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Abstract 

This dissertation investigates the evolving role of advanced communication technologies in 

supporting disaster management and emergency response operations during man-made 

disasters. Modern crisis environments are increasingly characterized by operational 

complexity, infrastructure interdependence, cyber-physical convergence and cascading 

failures affecting communication systems, transportation networks, healthcare 

infrastructures, energy systems and public safety operations simultaneously. In such 

environments, communication systems no longer function merely as information-transfer 

infrastructures, but increasingly operate as intelligent and resilient operational ecosystems 

enabling coordination, situational awareness, distributed decision-making and adaptive 

response management under highly unstable conditions. 

A structured analytical framework was developed to evaluate contemporary literature 

according to disaster-management phases, technological challenges, evaluation 

methodologies, network-layer perspectives, operational relevance, architectural maturity, 

resiliency contribution, cybersecurity integration, AI-driven orchestration and deployment 

realism. The findings reveal that modern emergency communication research is 

progressively shifting away from isolated protocol optimization toward highly integrated 

cross-layer orchestration ecosystems combining networking, distributed intelligence, 

sensing, virtualization and adaptive operational coordination. 

The analysis further demonstrates that simulation-based evaluation remains dominant across 

the literature, while real-world deployments and operational validation environments 

remain comparatively limited. In parallel, the findings identify major research trends 

involving AI-native networking, UAV-assisted resiliency, edge-enabled situational 

awareness and intelligent cyber-physical coordination, while also revealing persistent 

research gaps related to transport-layer adaptation, interoperability, cybersecurity 

integration, autonomous resiliency management and large-scale operational validation. 

Keywords 

Emergency Communications, 5G/6G Networks, Disaster Response, UAV-Assisted 

Communications, Edge Computing, Man-made Disasters 
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Περίληψη 

Η παρούσα διπλωματική εργασία εξετάζει τον εξελισσόμενο ρόλο των τεχνολογιών 

επικοινωνίας στη διαχείριση ανθρωπογενών καταστροφών. Τα σύγχρονα περιβάλλοντα 

κρίσεων χαρακτηρίζονται από αυξημένη πολυπλοκότητα, αλληλεξάρτηση κρίσιμων 

υποδομών, σύγκλιση κυβερνο-φυσικών συστημάτων και αλυσιδωτές αστοχίες που 

επηρεάζουν τα δίκτυα επικοινωνιών. Στο πλαίσιο αυτό, τα συστήματα επικοινωνιών δεν 

λειτουργούν πλέον μόνο ως υποδομές μεταφοράς πληροφορίας, αλλά ως ανθεκτικά 

επιχειρησιακά οικοσυστήματα που υποστηρίζουν τον συντονισμό, την επίγνωση 

κατάστασης, τη λήψη αποφάσεων και τη διαχείριση κρίσεων υπό ασταθείς συνθήκες. 

Για την ανάλυση της βιβλιογραφίας αναπτύχθηκε ένα δομημένο πλαίσιο αξιολόγησης που 

περιλαμβάνει τις φάσεις διαχείρισης καταστροφών, τις τεχνολογικές προκλήσεις, τις 

μεθοδολογίες αξιολόγησης, τις προσεγγίσεις ανά επίπεδο δικτύου, την αρχιτεκτονική 

ωριμότητα, την ανθεκτικότητα, την κυβερνοασφάλεια και την αυτοματοποίηση μέσω 

τεχνητής νοημοσύνης. Τα αποτελέσματα δείχνουν ότι η σύγχρονη έρευνα στις επικοινωνίες 

έκτακτης ανάγκης μεταβαίνει από την απομονωμένη βελτιστοποίηση πρωτοκόλλων προς 

ολοκληρωμένα διαστρωματικά οικοσυστήματα που συνδυάζουν δικτύωση, κατανεμημένη 

νοημοσύνη, αισθητήρες, εικονικοποίηση και προσαρμοσμένο επιχειρησιακό συντονισμό. 

Η ανάλυση αναδεικνύει ότι οι προσομοιώσεις εξακολουθούν να αποτελούν την 

επικρατέστερη μέθοδο αξιολόγησης, ενώ οι δοκιμές πεδίου και οι επιχειρησιακές 

εφαρμογές μεγάλης κλίμακας παραμένουν περιορισμένες. Παράλληλα, αναδεικνύονται 

κρίσιμα ερευνητικά κενά που σχετίζονται με τη διαλειτουργικότητα, την κυβερνοασφάλεια, 

την αυτόνομη διαχείριση της ανθεκτικότητας και την επιχειρησιακή επικύρωση υπό 

ρεαλιστικές συνθήκες. 
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1. Introduction 

1.1 The Changing Nature of Disasters  

Modern disasters no longer evolve as isolated operational incidents confined within a single 

geographical area or technological domain. Contemporary crisis environments are 

increasingly characterized by interconnected failures capable of simultaneously affecting 

communication infrastructures, transportation systems, healthcare services, energy 

networks, industrial facilities, governmental coordination mechanisms, and civilian 

populations [1], [2], [3]. As societies become progressively dependent on digital 

infrastructures and highly interconnected technological ecosystems, the operational impact 

of man-made disasters extends far beyond the initial triggering event itself [4], [5]. In many 

cases, the secondary and cascading consequences of a disaster become significantly more 

destructive than the original incident [6].  

Industrial accidents, cyberattacks, transportation disasters, terrorist attacks, large-scale 

infrastructure failures, and hybrid threats increasingly expose the structural fragility of 

modern interconnected societies. A single disruption within one critical infrastructure 

domain can rapidly propagate across multiple operational sectors, creating highly dynamic 

crisis environments characterized by uncertainty, instability, and operational fragmentation. 

A cyberattack targeting energy management systems may simultaneously disrupt 

telecommunications and emergency coordination. A transportation accident involving 

hazardous materials may trigger evacuation operations, healthcare overload, 

communication congestion, and transportation paralysis within minutes. Similarly, terrorist 

attacks against urban infrastructures often generate simultaneous physical, digital, and 

psychological disruption affecting both operational coordination and civilian stability [6]. 

Unlike traditional disaster environments, modern crises evolve within highly interconnected 

cyber-physical ecosystems where communication systems, sensing infrastructures, cloud 

services, Internet of Things (IoT) platforms, transportation networks and critical 

infrastructures continuously interact in real time. This interdependence significantly 

increases operational complexity because failures rarely remain localized. Instead, they 

propagate rapidly across multiple infrastructures through cascading effects that can amplify 

operational disruption far beyond the initial area of impact. 
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One of the most defining characteristics of modern disaster environments is therefore the 

emergence of cascading failures. In contemporary crises, the collapse of one infrastructure 

frequently destabilizes several others simultaneously. Communication disruptions may 

affect emergency coordination. Energy failures may disable transportation systems and 

healthcare infrastructures. Cyberattacks may simultaneously disrupt industrial control 

systems, public services, and operational decision-making environments. As a result, 

emergency-response operations increasingly occur within unstable ecosystems where 

infrastructures continuously influence one another under rapidly evolving conditions [2]. 

Within these environments, maintaining situational awareness becomes one of the most 

critical operational requirements. Decision-makers must continuously monitor 

infrastructure status, responder deployment, communication availability, environmental 

conditions, civilian movement, and operational risks in real time. However, the operational 

complexity of modern disasters frequently overwhelms conventional coordination 

mechanisms. Information becomes fragmented, communication channels become 

congested, and operational visibility rapidly deteriorates as the crisis evolves [7]. 

For this reason, communication systems increasingly function as the operational backbone 

of modern disaster response ecosystems rather than as simple information-transfer 

infrastructures [8], [9]. During large-scale emergencies, communication networks support 

coordination among governmental authorities, emergency responders, healthcare services, 

military units, transportation operators and critical infrastructure providers simultaneously. 

They also enable real-time situational awareness, distributed decision-making, emergency 

alert dissemination, telemetry exchange, Unmanned Aerial Vehicle (UAV) coordination and 

operational resource management under highly degraded conditions [10]. 

The analysis of recent disasters demonstrates that communication collapse often becomes a 

major multiplier of the crisis itself. In many cases, the inability to maintain reliable 

communication continuity significantly accelerates operational disorganization and reduces 

the effectiveness of emergency response activities. When communication infrastructure 

fails, emergency services lose operational visibility, coordination between agencies 

becomes fragmented, resource allocation slows down, and decision-making processes 

become increasingly reactive rather than adaptive. Under such conditions, even relatively 

localized incidents may rapidly escalate into broader systemic crises [11]. 
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This phenomenon has become increasingly visible across multiple categories of modern 

disasters. During large-scale cyberattacks, communication congestion and network 

instability may delay operational coordination and infrastructure recovery efforts. During 

terrorist incidents or transportation disasters, overloaded communication infrastructures 

may prevent responders from exchanging critical operational information in real time. 

Similarly, during industrial accidents or infrastructure failures, the simultaneous disruption 

of power grids and communication systems may severely reduce authorities' ability to 

coordinate evacuation procedures and public safety operations [12]. 

At the same time, modern disasters increasingly evolve within environments characterized 

by high mobility, dense urbanization, distributed sensing infrastructures and continuous 

digital interconnectivity. Emergency communication systems must therefore support not 

only voice communication, but also real-time video exchange, distributed telemetry, 

autonomous systems, IoT sensing, UAV coordination, AI-assisted analytics and continuous 

operational synchronization among multiple heterogeneous actors operating simultaneously 

under time-critical conditions [13], [14]. 

Consequently, the operational requirements imposed on modern emergency communication 

systems have expanded dramatically. Conventional communication architectures originally 

designed for stable civilian environments and predictable traffic conditions are no longer 

sufficient to support the complexity of modern disaster response operations. Future 

emergency communication ecosystems must operate under infrastructure degradation, cyber 

threats, intermittent connectivity, severe congestion, mobility disruptions and rapidly 

changing operational demands while simultaneously maintaining reliability, 

interoperability, resiliency and real-time situational awareness [15]. 

This transformation fundamentally changes the role of communication technologies within 

disaster management. Communication systems are no longer interpreted simply as 

supporting infrastructures facilitating information exchange between responders. Instead, 

they increasingly function as intelligent operational ecosystems integrating networking, 

sensing, distributed computing, orchestration and decision-support mechanisms within 

highly adaptive cyber-physical environments capable of supporting complex crisis 

management operations under extreme conditions. 
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1.2 Why Communications Systems Become the Backbone of Disaster 

Response  

Effective disaster response is fundamentally dependent on communication. Regardless of 

the scale, type, or origin of a crisis, emergency operations cannot function without the 

continuous exchange of information between responders, coordination centers, 

governmental authorities, infrastructure operators and affected civilian populations. 

Communication enables coordination, coordination enables operational response and 

operational response ultimately determines the effectiveness of crisis management itself. 

When communication becomes fragmented or unavailable, the entire emergency-response 

ecosystem rapidly loses coherence [11]. 

In modern disaster environments, the importance of communication extends far beyond 

simple information exchange. Communication systems increasingly function as the 

operational backbone of disaster response ecosystems because they support nearly every 

critical emergency-management activity simultaneously. Resource allocation, situational 

awareness, responder deployment, evacuation coordination, medical support, infrastructure 

recovery, inter-agency synchronization, and public warning dissemination all depend on the 

continuous availability of reliable communication infrastructure operating under highly 

unstable conditions [16]. 

Without communication, emergency responders lose the ability to coordinate operational 

actions in real time. Without coordination, disaster response operations become fragmented, 

delayed, and inefficient. Most importantly, without continuous situational awareness, 

operational decision-making becomes effectively blind. Authorities may no longer possess 

accurate visibility regarding infrastructure status, responder locations, civilian movement, 

operational risks, or the evolving dynamics of the crisis environment. Under such 

conditions, even highly trained emergency organizations struggle to maintain operational 

effectiveness [11]. 

Historically, emergency communication systems were primarily designed as voice-centric 

infrastructures intended to support relatively limited coordination requirements between 

emergency personnel and command centers [1]. Conventional public safety communication 

networks focused mainly on radio coverage, voice reliability, and basic interoperability 

between operational units [13]. For decades, these systems were considered sufficient 
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because emergency operations themselves were comparatively less dependent on 

continuous real-time data exchange and distributed operational synchronization [8]. 

However, the operational nature of disasters has changed dramatically. Contemporary 

emergencies increasingly unfold within highly interconnected digital environments 

involving cyber-physical infrastructures, distributed sensing systems, autonomous 

platforms, mobile operational units, cloud services and real-time data-driven coordination 

mechanisms. As a result, communication systems are no longer expected simply to carry 

voice traffic between responders. Instead, they must support continuous operational 

synchronization across highly heterogeneous ecosystems operating under severe time 

pressure and infrastructure instability [13], [15].  

Modern emergency communication systems now support far more complex operational 

functions, including real-time video transmission, telemetry exchange, UAV coordination, 

distributed sensing, AI-assisted analytics, operational resource tracking, dynamic situational 

awareness generation and adaptive multi-agency coordination [17]. This transformation has 

fundamentally changed the role of communication infrastructures within disaster 

management. Communication systems increasingly function not merely as transport 

networks, but as intelligent operational ecosystems integrating networking, sensing, 

distributed computing, orchestration and decision-support capabilities within unified 

environments. 

One of the most important operational requirements emerging from this transformation is 

interoperability. During large-scale disasters, multiple organizations must coordinate 

simultaneously, including police forces, firefighters, healthcare providers, civil protection 

agencies, military units, transportation authorities, and infrastructure operators [11]. Each 

organization may utilize different communication technologies, operational procedures and 

information-management systems. Consequently, emergency communication 

infrastructures must support seamless interoperability across highly heterogeneous 

operational domains in order to maintain coherent disaster response coordination [7]. 

At the same time, latency has become a critical operational parameter within modern crisis 

environments. Many emergency-response activities now depend on real-time information 

exchange and low-latency communication continuity [17]. Situational-awareness systems, 

autonomous UAV coordination, remote medical support, mission-critical voice services and 

distributed command-and-control mechanisms all require communication infrastructures 
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capable of minimizing delay under highly unstable networking conditions [17]. Even 

relatively short latency spikes or communication interruptions may significantly affect 

operational awareness and decision-making efficiency during time-sensitive disaster 

response operations [18]. 

Resilience and survivability have also emerged as foundational architectural requirements 

for modern emergency communication systems. Unlike conventional commercial 

networking environments, disaster response ecosystems must continue operating even when 

infrastructures become partially damaged, overloaded, fragmented, or exposed to cyber 

threats and environmental disruption. Communication systems must therefore support 

adaptive re-routing, backup connectivity, distributed coordination and infrastructure-

independent operation capable of maintaining partial operational continuity even under 

degraded conditions [13], [15]. 

This requirement becomes especially important because communication infrastructure itself 

is frequently a victim of the disaster. Earthquakes may damage terrestrial communication 

facilities, cyberattacks may disrupt digital infrastructures, industrial accidents may affect 

power grids and communication availability simultaneously and large-scale emergencies 

may overload cellular networks beyond operational capacity. Under such conditions, 

maintaining communication continuity becomes one of the highest operational priorities 

because the collapse of communication systems often accelerates the broader collapse of 

coordinated emergency response [15]. 

Another defining characteristic of modern emergency communication ecosystems is the 

growing importance of distributed coordination. Contemporary disaster response operations 

increasingly involve decentralized operational environments where decision-making, 

sensing, computation and communication occur simultaneously across multiple distributed 

nodes rather than through a single centralized command structure. UAVs, mobile edge 

nodes, IoT infrastructures, autonomous systems, field responders and distributed 

operational centers continuously exchange information and coordinate actions in real time 

across highly dynamic environments [19]. 

As a result, communication systems increasingly evolve toward adaptive and orchestration-

centric operational architectures capable of integrating heterogeneous infrastructures while 

dynamically responding to changing operational conditions. This evolution reflects a 

broader shift in disaster management philosophy itself. Future emergency communication 
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ecosystems will not simply provide connectivity between responders, they will increasingly 

function as intelligent coordination environments capable of supporting predictive 

situational awareness, adaptive operational management, autonomous resource 

orchestration and resilient distributed decision-making during highly uncertain crisis 

conditions [18]. 

Ultimately, the growing operational dependence on communication infrastructures 

demonstrates that communication is no longer a supporting component of disaster response. 

It has become the central operational foundation upon which modern crisis management 

ecosystems depend. The ability to maintain resilient, interoperable, adaptive and 

continuously available communication environments increasingly determines the 

effectiveness, speed and survivability of modern disaster response operations. 

1.3 Motivation and Research Problem 

Over the last decade, emergency communication research has expanded rapidly in response 

to the growing complexity of modern disaster environments. The increasing frequency of 

cyberattacks, critical infrastructure failures, industrial accidents, hybrid threats, 

transportation disasters and large-scale urban emergencies has intensified both scientific and 

operational interest in resilient communication ecosystems capable of supporting crisis-

response operations under highly unstable conditions. As a result, contemporary literature 

now covers an exceptionally broad range of technologies, networking paradigms, 

orchestration mechanisms and operational coordination models associated with disaster 

communications [20]. 

At the same time, the evolution of 5G, the emergence of 6G-oriented architectures, advances 

in Artificial Intelligence (AI), edge computing, UAV-assisted networking, non-terrestrial 

communication systems, cyber-physical infrastructures and distributed sensing ecosystems 

have fundamentally transformed the technological landscape of emergency 

communications. Modern disaster response systems increasingly combine communication, 

sensing, computation, automation and intelligent orchestration within deeply interconnected 

operational environments. Consequently, emergency communication research has evolved 

into a highly multidisciplinary scientific domain involving networking, AI, cyber resilience, 

distributed systems, operational coordination, public safety engineering and crisis-

management strategy simultaneously [21], [22]. 
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Despite this rapid technological progress, the existing literature remains highly fragmented 

and difficult to analyze from a unified operational perspective. Many studies focus narrowly 

on isolated networking layers, specific protocols, or individual technologies without 

adequately examining how these mechanisms interact within broader disaster response 

ecosystems. In several cases, research contributions remain heavily specialized in specific 

technical domains such as routing optimization, Quality of Service (QoS) enhancement, 

UAV deployment strategies, edge orchestration, or AI-based resource allocation while 

providing limited discussion regarding their operational integration into realistic 

emergency-response environments [23]. 

This fragmentation becomes especially visible across the communication stack itself. Some 

studies investigate physical-layer resilience and spectrum survivability under degraded 

conditions, while others focus primarily on routing protocols for Mobile Ad hoc NETworks 

(MANETs), UAV-assisted communication, congestion management, transport-layer 

optimization, or application-layer situational-awareness systems. Although each of these 

contributions provides valuable technical insight, the related literature frequently lacks a 

unified analytical perspective that explains how these isolated mechanisms collectively 

contribute to resilient disaster response ecosystems. 

A similar fragmentation also appears across the disaster-management lifecycle. Existing 

research often concentrates on specific operational phases independently rather than 

approaching disaster communications as a continuous and evolving operational process. 

Certain studies emphasize preparedness through training environments, simulation 

frameworks and early-warning communication systems. Others focus primarily on real-time 

emergency response coordination, mission-critical communication continuity, or post-

disaster infrastructure recovery mechanisms. More recent research increasingly investigates 

mitigation-oriented approaches involving predictive analytics, AI-assisted risk assessment 

and proactive communication adaptation mechanisms. However, relatively few studies 

attempt to analyze how communication architectures support the full crisis lifecycle in an 

integrated and operationally coherent manner. 

Another major challenge concerns the diversity of research priorities and evaluation 

perspectives across related literature. Existing studies investigate a wide range of 

operational and technical challenges including communication reliability, infrastructure 

resilience, latency-sensitive coordination, QoS continuity, cybersecurity, privacy 
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protection, interoperability, energy efficiency and sustainability [9]. However, these 

dimensions are often evaluated independently, making it difficult to identify broader 

technological trends and architectural transitions shaping the evolution of next-generation 

emergency communication systems. 

The problem is further intensified by the absence of consistent evaluation methodologies 

across the field. A substantial portion of emergency communication research relies heavily 

on simulations, analytical models and theoretical optimization frameworks. Other studies 

utilize laboratory testbeds, emulation environments, pilot deployments, or cross-disciplinary 

policy-oriented frameworks combining technical and organizational perspectives. While 

this methodological diversity reflects the complexity of disaster environments, it also creates 

significant challenges regarding comparability, reproducibility, operational realism and the 

generalizability of research findings [20]. 

In parallel, modern emergency communication systems increasingly evolve beyond 

traditional networking infrastructures toward highly distributed cyber-physical ecosystems 

integrating IoT platforms, UAVs, edge computing, cloud orchestration, AI-native 

networking, blockchain-based trust mechanisms, digital twins and autonomous operational 

coordination [22]. Emerging paradigms such as Integrated Sensing and Communication 

(ISAC), Space-Air-Ground Integrated Networks (SAGIN), non-terrestrial networking 

(NTN), AI-driven orchestration and edge-native resiliency engineering indicate that future 

disaster response ecosystems will operate as intelligent multi-domain environments rather 

than conventional communication systems alone [24]. 

Another gap identified in the related literature concerns the relationship between emerging 

6G paradigms and future disaster response ecosystems. While many recent studies discuss 

6G technologies in terms of throughput, latency reduction, or spectrum efficiency, fewer 

studies investigate how 6G may fundamentally transform disaster management itself 

through AI-native orchestration, integrated sensing, distributed intelligence, semantic 

communication, autonomous coordination and cyber-physical operational awareness. 

Consequently, the role of 6G within future DisasterX ecosystems remains insufficiently 

explored from a holistic operational perspective [25], [26]. 

The related literature also reveals limited integration between technological innovation and 

stakeholder-oriented operational analysis. Public authorities, first responders, citizens, 

healthcare providers, military units and critical infrastructure operators all possess different 
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communication priorities during disasters. Nevertheless, many studies focus primarily on 

technological performance without adequately examining how communication systems 

address the heterogeneous operational needs of different disaster response actors operating 

simultaneously under crisis conditions. 

These limitations collectively reveal a broader scientific gap within current emergency 

communication research. Although related literature contains substantial technological 

innovation, it remains fragmented across technologies, networking layers, operational 

domains, disaster-management phases and evaluation methodologies. As a result, a 

structured, multidimensional analytical perspective is needed to synthesize contemporary 

research trends while identifying recurring architectural transitions, validation weaknesses, 

operational gaps, and emerging technological trajectories. 

This dissertation was therefore motivated by the need to provide a unified analytical 

framework for understanding how modern emergency communication systems evolve 

toward intelligent, resilient and orchestration-centric cyber-physical ecosystems. Rather 

than examining isolated communication technologies independently, the study approaches 

emergency communications as integrated operational environments where networking, 

sensing, distributed intelligence, orchestration and adaptive coordination continuously 

interact under highly dynamic disaster conditions. 

To address these challenges, the dissertation examines three interrelated research questions: 

the evaluation methodologies used to validate communication solutions for man-made 

disasters and their impact on the realism and generalizability of findings; the integration of 

advanced paradigms, including AI-native networking, UAV-assisted relays, ISAC, 

blockchain-based trust mechanisms, and distributed orchestration; and the networking 

layers receiving the greatest research attention, along with the key architectural and 

operational gaps that remain unexplored. 

Through this multidimensional approach, the dissertation goes beyond reviewing existing 

technologies to identify the broader transformation of emergency communications toward 

AI-native, highly orchestrated, and interconnected disaster response ecosystems. 
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2. Theoretical Background and Technological Foundations 

Public safety communication systems are central to modern crisis management and disaster 

response, evolving from isolated voice-centric radio systems to broadband and interoperable 

communication environments. Historically, emergency responders—including police, fire 

brigades, emergency medical services, military units, coast guards, and civil protection 

authorities—relied primarily on narrowband Land Mobile Radio (LMR) systems designed 

for reliable mission-critical voice communication [10].  Early systems were predominantly 

analog, operating on dedicated spectrum and fixed architectures. Despite their reliability, 

they presented significant limitations in scalability, interoperability, mobility management, 

data transmission, and spectrum efficiency. As emergency operations became more 

complex, their inability to support multimedia services and real-time situational awareness 

became an increasingly important operational constraint. 

These limitations drove the adoption of digital narrowband technologies such as Project 25 

(P25), Terrestrial Trunked Radio (TETRA), TETRAPOL, and Digital Mobile Radio 

(DMR). Compared with analog systems, these technologies introduced encrypted digital 

voice, group communications, push-to-talk (PTT), device authentication, and improved 

spectrum utilization. P25 became particularly prominent in North America, while TETRA 

achieved widespread adoption in Europe and other international public safety environments. 

Figure 1 presents a simplified TETRA public safety communication architecture as an 

author's synthesis based on the reviewed literature [1]. 

 

Figure 1 Simplified architecture of a TETRA-based public safety communication system. Source: 

Author's synthesis based on [1]. 
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Despite these improvements, narrowband systems remained fundamentally voice-centric, 

with data capabilities far behind the rapidly evolving commercial cellular domain. 

Consequently, many public safety organizations continued relying on technologies 

developed decades earlier, while commercial networks progressed toward broadband 

multimedia services and high-speed mobile connectivity. 

These limitations became particularly evident during large-scale disasters and multi-agency 

operations. Legacy systems provided limited support for multimedia services, real-time 

video and large volumes of operational data. Interoperability also remained a persistent 

challenge due to incompatible protocols and fragmented network infrastructures, while 

limited flexibility in resource allocation and traffic management constrained adaptation to 

rapidly changing conditions. Consequently, situational awareness and network scalability 

were often insufficient during periods of heavy communication demand [27]. 

Interoperability emerged as a critical operational challenge, as police, firefighters, 

healthcare responders and military organizations often relied on incompatible protocols, 

frequencies and vendor-specific infrastructures. This fragmentation hindered information 

exchange and coordination during joint operations. Events such as the September 11, 2001 

attacks and Hurricane Katrina exposed these technological limitations and accelerated 

efforts toward interoperable broadband emergency communications. Mission-critical 

networks increasingly needed to support not only voice but also real-time data, geolocation, 

sensors, images and distributed situational awareness [17]. 

These limitations accelerated the migration from traditional LMR systems toward Long-

Term Evolution (LTE)-based public safety broadband architectures. LTE introduced packet-

switched broadband networking, reduced latency and IP-native service integration. Figure 

2 presents the broader evolution from legacy mobile systems to broadband and intelligent 

networking ecosystems, synthesizing mobile communication technologies across 

generations (1G–5G) from multiple literature sources. Since no single publication presents 

this exact representation, the figure is classified as a literature synthesis rather than an 

adapted or reproduced figure [28]. 
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Figure 2 Evolution of Mobile Communication Technologies from 1G to 5G and Their Relevance to 

Public Safety Communications. Source: Author's synthesis based on the reviewed literature [4], [13], 

and [28]. 

Unlike legacy narrowband systems, LTE-based architectures could support multiple 

communication services simultaneously within a unified broadband environment. In 

addition to conventional voice communication, LTE infrastructures enabled real-time video 

transmission, telemetry exchange, IoT-based sensing, command-and-control applications 

and data-driven operational analytics. The use of packet-switched, IP-based networking also 

facilitated the integration of heterogeneous applications and information sources within a 

common communication infrastructure, allowing operational data to be distributed more 

effectively across different users and agencies. This broader communication capability 

significantly improved situational awareness and enabled emergency responders to 

exchange critical information more efficiently during complex disaster response operations. 

Furthermore, the increased bandwidth and service flexibility of LTE networks created a 

more scalable foundation for mission-critical applications requiring continuous access to 

multimedia and operational data. The layered structure of LTE public safety networking 

environments, including the interaction between communication infrastructure, service 

platforms and operational applications, is illustrated in Figure 3. 
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Figure 3 Layered LTE Network Architecture for Public Safety Broadband Communications. Source: 

Author's synthesis based on the reviewed literature [4]. 

The emergence of Public Protection and Disaster Relief (PPDR) broadband systems 

represented a major architectural milestone in the evolution of emergency communications 

[9]. PPDR systems extended traditional mission-critical networking by integrating 

broadband communication services specifically designed to support the operational 

requirements of emergency response environments. Beyond conventional voice services, 

these infrastructures enabled first responders to access real-time maps, biometric 

information, live video feeds, UAV imagery and distributed sensor data directly from the 

field. The integration of these heterogeneous information sources within a common 

broadband infrastructure enhanced information sharing between field personnel, command 

centers and cooperating agencies, supporting faster and more coordinated operational 

decision-making. Moreover, broadband PPDR architectures provided a flexible platform for 

deploying advanced mission-critical services while maintaining reliable connectivity across 

geographically distributed emergency operations. This evolution marked an important 

transition from primarily voice-oriented public safety networks toward integrated, data-

intensive communication ecosystems capable of supporting increasingly complex 

emergency scenarios. Figure 4 presents the LTE/Evolved Packet Core (EPC) architecture 

supporting broadband mission-critical communications and public safety services. 
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Figure 4 LTE Evolved Packet Core (EPC) Architecture Supporting Mission-Critical Broadband 

Communications. Source: Author's synthesis based on the reviewed literature [4], [28]. 

Simultaneously, LTE evolved to incorporate mission-critical functionalities previously 

associated exclusively with narrowband systems. Features such as Mission-Critical Push-

to-Talk (MCPTT), Group Call System Enablers (GCSE) and Proximity Services (ProSe) 

enabled LTE architectures to gradually replicate and surpass many traditional TETRA and 

P25 operational capabilities. According to the related literature, LTE-based mission-critical 

systems introduced substantial improvements regarding flexibility, scalability and 

multimedia support while maintaining reliability and security requirements necessary for 

emergency operations [19].  

Another major driver of broadband transition was the rapid proliferation of smart devices, 

distributed sensing infrastructures and IoT technologies. Modern emergency response 

operations increasingly rely on heterogeneous cyber-physical environments that combine 

sensing, communication and distributed computing technologies. These ecosystems 

commonly include wearable monitoring devices used by field responders, autonomous 

vehicles and drones supporting reconnaissance and logistics missions, smart surveillance 

systems for real-time situational awareness and environmental monitoring platforms 

capable of detecting hazardous conditions. At the same time, edge computing infrastructures 

enable localized data processing and rapid operational decision-making directly near 

affected areas, reducing dependence on centralized cloud services during critical incidents. 

The convergence of LTE, IoT, UAVs and edge computing technologies laid the foundation 
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for the emergence of 5G-enabled public safety ecosystems, which further expanded the 

capabilities of emergency communication infrastructures. 

Legacy narrowband systems were not designed to support such distributed, data-intensive 

environments efficiently. The evolution toward 5G further transformed the conceptual 

foundations of public safety networking. Unlike previous generations, 5G was designed not 

simply as a communication technology but as a programmable, service-oriented and 

virtualized networking ecosystem. Emerging 5G public safety architectures introduced 

several capabilities that significantly expanded the operational flexibility of emergency 

communication systems. These included Ultra-Reliable Low-Latency Communication 

(URLLC) for time-sensitive applications, network slicing for traffic prioritization and 

service isolation and Software-Defined Networking (SDN) together with Network Function 

Virtualization (NFV) for adaptive and programmable network management. In parallel, 

massive Machine-Type Communications (mMTC) enabled the large-scale integration of 

IoT devices and distributed sensing infrastructures, while edge intelligence supported 

localized analytics and faster operational decision-making near the disaster area [22]. 

These technologies significantly improved the operational adaptability and resilience of 

emergency communication systems. Network slicing, for example, allows the creation of 

isolated virtual communication environments optimized specifically for mission-critical 

operations. During disasters, emergency services may therefore receive prioritized 

bandwidth allocation and protected communication resources independently from civilian 

traffic congestion. At the same time, the integration of Multi-Access Edge Computing 

(MEC) introduced distributed intelligence capabilities directly within communication 

infrastructures. Instead of relying exclusively on centralized cloud processing, operational 

data can now be analyzed near the network edge, reducing latency and improving 

autonomous decision-making under degraded network conditions [17]. 

