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Abstract: Fixed telecommunications networks are undergoing a fundamental transformation from manually operated infra-
structures toward intelligent, autonomous systems capable of self-monitoring, self-diagnosis, self-optimization, and self-healing. 
While Artificial Intelligence (AI), closed-loop automation, and multi-agent architectures have significantly advanced operational 
automation, the realization of Level-5 Autonomous Fixed Telecommunications Networks remains an open engineering chal-
lenge. Previous studies introduced a Unified Autonomous Fixed Broadband Framework (UAFBF), a Contextual Orchestration 
Engine (COE), a multi-agent operational architecture, and a five-level Autonomy Maturity Model (AML-1 to AML-5) that estab-
lished a conceptual pathway toward fully autonomous fixed network operations [1]–[4]. Building upon these contributions, this 
paper investigates the critical engineering barriers that continue to separate current operational maturity—typically ranging 
from AML-2 to AML-3—from the envisioned AML-5 end state. Rather than proposing another architectural framework, this 
study presents a structured gap analysis of the principal technical, operational, and organizational challenges that must be ad-
dressed before achieving true zero-touch network operations. The discussion examines seven interconnected challenge domains: 
data quality and network observability, large-scale multi-agent orchestration, explainable AI and operational trust, closed-loop 
safety and automated decision governance, legacy infrastructure constraints, multi-vendor interoperability and standardization, 
and organizational readiness for AI-driven operations. Generalized operational scenarios derived from fixed broadband perfor-
mance diagnostics are presented to illustrate how these challenges manifest in real-world environments without disclosing pro-
prietary information. Finally, the paper outlines future research priorities required to bridge existing capability gaps and accel-
erate the transition toward safe, trustworthy, and scalable Level-5 autonomous fixed telecommunications networks. The findings 
aim to support researchers, standards bodies, equipment vendors, and telecommunications operators in developing practical en-
gineering strategies for next-generation autonomous network operations. 
Keywords: Autonomous Fixed Telecommunications Networks; Level-5 Network Autonomy; Artificial Intelligence; Closed-Loop 
Automation; Multi-Agent Systems; Fixed Broadband Operations. 
 

I. INTRODUCTION 
The rapid evolution of Artificial Intelligence (AI), cloud-native networking, Software-Defined Networking (SDN), Network 
Function Virtualization (NFV), digital twins, and intent-based networking is fundamentally transforming the operation and 
management of modern telecommunications networks. Fixed telecommunications networks, encompassing GPON, XGS-PON, fiber 
access infrastructure, residential Wi-Fi ecosystems, Customer Experience Management (CEM) platforms, and operational support 
systems, are becoming increasingly complex due to the exponential growth of connected devices, ultra-high-speed broadband 
services, and stringent customer quality-of-experience expectations [5], [6]. Consequently, traditional reactive operational models, 
which rely heavily on manual monitoring, rule-based automation, and engineer-driven decision-making, are becoming increasingly 
inadequate for maintaining service quality, operational efficiency, and network resilience. 
Telecommunications operators have made substantial progress in automating individual operational functions such as fault 
management, performance monitoring, service provisioning, and capacity optimization. Recent advances in machine learning, 
predictive analytics, anomaly detection, and intelligent automation have enabled operators to transition from reactive maintenance 
toward proactive operational models [7], [8]. However, these capabilities are typically deployed as isolated automation domains that 
require significant human oversight, manual validation, and cross-functional coordination. As a result, current operational 
environments remain only partially autonomous despite increasing investments in AI-driven network management technologies. 
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Recognizing this evolution, previous work by the authors introduced a progressive roadmap toward autonomous fixed network 
operations through the development of a Unified Autonomous Fixed Broadband Framework (UAFBF), incorporating a Contextual 
Orchestration Engine (COE) capable of correlating network telemetry, customer experience indicators, and operational intelligence 
across multiple domains [1]. This work established the architectural foundation for integrating AI-driven decision-making with 
closed-loop operational processes. 
Subsequent research expanded this vision by proposing a Five-Level Autonomy Maturity Model (AML-1 to AML-5) that 
characterizes the evolutionary path from manually operated networks to fully autonomous fixed telecommunications infrastructures 
[2]. The maturity model defines increasing degrees of operational intelligence, automation, contextual awareness, and decision 
autonomy, culminating in AML-5, where network operations become entirely self-governing through intelligent closed-loop control 
with virtually no human intervention. 
Further studies extended the framework by introducing a collaborative multi-agent architecture comprising specialized Diagnosis, 
Prediction, Knowledge, Ticket, and Workflow Agents that collectively perform distributed reasoning, automated incident 
management, and operational orchestration [3], [4]. These contributions collectively established a conceptual foundation  for AI-
driven autonomous fixed telecommunications networks and demonstrated the feasibility of transitioning from reactive network 
management toward intelligent, self-adaptive operational ecosystems. 
Despite these advances, the telecommunications industry remains considerably distant from realizing true Level-5 autonomy. Most 
commercial fixed network deployments continue to operate between AML-2 (Assisted Operations) and AML-3 (Conditional 
Autonomy), where AI assists engineers through anomaly detection, predictive analytics, and recommendation systems, yet critical 
operational decisions still require human validation. Numerous technical, organizational, regulatory, and interoperability challenges 
continue to prevent operators from safely deploying fully autonomous decision-making across production networks [9], [10]. 
Among the most significant obstacles are fragmented network observability, inconsistent data quality across heterogeneous systems, 
limited interoperability among multi-vendor platforms, insufficient explainability of AI-generated decisions, and the absence of 
standardized governance mechanisms for safe closed-loop automation. Furthermore, legacy infrastructure, diverse customer 
premises equipment, operational silos, and workforce readiness introduce additional complexities that cannot be resolved solely 
through advances in machine learning algorithms. Achieving Level-5 autonomy therefore represents not merely an AI challenge but 
a multidisciplinary systems engineering problem requiring coordinated progress across network architecture, data engineering, 
operational governance, safety assurance, and industry standardization. 
Unlike previous studies that primarily proposed architectures, maturity models, and intelligent operational frameworks, this paper 
adopts a gap-analysis and critical review perspective. Rather than introducing another autonomous network architecture, it 
systematically examines the engineering barriers that currently separate existing operational capabilities from the envisioned AML-
5 end state. The discussion synthesizes technical, operational, and organizational challenges into seven major engineering challenge 
clusters, supported by generalized operational examples derived from fixed telecommunications environments. 
The primary contributions of this paper are as follows: 
 To establish a comprehensive definition of Level-5 Autonomous Fixed Telecommunications Networks from an operational 

engineering perspective. 
 To systematically classify the principal engineering challenges preventing the transition from current AML-2/AML-3 

operational maturity toward AML-5 autonomy. 
 To analyze these challenges across technical, operational, organizational, and governance dimensions using generalized 

examples representative of contemporary fixed network environments. 
 To identify future research priorities that can accelerate the realization of safe, explainable, interoperable, and trustworthy 

autonomous fixed telecommunications networks. 
By positioning Level-5 autonomy as a long-term engineering objective rather than an immediate technological capability, this paper 
aims to provide researchers, telecommunications operators, standards organizations, equipment vendors, and AI practitioners with a 
structured understanding of the multidisciplinary challenges that must be overcome to enable the next generation of autonomous 
fixed telecommunications networks. 
 

II. DEFINING LEVEL-5 AUTONOMY FOR FIXED TELECOMMUNICATIONS NETWORKS 
The concept of network autonomy has evolved significantly with the advancement of Artificial Intelligence (AI), intelligent 
automation, and cloud-native telecommunications infrastructures. While numerous industry initiatives have introduced maturity 
models for autonomous networking, the highest level of autonomy consistently represents an operational state in which the network 
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can perceive, reason, decide, execute, and continuously improve without routine human intervention [11], [12]. In the authors' 
previous work, this vision was formalized through a Five-Level Autonomy Maturity Model (AML-1 to AML-5), describing the 
progressive transition from manual operations to fully autonomous fixed telecommunications networks [2]. Building upon that 
foundation, this section defines the operational characteristics of AML-5 and establishes the reference model used throughout this 
paper. 
Unlike conventional automation, which executes predefined workflows or rule-based actions, Level-5 autonomy represents a self-
governing operational ecosystem capable of independently managing the complete service lifecycle. The network continuously 
observes operational conditions, interprets contextual information, predicts emerging issues, evaluates alternative response 
strategies, executes corrective actions, validates outcomes, and incorporates operational feedback into future decision-making. 
Human operators transition from performing routine operational activities to defining strategic objectives, governance policies, 
regulatory constraints, and business priorities. 
Within fixed telecommunications environments, Level-5 autonomy extends beyond individual network domains and requires 
coordinated intelligence across the entire service delivery ecosystem. This includes passive optical access infrastructure such as 
GPON and XGS-PON, aggregation and transport networks, broadband gateways, customer premises equipment, residential Wi-Fi 
environments, customer experience management platforms, service assurance systems, operational support systems, inventory 
repositories, and business support platforms. Autonomous decision-making must therefore occur across multiple operational layers 
while maintaining end-to-end service continuity and customer experience. 
Operationally, a Level-5 autonomous fixed telecommunications network should exhibit the following core capabilities: 
 Continuous multi-domain network observability through real-time collection and correlation of infrastructure, service, 

customer, and operational data. 
 Context-aware reasoning that combines network telemetry, customer experience indicators, historical knowledge, business 

