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Abstract

Recent advances in deep learning have significantly improved biometric authentication systems, while simultaneously
introducing new vulnerabilities to adversarial attacks. Earlier studies mainly focused on specific attack techniques or
isolated system components, often neglecting interactions across the authentication pipeline. A scenario-based risk
assessment framework has therefore been proposed to analyze vulnerabilities in deep learning—driven biometric systems.
This framework identifies several critical points within the authentication process and outlines multiple attack scenarios
categorized by objectives such as integrity, availability, and privacy, as well as by attack strategies including evasion,
poisoning, and exploratory methods. Biometric authentication is increasingly used in commercial, governmental, and
forensic applications; however, it remains vulnerable to both intrinsic failures and adversarial manipulation. A metadata-
based approach that integrates user and acquisition information has demonstrated improved system performance, increasing
recognition accuracy and robustness. Furthermore, smartphone fingerprint authentication systems exhibit architectural
weaknesses that may allow brute-force and man-in-the-middle attacks. Side-channel information leakage can also expose
sensitive biometric data, highlighting the need for stronger security mechanisms.

Keywords: Smartphone security, Fingerprint authentication, Biometric brute-force attack, Trusted execution environment,
SPI vulnerability, Neural style transfer.

1. Introduction

In contrast to previous studies that mainly focus on measuring attack success rates, this framework presents three
quantitative metrics: vulnerability to attacks, difficulty of executing attacks, and availability of defenses against attacks. A
case study utilizing FaceNet with datasets like FaceForensicst+ and CASIA-Webface showcases the relevance of this
approach. Biometric authentication, especially fingerprint recognition, has emerged as the leading method for securing
smartphones since Touch ID's debut in 2013. Contemporary SFA systems depend on:

Multi-sampling techniques

Liveness detection methods

Attempt limitations and lockout protocols

Isolation via Trusted Execution Environment (TEE)

Although these security measures are in place, this research reveals that fingerprint brute-force attacks can be executed on
commercially available devices by taking advantage of systemic logical vulnerabilities rather than flaws in
implementation[ 1]. The results indicate that attacks involving logic corruption during the training phase present the greatest
risk, given their high vulnerability and few defensive measures. Overall, this research offers a structured and multi-faceted
methodology for evaluating risks that improves the security assessment of biometric authentication systems.

Limitations of Existing Research

Despite the extensive research available on adversarial vulnerabilities in deep learning-based biometric authentication
systems[ 1], several significant limitations remain. To begin with, much of the current research tends to focus on individual
modules, examining adversarial attacks on components like liveness detectors or identity matchers in isolation. While these
investigations contribute important knowledge about specific vulnerabilities, they frequently neglect the interrelations
among modules in the authentication process. In real-world systems, for instance, adversarial inputs aimed at the identity
matcher must first evade the liveness detector. Ignoring these sequential interactions can result in assessments of
vulnerability that are either incomplete or exaggerated.

Moreover, previous studies often prioritize a single type of attack, such as evasion or poisoning attacks, without
incorporating various attack categories into a comprehensive evaluation framework. Ultimately, numerous studies overlook
the interconnected system-level dependencies present in actual biometric authentication systems. In real-world settings,
biometric information passes through a series of modules that operate based on established thresholds and decision-making
processes [2][3]. Neglecting these dependencies may lead to unrealistic assumptions regarding the capabilities of attackers
and the behavior of the system, thereby diminishing the practical relevance of the results.Together, these challenges
highlight the necessity for a comprehensive, scenario-driven risk assessment framework that evaluates adversarial threats
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in a holistic manner, considers the relationships between modules, and encompasses various risk dimensions beyond simply
measuring attack success rates.