The transition toward 6G-oriented public safety ecosystems extends this evolution even 

further. Current research trends emphasize AI-native networking, ISAC, semantic 

communications, digital twins, autonomous orchestration and intelligent cyber-physical 

coordination. Rather than functioning as passive transport infrastructures, future public 

safety networks are expected to evolve into adaptive and self-organizing ecosystems capable 

of predictive operational awareness and autonomous resilience management [25]. 
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As a result, emergency communication systems now extend far beyond traditional radio 

infrastructures and are increasingly interpreted as integrated multi-layer ecosystems that 

combine communication, sensing, computation, orchestration and intelligent decision-

support capabilities within highly dynamic disaster response environments. The following 

sections progressively analyze the technological evolution and architectural convergence 

that shaped modern emergency communication ecosystems, beginning with the transition 

toward 5G-enabled mission-critical networking infrastructures [13], [29].  

2.1 5G Architecture and Mission-Critical Networking 

The evolution from fourth-generation mobile communication systems toward fifth-

generation networking infrastructures represents a major transition in public safety and 

emergency communication systems [4], [17]. Unlike previous mobile generations, which 

primarily focused on improving throughput and connectivity, 5G introduces a service-

oriented networking approach centered around virtualization, programmability, intelligent 

orchestration and service-oriented communication architectures. The increasing operational 

complexity of modern emergency response environments requires communication systems 

capable of supporting heterogeneous mission-critical applications, ultra-low latency 

services, massive sensing infrastructures and dynamic interoperability among multiple 

agencies and operational entities [30].  

The emergence of 5G technologies is closely associated with the broader transformation of 

communication networks into highly adaptive digital ecosystems capable of integrating 

communication, computation, sensing and intelligent control mechanisms within unified 

operational environments. In contrast to legacy narrowband systems and early LTE 

infrastructures, 5G networks introduce service-based and software-centric architectures 

designed to support autonomous management, distributed intelligence and real-time 

orchestration under highly dynamic operational conditions [31].  

This architectural shift is particularly important for PPDR operations, where communication 

systems must maintain reliability, interoperability, scalability and service continuity even 

during severe infrastructure degradation or large-scale disasters. In this context, 5G 

introduces a more flexible communication framework that can accommodate heterogeneous 

operational requirements and support diverse mission-critical services within a common 

network infrastructure. The architectural design of 5G is primarily structured around three 

complementary service categories. Enhanced Mobile Broadband (eMBB) focuses on high-
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throughput communication services and bandwidth-intensive applications, while Ultra-

Reliable Low-Latency Communications (URLLC) supports time-sensitive, mission-critical 

operations that require minimal delay and high reliability. In parallel, mMTC enables large-

scale connectivity among IoT devices, sensors and distributed cyber-physical infrastructures 

operating simultaneously within complex communication environments. Collectively, these 

service categories allow 5G infrastructures to accommodate communication requirements 

ranging from high-bandwidth multimedia transmission to latency-sensitive control and 

massive sensor connectivity. Such capabilities are particularly relevant to PPDR scenarios, 

supporting applications such as real-time video transmission, UAV-assisted coordination, 

distributed sensing, remote monitoring and AI-driven situational awareness [30]. 

Beyond improvements in radio access and connectivity, the transition toward software-

defined and virtualized communication infrastructures represents another important 

architectural evolution. Technologies such as Software-Defined Networking (SDN) and 

Network Function Virtualization (NFV) introduce programmable control mechanisms that 

reduce dependence on dedicated hardware and enable network functions and resources to 

be managed more dynamically. This programmability allows communication infrastructures 

to adapt their configuration according to changing operational conditions, traffic demand 

and service priorities. During emergency situations, network resources may therefore be 

dynamically reallocated to prioritize mission-critical traffic, maintain connectivity in 

affected areas and support rapid deployment or reconfiguration of communication services. 

Furthermore, the combination of virtualization and centralized network management 

provides a foundation for more resilient and adaptive communication architectures capable 

of responding to failures or sudden variations in network demand [13], [22]. The high-level 

architecture of 5G-enabled mission-critical communication ecosystems is illustrated in 

Figure 5. 
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Figure 5 High-Level 5G Network Architecture Supporting Mission-Critical Communications. Source: 

Author's synthesis based on the reviewed literature [29]–[31].  

Unlike conventional communication systems, 5G architectures are increasingly designed 

around distributed cloud-native infrastructures integrating Radio Access Networks (RAN), 

edge computing platforms, virtualization layers and intelligent orchestration mechanisms 

[4], [17]. The 5G Core (5GC) functions as the central management domain responsible for 

authentication, mobility management, traffic orchestration, service delivery and policy 

enforcement. Simultaneously, edge computing infrastructures positioned near the network 

edge support latency-sensitive applications requiring rapid processing and localized 

decision-making capabilities. This distributed operational model significantly enhances 

resilience and reduces dependence on centralized cloud infrastructures [32]. 

An important innovation introduced by 5G is the differentiation of service categories 

according to specific operational requirements. Enhanced Mobile Broadband (eMBB) 

supports bandwidth-intensive applications such as real-time video analytics and situational 

awareness platforms, while URLLC addresses latency-sensitive mission-critical operations 

and command-and-control services. In parallel, massive Machine-Type Communications 

(mMTC) enables large-scale connectivity among IoT devices and distributed sensing 

infrastructures within disaster response environments. Figure 6 presents the primary 5G 

service categories supporting mission-critical public safety operations. 
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Figure 6 Core 5G Service Categories Supporting Mission-Critical Public Safety Communications. 

Source: Author's synthesis based on the reviewed literature [29]–[32]. 

The integration of SDN and NFV technologies further transforms public safety networking 

architectures by enabling programmable and highly adaptive communication 

infrastructures. Traditionally, communication networks relied on hardware-centric 

architectures where network functionality was tightly coupled with physical equipment [33]. 

In contrast, SDN separates the control plane from the data plane, allowing centralized 

orchestration and dynamic network management [34]. NFV complements this approach by 

virtualizing network services that traditionally required dedicated hardware appliances. 

These innovations significantly improve flexibility, scalability, fault tolerance and 

operational adaptability during emergency situations [35], [36]. Within disaster 

communication environments, SDN and NFV architectures provide a high degree of 

flexibility and adaptive network control. These technologies support rapid deployment of 

communication services, dynamic traffic steering and intelligent bandwidth allocation 

according to real-time operational demands. In parallel, they improve network recovery 

capabilities, enable more efficient congestion management and support continuous 

optimization of distributed communication resources during large-scale emergency 

operations. 

This level of flexibility is particularly important during large-scale incidents when 

communication infrastructure may experience unpredictable traffic surges, partial failures, 

or rapidly changing operational conditions. Figure 7 illustrates an SDN/NFV-enabled 

architecture for adaptive public safety networking. 
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Figure 7 SDN/NFV-Based Adaptive Architecture for Mission-Critical Public Safety Networks. Source: 

Author's synthesis based on the reviewed literature [29]–[34]. 

Another transformative capability introduced by 5G communication systems is network 

slicing. Network slicing enables the creation of multiple logically isolated virtual networks 

operating over a shared physical infrastructure. Each network slice can be independently 

configured according to specific QoS requirements and operational priorities [32]. These 

parameters may include communication latency, transmission reliability, bandwidth 

availability, security policies and traffic prioritization mechanisms tailored to the needs of 

different emergency-response services and mission-critical applications. 

For public safety operations, network slicing enables the allocation of dedicated 

communication resources exclusively to emergency responders and mission-critical 

applications. This ensures that critical communications remain operational even under 

severe congestion conditions caused by civilian traffic overload or infrastructure disruption. 

Figure 8 illustrates the role of network slicing in supporting prioritized PPDR 

communication services. 
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Figure 8 5G Network Slicing Architecture Supporting Differentiated QoS and Resource Isolation for 

Mission-Critical PPDR Communications. Source: Author's synthesis based on the reviewed literature 

[29]–[34]. 

The integration of 5G technologies within public safety ecosystems extends beyond 

traditional communication services and increasingly supports intelligent cyber-physical 

coordination environments. Modern emergency communication ecosystems combine 

several interconnected technological domains. UAV platforms may support aerial 

surveillance and temporary communication coverage, while IoT sensing infrastructures 

continuously monitor environmental conditions and critical infrastructure status [37]. At the 

same time, edge computing platforms process operational data locally to reduce latency, 

whereas satellite links provide communication continuity in areas affected by infrastructure 

disruption [38], [39]. These systems collectively support command centers, healthcare 

services and emergency responders through continuous real-time information exchange. 

These interconnected components collectively form highly adaptive mission-critical 

ecosystems capable of supporting distributed situational awareness, predictive analytics, 

intelligent orchestration and autonomous coordination under dynamic disaster response 

conditions. Across the related literature, 5G technologies are expected to play a central role 

in enabling future emergency communication infrastructures characterized by 

interoperability, resilience, scalability and intelligent operational management. Figure 9 

illustrates an integrated 5G-enabled mission-critical public safety ecosystem. 
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Figure 9 End-to-End 5G-Enabled Mission-Critical Public Safety Ecosystem Integrating Network 

Slicing, Edge Computing, AI-Native Services, SDN/NFV Orchestration and Heterogeneous 

Communication Infrastructures for Resilient Disaster Response. Source: Author's synthesis 

integrating concepts from the reviewed literature [29]–[34]. 

Therefore, 5G extends beyond a conventional improvement in mobile communications and 

represents a systemic transformation toward intelligent, programmable, distributed and 

highly resilient communication ecosystems specifically designed to support the operational 

complexity of modern public safety and disaster response environments [29].  

2.2 MEC, Edge Intelligence and AI-Native Networking 

Modern emergency communication systems rely heavily on the integration of distributed 

computing, intelligent orchestration and low-latency networking infrastructures. Traditional 

cloud-centric architectures introduce significant limitations for mission-critical 

environments due to communication delays, centralized processing bottlenecks and 

dependence on stable backhaul connectivity. As disaster response operations require real-

time situational awareness, autonomous coordination and rapid decision-making, the need 

for distributed edge-oriented computing paradigms has become increasingly important [13]. 

Across the related literature, edge computing and Industrial IoT ecosystems are designed to 

support scalable, resilient and latency-sensitive applications operating within highly 

dynamic cyber-physical environments.  MEC represents a major architectural transition 

from centralized cloud processing toward localized distributed intelligence positioned at the 
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network edge. Instead of transmitting all operational data toward distant cloud 

infrastructures, MEC allows computational tasks to be processed closer to end devices, 

significantly reducing latency and improving operational responsiveness. This capability 

becomes particularly valuable in emergency communication environments that require 

continuous coordination among multiple distributed systems. Representative applications 

include UAV-assisted operations, autonomous emergency vehicles, IoT-based sensing 

infrastructures and real-time video analytics platforms used for situational awareness and 

tactical decision support during disaster response activities [19]. 

The integration of edge computing infrastructures within 5G ecosystems enables 

communication and computation to operate as tightly coupled operational domains. 

According to the reviewed literature, edge computing complements wireless 

communication by supporting scalable orchestration, localized analytics and distributed 

resource management across Industrial IoT environments. Figure 10 illustrates the 

operational workflow of a MEC-enabled emergency communication architecture. 

 

Figure 10 MEC Architecture Workflow for Mission-Critical Emergency Communications. Source: 

Author's synthesis based on references [29]–[35]. 

Within MEC architecture, data generated by field devices and distributed sensing 

infrastructures can be processed locally at edge nodes before transmission to centralized 

cloud systems. This localized processing approach reduces communication delays while 
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also limiting core network congestion and unnecessary bandwidth consumption. In mission-

critical public safety environments, these capabilities support faster threat detection, 

localized AI inference, intelligent traffic prioritization and rapid situational assessment 

directly near the disaster area. At the same time, distributed processing across multiple edge 

nodes improves operational continuity and enhances overall system resilience during 

infrastructure-disrupted conditions. For example, UAV video streams used during disaster 

response operations may be processed directly at nearby MEC servers for object 

recognition, victim detection and hazard assessment without requiring transmission toward 

remote cloud infrastructures [37]. 

A key benefit of MEC infrastructure is its ability to support distributed edge intelligence 

and real-time analytics. Modern emergency communication systems rely on the continuous 

processing of heterogeneous data generated by multiple distributed sources. These data 

streams may originate from IoT sensors, wearable monitoring devices, surveillance 

platforms, environmental sensing systems, autonomous response technologies and broader 

cyber-physical infrastructures operating within the disaster area. The ability to collect, 

process and analyze this information in real time significantly improves situational 

awareness and supports faster operational decision-making during emergency-response 

activities. 

Traditional centralized cloud architectures often fail to satisfy the strict latency and 

reliability requirements associated with such operational environments. Edge intelligence 

addresses this limitation by enabling machine learning inference and analytics directly at 

the network edge. Across the related literature, Industrial IoT ecosystems increasingly rely 

on distributed AI-enabled infrastructures capable of supporting predictive analytics, 

anomaly detection, intelligent automation and adaptive orchestration. Figure 11 illustrates 

the distributed edge intelligence workflow supporting real-time analytics. 
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Figure 11 Edge Intelligence Pipeline for Real-Time Analytics and AI-Driven Decision Support in 

Mission-Critical Emergency Communications. Source: Author's synthesis based on references [29]–

[35]. 

The emergence of AI-native networking further extends the capabilities of edge-enabled 

communication ecosystems. AI-native networking describes infrastructures in which AI 

mechanisms support network orchestration, optimization and adaptive resource 

management. Unlike static rule-based approaches, AI-native architectures continuously 

analyze network telemetry, traffic patterns and operational context to dynamically optimize 

network behavior. Within mission-critical environments, AI-driven mechanisms can 

support predictive resource allocation, intelligent congestion control and dynamic QoS 

enforcement according to real-time requirements. In parallel, these systems improve fault 

detection, support self-organizing network behavior and enable more efficient orchestration 

of distributed communication and computing resources across complex emergency-

response infrastructures. 

Machine learning algorithms can optimize routing decisions, bandwidth allocation, edge 

resource utilization and communication prioritization according to real-time operational 

conditions. Across the literature, machine learning increasingly enables intelligent IoT 

connectivity and adaptive cyber-physical infrastructures. Figure 12 presents the architecture 

of AI-native networking and intelligent orchestration. 
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Figure 12 AI-Native Networking Architecture for Autonomous Network Orchestration in Mission-

Critical Emergency Communications. Source: Author's synthesis based on the reviewed literature 

[29]–[35]. 

The convergence between MEC, distributed AI and 5G communication infrastructures is 

particularly important for disaster response ecosystems characterized by dynamic 

operational conditions and intermittent connectivity. During large-scale emergencies, 

communication infrastructures frequently operate under highly unstable conditions. 

Networks may experience partial infrastructure failures, severe congestion, degraded 

backhaul connectivity and rapidly changing traffic demands caused by the movement of 

responders, civilians and emergency assets across the affected area. These conditions 

significantly increase the complexity of maintaining reliable communication services, 

continuous information exchange and coordinated operational responses during disaster 

management activities [7], [13]. 

In such environments, localized edge intelligence can significantly improve network 

resilience by enabling autonomous processing and decision support even when centralized 

infrastructures become partially unavailable. By placing computing and analytical 

capabilities closer to operational users and data sources, MEC infrastructures can reduce 

dependence on continuous cloud connectivity and support faster processing of time-

sensitive information. Edge-enabled emergency communication systems may therefore 
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continue supporting mission-critical services during periods of degraded or intermittent 

backhaul connectivity, while locally available computing resources can assist in maintaining 

essential communication and situational awareness functions. 

Modern disaster communication ecosystems increasingly integrate MEC infrastructures 

with UAV systems, IoT platforms, command-and-control centers, healthcare infrastructures 

and autonomous sensing systems. This integration enables operational data generated by 

geographically distributed devices to be processed closer to the affected environment, 

reducing the need to continuously transfer large volumes of information toward centralized 

cloud infrastructures. UAVs equipped with cameras and environmental sensors may 

transmit operational data directly to nearby edge servers, where AI-based analytics engines 

process incoming information in real time. For example, a UAV deployed above a flooded 

urban area may stream live video feeds to nearby MEC nodes, where AI models identify 

blocked roads or isolated civilians and provide relevant information to emergency 

coordination systems [21], [37]. Simultaneously, first responders equipped with wearable 

sensors and mobile communication devices can continuously exchange telemetry and 

situational awareness information through distributed edge-enabled communication 

architectures [7], [13], [19]. The resulting architecture creates a distributed operational 

environment in which communication, sensing and computational resources cooperate 

across the network edge to support emergency coordination. Figure 13 illustrates an 

integrated MEC-enabled disaster communication ecosystem that supports distributed 

emergency operations. 



 

Vasileios Karagiannakis, Communication Technologies for Man-

Made Disasters and Emergency Response: A Comprehensive Study 

 

Postgraduate Dissertation   29 

 

Figure 13 Integrated MEC-Enabled Disaster Communication Ecosystem Supporting AI-Driven 

Mission-Critical Emergency Response. Source: Author's synthesis based on references [29]–[35]. 

The operational importance of MEC and edge intelligence is expected to increase 

significantly in future 6G-oriented emergency communication ecosystems. Emerging 

communication architectures increasingly focus on intelligent and autonomous operational 

capabilities designed to improve resilience and adaptive coordination. Current research 

trends emphasize distributed AI-based orchestration, semantic communication models, 

autonomous cyber-physical coordination mechanisms and the integration of digital twins 

within emergency-response environments. At the same time, intelligent sensing 

infrastructures and self-healing networking mechanisms are expected to enhance system 

survivability and operational continuity under highly dynamic disaster conditions [24], [25]. 

As a result, MEC and AI-native networking should not be interpreted simply as 

complementary technological enhancements to existing communication systems. Instead, 

they represent foundational architectural paradigms supporting the transition toward 

intelligent, distributed, adaptive and resilient mission-critical communication ecosystems 

capable of addressing the operational complexity of future disaster response environments 

[21]. 
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2.3 NTN/UAV Integration and Non-Terrestrial Emergency 

Communications 

The increasing operational complexity of modern disaster response environments has 

expanded the requirements imposed on emergency communication systems. Conventional 

terrestrial infrastructure may become partially unavailable during large-scale disasters due 

to physical damage and rapidly deteriorating operational conditions. Power outages, 

network congestion, backhaul failures and environmental disruption can significantly 

reduce communication availability, particularly in geographically isolated or heavily 

affected areas. Maintaining reliable connectivity therefore remains a major challenge for 

emergency communication systems [8]. Modern mission-critical communication 

ecosystems increasingly incorporate non-terrestrial platforms to extend network coverage, 

improve resilience and maintain communication continuity under dynamic operational 

conditions. Public safety systems are consequently evolving toward integrated broadband 

ecosystems that combine terrestrial, airborne and satellite communication infrastructures 

within unified operational architectures  [38], [40].  

NTNs integrate satellite systems, aerial platforms, High Altitude Platform Stations and 

UAVs with conventional terrestrial wireless infrastructures. By extending connectivity 

beyond ground-based networks, NTNs improve geographical coverage and reduce 

dependence on fixed infrastructure. They also provide communication redundancy, rapid 

deployment capabilities and greater operational flexibility when conventional networks are 

damaged or unavailable [23]. These characteristics are particularly important in remote, 

maritime, mountainous and post-disaster environments. The evolution toward 5G and future 

6G ecosystems further accelerates the integration of NTN technologies with terrestrial 

broadband systems, enabling interoperability across heterogeneous networking domains. 

Such architectures may combine satellite communications, UAV-based relays, 5G 

infrastructures, edge computing, IoT sensing and AI-driven orchestration within a unified 

operational framework. Their coordinated operation can improve communication 

continuity, distributed situational awareness and adaptive resource management during 

complex emergency-response operations  [39], [41]. A high-level non-terrestrial 

communication architecture integrating satellites, UAVs and terrestrial emergency 

communication infrastructures is illustrated in Figure 14. 



 

Vasileios Karagiannakis, Communication Technologies for Man-

Made Disasters and Emergency Response: A Comprehensive Study 

 

Postgraduate Dissertation   31 

 

Figure 14 Integrated NTN-Enabled Emergency Communication Ecosystem. Source: Author's 

synthesis integrating concepts from the reviewed literature [35]–[38]. 

The role of UAVs within emergency communication ecosystems has expanded significantly 

during recent years. UAV-assisted communication systems can support multiple operational 

roles within disaster response environments. Depending on mission requirements, UAV 

platforms may function as flying base stations, airborne communication relays, temporary 

network gateways, or aerial sensing systems providing real-time situational awareness. In 

more advanced deployments, UAVs may also host mobile edge computing capabilities, 

allowing localized data processing and faster operational coordination directly near the 

affected area. Unlike fixed terrestrial infrastructure, UAV-based communication systems 

provide highly flexible and rapidly deployable operational capabilities suitable for disaster 

response scenarios requiring temporary communication restoration. Across the related 

literature, satellite and airborne communication systems increasingly function as 

complementary infrastructures supporting resilient public safety communications [37], [41].  

In disaster response operations, UAVs equipped with communication payloads can rapidly 

establish temporary wireless coverage over affected regions where conventional 

infrastructure has collapsed. At the same time, UAV-mounted sensors and imaging systems 

significantly enhance situational awareness during emergency-response operations. These 

platforms can support real-time aerial surveillance, environmental monitoring, victim 
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localization, hazard assessment and infrastructure damage evaluation across affected areas. 

The ability to rapidly collect and transmit operational information from the field allows 

emergency coordination centers to make faster and more informed decisions under dynamic 

disaster conditions [40]. 

These operational capabilities significantly improve situational awareness and support rapid 

decision-making during emergency coordination activities. A major architectural trend 

within future emergency communication systems is the development of Space-Air-Ground 

Integrated Networks (SAGIN). SAGIN architecture combines multiple communication and 

computing layers within a unified operational framework. These environments integrate 

satellite communication systems, aerial networking platforms, terrestrial wireless 

infrastructure, edge and cloud computing resources, as well as distributed sensing 

ecosystems operating across the disaster area. By coordinating these heterogeneous 

domains, SAGIN architectures improve communication continuity, coverage flexibility and 

adaptive resource management during complex emergency-response operations [38]. 

Unlike isolated communication domains, SAGIN enables interoperability and coordinated 

management across heterogeneous networking layers. This integrated model improves the 

resilience and flexibility of emergency communication systems under degraded conditions. 

By coordinating multiple communication layers, SAGIN enhances communication 

survivability, extends coverage and supports adaptive traffic routing. It also improves 

operational scalability and helps maintain service continuity during large-scale disaster 

response operations [39]. 

The integration of SAGIN with 5G and edge computing enables dynamic orchestration of 

communication resources according to operational and environmental conditions. AI-driven 

mechanisms can optimize routing, allocate bandwidth, prioritize mission-critical traffic and 

coordinate UAV positioning in response to evolving disaster scenarios. AI-assisted 

management can also improve edge resource utilization and satellite backhaul connectivity 

across distributed emergency communication infrastructures [41]. Consequently, 

emergency communication infrastructures are evolving toward coordinated multi-layer 

networking models. Figure 15 presents the architecture of an integrated Space-Air-Ground 

communication ecosystem. 
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Figure 15 Space-Air-Ground Integrated Network (SAGIN). Source: Author's synthesis integrating 

NTN, SAGIN, UAV-assisted networking, MEC, 5G/6G mission-critical networking, cloud-edge 

concepts and the reviewed literature [36]–[44]. 

The operational importance of NTN infrastructures becomes particularly evident during 

large-scale disasters where terrestrial communication systems experience severe failures. 

Satellite communication systems may provide emergency backhaul connectivity when fiber 

or cellular infrastructures become unavailable. Similarly, UAV relays may restore local 

connectivity among isolated field responders, emergency vehicles, hospitals and command-

and-control centers [37]. 

Across the related literature, satellite systems continue to play an important role in public 

safety communication ecosystems due to their infrastructure independence and broad 

geographical coverage capabilities. In parallel, modern wireless networking technologies 

increasingly support resilient and distributed communication architectures integrating edge 

computing, AI-enabled orchestration and IoT sensing infrastructures [13], [41]. 

The convergence between NTN infrastructures, MEC platforms and AI-native networking 

significantly enhances disaster response resilience. Localized edge processing deployed on 

UAV platforms or temporary mobile communication stations enables faster and more 

autonomous management of operational information directly near the disaster area. These 

capabilities support real-time analytics, distributed AI inference, low-latency situational 
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awareness and more efficient traffic management across emergency communication 

infrastructures. In addition, localized processing improves coordination among distributed 

response assets by reducing reliance on centralized cloud systems during infrastructure 

disruptions. 

As a result, emergency communication ecosystems become less dependent on centralized 

cloud infrastructures and more capable of maintaining operational continuity under 

degraded connectivity conditions. Future sixth-generation emergency communication 

systems are expected to further expand the role of non-terrestrial networking technologies 

within disaster response environments. Current research directions focus on AI-native 

orchestration mechanisms, autonomous UAV swarm coordination, semantic 

communication models and the integration of sensing and communication functions within 

unified operational frameworks. In parallel, distributed digital twins and intelligent cyber-

physical coordination systems are expected to improve situational awareness, autonomous 

decision-making and adaptive operational response across highly dynamic emergency 

scenarios [24], [42]. 

As a result, NTN/UAV integration should not be interpreted simply as a supplementary 

enhancement to existing public safety communication systems. Instead, it represents a major 

architectural shift toward highly resilient, adaptive, intelligent and infrastructure-

independent emergency communication ecosystems capable of supporting the operational 

complexity of future disaster response environments. 

2.4 OSI Mapping and Cross-Layer Integration in Emergency 

Communication 

Modern emergency communication systems no longer operate as isolated networking 

infrastructures based exclusively on traditional layered communication principles. The 

increasing convergence between 5G, IoT, MEC, UAV systems, AI and non-terrestrial 

networking technologies has transformed mission-critical communication ecosystems into 

highly interconnected cyber-physical environments characterized by continuous cross-layer 

interaction and adaptive orchestration. The evolution of public safety communication 

systems increasingly depends on interoperability, broadband integration, intelligent 

coordination and dynamic resource management across heterogeneous communication 

domains.  
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The Open Systems Interconnection (OSI) model continues to provide a useful conceptual 

framework for understanding the operational organization of communication systems. 

However, modern public safety architectures increasingly blur the strict boundaries between 

traditional networking layers. In contemporary mission-critical environments, efficient 

emergency response increasingly depends on the coordinated interaction of multiple 

communication and computing layers. These ecosystems combine physical communication 

infrastructures, radio access networks, transport mechanisms, edge computing platforms, 

AI-assisted orchestration systems and application-level situational awareness services 

within a unified operational framework. The continuous exchange of information among 

these components supports faster coordination, adaptive resource management and 

improved operational awareness during disaster response activities [7], [8]. As a result, 

emergency communication systems increasingly evolve toward cross-layer architectures 

where communication, computation, sensing and orchestration continuously exchange 

operational information in real time. 

The physical and data-link layers remain responsible for wireless connectivity, spectrum 

access, radio transmission and device communication. Within modern public safety 

ecosystems, these communication layers integrate a wide range of heterogeneous 

networking technologies. Such infrastructures commonly include 5G radio systems, LTE-

based communication platforms, UAV-assisted relays, satellite communication links, IoT 

connectivity environments and wireless mesh networking architectures. The integration of 

these technologies improves communication coverage, interoperability and service 

continuity across complex and infrastructure-disrupted emergency environments [8], [13]. 

At the network and transport layers, technologies such as SDN, NFV, dynamic routing and 

traffic prioritization support reliable end-to-end connectivity and QoS enforcement for 

mission-critical applications. At the application layer, emergency communication systems 

integrate intelligent services for coordination, situational awareness and operational 

decision-making. These include AI-driven analytics, emergency coordination platforms, 

digital twins, autonomous orchestration and predictive decision-support tools processing 

real-time telemetry and distributed operational data [26]. Figure 16 illustrates the mapping 

of modern emergency communication technologies across the OSI architecture. 
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Figure 16 OSI Model Mapping for Emergency Communication Systems. Source: Author's synthesis 

based on the reviewed literature [36]–[44]. 

Unlike conventional communication environments where networking layers operate 

relatively independently, mission-critical public safety ecosystems increasingly require 

cross-layer coordination. Cross-layer integration enables the dynamic exchange of 

operational information among communication, computing and application layers to 

improve system efficiency and adaptability. This coordination can enhance network 

performance, reliability, latency management, interoperability, traffic handling and resource 

allocation under changing operational conditions. It also improves resilience during 

infrastructure failures and large-scale disasters, where communication demands and 

network conditions may change unpredictably [8], [13]. 

For example, network-layer congestion information may be used by AI-enabled 

orchestration systems to dynamically adjust routing, bandwidth allocation and edge resource 

deployment. Similarly, IoT telemetry may trigger adaptive prioritization mechanisms at 

lower network layers to ensure reliable transmission of mission-critical information [13], 

[19], [21]. The interaction between communication layers, orchestration mechanisms and 

distributed operational services is illustrated in Figure 17. 
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Figure 17 Cross-Layer Emergency Communication Architecture. Source: Author's synthesis 

integrating concepts from the reviewed literature [29]–[44]. 

The emergence of edge computing and AI-native networking further intensifies the 

importance of cross-layer integration. MEC infrastructures continuously interact with 

multiple communication and computing domains within modern emergency-response 

ecosystems. These interactions involve radio access networks, transport-layer 

communication systems, distributed IoT environments, UAV-assisted communication 

platforms and AI-driven orchestration mechanisms operating across the network edge. The 

coordinated exchange of information among these components supports localized analytics, 

adaptive resource management and faster operational response under dynamic disaster 

conditions. This convergence enables communication systems to perform distributed 

analytics, local AI inference, adaptive orchestration and intelligent traffic management 

directly at the network edge. Across the related literature, future emergency communication 

systems increasingly depend on heterogeneous broadband infrastructures integrating 

multiple operational layers within unified mission-critical ecosystems [29], [38].  

The convergence between AI, edge computing, non-terrestrial networking and IoT 

infrastructures introduces a systemic operational transformation within public safety 

communication architectures. Instead of functioning as isolated technologies, these 
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paradigms increasingly operate as interdependent components of integrated cyber-physical 

ecosystems. 

Within these environments, multiple distributed technologies support coordinated 

emergency-response activities. IoT sensors collect environmental and operational data, 

while UAV platforms extend coverage and provide real-time aerial situational awareness. 

Edge computing enables local data processing, allowing AI-based systems to perform 

predictive analytics, adaptive orchestration and rapid decision support with reduced latency. 

In parallel, NTN infrastructure provides resilient backhaul connectivity, while command-

and-control centers coordinate operations through continuous information exchange across 

the communication ecosystem [37]. The interaction among these components improves the 

adaptability and survivability of emergency communication systems under degraded 

conditions, enhancing communication continuity, autonomous coordination and situational 

awareness during large-scale disaster response operations. One of the major advantages of 

cross-layer emergency communication architectures is their ability to support adaptive 

coordination under highly unstable operational conditions. During large-scale emergencies, 

communication infrastructures frequently experience partial failures, severe congestion, 

intermittent connectivity and rapidly changing traffic demands caused by the movement of 

responders and affected populations. Conventional communication architectures may 

struggle under such conditions because networking decisions often remain isolated within 

individual communication layers. Cross-layer approaches address this limitation by 

enabling continuous operational awareness and coordinated decision-making across the 

entire communication stack [29]. 

For example, AI-driven orchestration systems may dynamically prioritize emergency traffic 

according to real-time situational analysis while simultaneously coordinating UAV 

deployment, edge resource allocation, satellite backhaul utilization, network slicing policies 

and QoS enforcement mechanisms. This coordinated management approach improves 

operational flexibility and helps maintain reliable communication services during complex 

disaster response scenarios [22]. As a result, emergency communication ecosystems become 

significantly more resilient and operationally adaptive. A cross-layer disaster response 

workflow integrating sensing, orchestration, edge computing, UAV coordination and 

emergency response management is illustrated in Figure 18. 
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Figure 18 Cross-Layer Operational Workflow Supporting Mission-Critical Emergency 

Communications. Source: Author's synthesis integrating concepts from the reviewed literature [29]–

[44]. 

The transition toward a cross-layer integrated architecture represents a major evolution in 

modern public safety communication systems. Future sixth-generation emergency 

communication ecosystems are expected to strengthen this convergence through 

technologies such as AI-native orchestration, semantic communication models, integrated 

sensing and communication capabilities, autonomous cyber-physical coordination, 

distributed digital twins and self-healing networking infrastructures [21], [24], [26].  