priorities, and environmental conditions. 
 Autonomous diagnosis capable of identifying root causes across multiple interconnected network domains without manual 

investigation. 
 Predictive intelligence that anticipates service degradation, capacity constraints, equipment failures, and customer-impacting 

events before they occur. 
 Intelligent decision-making that dynamically selects optimal remediation strategies based on operational context and predefined 

governance policies. 
 Closed-loop execution that automatically performs validated corrective actions while continuously monitoring service impact. 
 Self-verification mechanisms that evaluate the effectiveness of every automated action and reverse unsuccessful changes when 

necessary. 
 Continuous learning through operational feedback to improve future decisions and adapt to evolving network conditions. 
These capabilities collectively establish a fully autonomous operational cycle in which observation, analysis, decision-making, 
execution, validation, and learning become continuous and interconnected processes rather than isolated operational activities. 
Achieving this level of autonomy requires integration across traditionally independent operational domains. For example, a 
customer experiencing reduced broadband performance may initially appear to be affected by wireless interference. However, 
comprehensive autonomous reasoning may determine that the underlying cause originates from a provisioning profile mismatch, 
optical signal degradation, congestion within the aggregation network, abnormal customer device behavior, or limitations within 
customer premises Wi-Fi infrastructure. Rather than treating these as separate incidents, a Level-5 autonomous network correlates 
information across all relevant domains before selecting and executing the most appropriate corrective action. 
An equally important characteristic of Level-5 autonomy is closed-loop intelligence. Unlike open-loop automation, where 
recommendations are generated for human approval, closed-loop systems execute operational decisions autonomously while 
continuously validating their effectiveness. Every automated action must be accompanied by outcome verification, confidence 
assessment, policy compliance checks, and rollback capabilities to ensure that corrective actions do not unintentionally degrade 
service quality or violate operational constraints. 
Trustworthy autonomy further requires that AI-generated decisions remain transparent and explainable. Autonomous systems must 
not only determine what operational action should be executed but also provide understandable justifications describing why the 
decision was selected, which evidence supported the conclusion, what alternative actions were considered, and what level of 
confidence exists in the predicted outcome. Such explainability is essential for executive governance, regulatory compliance, 
operational auditing, and human oversight, particularly when automated actions affect large customer populations. 
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From an engineering perspective, Level-5 autonomy should not be interpreted as the complete elimination of human involvement. 
Rather, it represents the elimination of routine operational intervention. Engineers continue to define operational objectives, 
establish governance policies, validate ethical and regulatory compliance, design network architectures, and supervise strategic 
evolution. The autonomous system assumes responsibility for repetitive operational tasks, real-time optimization, incident 
management, and adaptive service assurance while remaining constrained by organizational policies and safety mechanisms. 
Although substantial progress has been achieved in AI-assisted fault management, predictive maintenance, anomaly detection, and 
service assurance, current commercial fixed telecommunications networks generally operate within AML-2 or AML-3 maturity. 
Automated recommendations frequently require human approval, operational knowledge remains fragmented across multiple 
platforms, and decision-making is often constrained by inconsistent data quality, legacy infrastructure, limited interoperability, and 
insufficient governance mechanisms. Consequently, the transition from assisted automation to true Level-5 autonomy represents not 
merely a technological enhancement but a comprehensive transformation of network engineering, operational processes, 
organizational governance, and AI trustworthiness. 
Accordingly, the remainder of this paper examines the principal engineering barriers that currently prevent this transition. Rather 
than proposing a new architectural framework, the subsequent sections critically analyze the multidimensional challenges that must 
be addressed before Level-5 autonomous fixed telecommunications networks can be safely and reliably realized. 

 
III. ENGINEERING CHALLENGE CLUSTERS 

A. Data Quality and Observability Gaps 
Data is the foundational element of every autonomous telecommunications network. Regardless of the sophistication of Artificial 
Intelligence (AI), machine learning models, or autonomous decision-making algorithms, the quality of operational outcomes is 
fundamentally constrained by the quality, completeness, consistency, and timeliness of the underlying data. Consequently, one of 
the most significant barriers to achieving Level-5 Autonomous Fixed Telecommunications Networks is the persistent lack of 
comprehensive network observability and high-quality data across heterogeneous operational environments [13], [14]. 
Unlike centralized computing systems, fixed telecommunications networks generate operational information from numerous 
independent domains, including Optical Line Terminals (OLTs), Optical Network Terminals (ONTs), residential gateways, Wi-Fi 
access points, broadband network gateways, transport infrastructure, provisioning systems, inventory databases, service assurance 
platforms, Customer Experience Management (CEM) applications, fault management systems, and customer-generated performance 
measurements. Each domain provides only a partial representation of overall network behavior, resulting in fragmented visibility 
that limits autonomous reasoning. 
Current operational environments frequently exhibit inconsistencies in telemetry collection, measurement intervals, KPI definitions, 
data granularity, timestamp synchronization, and device capabilities. Equipment supplied by different vendors may expose similar 
operational parameters using different data models or proprietary interfaces, while older infrastructure often provides significantly 
fewer performance indicators than modern platforms. Such heterogeneity complicates the development of autonomous systems 
capable of maintaining a consistent understanding of network conditions across the entire service delivery chain. 
A particularly significant challenge arises within passive optical access networks. While modern GPON and XGS-PON 
infrastructures provide extensive telemetry regarding optical power levels, interface utilization, error statistics, service profiles, and 
alarm conditions, these measurements alone rarely provide sufficient contextual information to determine the actual customer 
experience. High optical signal quality does not necessarily imply satisfactory service performance, as degradation may originate 
from Wi-Fi interference, customer device limitations, provisioning inconsistencies, application-specific behavior, or congestion 
beyond the access network. Autonomous decision-making therefore requires the ability to correlate infrastructure telemetry with 
customer-centric service indicators rather than relying on isolated network KPIs. 
Customer Experience Management platforms partially address this limitation by incorporating application performance metrics, 
service quality indicators, customer complaints, and active performance measurements. Similarly, crowd-sourced broadband 
measurements, such as large-scale speed testing platforms, provide valuable external perspectives on end-user experience. However, 
these data sources introduce additional engineering challenges. Customer-generated measurements are inherently influenced by in-
home Wi-Fi conditions, device capabilities, application behavior, test methodologies, server selection, background traffic, and user 
behavior. Consequently, autonomous systems must distinguish between genuine access-network degradation and customer-
environment limitations before initiating corrective actions. 
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Another obstacle is the absence of unified data semantics across operational platforms. Identical network entities may be 
represented differently across inventory systems, provisioning databases, assurance platforms, and performance repositories. Device 
identifiers, subscriber identifiers, service identifiers, geographical information, and topology relationships often require extensive 
normalization before meaningful correlation becomes possible. These inconsistencies increase implementation complexity and 
reduce the reliability of autonomous reasoning, particularly when real-time decisions depend upon accurate cross-domain 
relationships. 
Observability limitations become even more pronounced beyond the operator-managed network boundary. Residential Wi-Fi 
environments, consumer networking devices, unmanaged extenders, third-party mesh systems, smart home equipment, and 
customer-owned terminals frequently remain only partially visible to the operator. Since these components have a direct impact on 
perceived broadband performance, autonomous systems must frequently infer their operational behavior indirectly through 
statistical patterns rather than direct telemetry. Such inference inevitably introduces uncertainty into AI-driven decision-making. 
Data quality itself presents another major engineering concern. Missing values, duplicated records, delayed telemetry, inconsistent 
timestamps, incomplete inventories, incorrect provisioning records, and transient measurement anomalies remain common across 
production environments. AI models trained on imperfect operational datasets risk generating inaccurate predictions, unstable 
recommendations, or conflicting remediation strategies. Unlike traditional reporting systems, Level-5 autonomous networks depend 
on these datasets to make operational decisions affecting thousands or millions of subscribers, making robust data governance 
indispensable. 
To mitigate these challenges, future autonomous fixed telecommunications networks will require comprehensive data engineering 
capabilities extending beyond traditional data collection. Intelligent data pipelines should continuously validate incoming 
information, assess confidence levels, detect anomalies in telemetry, reconcile inconsistencies across operational systems, and 
dynamically estimate data reliability before autonomous decisions are executed. Rather than assuming that all inputs are equally 
trustworthy, future AI systems must reason explicitly about data quality and uncertainty as part of the decision-making process. 
Furthermore, achieving true Level-5 autonomy will require an evolution from simple network monitoring toward comprehensive 
network observability. Monitoring answers predefined questions based on known metrics, whereas observability enables 
autonomous systems to infer previously unknown operational conditions through correlation of metrics, events, logs, traces, 
topology information, customer experience indicators, and contextual business data. This transition allows AI not only to detect that 
an abnormal condition exists but also to understand why it occurred, estimate its customer impact, and determine the most 
appropriate corrective action. 
Therefore, improving data quality and end-to-end observability is not merely a prerequisite for better analytics; it is a fundamental 
engineering requirement for trustworthy autonomous operations. Without reliable, contextual, and continuously validated 
operational intelligence, even the most advanced AI architectures cannot safely achieve the autonomous decision-making 
capabilities expected of Level-5 fixed telecommunications networks. 
 