2. The analysis provides key insights into the risk landscape associated with adversarial attacks targeting
deep learning-based biometric authentication systems

Initially, it counters traditional beliefs by indicating that some black-box attacks may actually represent a greater overall
threat than white-box attacks. While white-box attacks generally achieve higher rates of success due to complete access to
the model's parameters and structure, black-box attacks typically demand much less privileged information [2]. This
reduced level of execution difficulty makes them more feasible in real-world deployment scenarios, thereby enhancing
their overall risk profile, even with possibly lower success rates. Secondly, logic corruption attacks which entail the
malicious alteration of training algorithms or decision thresholds have emerged as notably significant threats. These attacks
undermine the internal logic of the system during the training process and can drastically change authentication results.
Importantly, existing literature presents limited or no proven defense strategies focused on logic corruption. The lack of
effective safeguards greatly heightens the seriousness of these attacks, categorizing them among the most alarming
adversarial situations.

Ultimately, the results indicate that evaluating adversarial risk based solely on the success rate of attacks is inadequate. A
thorough evaluation must include additional factors, especially:

e The complexity of carrying out an attack, which considers the information and access needed to perform it; and
the readiness of defenses, showing the existence and effectiveness of protective measures.

e By combining these elements, risk assessment shifts from a one-dimensional performance measure to a more
genuine and applicable insight into adversarial risks in biometric authentication systems.
3. Examination of Biometric Backdoors: A Poisoning Attack on Unsupervised Templates Updating

The research explores a significant yet often overlooked vulnerability in biometric authentication systems: unsupervised
template updating (UTU). Numerous real-world biometric systems routinely refresh user templates automatically with
newly collected samples to accommodate natural changes (such as aging, variations in lighting, and shifts in behavior).
Although UTU enhances recognition accuracy over time, the authors contend that it concurrently presents a substantial
attack vector [4]. Rather than focusing on traditional adversarial attacks that directly target classifiers, this research
examines poisoning attacks integrated within the template updating process, thereby methodically and persistently
undermining the system.

Models and Methodology Used

A System Model for Biometric Recognition featuring Unsupervised Template Updating (UTU): UTU aims to tackle the
decline in recognition accuracy over time due to intraclass variations, such as aging, hairstyle changes, or environmental
influences. In contrast to supervised systems, UTU enables the biometric system to refresh stored templates with new
incoming data autonomously, eliminating the need for.

(1) FaceNet and ResNet-50
In the paper, feature extractors such as FaceNet and ResNet-50 produce:
e FaceNet — d=512
e ResNet-50 — d=2048
All embeddings are L2-normalized:
If(x)ll=1, So all samples lie on the unit hypersphere S¢'.

This simplifies distance: llu—v[|2>=2—2(u-v). The study evaluates the attack on three state-of-the-art face recognition
architectures:
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Figure 1. FaceNet and ResNet Model

As shown in figure 1.the illustration depicts the FaceNet embedding pipeline utilized for face recognition and metric

learning:

1.

Batch Image (Input Layer):
On the left, a collection of face images (represented as stacked RGB frames) is assembled into a batch. These
images generally consist of: Anchor image Positive image (identical identity) Negative image (different identity).

FaceNet Architecture (Feature Extractor):

The batch of images is forwarded through the FaceNet deep convolutional neural network. This network retrieves
advanced facial features and transforms each image into a concise numerical representation.

L2 Normalization Layer:

The resultant features undergo an L2 normalization process:

Z=f(x)/|foI?

This maps the embeddings onto a unit hypersphere, providing: Uniform scale Comparable distances Reliable
metric learning.

Embedding Space:

Once normalized, every image is depicted as a vector of fixed length (for instance, 128-D or 512-D). These
vectors exist within an embedding space where: Images of the same individual are located closely together, While
images of different individuals are positioned further apart.

Triplet Loss Component :

The concluding section marked as Triplet signifies training utilizing Triplet Loss.

L = max (| 2y — zp||§ — ||za — 2n |§ + a, ﬂ)

Where,

Z*:Embeding for the anchor

Z™ Embedding for the negative sample
ZP:Embedding for the positive sample
a:Margin

The goal establishes:

||za—z:p|§—l—a{|zu—zﬂ 5

Overall Objective: The illustration depicts a metric learning framework wherein: The CNN is trained to translate
faces into a well-structured embedding space. Identity resemblance is assessed using Euclidean distance. There is
no dedicated classification layer employed. Recognition occurs through distance comparison instead of softmax
classification.