As emergency communication environments become more complex and data-intensive, 

cross-layer integration is expected to play a central role in maintaining coordination, 

resilience and operational continuity across heterogeneous infrastructures. Rather than 

functioning solely as a mechanism for improving communication efficiency, cross-layer 

architectures increasingly provide the structural foundation for intelligent and interoperable 

mission-critical ecosystems capable of supporting the operational requirements of future 

disaster response scenarios [13], [25], [29]. 
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2.5 Disaster Communication and Operational Requirements 

Modern disaster environments are characterized by rapidly changing operational conditions, 

damaged infrastructures and the simultaneous involvement of multiple emergency-response 

actors. Unlike conventional communication scenarios, disaster response operations require 

resilient communication systems that can maintain operational continuity under highly 

unstable conditions. Communication infrastructures may be affected by partial network 

failures, severe congestion, intermittent connectivity, environmental disruption, cyber 

threats, physical destruction and unpredictable mobility patterns associated with the 

movement of responders and affected populations. These challenges significantly increase 

the complexity of maintaining reliable coordination and situational awareness during large-

scale emergency operations [15] . 

According to the United Nations Office for Disaster Risk Reduction (UNDRR), disaster risk 

environments increasingly involve interconnected natural, technological, environmental and 

societal hazards operating within complex multi-hazard ecosystems. Furthermore, the 

increasing frequency of Natural Hazard Triggering Technological Disasters incidents 

demonstrates that natural disasters may directly trigger technological failures, industrial 

accidents and cascading infrastructure disruptions [43], [44].  

As a result, the modern emergency communication systems can no longer be designed as 

isolated telecommunications infrastructures. Instead, modern emergency communication 

systems increasingly function as integrated disaster-management ecosystems that support a 

wide range of operational activities across the emergency-response cycle. These 

environments facilitate emergency coordination, situational awareness, healthcare 

communication, public safety operations and critical infrastructure monitoring, while also 

improving interoperability among multiple responding agencies. In more advanced 

deployments, intelligent orchestration mechanisms further support autonomous 

coordination and adaptive operational management under rapidly changing disaster 

conditions [5], [13]. 

The complexity of modern disaster communication operational environments involving 

heterogeneous actors, disrupted infrastructures and multi-domain coordination is illustrated 

in Figure 19. 
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Figure 19 Operational Environment of Mission-Critical Disaster Communication Systems. Source: 

Author's synthesis integrating concepts from the reviewed literature [29]–[44]. 

Large-scale disasters often produce cascading effects across multiple critical infrastructures 

simultaneously, significantly increasing the complexity of emergency-response operations. 

Disruption in one infrastructure domain may rapidly affect others, creating interconnected 

failures that complicate communication, coordination and resource deployment. For 

instance, earthquakes may damage communication towers and power grids, floods can 

isolate transportation and healthcare infrastructure, and industrial accidents may trigger 

toxic releases requiring large-scale evacuations. In parallel, cyberattacks may disrupt 

emergency coordination systems, while wildfires can overload communication networks 

and emergency-response services across extensive geographical areas [3], [15]. 

The UNDRR Hazard Information Profiles classify such events within interconnected hazard 

ecosystems involving technological, environmental, chemical, biological and societal 

dimensions. This multi-hazard perspective emphasizes the interdependencies among critical 

infrastructures and the possibility that localized disruptions may propagate across multiple 

operational domains. Consequently, emergency communication systems must remain 

functional even when portions of the supporting infrastructure become degraded, congested 

or temporarily unavailable. This multi-hazard operational environment highlights the 

growing importance of resilient and interoperable communication architectures capable of 

maintaining coordination and information exchange under degraded conditions [8], [13]. 
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As a result, mission-critical communication systems must support a combination of 

survivability, reliability, scalability, and low-latency communication capabilities, while also 

enabling infrastructure redundancy, autonomous coordination, and intelligent resource 

orchestration across distributed emergency-response infrastructures. These requirements 

become particularly important in disaster scenarios, where network conditions may change 

rapidly, communication resources can become severely constrained, and parts of the 

underlying infrastructure may become damaged or completely unavailable. Under such 

conditions, communication systems must maintain essential connectivity while dynamically 

adapting to changes in network topology, traffic demand, resource availability, and 

operational priorities. This adaptability is fundamental for supporting the continuous 

exchange of critical information among emergency responders, coordination centers, 

autonomous platforms, and distributed sensing systems. 

Traditional communication infrastructures frequently fail to satisfy these requirements 

because they depend heavily on centralized architectures and fixed terrestrial 

infrastructures, which may represent critical points of failure during large-scale 

emergencies. Damage to base stations, backhaul links, power infrastructure, or centralized 

processing facilities can significantly reduce network coverage and disrupt communication 

services precisely when they are most needed. Furthermore, conventional architectures may 

provide limited flexibility for rapidly reallocating communication and computational 

resources according to evolving emergency conditions. 

Modern emergency communication ecosystems increasingly address these limitations 

through the integration of advanced networking, computing, and sensing technologies 

within unified operational environments. These architectures commonly combine 5G 

broadband infrastructures, MEC platforms, AI-assisted orchestration mechanisms, UAV-

based communication systems, NTN connectivity, and IoT sensing environments. Rather 

than operating as isolated technological components, these technologies can form 

complementary communication and computing layers that enhance the flexibility and 

resilience of the overall emergency-response architecture. UAVs and NTN systems can 

extend or temporarily restore connectivity in areas where terrestrial infrastructure is 

unavailable, while MEC platforms can provide computational capabilities closer to affected 

areas and operational users. 



 

Vasileios Karagiannakis, Communication Technologies for Man-

Made Disasters and Emergency Response: A Comprehensive Study 

 

Postgraduate Dissertation   43 

At the same time, AI-assisted orchestration mechanisms can support more adaptive 

coordination of heterogeneous network resources and services across dynamically changing 

environments. The integration of IoT sensing infrastructures further strengthens situational 

awareness by enabling distributed collection of environmental and operational information 

from affected areas. In parallel, cloud-edge coordination mechanisms facilitate distributed 

processing, adaptive resource management, and service continuity across geographically 

dispersed emergency-response infrastructures [38]. This combination of communication, 

computation, sensing, and intelligent orchestration reflects a broader transition from static 

and infrastructure-dependent communication networks toward adaptive, distributed, and 

resilient emergency communication ecosystems. 

Collectively, these capabilities can improve the ability of mission-critical communication 

systems to maintain essential services under dynamic, resource-constrained, and 

infrastructure-disrupted conditions. They also provide the architectural flexibility required 

to coordinate heterogeneous technologies and resources according to changing operational 

demands throughout different stages of emergency response. Figure 20 illustrates the 

primary operational requirements of mission-critical emergency communication systems. 

 

Figure 20 Mission-Critical Operational Requirements for Emergency Communication Systems. 

Source: Author's synthesis integrating mission-critical communication requirements from the 

reviewed literature [29]–[44]. 
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One of the defining operational characteristics of disaster response environments is the need 

for continuous coordination among multiple heterogeneous stakeholders. Large-scale 

emergency operations often involve public safety agencies, firefighting units, healthcare 

services, military organizations, transportation authorities, humanitarian actors, critical 

infrastructure operators and governmental coordination centers operating simultaneously 

within the affected area. These stakeholders may rely on different communication 

technologies, operational procedures and information systems, making interoperability a 

fundamental requirement for effective multi-agency coordination. The ability to exchange 

information efficiently and maintain reliable communication across organizational and 

technological boundaries is therefore essential for coordinated decision-making, resource 

allocation and effective emergency response under rapidly changing conditions [8], [13]. 

This coordination becomes particularly critical when infrastructure damage, network 

congestion or rapidly evolving hazards require resources and operational priorities to be 

continuously reassessed. 

As a result, modern disaster communication ecosystems are gradually evolving toward 

integrated cyber-physical environments in which communication, sensing, computation and 

orchestration mechanisms interact continuously in real time. Rather than operating as 

isolated technological components, these systems form interconnected operational 

environments capable of collecting, processing and distributing information across multiple 

agencies and geographical locations. Within these settings, IoT sensors monitor 

environmental conditions, infrastructure status and evolving hazards, while UAV systems 

provide temporary communication coverage and aerial situational awareness across affected 

areas [37]. The continuous exchange of information between sensing platforms and 

communication infrastructures provides emergency responders with a more comprehensive 

representation of conditions within the disaster zone. 

At the same time, MEC platforms provide localized analytics and edge intelligence, while 

AI-driven systems support predictive orchestration and adaptive optimization. Non-

terrestrial networks enhance resilience through alternative backhaul connectivity under 

degraded conditions. In parallel, command-and-control centers coordinate emergency 

operations, while healthcare systems exchange real-time medical and operational 

information. An integrated disaster communication ecosystem combining 5G, MEC, AI, 

IoT, UAV, NTN and emergency coordination infrastructures is illustrated in Figure 21. 
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Figure 21 Integrated Disaster Communication Ecosystem. Source: Author's synthesis integrating 

terrestrial, aerial, NTN, edge/MEC, cloud, AI-native networking, IoT, and mission-critical 

communication concepts from the reviewed literature [29]–[44]. 

The convergence between communication infrastructures and intelligent orchestration 

mechanisms significantly improves operational resilience during degraded or infrastructure-

denied environments. AI-native emergency communication ecosystems can dynamically 

adapt network behavior according to real-time operational conditions and evolving disaster 

response requirements. AI-driven orchestration mechanisms may prioritize mission-critical 

traffic, optimize routing decisions, allocate edge computing resources and coordinate UAV 

deployment across affected areas. In parallel, these systems can manage network slicing 

policies, predict congestion conditions before service degradation occurs and support more 

autonomous coordination among distributed emergency-response infrastructures [21], [29]. 

Similarly, edge computing infrastructures significantly reduce communication latency by 

enabling local processing of operational information directly near the disaster area. This 

capability is particularly important for time-sensitive applications such as autonomous 

vehicles, emergency robotics, telemedicine systems, real-time video analytics, hazard 

detection platforms and distributed situational awareness services. By processing data closer 

to the point of collection, edge computing systems support faster operational response and 

reduce dependence on centralized cloud infrastructures during critical emergency situations. 
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The integration of non-terrestrial communication infrastructures further improves 

communication survivability by reducing dependence on damaged or unavailable terrestrial 

networks. In disaster environments where conventional infrastructures may become 

partially inoperative, UAV relays and satellite communication systems can help maintain 

operational continuity and extend communication coverage across affected areas  [37], [38]. 

Future emergency communication ecosystems are expected to strengthen this technological 

convergence even further through the adoption of semantic communication models, 

integrated sensing and communication capabilities, distributed digital twins, autonomous 

UAV swarms and intelligent cyber-physical coordination mechanisms. In parallel, self-

healing networking infrastructures and AI-driven disaster prediction systems are expected 

to improve adaptive response capabilities, operational resilience and proactive emergency 

management across highly dynamic disaster scenarios. As a result, modern emergency 

communication systems should no longer be interpreted simply as networking 

infrastructures responsible for data transmission. Instead, they increasingly function as 

intelligent operational ecosystems enabling resilient coordination, distributed situational 

awareness, adaptive orchestration and autonomous decision support across highly dynamic 

disaster response environments [24], [26]. 

The evolution toward integrated disaster communication ecosystems, therefore, represents 

a foundational transformation in the design philosophy of future mission-critical 

communication systems. This transformation combines networking, computation, sensing, 

AI and operational coordination within unified resilient architectures capable of addressing 

the increasing complexity of modern disaster response operations [21], [29]. 
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3. Research Methodology and Analytical Framework 

This chapter presents the methodological framework used for the identification, 

classification and critical assessment of recent research on communication technologies for 

man-made disasters, with particular emphasis on 5G and emerging 6G systems. The 

proposed methodology aims to establish a coherent analytical foundation that supports 

systematic literature synthesis, cross-comparison between heterogeneous studies and 

evidence-driven conclusions aligned with the research questions of the thesis. 

3.1 Data Sources and Search Strategy 

The literature review was conducted using five major scientific databases: ACM Digital 

Library, IEEE Xplore, ScienceDirect, Scopus and Web of Science. These databases were 

selected to ensure broad coverage of peer-reviewed research across computer science, 

telecommunications and interdisciplinary public safety domains. Their combined use also 

allowed the study to capture both technical and application-oriented perspectives on disaster 

communication systems in a systematic and balanced manner. 

The temporal scope of the review was limited to research papers published between 2019 

and March 2026 to capture developments associated with mature 5G deployments and 

emerging research directions toward 6G [29]. This period was selected to align the review 

with contemporary network architectures, ongoing standardization activities and evolving 

paradigms in mission-critical and public safety communications. 

A structured keyword-based search strategy was applied during the title and abstract 

screening stages using Boolean operators (AND, OR) to construct controlled and traceable 

query combinations. The initial search phase focused on the intersection between man-made 

disasters and next-generation communication technologies using the primary query 

combinations “man-made disasters” AND “5G” and “man-made disasters” AND “6G” 

across all five databases. This stage aimed to establish a baseline corpus of studies 

examining the role of advanced mobile networks in technologically induced or human-

driven crisis scenarios. 

In a second-stage refinement process, the initially broad category of man-made disasters 

was divided into analytically distinct and operationally meaningful sub-domains in order to 

improve thematic precision, reduce semantic over-extension and increase the consistency of 

the literature retrieval process. More specifically, the original category was separated into 



 

Vasileios Karagiannakis, Communication Technologies for Man-

Made Disasters and Emergency Response: A Comprehensive Study 

 

Postgraduate Dissertation   48 

four hazard classes: industrial, nuclear, technological and transportation-related disasters. 

This stratification was introduced because the generic term “man-made disasters” 

encompasses a wide range of heterogeneous events that differ substantially in their causes, 

operational characteristics, infrastructure dependencies and communication requirements. 

Treating man-made disasters as a single aggregated category may therefore introduce 

conceptual dilution and retrieval noise, particularly because terminology and indexing 

practices vary across scientific databases and disciplinary fields. Relevant publications may 

not explicitly use the general term “man-made disaster”, even when they investigate specific 

events such as industrial accidents, nuclear emergencies, technological failures or 

transportation incidents. Consequently, relying on the aggregated category alone could 

exclude relevant studies indexed primarily by their specific hazard domain. By isolating 

domain-specific hazard typologies, the second-stage strategy was designed to improve 

thematic consistency while simultaneously accounting for disciplinary variations in 

terminology and publication indexing.  

This refinement provided a more structured approach for examining the relationship 

between specific hazard categories and emerging communication technologies. Rather than 

treating anthropogenic hazards as uniformly represented in the literature, each sub-domain 

was examined independently and subsequently integrated into a broader Boolean 

expression. This preserved the conceptual scope of man-made disasters while increasing the 

granularity of the retrieval process. 

Each sub-domain was then combined with the technology-related terms “5G” and “6G” 

using standardized Boolean operators. The same query structure was applied across the 

selected databases, with minor syntactic adjustments where necessary. This maintained 

consistent search logic and enabled comparison of retrieval results across databases. The 

structured queries were formulated as follows: 

•  ("industrial" AND ("5G" OR "6G")) 

• ("nuclear" AND ("5G" OR "6G")) 

• ("technological" AND ("5G" OR "6G")) 

• ("transportation" AND ("5G" OR "6G")) 

• (("industrial" OR "nuclear" OR "technological" OR "transportation") AND 

("5G" OR "6G")) 
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The first four queries were designed to examine each hazard class independently, thereby 

allowing domain-specific literature patterns to be identified without interference from the 

broader man-made disaster terminology. The final combined query served as an integrative 

search expression, capturing publications associated with at least one of the four hazard 

categories while maintaining an explicit connection with 5G or 6G communication 

technologies. This configuration reflects a deliberate balance between recall and precision 

within the literature retrieval process: The OR operator increased recall by capturing 

publications associated with alternative but conceptually related hazard domains and with 

either 5G or 6G technologies. The AND operator increased precision by requiring the 

contextual co-occurrence of the selected disaster typologies and next-generation 

communication technologies. 

Through this two-stage procedure, the search strategy progressed from broad conceptual 

exploration to a more granular and domain-sensitive framework. Initial queries using “man-

made disasters” provided broad coverage, while subsequent hazard-class stratification 

improved thematic precision and reduced reliance on a single umbrella term. This 

refinement strengthened the alignment between the review’s conceptual scope and the 

terminology used to retrieve relevant literature. The overall procedure is summarized in the 

two-stage search strategy visualization, illustrating the progression from baseline 5G/6G 

queries to hazard-specific stratification. 

 

Figure 22 Boolean Query Stratification Across Hazard Classes and Technology Generations. Author's 

illustration. 
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To reduce database-specific indexing variability, each query was executed across title, 

abstract and keyword fields whenever available. Quotation marks were consistently applied 

to prevent token fragmentation, while standardized logical grouping preserved Boolean 

operator precedence. The same query structure was maintained across all selected databases 

to ensure methodological consistency and reproducibility. No adaptive query expansion was 

performed after the initial execution, thereby limiting post hoc bias and result-driven 

modification of search terms. The refinement process served two main analytical purposes. 

First, it enabled the identification of domain-specific 5G and 6G applications, including 

industrial monitoring, nuclear safety infrastructures, intelligent transportation networks and 

infrastructure-failure mitigation mechanisms. Second, it improved the retrieval of 

architectural studies focusing on resilient network slicing, MEC, NTN integration and 

URLLC mechanisms within specific technological hazard environments. The second-phase 

Boolean stratification therefore increased thematic granularity while maintaining 

consistency across databases, strengthening the overall validity of the literature review. 

Figure 23 illustrates the methodological workflow. The process begins with multi-database 

identification and Boolean querying, followed by screening, deduplication and full-text 

eligibility assessment. The retained studies are then refined and categorized to form the final 

corpus, from which evidence is extracted and graded. This structured process links literature 

retrieval and evaluation to the comparative matrices presented in Appendix Α. 

 

Figure 23 Literature Review Workflow and Analytical Pipeline. Author's illustration. 
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To ensure a transparent, systematic, and reproducible literature selection process, a 

structured keyword-based search strategy was developed. The search methodology followed 

a multi-stage approach designed to progressively refine the literature from a broad collection 

of potentially relevant studies to a focused set of publications addressing advanced mobile 

communication technologies in the context of man-made disasters. This progressive 

refinement was intended to balance broad literature coverage with sufficient thematic 

specificity, while reducing the risk of excluding relevant studies due to variations in 

terminology across different research domains. 

Initially, broad search terms were employed to identify research linking 5G and 6G 

technologies with human-induced disaster scenarios. This initial stage established a 

comprehensive baseline and captured studies explicitly referring to man-made disasters 

within advanced communication environments. Subsequently, the search scope was refined 

by introducing specific categories of technological hazards, including industrial, nuclear, 

technological, and transportation-related disasters. The inclusion of these individual hazard 

categories enabled a more granular exploration of the literature and reduced reliance on the 

general term “man-made disasters,” which may not be consistently adopted across different 

scientific communities. 

In the final stage, the retrieved studies were further filtered according to their primary 

contribution and technical relevance to the objectives of the review. Publications were 

distinguished between conceptual works, including surveys, reviews, frameworks, and 

taxonomies, and technically oriented studies focusing on network architectures, 

communication systems, deployment strategies, resilience mechanisms, resource 

management, and performance evaluation. This classification facilitated a more structured 

assessment of both the conceptual development of the field and the technological solutions 

proposed for supporting communication under disaster conditions. 

Overall, this staged search procedure improved the comprehensiveness, thematic relevance, 

and consistency of the selected literature while maintaining methodological rigor throughout 

the review process. It also provided a systematic mechanism for progressively moving from 

broad technology–disaster associations toward studies directly aligned with the research 

objectives of the dissertation. Table 1 summarizes the overall search methodology, the 

successive stages of literature refinement, and the corresponding Boolean query structures. 
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Search Stage Objective 
Thematic 

Scope 
Keywords Boolean Logic  

Methodological 

Role in the 

Study 

Identification 

Establish a 

comprehensive 

initial corpus of 

relevant 

literature 

Man-made 

disasters and 

next-generation 

mobile networks 

Man-made 

disasters, 5G, 

6G 

(“man-made 

disasters” AND 

“5G”) 

(“man-made 

disasters” AND 

“6G”) 

Captures 

foundational 

studies linking 

technologically 

induced or human-

driven crises with 

advanced mobile 

communication 

infrastructures 

Screening 

Refine the 

corpus by 

disaggregating 

the broad 

disaster category 

into targeted 

sub-domains 

Industrial, 

Nuclear, 

Technological, 

transportation-

related disasters 

Industrial, 

nuclear, 

technological, 

transportation 

5G, 6G 

(“industrial” OR 

“nuclear” OR 

“technological” 

OR 

“transportation”) 

AND (“5G” OR 

“6G”) 

Enables systematic 

retrieval of 

domain-focused 

studies addressing 

communication 

architectures and 

network design 

across distinct 

classes of 

technological 

hazards 

Eligibility 

(Synthesis-

Oriented) 

Prioritize meta-

studies and 

high-level 

analytical 

frameworks 

Public safety, 

disaster 

communication, 

research 

taxonomies 

Public safety, 

disaster, 

taxonomy, 

survey, 

communication, 

5G, 6G 

(public safety 

OR disaster) 

AND (“5G” OR 

“6G”) AND 

(taxonomy OR 

survey OR 

communication) 

Identifies surveys 

and taxonomy-

driven 

contributions that 

support theoretical 

grounding, cross-

comparison and 

structured 

literature synthesis 

Eligibility 

(System-

Oriented) 

Isolate 

technically 

detailed and 

implementation-

oriented studies 

Network 

architecture, 

deployment 

strategies, 

operational 

performance 

Man-made 

disasters, 

technological 

disasters, 

network, 

system, 

performance, 

5G, 6G 

(man-made OR 

technological 

disasters) AND 

(“5G” OR “6G”) 

AND (network 

OR system OR 

performance) 

Selects system-

level and applied 

research for 

evaluating 

architectural 

choices, 

performance 

metrics and 

operational 

feasibility in crisis 

communication 

environments 

Table 1 Systematic Search Strategy for the Identification and Selection of Relevant Studies 
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3.1.1 Inclusion and Exclusion Criteria  

To ensure consistency and transparency throughout the screening process, a structured set 

of inclusion and exclusion criteria was applied across all stages of literature selection. The 

screening workflow progressively refined the initial corpus into a technically coherent 

dataset aligned with the analytical objectives of the current thesis. 

At the first screening level, eligibility was limited to peer-reviewed scientific publications, 

including journal articles, conference proceedings and recognized survey or review papers 

published in English. This criterion ensured linguistic consistency and maintained a uniform 

academic quality threshold across the selected studies. Grey literature sources, including 

non-refereed technical reports, white papers, editorial commentary, workshop abstracts and 

presentation-only material, were excluded in order to maintain consistency in scholarly 

quality and peer-review standards. 

The second screening stage focused on thematic and technical relevance. Selected 

publications were required to demonstrate a clear focus on communication technologies, 

network architectures, or system-level design approaches within man-made or technological 

disaster environments, with direct relevance to 5G or emerging 6G paradigms. Studies 

approaching disaster scenarios exclusively from social, organizational, legal, or policy-

oriented perspectives, without a substantial technical or communication-focused 

component, were excluded from the final corpus. 

The third screening stage involved duplicate detection and record consolidation across all 

selected databases. Records retrieved multiple times were initially identified through 

automated title and abstract matching procedures, followed by manual verification to 

confirm semantic equivalence and eliminate false positives. This process preserved corpus 

integrity and prevented the over-representation of recurring studies during subsequent 

analytical stages. 

Taken together, these filtering stages produced a technically coherent dataset aligned with 

the thesis's research questions. The resulting corpus supports cross-comparison, evidence-

based synthesis and structured mapping across disaster communication lifecycle phases and 

network-layer dimensions, as summarized in Table 2.  
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Screening Step Objective 
Inclusion 

Criteria 

Exclusion 

Criteria 

Operational 

Procedure 

Methodological 

Contribution 

Publication 

Type and 

Language 

Filtering 

Ensure academic 

quality and 

consistency 

Peer-reviewed 

journal articles, 

conference 

papers and 

recognized 

survey/review 

publications 

written in 

English 

Grey literature, 

non-refereed 

reports, 

editorials, 

workshop 

abstracts, 

presentation-only 

materials, non-

English 

publications 

Filter by 

publication 

metadata and 

source 

classification 

at database 

level 

Establishes a 

uniform scholarly 

baseline and 

ensures cross-

source 

comparability 

Technical and 

Thematic 

Relevance 

Assessment 

Align corpus 

with thesis scope 

and research 

questions 

Explicit focus on 

communication 

technologies, 

network 

architectures, or 

system-level 

designs in man-

made or 

technological 

disaster contexts 

under 5G/6G 

paradigms 

Studies limited to 

social, 

organizational, 

policy, or legal 

perspectives 

without 

substantive 

technical or 

communication 

analysis 

Abstract and 

full-text 

screening 

using keyword 

and content 

validation 

Ensures technical 

depth and 

conceptual 

coherence across 

the selected 

literature 

Duplicate 

Detection and 

Consolidation 

Preserve dataset 

integrity 

Unique records 

representing 

distinct studies 

Repeated entries 

across multiple 

databases or 

minor title 

variations of the 

same work 

Automated 

title/abstract 

matching 

followed by 

manual 

semantic 

verification 

Prevents over-

representation and 

maintains 

analytical 

accuracy 

Final Corpus 

Validation 

Confirm 

methodological 

alignment 

Studies 

supporting 

analytical 

mapping across 

PRRM phases, 

OSI layers, or 

system 

evaluation 

dimensions 

Marginally 

relevant studies 

lacking 

analytical 

traceability to the 

research 

framework 

Cross-check 

against 

analytical 

framework and 

classification 

tables 

Strengthens 

traceability 

between 

methodology and 

downstream 

analysis 

Table 2 Inclusion and Exclusion Criteria and Screening Workflow. 

3.1.2 Academic Papers Refinement and Categorization 

Following the initial title and abstract screening stages, the retained publications underwent 

a structured manual review process to verify their alignment with the defined research scope 

and selection criteria. This stage focused on consistency with the previously established 

selection criteria by examining the technical depth of each study, the clarity of the proposed 

systems or architectures and the relevance of the communication technologies to man-made 

or technological disaster environments. Particular attention was given to clearly defined 

research objectives, methodological clarity and explicitly stated contributions in order to 
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ensure that the refined corpus could support comparative analysis and evidence-based 

synthesis. 

The finalized corpus was subsequently organized into two primary categories: research 

articles and survey or taxonomy-oriented studies. Primary research articles were defined as 

contributions proposing, implementing, or evaluating specific architectures, protocols, 

algorithms, or system deployments within 5G- or 6G-enabled disaster communication 

environments. In contrast, the survey and the taxonomy papers were treated as meta-level 

studies that synthesize existing literature, propose classification frameworks, or map 

research trends and gaps across broader technological and application domains. 

This categorical separation enabled a differentiated yet coherent analytical workflow. 

Primary research articles were examined through criterion-driven assessments focusing on 

lifecycle alignment, network-layer mapping and evaluation methodologies, whereas survey 

and taxonomy papers were analyzed according to their classification logic, coverage breadth 

and identification of structural research gaps. This dual-path analysis provided the 

methodological basis for applying a Preparedness–Response–Recovery–Mitigation 

(PRRM) analytical framework1, together with systematic OSI and network-layer mapping 

and comparative assessment of evaluation methods. This approach ensured that the resulting 

findings remained traceable to explicitly defined analytical dimensions within a 

methodologically consistent dataset. 

3.2 Analytical Dimensions and Classification Framework 

The analytical framework of this study provides a structured basis for comparing 

heterogeneous research contributions across both technical depth and disaster-management 

relevance. To support this objective, each publication in the refined corpus is evaluated 

across a set of clearly defined analytical dimensions. These dimensions support consistent 

evidence extraction, the identification of cross-cutting patterns and the mapping of findings 

to the research questions of the thesis. 

 
1 In this study, the Preparedness–Response–Recovery–Mitigation (PRRM) framework refers to an analytical 

organization of the established disaster management cycle around four core phases: preparedness, response, 

recovery and mitigation. Preparedness encompasses activities undertaken before an emergency to strengthen 

readiness and response capacity; response includes immediate actions during and directly after an event to 

protect life and maintain essential functions; recovery concerns the restoration and reconstruction of affected 

systems and communities; and mitigation comprises measures intended to reduce or prevent future disaster 

impacts. The PRRM designation is used here as an analytical construct for systematically mapping 

communication technologies and research contributions across these disaster-management phases. 
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The first analytical dimension classifies the reviewed studies according to their position 

within the disaster management lifecycle using the PRRM framework [5], [12]. Rather than 

treating disaster communication as a homogeneous operational domain, this dimension 

distinguishes the specific stage at which each technological contribution is intended to 

provide operational value. Studies addressing pre-disaster activities, including training, 

simulation, early-warning communication, preparedness planning and communication 

readiness, are classified under Preparedness. Research focusing on real-time coordination, 

emergency information exchange, mission-critical communication and dynamic resource 

allocation during active incidents is assigned to Response. Studies concerned with post-

event infrastructure restoration, network re-establishment, service recovery and longer-term 

reconstruction are classified under Recovery, whereas approaches emphasizing proactive 

risk reduction, predictive monitoring, infrastructure hardening and communication 

mechanisms designed to reduce future disaster impacts are associated with Mitigation. 

Where a study addresses more than one phase, primary and secondary lifecycle relevance 

can be identified to preserve its multi-stage contribution. This lifecycle-oriented 

classification therefore provides both a temporal and functional perspective, enabling 

systematic assessment of how advanced communication technologies contribute before, 

during and after man-made and technological disaster events. 

The second analytical dimension examines the principal technical and operational 

challenges influencing the design, deployment and viability of next-generation disaster 

communication systems. Each study is evaluated according to the extent to which it 

addresses reliability and resilience, including fault tolerance, redundancy, service continuity 

and recovery from partial infrastructure failure. Particular attention is also given to latency 

and Quality of Service (QoS), since mission-critical traffic may require differentiated 

prioritization and predictable communication performance under congestion or rapidly 

changing network conditions. Security and privacy constitute another analytical category, 

encompassing authentication, access control, secure information exchange and protection 

of sensitive operational data. In addition, interoperability is examined across heterogeneous 

communication technologies, organizational domains and responding agencies, reflecting 

the need for coordinated operation within multi-agency emergency environments. Finally, 

energy efficiency and resource availability are considered particularly relevant in scenarios 

where power supply, computing capacity or communication infrastructure may be 
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constrained or degraded [7]. This dimension complements the PRRM lifecycle classification 

by identifying not only when a technological solution contributes to disaster management, 

but also which technical or operational problem it is designed to address. 

At the architectural level, the reviewed studies are further mapped to the OSI model in order 

to identify the primary and secondary networking layers targeted by each approach. This 

classification distinguishes between physical-layer innovations such as resilient spectrum 

utilization, non-terrestrial networking and energy-aware transceivers, data-link and 

network-layer mechanisms including routing, mobility management and topology control 

within ad hoc or heterogeneous environments, transport-layer solutions focused on 

congestion control and latency-sensitive communication and application-layer systems such 

as alerting platforms, sensor dashboards and decision-support tools. Studies integrating 

multiple networking layers are categorized as cross-layer or holistic approaches, reflecting 

broader trends toward AI-assisted and adaptive communication architectures. 

Finally, each publication is evaluated according to its validation methodology, 

distinguishing between theoretical or simulation-based analyses, controlled testbed or 

laboratory implementations, field trials and pilot deployments and cross-disciplinary 

approaches integrating technical, organizational and regulatory considerations [45], [46]. 

This dimension provides an indication of empirical maturity and practical relevance, 

allowing differentiation between conceptual proposals and validated real-world systems. 

Taken together, these analytical dimensions establish a unified classification framework for 

consistent cross-comparison between primary research articles and survey or taxonomy 

studies. The framework aligns lifecycle positioning, technical challenges, architectural 

focus and methodological rigor within a unified evaluative structure. This supports 

consistent evidence synthesis and structured comparative analysis across the reviewed 

literature. Each publication is therefore evaluated according to PRRM lifecycle positioning, 

key research challenges, OSI-layer focus and validation methodology in order to support 

consistent cross-comparison and evidence-based synthesis. 
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Figure 24 Unified Analytical Framework and Orthogonal Classification Dimensions. Author's 

conceptual illustration. 