B. Multi-Agent Orchestration and Conflict Resolution at Scale 
As autonomous telecommunications networks evolve beyond isolated automation functions, a single Artificial Intelligence (AI) 
model is unlikely to possess sufficient contextual awareness to manage the complexity of modern fixed network operations. Instead, 
Level-5 autonomy is expected to rely on collaborative multi-agent systems, where specialized intelligent agents perform comple-
mentary operational roles while collectively achieving network-wide objectives [15], [16]. Previous work by the authors introduced 
a conceptual multi-agent architecture comprising Diagnosis, Prediction, Knowledge, Ticket, and Workflow Agents that cooperate to 
support autonomous operational decision-making [3], [4]. While such distributed intelligence significantly enhances scalability and 
domain specialization, it simultaneously introduces one of the most challenging engineering problems in autonomous networking: 
coordinating multiple autonomous agents without generating conflicting or unstable operational behavior. 
In production telecommunications environments, network events rarely affect a single operational domain. A reduction in broad-
band throughput, for example, may simultaneously trigger congestion detection algorithms, customer experience analytics, predic-
tive maintenance models, Wi-Fi optimization engines, and service assurance workflows. If each intelligent agent  independently 
recommends corrective actions based solely on its local objectives, conflicting operational decisions may emerge. One agent may 
recommend dynamic traffic redistribution, another may initiate customer profile reconfiguration, while a third may trigger proactive 
field maintenance. Although each recommendation may appear individually reasonable, executing them concurrently could produce 
unintended service degradation, operational instability, or unnecessary resource consumption. 
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This challenge becomes increasingly significant as operators deploy specialized AI models across multiple network functions. Un-
like centralized automation systems, distributed autonomous agents possess independent reasoning capabilities, heterogeneous 
knowledge sources, varying confidence levels, and different optimization objectives. Without effective orchestration mechanisms, 
localized optimization may inadvertently reduce overall network performance—a phenomenon commonly referred to as objective 
conflict or local optimization bias [17]. 

Another engineering difficulty involves maintaining consistent situational awareness across collaborating agents. Autonomous 
decision-making depends upon a shared operational understanding of network topology, service dependencies, customer impact, 
infrastructure constraints, maintenance activities, and business priorities. However, operational information continuously evolves 
due to topology changes, subscriber mobility, software upgrades, equipment failures, and dynamic traffic patterns. Ensuring that 
every agent operates using synchronized and contextually consistent information becomes increasingly difficult as network scale 
and operational complexity expand. 
The problem is further complicated by differences in reasoning methodologies. Some agents may rely primarily on deterministic 
rules, while others employ machine learning, probabilistic inference, reinforcement learning, or large language models to generate 
recommendations. Each reasoning paradigm exhibits different levels of explainability, confidence estimation, computational re-
quirements, and operational risk. Coordinating decisions generated by fundamentally different AI techniques therefore requires 
standardized mechanisms for representing confidence, uncertainty, operational priority, and expected business impact. 
Conflict resolution itself represents a major research challenge. Multiple agents may legitimately produce contradictory recommen-
dations because they optimize different objectives. A capacity optimization agent may prioritize maximizing network utilization, 
whereas a customer experience agent seeks to minimize latency and packet loss. Similarly, an energy optimization agent may rec-
ommend reducing resource consumption during periods of low demand, while a resilience agent prefers maintaining additional re-
dundancy to improve fault tolerance. Autonomous networks must therefore incorporate intelligent arbitration mechanisms capable 
of balancing competing operational objectives according to predefined organizational policies and service priorities. 
Scalability presents an additional engineering concern. Large telecommunications operators manage millions of subscribers, thou-
sands of OLTs, extensive fiber infrastructure, multiple vendor platforms, and geographically distributed operational domains. Under 
these conditions, autonomous agents may generate thousands of recommendations every minute. Coordinating these interactions 
while maintaining low decision latency, deterministic execution, and operational consistency requires highly efficient orchestration 
architectures capable of processing continuous streams of distributed intelligence in real time. 
Inter-agent communication introduces further complexity. Agents must exchange operational knowledge securely, efficiently, and 
with minimal latency while preserving data integrity and consistency. Excessive communication overhead can delay critical remedi-
ation actions, whereas insufficient information sharing increases the likelihood of incomplete or inaccurate reasoning. Designing 
communication frameworks that dynamically balance information exchange with computational efficiency remains an open engi-
neering challenge for future autonomous telecommunications networks. 
Governance also becomes increasingly important as multiple autonomous agents collaborate. Every operational decision should be 
traceable from its initiating event through intermediate reasoning stages to final execution. Comprehensive auditability enables en-
gineers and regulators to reconstruct autonomous decision sequences, validate policy compliance, investigate unexpected behaviors, 
and continuously improve operational intelligence. Without transparent governance mechanisms, complex multi-agent ecosystems 
risk becoming operational "black boxes," reducing organizational trust in autonomous decision-making. 
Future research should therefore move beyond designing independent intelligent agents toward developing cooperative autonomous 
ecosystems. Such ecosystems should support hierarchical decision-making, policy-aware coordination, dynamic role allocation, 
confidence-based recommendation fusion, shared knowledge repositories, and adaptive conflict resolution. Rather than competing 
for operational control, autonomous agents should function as collaborative participants within an orchestrated decision hierarchy 
that continuously aligns technical actions with customer experience objectives, operational policies, regulatory requirements, and 
business priorities. 
Accordingly, successful realization of Level-5 Autonomous Fixed Telecommunications Networks depends not only on the intelli-
gence of individual AI agents but also on the engineering of robust orchestration mechanisms capable of ensuring coherent, safe, 
explainable, and scalable collaboration across the entire operational ecosystem. The transition from isolated intelligent components 
to fully coordinated autonomous systems therefore represents one of the most significant research challenges in the evolution of 
next-generation telecommunications networks. 
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Fig. 1 Multi-Agent Decision Orchestration in Level-5 Autonomous Fixed Telecommunications Networks 

 
C. Explainability and Trust for Executive and Regulatory Decision-Making 
Artificial Intelligence (AI) has demonstrated remarkable capabilities in anomaly detection, predictive maintenance, traffic optimiza-
tion, and intelligent service assurance within telecommunications networks. However, as autonomous systems assume progressively 
greater operational responsibility, the challenge shifts from achieving accurate predictions to establishing sufficient confidence for 
those predictions to be executed without human intervention. Consequently, explainability and trust emerge as fundamental engi-
neering requirements for Level-5 Autonomous Fixed Telecommunications Networks, rather than optional characteristics of AI sys-
tems [18], [19]. 
In conventional network operations, engineers investigate alarms, analyze performance indicators, evaluate possible root causes, and 
ultimately determine the most appropriate corrective action based on both technical evidence and professional experience. Every 
significant operational decision can therefore be justified, reviewed, and, when necessary, challenged. In contrast, many contempo-
rary AI models—particularly deep learning architectures—generate highly accurate predictions while providing limited insight into 
the reasoning process that produced those outcomes. Although acceptable for analytical decision support, such "black-box" behavior 
becomes increasingly problematic when AI systems are authorized to modify live production networks. 
Telecommunications operators manage infrastructure supporting millions of subscribers, critical public services, government organ-
izations, healthcare providers, financial institutions, and industrial customers. An autonomous decision affecting routing policies, 
provisioning configurations, bandwidth allocation, or optical access parameters may influence service continuity across extensive 
geographical regions. Before operators permit AI systems to execute such actions independently, they must understand not only 
what decision has been made, but also why it was selected, what evidence supported it, what alternative actions were considered, 
and what risks were evaluated during the decision process. 
Explainability therefore extends beyond providing simple confidence scores. Autonomous systems should be capable of generating 
structured operational justifications that clearly identify the sequence of observations, analytical reasoning, contextual information, 
policy constraints, and predicted outcomes that collectively influenced each decision. Such explanations enable engineers to validate 
system behavior, facilitate operational learning, and establish confidence in autonomous decision-making over time. 
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An equally important dimension of trust involves executive governance. Senior management is increasingly required to approve 
investments, operational strategies, and automation initiatives based upon AI-generated insights. Executive stakeholders generally 
do not require algorithmic details; however, they do require understandable evidence demonstrating that autonomous decisions align 
with organizational objectives, customer experience priorities, regulatory obligations, operational risk tolerance, and financial con-
straints. Autonomous systems must therefore translate complex technical reasoning into business-oriented explanations that support 
informed executive decision-making. 
Regulatory compliance introduces additional engineering complexity. Telecommunications operators are subject to service quality 
regulations, customer protection requirements, cybersecurity obligations, privacy legislation, and operational audit standards that 
vary across jurisdictions [20]. Autonomous systems executing operational changes must therefore demonstrate compliance with 
predefined governance policies while maintaining comprehensive audit records describing each decision, executed action, opera-
tional outcome, and subsequent validation process. Without such traceability, operators may encounter significant challenges during 
regulatory investigations or service quality assessments. 
Trust is also closely associated with predictability. Human operators must possess confidence that autonomous systems will behave 
consistently under comparable operational conditions. AI models that produce substantially different recommendations when pre-
sented with similar inputs reduce operational confidence, even if their overall predictive accuracy remains high. Ensuring determin-
istic or policy-consistent behavior across diverse operational scenarios therefore represents an important engineering requirement 
for large-scale autonomous deployments. 
Another significant challenge concerns the calibration of confidence and uncertainty. AI models inevitably encounter situations be-
yond the scope of their training data, including previously unseen fault conditions, software anomalies, emerging customer behav-
iors, or novel network architectures. Under such circumstances, autonomous systems should recognize the limitations of their own 
knowledge and adjust operational behavior accordingly. Rather than executing potentially unsafe actions, Level-5 systems should 
estimate decision uncertainty, reduce operational authority when confidence falls below predefined thresholds, and invoke addition-
al validation mechanisms before proceeding. This ability to reason about uncertainty is essential for maintaining trust in highly dy-
namic production environments. 
Ethical considerations further reinforce the importance of explainability. Autonomous systems frequently optimize multiple objec-
tives simultaneously, including customer experience, operational efficiency, energy consumption, network resilience, and business 
performance. Situations may arise in which optimizing one objective adversely affects another. Transparent explanation of these 
trade-offs enables organizations to verify that autonomous decisions remain aligned with corporate policies, customer commitments, 
and societal expectations. 
Future research should therefore emphasize the integration of Explainable Artificial Intelligence (XAI) techniques into telecommu-
nications operations. Rather than treating explainability as a post-processing function, autonomous decision-making should be de-
signed to produce human-interpretable reasoning throughout the operational lifecycle. This includes evidence-based root-cause 
analysis, confidence estimation, policy-aware recommendation generation, alternative action evaluation, and comprehensive deci-
sion traceability. Emerging approaches such as knowledge graphs, causal reasoning, symbolic AI, and hybrid neuro-symbolic archi-
tectures offer promising opportunities for enhancing both explainability and operational transparency. 
Ultimately, trust cannot be achieved solely through algorithmic performance. It must be earned through consistent, transparent, au-
ditable, and policy-compliant operation over extended periods. Accordingly, explainability should be regarded as a core engineering 
capability that enables collaboration between autonomous systems, operational engineers, executive management, and regulatory 
authorities. Without trustworthy and explainable AI, the transition from assisted automation to Level-5 Autonomous Fixed Tele-
communications Networks will remain constrained regardless of future advances in machine learning or computational intelligence. 
 