(2) Understanding High-Dimensional Geometry: In 512-D sphere: Random vectors have expected dot product:
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Distance:
lu—wv)|?=2=|lu—v|| =~ +v2~14

Thus:
e  Genuine: 0.6-0.8
e Impostor: ~1.3-1.4
e  Poisoning reduces attacker distance from 1.3 — <0.95.
e This requires only ~30% distance reduction.

e Because:

mn
n+k

(3) Gradient-Driven Disturbance Numerical Performance

Optimization:

2

min | (z + 8) — £(y)
Linearize:
flz+0) ~ f(z) + J5(a)5
Distance:

1 (z) — fy) + Jf(2)d]

Thus embedding moves along:

Ji(z)" (f(y) — f(=))

Each iteration reduces distance approximately:

Ad = X[ Je(z)' (f(y) — f()]?

The assault is effective due to the fact that the template update generates:

n+k 1

Cpp] — ——Cp + ——
M k+1l P k41

Pr+1

This is a linear dynamical system.when poisoning continues, the system is mathematically unstable under adversarial
updates.

http.//jier.org 2972



Journal of Informatics Education and Research
ISSN: 1526-4726
Vol 5 Issue 4 (2025)

Research Gap: The study reveals that unsupervised template updating presents a significant and previously overlooked
weakness in biometric systems, allowing for covert long-term backdoor attacks even with minimal assumptions about the
attacker.

4. Weaknesses in Biometric Systems: An Analytical Framework Focused on Metadata

The swift digital evolution in contemporary societies has heightened the demand for dependable authentication methods
[4]. Conventional authentication techniques using passwords or tokens are becoming more vulnerable to identity theft and
fraudulent activities. Biometric authentication systems, which utilize physiological, behavioral, or bioelectrical attributes,
provide improved security by linking identity verification to intrinsic human traits. The security risk associated with
biometric systems can be understood as:

Threat x Vulnerability

Risk =

Countermeasure

In this framework, vulnerabilities signify points of exposure that adversaries could take advantage of. Although biometric
systems serve as protective measures, they are also susceptible to inherent flaws. This study aims to explore how metadata
additional information linked to biometric data can help alleviate these vulnerabilities.

This research creates a systematic classification of metadata within biometric systems and examines its influence on
both inherent and adversarial weaknesses [5]. The findings reveal that incorporating soft biometric metadata greatly boosts
the resilience of the system and enhances recognition precision.

Future studies should investigate: The incorporation of metadata in contactless fingerprint systems, Dynamic weighting
techniques in multimodal integration, Metadata-informed adaptive security frameworks,

5. Simulation Procedure for Biometric Template Exploits and Safeguarding Strategies

According to the survey on Biometric Template Attacks and Recent Protection Mechanisms, the simulation process can be
organized to experimentally assess biometric template attacks and their related protective measures. The following is a
step-by-step simulation framework restructured from the methodologies and evaluation strategies outlined in the paper.

Integrated Biometric Security Simulation Workflow

We represent the entire system as one stochastic process:

S=(4,P,5,6,AM)

where:

¢ ¢ = feature extraction

¢ P = protection mechanism (none / cancelable / cryptosystem / encryption
¢ S = matcher

e 4 = decision rule

e A = attack model

M = evaluation metrics
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Step 1: Biometric Generation Step 2: Protection Phase
X PX T =P(T,k)
Where:
T = ¢(X)

P e {I'- fks Q(T!K)e E(T)}

e Identity (no protection)

s Cancelable transform f}.

s Cryptosystem binding g(T", K')
» Encryption E(T)

Step 3: Attack Simulati
°p ack Simufation Step 4: Assessment of Performance and Security

Attack Success .
Recognition performance:

ASR— P(S(T,T*) > 1) | FAR = P(6 = l|imp)
Information leakage FRR — P(ﬁ — ﬂ|gﬂﬂ)

L=I(T;T") EER: FAR — FRR

Final Representation of a Single Pipeline:

x %15 1 > § - {EER,ASR,L}

Unexplored area:

