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Abstract

Risk-Adaptive Authentication (RAA) addresses the need to continuously an-
alyse the environment, user behavior, and transaction context in order to de-
termine an appropriate level of authentication, particularly in systems, such as
IoT-based financial trading desks, that must respond to rapidly evolving con-
textual risks in under 100 ms. This review examines the design and deploy-
ment of RAA systems in high-traffic, low-latency environments, together with
recent advances in contextual risk modelling, edge computing, and adaptive
decision-making. It surveys context-aware frameworks, risk-aware access-con-
trol mechanisms, decentralized blockchain-based architectures, and machine-
learning-based risk-assessment methods. The review also outlines architec-
tural approaches that integrate artificial intelligence, edge intelligence, and
federated learning into the authentication process to reduce latency while pre-
serving security. Finally, it identifies promising directions for future research,
including quantum-resistant cryptography, privacy-enhancing Al, and greater
trust in autonomous systems, all of which may improve the resilience and adapt-
ability of RAA systems. The literature reviewed indicates that modern authen-
tication techniques increasingly aim to provide strong security guarantees in
high-criticality digital environments, supported by substantial research invest-
ment and innovation. Overall, this review summarizes state-of-the-art authen-
tication solutions that address a wide range of threats while meeting the de-
mands of digital operations, namely low-latency performance, flexibility, and
high security assurance.
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1. Introduction

In particular, the rise of real-time digital applications, such as online financial trans-
actions, cloud-native applications, autonomous vehicles, and vehicular embedded
computing, and interactive low-latency wireless communication with sensors and
actuators in the Industrial IoT, has amplified the need for authentication in high-
traffic, low-latency environments. Conventional authentication mechanisms, such
as static passwords or traditional multi-factor authentication, apply the same se-
curity policies across all contexts, regardless of the level of risk or the identity of the
user [1] [2]. Although these mechanisms provide a baseline of security, they can
also introduce unnecessary computational cost and user friction, particularly at
peak network load or when handling low-risk requests. Balancing security against
performance has therefore become a critical challenge for today’s distributed sys-
tems, which must reach an authentication decision within milliseconds [3]-[5].
Risk-Adaptive Authentication (RAA), by contrast, uses the changing context of
each request, location, and device attributes, transaction characteristics, and how
the user is accessing the system, to determine the required level of authentication.
Rather than applying a uniform level of protection, RAA verifies intelligently, in-
creasing protection only when suspicious activity is detected, thereby reducing
authentication time while maintaining strong security guarantees [6]-[9]. Edge
computing reinforces this paradigm by moving risk analysis and authentication
logic closer to end devices, which reduces communication delay and dependence
on centralized cloud infrastructure. Such approaches are especially useful in mo-
bile and IoT deployments with variable network conditions and tight response-
time requirements [10] [11]. Moreover, a multi-stage adaptive authentication sys-
tem can grant rapid access to low-risk transactions while triggering additional au-
thentication steps only for high-risk transactions, achieving high security accuracy
where it is needed and conserving resources where it is not [1] [12]-[15]. Integrat-
ing RAA architectures with blockchain-based authentication further strengthens
trust by providing a decentralized approach to identity verification that ensures
integrity and traceability and offers tamper-resistant access control, an important
property in decentralized and intermittently connected environments such as IoT
platforms, where integrity and traceability are essential [2] [16].

The efficiency and effectiveness of Risk-Adaptive Authentication depend heav-
ily on the communication network. In today’s distributed environments, a large
number of authentication transactions occur between user devices, edge devices,
authentication servers, and cloud services, and authentication latency is highly
sensitive to congestion, limited bandwidth, and routing delays. This has made the
design of authentication systems capable of end-to-end data transmission within
milliseconds, with strong reliability guarantees, increasingly relevant to the devel-
opment of Ultra-Reliable Low-Latency Communication (URLLC) and fifth-gen-
eration (5G) technologies [17] [18]. These technologies enable continuous authen-
tication and real-time risk assessment, capabilities that are critical for operations

such as smart healthcare, industrial automation, intelligent transportation systems,
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and financial services, where security must not compromise the user experience.
Recent research has focused on adaptive traffic management, intelligent queue
scheduling, and risk modelling to sustain authentication performance during traf-
fic surges. For example, a queue-aware authentication architecture can prioritize re-
quests according to a dynamically computed risk score, allocating additional scru-
tiny to potentially malicious requests so that legitimate requests are served more
quickly [19]. By combining edge intelligence with machine learning and network
optimization, authentication systems can continuously learn from context and
adapt their security policies to changing operational conditions. The main ad-
vantage of these solutions is their interdisciplinary nature, which improves scala-
bility and security, reduces latency, and supports accurate decision-making even
under strict latency constraints [3] [4] [20] [21]. In this context, contextual risk
modelling emerges as an essential element in the design of next-generation au-
thentication systems that balance security with efficiency. Accordingly, this review
examines risk-adaptive authentication architectures, edge security architectures,
blockchain-based identity management, and Al-based risk assessment, and it
highlights the criteria for evaluating future low-latency risk-adaptive authentica-
tion systems: authentication accuracy, response time, scalability, privacy preser-
vation, and user experience.