D. Closed-Loop Safety Guardrails: Preventing Autonomous Actions from Causing Network Outages 
Closed-loop automation is widely recognized as a defining capability of autonomous telecommunications networks. Unlike tradi-
tional operational workflows, where engineers evaluate recommendations before implementation, closed-loop systems continuously 
monitor network conditions, generate corrective decisions, execute operational actions, validate outcomes, and adapt future behavior 
without routine human intervention [21], [22]. While this capability significantly improves operational efficiency and response time, 
it simultaneously introduces one of the greatest engineering challenges in the transition toward Level-5 autonomy: ensuring that 
autonomous actions remain inherently safe under all operational conditions. 
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In conventional network management, human engineers provide an implicit safety mechanism. Operational experience, contextual 
understanding, and engineering judgment often prevent corrective actions that could unintentionally degrade services or propagate 
failures across interconnected network domains. Removing routine human intervention requires autonomous systems to internalize 
these safeguards through engineered control mechanisms rather than relying on manual oversight. 
One of the primary risks of closed-loop autonomy is the execution of incorrect yet technically valid actions. For example, an AI 
system may accurately detect reduced customer throughput but incorrectly attribute the degradation to congestion instead of an er-
roneous service profile, optical impairment, or customer-side Wi-Fi limitation. An autonomous capacity adjustment based on this 
incorrect diagnosis could consume valuable network resources without improving customer experience, while simultaneously reduc-
ing service quality for other subscribers. Such scenarios illustrate that accurate anomaly detection alone is insufficient; autonomous 
systems must also ensure accurate causal reasoning before initiating remediation. 
Another significant concern is cascading operational effects. Telecommunications networks are highly interconnected systems in 
which modifications within one operational domain frequently influence multiple dependent services. Changes to provisioning poli-
cies, traffic engineering configurations, routing parameters, optical transmission settings, or customer service profiles may uninten-
tionally affect neighboring network segments or unrelated customer groups. Autonomous systems must therefore evaluate both di-
rect and indirect consequences before executing operational decisions. 
Safety challenges become particularly complex within fixed telecommunications environments due to the coexistence of diverse 
infrastructure generations. Modern XGS-PON deployments frequently operate alongside legacy GPON equipment, multiple ONT 
generations, heterogeneous residential gateways, vendor-specific firmware implementations, and varying customer service profiles. 
Autonomous optimization strategies appropriate for one equipment category may produce unintended consequences when applied to 
another. Consequently, safety mechanisms must incorporate infrastructure awareness and compatibility validation prior to execu-
tion. 
Another engineering challenge concerns the interaction between multiple simultaneous autonomous actions. Independent optimiza-
tion processes operating within capacity management, energy efficiency, customer experience optimization, software maintenance, 
cybersecurity protection, and fault recovery may unintentionally interfere with one another. For instance, a bandwidth optimization 
algorithm may increase utilization to improve efficiency, while a resilience mechanism simultaneously attempts to preserve addi-
tional capacity for redundancy. Without coordinated safety governance, concurrent actions may create operational instability despite 
each algorithm functioning correctly within its own objective. 
To address these risks, Level-5 autonomous networks require multi-layered safety guardrails integrated throughout the operational 
lifecycle rather than applied only during execution. Safety should begin with policy validation, ensuring that every proposed action 
complies with organizational rules, regulatory obligations, service-level agreements, and engineering constraints. This should be 
followed by contextual verification, confirming that sufficient operational evidence supports the intended action and that prerequi-
site conditions have been satisfied. 
Simulation and predictive validation constitute another essential safety mechanism. Before implementing potentially disruptive 
changes, autonomous systems should evaluate proposed actions within digital twins, network simulators, or predictive operational 
models capable of estimating likely service impacts. Such virtual execution environments enable AI systems to identify undesirable 
outcomes before modifications are introduced into production infrastructure. Although simulations cannot perfectly reproduce all 
operational conditions, they significantly reduce the probability of large-scale service disruptions. 
Following execution, autonomous systems must continuously verify operational outcomes. Closed-loop automation should not ter-
minate once an action has been completed; rather, it should immediately assess whether predefined success criteria have been 
achieved. If customer experience fails to improve, new anomalies emerge, or unexpected side effects are detected, corrective actions 
should be automatically halted or reversed. Rapid rollback mechanisms therefore become a fundamental component of autonomous 
operational safety. Confidence-aware decision-making further enhances safe autonomy. AI systems should continuously estimate 
the certainty associated with both their diagnosis and recommended remediation. High-confidence decisions supported by multiple 
independent evidence sources may proceed autonomously within predefined operational boundaries, whereas lower-confidence sce-
narios should trigger additional validation, alternative reasoning processes, or temporary escalation to human operators. Importantly, 
Level-5 autonomy does not imply unconditional execution of every AI recommendation; rather, it requires intelligent determination 
of when autonomous execution is appropriate and when additional safeguards are necessary. 
Operational governance provides another layer of protection. Autonomous actions should be governed through clearly defined poli-
cies specifying execution authority, approval boundaries, customer impact thresholds, maintenance windows, rollback criteria, and 
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exception handling procedures. These governance policies ensure that autonomous decision-making remains aligned with organiza-
tional objectives while preventing AI systems from exceeding authorized operational limits. 
Future research should therefore investigate engineering frameworks for autonomous safety assurance, combining policy-driven 
governance, predictive validation, confidence-aware execution, continuous outcome verification, and adaptive rollback strategies 
into unified operational control mechanisms. Emerging approaches incorporating formal verification, digital twins, causal reasoning, 
runtime policy enforcement, and AI safety engineering offer promising directions for reducing operational risk while preserving the 
speed and scalability required for autonomous telecommunications networks. 
Ultimately, the transition to Level-5 Autonomous Fixed Telecommunications Networks depends not only on developing increasing-
ly intelligent AI systems but also on engineering systems that consistently demonstrate safe behavior under normal, abnormal, and 
previously unseen operating conditions. Autonomous intelligence without engineered safety is unlikely to gain operator confidence, 
regulatory approval, or widespread commercial adoption. Consequently, closed-loop safety guardrails should be regarded as one of 
the foundational engineering pillars supporting the realization of trustworthy autonomous telecommunications networks. 
 
