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Abstract— The article presents a theoretical and methodological analysis of architectural patterns for 

ensuring security in distributed applications operating in cloud environments. The study integrates 

microservice protection models, access control mechanisms, methods for identifying architectural 

vulnerabilities, and configuration-analysis approaches into a unified framework for designing secure cloud-

native systems. It is shown that the structure of modern applications is defined by dynamic component 

orchestration, distributed trust boundaries, and a highly variable environment, which together form a specific 

set of threats and constraints. The paper proposes a conceptual model of multilayer protection that includes 

network segmentation, privilege separation, configuration-integrity control, cryptographically reinforced 

trust mechanisms, and automated anomaly detection. This model is considered as a foundation for aligning 

the behavior of services, the container runtime, and security policies. The study establishes that insufficient 

formalization of architectural decisions leads to risk-assessment bias and reduced system predictability. 

Promising directions for advancing architectural security are substantiated, including the integration of 

telemetry-driven analysis, adaptive recovery mechanisms, enhanced privilege-management models, and 

formalized maturity metrics. The article may be useful for architects, engineers, and researchers involved in 

designing secure distributed applications under conditions of high automation and regulatory pressure. 

Keywords— architectural security, microservices, access control, configuration vulnerabilities, 

multilayer protection. 

 

I. INTRODUCTION 

The widespread adoption of cloud 

environments, containerization, and modular 

architectures has led to a transition toward systems 

built from a multitude of small components. This 

structure enhances flexibility through scaling and 

automated recovery, but simultaneously expands the 

attack surface due to the growth of interaction points 

and the increasing complexity of network 

connections. Under these conditions, security 

becomes an intrinsic property of the architecture. 

As distribution increases, ensuring trust 

between components becomes paramount: access 

control, protection of transmitted data, secrets 

management, and adherence to the principle of least 

privilege [3]. Frequent configuration changes and 

automated deployment increase the likelihood of 

errors capable of leading to leaks and integrity 

violations. 

Practice is shifting toward formalized 

architectural solutions that ensure protection at the 

design level: unified entry points, multilayer privilege 

separation, verified cryptographic methods, network 

rule control, automated configuration analysis, and 

the identification of architectural defects. 

The aim of the study is to systematize modern 

architectural solutions for ensuring the security of 

distributed applications, identify their role in forming 

a resilient trust model, and analyze how 

containerization, a dynamic runtime environment, 

and a modular structure alter the requirements for 

building secure systems. 
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The scientific novelty of the research lies in the 

integration of disparate approaches to security into a 

unified architectural framework covering 

infrastructure, business logic, and component 

interaction. It is shown that the application of verified 

cryptographic solutions, the formalization of entry 

points, distributed authorization, strict network rules, 

automated setting analysis, and the identification of 

architectural errors form a complementary complex of 

measures capable of maintaining system stability even 

under a high pace of change. 

The research hypothesis posits that the 

coordinated use of architectural approaches to 

security ensures higher predictability, manageability, 

and resilience of distributed applications compared to 

individual, fragmented measures. 

The scope of the research covers distributed 

software complexes deployed in cloud environments 

and built from numerous interacting components. 

Particular attention is paid to highly automated 

systems utilizing containerization, a modular 

structure, and centralized runtime management tools, 

which allows security to be viewed as a result of 

architectural decisions rather than a collection of 

separate technical techniques. 

 

II. MATERIALS AND METHODS 

The methodological basis of the study is 

formed by the systematization of architectural 

security models covering the protection of cloud and 

container environments, microservice applications, 

and access control mechanisms. Works from 2021–

2025 devoted to the evolution of architectural 

patterns, risk analysis of distributed systems, and 

methods for increasing application resilience through 

formalized trust mechanisms serve as the source 

corpus. 

In the study by Arif et al. [1], key directions 

for protecting distributed applications are examined – 

enhancing confidentiality, trust management, and 

service interaction control – which form the basis of 

architectural security in cloud systems. Rahaman et al. 

[8] summarize methods for the static analysis of 

configurations and components, allowing for the early 

detection of vulnerabilities and the assessment of the 

correctness of design decisions. In the work of 

Theodoropoulos et al. [9], characteristic threats to 

cloud services and countermeasure mechanisms are 

systematized, setting a conceptual framework for risk 

analysis. The research by El Akhdar et al. [3] 

complements the methodology with aspects of 

microservice protection in environments with high 

dynamics and complex topology. A significant 

element of the methodological base is the analysis of 

architectural defects. Dell’Immagine et al. [2] present 

a tool for identifying insecure configuration patterns, 

and the review by Ponce et al. [7] offers a typology of 

architectural errors and measures for their 

elimination. These works allowed for the formation of 

a classification of "smells" and their linkage to security 

policy violations. The comparison of access control 

models is based on the results of Venčkauskas et al. 