Biometric systems are significantly susceptible to attacks at the template level, such as inversion, cross-matching, brute-
force, and hill-climbing methods. While various protective measures like cancelable biometrics, biometric cryptosystems
(for instance, fuzzy vaults and fuzzy commitments), and encrypted-domain matching have enhanced security, none offer
complete safeguarding without compromising recognition accuracy or increasing computational expenses[5][6]. There
exists a distinct trade-off among security, performance, and efficiency, and current assessments typically focus solely on
the success rate of attacks instead of a more thorough evaluation of risks.

e The absence of a comprehensive threat model that addresses all levels of attacker knowledge.

e Risk metrics are limited beyond the success rate of attacks, with insufficient analysis of leakage and costs.
e  There are still vulnerabilities related to cross-application correlations.

e Implementing robust cryptographic safeguards incurs significant computational costs.

e There is inadequate protection against reconstruction attacks powered by Al

e Standardized benchmarking frameworks are lacking.

Prospective Studies

Future investigations should concentrate on creating a comprehensive probabilistic security framework that merges attack
success rates, information leakage, computational expenses, and recognition performance into a singular evaluation model.
More attention should be directed towards information-theoretic analysis to accurately assess template privacy and
unlinkability. It is worthwhile to explore hybrid layered protection architectures that incorporate cancelable biometrics,
biometric cryptosystems, and encrypted-domain matching to achieve a balance between revocability and cryptographic
security. Furthermore, it is essential to design protection schemes that are resilient to Al, particularly in resisting deep
learning-based reconstruction attacks. Additionally, there is a necessity to create lightweight cryptographic solutions that
are appropriate for real-time, mobile, and IoT-based authentication systems, along with standardized benchmarking
protocols to facilitate equitable and reproducible comparisons among various protection mechanisms.
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6. BRUTEPRINT: Systematic Weaknesses Allowing Feasible Fingerprint Brute-Force Assaults on
Commercially Available Smartphones

Threat Model and Assumptions

The assault is conceptualized as a probabilistic biometric brute-force method, where the likelihood of success relies on the
system’s False Accept Rate (FAR), the total number of registered fingerprints, and the rate of effective attempts.

Models Findings

Success Probability Model

—_—

r = number of enrolled fingerprints

2. FAR = false accept rate of the system
3. FIPS = fingerprint attempts per second
4. t= attack duration (seconds)

The cumulative probability of at least one successful
authentication within time t is:

P(t)=1— (1 —r- FAR)FIFSt

For small FAR values, this can be approximated using

Pl[tjl ~1 E—r-FAR-FIPS-t

exponential form:

Feasibility Condition A brute-force attack becomes viable when:

1

FIPS -t » ————
r-FAR

This means that the total number of attempts should come close
to the inverse of the effective False Acceptance Rate (FAR).

Experimental Parameter Observations | Typical smartphone configuration:

FAR < = 0.00002

50,000

o =1
o FIPS = 1 attempt/sec
Then:

1

ET| = T 0000021 = 50,000 seconds == 13.9 hours
If:
- r=35
ET) = _ 10,000 seconds = 2.78 hours
5 - 0.00002
Analysis of Experimental Qutcomes Rephrased observations from assessed devices:

For Android devices, there are virtually limitless attempts,
allowing t to be unrestricted.

In the case of i0OS devices, the attempt limit has been increased
(~3x), which diminishes brute-force security.The shortest
feasible unlock duration noted was around 40 minutes (under
optimal attempt conditions).

Over a span of 36 hours:

The likelihood of success was nearly 100% on the majority of
the devices evaluated.
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In the most challenging scenarios, the success rate still reached
92%.

Ultimate Mathematical Understanding | Fingerprint brute-force attacks become feasible when:

r-FAR.-FIPS >

T

When restrictions on attempts are circumvented, the
probabilistic aspect of biometric matching ensures that success
will eventually be achieved within achievable timeframes.

There exists a lack of thorough research that combines probabilistic modeling of biometrics, analysis of hardware
communication, assessment of logical workflows, and extensive empirical testing to evaluate the practical viability of
fingerprint brute-force attacks on contemporary smartphones. This deficiency emphasizes the necessity for a cross-layer
security assessment that transcends algorithmic strength and scrutinizes biometric authentication as an entire socio-
technical ecosystem.