E. Legacy Infrastructure Constraints 
One of the most significant obstacles to achieving Level-5 Autonomous Fixed Telecommunications Networks is the continued 
dependence on legacy infrastructure. While recent advancements in GPON, XGS-PON, cloud-native network functions, AI-driven 
analytics, and software-defined architectures provide the technological foundation for autonomous operations, most commercial 
fixed telecommunications networks remain heterogeneous environments composed of equipment, software platforms, and 
operational processes accumulated over many years of network evolution. This coexistence of legacy and next-generation 
technologies presents substantial engineering challenges that extend beyond algorithmic intelligence and directly affect the 
reliability of autonomous decision-making [23], [24]. 
Unlike newly designed networks, operational telecommunications infrastructures are rarely homogeneous. Multiple generations of 
Optical Line Terminals (OLTs), Optical Network Terminals (ONTs), residential gateways, Wi-Fi access points, firmware versions, 
provisioning systems, and operational support platforms frequently operate simultaneously within the same access network. These 
components often differ in hardware capabilities, management interfaces, telemetry availability, software functionality, and 
configuration models. Consequently, autonomous systems must operate across environments where network visibility and 
controllability vary significantly from one customer or service area to another. 
A major engineering challenge arises from inconsistent telemetry capabilities among legacy devices. Modern XGS-PON equipment 
may provide detailed performance measurements, environmental statistics, interface diagnostics, and programmable management 
APIs, whereas older GPON infrastructure and first-generation customer premises equipment may expose only a  limited subset of 
operational indicators. Autonomous systems therefore encounter unequal levels of observability across the network, making it 
difficult to apply uniform reasoning or standardized optimization strategies. Decisions that are appropriate for highly observable 
network segments may become unreliable when equivalent operational data are unavailable elsewhere. 
Provisioning inconsistencies represent another common constraint within mature fixed telecommunications environments. Over 
many years of network expansion, service migrations, technology upgrades, promotional campaigns, and operational interventions, 
subscriber configurations often diverge from intended service designs. Legacy bandwidth profiles, outdated quality-of-service 
parameters, inconsistent service templates, obsolete firmware configurations, and incomplete provisioning records may persist long 
after their original purpose has expired. Such inconsistencies create ambiguity for autonomous systems attempting to distinguish 
between intentional engineering policies and unintended configuration anomalies. 
Customer premises environments introduce an additional layer of complexity. Residential broadband performance is influenced not 
only by operator-managed infrastructure but also by customer-owned networking equipment, unmanaged Wi-Fi extenders, mesh 
systems, smart home devices, application behavior, and varying device capabilities. Many of these components remain outside 
direct operator control and frequently provide little or no operational telemetry. Consequently, autonomous systems must reason 
under conditions of incomplete visibility, often relying on indirect inference rather than deterministic measurements to assess the 
true source of service degradation. 
Interoperability limitations further complicate autonomous operations. Legacy operational support systems were typically designed 
for human-driven workflows rather than AI-enabled closed-loop decision-making. Many continue to depend on proprietary 
interfaces, static configuration repositories, manual approval processes, or periodic data synchronization rather than real-time event-
driven communication. Integrating these systems into autonomous operational workflows often requires substantial middleware 
development, data transformation, and process redesign before meaningful automation can be achieved. 
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The coexistence of multiple equipment vendors also increases engineering complexity. Vendor-specific management models, 
proprietary telemetry formats, differing alarm definitions, inconsistent KPI calculations, and heterogeneous software update 
mechanisms reduce the ability of autonomous systems to apply standardized operational logic across the entire network. AI models 
trained using data from one vendor ecosystem may not generalize effectively to another without additional normalization, 
calibration, or domain adaptation. This lack of consistency complicates both model development and operational deployment at 
carrier scale. 

Technology migration presents another important consideration. Telecommunications operators continuously introduce new 
access technologies, enhanced customer premises equipment, virtualization platforms, and intelligent management capabilities while 
maintaining uninterrupted service for existing subscribers. During these transition periods, autonomous systems must 
simultaneously support legacy and emerging technologies without compromising operational stability. This requirement 
substantially increases the complexity of AI models, orchestration mechanisms, and policy management because operational 
decisions must remain valid across diverse infrastructure generations. 
Addressing these constraints requires engineering approaches that acknowledge the realities of incremental network evolution rather 
than assuming idealized greenfield deployments. Future autonomous systems should incorporate adaptive capability discovery, 
allowing AI platforms to automatically identify the operational characteristics, telemetry availability, and control capabilities of 
individual network elements before initiating autonomous actions. Such capability-aware decision-making enables the autonomous 
system to adjust its reasoning according to the limitations of each infrastructure component rather than applying uniform 
assumptions across heterogeneous environments. 
Progressive autonomy offers another practical strategy. Instead of attempting to achieve full autonomy simultaneously across all 
operational domains, operators may gradually expand autonomous capabilities according to infrastructure readiness. Network 
segments equipped with modern telemetry, programmable interfaces, and standardized management models can support higher 
levels of autonomous operation, while legacy environments continue to operate under increased human supervision until 
modernization activities are completed. This staged evolution reduces operational risk and aligns technology deployment with 
realistic infrastructure lifecycles. 
Ultimately, legacy infrastructure should not be viewed solely as a technological limitation but as a fundamental systems engineering 
challenge. The path toward Level-5 Autonomous Fixed Telecommunications Networks will depend not only on advances in AI but 
also on the ability to integrate heterogeneous infrastructure, accommodate varying operational capabilities, and manage long-term 
technology transitions without disrupting customer services. Engineering solutions that embrace interoperability, adaptability, and 
incremental modernization will therefore play a decisive role in enabling safe and scalable autonomous network operations. 
 
