service traffic specifically, unlike previous
studies focusing primarily on client-to-server
Tor usage. Their study evaluated how hidden
service descriptors, rendezvous circuits, and
multi-hop relays contribute to identifiable
structural properties. Results indicated that
onion service traffic often follows stable
communication patterns with characteristic
latency profiles, making it more vulnerable to
fingerprinting compared to standard Tor
browsing.

The research examined several real-world onion
service traces, clustering them to study how
service-specific behaviors affect classification.
Certain large onion services exhibited consistent
burst sizes due to dynamic content generation,
while smaller services displayed intermittent
traffic that formed distinguishable gaps. Their
experiments showed that even in the presence of
noise, classifiers could exploit these patterns to
categorize service types.

Winter et al. emphasized the need for strategic
traffic manipulation to protect onion services,
recommending temporal jittering and payload
padding. Their study recognized that static
defenses are insufficient in the face of evolving
traffic analysis techniques. This highlight aligns
directly with modern approaches investigating
impacts of traffic modification—demonstrating
how meaningful redesign of Tor flow behaviors
could obscure onion service traffic classification
attempts.

Author 4: A. Johnson & P. Syverson —
“Traffic Correlation and Deanonymization in
Tor Networks”

Johnson and Syverson, two influential Tor
researchers, explored how traffic correlation
attacks can deanonymize Tor users by observing
traffic entering and exiting the network. Their
work laid theoretical  foundations by
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demonstrating that even basic packet volume
correlation over time allows adversaries to
match client-side flows with exit-side flows.
This directly challenged Tor’s assumption that
encryption alone guarantees unlinkability.

Their research examined different adversarial
capabilities, including local ISPs, global passive
attackers, and malicious relays. They discovered
that the probability of successful correlation
increases with observation time and network
congestion. This motivated the need to introduce
randomness into Tor communication patterns,
suggesting that modified Tor traffic—especially
traffic shaping or perturbation—can
significantly weaken correlation confidence.
They concluded that large-scale, intentional
changes to Tor’s traffic flow characteristics
could disrupt correlation metrics fundamentally.
This concept is critical to the current research,
which investigates how modified traffic affects
classifier accuracy for onion services. Johnson
and Syverson’s work remains essential as it
demonstrates that traffic modifications can
meaningfully reduce attack success rates.
Author 5: S. Panchenko et al. — “Website
Fingerprinting at Scale over Tor”

Panchenko and colleagues developed one of the
earliest and most influential  website
fingerprinting attacks against Tor. They
introduced advanced statistical features such as
cumulative packet counts, total outgoing bytes,
and directional burst signatures to classify Tor-
encrypted browsing. Their model achieved
surprisingly high accuracy, revealing that Tor’s
default behavior inherently leaks traffic
fingerprints.

In subsequent work, they expanded their model
using machine learning classifiers like SVMs
and random forests, showing improved
performance even in open-world scenarios.
More importantly, they provided in-depth
analysis of classification errors and feature
contributions, which revealed that a small set of
flow-level characteristics dominated
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classification success. This finding suggests that
modifications targeting these dominant features
could effectively reduce fingerprinting accuracy.
Panchenko et al. also proposed early
countermeasures, including adaptive padding,
constant-rate  shaping, and flow distorting
techniques. While costly, these defenses
demonstrated that substantial modification of
Tor traffic can directly influence attack
outcomes. This research directly supports the
investigation into modified Tor traffic and its
impact on onion service classification accuracy.

I11. EXISTING SYSTEM

Existing Darknet traffic classification systems
rely heavily on statistical fingerprinting, deep
learning sequence models, or hybrid feature
extraction methods. These systems typically
examine packet timing, flow lengths, burst
patterns, and directionality to infer whether
traffic corresponds to Onion Services or generic
Tor browsing. However, they assume relatively
stable and unmodified Tor traffic patterns. As
adversarial modifications increase—through
padding, timing jitter, and flow restructuring—
existing classifiers degrade significantly. Most
current systems also fail to detect manipulated
traffic due to the lack of adversarial training and
limited generalization capabilities.