7. Enhanced Authentication Framework with Elevated Security and Privacy

The research presents a secure and efficient framework for fingerprint authentication that converts fingerprint
characteristics into a non-reversible 3D spiral (shell) template.

Revocability Through Key Variation
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Mean shape of group 2
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= == +Mean shape of group 4 show [ x ¥ 2 tieks coordinate planes
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Figure 2. Non-reversible 3D spiral (shell) template

Different sets of keys produce entirely unique 3D spiral templates based on the same fingerprint information. If one
template is ever compromised, a new, independent template can be created. This provides: Revocability Unlinkability
across applications Protection against template replay attacks. The proposed secure fingerprint authentication system was
evaluated on multiple benchmark datasets, including FVC2000, FVC2002, FVC2004, and the IIT Kanpur large-scale
database. Performance was assessed using standard biometric metrics such as FAR, FRR, EER, GAR, and the
Kolmogorov—Smirnov (KS) statistic.

The system achieved 0% Equal Error Rate (EER) across all tested databases under both FVC and 1-vs-1 evaluation
protocols. Both False Acceptance Rate (FAR) and False Rejection Rate (FRR) were observed to be zero, resulting in a
100% Genuine Acceptance Rate (GAR). The KS statistic reached 1.0, indicating perfect statistical separation between
genuine and impostor score distributions [6]. In terms of computational performance, the average template generation time
was 48 ms, and the average matching time was 0.8 ms, demonstrating suitability for real-time and lightweight applications.
The efficiency improvement is attributed to the use of only high-quality minutiae points and a compact 3D spiral template
representation. Revocability and diversity were validated by generating multiple templates from the same fingerprint using
different key sets. Revoked template attack experiments showed a 0% success rate, confirming resistance to cross-matching
and template compromise.
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Security analysis indicates that original fingerprint reconstruction is computationally infeasible because raw minutiae
coordinates and orientation information are not stored. Instead, secured distances, ridge counts, and key-dependent
geometric transformations are embedded within a 3D spiral shell structure[7][8]. Overall, the experimental results
demonstrate that the proposed framework provides high recognition accuracy, strong template security, full revocability,
and computational efficiency without sacrificing performance.

8. Spectral Attack Graph Modeling with Stability Analysis

This section reformulates the demonstrated ICS attack chain using a graph-theoretic and eigenvalue-based stability
framework. The objective is to mathematically characterize how a single authentication misconfiguration alters systemic
stability within a segmented industrial architecture aligned with the Purdue Model. The ICS attack scenario can be
represented as a directed attack graph, with nodes symbolizing system states (such as attacker, compromised user,
enterprise workstation, operations workstation, SCADA node, domain administrator, and ransomware state), and edges
indicating possible transitions for an attack. When normal segmentation is applied (consistent with the Purdue Model), the
adjacency matrix is almost acyclic. After Kerberos misconfiguration and domain privilege escalation, additional lateral and
feedback edges are introduced. The modified adjacency matrix contains cycles, producing a dominant eigenvalue:

P[Ar.'mnprfmaisﬂri} =1

This indicates spectral instability, meaning compromise spreads exponentially:
) ) i
le]| ~ p(A)

Evaluating an Organization's Information System for Unapproved Access

The research conducts a simulated penetration testing process to assess the security stance of an organization's corporate
network infrastructure. While the study is mostly focused on methodology, several quantifiable results were achieved
during the experimental phase. During the network reconnaissance using Nmap, a total of 1000 TCP ports were scanned
on the chosen test host (172.16.32.131). Of these, 10 ports were found to be open, whereas 990 were indicated as closed.
This results in an open port exposure rate of roughly:

Open Port Percentage = x 100 = 1%

10
1000
While the percentage of open ports may seem low, the existence of services like FTP (21), SMTP (25), HTTP (80), SMB
(445), MS-SQL (1433), and RDP (3389) considerably expands the attack surface. In real-world cybersecurity situations,
even one vulnerable service can be enough to facilitate privilege escalation or lateral movement within a network.The
vulnerability assessment stage used tools available within the Kali Linux environment, such as Nmap, Metasploit, Burp
Suite, Nessus, and Maltego. The Metasploit Framework features over 1,600 exploit modules and around 500 types of
payloads, applicable across more than 25 platforms. The Nessus vulnerability scanner, even in its basic home edition, is
capable of scanning up to 16 IP addresses and identifies configuration issues, outdated services, weak credentials, and flaws
in authentication [8]. However, it fails to detect zero-day vulnerabilities, which underscores a fundamental limitation of
signature-based scanning tools. The experimental findings indicate that the effectiveness of vulnerability detection relies
not just on the variety of tools employed but also on the thoroughness of reconnaissance and the synthesis of collected
intelligence.