The main contributions of this review are as follows: 1) it consolidates the the-
oretical foundations of risk-adaptive authentication, including context-aware ac-
cess control, zero-trust security, and risk-based decision-making; 2) it analyses
architectural strategies, spanning edge computing, blockchain-based identity
management, federated learning, and AI-driven risk assessment, for meeting sub-
100 ms latency targets under high-traffic conditions; 3) it presents a layered ref-
erence architecture that integrates these techniques for secure, low-latency au-
thentication; and 4) it defines a multi-dimensional evaluation framework and
identifies open research challenges, including quantum-resistant and privacy-pre-

serving authentication.

Scope and Review Methodology

This paper is structured as a narrative review of peer-reviewed research on risk-
adaptive authentication published primarily between 2019 and 2025. Relevant
studies were identified from major digital libraries, including IEEE Xplore, the
ACM Digital Library, and SpringerLink, using combinations of the keywords risk-
adaptive authentication, risk-based access control, low-latency security, edge in-
telligence, federated learning, and quantum-resistant cryptography. Works were
selected for their relevance to authentication in high-traffic, low-latency environ-
ments and their treatment of at least one core theme: contextual risk modelling,
edge and decentralized architectures, Al-driven decision-making, or evaluation
methodology. The selected literature was then synthesized thematically to derive
the reference architecture and evaluation framework presented in the following

sections.
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2. Theoretical Background

RAA operates on the principle that authentication requirements should be driven
by contextual risk assessment. It is theoretically grounded in context-aware access
control, zero-trust security [21], and risk-based decision-making models, which
use user behavior together with environmental and device attributes to assess risk
continuously. RAA systems monitor changes in the risk environment and respond
to them by adjusting the authentication mechanism accordingly.

A key element of RAA is contextual risk modelling, which combines behavioral
analytics with environmental characteristics to compute a risk score for each ses-
sion. For example, the Context-Aware Access Control (CAAC) architecture uses
machine-learning-based profiling and real-time contextual data to support dy-
namic authorization in distributed environments [5]. Similarly, risk-based access-
control models support identity management by aligning access decisions with
prevailing risk levels and regulatory requirements [6]. Blockchain and decentral-
ized architectures further improve transparency and traceability while enabling
low-latency validation; blockchain-based authorization models use immutable
audit trails and near-real-time verification to reduce reliance on centralized con-
trol systems [7]. In parallel, AI-powered adaptive access-control systems incorpo-
rate feedback and learning mechanisms that continuously improve decision-mak-
ing, allowing authentication procedures to adapt to a changing environment [8].
Table 1 summarizes and compares representative approaches from the reviewed

literature.

Table 1. Comparison of representative risk-adaptive authentication approaches from the reviewed literature.

Ref. Core Technique Latency Handling Key Strengths Reported Limitations
0 Multi-stage risk-aware adaptive Selective step-up; fast path Fine-grained, Evaluated mainly on Android;
authentication and access control for low-risk requests context-aware decisions  limited large-scale testing
2] Edge-based risk scoring with Local edge inference Tamper-resistant, Consensus overhead; limited
decentralized identity reduces round-trips decentralized trust empirical latency data
(5] ML-based profiling for Real-time contextual Metric-driven, dynamic Framework-level; sparse
context-aware access control authorization authorization latency benchmarks
7] Blockchain-based authorization Near-real-time ledger Immutable audit trails; Ledger validation adds latency
as a service verification suited to IoT at scale
(8] Continuous zero-trust policy Designed for 5G Standards-aligned; Policy complexity increases
management low-latency contexts continuous verification compute
Reinforcement-learnin High accurac Training cost; reward-design
[13] . o 8 Low model inference delay . g . . Y . J . J
risk-based authentication (sensitivity/specificity) sensitivity
Scales to large node False positives; not a full auth
[15]  Probabilistic user-ID lookup Very low network overhead & P .
counts mechanism
Keystroke, touch, and mouse . . . Non-intrusive; good Behavioral drift; privacy
[16] ) L Passive, low-latency verification » i j
continuous authentication usability considerations
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3. Designing under High Traffic with Low Latency
Constraints