F. Standardization and Multi-Vendor Interoperability 
Modern fixed telecommunications networks are inherently multi-vendor ecosystems. Operators deploy infrastructure from different 
equipment manufacturers across access, aggregation, transport, customer premises, service assurance, and operational support 
domains. While this diversity promotes innovation, competitive procurement, and technological flexibility, it also presents one of 
the most significant engineering challenges in achieving Level-5 Autonomous Fixed Telecommunications Networks. Autonomous 
systems require a consistent understanding of network behavior, operational semantics, and control mechanisms; however, 
heterogeneous vendor implementations frequently introduce inconsistencies that hinder seamless autonomous operation [25], [26]. 
Historically, telecommunications networks have evolved through successive technology generations, acquisitions, regional 
deployments, and vendor diversification strategies. As a result, production environments commonly include equipment from 
multiple manufacturers operating under different software releases, management frameworks, telemetry models, and operational  
interfaces. Although standards define many functional requirements, implementation details often vary considerably between 
vendors, creating interoperability challenges that become increasingly evident as operators pursue AI-driven automation. 
One of the primary engineering issues concerns data model inconsistency. Similar operational parameters may be represented using 
different naming conventions, measurement units, collection intervals, hierarchical structures, or proprietary object models 
depending on the equipment vendor. Optical signal metrics, interface utilization, alarm severity classifications, customer service 
profiles, and performance counters may require extensive normalization before they can be meaningfully correlated within an 
autonomous decision-making platform. This additional processing increases architectural complexity and introduces potential 
sources of inconsistency that can reduce AI reliability. 
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Management interfaces present a similar challenge. Although industry initiatives have promoted programmable interfaces through 
standardized APIs, model-driven management, and software-defined networking principles, many production systems continue to 
rely on proprietary command-line interfaces, vendor-specific management protocols, or customized integration layers. Autonomous 
platforms must therefore support numerous communication mechanisms simultaneously, increasing both implementation effort and 
long-term maintenance requirements. The absence of universally adopted operational interfaces limits the portability of autonomous 
capabilities across different network environments. 
Interoperability challenges extend beyond infrastructure management to encompass operational workflows. Fault management 
systems, inventory repositories, provisioning platforms, customer relationship management systems, service assurance applications, 
and analytics platforms often originate from different vendors and were developed independently. Consequently, identical 
operational events may be interpreted differently across systems, resulting in inconsistent root-cause analysis, duplicated incident 
creation, conflicting service records, or delayed operational responses. Autonomous networks require these systems to function as 
components of a unified operational ecosystem rather than isolated software applications. 
Artificial Intelligence introduces additional interoperability considerations. Machine learning models trained using data collected 
from one vendor ecosystem may not generalize effectively to another because of differences in telemetry quality, device behavior, 
firmware implementation, alarm generation logic, and operational characteristics. Models may therefore require retraining, 
recalibration, or domain adaptation before deployment across heterogeneous infrastructure. This reduces scalability and complicates 
the widespread adoption of AI-driven operational intelligence across multi-vendor environments. 
Policy interoperability represents another emerging engineering challenge. Autonomous networks will increasingly rely on policy-
driven decision-making to ensure compliance with organizational objectives, regulatory requirements, service-level agreements, and 
operational constraints. However, policies defined within one vendor platform may not be directly transferable to another because of 
differing configuration capabilities, feature implementations, or control abstractions. Without standardized policy representation, 
maintaining consistent autonomous behavior across heterogeneous infrastructure becomes increasingly difficult. 
Cross-domain interoperability is equally important. Future autonomous operations require continuous coordination between network 
infrastructure, cloud-native platforms, cybersecurity systems, customer experience management applications, business support 
systems, and external service ecosystems. Each domain contributes unique operational intelligence that must be interpreted 
consistently by autonomous decision-making engines. The absence of standardized semantic models limits contextual reasoning and 
reduces the effectiveness of AI-based correlation across organizational boundaries. 
Addressing these challenges requires a stronger emphasis on open standards, standardized data models, and vendor-neutral 
architectures. Industry initiatives promoting model-driven management, intent-based networking, cloud-native orchestration, and 
standardized telemetry provide important foundations for interoperability, yet further progress is needed to achieve the consistency 
required for Level-5 autonomy. Future autonomous platforms should be designed around vendor-independent abstractions that 
separate operational intelligence from equipment-specific implementations, enabling AI systems to reason using common semantic 
representations regardless of the underlying infrastructure. 
Semantic interoperability will become increasingly important as autonomous networks evolve. Beyond exchanging data, systems 
must share a common understanding of network entities, operational states, service dependencies, customer contexts, and policy 
objectives. Technologies such as knowledge graphs, ontology-based information models, and standardized digital twins offer 
promising approaches for establishing consistent representations across heterogeneous operational environments. These 
technologies enable autonomous systems to reason about relationships and dependencies rather than merely processing isolated data 
elements. 
Collaboration between telecommunications operators, equipment vendors, standards organizations, and the research community will 
be essential to accelerate this transition. Achieving Level-5 autonomy is unlikely to be accomplished through proprietary solutions 
developed independently by individual vendors. Instead, it requires an interoperable ecosystem in which standardized interfaces, 
shared operational semantics, portable AI models, and common governance principles enable autonomous capabilities to operate 
consistently across diverse infrastructures. 
Ultimately, interoperability should be regarded as an enabling capability rather than a deployment convenience. Without 
comprehensive standardization across data models, management interfaces, operational policies, and semantic representations, 
autonomous systems will remain constrained to isolated domains or vendor-specific environments. The realization of Level-5 
Autonomous Fixed Telecommunications Networks therefore depends not only on advances in AI but also on the industry's 
collective ability to establish open, interoperable, and standardized engineering foundations capable of supporting truly autonomous 
network operations. 
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G. Organizational and Workforce Readiness 
The transition toward Level-5 Autonomous Fixed Telecommunications Networks represents not only a technological evolution but 
also a fundamental transformation of organizational structures, operational processes, and workforce capabilities. While 
advancements in Artificial Intelligence (AI), automation platforms, and intelligent network management provide the technological 
foundation for autonomous operations, their successful deployment ultimately depends on the ability of telecommunications 
organizations to adapt their people, governance models, and decision-making processes to a new operational paradigm [27], [28]. 
Historically, fixed telecommunications networks have been operated through well-established organizational models in which 
responsibilities are distributed across specialized teams responsible for network planning, deployment, operations, maintenance, 
performance management, customer support, cybersecurity, and service assurance. Operational decisions typically follow 
hierarchical approval processes supported by standardized procedures and clearly defined accountability structures. As networks 
become increasingly autonomous, many of these traditional workflows require significant redesign to accommodate AI-driven 
operational decision-making. 
One of the most significant organizational challenges concerns the evolving role of network engineers. Under Level-5 autonomy, 
engineers no longer spend the majority of their time performing repetitive monitoring, fault isolation, routine troubleshooting, or 
manual service optimization. Instead, their responsibilities increasingly shift toward defining operational policies, supervising AI 
behavior, validating autonomous outcomes, managing exceptions, and continuously improving the intelligence embedded within 
autonomous systems. This transition requires a substantial evolution in professional competencies, combining traditional 
telecommunications engineering expertise with knowledge of AI, data engineering, automation, cybersecurity, and governance. 
The emergence of autonomous operations also changes the relationship between human expertise and machine intelligence. Rather 
than replacing engineers, Level-5 autonomy redefines their role from operational executors to strategic supervisors and system 
architects. Engineers become responsible for establishing business objectives, defining operational constraints, ensuring regulatory 
compliance, and validating the long-term effectiveness of autonomous systems. Maintaining this collaborative relationship requires 
organizations to cultivate confidence in AI while preserving appropriate human oversight for strategic and exceptional situations. 
Workforce readiness extends beyond technical training. Autonomous telecommunications environments require multidisciplinary 
collaboration among network engineers, data scientists, AI specialists, software developers, cybersecurity experts, cloud architects, 
and business stakeholders. Historically, these disciplines have often operated within separate organizational units with distinct 
objectives, methodologies, and performance metrics. Achieving Level-5 autonomy demands greater integration across these 
functions, enabling technical, operational, and business expertise to contribute collectively to autonomous decision-making 
frameworks. 
Organizational trust presents another critical engineering consideration. Operational personnel may initially perceive autonomous 
systems as reducing human control over production networks or replacing established engineering practices. Such concerns can 
create resistance to automation initiatives, limiting adoption even when technical capabilities have matured. Successful 
implementation therefore requires transparent communication, gradual deployment strategies, comprehensive training programs, 
and clear governance mechanisms demonstrating that autonomous systems augment rather than replace engineering expertise. 
Governance frameworks must evolve in parallel with technological capabilities. Traditional change management processes assume 
that network modifications are planned, reviewed, approved, and executed by human operators within predefined maintenance 
windows. In contrast, Level-5 autonomous systems may perform continuous optimization, proactive fault remediation, and dynamic 
service adjustments throughout normal network operation. Organizations must therefore establish governance models capable of 
balancing operational agility with accountability, auditability, and risk management. 
Another important consideration involves performance measurement. Conventional operational metrics frequently emphasize 
manual efficiency indicators such as incident resolution time, ticket closure rates, and engineer productivity. As autonomous 
systems assume increasing responsibility for operational activities, organizations must redefine success metrics to reflect the 
performance of the autonomous ecosystem itself. Measures such as autonomous resolution rates, decision accuracy, customer 
experience improvements, policy compliance, operational stability, rollback frequency, and AI confidence calibration become 
increasingly relevant indicators of organizational maturity. 
Regulatory and legal accountability further complicate organizational readiness. Autonomous systems making operational decisions 
raise important questions regarding responsibility when unintended outcomes occur. Organizations must establish clear 
accountability frameworks defining the roles of engineering teams, AI governance committees, executive management, technology 
vendors, and operational supervisors. Such governance structures ensure that responsibility remains transparent even when routine 
decisions are executed autonomously. 
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Continuous learning is another defining characteristic of organizations pursuing autonomous operations. AI models, network 
architectures, customer behavior, service requirements, and cybersecurity threats continuously evolve over time. Consequently, 
organizational learning mechanisms must support ongoing model validation, operational feedback, policy refinement, workforce 
development, and technology modernization. Autonomous networks should therefore be accompanied by equally adaptive 
organizational processes capable of evolving alongside technological progress. 
Future research should investigate organizational maturity models that complement technical autonomy frameworks by evaluating 
governance capabilities, workforce preparedness, AI literacy, cross-functional collaboration, operational culture, and institutional 
readiness for autonomous operations. Such organizational assessment frameworks would enable telecommunications operators to 
evaluate whether their operational structures are prepared to support increasingly autonomous network environments, thereby 
reducing implementation risks and accelerating adoption. 
Ultimately, achieving Level-5 Autonomous Fixed Telecommunications Networks requires a balanced integration of technology, 
governance, and human expertise. Artificial Intelligence may automate operational execution, but sustainable autonomy depends 
upon organizations capable of establishing trustworthy governance, cultivating multidisciplinary expertise, adapting operational 
processes, and fostering a culture of continuous innovation. Consequently, organizational readiness should be regarded as a strategic 
engineering enabler that is equally important as advances in AI algorithms, network architectures, and automation technologies in 
realizing the vision of fully autonomous telecommunications networks. 

 
IV. ILLUSTRATIVE EVIDENCE FROM FIXED TELECOMMUNICATIONS OPERATIONS 

The engineering challenges discussed in the previous section are not purely theoretical; they are routinely encountered in operational 
fixed telecommunications environments. Although the specific manifestations vary across operators, vendors, and network 
architectures, many of the underlying technical issues exhibit similar characteristics. This section presents generalized and 
anonymized operational scenarios that illustrate how current engineering limitations affect the transition toward Level-5 
autonomous operations. The examples are representative of common fixed broadband environments and are intended solely to 
demonstrate engineering concepts without revealing proprietary implementation details. 
 
A. Cross-Domain Service Degradation and Fragmented Observability 
One of the most common operational scenarios involves customer-reported broadband performance degradation despite the absence 
of major network alarms. Traditional monitoring platforms may indicate that optical power levels, interface availability, and 
transport connectivity remain within acceptable operating thresholds. However, customer experience measurements reveal reduced 
throughput and increased application response times. 
Further investigation often requires engineers to correlate information from multiple independent sources, including optical access 
telemetry, customer premises equipment statistics, Wi-Fi performance indicators, provisioning records, service assurance platforms, 
and customer experience analytics. In many operational environments, these data sources reside within separate systems and are 
evaluated independently rather than as a unified operational context. 
An autonomous Level-5 network would instead correlate these observations automatically, determine the most probable root cause, 
quantify the confidence of each hypothesis, and recommend or execute the appropriate corrective action. Current operational 
environments frequently lack the unified observability required to support such autonomous reasoning, reinforcing the importance 
of integrated data engineering discussed in Section III.A. 
 
B. Provisioning Inconsistencies Following Network Evolution 
Telecommunications networks continuously evolve through technology upgrades, service migrations, infrastructure expansion, and 
product portfolio changes. During this evolution, subscriber configurations may gradually diverge from standardized engineering 
templates. 
Illustrative examples include legacy bandwidth profiles remaining active after customers migrate to higher service tiers, outdated 
quality-of-service parameters, inconsistent traffic policies, or configuration templates inherited from previous network generations. 
Although each individual inconsistency may appear minor, collectively they complicate autonomous reasoning because AI systems 
must determine whether a configuration represents an intentional engineering decision or an operational anomaly. 
Current operational practice generally requires manual investigation before corrective actions are implemented. In contrast, Level-5 
autonomous networks would require policy-aware validation mechanisms capable of distinguishing legitimate operational diversity 
from configuration drift while ensuring that automated corrections remain compliant with organizational engineering policies. 
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C. Customer Experience Versus Network Performance 
Another frequently observed operational challenge is the difference between infrastructure health and customer-perceived service 
quality. Network infrastructure may operate within engineering thresholds while customers continue to report unsatisfactory 
broadband performance. 
Generalized operational investigations often reveal that customer experience is influenced by factors extending beyond the operator-
managed access network, including residential Wi-Fi coverage, device capabilities, application behavior, customer-owned 
networking equipment, and local radio interference. Consequently, infrastructure KPIs alone rarely provide sufficient evidence to 
determine the true source of performance degradation. 
This scenario highlights the necessity of integrating customer experience analytics with traditional network telemetry. Autonomous 
systems must evaluate both network-centric and customer-centric information before initiating remediation, thereby reducing 
unnecessary operational actions and improving decision accuracy. 
 