[10], where the differences between centralized and 

decentralized authorization schemes and the 

characteristics of token mechanisms are 

experimentally demonstrated. An important block of 

the methodology is related to research on migration to 

cloud architectures. Nascimento et al. [5] reveal the 

impact of architectural stack changes on the 

availability, scalability, and security of services. The 

work of Falcão et al. [4] provides an analysis of secure 

deployment models and their influence on resilience. 

Early detection of deviations and attacking actions is 

included in the methodology thanks to the AIDS 

model by Park et al. [6], which allowed for the 

combination of architectural mechanisms with 

anomaly detection methods. 

The research methodology is based on a 

combination of structural analysis of architectural 

models, a comparative review of access control 

mechanisms, the typologization of architectural 

defects, and the synthesis of conclusions regarding the 

relationship between system configuration and 

resilience. This approach provides the opportunity to 

view security as a property of the architecture, rather 

than as a collection of disjointed technical measures, 

and forms the basis for analyzing modern protection 

patterns for cloud applications. 

 

III. RESULTS 

An analysis of the infrastructure 

characteristics of containerized applications revealed 

that the transition from monolithic deployments to 

modular orchestration ensures higher system 
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resilience and behavioral predictability under load. 

The study by Nascimento et al. [5] experimentally 

confirmed the ability of Kubernetes-based clusters to 

maintain the stability of computational and network 

resources during changes in request intensity, which 

makes such architectures pivotal for ensuring 

continuous service availability. The structure of the 

observed indicators is illustrated in Figure 1, which 

depicts the multilayer interaction of infrastructure, 

orchestration, and security mechanisms in the applied 

cloud-native configuration. 

 

Fig.1 – Multilayer security architecture illustrating 

infrastructure mechanisms of availability, scalability, and 

network load management for containerized applications 

during Kubernetes migration (Compiled by the author 

based on sources: [3, 5, 6]). 

 

Observations illustrated in Figure 1 reveal 

fundamental features of the behavior of distributed 

applications in a cloud environment. The uniformity 

of node loading and the absence of sharp memory 

fluctuations confirm the effectiveness of built-in 

scheduling mechanisms, which ensure the smoothing 

of local overloads. This effect corresponds to the 

general conclusions of Rahaman et al. [8], linking 

architectural resilience to the correct distribution of 

computing resources. The automatic recovery of 

cluster components confirms the presence of built-in 

self-healing mechanisms in Kubernetes, which 

fundamentally distinguishes it from traditional 

monolithic environments. 

Network dynamics demonstrate that the 

growth of inbound traffic does not lead to a violation 

of service availability, which aligns with the results of 

Arif et al. [1], where the role of network isolation and 

managed namespaces as basic means of increasing 

resilience is emphasized. Simultaneously, the 

controlled nature of outbound traffic indicates the 

correct integration of platform optimization tools, as 

described in the study by Falcão et al. [4] regarding 

secure deployment models. 

Automatic horizontal scaling confirms the 

architecture's ability to adapt to load changes without 

operator intervention. As shown in the work of El 

Akhdar et al. [3], it is precisely such self-organizing 

mechanisms that form the foundation for the further 

complication of microservice systems and the 

expansion of their functionality. 

From a security perspective, the obtained 

results allow for the assertion that the combination of 

namespaces, access control mechanisms, and secret 

management structures creates a stable basic trust 

perimeter. This aligns with the conclusions of 

Theodoropoulos et al. [9], who systematized the 

requirements for service security in distributed cloud 

environments. The aggregate of the presented 

observations confirms that the transition to container 

orchestration forms a qualitatively different level of 

infrastructure manageability, where resilience, 

scalability, and security act not as isolated properties, 

but as interconnected elements of the architectural 

solution. 

An analysis of distributed application 

architectures indicates that the methods of organizing 

access control determine the technical parameters of 

the system and its resilience to failures and attacks. In 

the study by Venčkauskas et al. [10], it is 

experimentally demonstrated that differences 

between centralized and decentralized authorization 
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schemes manifest in load profiles, throughput, and 

the nature of vulnerabilities. These data allowed for 

the comparison of the architectural distribution of 

identification and authority confirmation functions 

with real performance indicators. Table 1 systematizes 

the key indicators of two access control models based 

on experimental measurements. 