For latency-sensitive, high-demand applications, developing Risk-Adaptive Au-
thentication systems is fundamentally about building services that are fast, secure,
and scalable. Many such digital services, ranging from financial services to cloud,
web, IoT, and 5G applications, perform thousands of authentications per second.
When authentication is static, requiring every request to be verified at a central
authentication server, communication delays and bottlenecks can result. RAA in-
stead takes a context-based approach, adjusting authentication on the fly accord-
ing to a risk score derived incrementally from the user’s transactions, device prop-
erties, location, and behavior. This selective approach requests stronger authenti-
cation only from the most critical or suspicious clients, applies more rigorous
checks to potentially inauthentic clients, and thereby improves both system per-
formance and user satisfaction [9].

Recent architectures combine edge computing, decentralized trust models, and
intelligent decision-making to achieve these goals. Edge computing performs au-
thentication and risk assessment close to where data is generated, processing it on
edge nodes rather than transmitting it to the cloud. This can improve communi-
cation performance, save bandwidth, and reduce queuing delays in distributed
systems [10]. In addition, blockchain-based authentication enables a more decen-
tralized form of identity verification, providing tamper-resistant audit trails and
guaranteeing record consistency across multiple administrative domains and un-
der limited connectivity [9]. Al is another major enabler of adaptive authentica-
tion: Machine Learning (ML) and Reinforcement Learning (RL) algorithms use
historical requests to continually refine authentication policies, learning to im-
prove security from observed risk patterns. Such adaptive models have been
shown to achieve low inference time and high decision accuracy in edge deploy-
ments by optimizing the use of computational resources [11]. Hybrid optimiza-
tion models have also been used as intelligent resource-allocation mechanisms
to reduce energy cost and latency and to minimize the impact of moderate traffic
on system performance, for example, the Intelligent Buffalo-based Secure Edge
Computing (IB-SEC) approach [12]. Together, these architectural components
provide a flexible and resilient foundation that enables future risk-adaptive au-
thentication technologies to balance security, efficiency, and low latency (Figure
1).

The proposed RAA architecture comprises five layers: Inputs and Contextual
Data, Edge Processing and Risk Assessment, the Adaptive Authentication Engine,
Response and Enforcement, and a supporting Blockchain and cloud backend,
which together provide secure authentication with minimal delay. It begins with
the Inputs and Contextual Data layer, which continuously gathers information
such as user behavior, device and location attributes, transaction characteristics,
and threat-intelligence feeds to build a comprehensive risk context. These contex-

tual parameters are passed to the Edge Processing and Risk Assessment layer, where
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an Edge Al system analyses them locally and returns a risk score, reducing the
communication delay associated with centralized analysis. Meanwhile, a block-
chain ledger records each authentication event in a tamper-proof, decentralized
manner, while the cloud backend stores large volumes of data and synchronizes
the models. The computed risk score is then sent to the Adaptive Authentication
Engine, which contains a Dynamic Policy Engine, ML, and RL models, and Fed-
erated Learning mechanisms. The policy engine selects the appropriate authenti-
cation method based on the risk evaluation; the ML/RL models progressively im-
prove risk estimation; and Federated Learning allows the risk models to be up-
dated without exposing sensitive user data. The engine adapts to the risk level and
makes the corresponding authentication decisions in real time. The final layer,
Response and Enforcement, acts on these decisions, for example, by initiating
step-up authentication, granting or denying access, or requiring multi-factor au-
thentication for high-risk users. Auditing and logging of all authentication events
provide accountability, support compliance, and enable continuous model im-
provement. This layered design makes RAA systems well-suited to high-traffic
applications such as financial services, IoT systems, and 5G-based applications,
where both high throughput and strong security are priorities. The evaluation

metrics for this architecture are summarized in Table 2.

Inputs & Contextual Data

2t [ 94

User Behavior Device & Location = Transaction Analysis =~ Threat Intelligence

<

Edge Processing & Risk Assessment

#-£A- 100w

Edge Al Risk Scoring Blockchain Ledger Cloud Backend
—— < - Risk Evaluation - ‘
Adaptive Authentication Engine
: - - Adaptive
Dynamic Policy Engine 1 Decitions
- - ’ L
ML & RL Models ]
Federated Learning |
Real-Time
—— Enforcement

Response & Enforcement

R v ' x =

Step-Up Authentication Access Decision Audit & Logging

Figure 1. Architecture of risk-adaptive authentication systems under high-traffic, low-
latency constraints.
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Table 2. Evaluation metrics for the proposed risk-adaptive authentication (RAA) architecture.