3.2.1 Disaster Management Phase Classification  

The first analytical dimension operationalizes the disaster management lifecycle as a 

structured classification framework for mapping each research contribution to a dominant 

phase of crisis engagement [12]. Instead of treating disaster communication systems as static 

technical artifacts, this approach conceptualizes them as dynamic operational enablers 

whose functional role evolves throughout the different stages of a man-made disaster. Each 

study in the corpus is therefore assigned to a primary phase, Preparedness, Response, 

Recovery, or Mitigation based on the explicit objectives, system functions, and evaluation 

scenarios described in the methodological and results sections, as presented below: 

• Preparedness: Studies classified under the Preparedness phase primarily focus on 

pre-incident activities, including training environments, simulation platforms, and 

early-warning communication mechanisms designed to improve situational 

awareness and operational readiness before the onset of a disaster. These 

contributions commonly examine data acquisition pipelines, alert dissemination 

architectures, and predictive or scenario-based modeling frameworks intended to 

reduce response latency and strengthen coordination capabilities under future crisis 

conditions. 
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• Response: Studies classified under the Response phase address the real-time 

operational demands of active disaster scenarios. This category encompasses 

systems and protocols designed for mission-critical communication, including 

resilient routing mechanisms for degraded network environments, priority-aware 

traffic management strategies, and adaptive QoS mechanisms supporting command-

and-control operations, first-responder coordination, and real-time sensor or video-

data exchange under strict latency and reliability constraints. 

• Recovery: Studies mapped to the Recovery phase focus on post-event 

communication and networking strategies that support infrastructure restoration, 

service continuity, and long-term operational resilience. These contributions 

typically examine architectures for re-establishing connectivity in damaged network 

topologies, integrating temporary or non-terrestrial communication platforms, and 

enabling data-driven assessment tools that support reconstruction planning and long-

term performance evaluation. 

• Mitigation: Studies classified under the Mitigation phase adopt a proactive and forward-

looking perspective through predictive communication models, risk-aware network design, 

and data-driven forecasting mechanisms aimed at reducing the impact of future man-made 

disasters. These studies frequently integrate historical data analysis, AI-assisted decision-

support mechanisms, and cross-layer optimization strategies to inform policy development, 

operational planning, and resilient system design before a crisis materializes. 

This lifecycle-oriented classification provides both a temporal and functional perspective 

on how communication technologies are positioned across different stages of disaster 

management. By anchoring each contribution to a dominant operational phase, while 

allowing secondary phase associations where explicitly justified, the framework supports 

fine-grained comparative analysis and facilitates the identification of structural imbalances 

or underexplored areas within the existing body of research. 

3.2.2 Key Research Challenges Classification 

The second analytical dimension examines the core research challenges that influence the 

design, deployment and operational viability of communication systems in man-made 

disaster environments. Rather than viewing individual studies as isolated technical 

solutions, this dimension situates each contribution within a broader problem landscape 

shaped by persistent operational constraints, performance trade-offs and systemic 
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vulnerabilities emerging under crisis conditions. Each study is therefore assessed according 

to its explicit or implicit engagement with a structured set of challenge categories, enabling 

consistent cross-comparison and the identification of dominant research trends and 

unresolved gaps as follows: 

• Reliability and Resilience: This category [15], [20] focuses on mechanisms that 

ensure communication continuity under adverse and rapidly evolving conditions. 

This includes fault-tolerant architectures, network and infrastructure redundancy 

strategies, and survivability-oriented designs capable of addressing node failures, 

link degradation, and partial network collapse. Studies in this category frequently 

emphasize adaptive routing, multi-connectivity, and heterogeneous network 

integration to preserve service availability during and after disruptive events. 

• Latency and Quality of Service (QoS): This dimension examines the ability of 

communication systems to support time-critical and mission-sensitive operations. 

Contributions mapped to this category typically address priority-aware traffic 

management, real-time data delivery, and performance guarantees for applications 

such as command-and-control operations, live video transmission, and sensor-driven 

situational awareness. Particular emphasis is placed on how network architectures 

and protocol designs manage congestion, scheduling, and resource allocation under 

strict latency constraints. 

• Security and Privacy: This category encompasses approaches designed to protect data 

integrity, confidentiality, and trust within highly dynamic and potentially hostile operational 

environments. This includes authentication and authorization mechanisms, secure key-

management schemes, intrusion-detection systems, and privacy-preserving data 

dissemination models. Studies in this area frequently examine the balance between strong 

security guarantees and the operational requirement for rapid, low-latency communication 

during emergency-response activities. 

• Interoperability and Standards: This dimension addresses the integration of 

heterogeneous systems across organizational, technological, and jurisdictional 

boundaries. Contributions classified within this category examine cross-agency 

communication frameworks, compliance with established or emerging standards, 

and architectural approaches enabling seamless interaction between legacy 

infrastructures, public safety networks, and next-generation 5G or 6G platforms. 
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This dimension is particularly important for evaluating the scalability and real-world 

applicability of proposed solutions within multi-stakeholder disaster-response 

ecosystems. 

• Energy Efficiency and Sustainability: This category reflects the operational 

constraints associated with prolonged deployments and infrastructure-degraded 

environments. This includes energy-aware network architectures, power-efficient 

communication protocols, and resource-management strategies aimed at extending 

system lifetime under battery-constrained or off-grid conditions. Studies in this area 

often examine trade-offs between performance, coverage, and energy consumption, 

particularly in mobile, aerial, or temporary networking infrastructures. 

By structuring the analysis around these challenge categories, this dimension provides a 

problem-centric perspective that complements the lifecycle-based classification framework. 

It enables the systematic identification of the technical and operational barriers most 

frequently addressed in the related literature, highlights underexplored research areas and 

reveals how emerging communication paradigms prioritize competing objectives within the 

broader context of disaster-management research. 

3.2.3 Evaluation Methodology Classification 

The third analytical dimension examines the evaluation methodologies employed by each 

study as an indicator of both technical maturity and the level of real-world validation. Rather 

than assessing performance claims in isolation, this dimension positions each contribution 

along a continuum of empirical rigor, ranging from conceptual and model-driven analyses 

to fully deployed and operationally validated systems. This approach enables a transparent 

comparison of how evidence is generated, validated and contextualized across 

heterogeneous research designs. 

• Theoretical and Simulation-Based Studies: Studies within this category are 

characterized by analytical modeling, formal performance evaluation, and the use of 

network simulators or emulation environments to investigate system behavior under 

controlled and repeatable conditions. Contributions typically focus on protocol 

design, algorithmic performance, or architectural feasibility, using synthetic traffic 

models, parameterized scenarios, and sensitivity analyses to evaluate scalability, 
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latency, reliability, and resource utilization without direct exposure to real 

deployment constraints. 

• Laboratory-Oriented Testbed Experiments: This category includes studies that 

move beyond abstract modeling by implementing prototypes or partial system 

realizations within controlled experimental environments. These contributions often 

employ hardware-in-the-loop configurations, SDN platforms, or small-scale 

experimental networks to validate functional correctness, interoperability, and 

performance under semi-realistic operating conditions. This category reflects an 

intermediate level of technical maturity in which theoretical assumptions are tested 

against practical integration and implementation challenges. 

• Field Trials and Pilot Deployments: Studies within this category evaluate 

communication systems in operational or near-operational environments. This 

includes temporary or permanent real-world deployments, the involvement of end 

users such as first responders or infrastructure operators, and the collection of 

empirical performance data under dynamic and unpredictable conditions. 

Contributions within this category provide the strongest level of validation by 

exposing systems to environmental variability, user behavior, and organizational 

constraints that cannot be fully reproduced in laboratory settings [45], [46]. 

• Cross-Disciplinary Frameworks: This category encompasses studies that combine 

technical evaluation with policy, legal, organizational, or ethical considerations. 

These contributions frequently examine regulatory compliance, governance models, 

data-protection requirements, and socio-technical impacts alongside conventional 

system-performance metrics, reflecting the broader ecosystem in which disaster 

communication technologies are deployed and operated. 

By differentiating contributions across these methodological categories, this dimension 

enables a structured assessment of validation realism and practical relevance. It supports the 

identification of gaps between conceptual innovation and operational deployment, while 

also highlighting areas where additional empirical validation or interdisciplinary integration 

is required to advance the state of the art in disaster communication research. 
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3.2.4 Network Layer and OSI Perspective 

The fourth analytical dimension examines each contribution through the perspective of 

network architecture, using the OSI model as a structured reference framework for 

identifying the primary and secondary layers targeted by proposed solutions. This 

perspective enables a systematic comparison of how design choices, control mechanisms 

and performance optimizations are distributed across the communication stack, as well as 

how these architectural decisions align with the operational demands of man-made and 

technological disaster environments [4], [8]. 

• Physical Layer: Studies classified within the physical layer focus on resilient 

spectrum utilization, non-terrestrial and satellite connectivity, and energy-aware 

transceiver design. Contributions in this category typically address link robustness 

under interference, coverage extension in infrastructure-degraded environments, and 

power-efficient radio operation for mobile or temporary network nodes, including 

unmanned platforms and rapidly deployable base stations. 

• Data Link and Network Layers: This category captures mechanisms related to 

topology formation, routing, and mobility management within dynamic and 

heterogeneous communication environments. This includes ad hoc and mesh-

networking protocols, delay-tolerant networking strategies, and fault-aware routing 

schemes designed to maintain connectivity across highly mobile or partially 

disconnected nodes. Studies mapped to this category frequently emphasize adaptive 

path selection, neighbor discovery, and interoperability between legacy and next-

generation network segments. 

• Transport Layer: Contributions classified within the transport layer are evaluated 

according to their treatment of congestion control, end-to-end reliability, and latency 

sensitivity. This category includes protocol designs and traffic-management 

mechanisms that support prioritized data flows, maintain performance under bursty 

or degraded network conditions, and balance throughput with the strict timing 

requirements of mission-critical applications. 

• Application Layer: This category focuses on end-user and system-level platforms, 

including alert dissemination systems, situational-awareness dashboards, and 

citizen-facing communication tools. Studies in this domain frequently integrate data 

fusion, visualization, and decision-support components that transform network-level 
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capabilities into actionable operational information for responders, infrastructure 

operators, and affected populations. 

• Cross-Layer and Holistic Approaches: This category captures studies that 

explicitly integrate multiple layers of the communication stack within a unified 

architectural or control framework. These contributions frequently employ adaptive 

optimization strategies, SDN paradigms, and AI-assisted orchestration mechanisms 

to coordinate resource allocation, security policies, and QoS objectives across the 

physical, network, transport, and application layers [13], [47]. This category reflects 

the broader transition toward intelligent and self-adaptive communication 

ecosystems capable of responding dynamically to evolving disaster conditions. 

By mapping each study across these architectural dimensions, the classification provides 

a transparent view of where technical innovation is concentrated within the 

communication stack and where structural gaps remain. It also supports a layered 

synthesis of evidence linking low-level radio and routing mechanisms with higher-level 

application outcomes, enabling a comprehensive and traceable assessment of how 

network-design choices influence operational performance within disaster-management 

environments. 

3.3 Analytical Protocol, Evidence Extraction and Scoring Procedure 

For each analytical dimension, a uniform and repeatable evaluation protocol was applied, 

combining structured evidence extraction, traceable classification, graded scoring, 

comparative mapping and synthesis procedures. This integrated approach was designed to 

transform heterogeneous research contributions into a structured and comparable evidence 

base, enabling both fine-grained technical assessment and higher-level analytical synthesis. 

In the first stage, a concise yet technically grounded summary was produced for each study. 

These summaries captured the core research problem, the proposed system, framework, or 

methodology and the primary application context within man-made disaster environments. 

Particular emphasis was placed on identifying the architectural scope, the targeted 

communication layers and the stated performance objectives, thereby establishing a 

common descriptive baseline for the subsequent stages of analysis. 

The second stage focused on evidence extraction and traceability through explicit criterion-

based mapping across all analytical dimensions. Each study was systematically aligned with 
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the relevant disaster-management lifecycle phase, research-challenge category, OSI or 

network-layer focus and evaluation methodology. These classifications were supported by 

direct references to specific sections, figures, tables, or architectural descriptions within the 

original publications, ensuring that all analytical judgments remained anchored to verifiable 

source material. 

In the third stage, graded scoring, comparative mapping and synthesis procedures were 

applied to evaluate the relative depth and intensity of each study’s engagement with the 

defined analytical criteria. Instead of relying on binary classification schemes, the 

framework employed graded qualitative levels to distinguish between marginal, moderate 

and strong contributions across each dimension. The resulting scores were aggregated into 

comparative matrices and synthesis tables to support cross-study comparison, trend 

identification and the structured integration of findings. 

A dedicated metadata-driven protocol was additionally applied to survey and taxonomy-

oriented studies in order to preserve their role as meta-level contributions rather than treating 

them as system-level implementations. For these works, structured metadata fields were 

extracted, including publication year, literature coverage period, classification dimensions, 

technology scope, disaster typology and the presence of comparative tables, taxonomies, or 

research-gap analyses. These metadata elements were subsequently used to position each 

survey within the broader research landscape and to enable cross-survey comparison based 

on analytical breadth, temporal coverage and methodological depth. The complete structure 

of these metadata fields, together with the associated scoring matrices and comparative 

tables, is provided in Appendix A, which serves as the primary reference for the tabular 

representations and column definitions used throughout the analysis. 

Collectively, this protocol establishes a methodologically coherent workflow linking 

evidence extraction, traceable classification, graded scoring, comparative mapping and 

metadata-informed synthesis within a unified analytical process. It provides a transparent 

foundation for integrating both primary technical studies and meta-analytical survey 

contributions into a consistent analytical narrative, while also supporting the identification 

of dominant research trajectories, methodological imbalances and underexplored areas 

within the evolving landscape of disaster communication systems. 
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3.4 Alignment with Supervisory Evaluation Criteria 

The adopted methodology demonstrates a high level of rigor through the application of a 

systematic multi-database search strategy, a clearly defined temporal scope and explicitly 

operationalized selection criteria. The analytical separation between primary research 

articles and survey or taxonomy-oriented contributions prevents category conflation and 

supports valid comparative analysis between studies of similar methodological orientation. 

In addition, the use of multiple orthogonal analytical dimensions including lifecycle 

positioning, key research challenges, evaluation methodology and OSI-based architectural 

mapping enhances internal consistency and reduces interpretative ambiguity, thereby 

strengthening the overall validity of the resulting synthesis. 

Reproducibility is supported through the explicit documentation of data sources, Boolean-

based keyword strategies, temporal boundaries and stepwise analytical procedures. A 

uniform evaluation protocol was applied across the entire corpus, combining structured 

technical summaries, evidence-anchored criterion mapping and graded comparative 

assessment. This standardized process enables independent replication of both the 

classification and scoring procedures. Transparency is further reinforced through the 

systematic linkage between analytical claims and verifiable references to specific sections, 

figures, tables, or architectural descriptions within the reviewed literature, while 

consolidated tabular representations are provided in the supporting appendices. 

The methodology extends beyond a conventional descriptive literature review by 

incorporating a multi-dimensional and critically comparative analytical structure. Each 

contribution is evaluated according to lifecycle relevance, technical and operational 

challenges, validation realism and architectural positioning within the communication stack. 

This layered analytical perspective enables the identification of implicit assumptions, 

methodological constraints and structural imbalances across the research landscape, 

including the overrepresentation of specific paradigms and the relative underexploration of 

particular disaster phases, stakeholder groups or network layers. 

Conceptual coherence is achieved through the integration of disaster-management lifecycle 

theory, network-architecture models and evaluation-methodology typologies within a 

unified analytical framework. The alignment between the PRRM model, OSI-based 

architectural mapping and validation-rigor assessment establishes a consistent conceptual 

foundation that supports structured synthesis and cross-dimensional comparison. This 
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integration avoids fragmented or purely thematic interpretation by situating each technical 

contribution within both a temporal and architectural context. 

Finally, the use of multiple authoritative scientific databases, combined with complementary 

and systematically constructed keyword strategies, ensures broad and representative 

coverage of the relevant research landscape. The balanced inclusion of taxonomy-driven 

survey studies alongside application-oriented primary research mitigates bias toward either 

abstract conceptualization or narrowly scoped technical implementation. As a result, the 

methodology supports a comprehensive understanding of both overarching research trends 

and detailed system-level developments within the broader domain of communication 

technologies for man-made disasters. 

3.5 Research-Question Traceability and Roadmap 

To ensure that the related literature review produces findings that are analytically actionable 

rather than merely descriptive, the analytical framework was explicitly aligned with the 

thesis research questions. Each analytical dimension was operationalized through evidence-

based mappings and graded assessments, while the resulting structured outputs were 

consolidated into the comparative tables presented in Appendix A. This design establishes 

a clear traceability chain linking raw literature evidence to research-question-driven analysis 

and defines the scope and structure of the empirical synthesis developed in the following 

chapters. 

RQ1: What are the dominant evaluation methodologies (simulation, testbeds, field 

trials) used to validate communication solutions for man-made disasters and how do 

they affect the generalizability of findings? 

The evaluation-methodology dimension constitutes the primary analytical axis for 

addressing RQ1, establishes the evidentiary foundation for the comparative assessment of 

validation practices across related literature. Each contribution is systematically categorized 

according to its validation paradigm, including simulation-based or theoretical analyses, 

controlled laboratory testbeds and empirical validation through field trials or pilot 

deployments. This structured categorization enables a consistent and reproducible mapping 

of evaluation methodologies across the corpus. 

In Chapter 4, these methodological classifications are synthesized through quantitative 

aggregation and comparative analysis to identify prevailing validation patterns within the 

related literature. Particular emphasis is placed on examining how different methodological 
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choices influence the external validity of reported findings, especially their ability to 

generalize across heterogeneous man-made disaster scenarios. By correlating validation 

strategies with observed levels of generalizability, the analysis provides a critical assessment 

of the strengths and limitations associated with current evaluation practices. The resulting 

comparative evidence provides a robust basis for assessing the strengths and limitations of 

current validation practices, while supporting evidence-based conclusions regarding the 

generalizability of communication technologies across diverse man-made disaster 

scenarios. 

RQ2: How do recent research contributions integrate advanced paradigms such as AI-

native networking, ISAC, UAV-assisted relays, or blockchain-based trust frameworks 

into emergency communication systems? 

RQ2 shifts the analysis toward technological convergence, examining how contemporary 

emergency communication systems incorporate emerging paradigms such as AI-native 

networking, ISAC, UAV-assisted relaying and blockchain-enabled trust mechanisms. 

Rather than evaluating technologies individually, the framework investigates how these 

capabilities are architecturally integrated to enhance operational performance. 

Chapter 5 synthesizes these elements by systematically identifying where and how such 

paradigms are operationalized within emergency communication systems, including their 

roles in control-plane intelligence, cross-layer optimization, distributed trust management 

and edge-driven orchestration. Beyond functional placement, the analysis also evaluates the 

depth of integration and the maturity of validation approaches associated with each 

paradigm across the reviewed literature. 

Comparative analysis across studies further highlights recurring architectural patterns, 

convergence trends and gaps between conceptual proposals and empirically validated 

implementations. The resulting synthesis provides a comprehensive view of current 

technological convergence, enabling a systematic assessment of architectural maturity, 

integration depth and emerging innovation trends across the reviewed literature. 

RQ3: Which network layers receive the most research attention for crisis 

communication and where do significant gaps remain? 

RQ3 adopts an architectural perspective, using OSI-based classification to reveal how 

scholarly attention is distributed across network layers. Instead of evaluating individual 
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technologies, this analysis identifies concentrations of research activity, underexplored 

architectural domains and opportunities for future investigation. 

In Chapter 6, these layer-level classifications are aggregated across the corpus to produce a 

comparative distribution of research attention, highlight underrepresented layers and cross-

layer interactions and identify recurring architectural blind spots within current disaster 

communication research. By systematically mapping research attention across OSI layers, 

the analysis establishes a clear evidence base for identifying architectural imbalances and 

defining priorities for future emergency communication research. 



 

Vasileios Karagiannakis, Communication Technologies for Man-

Made Disasters and Emergency Response: A Comprehensive Study 

 

Postgraduate Dissertation   70 

4. RQ1 Evaluation Methodologies and Their Effect on 

Generalizability 

The evaluation of communication systems designed for man-made disaster scenarios 

constitutes a foundational yet inherently complex stage within the broader system-

development lifecycle. Unlike conventional networked environments, emergency 

communication infrastructures operate under conditions characterized by uncertainty, 

infrastructure degradation, dynamic topology changes and the simultaneous involvement of 

heterogeneous stakeholders, including first responders, public safety agencies and civilian 

populations. Within such environments, the validity of a proposed communication solution 

cannot be inferred solely from theoretical design assumptions or performance under 

controlled conditions. Instead, it must be rigorously assessed through evaluation 

methodologies capable of capturing both technical performance and operational viability. 

As a result, how these systems are evaluated directly influences not only their perceived 

effectiveness but also the extent to which findings can be generalized across diverse disaster 

contexts. 

At the core of this challenge lies a fundamental tension between analytical tractability and 

environmental realism. Communication systems designed for emergency scenarios are 

frequently evaluated using methodologies that prioritize one dimension at the expense of 

the other. Highly controlled approaches, such as simulation-based studies, enable systematic 

exploration of network parameters, scalability conditions and algorithmic behavior within 

reproducible environments. In contrast, field deployments and real-world trials provide 

critical insights into the interaction between technical systems and operational constraints, 

including regulatory requirements, human behavior, environmental uncertainty and inter-

agency coordination. However, these approaches are typically constrained by cost, limited 

scalability and reduced repeatability. As a result, the current evaluation landscape remains 

fragmented, with no single methodology capable of providing fully comprehensive 

validation. 

The importance of addressing this fragmentation becomes particularly evident when 

considering the operational consequences associated with communication-system failure 

during disaster scenarios. Disruptions in communication infrastructure may lead to delayed 

response coordination, resource misallocation, reduced situational awareness and 

diminished operational effectiveness under time-critical conditions. As a result, evaluation 
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must extend beyond conventional performance metrics such as throughput, latency, or 

packet-delivery ratio to incorporate broader dimensions including resilience, adaptability, 

survivability and operational usability under stress conditions. In this context, evaluation 

should not be interpreted solely as a technical benchmarking exercise, but rather as a socio-

technical process shaped by the interaction between system architecture, environmental 

conditions and human decision-making. 

A recurring observation throughout the related literature is that evaluation methodologies 

are often applied in isolation, without systematic integration across multiple validation 

layers. Many studies rely exclusively on simulation environments in which network 

topology, traffic patterns and failure conditions are predefined and frequently idealized. 

Although these approaches remain valuable for comparative analysis and early-stage 

validation, they inherently abstract away the uncertainty and variability characterizing real 

disaster environments. Conversely, studies employing experimental testbeds or operational 

deployments often focus on highly specific use cases or geographically localized 

environments, thereby limiting the broader applicability of their findings. This 

methodological fragmentation creates a research landscape in which performance claims are 

frequently difficult to compare, reproduce, or extrapolate across operational contexts. 

The increasing complexity of modern communication paradigms further intensifies these 

evaluation challenges. Emerging technologies such as edge computing, UAV-assisted 

networking, NTN and AI-driven network management introduce additional layers of 

variability, interdependence and architectural complexity. These systems frequently operate 

across multiple networking layers while simultaneously interacting with both physical and 

virtualized infrastructure components. As a result, meaningful evaluation requires not only 

the assessment of isolated components but also the analysis of system-level behavior under 

dynamic and unpredictable operational conditions. Traditional evaluation approaches 

focusing primarily on isolated metrics or subsystem-level performance are therefore often 

insufficient to capture the broader interactions shaping real-world operational effectiveness. 

Within this context, generalizability emerges as a central concern for the present research 

question. Generalizability refers to the extent to which the findings of a study can be 

transferred beyond the specific conditions under which they were originally obtained. In 

emergency communication research, this includes the applicability of results across 

different disaster types, geographical regions, network configurations, operational 
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requirements and organizational structures. However, generalizability is not a uniform 

property, rather, it is strongly influenced by the evaluation methodology employed. 

Simulation-based studies may support broader parameter-space exploration while lacking 

empirical grounding, whereas field-based studies provide stronger contextual realism but 

often remain constrained in scope, scalability and reproducibility. Understanding how 

different evaluation methodologies shape this trade-off is therefore essential for assessing 

the overall contribution and practical relevance of existing research. 

The need for a structured comparative assessment of evaluation methodologies is further 

reinforced by the absence of standardized validation frameworks within the field. Unlike 

more mature engineering domains, where benchmarking standards and testing protocols are 

well established, the evaluation of disaster communication systems remains largely ad hoc 

and methodologically fragmented. Researchers often select evaluation approaches based on 

resource availability, implementation feasibility, or narrowly defined research objectives 

rather than a unified validation strategy. This lack of standardization complicates cross-

study comparison and limits the accumulation of cumulative scientific knowledge, as 

findings cannot always be consistently benchmarked or integrated. 

Against this background, the present chapter systematically examines the dominant 

evaluation methodologies used to validate communication solutions for man-made disasters 

and analyzes how these methodologies influence the generalizability of findings. The 

analysis is grounded in an extensive literature corpus encompassing simulation-based 

studies, experimental testbeds, field deployments, AI-assisted evaluation environments and 

meta-analytical approaches. By synthesizing evidence across these methodological 

categories, the chapter seeks to identify recurring patterns, methodological biases and 

critical research gaps shaping the current state of the field. 

More specifically, the chapter first establishes a structured taxonomy of evaluation 

methodologies before examining their respective characteristics, strengths and limitations. 

It subsequently introduces a unified evaluation pipeline capturing the progression from 

conceptual modeling to real-world deployment, highlighting both the stages at which 

validation commonly occurs and the areas where significant methodological gaps persist. 

The following sections then analyze statistical trends across the related literature, evaluate 

methodological limitations and compare how different validation approaches influence the 
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generalizability of reported findings. Finally, the chapter synthesizes these observations to 

identify major research gaps and propose future research directions. 

Through this structured analytical approach, the chapter not only addresses the research 

question directly but also contributes to a more coherent understanding of how evaluation 

practices shape the development, validation and operational deployment of communication 

systems within disaster environments. By explicitly linking methodological choices with 

their implications for generalizability, the analysis establishes a critical foundation for 

improving both the scientific rigor and the practical relevance of future research in 

emergency communication systems. 

4.1 Methodological Framework 

This study follows a structured analytical approach to examine how communication 

solutions for emergency scenarios are evaluated and how these evaluation choices influence 

the generalizability of reported findings. The analysis is grounded in a carefully selected 

body of literature identified through a systematic review process, ensuring consistency in 

both study selection and analytical assessment. 

Each study included in the dataset satisfies predefined inclusion criteria aligned with the 

research question, particularly the validation of communication systems in emergency, 

mission-critical, or disaster-related environments. Emphasis is placed on studies that clearly 

describe their evaluation methodology, including simulation, controlled testbed 

experimentation, or real-world deployment. 

Unlike conventional narrative reviews, the dataset was developed incrementally and 

assessed through a unified analytical framework, improving methodological consistency 

and enabling comparison across heterogeneous studies. It therefore provides the empirical 

basis for both statistical analysis and conceptual synthesis. 

To systematically analyze validation practices, each study is classified according to the 

evaluation methodology employed. Following the structure adopted in prior large-scale 

research efforts ([15], [20]), evaluation approaches are categorized into three primary 

classes: 

• simulation-based evaluation  

• testbed-based experimentation  

• real-world field trials  
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Beyond these primary categories, particular attention is given to studies employing hybrid 

validation strategies that combine multiple evaluation approaches, such as simulation 

integrated with experimental testing or operational deployment. This classification reflects 

the typical progression of communication-system research, where theoretical concepts are 

initially explored through simulation, subsequently examined within controlled 

experimental environments and ultimately assessed under real operational conditions [48]. 

By distinguishing between studies relying on a single validation method and those 

incorporating multiple stages of evaluation, the analysis enables a more nuanced 

interpretation of validation practices and supports the identification of prevailing 

methodological tendencies across the related literature. 

Within this framework, each study is examined using a consistent set of analytical criteria 

designed to capture both the nature and rigor of the evaluation process. This structured 

approach supports comparative assessment across validation strategies and provides deeper 

insight into their methodological robustness and overall completeness. The primary 

analytical features include: 

• presence of simulation, testbed and field evaluation  

• identification of hybrid validation strategies  

• scale of experimentation (e.g., number of nodes or deployment size)  

• validation depth and methodological completeness  

• scoring metrics reflecting evaluation rigor and operational relevance  

The scoring framework developed for the dataset plays a central role in quantifying the 

strength of each study’s validation methodology. Each contribution is evaluated across 

multiple dimensions, including methodological completeness, evaluation realism and 

practical applicability, enabling the calculation of an aggregate validation score. This 

structured encoding process transforms qualitative descriptions of evaluation procedures 

into quantifiable analytical variables, thereby supporting statistical aggregation and 

comparative analysis. 

The structured dataset further enables the application of statistical techniques for identifying 

trends and patterns across evaluation methodologies. The analysis focuses on four primary 

dimensions. First, the frequency distribution of evaluation methods is examined to 

determine the prevalence of simulation-based, testbed-oriented and field-based approaches. 

Second, the occurrence of hybrid validation strategies is analyzed to assess the extent to 
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which studies combine multiple methodological paradigms. Third, the relationship between 

evaluation methodology and validation strength is investigated by correlating it with the 

scoring framework, enabling assessment of whether more realistic validation approaches 

are associated with stronger methodological rigor. Finally, where applicable, temporal and 

structural trends are examined, highlighting the evolution of validation practices and the 

increasing adoption of experimental evaluation environments. This quantitative perspective 

enables the transition from descriptive reporting to evidence-driven analytical interpretation, 

supporting the identification of dominant methodological practices and emerging research 

tendencies. 

A central objective of this study is to examine how different validation methodologies 

influence the generalizability of research findings. To address this objective, a conceptual 

assessment framework is introduced linking each evaluation methodology to four key 

dimensions: 

• realism of the evaluation environment  

• level of experimental control  

• reproducibility of results  

• generalizability of findings  

Simulation-based approaches provide high levels of control and reproducibility but often 

depend on simplified assumptions that limit their ability to capture real-world operational 

complexity. Experimental testbeds introduce greater realism, although they frequently 

suffer from reduced reproducibility due to hardware dependencies and environmental 

variability. Field trials provide the highest level of operational realism but are typically 

constrained in terms of experimental control and repeatability. This trade-off between 

realism and reproducibility has consistently emerged in the related literature as a 

fundamental challenge in communication-system evaluation and serves as a central 

interpretative axis throughout the present analysis. By explicitly linking evaluation 

methodologies with generalizability outcomes, the proposed framework enables the 

transformation of descriptive statistical observations into broader analytical insights directly 

addressing the research question. 

Despite its structured design, the proposed methodology remains subject to several 

limitations. First, the classification of evaluation methodologies and the scoring of studies 

involve a degree of expert judgment, potentially introducing limited subjectivity into the 
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analytical process. However, consistency is maintained through the systematic application 

of predefined evaluation criteria across the entire dataset. Second, the analysis is constrained 

by the selected literature corpus and may therefore not capture every recent development 

within the field. Nevertheless, the size, diversity and thematic breadth of the dataset provide 

a representative overview of current evaluation practices. Third, the abstraction of complex 

validation procedures into discrete analytical categories and numerical scores may not fully 

capture all nuances of experimental design and operational context. Although this limitation 

is inherent in most quantitative meta-analytical approaches, it is partially mitigated through 

complementary qualitative interpretation. 

The adopted framework extends existing evaluation-oriented studies by integrating 

statistical analysis with a generalizability-centered analytical perspective. While prior work 

has primarily focused on the distribution of evaluation methodologies, the present study 

advances the discussion by explicitly linking validation strategies with their influence on 

the reliability, transferability and practical applicability of research findings. By combining 

structured data extraction, quantitative aggregation and conceptual modeling within a 

unified analytical process, the methodology establishes a robust foundation for examining 

evaluation practices in emergency communication systems. More importantly, this approach 

enables a deeper understanding not only of which methodologies are employed across 

related literature, but also of how and why these methodological choices shape the scientific 

validity and operational relevance of reported results. 