Table 1 – Comparison of centralized and decentralized 

access control in microservice (Compiled by the author 

based on sources: [4, 7, 10]) 

Criterion Centralized 

model 

Decentralized 

model 

CPU (low 

load) 

Almost 2× 

lower 

Significantly 

higher 

CPU 

(medium/high 

load) 

~5% lower ~5% higher 

RAM (non-

optimized) 

Lower Higher 

Requests to 

Authorization 

Service 

Much fewer +100,000 

(≈40% of 

internal) 

Final score 

(low load) 

8.27 – 

Final score 

(medium load) 

6.94 – 

Security score – 7.77 

Throughput Higher Lower 

Resilience SPOF possible Higher 

resilience 

 

Architectural comparison shows that the 

centralized access control scheme provides a more 

predictable load profile on computing resources, 

which is particularly noticeable at low request 

intensity. With this approach, authority confirmation 

is performed in a single component, which reduces 

the number of calls between services and decreases 

the total volume of internal traffic. Experimental 

values confirm a reduction in processor load by 

approximately half during low system utilization [7], 

which indicates the efficiency of centralization from a 

resource consumption perspective. However, the 

concentration of the authorization function in a single 

node forms a potential single point of failure, which 

reduces resilience. 

The decentralized scheme demonstrates 

opposite properties. The growth in the number of 

requests to the authorization service leads to a 

noticeable increase in computational costs. 

Nevertheless, the logic of distributed verification itself 

contributes to strengthening architectural trust: each 

service independently validates requests, which 

eliminates dependence on a single node and increases 

resilience to failures. The integral resilience indicator 

highlighted in the study confirms the increase in the 

security level precisely due to the distribution of 

responsibility [10]. 

A comparison of the models allows for the 

assertion that access control in microservice 

architectures represents an applied protection task 

and a fundamental element of distributed system 

design. Centralized control ensures resource economy 

and behavioral predictability but amplifies 

architectural risks. The decentralized approach 

increases the load but creates a more robust trust 

model, reducing the impact of failures of individual 

components. 

Thus, the obtained differences allow for the 

formulation of architectural recommendations taking 

into account the requirements of a specific 

environment. Prioritizing performance justifies 

centralized solutions, while elevated requirements for 

resilience and security reasonably shift the choice in 

favor of decentralized schemes. 

 

IV. DISCUSSION 

An analysis of experimental and theoretical 

data indicates that the choice of access control 

architecture inevitably forms its own structural 

limitations, which must be considered when 

designing secure cloud systems. The problem of 

crossing trust boundaries comes to the fore. In 

centralized models, the entire flow of requests relies 

on a single decision-making point, which creates a 

concentration of risks and substantially amplifies the 

consequences of any configuration error or short-term 

unavailability of the authorization service. The study 

by Venčkauskas et al. [10] shows that a central element 

is capable of ensuring high throughput; however, it is 

this element that becomes the convergence point of all 
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trust connections, and a disruption in its correct 

operation leads to the degradation of the entire 

system. 

With the transition to distributed 

authorization, the situation changes: responsibility is 

dispersed across a multitude of components, which 

reduces the probability of a simultaneous failure and 

creates a more resilient trust model. However, this 

leads to a growth in network activity and an increase 

in computational load, as each microservice is forced 

to independently contact the rights confirmation 

system. 

Systems oriented toward high performance 

prove to be more sensitive to additional latencies, 

while architectures designed for multi-stage authority 

verification are less vulnerable to local failures. Under 

conditions of diverse service load models, a single 

universal option cannot be identified. If predictable 

and uniform requests dominate, the central model can 

ensure a balance of speed and control. If the structure 

of requests is dynamic, and fault tolerance is a 

priority, the distributed architecture proves to be 

more aligned with security requirements. 

The influence of the network structure 

deserves separate attention. In centralized schemes, 

the crossing of trust boundaries often contracts to a 

single route where the rights verification logic is 

concentrated. In distributed configurations, these 

boundaries spread throughout the entire system, 

which facilitates incident localization but complicates 

observation and analysis. Practical observations 

presented in the works of Arif et al. [1] and El Akhdar 

et al. [3] confirm that the complication of topology 

reinforces the importance of correct service 

classification, strict separation of responsibility zones, 

and control over interaction channels. 

 

Fig.2 – Multilayer security smells and detection mechanisms in Kubernetes-based microservice architectures (Compiled by 

the author based on sources: [2, 6, 9]) 

 

At the design approach level, the key becomes 

not the choice of a specific scheme per se, but the 

understanding that the access control architecture 

determines the entire system configuration. Its 

reaction to errors, the nature of the network load, 

requirements for computing resources, and the degree 

of manageability of inter-service interaction. Without 

accounting for these factors, it is impossible to form a 

resilient security model oriented toward the long-term 

development of distributed infrastructure. The 

decision to apply a centralized or distributed model 

must be based on the load profile, the anticipated 

intensity of changes, permissible risks, and strategic 

architectural goals – only with such a formulation is it 

possible to achieve a balanced level of protection, 
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confirmed by empirical data and consistent with 

general patterns reflected in scientific research. 