Evaluation Metric Description Measurement Method Desired Outcome

Measures the ability of the system to

Authentication . o . Correct predictions/Total
correctly classify legitimate and malicious . >98%
Accuracy (%) L authentication requests
authentication requests.
Time taken from receiving an authentication Average end-to-end
Response Latency (ms) . . L . <100 ms
request to generating the final access decision. authentication time
. Time required by ML/RL models to Model execution time
Inference Time (ms) . <20 ms
compute the contextual risk score. at the edge node
High scalabilit
Throughput Number of authentication requests processed Requests processed & v .
(>10,000 req/s depending
(Requests/s) successfully per second under heavy traffic. per second
on deployment)
False Acceptance Percentage of unauthorized users Unauthorized accepted/Total <1%
()
Rate (FAR) incorrectly granted access. unauthorized attempts
False Rejection The percentage of legitimate users incorrectly ~ Legitimate rejected/Total <2%
0
Rate (FRR) denied access. legitimate attempts
Risk Prediction Accuracy of contextual risk scoring in Precision and 595%
()
Precision identifying high-risk sessions. Recall/F1-score
Blockchain Verification Additional latency introduced by Average ledger .
. . . . . Lo . Minimal (<15 ms)
Delay (ms) decentralized identity verification. validation time
Edge Resource CPU and memory consumption of Edge
.g. . Y . b o & Average resource usage Optimized (<70%)
Utilization (%) Al components during authentication.
Scalabilit Ability to maintain performance as the Stress testing under Linear or near-linear
calabili
Y number of concurrent users increases. varying workloads performance degradation
User Experience
P L Measures seamless authentication without Successful first-attempt
(Authentication . . L >95%
unnecessary step-up verification. authentications/Total attempts

Success Rate)

. - Ability to maintain immutable authentication Blockchain log completeness
Audit & Traceability 100% traceable events

records for compliance and forensic analysis. and integrity

Simulation and system integration are essential to developing RAA systems for
high-throughput, low-latency environments, in which security, speed, scalability,
and usability must be carefully balanced. Strengthening authentication through
additional factors, advanced encryption, or blockchain-based identity validation
improves resistance to cyber-attacks, but it also increases computational and com-
munication overhead, raising latency and reducing throughput. Conversely, opti-
mizing purely for low latency can weaken security, making it easier for an attacker
to gain unauthorized access to a user’s account. Edge computing helps by deploy-
ing risk analysis closer to users and thereby minimizing network delay, but edge
devices typically have limited processing power, storage, and energy, which con-
strains the complexity of the machine-learning models they can run. Continuously
updated and retrained models can improve adaptive decision-making through AI-
based risk assessment, but they demand more resources and raise privacy con-
cerns. Federated learning mitigates the privacy concern by training models locally

without sharing raw data, although it introduces synchronization costs between
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nodes. Similarly, blockchain-based authentication increases trust, transparency,
and auditability, but the time required to reach consensus and verify transactions
can reduce throughput in large-scale deployments. To build an effective RAA ar-
chitecture, these competing requirements must be carefully optimized, using
lightweight risk models, selective step-up authentication that speeds up access
without sacrificing security, and intelligent resource allocation with adaptive pol-
icy enforcement to limit resource usage. The overall design must be balanced to
deliver strong security assurance with low latency while remaining scalable across

distributed applications.

4. Assessment Measures and Procedures

Table 3. Design constraints, challenges, and adaptive solutions in risk-adaptive authentication systems.

Example/Application
Constraint Challenge Adaptive Design Solution P </PP
Context
High Traffic Authentication bottlenecks due Edge-based risk scoring and AWS Cognito, Google
Volume to massive concurrent requests decentralized decision-making BeyondCorp
Low-Latency Delay in model inference and Lightweight ML models, model Financial trading and
Requirement communication overhead compression, and local inference caching 5G URLLC systems
Scalability and Increased computation and storage Dynamic load balancing and Cloud-native access
Resource Allocation demands under peak loads microservice-based authentication control systems
Continuous Energy and processing overhead Adaptive frequency tuning and Online banking and
Authentication in continuous user verification behavioral thresholding ToT identity management
Security-Performance Strain between high-risk detection =~ Reinforcement learning for dynamic Al-enhanced adaptive
Trade-Off accuracy and system responsiveness risk threshold adjustment security frameworks
Data Privacy and Centralized risk models expose Federated learning and Edge Al and decentralized
Trust sensitive user data blockchain-based audit trails identity networks
Integration of post-quantum and
Post-Quantum Vulnerability of classical 8 . postq . Quantum-safe authentication
. quantum-resistant cryptographic .
Security cryptography to quantum attacks in IToT and IoE systems