4.2 Statistical Analysis and Its Effect on Generalizability 

Τhe present statistical analysis examines a corpus of 107 studies included in the RQ1 dataset, 

with the objective of systematically identifying the dominant evaluation methodologies used 

in communication research for man-made disasters and emergency scenarios. More 

importantly, the analysis investigates how these methodological choices influence the 

generalizability of reported findings. The assessment is grounded in the established scoring 

dimensions simulation-oriented evaluation, testbed experimentation, field validation and 

cross-disciplinary framing together with the categorical variables of primary evaluation 

methodology, validation-maturity characterization and generalizability profile. 

The first major finding is the strong predominance of simulation-driven validation 

approaches within related literature. Simulation-based studies account for 42 out of 107 

contributions (39.3%), while Conceptual studies represent an additional 29 contributions 
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(25.1%). In contrast, strictly field-based studies are limited to only 8 cases (7.5%), whereas 

purely analytical contributions account for just 2 studies (1.9%). This distribution strongly 

supports the central premise of RQ1, namely that research on disaster communication 

systems predominantly evolves within controlled, abstract, or partially synthetic evaluation 

environments rather than through operationally grounded validation contexts. 

The second major finding concerns the distribution of generalizability categories. 

Institutional, Analytical and Technical forms of generalizability appear relatively balanced 

across the dataset, accounting for 33, 26 and 26 studies respectively. However, the 

prominence of Institutional generalizability should not be interpreted as evidence of 

widespread operational validation. Instead, it primarily reflects a recurring tendency to 

position technical proposals within broader organizational, governance, or policy-oriented 

frameworks without empirically validating them under realistic operational conditions. As 

a result, the related literature demonstrates substantial institutional awareness while 

simultaneously exhibiting limited operational substantiation. 

A third important observation emerges from the average values associated with the primary 

scoring dimensions: simulation (2.61/5), testbed experimentation (0.98/5), field validation 

(0.67/5) and cross-disciplinary framing (3.64/5). This profile is particularly revealing. 

Simulation clearly constitutes the dominant evaluation pillar across related literature, 

although not with complete methodological uniformity [15], [20]. At the same time, the 

comparatively low scores associated with testbed experimentation and field validation 

indicate that the transition from abstract or numerical validation toward empirical and 

operational substantiation remains incomplete. In practical terms, the related literature 

demonstrates strong emphasis on conceptual and algorithmic exploration, while 

comparatively fewer studies validate their findings under realistic deployment conditions. 

Finally, the distribution of validation maturity indicates that the field cannot be 

characterized as methodologically immature. Among the 107 studies with explicit maturity 

characterization, 35 are classified as Very Strong, 15 as Strong, 26 as Moderate and 26 as 

Weak and 5 as Uspecified. This result reveals a more nuanced reality than simple maturity 

categorization might suggest. Although a significant portion of the related literature 

demonstrates substantial sophistication in algorithmic design, architectural modeling, or 

analytical formulation, this sophistication does not necessarily translate into realistic 
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operational validation. In other words, methodological maturity within the field often 

reflects technical complexity rather than empirical realism under actual disaster conditions. 

4.2.1 Distribution of Primary Evaluation Methods 

The first analytical dimension concerns the distribution of primary evaluation 

methodologies across the dataset. As illustrated in Figure 25, simulation-based approaches 

clearly dominate, accounting for 42 studies (39.3%). This predominance is not incidental 

but reflects a structural characteristic of research in disaster communication systems. 

Environments characterized by infrastructure disruption, uncertainty, rapidly changing 

network conditions, and operational risk are inherently difficult to reproduce through 

controlled experimentation. Conducting large-scale field evaluations under realistic disaster 

conditions is often constrained by logistical complexity, infrastructure availability, and 

limited access to representative emergency scenarios. 

As a result, simulation provides a tractable, flexible, and scalable alternative, enabling 

researchers to systematically investigate network behavior under a broad range of synthetic 

conditions. These may include variable traffic loads, node mobility patterns, infrastructure 

failures, changing network topologies, resource constraints, and different protocol 

configurations [49]. Simulation environments also allow researchers to evaluate alternative 

architectures and operational strategies before considering more resource-intensive 

experimental validation. 

Beyond practical feasibility, simulation supports methodological rigor by enabling 

controlled parameter isolation, repeatability, and systematic comparison across different 

scenarios. These characteristics are particularly valuable for comparative evaluation and 

sensitivity analysis, where the effects of individual network parameters or design choices 

must be examined independently. Consequently, the dominance of simulation-based 

validation reflects both the practical constraints of disaster-oriented experimentation and the 

analytical flexibility required to evaluate communication systems under diverse and highly 

dynamic conditions. 
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Figure 25 Distribution of Primary Evaluation Methods. 

The second most prominent category comprises conceptual studies (29 studies, 27.1%), 

which focus on the formulation of frameworks, architectural models and system-level 

abstractions. The strong presence of this category indicates that the field remains actively 

engaged in defining its structural and operational paradigms. Rather than merely refining 

existing solutions, a substantial portion of the related literature is devoted to proposing new 

coordination models, resilience strategies and integration architectures often addressing 

emerging technologies such as UAV-assisted networking, edge-enabled orchestration, or 

hybrid satellite-terrestrial systems. This conceptual emphasis suggests that the domain is 

still undergoing a phase of architectural consolidation, where competing design logics and 

system configurations are being explored and refined [18], [31]. 

In contrast, validation through testbed experimentation and real-world deployment remains 

comparatively limited. Only 13 studies (12.1%) employ testbed-based methodologies, while 

8 studies (7.5%) report field-level validation. This asymmetry reveals a clear stratification 

within the evaluation pipeline. While simulation and conceptual modeling facilitate rapid 

hypothesis generation and theoretical exploration, their translation into controlled 

experimental environments or operational contexts is far less frequent. The limited adoption 

of testbeds reflects both technical and logistical constraints, including the need for 

specialized infrastructure, interoperability challenges and reproducibility issues. Field 

validation, in turn, is constrained by even more demanding requirements, such as 
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coordination with institutional stakeholders, regulatory compliance and the unpredictability 

of real-world disaster conditions. As a result, the progression from abstract validation to 

empirically grounded verification remains incomplete. 

Finally, the presence of the “Other” category (13 studies, 12.1%), alongside the marginal 

representation of strictly analytical approaches (2 studies, 1.9%), underscores the field's 

methodological diversity. These studies often employ hybridized or non-standard evaluation 

strategies that do not conform neatly to established categories. This heterogeneity is 

analytically significant: it indicates that the challenge is not solely the scarcity of empirical 

validation, but also the absence of a fully standardized evaluative paradigm. In effect, the 

related literature exhibits multiple coexisting methodological procedures, each with its own 

assumptions, validation criteria and scope of inference. This plurality complicates direct 

comparison across studies and further constrains the consolidation of generalizable findings.  

4.2.2 Mean Score by Validation Dimension 

Figure 26 presents the average scores across the four evaluation dimensions, revealing an 

uneven validation profile within the reviewed literature. The cross-disciplinary dimension 

achieves the highest mean score (3.64/5), indicating that many studies consider broader 

technical, organizational, and operational aspects of disaster communication systems. 

Simulation follows with a moderate mean score of 2.61/5, confirming its central role in 

assessing network performance under controlled disaster scenarios. In contrast, testbed 

(0.98/5) and field-based evaluation (0.67/5) remain substantially lower, indicating a limited 

transition from simulation toward experimental and real-world validation. 

This distribution suggests that the literature demonstrates relatively strong conceptual and 

cross-disciplinary understanding, while empirical validation under realistic operational 

conditions remains less developed. The gap between simulation and testbed or field 

experimentation therefore represents an important limitation in assessing the practical 

maturity and operational readiness of proposed solutions. Researchers increasingly 

approach disaster communication as a complex socio-technical system, incorporating 

operational realities, coordination challenges, and institutional constraints alongside 

network performance [7]. However, this conceptual maturity does not necessarily provide 

evidence that proposed solutions will perform effectively under real-world conditions. 
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Figure 26 Mean Scores by Evaluation Dimension. 

Simulation plays a central but non-uniform role in this landscape. While many studies use 

it as their primary validation method, its application varies considerably, ranging from 

detailed scenario-based evaluations to supporting evidence for largely conceptual proposals. 

It is therefore more accurate to consider simulation a dominant but flexible, rather than 

standardized, validation approach. 

In contrast, testbed and field-based evaluations represent a key weakness in the literature. 

Their low scores indicate that real-world factors, such as infrastructure damage, human 

unpredictability, and inter-organizational coordination, remain insufficiently captured. 

Without exposure to these constraints, assessing the robustness and reliability of proposed 

solutions under realistic operational conditions remains difficult. 

4.2.3 Validation Maturity Distribution 

Figure 27 presents the distribution of validation maturity across the cleaned RQ1 dataset, 

offering a complementary perspective to the analysis of evaluation methods. While previous 

sections focus on how studies validate their solutions, this figure shifts the focus to how 

robust and complete that validation process is. By capturing the maturity level of each study, 

from weaker or partial validation to more structured and comprehensive approaches, the 

figure provides a clearer view of the overall reliability of the evidence produced in the field. 
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Figure 27 Validation Maturity Distribution. 

More specifically, researchers tend to treat disaster communication as a complex socio-

technical system. Their work often goes beyond pure network performance and includes 

operational conditions, coordination challenges and institutional constraints. This broader 

view certainly enriches the analysis and brings it closer to real-world complexity. At the 

same time, however, it mainly strengthens the conceptual side of the work, without always 

providing equally strong empirical support. 

Simulation plays a central role in this context, but not in a uniform way. It is widely used, 

yet its depth varies from study to study. In some cases, simulations are carefully structured, 

with detailed scenarios and systematic evaluation processes. In others, they function more 

as supporting evidence for ideas that are primarily conceptual. For this reason, simulation 

should be seen as the main validation approach of the field, but not as a fully consistent or 

standardized one. 

On the other hand, testbed and field-based evaluations clearly represent the weakest point. 

Their low scores indicate that many of the challenges present in real environments such as 

infrastructure disruption, unpredictable human behavior and coordination between multiple 

actors are not fully captured. This limitation is important, because without testing under 

such conditions, it is difficult to confidently assess how well these solutions would perform 

outside controlled or simulated environments. 
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4.2.4 Interaction Between Method and Generalizability 

The relationship between the primary evaluation method and generalizability, as shown in 

Figure 28, provides important evidence for addressing RQ1. Simulation-based studies are 

predominantly associated with analytical generalizability, accounting for 24 of the 42 

reviewed studies. This indicates that simulation remains the principal mechanism through 

which proposed architectures, protocols and communication strategies are evaluated across 

the literature. Such studies can provide internally consistent and methodologically 

controlled evidence regarding system behavior, performance trends and comparative 

effectiveness under predefined experimental conditions. However, their findings are not 

necessarily directly transferable to real-world disaster environments, where infrastructure 

degradation, mobility, interference, unpredictable traffic patterns and operational 

constraints may substantially affect system performance. The strong concentration of 

studies within this category therefore reveals a clear gap between analytical validation and 

operational generalizability. While simulation provides a valuable foundation for evaluating 

emerging communication technologies, broader testbed, field-based and operational 

validation is required to determine whether the reported performance improvements can be 

consistently reproduced under realistic emergency-response conditions. 

 

Figure 28 Primary Method vs Generalizability. 
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Conceptual studies are more strongly associated with institutional generalizability, with 20 

of the 29 studies falling within this category. This indicates that conceptual research 

primarily examines how communication architectures, technologies, and operational 

models can be integrated into organizational structures, multi-agency coordination 

mechanisms, and governance frameworks. Such studies provide valuable insight into 

system-level requirements and institutional interoperability, but generally offer limited 

empirical evidence regarding technical feasibility and performance under realistic 

operational conditions. 

Testbed-based studies exhibit a different pattern, with 11 of 13 associated with technical 

generalizability. This highlights their role in bridging theoretical development and practical 

implementation. Unlike simulation-based approaches, testbeds introduce physical 

constraints such as hardware limitations, processing delays, protocol interactions, and 

resource restrictions. They therefore provide stronger evidence of implementation feasibility 

and represent an important intermediate stage between simulation and full-scale field 

deployment, particularly for emerging 5G, 6G, and mission-critical communication 

technologies. 

Figure 29 reinforces this pattern by showing that each evaluation methodology tends to 

strengthen the type of generalizability with which it is naturally aligned. Simulation 

primarily supports analytical generalizability, conceptual studies emphasize institutional 

applicability, and testbed approaches provide stronger evidence of technical 

generalizability. Overall, the literature places considerable emphasis on system-level 

understanding and architectural development, while fewer studies progress toward rigorous 

validation under realistic operational conditions. This imbalance highlights the need for 

stronger progression from conceptual and simulation-based research toward testbed 

experimentation, field validation, and real-world deployment. 
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Figure 29 Mean Dimension Scores. 

 

4.2.5 Interpretation for RQ1 

The statistical findings provide a direct and structured answer to RQ1. Across the 107-study 

dataset, evaluation practices are heavily concentrated around simulation-based and 

conceptual approaches, which together account for more than two-thirds of the reviewed 

literature. In contrast, methodologies approximating real operational conditions namely 

testbed experimentation and field validation remain comparatively limited, with only 13 and 

8 studies respectively. This asymmetry extends beyond a simple imbalance in 

methodological distribution, it fundamentally shapes both the nature of the evidence 

produced and the degree to which findings can be generalized across operational 

environments. 

Simulation-based evaluation offers several clear advantages. It enables controlled 

experimentation, reproducibility and systematic comparison across multiple scenarios, 

which explains its dominant presence within the dataset (mean simulation score: 2.61/5). 

However, these advantages are closely tied to modeling assumptions that simplify real-

world complexity, particularly regarding network behavior, infrastructure degradation, 

failure propagation and coordination dynamics. As a result, simulation-based methodologies 

primarily support analytical generalizability. They provide reliable insights within the 

boundaries of the modeled environment but remain limited in their ability to capture the 
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uncertainty, variability and operational unpredictability characteristic of real disaster 

conditions. 

Conceptual studies contribute in a different yet complementary manner. Their strong 

representation reflects the broader effort within the field to structure complex 

communication problems, define architectural paradigms and integrate multiple analytical 

dimensions into unified system-level perspectives. This observation is further supported by 

the relatively high cross-disciplinary score observed across the dataset (3.64/5), indicating 

that many studies successfully connect technical design considerations with organizational, 

operational and policy-oriented dimensions. Nevertheless, in the absence of systematic 

empirical validation, these contributions largely remain within the domain of institutional 

or conceptual generalizability. In practical terms, they explain how systems are theoretically 

expected to operate, without fully demonstrating how such systems perform under realistic 

deployment conditions. 

By comparison, testbed and field-oriented methodologies despite their comparatively 

limited representation play a disproportionately important role in strengthening the 

empirical foundation of the field. Testbed studies (mean score: 0.98/5) introduce 

implementation-level constraints such as hardware limitations, protocol interactions, 

synchronization overhead and timing behavior, thereby supporting stronger forms of 

technical generalizability. Field studies (mean score: 0.67/5), although relatively rare, 

constitute the only category capable of capturing the full operational complexity of real 

deployments, including infrastructure disruption, environmental uncertainty, human factors 

and multi-agency coordination dynamics. Their limited presence within the related literature 

therefore indicates that empirical generalizability remains the least mature dimension of 

current research. 

Taken together, these findings reveal a broader structural imbalance in the way knowledge 

is currently produced and validated within disaster communication research. The field has 

developed substantial capabilities in simulation, conceptual modeling and analytical system 

design, yet the transition toward empirically grounded operational validation remains 

comparatively underdeveloped. This imbalance is further reflected in the overall 

methodological distribution and scoring profile: 

• clear dominance of simulation-based and conceptual approaches (66.4% combined)  
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• consistently limited presence of testbed and field validation methodologies (below 

20% combined)  

• strong emphasis on cross-disciplinary framing without equivalent empirical depth  

Collectively, this pattern suggests that the field has reached what may be described as a 

validation plateau. Although the related literature has clearly progressed beyond purely 

theoretical exploration and demonstrates significant methodological sophistication in terms 

of architectural design and analytical modeling, this maturity has not yet been systematically 

translated into large-scale operational validation. As a result, the field remains considerably 

stronger in generating analytical, conceptual and institutional insights than in producing 

empirically validated evidence under realistic disaster conditions. 

For the purposes of this thesis, this observation constitutes the central interpretative axis of 

RQ1. Evaluation methodologies should not be viewed as neutral methodological 

preferences, rather, they directly determine the type, strength and scope of the 

generalizability that can ultimately be achieved. Simulation-oriented studies primarily 

support analytical claims, conceptual contributions reinforce institutional and architectural 

understanding, whereas only a relatively small subset of studies contributes to robust 

technical and empirical validation. As a result, the dominant methodological configuration 

of the field inherently constrains its capacity to produce fully generalizable and 

operationally validated communication solutions for real-world disaster environments. 

4.3 Quantitative Analysis of Evaluation Methodologies 

The quantitative examination of evaluation methodologies plays a central role in addressing 

RQ1, as it enables a structured and empirically grounded assessment of how current research 

validates communication solutions within man-made disaster environments. Based on a 

curated dataset of 107 distinct studies, this section examines not only the distribution of 

validation approaches but also their methodological characteristics and broader analytical 

implications. The analysis is organized around four principal dimensions simulation-based 

evaluation, testbed experimentation, field deployment and cross-disciplinary validation 

thereby supporting a systematic investigation of how different validation strategies 

influence the robustness, reliability and transferability of research outcomes [15], [20]. 

From a quantitative perspective, the results reveal a clear methodological imbalance across 

these dimensions. Simulation-oriented approaches constitute the dominant validation 
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mechanism throughout the related literature, reflecting their widespread adoption as scalable 

and comparatively accessible experimentation environments. In contrast, testbed-based 

validation appears substantially less frequent, while field-oriented evaluation remains 

relatively limited. At the same time, cross-disciplinary approaches are well represented, 

highlighting the growing tendency in contemporary research to integrate multiple 

technological and organizational domains, including AI, IoT infrastructures, edge 

computing, and policy-oriented coordination frameworks. Collectively, these findings 

indicate that although methodological diversity exists across the field, it remains unevenly 

distributed, with strong preference toward approaches emphasizing flexibility, abstraction 

and analytical tractability over empirical realism. 

This distribution immediately reveals a broader structural asymmetry within the research 

landscape. While the conceptual and architectural sophistication of proposed 

communication solutions continues to increase, the corresponding depth of empirical 

validation does not keep pace. In practical terms, the field shows strong innovation at the 

design and modeling level, yet remains comparatively limited in operational verification 

and realistic deployment assessment. This imbalance establishes the foundation for a deeper 

investigation into the characteristics, strengths and methodological limitations associated 

with each evaluation paradigm. 

Simulation-based validation represents the most prevalent methodological approach across 

the dataset, primarily due to its flexibility, scalability, reproducibility and cost-effectiveness. 

Simulation environments allow researchers to model complex communication scenarios 

under controlled conditions while evaluating performance metrics such as latency, 

throughput, packet-delivery ratio, network coverage and resource utilization. However, an 

important observation emerging from the analysis is that simulation-based validation should 

not be interpreted as a homogeneous methodological category. Instead, it constitutes a 

fragmented ecosystem encompassing multiple analytical and experimental paradigms. 

This fragmentation is explicitly illustrated in Table 3, which summarizes representative 

simulation-oriented, analytical and data-driven evaluation environments. The table 

demonstrates that simulation-based validation spans several distinct subcategories, 

including standardized network simulators (e.g., OMNeT++), hybrid simulation 

environments integrating external cryptographic or optimization libraries, custom-built 

analytical and optimization models, formal mathematical formulations and dataset-driven 
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machine-learning evaluation frameworks. As a result, simulation-based validation within 

the related literature reflects not a single methodological tradition, but rather a broad 

spectrum of analytical practices operating at different levels of abstraction, realism and 

implementation complexity. 

Study Type Environment Category Metrics Reproducibility 

OMNeT++ 

Simulation [49] 

Standard 

Simulator 

Simulation Delay/Throughput High 

NS2 + 

MIRACL[18] 

Hybrid Simulation Execution Time Low 

ML UAV 

Optimization[50] 

Custom Model Custom Fairness/Throughput Low 

Analytical 

Model[48] 

Mathematical Analytical Latency/Blocking Low 

Dataset IDS[51] Kitsune/5G-

NIDD 

Data-driven Accuracy Medium 

Table 3 Simulation and Analytical Evaluation. 

This methodological diversity introduces a fundamental challenge for the evaluation 

landscape. Although standardized simulation environments such as OMNeT++ provide 

relatively high levels of reproducibility, transparency and experimental consistency, a 

substantial portion of  the related literature relies on custom-built or only partially specified 

simulation frameworks. These environments frequently exhibit limited reproducibility and 

reduced comparability across studies, making it difficult to establish consistent 

benchmarking conditions. At the same time, analytical models despite their mathematical 

rigor typically operate under highly simplified assumptions and therefore fail to capture 

broader system-level interactions and operational dynamics. Similarly, dataset-driven 

evaluation approaches, while effective for assessing specialized components such as 

intrusion-detection mechanisms or machine-learning classifiers, generally remain restricted 

to algorithm-level validation and do not adequately reflect full communication-system 

behavior under realistic disaster conditions. 

From the perspective of RQ1, these observations carry important implications. Although 

simulation-based validation dominates the related literature, it does not necessarily produce 

uniformly generalizable findings. Instead, simulation-oriented studies often generate 

context-dependent results that remain strongly influenced by underlying assumptions, 

model configurations, traffic-generation strategies, environmental abstractions and dataset 

characteristics. As a result, the external validity of simulation-based research remains 
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inherently constrained, particularly when considering the heterogeneous, dynamic and 

unpredictable nature of real disaster environments. 

In contrast, testbed-oriented and field-based validation approaches summarized in Table  4 

provide a fundamentally different category of empirical evidence. These methodologies 

involve the deployment and assessment of communication systems within physically 

instantiated, semi-operational, or fully operational environments, ranging from embedded 

LoRa mesh infrastructures to large-scale 5G-enabled UAV architectures and integrated 

search-and-rescue coordination platforms. Unlike purely simulated environments, such 

approaches expose systems to real implementation constraints, environmental variability, 

hardware dependencies, timing uncertainties and operational coordination challenges that 

cannot be fully reproduced through abstract modeling alone. 

System Validation 

Type 

Infrastructure Generalizability Complexity 

LoRa Mesh Testbed Embedded 

Nodes 

Technical Low 

SDN Multipath Testbed 

(Hybrid) 

ONOS, OVS, 

5G 

High Medium-High 

5G UAV 

Detection 

Field 5G + UAV Very High High 

X-IoCA SAR Field 5G + MEC + 

Robotics 

Very High Very High 

Table 4 Testbed and Field Validation. 

 

Table 4 highlights three critical characteristics associated with empirical validation 

methodologies. First, these approaches achieve substantially higher levels of 

generalizability, particularly in field-deployment scenarios where real operational 

conditions are partially or fully represented. Second, they involve progressively increasing 

levels of system complexity, ranging from relatively contained testbed configurations, such 

as embedded-node deployments, to highly integrated environments combining 5G 

infrastructures, MEC, robotics, sensing platforms and human operators. Third, these 

methodologies require significant infrastructure availability, coordination effort and 

resource investment, directly affecting both their scalability and their frequency of adoption 

within the related literature. 

These observations lead to an important structural insight: the limited prevalence of testbed-

oriented and field-based studies is not incidental but rather reflects inherent constraints 

related to technical complexity, implementation cost and operational feasibility. Unlike 
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simulation-based approaches, which can be executed within controlled and scalable 

environments, empirical validation requires coordination across heterogeneous 

technological ecosystems, including communication infrastructures, computing platforms, 

sensing systems and, in many cases, human participants operating under realistic conditions. 

The multi-system nature of such environments substantially increases both implementation 

difficulty and operational overhead. 

As a result, a fundamental trade-off emerges between validation realism and methodological 

feasibility. Simulation-based approaches provide scalability, flexibility and cost efficiency 

but remain constrained in terms of realism and external validity. Testbed-oriented 

methodologies offer improved implementation realism while still facing limitations related 

to scale, interoperability and environmental complexity. Field-based validation provides the 

strongest form of operational generalizability but remains exceptionally difficult to 

implement systematically in practice. This trade-off largely explains the observed 

dominance of simulation-oriented methodologies and the comparatively limited adoption of 

higher-realism validation approaches throughout the related literature. 

Another important dimension emerging from the analysis concerns the prevalence of cross-

disciplinary methodologies, which achieve the highest average score among all evaluation 

categories. This observation reflects the increasing integration of multiple technological and 

organizational domains within modern emergency communication systems. However, the 

analysis further reveals that this architectural and conceptual integration is not consistently 

accompanied by equivalent validation depth. Many studies propose sophisticated multi-

domain architectures and orchestration frameworks while evaluating them through 

simplified, partially abstracted, or narrowly scoped validation environments. As a result, the 

practical generalizability of these integrated solutions often remains limited despite their 

conceptual sophistication. 

Taken together, these findings suggest that the evaluation ecosystem within disaster 

communication research can be understood as a structured yet fundamentally imbalanced 

methodological landscape. Simulation-oriented methodologies dominate because of their 

practicality, scalability and accessibility, although they simultaneously suffer from 

fragmentation and limited standardization. In contrast, testbed and field-oriented approaches 

provide substantially higher levels of realism and operational generalizability but remain 

constrained by implementation complexity, infrastructure requirements and cost. Analytical 
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and data-driven methodologies contribute valuable theoretical and algorithmic insights, yet 

they generally remain restricted to partial, subsystem-level, or component-oriented 

validation. 

From the perspective of RQ1, these observations lead to a clear evidence-based conclusion. 

The dominant evaluation methodologies within the field primarily simulation, analytical 

modeling and data-driven approaches enable controlled experimentation and scalable 

analytical exploration but impose important limitations on the generalizability of reported 

findings. Conversely, methodologies capable of providing stronger empirical evidence and 

higher operational realism, namely testbed and field-based validation approaches, remain 

significantly underutilized because of structural, technical and economic constraints. 

4.4 Final Answer to RQ1 

The analysis conducted in this study provides a clear and evidence-based answer to RQ1, 

addressing both the dominant evaluation methodologies used for validating communication 

solutions in man-made disaster scenarios and the extent to which these methodologies 

influence the generalizability of research findings. 

First, regarding the dominant evaluation paradigms, the results demonstrate that simulation-

based validation constitutes the prevailing methodological approach across the related 

literature. This dominance is primarily driven by the inherent advantages of simulation 

environments, including flexibility, scalability, cost efficiency, reproducibility and the 

ability to model complex communication scenarios under controlled conditions. Alongside 

simulation-oriented approaches, analytical modeling and data-driven methodologies 

particularly machine-learning-based evaluations and benchmark-dataset analyses are also 

widely employed, frequently serving as complementary mechanisms for assessing specific 

system components or isolated performance metrics. In contrast, testbed-oriented validation 

and field deployments remain significantly underrepresented despite their substantially 

greater potential for providing operationally grounded and empirically realistic evidence. 

However, the findings extend beyond the simple identification of dominant methodologies 

and reveal a more fundamental structural issue within the evaluation landscape. Simulation-

based validation should not be interpreted as a homogeneous or standardized 

methodological paradigm. Instead, it represents a fragmented ecosystem encompassing 

standardized simulation frameworks, custom-built computational environments, analytical 

abstractions, optimization-based models and dataset-driven evaluation pipelines. The 
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absence of methodological consistency across these approaches limits reproducibility, 

complicates cross-study comparability and reduces the cumulative integration of scientific 

knowledge. As a result, although simulation-based methodologies dominate the field 

quantitatively, their findings frequently remain highly context-dependent and difficult to 

generalize across heterogeneous disaster environments. 

More importantly, the analysis demonstrates that the selection of evaluation methodology 

exerts a direct and decisive influence on the generalizability of research outcomes. 

Simulation-based and analytical methodologies, while highly effective for controlled 

experimentation, rapid prototyping and scalable analytical exploration, primarily support 

technical or analytical forms of generalizability. In other words, their conclusions generally 

remain valid within the assumptions, abstractions and constraints of the modeled 

environment. However, such methodologies often fail to capture the broader complexity, 

uncertainty, environmental variability and operational unpredictability associated with real-

world disaster conditions. 

By comparison, testbed-oriented and field-based validation methodologies provide 

substantially higher levels of empirical and institutional generalizability. By incorporating 

real hardware infrastructures, dynamic network conditions, physical deployment 

constraints, and, in some cases, human operators and inter-agency coordination processes, 

these approaches offer a considerably more realistic representation of operational system 

behavior. Nevertheless, their adoption remains limited because of high implementation 

complexity, multi-system integration requirements, infrastructure dependencies and 

substantial economic cost. These limitations directly constrain both scalability and 

methodological feasibility across large-scale research efforts. 

Taken together, these findings reveal the existence of a fundamental structural trade-off 

between validation realism and practical feasibility. Simulation-oriented methodologies 

dominate because they remain scalable, accessible and comparatively cost-efficient, 

whereas high-realism validation approaches remain relatively scarce because they are 

operationally demanding and resource intensive. As a consequence, the related literature 

remains concentrated within intermediate levels of validation maturity, with only a limited 

number of studies progressing toward fully empirical and operationally realistic validation 

environments. 
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As a direct outcome of this imbalance, the analysis identifies a broader Generalizability Gap, 

defined as the discrepancy between the theoretically demonstrated performance of proposed 

communication solutions and their empirically validated behavior under realistic disaster 

conditions. This gap is driven primarily by two interconnected factors: 

 (i) the fragmentation and limited standardization of simulation-based evaluation 

methodologies and 

 (ii) the comparatively limited adoption of testbed-oriented and field-based validation 

approaches. 
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5. RQ2 Integration of Advanced Paradigms in Emergency 

Communication Systems 

This chapter investigates how recent research integrates advanced technological paradigms 

into emergency communication systems, moving beyond isolated innovations toward 

cohesive and multi-layered communication architectures. Using a structured meta-analytical 

methodology, the study systematically examines a curated corpus of contemporary research 

through a multi-dimensional feature-extraction framework capturing paradigm type, 

integration depth, architectural role and operational maturity. 

The analysis identifies five dominant paradigm categories: AI-native intelligent systems, 

resilient communication infrastructures, secure and trustworthy integration frameworks, 

cyber-physical mission-critical ecosystems and sustainable smart-city integration models. 

Quantitative findings reveal a clear transition toward multi-paradigm and system-of-systems 

architectures, with AI, MEC and NTN emerging as central technological enablers. Co-

occurrence analysis further highlights recurring convergence patterns, including AI–MEC 

orchestration, UAV–NTN-enabled resilience, blockchain-secured unmanned-system 

coordination and IoT–digital twin cyber-physical integration. 

The findings demonstrate that advanced paradigms are increasingly integrated across 

architectural, functional and operational dimensions, enabling adaptive, service-aware and 

resilient communication ecosystems. These integrated systems support real-time decision-

making, maintain connectivity under degraded or infrastructure-disrupted conditions and 

facilitate coordinated sensing, orchestration and control within highly dynamic operational 

environments. At the same time, the analysis identifies important trade-offs associated with 

architectural complexity, cybersecurity, interoperability and resource management, 

emphasizing the need for balanced and operationally sustainable design strategies. 

Overall, the chapter demonstrates that modern emergency communication systems are 

progressively evolving into intelligent and tightly integrated ecosystems unifying 

communication, computation, sensing and physical interaction within a common 

operational framework. In doing so, the analysis provides a comprehensive answer to the 

research question while simultaneously establishing a conceptual foundation for future 

system design, large-scale operational integration and emerging standardization efforts. 
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5.1 Methodological Framework 

The present study adopts a structured meta-analytical framework to systematically 

investigate the integration of advanced technological paradigms within emergency 

communication systems. The dataset consists of a curated corpus of peer-reviewed studies 

collected and evaluated through an incremental analytical process. Each contribution was 

selected according to strict relevance criteria aligned with the research question, ensuring 

that it explicitly addresses the incorporation of at least one advanced technological paradigm 

within a communication architecture designed for mission-critical or disaster-related 

environments. 