The design error categories presented in the 

study by Dell’Immagine et al. [2] demonstrate that 

vulnerabilities in distributed environments form not 

as isolated defects, but as a consequence of 

accumulated architectural inconsistencies. Such 

inconsistencies manifest at the levels of interfaces, 

implementation, container environment, network 

policy, and observability, forming a collection of 

signals indicating a hidden weakness in the 

architecture. Before proceeding to the analysis, Figure 

2 illustrates the propagation of security smells across 

architectural layers and highlights the corresponding 

detection mechanisms. 

The architectural interpretation of the listed 

categories shows that vulnerability signals are not 

reducible to singular configuration defects. Their 

appearance reflects a divergence between the design 

intent and the actual behavior of the system. Thus, the 

identification of inconsistency in application 

programming interfaces indicates a gap between 

specification and implementation. Such a gap 

complicates the verification of access rights 

correctness and renders the boundaries of component 

responsibility undefined. The detection of hardcoded 

secrets or errors in authority verification demonstrates 

the absence of mature development processes and 

weak control over the data lifecycle, which correlates 

with the threat analysis presented by Theodoropoulos 

et al. [9]. 

Vulnerability signals associated with the 

container and configuration environment are 

interpreted as the result of insufficient control over 

execution parameters. Privileged containers or 

weakened launch parameters show that the actual 

distribution of rights exceeds the limits of the 

principle of least privilege. In a distributed computing 

environment, such deviation creates prerequisites for 

the vertical and horizontal propagation of attacks. 

This link aligns with the conclusions of Arif et al. [1], 

where the importance of strict regulation of 

interactions between services and control of their 

authorities is emphasized. 

Network vulnerability signals demonstrate 

the tension between infrastructure flexibility and the 

requirement for clear data flow isolation. The absence 

of encryption or the presence of weakened traffic 

processing policies leads to uncertainty in network 

behavior. Such uncertainty reduces the accuracy of 

matching the actual configuration with the 

architectural model and decreases the reliability of 

deviation detection mechanisms. This corresponds to 

the conclusions of Rahaman et al. [8] that the correct 

interpretation of configurations is the foundation of 

static security analysis. 

Particular interest is drawn to multi-layer 

vulnerability signals, as they indicate systemic 

inconsistencies across several levels simultaneously – 

the interface, execution environment, access policy, 

and network interaction rules may diverge from one 

another. The diagnostic value of such signals lies in 

the fact that they reveal precisely architectural 

contradictions that remain unnoticeable during the 

analysis of individual levels. In this sense, they act as 

precursors to complex vulnerabilities and necessitate 

a correction of the system's design logic, rather than 

just changes to individual parameters. The review by 

Ponce et al. [7] confirms that such inconsistencies are 

early indicators of future security breaches and 

require a systemic revision of architectural decisions. 

Thus, matching these signals with threat 

analysis models shows that they can serve as 

empirical markers of those zones in the system where 

initial design assumptions diverge from real 

interaction mechanisms. Such a reading allows them 

to be used as a diagnostic tool and a basis for revising 

the principles of building distributed systems. In 

aggregate, the indicated categories of signal signs 

form an analytical framework allowing for the 

identification of hidden dependencies between 

system levels and the explanation of the origin of 

complex vulnerabilities characteristic of modern 

cloud architectures. 

 

V. CONCLUSION 

The obtained results confirm that security in 

modern distributed applications is formed not by a set 

of separate technical tools, but by a coordinated 

architecture in which infrastructure, access control, 

and the identification of design errors are linked. 

Within this framework, trust between components 

becomes a conscious object of design, rather than a 

side effect of platform choice. 
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The analysis of the transition from monolithic 

solutions to the managed launch of numerous small 

services showed that mechanisms of automatic 

scaling, recovery, and strict environmental separation 

fulfill the role of the main supporting contour of 

resilience. However, this contour remains reliable 

only when requirements for data protection and rights 

management are embedded in the architecture from 

the outset, rather than added retroactively after 

incidents. 

A comparison of centralized and distributed 

access control schemes showed that the choice of 

model determines the volume of resources, latencies, 

and the nature of risks. The centralized approach is 

appropriate when performance and controlled single-

point-of-failure threats are prioritized, whereas 

distributed authority verification is justified given 

elevated requirements for the survivability and 

independence of individual parts of the system. 

The classification of characteristic signs of 

insecure architecture at the levels of interfaces, 

implementation, execution environment, network, 

and observability demonstrates that such signals can 

be used as a tool for the early diagnosis of 

discrepancies between intent and actual 

configuration. The inclusion of these signals in design 

and maintenance processes allows for a shift from 

one-time fixes to the purposeful correction of 

architectural decisions, cementing security as a 

sustainable property of the developing system, rather 

than a sum of disjointed protection measures. 
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