Recognized Areas Lacking Research

The research has various limitations. It does not include a quantitative risk assessment framework and instead emphasizes
a descriptive approach to identifying vulnerabilities. It primarily utilizes traditional signature-based tools and fails to
integrate Al or machine learning for dynamic threat detection.

From a theoretical perspective, the security level of an information system can be conceptualized as inversely proportional
to its exposure surface and vulnerability density:

Detection Capability »x Monitoring

Security Level x
Y Exposure Sur face x Vulnerability Density
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The validation process was carried out in a controlled virtual setting, which restricts its relevance to real-world scenarios.
Furthermore, the study places greater emphasis on simulating attacks rather than assessing defensive capabilities and
system resilience. Future studies ought to emphasize the combination of quantitative risk assessment, Al-driven detection
technologies, extensive enterprise validation, and ongoing automated monitoring systems. Improving these facets would
bolster both academic integrity and practical relevance in real-world cybersecurity settings [18]. The fingerprint biometric
system operates as a multi-stage transformation pipeline:

B—I—->F—->T—>S—D

Where, biometric data B is converted into a protected template T, compared using similarity score S, and accepted/rejected
via threshold t. Fingerprint biometric systems are probabilistic decision systems, not deterministic security guarantees.

Security can be expressed as:
Security = f(r,FAR, FRR,H(B), P(APF;), M;)

In the absence of mathematical risk modeling, entropy analysis, and adversarial optimization frameworks, the evaluation
of security stays at a descriptive level rather than being predictive [10]. In summary, fingerprint biometric systems must
not depend only on the strength of features or the encryption of templates for their security [9]. Real durability necessitates
a cohesive design framework that is rooted in mathematical principles and assessed against adversarial conditions, taking
into account statistical decision theory, information theory, hardware security, and comprehensive threat modeling at the
system level.

Mathematical Representation of the Trade-Off Between Security and Accuracy in Fingerprint Biometric Systems

Biometric fingerprint systems are commonly utilized in applications that require high security due to their strong ability to
differentiate between individuals and their ease of use. Nevertheless, two key goals guide their development:

e Recognition Accuracy — the capacity to accurately identify legitimate users and distinguish them from fraudulent
ones.

o Template Security — the capability to safeguard biometric templates from attacks such as inversion, leakage, and
cross-matching.

Enhancing the protection of templates usually entails employing feature transformation, encryption, or cryptographic
binding [11]. These methods inherently modify the statistical characteristics of biometric features, which can lead to a
decline in discriminative separation and an increase in error rates. As a result, the design of biometric systems inherently
presents a multi-objective optimization dilemma, where enhancing security may compromise recognition effectiveness
[12]. This section provides a formal mathematical structure to quantify and analyze this trade-off.

. UJIJTJING
Max. protection, S

no usefulness

\
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The trade-off curve illustrates the negative correlation between performance in recognition and the strength of security
measures in a fingerprint biometric system. As we move along the horizontal axis, the strength of security S rises with the
implementation of more robust transformation or protection strategies. The vertical axis indicates recognition accuracy A,
which shows how effectively the system can differentiate legitimate users from imposters.
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Utilizing the established model:

. Dy —e(S — 5p)
A(S) = @ ( 0 : 0 )

Where:
e Dy denotes initial statistical separability,
e  Crepresents degradation sensitivity,
e ®(-) is the cumulative Gaussian function,

The curve typically exhibits a nonlinear decreasing behavior. This indicates that enhancing security inevitably reduces
discriminative separability in the feature space.