Unlike conventional survey-oriented approaches that primarily rely on descriptive 

aggregation, the dataset construction process follows a controlled inclusion strategy 

grounded in functional integration relevance. More specifically, studies were included only 

if they demonstrated the operational role of advanced paradigms such as AI, MEC, NTN, 

blockchain or cyber-physical components within an integrated communication-system 

architecture [25], [47], [52]. Purely theoretical works lacking system-level implications, as 

well as studies focusing exclusively on isolated protocol optimization without broader 

integration context, were excluded in order to preserve analytical consistency and 

architectural comparability across the dataset. 

A defining characteristic of the dataset is its multi-domain heterogeneity, encompassing 

applications related to disaster response, public safety communications, search-and-rescue 

operations, smart-city infrastructures and military-grade communication systems [31]. This 

diversity enables a comprehensive examination of integration patterns across heterogeneous 

operational environments while maintaining a unified analytical perspective. 

Importantly, the dataset also reflects the broader methodological limitations characterizing 

the field. Prior large-scale studies have demonstrated that validation practices in wireless 

communication research remain significantly imbalanced, with only a limited fraction of 

studies achieving complete validation pipelines and experimentally reproducible results. 

These limitations directly affect the interpretability and generalizability of reported findings. 

As a result, the present study deliberately shifts the analytical focus away from validation 

fidelity as the primary unit of assessment and instead emphasizes integration behavior and 

paradigm interaction as the central analytical perspective. This positioning enables the 

extraction of robust architectural and systemic insights even with heterogeneous and 
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partially non-reproducible validation methodologies, extending beyond traditional 

evaluation-centric analytical approaches. 

To support systematic analysis, each study in the dataset was evaluated using a multi-

dimensional feature-extraction framework specifically designed to capture the role, 

interaction and integration depth of advanced paradigms within communication systems. 

The framework is implemented through a structured data schema in which each study is 

encoded across a standardized set of analytical attributes. 

At the core of the framework lies the identification of technological paradigms. Each study 

is annotated using a multi-label representation covering major technological domains, 

including AI and machine learning, ISAC, UAV, NTN, MEC, blockchain, IoT and cyber-

physical systems (CPS), digital twins, robotics, security mechanisms, network slicing and 

SDN/NFV architectures [40], [53]. This approach enables the simultaneous capture of both 

dominant and supporting technological paradigms within each contribution. 

In addition to paradigm identification, the framework quantifies the level of technological 

integration. This is achieved by examining the number and interaction of coexisting 

paradigms within each study and mapping them onto an integration scale distinguishing 

between single-paradigm solutions, multi-paradigm integrations and broader system-of-

systems architectures. This dimension is particularly important for determining whether a 

contribution represents an isolated technological enhancement or participates in a 

coordinated and intelligent communication ecosystem. 

The architectural role of each contribution is further characterized through mapping to 

specific system layers, including physical infrastructure, network mechanisms, system-level 

orchestration, application-layer functionality and cross-layer architectural designs. This 

classification supports identifying where integration occurs within the communication stack 

while also enabling analysis of inter-layer dependencies and orchestration behavior. 

Operational maturity constitutes another major analytical dimension. Each study is 

categorized according to its validation level, ranging from conceptual proposals and 

simulation-based analyses to prototype implementations and real-world operational 

deployments. This distinction differentiates emerging conceptual approaches from 

practically validated communication architectures. 

To capture the degree of intelligence and security embedded within each system, additional 

analytical indices are introduced. The AI integration index reflects the depth of embedded 
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intelligence, ranging from basic machine-learning assistance to fully autonomous and 

adaptive decision-making systems. Similarly, the security index quantifies the presence and 

sophistication of protection mechanisms, including intrusion-detection systems, 

cryptographic frameworks, trust-management architectures and blockchain-enabled 

security mechanisms. Finally, each study is annotated according to its target application 

domain, including disaster response, public safety operations, smart-city services, search-

and-rescue coordination and military communication scenarios. This dimension enables the 

contextual interpretation of technological choices within distinct operational environments. 

Building upon these extracted features, the study introduces a formalized scoring framework 

designed to evaluate the relative contribution and architectural significance of each research 

work. Unlike traditional evaluation metrics primarily centered on performance outcomes, 

the proposed framework focuses on integration quality, systemic coordination and 

architectural convergence, thereby providing a more appropriate analytical basis for 

examining paradigm interaction within emergency communication systems. Each study is 

evaluated across five core dimensions: 

• Integration Depth (D₁): Measures the degree to which identified paradigms 

are structurally embedded within the system, distinguishing between superficial 

inclusion and tightly coupled architectures. 

• System-Level Integration (D₂): Assesses whether the contribution operates 

at component level or proposes a coordinated, end-to-end system architecture. 

• Operational Relevance (D₃): Captures the applicability of the proposed 

solution to real-world emergency or mission-critical scenarios. 

• Validation Strength (D₄): Reflects the robustness of the evaluation 

methodology, incorporating simulation fidelity, experimental validation and 

deployment realism. 

• Cross-Paradigm Synergy (D₅): Quantifies the extent to which multiple 

paradigms interact to produce emergent system capabilities. 

Each dimension is normalized on a bounded scale: 

 

The aggregate score SS for each study is computed as a weighted combination: 
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Where wi represents the relative importance of each dimension. In the absence of domain-

specific bias, equal weighting is initially assumed: 

 

However, the framework remains extensible and allows adaptive weighting in future 

analytical extensions, enabling emphasis on specific perspectives such as system-level 

orchestration, operational realism, or validation maturity. 

An important refinement of the scoring methodology concerns the controlled influence of 

validation strength. Given the well-documented reproducibility limitations associated with 

experimental communication-system research where only a limited fraction of studies 

provide fully replicable results the contribution of D4 is intentionally bounded to prevent 

disproportionate weighting of potentially non-reproducible experimental claims. This 

adjustment ensures that studies are evaluated primarily according to their architectural, 

systemic and functional contributions rather than solely on the perceived sophistication of 

their validation environments. 

Based on the aggregate score, studies are categorized into three tiers: 

• Flagship Contributions (S ≥ 4.0): Represent fully integrated, high-impact 

architectures with strong cross-paradigm synergy. 

• Core Contributions (2.5 ≤ S < 4.0): Provide substantial advancements 

within specific integration dimensions. 

• Supporting Contributions (S < 2.5): Offer conceptual, domain-specific, or 

incremental insights. 

This classification enables a structured interpretation of the dataset while supporting both 

quantitative ranking and qualitative synthesis. This structured representation also enables 

statistical aggregation techniques to identify broader trends in paradigm integration. The 

analysis operates across multiple dimensions, including paradigm frequency, integration 

complexity, architectural distribution, operational maturity and domain-specific deployment 

characteristics. A central component of the analysis involves the identification of co-

occurrence patterns, defined as the joint presence of multiple paradigms within the same 

study. These patterns are represented through a co-occurrence matrix in which each entry 
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captures the frequency with which two paradigms appear together. This representation 

enables the identification of dominant integration clusters and reveals recurring 

technological convergence patterns across the related literature. 

In parallel, integration complexity is examined through analysis of the number of paradigms 

embedded within individual studies. This enables identification of broader systemic 

transitions, including the evolution from isolated technological solutions toward 

coordinated multi-paradigm ecosystems and system-of-systems architectures. Architectural 

distribution is evaluated by aggregating across system layers, identifying the dominant loci 

of integration within the communication stack. This analysis reveals whether integration 

primarily occurs at infrastructure level, within orchestration mechanisms, or at the 

application layer. 

Operational maturity is incorporated as a secondary aggregation dimension, providing 

additional insight into the developmental trajectory of the field. However, consistent with 

the methodological positioning of the study, maturity is interpreted alongside integration 

characteristics rather than as an isolated indicator of contribution quality. 

Collectively, these aggregation techniques support a comprehensive quantitative 

characterization of the dataset and establish the empirical foundation for the taxonomy 

structures and convergence patterns developed throughout the following sections. 

Despite its structured design, the proposed methodology remains subject to several 

limitations. First, the classification and scoring processes involve a degree of expert 

judgment, particularly in the assignment of paradigm roles, integration depth and cross-

paradigm synergy. Although predefined analytical criteria are employed to maintain 

consistency, some level of interpretative subjectivity remains unavoidable in qualitative 

meta-analysis. 

Second, although extensive, the dataset is not exhaustive and remains constrained by the 

selected literature corpus analyzed within the study. As a result, emerging contributions or 

highly specialized domain-specific works may not be fully represented. This limitation is 

inherent to all large-scale meta-analytical approaches and is partially mitigated through the 

diversity and breadth of the selected dataset. 

Third, the abstraction of complex communication-system architectures into discrete 

analytical categories and numerical scores necessarily introduces a degree of simplification. 
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While this abstraction is required for comparative analysis, it may not fully capture nuanced 

architectural distinctions, particularly within highly heterogeneous or experimental systems. 

Finally, the broader research landscape itself remains constrained by persistent issues related 

to validation realism and reproducibility. Experimental studies frequently rely on custom-

built testbeds with limited reproducibility, while simulation-based approaches cannot fully 

capture the uncertainty and operational variability of real-world disaster conditions. These 

limitations affect the interpretability of validation outcomes and further reinforce the need 

for alternative analytical perspectives centered on integration behavior and systemic 

convergence rather than evaluation methodology alone. 

5.2 Taxonomy of Advanced Paradigms 

Building upon the methodological framework introduced in Section 5.1, this section 

develops a comprehensive taxonomy of the advanced paradigms integrated within 

emergency communication systems. Unlike conventional classifications that merely 

enumerate technological domains, the proposed taxonomy is derived directly from the 

structured scoring and feature-extraction process applied to the RQ2 dataset. As a result, the 

taxonomy reflects measurable patterns of paradigm presence, architectural integration, 

operational relevance and cross-paradigm synergy rather than subjective or purely 

descriptive categorization. 

The dataset currently consists of 107 studies, of which 80 have been fully evaluated across 

the five core analytical dimensions, while 79 include complete maturity characterization. 

Although the dataset remains under incremental refinement, the size and diversity of the 

scored subset are sufficient to reveal statistically stable and analytically meaningful trends. 

The taxonomy presented in this section can therefore be considered both data-driven and 

broadly representative of the current research landscape. 

The quantitative analysis demonstrates that paradigm integration is not uniformly 

distributed across the related literature. Instead, the field exhibits a clear hierarchical 

structure in which certain paradigms function as foundational architectural enablers, 

whereas others operate as complementary, domain-specific, or specialized integration 

components [25], [54]. This hierarchical organization reflects the broader evolution of 

emergency communication systems from isolated technological solutions toward 

coordinated and layered communication ecosystems. 
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The dominant technological family within the dataset is associated with 5G/6G 

infrastructures, PPDR systems and mission-critical communication architectures, appearing 

in approximately 57.9% of the analyzed studies. This finding confirms that next-generation 

mobile communication infrastructures now constitute the primary architectural backbone of 

modern emergency communication systems [17], [31], [54]. These technologies provide the 

foundational connectivity layer enabling URLLC, network slicing, service prioritization and 

adaptive support for mission-critical traffic management. 

The second most prevalent category includes IoT, wireless sensor network (WSN) and 

sensing-oriented systems, appearing in approximately 36.4% of the dataset. These 

paradigms collectively form the data-acquisition and environmental-awareness layer of 

modern emergency communication architectures, enabling real-time monitoring, 

infrastructure assessment, distributed sensing and situational-awareness generation. Their 

strong presence reflects the increasing transition toward data-centric and context-aware 

operational decision-making processes. 

AI and machine-learning paradigms appear in approximately 27.1% of the analyzed studies. 

This observation is particularly important because it reflects the ongoing transition from 

static communication infrastructures toward adaptive, intelligent and partially autonomous 

communication ecosystems. AI-driven approaches are increasingly employed for network 

optimization, anomaly detection, predictive analytics, autonomous orchestration and 

decision-support functions operating across multiple system layers [50], [55]. 

MEC and cloud-oriented paradigms appear in approximately 24.3% of the dataset. These 

technologies enable distributed computational capabilities closer to the operational 

environment, thereby reducing latency, improving responsiveness and supporting localized 

decision-making processes. Their role becomes especially critical in emergency scenarios 

where centralized infrastructure may be degraded, unavailable, or operationally unreliable. 

UAV-enabled and drone-assisted communication systems [23], [49], [57] appear in 

approximately 22.4% of the analyzed studies . These paradigms provide highly flexible and 

rapidly deployable communication platforms capable of restoring connectivity, extending 

network coverage and supporting temporary infrastructure deployment within disaster-

affected environments. Their growing integration highlights the increasing importance of 

mobility, spatial adaptability and dynamic topology management within modern emergency 

communication architectures. 
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More specialized technological paradigms include NTN, satellite, and SAGIN architectures 

[58], [59], together with security-oriented mechanisms, each appearing in approximately 

14.0% of the dataset. These technologies extend the capabilities of conventional terrestrial 

networks by providing alternative connectivity mechanisms in scenarios where existing 

communication infrastructure is damaged, overloaded, or unavailable. In particular, the 

integration of terrestrial, aerial, and satellite communication layers contributes to broader 

coverage and greater architectural flexibility, which are especially important in 

geographically dispersed or infrastructure-constrained disaster environments. 

Blockchain-based trust frameworks account for approximately 8.4% of the studies. 

Although less frequently represented, these approaches address important requirements 

related to decentralized trust, secure information exchange, data integrity, and coordination 

among multiple entities operating within heterogeneous emergency-response ecosystems. 

Similarly, SDN/NFV architectures and network-slicing mechanisms appear in 

approximately 9.3% of the dataset. Their presence reflects growing interest in 

programmable and dynamically configurable network infrastructures capable of adapting 

communication resources and services according to changing operational requirements and 

mission-critical priorities. 

Finally, digital twin, CPS, and robotics-oriented paradigms appear in approximately 6.5% 

of the corpus. These technologies introduce additional capabilities for system monitoring, 

modeling, automation, and interaction between physical and digital environments. Their 

integration may support improved situational awareness, coordinated decision-making, and 

more adaptive management of complex emergency operations. 

Although these specialized paradigms remain comparatively less frequent than more 

established technologies, their role is strategically significant. Collectively, they contribute 

to enhancing network resilience, distributed trust, orchestration flexibility, system security, 

and coordinated operational control. Their presence also indicates a broader evolution of 

emergency communication research toward increasingly heterogeneous, programmable, 

and interconnected architectures capable of supporting highly dynamic and demanding 

disaster-response environments. 
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Figure 30 Frequency Distribution in RQ2 Dataset. 

Figure 30 illustrates the frequency distribution of advanced paradigms across the RQ2 

dataset, providing a quantitative overview of the contemporary technological landscape 

within emergency communication research. The figure clearly confirms the dominance of 

5G/6G-oriented architectures, which significantly exceed all other paradigm categories in 

terms of frequency. This observation indicates that modern emergency communication 

systems are increasingly structured around next-generation connectivity infrastructures 

serving as the primary architectural backbone for paradigm integration. Rather than 

operating as isolated communication technologies, these infrastructures function as 

foundational integration platforms upon which additional intelligent, distributed and 

adaptive capabilities are deployed. 

A second cluster of paradigms including IoT/WSN systems, AI/ML mechanisms, MEC and 

UAV-assisted communication architectures forms a dense intermediate tier with frequencies 

ranging approximately between 20% and 40% of the dataset. Collectively, this cluster 

represents the functional and operational core of integrated emergency communication 

ecosystems. Each paradigm contributes a distinct systemic capability: IoT and WSN 
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infrastructures provide distributed sensing and environmental awareness, AI/ML paradigms 

enable intelligent orchestration and predictive decision-making, MEC architectures support 

low-latency distributed computation, while UAV-enabled systems introduce mobility, 

spatial adaptability and rapidly deployable connectivity. 

The lower-frequency paradigms including blockchain-based trust frameworks, SDN/NFV 

architectures and digital-twin-oriented systems form a more specialized integration layer 

primarily associated with enhancing security, programmability, virtualization, orchestration 

flexibility and simulation-driven operational awareness. Although these paradigms appear 

less frequently across the dataset, they are often associated with comparatively higher 

integration-complexity scores, suggesting that their architectural impact is 

disproportionately significant relative to their quantitative representation within the related 

literature. 

Taken together, the figure demonstrates that modern emergency communication systems 

are no longer organized around a single dominant technological paradigm. Instead, they 

increasingly emerge as layered and interdependent ecosystems in which multiple paradigms 

interact to provide complementary operational capabilities. This transition reflects a broader 

shift from isolated communication infrastructures toward integrated, intelligent and system-

of-systems architectures capable of supporting adaptive coordination, resilient connectivity 

and distributed operational decision-making under highly dynamic disaster conditions. 

5.3 Functional Taxonomy of Advanced Paradigms 

Building upon the statistical analysis and paradigm distribution presented in the previous 

sections, this subsection develops a functional taxonomy of advanced paradigms integrated 

within emergency communication systems. The objective is not to classify technologies 

according to their standalone characteristics, but rather to organize them based on their 

operational role within complex and interconnected communication architectures. 

The taxonomy is derived directly from the RQ2 dataset and reflects observed patterns of 

technological integration, paradigm co-occurrence and system-level contribution. 

Consequently, it captures how paradigms operate within real architectural ecosystems rather 

than how they are described in isolation at conceptual level. This distinction is particularly 

important because modern emergency communication systems are increasingly shaped by 

interactions across multiple technological layers rather than by the isolated behavior of 

individual components. 
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A central observation emerging from the dataset is that high-maturity communication 

systems rarely depend on a single technological paradigm. Instead, advanced architectures 

increasingly integrate multiple complementary technologies to address the diverse 

operational requirements of disaster and mission-critical environments. These requirements 

include resilient and continuous connectivity, distributed computation, intelligent resource 

orchestration, environmental sensing, adaptive coordination, and security assurance. The 

combination of these capabilities enables communication systems to respond more 

effectively to rapidly changing conditions, infrastructure disruption, heterogeneous network 

resources, and fluctuating service demands. 

This convergence-oriented design pattern reflects a broader transition from isolated and 

technology-specific communication infrastructures toward integrated system-of-systems 

communication ecosystems. Within these environments, individual technologies are no 

longer considered independent solutions but rather interconnected components that 

contribute different capabilities to the overall architecture. For example, communication, 

computing, sensing, and orchestration mechanisms may operate jointly to improve network 

adaptability, situational awareness, resource allocation, and service continuity. 

Consequently, technological convergence becomes an important architectural principle for 

supporting the complexity and dynamic nature of modern emergency-response operations. 

As a result, the proposed taxonomy is structured around five functional categories, each 

representing a distinct architectural and operational role within the broader communication 

ecosystem. This functional organization provides a systematic framework for examining 

how different technological paradigms contribute to specific communication requirements 

while also identifying their relationships within integrated architectures. Rather than 

functioning as mutually exclusive classes, these categories frequently interact and overlap, 

reflecting the inherently heterogeneous nature of modern emergency communication 

systems. 

Collectively, the five categories illustrate how different technological capabilities can be 

combined to support adaptive, resilient, secure, and intelligent emergency communication 

environments. The taxonomy therefore captures not only the individual contribution of each 

technological paradigm but also the increasing importance of their functional integration 

within next-generation disaster communication architectures. 
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Figure 31 Functional Taxonomy of Paradigms. Source: Author's own analysis and functional 

taxonomy derived from the systematic review dataset (RQ2). 

5.3.1 AI-Native Intelligent Communication Systems 

The first functional category concerns AI-native intelligent communication systems. Within 

the current dataset, AI/ML-related paradigms appear in approximately 27.1% of the 

analyzed studies. Although this does not position AI as the most numerically dominant 

paradigm, its architectural influence extends far beyond simple frequency representation. 

AI emerges as one of the most transformative elements in the evolution of modern 

emergency communication systems because, unlike traditional communication technologies 

operating as isolated functional modules, it functions as a pervasive enabling layer 

embedded across multiple architectural components. Through this role, AI supports network 

optimization, predictive analytics, autonomous decision-making, adaptive resource 

management and intelligent orchestration, fundamentally redefining how emergency 

communication systems behave under dynamic and uncertain operational conditions [50], 

[60], [61]. 

The scored dataset strongly supports this interpretation. Studies integrating AI-related 

paradigms consistently achieve high scores within the innovation and cross-paradigm 

synergy dimension, with an average value of approximately 3.94/5 across the evaluated 

corpus. This observation is not incidental, rather, it reflects a defining characteristic of AI-
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native architectures. AI is rarely deployed as an isolated subsystem. Instead, it is typically 

embedded within broader communication ecosystems and integrated alongside 

complementary paradigms such as MEC, UAV-assisted networking, IoT sensing 

infrastructures, network-slicing mechanisms and cloud-oriented orchestration frameworks. 

Within these architectures, AI effectively operates as the cognitive layer of the 

communication system. It interprets environmental and network conditions, predicts 

demand patterns, detects anomalies, dynamically allocates resources and supports mission-

level decision-making processes under rapidly evolving operational constraints. 

A particularly important conceptual distinction emerging from the dataset is the difference 

between algorithmic AI and architectural AI. Algorithmic AI refers to the application of 

machine-learning techniques for solving narrowly scoped operational tasks, including 

traffic prediction, signal classification, congestion estimation, or disaster-event detection. 

While operationally valuable, this form of AI does not fundamentally alter the architecture 

of the communication system itself. Architectural AI, by contrast, is deeply embedded in 

the system's control and orchestration logic. It directly influences how communication 

infrastructures react, adapt, coordinate and evolve in response to changing environmental 

and operational conditions. This distinction is especially important for addressing RQ2 

because the chapter's analytical focus is system-level integration rather than isolated 

performance optimization. Through architectural AI, communication infrastructures evolve 

from static and preconfigured entities into adaptive, context-aware and partially autonomous 

communication ecosystems. 

This capability becomes particularly critical within disaster response and mission-critical 

operational environments. Emergency communication systems function under conditions 

characterized by uncertainty, instability, infrastructure degradation and rapidly shifting 

operational priorities. Communication demand may fluctuate unpredictably, network 

infrastructure may be partially damaged or entirely unavailable and mission requirements 

may evolve in real time. Under such conditions, static communication models become 

operationally insufficient. AI-native systems address these limitations by introducing 

adaptive and self-organizing mechanisms, including predictive resource allocation, 

automated service prioritization, intelligent routing strategies, anomaly-detection 

frameworks and self-healing network behaviors capable of recovering from failures without 

continuous human intervention. 
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The integration of AI with complementary paradigms further amplifies its systemic impact. 

When integrated with MEC [62], [63], AI models can be deployed closer to the operational 

environment, thereby reducing latency and enabling real-time decision-making at the 

network edge an essential capability when centralized cloud infrastructure becomes 

inaccessible or unreliable. When integrated with UAV/UAS platforms [64]. AI enables 

trajectory optimization, relay positioning, adaptive coverage management and intelligent 

handover coordination. Within NTN environments. AI contributes to dynamic link 

selection, adaptive backhaul optimization and intelligent routing across heterogeneous 

communication layers. These integration patterns are explicitly illustrated in Figure 31, 

which presents the co-occurrence relationships between AI and other technological 

paradigms across the dataset [60]. 

The figure demonstrates that the strongest associations emerge between AI and 5G-oriented 

communication infrastructures, followed closely by AI integration with MEC and IoT 

ecosystems. This observation confirms that AI is primarily embedded within high-capacity 

communication environments and data-intensive sensing architectures. The comparatively 

strong co-occurrence between AI and UAV-enabled systems further highlights the role of 

AI in supporting mobility-aware, adaptive and topology-dynamic communication strategies. 

By contrast, the comparatively lower frequency of AI integration with security-oriented 

mechanisms suggests that, although AI possesses substantial potential within this domain, 

its convergence with trust-management and cybersecurity architectures remains 

comparatively less mature across the current research landscape. 

 

Figure 32 AI Co-occurrence Patterns in RQ2 Dataset. 
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The interpretation of Figure 32 reinforces a central insight emerging from the dataset: AI 

does not operate as an isolated technological component but rather as a coordination and 

orchestration mechanism spanning multiple layers of the communication architecture. Its 

strongest interactions occur with paradigms that either provide large-scale contextual data 

input, such as IoT and sensing infrastructures, or supply distributed computational support, 

such as MEC and cloud-oriented platforms. This integration behavior confirms that AI 

functions as a unifying architectural layer linking sensing, computation and communication 

into a coherent and adaptive operational ecosystem. 

Consequently, AI-native communication systems should not be interpreted merely as 

communication platforms that incorporate machine-learning functionality. Such an 

interpretation would significantly underestimate their broader architectural significance. 

Their primary contribution lies in enabling the transition from manually configured and 

statically managed communication infrastructures toward adaptive, context-aware and 

partially autonomous emergency communication ecosystems. These systems are capable of 

continuously learning from environmental and operational conditions, anticipating evolving 

demands, dynamically reallocating resources and adapting communication behavior in 

response to changing mission requirements. 

This transformation represents a fundamental shift in the design philosophy of emergency 

communication systems. Traditional communication architectures are primarily reactive, 

operating according to predefined configurations and static optimization policies. By 

contrast, AI-native architectures introduce proactive and intelligent operational behavior 

capable of functioning effectively under uncertainty, infrastructure degradation and rapidly 

changing environmental conditions. In this sense, AI no longer acts solely as an auxiliary 

optimization mechanism but increasingly becomes embedded within the core operational 

logic of the communication ecosystem itself. 

As a result, AI-native systems are a foundational pillar of next-generation emergency 

communication design and play a central role in the broader paradigm-convergence 

landscape examined throughout this chapter. More broadly, their emergence reflects the 

ongoing transition from communication-centric infrastructures toward intelligent and self-

adaptive operational ecosystems integrating connectivity, computation, sensing, 

orchestration and autonomous decision-making within a unified architectural framework. 
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5.3.2 Resilient Communication Infrastructures  

The second functional category concerns resilient communication infrastructures. This 

category represents the most quantitatively dominant component of the proposed taxonomy, 

encompassing a broad spectrum of paradigms including 5G/6G architectures, PPDR 

communication systems, MEC, UAS, NTN, SDN, network slicing, multi-connectivity 

mechanisms and deployable communication infrastructures. Within the current dataset, 

5G/6G and PPDR-oriented architectures appear in approximately 57.9% of the analyzed 

studies, confirming that next-generation mobile communication systems constitute the 

primary technological backbone of contemporary emergency communication research. 

In this context, resilience extends far beyond conventional notions of redundancy  [47], [48]. 

Rather than representing a single technical capability, resilience should be understood as a 

systemic architectural property describing the ability of a communication ecosystem to 

maintain, restore, adapt, or dynamically reconfigure operational services under degraded, 

uncertain, or rapidly evolving conditions. Such conditions may include infrastructure 

destruction, network congestion, partial connectivity loss, environmental instability, or 

continuously changing mission requirements. Consequently, resilience emerges through the 

coordinated interaction of multiple architectural mechanisms, including adaptive resource 

allocation, service prioritization, distributed processing, flexible deployment strategies, 

alternative backhaul solutions, aerial relay infrastructures and programmable network 

orchestration. 

A central component of this category involves the integration of mobile edge computing, 

edge-oriented architectures and cloud-based infrastructures, which collectively appear in 

approximately 24.3% of the dataset. Their importance derives from relocating 

computational and orchestration capabilities closer to the operational environment. In 

emergency scenarios, strict latency constraints and unstable connectivity may render 

centralized cloud processing insufficient. Edge-oriented paradigms address these limitations 

through localized data processing, real-time analytics, distributed intelligence and low-

latency decision-making with reduced dependence on distant core-network infrastructure 

[56], [62]. This enables communication systems to maintain operational continuity even 

when connectivity to centralized services becomes degraded or unavailable. 

Closely associated with this capability is the integration of UAV/UAS-enabled and drone-

assisted communication systems, appearing in approximately 22.4% of the studies analyzed. 
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These paradigms provide deployable and topology-adaptive communication nodes capable 

of rapidly extending or restoring connectivity in disaster-affected environments, particularly 

when terrestrial infrastructure is damaged or inaccessible. UAV-based platforms may 

operate as aerial base stations, relay nodes, distributed sensing units or temporary 

communication backbones [23], [49], [65]. Their effectiveness can be further enhanced 

through integration with 5G/6G, edge computing, AI and non-terrestrial communication 

architectures. 

Non-terrestrial networking paradigms, including satellite communication systems and 

SAGIN architectures, appear in approximately 14.0% of the dataset. Although less frequent 

than terrestrial infrastructures, they remain strategically important. These paradigms extend 

connectivity to remote regions, maritime environments and large-scale disaster zones where 

terrestrial infrastructure may be compromised. They also provide alternative communication 

pathways during terrestrial-network failures, contributing to system resilience, continuity 

and survivability [58], [66]. 

Figure 33 illustrates the distribution and interaction of the principal technological 

components supporting resilient communication infrastructures across the analyzed dataset. 

 

 

Figure 33 Resilient Communication Infrastructure Components in RQ2 Dataset. 
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The figure clearly illustrates the dominance of 5G/6G and PPDR-oriented architectures, 

which significantly exceed all other components in terms of frequency. This observation 

confirms that resilience in modern emergency communication systems is fundamentally 

anchored in advanced mobile communication infrastructures. These technologies form the 

primary connectivity substrate upon which adaptive and mission-critical communication 

capabilities are constructed. The second tier of components, including MEC/edge paradigms 

and UAV-enabled systems, forms a strong supporting layer that enhances deployment 

flexibility, distributed intelligence and operational adaptability. Their comparatively high 

frequency indicates that resilience is increasingly achieved through decentralization, 

mobility and dynamic orchestration rather than through static infrastructure redundancy 

alone. 

Lower-frequency paradigms such as NTN, SDN/NFV architectures and network-slicing 

mechanisms occupy a more specialized yet strategically important role within the overall 

ecosystem. SDN and NFV introduce programmability, virtualization and centralized 

orchestration capabilities into the communication infrastructure, enabling rapid network 

reconfiguration, adaptive traffic management and more efficient resource utilization under 

dynamic operational conditions [34], [35], [36]. Network slicing further supports the 

isolation and prioritization of mission-critical services, ensuring that essential 

communication flows remain operational even during severe congestion or partial 

infrastructure degradation [67]. Although these paradigms appear less frequently across the 

dataset, their integration is typically associated with substantially higher levels of 

architectural sophistication and systemic coordination. 

The relatively high average score associated with architectural and system-level integration 

approximately 3.96/5 further reinforces the interpretation of resilience as a systemic 

architectural property rather than a standalone technical mechanism. Across the related 

literature no longer focuses primarily on isolated backup links or conventional redundancy 

models. Instead, it increasingly proposes layered, heterogeneous and multi-domain 

communication ecosystems combining terrestrial, aerial, edge and satellite infrastructures 

into coordinated operational environments. This layered architectural approach enables 

multiple forms of redundancy, adaptability and service continuity, allowing communication 

systems to respond dynamically to a broad spectrum of failure scenarios and operational 

disruptions. 



 

Vasileios Karagiannakis, Communication Technologies for Man-

Made Disasters and Emergency Response: A Comprehensive Study 

 

Postgraduate Dissertation   114 

An important implication emerging from this observation is that resilience cannot be 

achieved through any single technological paradigm operating independently. Instead, 

resilient behavior emerges through the coordinated interaction of multiple complementary 

technologies, each contributing distinct operational capabilities. For example, 5G-oriented 

infrastructures provide high-capacity and low-latency connectivity, UAV platforms offer 

deployment flexibility and dynamic topology extension, edge-computing systems enable 

localized intelligence and low-latency processing, while satellite and NTN architectures 

ensure extended coverage and alternative communication pathways. The coordinated 

integration of these paradigms results in communication ecosystems that are not only robust, 

but also adaptive, scalable and operationally survivable under highly uncertain conditions. 

Within the broader taxonomy developed in this chapter, resilient communication 

infrastructures therefore constitute the foundational structural backbone upon which all 

other advanced paradigms depend. Without resilient communication capabilities, the 

functionality of higher-level paradigms becomes significantly constrained. AI cannot 

operate effectively without stable and continuous data flows, IoT ecosystems cannot reliably 

transmit sensing information, digital twins cannot maintain synchronization with the 

physical environment and trust-management or security mechanisms cannot adequately 

protect communication channels under degraded conditions. Resilience thus operates as the 

enabling substrate supporting the broader convergence of communication, computation, 

sensing, orchestration and autonomous coordination mechanisms. 