D. Simultaneous Autonomous Recommendations 
As AI capabilities expand, different operational domains increasingly generate independent optimization recommendations. For 
example, predictive maintenance algorithms may identify equipment requiring preventive intervention, while capacity optimization 
models recommend traffic redistribution and customer experience platforms suggest service profile adjustments. 
Individually, each recommendation may be technically valid. Collectively, however, they may compete for the same operational 
resources or produce conflicting actions if executed without coordination. Human engineers currently resolve these conflicts using 
operational judgment and cross-functional discussions. 
Future Level-5 autonomous environments will require orchestration mechanisms capable of evaluating multiple recommendations 
simultaneously, prioritizing actions according to customer impact, operational risk, business objectives, and governance policies 
before initiating closed-loop execution. 
 
E. Multi-Vendor Operational Complexity 
Large telecommunications operators commonly deploy equipment from multiple vendors across access, transport, customer 
premises, and operational support domains. Although these platforms provide comparable network functions, differences frequently 
exist in telemetry structures, alarm definitions, management interfaces, firmware capabilities, and software behavior. 
Operational analytics therefore require significant normalization before cross-domain correlation becomes possible. AI models 
developed using one vendor's operational characteristics may require additional adaptation before achieving comparable 
performance across another vendor's infrastructure. 
This generalized scenario illustrates why vendor-neutral operational models, standardized telemetry, and semantic interoperability 
remain essential engineering requirements for scalable autonomous network operations. 
 
F. Operational Decision Confidence 
Current AI-driven operational platforms frequently generate anomaly scores, predicted fault probabilities, or optimization 
recommendations. However, operational engineers typically perform additional validation before executing any network 
modification affecting production services. 
This practice reflects an important engineering reality: decision confidence depends not only on algorithmic accuracy but also on 
supporting operational evidence, contextual awareness, and risk assessment. Autonomous systems capable of estimating uncertainty, 
validating recommendations against governance policies, and continuously verifying post-execution outcomes will be considerably 
more trustworthy than systems relying solely on prediction accuracy. 
Discussion: 
These generalized operational examples collectively demonstrate that the transition toward Level-5 Autonomous Fixed 
Telecommunications Networks is constrained by multiple interdependent engineering factors rather than a single technological 
limitation. Data fragmentation, heterogeneous infrastructure, inconsistent provisioning, multi-vendor interoperability, cross-domain 
reasoning, operational governance, and confidence-aware decision-making interact continuously within production environments. 
The examples further illustrate that many current operational activities performed manually by experienced engineers involve 
contextual reasoning across numerous technical and organizational dimensions. Replicating this capability within autonomous 
systems requires advances not only in Artificial Intelligence but also in systems engineering, standardized operational models, 
trustworthy governance mechanisms, and integrated network observability. 
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Accordingly, the realization of Level-5 autonomy should be viewed as a progressive engineering transformation in which 
technological innovation is complemented by improvements in operational processes, data engineering, interoperability, safety 
assurance, and organizational readiness. These observations provide the foundation for the future research directions discussed in 
the following section. 
 

V. PROPOSED RESEARCH DIRECTIONS 
The analysis presented throughout this paper demonstrates that the realization of Level-5 Autonomous Fixed Telecommunications 
Networks is constrained by a combination of technical, operational, organizational, and governance challenges rather than by limita-
tions in Artificial Intelligence (AI) alone.  
While significant progress has been achieved in AI-assisted fault management, predictive analytics, service assurance, and network 
automation, existing solutions largely optimize individual operational functions instead of enabling holistic, self-governing network 
ecosystems. Bridging the gap between current AML-2/AML-3 maturity and the envisioned AML-5 operational state therefore re-
quires a coordinated multidisciplinary research effort extending across telecommunications engineering, computer science, AI, sys-
tems engineering, and operational governance. 

 
A. Unified Network Observability and Intelligent Data Fabrics 
Future autonomous networks require an evolution from fragmented monitoring platforms toward unified observability architectures 
capable of integrating infrastructure telemetry, customer experience indicators, service assurance data, operational events, topology 
information, inventory repositories, and business context into a single intelligent data ecosystem. 
Research should investigate AI-driven data fabrics that continuously validate, normalize, enrich, and correlate heterogeneous 
operational information while dynamically estimating data quality and confidence. Such architectures would provide autonomous 
systems with a comprehensive operational understanding rather than isolated measurements originating from individual network 
domains. 
 
B. Adaptive Multi-Agent Collaboration Frameworks 
Although multi-agent architectures provide significant advantages for distributed intelligence, existing implementations remain 
relatively static in their coordination mechanisms. Future research should investigate adaptive orchestration frameworks capable of 
dynamically assigning responsibilities, negotiating conflicting objectives, sharing contextual knowledge, and collaboratively 
optimizing network-wide outcomes. 
Promising directions include hierarchical agent coordination, decentralized consensus mechanisms, confidence-aware 
recommendation fusion, cooperative reinforcement learning, and policy-aware agent governance. These approaches can improve 
scalability while reducing operational conflicts among autonomous decision-making entities. 
 
C. Explainable and Trustworthy Artificial Intelligence 
Trustworthy autonomy remains one of the most significant barriers to commercial deployment. Future research should focus on 
integrating Explainable Artificial Intelligence (XAI) directly into telecommunications operational workflows rather than treating 
explainability as a supplementary analytical function. 
 
D. AI Safety Engineering for Closed-Loop Operations 
Current autonomous networking research primarily emphasizes intelligent decision-making while comparatively limited attention 
has been devoted to engineering safe autonomous execution within production environments. Future investigations should explore 
policy-aware autonomous control, runtime verification, formal safety validation, digital twin-assisted operational testing, predictive 
impact assessment, autonomous rollback mechanisms, and continuous post-execution validation. Establishing standardized 
engineering methodologies for AI safety will be essential for increasing operator confidence and reducing operational risk 
associated with autonomous decision-making. 
 
E. Standardized Semantic Models and Interoperability 
Industry-wide interoperability remains a prerequisite for scalable autonomous operations. Future research should investigate 
standardized semantic information models capable of representing network resources, customer services, operational policies, 
infrastructure capabilities, and service dependencies independently of equipment vendors or proprietary management systems. 



International Journal for Research in Applied Science & Engineering Technology (IJRASET) 
                                                                                           ISSN: 2321-9653; IC Value: 45.98; SJ Impact Factor: 7.538 

                                                                                                                Volume 14 Issue VII July 2026- Available at www.ijraset.com 
     

 201 ©IJRASET: All Rights are Reserved | SJ Impact Factor 7.538 | ISRA Journal Impact Factor 7.894 | 
 

Knowledge graphs, digital twins, intent-based networking, ontology-driven network modeling, and standardized operational APIs 
offer promising directions for establishing common semantic representations that enable consistent autonomous reasoning across 
heterogeneous operational environments. 
 
F. Self-Evolving Operational Intelligence 
Current AI models are generally trained using historical operational datasets and periodically retrained as network conditions 
evolve. Level-5 autonomous systems will require continuous learning capabilities that enable operational intelligence to adapt 
dynamically without compromising safety or operational stability. 
Future research should investigate online learning, reinforcement learning under operational constraints, federated learning across 
geographically distributed networks, continual learning strategies, and autonomous knowledge management capable of 
incorporating new operational experiences while preserving previously acquired expertise. 
 
G. Human-AI Collaborative Governance 
Although Level-5 autonomy minimizes routine human intervention, strategic governance remains fundamentally dependent upon 
human expertise. Future research should therefore examine collaborative governance models defining how engineers, AI systems, 
executive management, and regulatory authorities jointly supervise autonomous network operations. 
Important research topics include AI accountability, governance policies, operational ethics, regulatory compliance, human 
oversight mechanisms, AI auditability, organizational maturity assessment, and multidisciplinary operational governance 
frameworks that balance automation with institutional responsibility. 
 