protocols

RAA systems require a comprehensive evaluation framework spanning security,
computational efficiency, scalability, and user experience. Because RAA systems,
unlike traditional authentication systems, rely on continuous decision-making
based on contextual information, key performance indicators such as authentica-
tion accuracy, false acceptance rate (FAR), false rejection rate (FRR), response
time, throughput, and inference latency are essential for assessing their overall
quality. Adaptive mechanisms based on reinforcement learning and probabilistic
risk assessment can improve on passive authentication by dynamically adjusting
the level of security applied to each user according to their behavior and environ-
ment. The RLAuth framework, for instance, achieves high authentication accu-
racy, measured through sensitivity and specificity, while keeping inference delay
low, making it suitable for latency-sensitive applications [13]. However, the trade-
off between security and performance must be considered: more complex security

logic and policies require additional computation and can degrade performance
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if not properly optimized [14]. To address this, several studies have proposed
lightweight techniques, such as Bloom-filter-based pre-authentication, to reduce
network overhead and accelerate identity checking so that the system scales to a
large number of nodes [15]. Behavioral biometric approaches, such as keystroke
dynamics, touch-pattern analysis, and mouse dynamics, can further support con-
tinuous authentication without disrupting the user’s interaction. Several light-
weight behavioral models have been evaluated in real-world applications, such as
online banking and mobile services, demonstrating high accuracy, low latency,
and a reasonable balance of security and usability [16]. Collectively, these findings
show the need for a multi-dimensional methodology to evaluate and compare
next-generation risk-adaptive authentication solutions in dynamic, high-traffic
settings, accounting for security, latency, scalability, and user-centric metrics. Ta-
ble 3 summarizes the key design constraints, challenges, and adaptive solutions
relevant to these systems.

5. Future Directions

BT | eveluation Methods | | Future Validation

Trends
1O Latency/ [“ “%} Latency v
I : = 2. Federated
Response Time * Testing %4 i privacy M
ot el
Q Throughput Security- At
) V&l / Scalability Performance | =)> Quantum-Safe
Trade-off Modeling <@’ Cryptography
N B Testing
7« J Accuracy & 2L
Y e @'O e
Y Adaptability W 8.3 Salalais .7 » Synthetic
- Reinforcement % Traffic & Attack
lé 7=) User Trust & Learning Models Simulation
"'I‘ Usability
i Adaptive Methods
~ig—
Assessment Goals
@ - Real-Time Performance
@ + Security-Usability Balancing
@ - Adaptive Risk Management
‘v’
Future Validatior
i o : L] 0
Qm || mEgh Qe
Real-Time | Security-Usability Synthetic Traffic
Performance Balancing Testing & Attack Simulation

Figure 2. Evaluation metrics and methods for risk-adaptive authentication under high-
traffic and low-latency constraints.

The future of RAA is closely tied to advances in Al, federated learning, quantum-

resistant cryptography, and decentralized blockchains, which together are shaping
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the next generation of authentication models without compromising efficiency or
scalability. One promising direction is the application of federated learning to
quantum computing to enable distributed, privacy-preserving authentication; stud-
ies suggest that quantum federated learning can accelerate risk prediction while
preserving decentralized data privacy [17]. In parallel, hybrid systems that com-
bine differential privacy with homomorphic encryption have enabled low-latency
operation in edge-based systems [18]. The joint application of Al and blockchain
to industrial systems has also been shown to enhance resilience by providing se-
cure identity management and post-quantum data protection in industrial IoT
networks [19]. In addition, multilayered risk models combined with lightweight
consensus mechanisms help mitigate latency and adversarial threats in distributed
environments [20]. Overall, future RAA systems are moving toward self-optimiz-
ing, adaptive designs that remain trustworthy under low-latency constraints, as

illustrated in Figure 2.

6. Conclusion

This review examined the close relationship between risk sensitivity and latency
performance in adaptive authentication systems. RAA must cope with growing
workloads while providing context-aware security decisions. Distributed authen-
tication models built on technologies such as edge computing, federated learning,
and blockchain can respond effectively to changing network conditions, and emerg-
ing methods based on AI and quantum-resistant cryptography can further im-
prove scalability and resilience. Such systems can be evaluated using practical per-
formance measures together with user-experience metrics. Future work should
focus on self-learning and privacy-preserving authentication. Ultimately, this field
will be shaped by the integration of adaptive intelligence, decentralized trust mod-

els, and quantum-resilient security protocols into next-generation systems.
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