In summary, the analysis demonstrates that resilience is progressively evolving from a 

supplementary system characteristic into a central design principle of next-generation 

emergency communication systems. The transition toward integrated and multi-layered 

infrastructures reflects both the increasing complexity of operational environments and the 

growing demand for communication ecosystems capable of maintaining functionality under 

uncertainty, infrastructure degradation and rapidly changing mission conditions. 

Consequently, resilient communication infrastructures occupy a central role in enabling the 

broader paradigm convergence patterns observed throughout the RQ2 dataset and represent 

one of the defining architectural foundations of future emergency communication 

ecosystems. 
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5.3.3 Secure and Trustworthy Integration Frameworks 

The third functional category concerns secure and trustworthy integration frameworks. 

Security-oriented paradigms appear in approximately 14.0% of the analyzed dataset, while 

blockchain-based and trust-oriented frameworks account for approximately 8.4% of the 

studies. Although these frequencies remain lower than those associated with 5G/6G 

infrastructures, IoT ecosystems, AI, or UAV-enabled communication systems, their 

architectural significance should not be underestimated. Security and trust mechanisms 

rarely emerge as isolated dominant paradigms, instead, they become critically important 

within highly integrated communication ecosystems where multiple systems, organizations, 

autonomous agents and data flows interact under uncertain and potentially adversarial 

conditions. 

Emergency communication systems should not be interpreted solely as technical networking 

infrastructures. They are operational ecosystems supporting mission-critical activities 

involving public safety agencies, emergency-response organizations, governmental 

authorities, critical infrastructure operators, military units and increasingly autonomous or 

semi-autonomous systems. Within such environments, communication availability alone is 

insufficient to guarantee operational effectiveness. Confidentiality, integrity, authentication, 

access control, trust management and coordination assurance become equally essential 

system requirements. A communication system that remains operationally available but 

lacks trustworthiness may become functionally unusable or even operationally dangerous in 

practice. Compromised communication channels, for example, may result in 

misinformation propagation, coordination failures, malicious interference, or unauthorized 

manipulation of rescue and response operations. 

The proposed taxonomy distinguishes three progressive levels of security integration, each 

corresponding to increasing degrees of architectural maturity and systemic complexity. The 

first level consists of foundational security mechanisms, including encryption schemes, 

authentication protocols, identity management systems and access-control frameworks [68], 

[69]. These mechanisms form the baseline protection layer implemented across most 

communication infrastructures. Their primary role is to secure data transmission, prevent 

unauthorized access and maintain basic communication integrity. Although indispensable, 

these mechanisms are typically static in nature and generally lack the capacity to adapt 
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dynamically to evolving threats, changing operational conditions, or sophisticated 

adversarial behavior. 

The second level introduces intelligent and adaptive security mechanisms incorporating AI 

and machine-learning techniques into cybersecurity processes. Systems within this category 

are capable of detecting anomalies, identifying potential intrusions, recognizing abnormal 

behavioral patterns and responding to emerging threats in near real time. AI-driven 

intrusion-detection systems, anomaly-recognition frameworks and adaptive threat-analysis 

mechanisms fall within this category. Their primary advantage lies in their ability to operate 

effectively under uncertainty and adapt to previously unseen attack patterns. This capability 

becomes particularly important in emergency communication environments, where 

operational conditions frequently deviate from predefined behavioral baselines and where 

static security models may prove insufficient [51]. 

The third level represents system-level trust architectures in which security is embedded 

directly into the operational logic and coordination structure of the communication 

ecosystem itself. This level includes blockchain-based solutions, distributed ledger 

technologies, zero-trust architectures, decentralized identity-management systems and 

distributed trust-coordination frameworks. At this stage, trust is no longer enforced 

exclusively through centralized control entities. Instead, trust relationships become 

distributed across the communication ecosystem, enabling multiple organizations and 

autonomous actors to coordinate securely without requiring complete reliance on a single 

trusted authority. Such architectures are particularly relevant in decentralized or multi-

organizational emergency environments where operational collaboration must occur despite 

limited pre-existing trust relationships between participating entities [28], [42], [70].  

Blockchain-oriented approaches are especially relevant within distributed emergency 

communication ecosystems, where multiple organizations, devices and autonomous 

platforms must exchange sensitive information without necessarily relying on a single 

centralized authority. These frameworks can support tamper-resistant event logging, 

decentralized authentication, secure information sharing, immutable coordination records 

and trusted interactions among heterogeneous entities, including UAV-enabled systems, IoT 

devices and distributed edge nodes. Such capabilities are particularly valuable in multi-

agency environments, where maintaining data integrity, traceability and consistent access 

control becomes essential for reliable operational coordination. 
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In addition, smart-contract mechanisms enable automated policy enforcement, distributed 

coordination logic and self-executing operational agreements, thereby reducing dependence 

on manual administrative intervention. They may also facilitate predefined authorization 

rules and automated interactions among distributed communication and computing 

resources, supporting more transparent and auditable coordination across emergency-

response infrastructures. When combined with edge computing and decentralized 

architectures, blockchain-based mechanisms can therefore contribute to establishing trusted 

information exchange across geographically distributed operational environments. 

Despite these advantages, blockchain and distributed-trust paradigms remain comparatively 

limited within the current dataset. This suggests that, although the research community 

increasingly recognizes their potential for strengthening trust, security and decentralized 

coordination, their integration into large-scale emergency communication architectures 

remains at a relatively early stage of maturity. The gap between conceptual potential and 

operational adoption also indicates an area where further experimental validation and 

integration with emerging 5G/6G, MEC, IoT and UAV-based infrastructures may be 

required. Figure 34 illustrates the distribution of security and trust paradigms across the 

different levels of architectural integration identified throughout the dataset. 

 

 

Figure 34 Security and Trust Paradigms in RQ2 Dataset. 
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The figure demonstrates that foundational security mechanisms remain the most frequently 

implemented category across the dataset, reflecting their essential role within 

communication-system architectures. AI-driven security mechanisms appear with moderate 

frequency, indicating a growing although not yet dominant adoption of adaptive and 

intelligent cybersecurity approaches. By contrast, blockchain-oriented and distributed trust 

frameworks exhibit the lowest frequency, confirming that they currently represent an 

emerging integration layer rather than a mature or widely adopted architectural standard. 

This distribution reveals an important structural trend within the evolution of emergency 

communication systems. Security is progressively transitioning from static protection-

oriented models toward adaptive, distributed and trust-centric architectural paradigms. 

Nevertheless, this transition remains incomplete. Most communication systems continue to 

operate primarily at the level of foundational or intermediate security integration, while fully 

decentralized trust architectures remain comparatively rare across the related literature. 

This observation should be interpreted carefully. The relatively limited frequency of 

blockchain-based and advanced trust-management mechanisms does not imply reduced 

strategic importance. On the contrary, it reflects the significantly higher levels of 

architectural complexity, operational coordination and systemic maturity required for their 

successful integration. Distributed trust frameworks must operate reliably under highly 

dynamic and uncertain conditions while simultaneously supporting heterogeneous 

stakeholders, decentralized coordination processes, autonomous agents and resilience 

against sophisticated adversarial threats. These requirements make their implementation 

substantially more challenging than conventional security mechanisms based on static and 

centralized control models. 

This category is also closely connected to the broader validation and reproducibility 

challenges discussed previously in Section 5.2. Security-related claims within 

communication-system research are often particularly difficult to validate rigorously, 

especially when experimental evaluation relies on custom-built testbeds, limited-scale 

deployments, or non-standardized validation methodologies. A system may propose 

sophisticated cybersecurity mechanisms or advanced trust architectures, yet their practical 

effectiveness ultimately depends on robust adversarial testing, realistic deployment 

conditions and reproducible evaluation procedures. In the absence of such validation, 
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security remains primarily a theoretical or conceptual property rather than a guaranteed 

operational capability. 

Consequently, secure and trustworthy integration frameworks represent a strategically 

critical yet still evolving dimension of modern emergency communication ecosystems. As 

communication infrastructures become increasingly decentralized, autonomous, intelligent 

and interconnected, the importance of distributed trust management and adaptive security 

coordination is expected to grow substantially. Future research will likely focus on the 

integration of security and trust mechanisms across all architectural layers of the 

communication ecosystem, ranging from physical communication channels and network 

orchestration mechanisms to application-layer coordination and autonomous decision-

making processes. In this context, resilience alone will no longer be sufficient, operational 

trustworthiness will become equally fundamental to system viability. 

In summary, this category highlights one of the core architectural requirements of next-

generation emergency communication systems. Connectivity, intelligence and adaptability 

alone are insufficient in the absence of trust. Secure and trustworthy integration frameworks 

provide the mechanisms necessary to ensure that communication ecosystems remain 

reliable, credible, resilient and operationally usable under highly dynamic, uncertain and 

potentially adversarial conditions. 

5.3.4 Cyber-Physical Mission-Critical Ecosystems 

The fourth functional category concerns cyber-physical mission-critical ecosystems. This 

category encompasses IoT infrastructures, WSN, distributed sensing systems, digital twins, 

CPS, robotics, hybrid sensor architectures and real-time situational-awareness platforms 

[71], [72]. Quantitatively, IoT, WSN and sensing-oriented paradigms appear in 

approximately 36.4% of the dataset analyzed, making them the second most prevalent 

technological family after 5G/6G and public safety communication architectures. This 

observation is particularly important because it demonstrates that modern emergency 

communication systems are no longer focused exclusively on connectivity. Instead, they are 

increasingly designed to observe, interpret, model and interact dynamically with the 

physical environment through continuous data acquisition and system-level feedback 

mechanisms. 

IoT and sensing infrastructures constitute the observational and environmental-awareness 

layer of modern emergency communication ecosystems. These paradigms provide the 
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capability to continuously monitor environmental conditions, detect emerging hazards, 

assess infrastructure integrity, identify and locate victims, track mobility patterns, and 

generate real-time situational awareness across affected areas. Through distributed sensors, 

connected devices, wearable technologies, and other monitoring platforms, emergency 

communication systems can obtain information from locations that may otherwise remain 

inaccessible or insufficiently observed. Such capabilities are particularly critical in 

emergency and mission-critical environments, where operational conditions evolve rapidly 

and decision-making depends heavily on the availability of timely, reliable, and context-

sensitive information. 

The importance of IoT-based sensing becomes even more pronounced when conventional 

sources of information are disrupted or incomplete. During complex emergency scenarios, 

responders may need to operate with limited visibility regarding infrastructure damage, 

environmental hazards, population movement, or the availability of communication 

resources. Distributed sensing infrastructures can help reduce this information gap by 

continuously collecting and transmitting operational data from multiple points across the 

affected environment. This distributed observational capability contributes to a more 

comprehensive representation of evolving conditions and can support faster identification 

of operational priorities. 

However, the operational value of sensing infrastructures does not emerge from data 

acquisition alone. Their significance materializes only when sensing capabilities are tightly 

integrated with communication networks, computational platforms, orchestration 

frameworks, and decision-support mechanisms. Large volumes of heterogeneous sensor 

data must be transported efficiently, processed within appropriate time constraints, and 

converted into information that can directly support emergency-response activities. 

Consequently, sensing infrastructures should be understood not as isolated technological 

components but as integral elements of a broader communication-computation continuum. 

A sensor network operating independently therefore does not constitute an advanced 

emergency communication ecosystem. Its functionality becomes operationally meaningful 

only when generated data flows are transmitted, processed, interpreted, and acted upon 

within a broader system architecture. In practice, this requires integration with edge-

computing platforms for localized and low-latency processing, AI mechanisms for pattern 

recognition, anomaly detection, and predictive analytics, and command-and-control 



 

Vasileios Karagiannakis, Communication Technologies for Man-

Made Disasters and Emergency Response: A Comprehensive Study 

 

Postgraduate Dissertation   121 

infrastructures for operational coordination. Such integration can reduce the time between 

event detection and operational response, which is particularly important in rapidly evolving 

disaster environments. 

Digital-twin environments provide an additional layer of integration by enabling sensing 

information to be incorporated into virtual representations of physical infrastructures and 

operational environments. Through this process, raw environmental observations can be 

contextualized and analyzed within a broader representation of the affected system. The 

combination of sensing, communication, computation, and intelligent analytics therefore 

establishes a continuous information flow from the physical environment toward decision-

support and coordination mechanisms. Through this layered integration process, raw 

environmental data is progressively transformed into actionable operational intelligence, 

enabling more informed and adaptive decision-making under highly dynamic and time-

critical conditions. 

Digital twin, cyber-physical system, and robotics-oriented paradigms appear in 

approximately 6.5% of the analyzed dataset. Although quantitatively less frequent than 

other technological categories, these paradigms should not be interpreted as secondary in 

terms of strategic importance. On the contrary, they represent some of the most advanced 

forms of technological and architectural integration identified throughout the related 

literature. Their significance lies particularly in their ability to establish a direct relationship 

between communication infrastructures, computational intelligence, and the physical 

operational environment. 

Digital twins enable the creation of continuously updated virtual representations of physical 

environments, infrastructures, assets, and operational processes. By incorporating real-time 

or near-real-time data generated by sensing infrastructures, these virtual models can evolve 

alongside the physical systems they represent. This synchronization enables emergency-

response stakeholders to observe changing conditions, assess potential system states, and 

examine alternative operational scenarios within a digital environment. Consequently, 

digital twins can support predictive simulation, operational forecasting, scenario analysis, 

infrastructure assessment, and dynamic situational awareness. 

Their role extends beyond visualization. When combined with AI, edge computing, and 

distributed sensing, digital twins can provide an analytical environment in which operational 

information is continuously interpreted and used to support planning and coordination. This 



 

Vasileios Karagiannakis, Communication Technologies for Man-

Made Disasters and Emergency Response: A Comprehensive Study 

 

Postgraduate Dissertation   122 

creates the potential for a feedback-oriented architecture in which information collected 

from the physical environment updates the digital representation, while insights generated 

within the virtual environment can subsequently inform actions in the physical domain. As 

a result, digital twins provide an interactive and continuously evolving representation of 

emergency conditions that can support both strategic planning and real-time mission 

coordination. 

CPS further reinforce this connection by integrating computational processes with physical 

components and communication networks. Within emergency environments, this 

integration allows sensing, computation, communication, and physical action to operate as 

interconnected functions rather than independent technological layers. Such architectures 

are particularly relevant where emergency-response systems must continuously observe 

environmental changes, interpret incoming information, and coordinate appropriate 

operational responses. 

Robotics and autonomous systems extend this cyber-physical integration directly into the 

physical domain by enabling communication ecosystems to interact with the operational 

environment itself. These systems can support mission-critical activities including search-

and-rescue operations, hazardous-area inspection, infrastructure assessment, supply 

delivery, environmental exploration, and information collection in locations that may be 

inaccessible or dangerous for human responders. Their mobility and autonomous 

capabilities also allow communication and sensing functions to be dynamically repositioned 

according to evolving operational requirements. 

When integrated with communication, sensing, edge-computing, and AI infrastructures, 

robotic platforms evolve from isolated operational tools into active agents within a broader 

cyber-physical ecosystem. They can simultaneously collect environmental information, 

communicate observations, receive updated mission objectives, and execute actions based 

on processed data or coordinated instructions. 

This transition represents a significant architectural evolution from passive communication 

infrastructures, primarily designed to transport information, toward intelligent and 

environment-interactive operational ecosystems capable of sensing, interpreting, 

coordinating, and acting upon changing conditions. Figure 35 illustrates the distribution and 

integration patterns of cyber-physical paradigms across the analyzed dataset. 
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Figure 35 Cyber-Physical Paradigms in RQ2 Dataset. 

The figure highlights a clear asymmetry between the high prevalence of IoT and sensing-

oriented systems and the comparatively lower frequency of digital-twin and CPS-related 

paradigms. This distribution reflects the current stage of technological evolution and 

adoption within the field. Sensing infrastructures are widely implemented because they 

constitute the foundational layer of cyber-physical integration. They are comparatively 

mature, cost-efficient, scalable and directly applicable across a broad spectrum of 

emergency and mission-critical operational scenarios. 

By contrast, digital-twin and cyber-physical-system paradigms require substantially more 

sophisticated integration across multiple architectural layers. Their effective deployment 

depends on the availability of reliable real-time data streams, distributed computational 

resources, accurate environmental modeling techniques, synchronization mechanisms and 

continuous interaction between physical and virtual system components. These 

requirements significantly increase implementation complexity and help explain their 

comparatively lower representation within the dataset. Nevertheless, their strategic and 

operational impact is considerably greater because they enable predictive, adaptive and 

proactive system behavior rather than purely reactive operational responses. 
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This observation supports a broader interpretation of the ongoing evolution of emergency 

communication systems. The field is progressively transitioning from simple data 

acquisition toward real-time data interpretation and ultimately toward autonomous or semi-

autonomous data-driven operational action. Within this progression, IoT and sensing 

infrastructures provide raw environmental input, AI extracts operational meaning and 

predictive insight from collected data, while cyber-physical systems and digital twins enable 

decision execution and adaptive interaction within the physical environment itself. 

Collectively, this transition reflects a broader architectural shift from communication-

centric infrastructures toward integrated ecosystems combining sensing, computation, 

communication, orchestration and control within a unified operational framework. 

The importance of this category is further reinforced by the exceptionally high average score 

associated with operational relevance, which reaches approximately 4.56/5 across the 

evaluated dataset. This observation indicates that a substantial proportion of the analyzed 

studies are explicitly oriented toward realistic operational scenarios, including disaster 

response coordination, public safety operations, search-and-rescue missions, infrastructure 

monitoring and critical infrastructure management. The strong operational emphasis 

confirms that cyber-physical integration is not merely a conceptual or theoretical research 

direction, but rather an increasingly necessary architectural requirement for next-generation 

emergency communication systems. 

Cyber-physical ecosystems therefore represent a fundamental transformation in the role and 

operational identity of communication systems. Traditional emergency communication 

networks were primarily designed to transmit information between human users and 

centralized command structures. In contrast, cyber-physical ecosystems integrate sensing, 

computation, communication, orchestration and control into a tightly coordinated 

operational environment. This integration enables communication systems not only to 

transmit information, but also to interpret environmental conditions, support autonomous or 

semi-autonomous decision-making, coordinate distributed actions and interact dynamically 

with the operational environment itself. 

An important implication of this transformation is the emergence of environment-aware 

communication ecosystems. Modern communication systems no longer function solely as 

passive channels for information exchange. Instead, they increasingly operate as active 

participants within the operational process itself, continuously sensing environmental 
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conditions, adapting system behavior and coordinating distributed responses across multiple 

agents and infrastructures. This capability becomes especially important in highly dynamic 

and uncertain emergency environments where rapid adaptation, contextual awareness and 

coordinated multi-agent action are essential for effective operational response. 

In summary, the cyber-physical category highlights the broader transition from network-

centric communication infrastructures toward environment-aware, data-driven and action-

oriented operational ecosystems. It demonstrates how advanced paradigms enable 

emergency communication systems to evolve beyond basic connectivity and toward 

integrated platforms capable of sensing, interpreting, predicting and interacting with the 

physical world in real time. Consequently, cyber-physical mission-critical ecosystems 

constitute one of the foundational pillars of the proposed taxonomy and occupy a central 

role in addressing the paradigm-integration challenges explored throughout RQ2. 

5.4 Final Answer to RQ2 
The recurring convergence patterns identified throughout the RQ2 dataset demonstrate that 

advanced paradigms are becoming increasingly interdependent within modern emergency 

communication architectures. AI depends on distributed computational infrastructures and 

continuous real-time data availability. UAV-assisted systems require adaptive 

communication management, resilient backhaul connectivity and distributed edge 

processing. Digital twin environments rely on synchronized sensing infrastructures and 

continuous environmental data streams. Blockchain-enabled trust mechanisms depend on 

interoperable communication protocols and distributed coordination frameworks. 

Collectively, these relationships reveal that contemporary emergency communication 

systems can no longer be understood as collections of isolated technological components. 

Instead, they are progressively evolving into integrated operational ecosystems in which 

functionality emerges through coordinated interaction across multiple architectural layers. 

This observation represents one of the most important conceptual findings of the chapter. 

Earlier generations of communication systems were generally organized around modular 

and relatively independent architectures. Communication, sensing, computation and control 

mechanisms were typically developed separately and optimized according to domain-

specific objectives. Although such architectures could provide acceptable functionality 

under stable operational conditions, they often lacked the adaptability, coordination 

capability and operational awareness required within complex emergency environments. 
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The dataset clearly indicates that this architectural paradigm is gradually being replaced by 

convergence-oriented ecosystems. Within these environments, the boundaries separating 

communication infrastructures, computational resources, sensing platforms, orchestration 

mechanisms and operational control layers become increasingly fluid. Technologies no 

longer function as independent modules connected through static interfaces. Instead, they 

interact continuously through dynamic feedback loops that enable adaptive, coordinated and 

context-aware system behavior. 

This growing interdependence introduces profound architectural implications. Emergency 

communication ecosystems can no longer be designed through isolated optimization 

strategies focused exclusively on individual technological subsystems. Improving the 

performance of a single component in isolation may produce limited operational benefit if 

coordination across the broader ecosystem remains weak. As a result, contemporary 

architectures increasingly prioritize interoperability, orchestration, synchronization and 

cross-layer integration as fundamental design principles rather than supplementary technical 

features. 

The transition toward convergence also introduces substantially greater system complexity. 

Heterogeneous paradigms must exchange information continuously, maintain coordinated 

operational states and adapt dynamically to evolving environmental conditions. 

Communication ecosystems must therefore support not only connectivity, but also 

distributed coordination among computational infrastructures, sensing systems, autonomous 

agents, operational-control mechanisms and decision-support platforms. 

Interoperability becomes particularly critical within this context. Emergency 

communication ecosystems frequently involve heterogeneous devices, communication 

protocols, sensing platforms, organizational actors and operational domains operating 

simultaneously within the same environment. UAV platforms may interact concurrently 

with terrestrial 5G infrastructures, satellite communication layers, edge-computing systems, 

IoT sensing environments and AI-enabled orchestration mechanisms. Without effective 

interoperability frameworks, the operational benefits of convergence cannot be fully 

realized. 

Synchronization similarly emerges as a major architectural requirement. Distributed 

systems operating across multiple interconnected layers must maintain consistent situational 

awareness and coordinated operational states despite environmental instability and 
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communication uncertainty. Real-time synchronization becomes especially important 

within cyber-physical environments where sensing information, communication 

infrastructures, autonomous systems and operational actions remain tightly interconnected. 

The dataset further demonstrates that orchestration increasingly emerges as one of the 

defining capabilities of high-integration communication ecosystems. Traditional 

communication systems primarily focused on routing and resource allocation within 

relatively static infrastructures. By contrast, converged ecosystems require orchestration 

mechanisms capable of coordinating heterogeneous resources dynamically across multiple 

operational and architectural layers simultaneously. 

This orchestration capability increasingly depends on AI and distributed edge-processing 

infrastructures. AI-enabled orchestration frameworks can analyze environmental 

conditions, evaluate operational priorities, allocate communication resources dynamically, 

optimize mobility patterns, coordinate autonomous agents and support adaptive decision-

making processes in real time. Edge infrastructures provide the distributed computational 

substrate necessary to support these operations with low latency and reduced dependence 

on centralized cloud environments. 

The architectural role of orchestration therefore extends well beyond conventional network 

management. It becomes the core mechanism through which the ecosystem maintains 

adaptive coordination, operational continuity and distributed intelligence under uncertain 

conditions. Communication systems progressively evolve into operational coordination 

ecosystems rather than passive transmission infrastructures. 

Another important implication of convergence concerns the emergence of cross-layer 

adaptive behavior. In traditional communication architectures, communication, 

computation and sensing processes frequently operated independently with limited 

interaction across layers. In converged ecosystems, however, operational conditions 

detected within one layer may dynamically influence behavior across multiple 

interconnected layers simultaneously. Environmental changes detected through sensing 

infrastructures may trigger communication-resource reallocation, autonomous mobility 

adaptation, predictive computational analysis, or distributed operational coordination 

throughout the ecosystem. 

The dataset strongly suggests that convergence additionally enables emergent operational 

capabilities that cannot be achieved through standalone technological paradigms operating 
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independently. This represents one of the most important conceptual insights of the chapter. 

The value of converged architectures lies not simply in combining multiple technologies, 

but in generating system-level operational behaviors that exceed the capabilities of 

individual paradigms functioning in isolation. 

Among these emergent capabilities are adaptive resilience, predictive coordination, 

distributed autonomy and environment-aware operational control. Adaptive resilience 

enables communication ecosystems to reconfigure dynamically under degraded or uncertain 

conditions. Predictive coordination allows systems to anticipate operational changes rather 

than responding reactively after failures occur. Distributed autonomy supports decentralized 

operational decision-making among intelligent agents operating across heterogeneous 

environments. Environment-aware control enables communication ecosystems to adapt 

continuously according to physical, environmental and mission-specific conditions. 

Collectively, these capabilities fundamentally transform the role of emergency 

communication infrastructures themselves. Networks are no longer designed solely to 

transport information between users, field units and command centers. Instead, they 

increasingly evolve into integrated cognitive ecosystems capable of perception, 

interpretation, coordination, prediction and adaptive operational response. 

This transformation also changes how resilience itself is understood within emergency 

communication research. Traditional resilience models primarily emphasized redundancy 

and fault tolerance. Converged ecosystems introduce a broader interpretation in which 

resilience emerges through intelligent coordination, distributed adaptation, predictive 

orchestration and dynamic resource management across multiple interconnected 

architectural layers. 

The dataset further indicates that high-scoring studies consistently prioritize multi-paradigm 

coordination rather than isolated technological optimization. This trend strongly suggests 

that the research community increasingly recognizes that future operational effectiveness 

will depend more heavily on integration quality, orchestration capability and ecosystem 

coordination than on the advancement of any single technological paradigm individually. 

At the same time, convergence introduces important architectural and operational 

challenges. Increasing interdependence also increases vulnerability to cascading failures, 

synchronization instability, orchestration complexity, interoperability limitations and cross-

layer security exposure. Managing heterogeneous infrastructures dynamically requires 
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sophisticated coordination frameworks, adaptive control mechanisms and robust 

architectural design principles. Security also becomes significantly more complex because 

disruptions or attacks targeting one subsystem may propagate rapidly across interconnected 

layers of the broader operational ecosystem.  

Ultimately, the findings of this section reinforce one of the central arguments developed 

throughout this chapter: the future of emergency communication systems will not be 

determined primarily by the isolated advancement of individual paradigms such as AI, 

UAVs, IoT infrastructures, or blockchain frameworks. Instead, it will depend fundamentally 

on the ability to orchestrate these paradigms into coherent, adaptive, resilient and intelligent 

operational ecosystems capable of functioning effectively under uncertainty, infrastructural 

degradation and rapidly evolving mission conditions. 
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6. RQ3 Network Layer Perspectives in Crisis 

Communication Systems 

Emergency communication systems are rapidly evolving into highly distributed and 

interconnected networking ecosystems designed to support mission-critical operations 

under extreme conditions. Natural disasters, large-scale infrastructure failures, cyberattacks, 

terrorist incidents, armed conflicts, industrial accidents and mass-casualty events 

increasingly expose the structural limitations of conventional communication 

infrastructures, particularly regarding resilience, interoperability, scalability, latency 

management, survivability and service continuity [10]. Traditional communication 

architectures were primarily designed for stable civilian environments characterized by 

predictable traffic patterns and relatively centralized infrastructures. However, emergency 

scenarios frequently involve destroyed communication facilities, overloaded cellular 

infrastructures, fragmented connectivity, unstable power supply, dynamic mobility 

conditions and rapidly changing operational requirements. Under such conditions, 

conventional communication systems often fail to maintain reliable coordination between 

first responders, emergency agencies, autonomous systems and affected civilian populations 

[31]. 

As a result, the research community has progressively shifted its attention toward the 

development of resilient and adaptive communication architectures capable of preserving 

operational continuity even under degraded or partially destroyed networking environments. 

Modern emergency communication systems increasingly emphasize distributed operation, 

autonomous adaptation, edge-native intelligence and dynamic orchestration mechanisms 

capable of responding to rapidly evolving disaster conditions. This transition reflects a 

broader architectural evolution from isolated communication infrastructures toward 

integrated cyber-physical operational ecosystems where communication, computation, 

sensing, orchestration and intelligent decision-making operate as tightly interconnected 

components [73]. Figure 37 illustrates the architectural transition from traditional 

centralized communication systems toward distributed and intelligent emergency 

communication ecosystems. 
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Figure 36 Evolution of Emergency Communication Architectures. 

Within this context, the OSI model and broader network-layer perspectives provide a 

valuable analytical framework for understanding how different communication layers 

contribute to emergency communication resilience and operational effectiveness. Each 

networking layer addresses distinct but interdependent operational requirements that 

collectively determine the survivability and efficiency of crisis communication systems 

At the physical layer, research primarily focuses on resilient spectrum utilization, robust 

wireless communication, satellite connectivity, anti-jamming mechanisms, energy-efficient 

transceivers and communication reliability under hostile or infrastructure-deficient 

environments. Physical-layer resilience becomes especially critical during disasters where 

terrestrial infrastructures may be partially destroyed or unavailable. For this reason, recent 

research has focused heavily on NTN, low-earth-orbit satellite systems, high-altitude 

platform systems and adaptive radio communication mechanisms capable of extending 

communication coverage beyond conventional terrestrial limitations [40].  

Among all networking layers, the data-link and network layers attract considerable research 

attention due to their direct role in maintaining communication continuity in highly dynamic 

and fragmented environments. Major research themes include MANETs, vehicular ad hoc 

networks (VANETs), UAV-assisted communication, topology-aware routing, multi-hop 

networking, mobility management, aerial base stations and disaster-area coverage 

optimization. These layers are particularly important in post-disaster environments where 
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traditional communication infrastructures may become unavailable and rapidly deployable 

networking mechanisms are required to restore operational connectivity. UAV-assisted 

networking has emerged as one of the dominant architectural directions because unmanned 

aerial systems can simultaneously function as communication relays, temporary base 

stations, sensing platforms and edge-computing nodes [49]. 

The transport layer addresses another critical dimension of emergency communication 

systems by focusing on latency-sensitive communication, congestion management, QoS 

continuity, handover optimization and session survivability. Mission-critical emergency 

operations require reliable real-time communication between command centers, first 

responders, autonomous systems and field personnel. Consequently, transport-layer 

mechanisms increasingly investigate adaptive QoS management, seamless terrestrial-

satellite handover, delay-sensitive communication protocols and service continuity under 

unstable network conditions. However, despite its operational importance, transport-layer 

adaptation remains comparatively underexplored when compared with network-layer and 

orchestration-focused research [18], [74]. 

At the application layer, research focuses on intelligent emergency coordination systems, 

situational-awareness platforms, disaster-management applications, public-warning 

infrastructures, real-time monitoring systems and citizen-centric communication services. 

Modern emergency applications increasingly integrate AI, IoT sensing, cloud analytics and 

real-time decision-support mechanisms capable of improving situational awareness and 

accelerating emergency response coordination. However, application-layer effectiveness 

increasingly depends on lower-layer communication resilience, edge-computing support 

and orchestration efficiency [7]. Figure 37 summarizes the primary operational roles and 

technological components associated with each networking layer in emergency 

communication environments. 
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Figure 37 Network Layer Perspectives in Crisis Communication Systems. 

Beyond isolated networking layers, one of the strongest trends identified in contemporary 

crisis communication research is the emergence of cross-layer orchestration architectures. 

These architectures integrate multiple communication domains through SDN, NFV, MEC, 

AI-driven orchestration, virtualization, distributed edge computing, cyber-physical 

coordination and adaptive service management. The rapid convergence of 5G/6G 

networking, UAV-assisted communication, edge intelligence, CPS, blockchain, IoT 

ecosystems and NTNs has fundamentally transformed the architectural priorities of 

emergency communication systems. Instead of focusing exclusively on isolated protocol 

optimization, modern research increasingly investigates integrated orchestration ecosystems 

capable of dynamically coordinating heterogeneous computational, communication and 

sensing resources across multiple networking layers [18]. 