H. Toward Autonomous Telecommunications Ecosystems 
Current research largely concentrates on automating individual network functions such as fault management, capacity optimization, 
or service assurance. Future investigations should instead consider autonomous telecommunications ecosystems in which network 
infrastructure, cloud-native platforms, cybersecurity systems, customer experience management, operational support systems, and 
business processes function as coordinated components of an integrated autonomous enterprise. 
Such ecosystems require continuous contextual reasoning, shared operational knowledge, adaptive orchestration, policy-aware 
decision-making, and end-to-end optimization extending beyond traditional network boundaries. This broader perspective aligns 
more closely with the operational realities faced by large telecommunications operators and represents a promising direction for 
next-generation autonomous communications research. 
Research Roadmap: 
Collectively, these research directions suggest that achieving Level-5 Autonomous Fixed Telecommunications Networks should be 
viewed as a progressive systems engineering journey rather than a single technological breakthrough. Figure X conceptually 
illustrates this evolution, beginning with enhanced observability and trusted data foundations, progressing through intelligent 
orchestration, explainable AI, safety-aware automation, semantic interoperability, and organizational transformation, ultimately 
culminating in self-governing autonomous telecommunications ecosystems. 
The proposed roadmap emphasizes that sustainable autonomy depends upon the convergence of multiple complementary 
disciplines. Advances in AI algorithms alone are unlikely to achieve AML-5 unless accompanied by corresponding progress in data 
engineering, systems integration, operational governance, workforce development, interoperability standards, and safety 
engineering. Consequently, future research should prioritize multidisciplinary collaboration among telecommunications operators,  
equipment vendors, standards organizations, academic researchers, and regulatory bodies to establish the technological and 
organizational foundations required for fully autonomous fixed telecommunications networks. 
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Fig. 2 Foundational Enablers for AML-5 Autonomous Fixed Telecommunications Networks 

 
VI. ENGINEERING READINESS ASSESSMENT FOR AML-5 

The transition from Assisted Operations (AML-2) and Conditional Autonomy (AML-3) toward Level-5 Autonomous Fixed 
Telecommunications Networks requires more than incremental improvements in Artificial Intelligence. It demands the simultaneous 
advancement of data engineering, operational intelligence, network architecture, governance, interoperability, organizational 
readiness, and safety engineering. Based on the engineering challenges analyzed throughout this paper, Table X presents a 
qualitative readiness assessment summarizing the current state of industry capabilities, the primary engineering gaps, and the key 
requirements for achieving AML-5. 
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TABLE I 
ENGINEERING READINESS ASSESSMENT FOR AML-5 AUTONOMOUS FIXED TELECOMMUNICATIONS NETWORKS 

Engineering Domain Current Industry State (Typical 
AML-2/AML-3) 

Engineering Gap AML-5 Readiness Requirement 

Network Observability Fragmented monitoring across 
network domains 

Incomplete end-to-end 
visibility 

Unified multi-domain 
observability with real-time 
contextual awareness 

Data Quality & Integra-
tion 

Heterogeneous and siloed 
operational data 

Inconsistent, incomplete, 
and low-confidence 
datasets 

Intelligent data fabric with 
automated validation, 
normalization, and confidence 
scoring 

AI Decision Intelligence 
AI supports anomaly detection 
and recommendations 

Limited autonomous 
reasoning 

Context-aware AI capable of 
autonomous diagnosis, prediction, 
planning, and decision-making 

Multi-Agent 
Collaboration 

Independent AI models 
performing isolated tasks 

Conflicting 
recommendations and 
limited coordination 

Policy-aware collaborative multi-
agent ecosystem with dynamic 
orchestration 

Explainability & Trust 
Prediction accuracy 
emphasized over reasoning 
transparency 

Limited operator and 
regulator confidence 

Explainable AI providing 
evidence-based, auditable, and 
human-interpretable decisions 

Closed-Loop 
Automation 

Automated execution limited to 
predefined workflows 

High operational risk 
during autonomous 
execution 

Safety-aware closed-loop 
automation with policy validation, 
simulation, rollback, and 
continuous verification 

Legacy Infrastructure 
Mixed-generation OLTs, 
ONTs, Wi-Fi devices, and OSS 
platforms 

Uneven telemetry and 
control capabilities 

Adaptive autonomy capable of 
operating across heterogeneous 
infrastructure 

Multi-Vendor 
Interoperability 

Vendor-specific telemetry, 
APIs, and operational models 

Difficult cross-domain 
automation 

Standardized data models, 
semantic interoperability, and 
vendor-neutral orchestration 

Operational Governance Human approval for most 
critical operational actions 

Limited AI governance 
frameworks 

Policy-driven governance with 
continuous auditing, compliance 
validation, and accountability 

Workforce Readiness Engineers primarily perform 
manual operational activities 

Skills gap in AI-enabled 
operations 

AI-enabled engineering workforce 
focused on governance, 
supervision, and continuous 
optimization 

 
The assessment demonstrates that the telecommunications industry has made considerable progress in automating individual 
operational functions; however, these capabilities remain largely domain-specific and human-assisted. Most current deployments 
correspond to AML-2 or AML-3, where Artificial Intelligence improves operational efficiency through anomaly detection, 
predictive analytics, and automated recommendations but still depends on human validation for critical operational decisions. 
The analysis further indicates that the largest barriers to AML-5 are not computational limitations but engineering integration 
challenges. These include fragmented observability, inconsistent operational data, heterogeneous infrastructure, insufficient 
interoperability, limited explainability, immature AI governance, and the absence of standardized safety mechanisms for 
autonomous execution. Addressing these issues requires coordinated progress across multiple engineering disciplines rather than 
isolated improvements in AI algorithms. 
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Accordingly, achieving AML-5 should be viewed as a progressive engineering transformation in which technological innovation, 
operational governance, organizational maturity, and industry-wide standardization evolve simultaneously. The readiness 
assessment provides both researchers and telecommunications operators with a practical framework for evaluating current 
autonomous capabilities, identifying engineering priorities, and planning the systematic evolution toward trustworthy, scalable, and 
fully autonomous fixed telecommunications networks. 
 

VII. CONCLUSION 
The telecommunications industry is steadily progressing toward increasingly intelligent and autonomous network operations. 
Advances in Artificial Intelligence (AI), machine learning, cloud-native networking, software-defined architectures, and intelligent 
automation have significantly improved the ability of fixed telecommunications networks to proactively detect anomalies, optimize 
performance, predict service degradation, and enhance customer experience. Nevertheless, the findings presented in this paper 
demonstrate that the realization of Level-5 Autonomous Fixed Telecommunications Networks remains a complex multidisciplinary 
engineering challenge rather than a purely technological objective. 
Building upon the authors' previous research on the Unified Autonomous Fixed Broadband Framework (UAFBF), the Contextual 
Orchestration Engine (COE), the Five-Level Autonomy Maturity Model (AML-1 to AML-5), and collaborative multi-agent 
architectures [1]–[4], this paper shifted the focus from architectural design to a critical examination of the engineering barriers that 
currently separate contemporary operational maturity from the envisioned AML-5 end state. Instead of proposing another 
autonomous framework, the paper presented a structured gap analysis that identified the principal technical, operational, 
organizational, and governance challenges limiting the deployment of fully autonomous fixed telecommunications networks. 
Seven major engineering challenge clusters were systematically examined. These included deficiencies in data quality and end-to-
end observability, the complexity of coordinating distributed intelligent agents, the need for explainable and trustworthy AI, the 
importance of safety-aware closed-loop automation, the operational constraints imposed by legacy infrastructure, the necessity of 
industry-wide standardization and interoperability, and the organizational transformation required to support AI-driven operations. 
Collectively, these challenges demonstrate that autonomous networking cannot be achieved through improvements in AI algorithms 
alone. Rather, it requires the coordinated evolution of data engineering, systems integration, operational governance, workforce 
capabilities, and industry collaboration. 
Generalized operational scenarios further illustrated that many of the limitations observed in production fixed telecommunications 
environments are interconnected. Fragmented operational data, heterogeneous infrastructures, inconsistent provisioning, multi-
vendor ecosystems, and human-centric operational processes continue to constrain the effectiveness of autonomous decision-
making. These observations reinforce the need for integrated engineering solutions that combine intelligent reasoning with robust 
governance, comprehensive observability, standardized interoperability, and continuous operational validation. 
To address these limitations, the paper proposed a forward-looking research agenda encompassing intelligent data fabrics, adaptive 
multi-agent collaboration, explainable AI, safety engineering for closed-loop operations, semantic interoperability, self-evolving 
operational intelligence, and human-AI collaborative governance. These research directions provide a structured roadmap for 
advancing autonomous telecommunications research beyond isolated automation functions toward fully integrated, self-governing 
operational ecosystems. 
Ultimately, Level-5 autonomy should not be viewed as the replacement of human expertise but as the transformation of network 
operations from reactive, manually intensive processes into intelligent, policy-driven ecosystems capable of continuous observation, 
reasoning, optimization, and learning. Human expertise will remain essential for defining strategic objectives, governance policies, 
ethical boundaries, and regulatory compliance, while autonomous systems assume responsibility for routine operational execution 
and real-time optimization. 
The transition from today's AML-2 and AML-3 operational maturity to fully autonomous fixed telecommunications networks will 
require sustained collaboration among telecommunications operators, equipment vendors, standards organizations, academic 
researchers, and regulatory bodies. Through continued advances in AI, systems engineering, interoperability, and organizational 
transformation, the vision of trustworthy, safe, explainable, and scalable Level-5 autonomous network operations can progressively 
evolve from a conceptual objective into a practical reality, enabling the next generation of resilient, intelligent, and customer-centric 
telecommunications infrastructure. 
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TABLE II 
ENGINEERING CHALLENGES AND RESEARCH DIRECTIONS TOWARD AML-5 NETWORK AUTONOMY 

Engineering Challenge Operational Impact Proposed Research Direction 

Data Quality & Observability Inaccurate autonomous reasoning 
Intelligent data fabrics and 
unified observability 

Multi-Agent Orchestration Conflicting autonomous decisions 
Adaptive orchestration and 
cooperative AI 

Explainability & Trust Limited operator and regulator 
confidence 

Explainable AI and causal 
reasoning 

Closed-Loop Safety Risk of unintended outages AI safety engineering and digital 
twins 

Legacy Infrastructure Uneven autonomous capability 
Capability-aware and 
progressive autonomy 

Standardization & 
Interoperability 

Vendor-specific automation 
Open semantic models and 
standardized APIs 

Organizational Readiness Slow operational adoption AI governance and workforce 
transformation 
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