9. Assessment of Weaknesses in Fingerprint Biometric Authentication Systems & A Suggested Secure
Framework

Biometric authentication systems have become a crucial element of contemporary security frameworks due to their capacity
to verify identity based on distinct physiological traits. Among the various biometric methods, fingerprint recognition is
one of the most commonly used techniques because of its high accuracy, ease of use, and relatively low computational
expense [13]. In contrast to traditional authentication methods like passwords or tokens, biometric identifiers cannot be
easily forgotten, misplaced, or replicated, which makes them appealing for uses such as mobile authentication, banking,
border control, and access management.

Findings and Experimental Evaluation

The suggested safe architecture was implemented in the experimental evaluation utilizing an embedded biometric system
made up of a Cortex-M4 processor and a CMOS fingerprint image sensor. The solution incorporated processor-level
security measures and a secure fingerprint matching method to lessen biometric devices' susceptibility to side-channel
attacks.

The findings demonstrate how well the minutiae-based matching algorithm evaluates the structural links between
fingerprint characteristics including angular orientation, distances, and nearby minutiae patterns [12]. The ratio of matched
minutiae pairs to the maximum amount of minutiae in either the input or template fingerprint is used to calculate the
matching score. This method preserves computing efficiency in embedded systems while enabling accurate similarity
estimate between biometric samples. With a false acceptance rate (FAR) of roughly 0.1%, experimental observations show
that the suggested architecture delivers good authentication accuracy, suggesting that the secure matching technique does
not impair recognition performance [15][16]. Furthermore, correlations between processor power usage and internal
computations are greatly reduced when Sense Amplifier Based Logic (SABL) and a power masking method are integrated.
This makes the system more resilient to attacks using Differential Power Analysis (DPA) and Simple Power Analysis
(SPA).

Overall, the experimental research shows that a strong fingerprint matching algorithm combined with a safe processor
architecture improves the security and dependability of fingerprint biometric identification systems while preserving
effective operation in embedded devices [14]. The study highlights several important findings regarding the security and
performance of fingerprint biometric authentication systems.

First, the minutiae-based fingerprint matching algorithm provides reliable authentication by comparing structural
relationships between fingerprint features such as distances, angles, and ridge orientation. The similarity between an input
fingerprint and a stored template is calculated using:

B
max(INP,TEM)

Score —

Where B is the number of matched minutiae pairs, INP is the number of minutiae in the input fingerprint, and TEM is the
number of minutiae in the stored template. For example, if B=45, INP=52 and TEM=50, the score becomes 0.8650, which
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exceeds the authentication threshold and confirms a successful match [15]. Finally, the proposed architecture improves
system security by integrating Sense Amplifier Based Logic (SABL) and a secure processor zone, which reduce power
leakage and protect sensitive biometric operations such as template storage and fingerprint matching. Overall, the results
demonstrate that combining secure hardware design with efficient fingerprint matching algorithms enhances both
authentication reliability and resistance to hardware-based attacks.

Conclusion

This research analyzes the security challenges of deep learning—based biometric authentication systems, particularly
fingerprint and face recognition. The study shows that although modern biometric models such as FaceNet and ResNet
achieve high recognition accuracy, they remain vulnerable to various adversarial attacks including evasion, poisoning,
brute-force, and template manipulation. The findings indicate that evaluating security only through attack success rates is
insufficient; a realistic risk evaluation must also consider attack complexity, system vulnerabilities, and the availability of
defense mechanisms. The analysis reveals that mechanisms such as unsupervised template updating can unintentionally
introduce long-term poisoning risks, while small perturbations in high-dimensional embedding spaces may enable
successful impersonation. Probabilistic modeling further demonstrates that fingerprint brute-force attacks can eventually
succeed if attempt limitations are bypassed.

To address these issues, the research proposes a secure biometric framework using non-reversible template transformation
and hardware-level protection mechanisms. Experimental results show that the approach improves template security,
revocability, and resistance to attacks while maintaining strong authentication accuracy. Overall, the study emphasizes the
need for a comprehensive security framework that integrates mathematical risk modeling, secure template protection, and
system-level defense strategies in biometric authentication systems.
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