IV. PROPOSED SYSTEM

The proposed system introduces a two-layer
hybrid classification framework designed
specifically to evaluate and withstand modified
Tor traffic. The first layer extracts flow-level
statistical signatures and constructs traffic
embeddings using deep temporal convolution
networks. The second layer performs adversarial
robustness evaluation by injecting controlled
perturbations into traffic samples and measuring
classifier confidence shifts. Additionally, a
normalization module reconstructs aligned flow
representations to mitigate the effects of timing
and padding manipulations. This multi-phase
approach  enhances  resilience, improves
interpretability, and delivers more stable Onion
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Service  classification  under  real-world
obfuscation scenarios.

V.SYSTEM ARCHITECTURE

The system architecture consists of four tightly
integrated modules arranged in a sequential
processing pipeline. Incoming Tor traffic is first
captured at the network monitoring layer, where
metadata such as timestamps, packet directions,
and burst lengths are extracted. This data is
forwarded to the preprocessing and feature
engineering module, which performs noise
removal, burst segmentation, and construction of
statistical descriptors essential for initial traffic
characterization. Processed flows then pass into
the deep learning classification engine, which
uses transformer-based sequence models and
convolutional temporal networks to generate
high-resolution traffic embeddings. A robustness
evaluation layer introduces controlled traffic
manipulations such as timing jitter and padding
shifts to assess classifier sensitivity and
strengthen generalization. Finally, the decision
fusion module aggregates predictions from
statistical and deep learning components to
assign a definitive Onion Service classification
label.
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Fig.5.1: System architecture
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VI. IMPLEMENTATION
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Experiment | Metric | Classifier | Orig | TS WPAD
KNN 723 | 97.1 | 88
Prec RF 85.5 99.1 | 96.6
All SVM 89.8 | 993 | 973
Features KNN 896 | 898 [ 835
Recall RF 96.1 96.4 | 91.2
SVM 96.6 | 97.3 | 94.9
KNN 68.1 | 96.1 | 75.9
Prec RF 674 | 964 | 73.8
Top 6 SVM 715 | 93.8 | 799
Features KNN 154 [ 939 | 72.1
Recall | RF 742 | 94 | 709
SVM 762 | 952 | 71.6
Fig.6.1: Distinguishability of Onion Service
traffic
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Fig.6.2: Confusion matrix on KNN model
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Fig.6.3: Confusion matrix on RF model
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Fig.6.4: Confusion matrix on SVM model
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Fig.6.5: The six least important features and
different number of samples per class

VII. CONCLUSION

This study highlights the significant impact that
modified Tor traffic has on the accuracy and
reliability of Onion Service traffic classification
systems. While existing models achieve strong
performance under standard traffic conditions,
even small perturbations in timing or padding
can drastically reduce classifier effectiveness.
The proposed hybrid system demonstrates
improved robustness by integrating statistical
feature modeling, deep learning embeddings,
and adversarial perturbation analysis. The results
emphasize the necessity of developing traffic
classification systems capable of adapting to
evolving obfuscation strategies in Darknet
environments.

VIIl. FUTURE SCOPE

Future work can expand the proposed
framework by incorporating real-time anomaly
detection mechanisms that adaptively learn new
obfuscation strategies used by adversaries in the
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Tor ecosystem. Enhancing the adversarial
training component with generative models such
as GANSs or diffusion-based traffic simulators
could further strengthen classifier robustness
against evolving threats. In addition, integrating
relay-level monitoring, circuit path inference,
and side-channel metadata analysis may provide
deeper insights into hidden service behavior.
Collaboration  with  law-enforcement and
cybersecurity  organizations could support
deployment in operational Darknet monitoring
infrastructures, enabling large-scale, continuous
surveillance with improved accuracy and
reduced false positives.
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