This architectural transformation reflects the growing complexity of modern disaster 

response. Future emergency communication systems must support low latency, reliability, 

interoperability, scalability, fault tolerance, cyber resilience and autonomous adaptation. 

These requirements increasingly depend on distributed intelligence, efficient orchestration 

and cross-layer resilience. Figure 38 illustrates how SDN, NFV, MEC, AI orchestration, 

UAVs, IoT and NTNs collectively support adaptive crisis communication ecosystems. 
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Figure 38 Cross-Layer Orchestration Ecosystem. 

This chapter investigates the following research question: “Which network layers receive 

the most research attention for crisis communication and where do significant gaps remain?” 

To address this question, a structured analytical framework was developed and applied to 

the collected dataset. Each article was systematically evaluated according to: 

- dominant network-layer focus, 

- cross-layer integration maturity, 

- operational relevance to emergency communications, 

- QoS and resilience contribution, 

- security contribution, 

- AI and automation integration, 

- and validation maturity. 

The objective of the analysis is not only to identify which networking layers dominate 

current research activity, but also to reveal broader technological and architectural trends 

shaping the evolution of next-generation emergency communication systems. Particular 

emphasis is placed on identifying recurring architectural transitions, validation weaknesses, 

underexplored networking domains and future research opportunities. 

The findings demonstrate that modern emergency communication research increasingly 

prioritizes cross-layer orchestration ecosystems combining networking, edge computing, 

virtualization, UAV infrastructures, AI-native resource management and distributed 
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intelligent coordination. At the same time, several important research gaps remain 

unresolved. These include limited real-world deployment validation, insufficient 

autonomous orchestration capabilities, fragmented cybersecurity integration, 

underdeveloped transport-layer adaptation mechanisms and limited operational evidence 

regarding large-scale heterogeneous emergency communication deployments. 

Consequently, although modern emergency communication research demonstrates 

significant architectural sophistication, the transition from experimental frameworks toward 

fully operational resilient communication ecosystems remains an ongoing challenge for both 

academia and industry. 

6.1 Methodological Framework for RQ3 Evaluation 

The purpose of the RQ3 evaluation framework is to provide a systematic and operationally 

oriented methodology for analyzing how contemporary emergency communication research 

distributes attention across the networking stack and associated architectural domains. 

Unlike conventional networking surveys, which frequently concentrate on isolated protocol 

optimization, throughput enhancement, spectral efficiency, or communication performance 

under stable conditions, the proposed framework evaluates communication architectures 

through the perspective of real-world crisis operations. Consequently, the analysis extends 

beyond purely technical networking performance and examines how communication 

systems contribute to operational continuity, resiliency, survivability, interoperability and 

adaptive coordination during mission-critical emergency scenarios [13]. 

The framework was specifically designed to capture the growing architectural complexity 

of next-generation emergency communication systems. Modern disaster response 

environments involve highly heterogeneous ecosystems where communication 

infrastructures interact dynamically with edge computing, UAV platforms, cyber-physical 

systems, IoT sensing infrastructures, AI, virtualization frameworks, satellite systems and 

distributed orchestration mechanisms. As a result, evaluating emergency communication 

research exclusively at the protocol level is no longer sufficient for understanding the 

operational maturity of contemporary architectures [18]. 

The first objective of the framework is to identify the dominant network layer emphasized 

by each study. This classification process is particularly important because many modern 

architectures simultaneously involve multiple communication layers. However, despite this 

convergence, most studies still exhibit a dominant architectural focus. Some papers 
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primarily investigate physical-layer resilience and spectrum survivability, while others 

emphasize routing optimization, QoS continuity, edge orchestration, or intelligent disaster-

management applications. Identifying the dominant layer enables the quantitative mapping 

of research attention across the networking stack and reveals which domains receive the 

greatest architectural investment from the research community. 

The second objective is to measure the depth of technical contribution associated with the 

target layer. Not all networking studies contribute equally to architectural innovation. Some 

articles merely adapt existing communication mechanisms to emergency environments, 

while others introduce fundamentally new orchestration paradigms, distributed coordination 

models, or resilient communication architectures. The framework therefore differentiates 

between minor protocol adaptation, moderate optimization, strong technical contribution, 

architectural innovation and novel networking paradigms. This distinction is essential for 

identifying which technological directions genuinely advance the state of the art. 

A central component of the framework involves evaluating operational relevance to 

emergency and mission-critical communications. Many networking studies investigate 

advanced communication technologies without directly addressing disaster response 

conditions or mission-critical operational constraints. Consequently, the framework 

distinguishes generic networking research from architectures explicitly designed for: 

- emergency response, 

- disaster recovery, 

- search-and-rescue operations, 

- public safety communication, 

- battlefield coordination, 

- or infrastructure-deficient environments. 

This operational perspective is particularly important because communication systems 

deployed during disasters must satisfy far stricter requirements than conventional civilian 

communication infrastructures. Mission-critical environments require uninterrupted service 

continuity, rapid deployment, survivability under infrastructure damage, mobility support, 

real-time situational awareness and interoperability between multiple agencies and 

heterogeneous technologies [10]. 

Another major analytical dimension concerns cross-layer integration. One of the strongest 

architectural trends in modern emergency communication research is the transition from 
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isolated networking mechanisms toward integrated orchestration ecosystems. Traditional 

communication architectures frequently optimized individual protocol layers 

independently. In contrast, contemporary emergency communication systems recent 

integrate networking, edge computing, virtualization, AI-driven orchestration, distributed 

sensing, UAV-assisted communication and cyber-physical coordination into unified 

operational frameworks. The framework therefore evaluates the degree to which studies 

support adaptive interaction and coordinated functionality across multiple networking 

layers. The framework also assesses contributions to QoS, resilience, survivability and fault 

tolerance [47]. These dimensions represent foundational operational requirements for 

emergency communication systems operating under hostile or degraded conditions. During 

disasters, communication infrastructures frequently experience: 

- congestion, 

- physical destruction, 

- intermittent connectivity, 

- power instability, 

- mobility disruptions, 

- and cascading service failures. 

Consequently, modern emergency communication research recent prioritizes architectures 

capable of maintaining low latency, reliable communication continuity, dynamic rerouting, 

adaptive resource allocation and resilient service orchestration even under severe 

operational stress [15]. Evaluating these resiliency characteristics enables the framework to 

identify which architectures contribute most effectively to operational survivability. The 

cybersecurity and trust-management integration constitute another critical analytical 

dimension. As emergency communication systems evolve toward distributed and highly 

interconnected ecosystems, the attack surface expands significantly. Modern crisis 

communication architectures currently involve: 

- IoT infrastructures, 

- CPS, 

- UAV swarms, 

- edge-computing nodes, 

- cloud services, 

- VFN, 
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- and distributed orchestration mechanisms. 

These environments introduce substantial vulnerabilities related to spoofing, denial-of-

service attacks, malicious data manipulation, unauthorized access, communication 

interception and infrastructure compromise [67] . Consequently, the framework evaluates 

the degree to which studies integrate: 

- authentication, 

- encryption, 

- trust management, 

- blockchain-based security, 

- anti-jamming mechanisms, 

- and cyber-resilience strategies. 

The framework further measures AI-driven automation and orchestration maturity. AI 

recent appears as a core enabling technology within emergency communication research. 

AI mechanisms are progressively applied to: 

- resource allocation, 

- intelligent routing, 

- congestion mitigation,    

- predictive failure analysis, 

- anomaly detection, 

- autonomous UAV coordination, 

- and adaptive network orchestration [50] . 

However, the maturity of AI integration varies significantly across the related literature. 

Some studies incorporate only limited optimization mechanisms, while others investigate 

fully adaptive orchestration ecosystems capable of autonomous decision-making under 

rapidly changing disaster conditions. Measuring AI integration therefore helps to identify 

emerging intelligent networking paradigms. 

Another important component of the framework concerns validation realism and 

deployment maturity. A recurring limitation within emergency communication research is 

the dominance of simulation-oriented evaluation. Many architectures demonstrate strong 

theoretical performance but lack realistic operational validation [46] . Consequently, the 

framework differentiates between: 

- conceptual proposals, 
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- analytical models, 

- simulations, 

- laboratory testbeds, 

- pilot deployments, 

- and real operational implementations. 

This distinction is essential because emergency communication systems operate under 

highly unpredictable and hostile conditions that are difficult to reproduce through controlled 

simulations alone. Finally, the framework aims to identify recurring architectural and 

operational research gaps. The purpose of the analysis is not merely classificatory, but also 

exploratory. By systematically evaluating the dataset, the framework reveals 

underdeveloped networking domains, recurring weaknesses and future research 

opportunities. In particular, the analysis enables the identification of gaps involving: 

- autonomous orchestration, 

- transport-layer adaptation, 

- operational scalability, 

- integrated cyber resilience, 

- interoperability, 

- and real-world deployment maturity. 

Figure 39 summarizes the primary analytical dimensions used to evaluate architectural 

maturity, operational relevance, resiliency, orchestration complexity and deployment 

realism within the RQ3 dataset. 
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Figure 39 Multidimensional RQ3 Evaluation Framework. 

 

Overall, the framework combines communication-network analysis, systems engineering, 

emergency management, cyber resilience and distributed orchestration perspectives into a 

unified analytical methodology. This multidimensional approach enables the identification 

of both dominant technological trajectories and insufficiently explored research domains, 

thereby providing a comprehensive understanding of how modern emergency 

communication systems are evolving toward intelligent, resilient and highly orchestrated 

cyber-physical ecosystems [25], [47]. 

6.1.1 Network Layer Classification 

Each article included in the dataset was assigned one dominant primary network layer 

according to its architectural emphasis and operational focus. Although contemporary 

emergency communication systems increasingly integrate multiple networking domains, 

most studies still concentrate their main technical contribution within a specific architectural 

layer. This classification was therefore necessary to systematically evaluate how research 

attention is distributed across the communication stack and to identify broader technological 

trends shaping the evolution of next-generation crisis communication systems. It also 

provides a common analytical basis for comparing heterogeneous approaches that may 

differ substantially in their underlying technologies, deployment scenarios and operational 
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objectives. The analysis indicates that the networking stack is no longer investigated as a 

collection of isolated communication mechanisms. Instead, the current literature 

increasingly reflects the complexity of modern emergency environments, where 

communication infrastructures must simultaneously support mobility, resilience, 

interoperability, distributed coordination, low-latency communication and adaptive 

orchestration under highly unstable conditions [13]. Consequently, individual network 

layers are becoming increasingly interconnected through mechanisms such as software-

defined control, edge intelligence, dynamic resource allocation and AI-assisted 

orchestration. This evolution suggests a gradual transition from conventional layer-specific 

optimization toward more integrated architectures capable of coordinating communication, 

computing and sensing resources across multiple levels of the network. 

Nevertheless, despite this architectural convergence, clear research concentrations remain 

visible across different networking domains. Certain studies continue to emphasize specific 

layer-level mechanisms, while a growing proportion adopts cross-layer approaches that 

coordinate functions across the communication stack. This distribution provides an 

important indication of how research priorities are shifting from isolated protocol 

improvements toward more holistic, adaptive and intelligent networking architectures. 

Figure 40 illustrates the relative concentration of research activity across the networking 

stack, highlighting the increasing prominence of cross-layer orchestration architectures 

within the analyzed literature. 

 

Figure 40 Distribution of Research Attention Across Network Layers. 
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Studies assigned to the physical-layer category primarily focused on communication 

survivability under degraded or hostile conditions. Most studies within this category focused 

primarily on maintaining reliable communication connectivity when conventional terrestrial 

infrastructures become unavailable or severely degraded. Research attention focused 

heavily on resilient wireless communication mechanisms designed to support emergency 

operations under adverse environmental and infrastructural conditions. 

A major trend identified within this category was the increasing importance of non-

terrestrial communication infrastructures. A growing number of studies explored satellite-

assisted communication and extended wireless coverage mechanisms capable of supporting 

communication continuity during large-scale disasters or geographically isolated operations 

[75]. The Physical-layer research also demonstrated a strong emphasis on communication 

robustness and survivability rather than purely maximizing communication performance. 

Consequently, operational reliability, energy efficiency and communication persistence 

under unstable conditions emerged as central priorities. 

The Data Link and Network layer category represented one of the strongest concentrations 

of research activity throughout the dataset. This reflects the operational importance of 

maintaining connectivity and communication continuity in highly dynamic disaster 

environments characterized by mobility, fragmentation and infrastructure instability. The 

dominant architectural themes included topology-aware networking, adaptive routing, 

distributed communication coordination, mobility management and rapidly deployable 

communication infrastructures [76]. 

One of the strongest trends within this category was the extensive investigation of UAV-

assisted communication systems. Unmanned aerial systems increasingly appear as central 

operational components capable of functioning simultaneously as communication relays, 

temporary base stations, sensing platforms and distributed communication extenders. The 

related literature demonstrated substantial research interest in optimizing aerial-network 

deployment, maintaining communication coverage over damaged areas and supporting 

dynamic multi-hop connectivity between mobile emergency units [23]. Another major focus 

involved communication continuity in highly mobile and decentralized operational 

environments. Researchers increasingly examined architectures capable of maintaining 

resilient connectivity despite changing topologies, intermittent links, infrastructure 

destruction and rapidly evolving operational conditions. As a result, the Data Link and 
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Network layer literature strongly emphasized distributed adaptability and infrastructure 

independence. 

The transport-layer category received comparatively lower attention within the dataset, 

despite its operational importance for emergency communication systems. Studies assigned 

to this category primarily concentrated on maintaining communication continuity and 

service reliability under unstable network conditions. The dominant research themes 

involved congestion handling, delay-sensitive communication, continuity of service 

sessions, QoS preservation and seamless transitions between heterogeneous communication 

infrastructures. The transport-layer research frequently addressed the challenge of 

maintaining uninterrupted communication during infrastructure transitions, particularly 

between terrestrial and non-terrestrial communication domains. Recent work has 

increasingly examined adaptive mechanisms capable of preserving communication 

continuity during handover operations under emergency conditions [43], [74]. These 

mechanisms are especially important for mission-critical applications requiring 

uninterrupted situational awareness and command coordination. However, the analysis 

revealed that transport-layer adaptation remains relatively underdeveloped compared with 

orchestration-oriented and network-layer research. Many transport-focused studies remain 

narrowly scoped and primarily optimization-oriented, without fully integrating intelligent 

orchestration, cybersecurity mechanisms or autonomous adaptive coordination. This 

observation is particularly important because future emergency communication systems will 

rely heavily on intelligent QoS management and adaptive latency-aware communication 

continuity. 

At the application layer, research primarily focused on operational coordination, situational 

awareness, emergency response management and disaster-support services. Unlike lower-

layer studies focusing on communication continuity itself, application-oriented research 

investigated how communication infrastructures support decision-making, emergency 

coordination, resource allocation and operational awareness during crisis conditions. The 

dataset demonstrated increasing integration between application-layer systems and 

intelligent computational infrastructures. Many studies combined real-time monitoring, 

distributed sensing, AI-based analytics, cloud processing and emergency coordination 

services into unified operational platforms [71]. Application-layer architectures increasingly 

support: 
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- situational-awareness generation, 

- real-time decision support, 

- emergency alert dissemination, 

- disaster response coordination, 

- and intelligent operational management. 

However, the analysis also demonstrated that current application-layer systems are 

becoming progressively dependent on lower-layer resiliency and orchestration mechanisms. 

Their operational effectiveness increasingly depends on reliable edge computing, distributed 

networking, low-latency communication and resilient infrastructure coordination. The 

strongest architectural trend identified throughout the dataset was the dominance of cross-

layer architectures. Studies assigned to this category integrated multiple networking 

domains simultaneously and increasingly approached emergency communication systems 

as unified orchestration ecosystems rather than isolated protocol layers. 

Cross-layer architectures frequently combined: 

- SDN, 

- NFV, 

- MEC, 

- edge computing, 

- AI-driven orchestration, 

- UAV-assisted communication, 

- CPS, 

- network slicing, 

- and distributed intelligent infrastructures [18], [35]. 

The rapid growth of this category demonstrates a fundamental transformation in emergency 

communication research priorities. Rather than optimizing individual communication 

mechanisms independently, researchers increasingly investigate coordinated ecosystems 

capable of dynamically integrating communication, computation, sensing, virtualization and 

intelligent resource management. This shift reflects the growing recognition that disaster 

communication environments cannot be effectively managed through isolated protocol-

level improvements, particularly when network conditions, infrastructure availability and 

operational demands change rapidly during emergency scenarios. 
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Distributed orchestration and adaptive coordination are therefore emerging as foundational 

architectural requirements for next-generation crisis communication systems. The 

integration of MEC, SDN and NFV provides greater flexibility in the placement, 

configuration and management of network functions, while enabling distributed 

computational capabilities and dynamic service deployment under unstable operational 

conditions. These technologies also facilitate adaptive resource allocation and rapid network 

reconfiguration when conventional infrastructure becomes congested, degraded or partially 

unavailable. 

At the same time, AI-driven orchestration increasingly supports intelligent resource 

allocation, adaptive communication management and predictive resilience mechanisms. By 

continuously analyzing network conditions, traffic patterns and operational requirements, 

AI-assisted mechanisms can contribute to more dynamic coordination of communication 

and computing resources. This capability becomes particularly relevant in complex disaster 

environments, where network behavior must adapt to changing user mobility, connectivity 

constraints and mission-critical service priorities. 

Another important observation is that cross-layer architectures frequently integrate cyber-

physical coordination mechanisms involving UAVs, IoT infrastructures, edge computing 

and distributed sensing environments. These technologies extend the communication 

architecture beyond conventional networking functions by incorporating real-time sensing, 

localized processing and autonomous operational capabilities. Consequently, emergency 

communication systems are progressively evolving into interconnected cyber-physical 

ecosystems in which networking, sensing, computation, orchestration and intelligent 

decision-making operate as closely coordinated components. This convergence indicates a 

broader transition from layer-specific network optimization toward adaptive architectures 

capable of managing heterogeneous resources across multiple technological domains. 

Figure 41 demonstrates this architectural shift from isolated protocol-layer optimization 

toward integrated cross-layer coordination and intelligent orchestration ecosystems. 
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Figure 41 Evolution from Isolated Networking Layers to Cross-Layer Orchestration Ecosystems. 

The classification process ultimately enabled quantitative comparison between isolated-

layer studies and orchestration-oriented architectures. More importantly, it revealed a 

broader systemic transition occurring within emergency communication research. The 

related literature increasingly demonstrates that future crisis communication systems cannot 

rely on isolated networking mechanisms alone. Instead, they require highly adaptive, 

resilient, intelligent and distributed orchestration ecosystems capable of maintaining 

operational continuity under extreme and highly unpredictable conditions [47]. 

6.1.2 Evaluation Dimensions 

Each article in the dataset was evaluated using seven numerical dimensions intended to 

measure architectural maturity, operational relevance, technical depth, resiliency 

contribution and deployment realism within emergency communication research. The 

purpose of this multidimensional scoring process was to transform highly heterogeneous 

literature into a structured comparative analytical framework capable of revealing broader 

technological trends and recurring weaknesses across the networking ecosystem.  

The evaluation process was intentionally designed to avoid superficial categorization and 

instead provide a balanced assessment of both technical sophistication and operational 

applicability. Current emergency communication systems operate under highly unstable and 

mission-critical conditions where communication infrastructures must maintain continuity 

despite infrastructure destruction, congestion, mobility disruptions, cyber threats and 

rapidly evolving operational requirements. As a result, the scoring framework emphasized 
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not only networking innovation, but also resiliency, interoperability, adaptive orchestration, 

security integration and deployment maturity. 

The first analytical dimension evaluated the depth of technical contribution associated with 

the dominant network layer. This metric was particularly important because the reviewed 

studies demonstrated substantial variation in architectural maturity. Some studies simply 

adapted existing communication technologies to emergency environments without 

introducing substantial innovation, while others proposed entirely new orchestration 

mechanisms, distributed communication paradigms, or resilient networking ecosystems. 

Lower scores were assigned to studies that merely referenced emergency communication 

scenarios without significantly modifying the underlying networking mechanisms. 

Moderate scores corresponded to optimization-oriented studies introducing improvements 

in routing, communication continuity, or resource allocation. Higher scores were reserved 

for studies presenting architectural innovation, distributed orchestration frameworks, 

integrated edge-native ecosystems, or novel communication paradigms capable of 

fundamentally extending the operational capabilities of emergency communication systems. 

This dimension therefore enabled the distinction between incremental optimization and 

genuine architectural advancement. It also revealed that the most mature studies 

increasingly focus on orchestration complexity and distributed resiliency rather than isolated 

protocol enhancement. The second analytical dimension evaluated operational relevance to 

emergency and mission-critical communications. This metric distinguished generic 

networking research from architectures explicitly designed for disaster response 

environments and mission-critical operational conditions. This distinction was essential 

because many advanced networking studies investigate sophisticated communication 

technologies without directly addressing the operational realities of crisis management. 

Studies receiving high operational relevance scores demonstrated an explicit focus on 

disaster response, public safety communications, search-and-rescue operations, emergency 

coordination or communication continuity under degraded infrastructure conditions. 

These architectures typically addressed operational constraints such as rapid deployment, 

mobility support, infrastructure fragmentation, communication survivability, low-latency 

coordination and multi-agency interoperability. In contrast, studies focusing primarily on 

generic smart-city communication, commercial networking optimization, or conventional 

wireless communication without explicit emergency applicability received lower scores. 
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This evaluation dimension therefore ensured that the analysis remained centered on crisis 

communication systems rather than broader communication technologies lacking direct 

operational relevance. 

The third dimension measured the degree of cross-layer integration. One of the strongest 

findings throughout the dataset was the progressive transition from isolated protocol-layer 

optimization toward highly integrated orchestration ecosystems. As a result, evaluating the 

extent of interaction between networking layers became essential for understanding 

architectural maturity. Lower scores were assigned to studies focusing exclusively on 

isolated communication mechanisms without broader orchestration capabilities. 

Intermediate scores corresponded to partially coordinated architectures integrating limited 

communication and computational functionalities. The highest scores were assigned to 

architectures demonstrating adaptive orchestration across multiple networking domains 

simultaneously. 

The strongest cross-layer studies integrated SDN, NFV, MEC, edge computing, AI-driven 

orchestration, UAV-assisted networking, distributed sensing, virtualization and cyber-

physical coordination. This dimension therefore captured the increasing architectural 

convergence characterizing modern emergency communication research. Another major 

analytical dimension evaluated contributions related to QoS, resiliency, survivability and 

fault tolerance. Emergency communication systems frequently operate under conditions 

involving infrastructure damage, unstable connectivity, overloaded communication 

channels, mobility disruptions, and cascading service failures. As a result, resiliency-

oriented communication mechanisms increasingly represent foundational operational 

requirements. Studies receiving high scores within this category typically focused on latency 

reduction, adaptive congestion handling, communication survivability, fault-tolerant 

orchestration, dynamic rerouting, resilient service continuity, and distributed backup 

communication infrastructures. 

Particular emphasis was placed on architectures capable of preserving operational continuity 

under degraded or partially destroyed network conditions. This dimension revealed that 

resiliency engineering has become one of the dominant priorities within next-generation 

emergency communication research. Cybersecurity and trust-management integration 

constituted another important analytical dimension. The current emergency communication 

ecosystems increasingly involve distributed and heterogeneous infrastructures including 
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UAVs, IoT devices, CPS, virtualized services, edge-computing nodes, satellite 

communication and distributed orchestration mechanisms. 

This convergence significantly expands the attack surface and introduces vulnerabilities 

related to spoofing, unauthorized access, denial-of-service attacks, communication 

interception, malicious data manipulation and infrastructure compromise. The framework 

therefore evaluated the degree to which studies integrated authentication mechanisms, 

encryption, trust management, anti-jamming strategies, secure routing, blockchain-based 

security and broader cyber-resilience mechanisms. The analysis demonstrated that although 

cybersecurity appears increasingly important across the related literature, many 

architectures still treat security as a partially integrated subsystem rather than a foundational 

architectural component. 

The sixth analytical dimension evaluated AI-driven automation and orchestration maturity. 

AI increasingly appears as a core enabling technology within emergency communication 

systems. AI-based mechanisms are progressively applied to intelligent routing, adaptive 

orchestration, predictive resiliency, congestion mitigation, anomaly detection, autonomous 

resource allocation and distributed communication management. However, the degree of AI 

integration varies substantially across the related literature. Some studies apply relatively 

simple optimization techniques, while others investigate fully adaptive orchestration 

ecosystems capable of autonomous decision-making under rapidly changing operational 

conditions. This dimension therefore enabled the identification of emerging intelligent 

networking paradigms and highlighted the growing transition toward AI-native emergency 

communication systems. The final analytical dimension evaluated validation strength and 

deployment maturity. This dimension was especially important because a recurring 

weakness throughout the dataset involved the dominance of simulation-based evaluation. 

Many architectures demonstrate strong theoretical or analytical performance but lack 

realistic operational validation. Lower validation scores were assigned to conceptual or 

purely analytical studies. Intermediate scores corresponded to simulation-based evaluation 

and laboratory emulation environments. Higher scores were reserved for pilot deployments, 

operational exercises, field experimentation and real-world implementations. This 

distinction is particularly important because emergency communication systems operate 

under highly unpredictable and hostile conditions that cannot be fully reproduced in 

controlled simulation environments. Finally, the overall layer maturity score was computed 
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as the average of all numerical dimensions. This aggregated metric enabled direct 

comparison between studies with different architectural focuses while preserving analytical 

consistency across the dataset. More importantly, it provided a structured mechanism for 

identifying broader technological trajectories, operational limitations, validation 

weaknesses and underexplored networking domains shaping the future evolution of resilient 

emergency communication ecosystems. 

6.2 Quantitative Distribution of Research Attention Across Network 

Layers 

The analysis of the dataset indicates that recent research activity is increasingly concentrated 

on cross-layer orchestration architectures rather than isolated networking layers. This shift 

reflects the growing operational and architectural complexity of modern emergency 

communication systems, where communication infrastructures no longer function as 

independent technical entities. Instead, they operate as highly interconnected ecosystems 

combining networking, computation, sensing, virtualization and intelligent coordination 

mechanisms. Such architectures are designed to respond dynamically to changing network 

conditions, infrastructure failures and evolving operational requirements, making cross-

layer interaction increasingly important for maintaining reliable mission-critical services. 

A significant portion of the related literature therefore focuses on architectures that integrate 

multiple technological domains simultaneously [18], [49]. In particular, cross-layer studies 

frequently combine MEC, SDN, NFV, UAV-assisted communication, AI-driven 

orchestration, edge computing, CPS, network slicing and distributed edge intelligence 

within unified operational frameworks. Rather than functioning independently, these 

technologies increasingly rely on continuous information exchange and adaptive 

coordination across several networking layers. MEC brings computational capabilities 

closer to operational environments, while SDN and NFV provide programmable 

mechanisms for dynamic network configuration and service deployment. In parallel, AI-

assisted orchestration can support adaptive resource allocation and network optimization, 

while UAVs and distributed sensing infrastructures extend connectivity and situational 

awareness across affected areas. The coordinated interaction of these technologies provides 

a more flexible architectural foundation for maintaining operational continuity under highly 

dynamic and infrastructure-degraded emergency conditions. 
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The second strongest concentration of research activity appears within the Data Link and 

Network layer domain. Studies in this category primarily investigate mechanisms designed 

to preserve connectivity, routing stability and communication continuity in environments 

characterized by mobility, fragmented infrastructure and unstable network conditions [23], 

[50]. The related literature demonstrates particularly strong interest in UAV-assisted 

networking, MANETs, aerial base stations, topology-aware routing, mobility-aware 

communication and resilient wireless architectures capable of adapting to rapidly changing 

disaster-response scenarios. The prominence of this domain therefore reflects the 

fundamental importance of maintaining basic connectivity as a prerequisite for higher-level 

emergency communication services. 

By comparison, transport-layer research receives considerably less attention despite its 

critical role in mission-critical communication environments. Existing studies mainly focus 

on maintaining QoS, minimizing end-to-end latency, supporting seamless handover 

between heterogeneous communication infrastructures, managing congestion and 

preserving service continuity during infrastructure instability [77]. These functions become 

particularly important when emergency networks simultaneously carry heterogeneous 

traffic, including voice, telemetry, sensor information and real-time multimedia services 

with different performance requirements. This imbalance suggests that current research 

places greater emphasis on architectural integration and connectivity restoration than on 

transport-level optimization under dynamic disaster conditions. Overall, the distribution 

across networking layers indicates a broader evolution from conventional layer-specific 

communication mechanisms toward integrated, adaptive and increasingly intelligent 

architectures. Cross-layer orchestration appears to represent the most mature direction of 

this transition, while network-level resilience remains a strong technical priority and 

transport-layer adaptation presents comparatively greater opportunities for further 

investigation. Figure 42 illustrates this distribution of research activity across networking 

layers while highlighting differences in architectural maturity and operational focus 

throughout the RQ3 dataset. 
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Figure 42 Quantitative Distribution of Research Attention Across Network Layers. 

Physical-layer research also appears less dominant throughout the dataset and is often 

incorporated into broader architectural frameworks rather than investigated as an 

independent research domain. Most physical-layer contributions focus on communication 

survivability, resilient wireless transmission, spectrum reliability and satellite-assisted 

communication under degraded operational conditions [48] . 

At the application layer, research activity is primarily associated with disaster-management 

platforms, public-warning infrastructures, situational-awareness systems and intelligent 

emergency coordination applications. However, the analysis demonstrates that many 

application-oriented systems increasingly depend on lower-layer resiliency mechanisms, 

edge-computing support and cross-layer orchestration capabilities in order to achieve 

reliable real-time operation during crisis scenarios. 

Overall, the dataset reveals a clear architectural transition within emergency communication 

research. Contemporary studies increasingly move away from isolated protocol 

optimization and instead prioritize integrated orchestration ecosystems capable of 

dynamically coordinating communication, computation, sensing and intelligent resource 

management across highly heterogeneous operational environments. 

6.2.1 Dominance of Cross-Layer Architectures 

Cross-layer architectures receive the highest concentration of research attention because 

modern emergency communication systems are required to satisfy multiple operational 
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demands simultaneously. Unlike conventional networking environments, disaster response 

scenarios involve highly unstable and heterogeneous conditions where communication 

infrastructures must support ultra-low latency, reliability, scalability, survivability, 

interoperability, mobility management and cybersecurity under continuous operational 

stress. This observation is consistently reflected across the reviewed literature, where 

integrated cross-layer orchestration emerges as the dominant architectural paradigm for 

mission-critical emergency communications [20], [22], [23]. 

As a result, recent research increasingly focuses on integrated orchestration ecosystems that 

combine communication, computation, sensing, virtualization and intelligent resource 

coordination within unified architectural frameworks. Many studies investigated 

architectures integrating SDN for centralized orchestration, NFV for flexible service 

deployment, MEC for low-latency processing, UAV-assisted communication for dynamic 

coverage extension, AI-driven resource management and distributed sensing infrastructures 

capable of supporting adaptive disaster response operations [73]. 

MEC-enabled resilient network slicing architectures further extend this convergence by 

integrating NFV, SDN, multi-connectivity mechanisms, orchestration frameworks, backup-

service continuity strategies and latency-aware resource management into adaptive 

communication ecosystems capable of dynamically responding to changing disaster 

conditions.  

Overall, the related literature demonstrates that emergency communication research is 

progressively shifting away from isolated networking optimization and toward 

orchestration-centric architectural models. Increasing attention is now placed on 

orchestration complexity, adaptive service management, intelligent edge coordination, 

distributed resiliency engineering and autonomous resource allocation across heterogeneous 

operational environments. Cross-layer architectures therefore represent far more than a 

temporary technological trend. They reflect a broader systemic transformation in the design 

philosophy of emergency communication systems, where resiliency, intelligence, 

distributed coordination and operational adaptability increasingly emerge as tightly 

interconnected architectural requirements. 

6.2.2 Data Link and Network Layer Attention 

The Data Link and Network layer domain remains one of the most extensively investigated 

isolated networking categories within the dataset. This strong research concentration reflects 
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the critical operational role of maintaining communication continuity in highly dynamic and 

infrastructure-deficient disaster environments. Unlike conventional civilian networking 

scenarios, emergency communication systems frequently operate under conditions 

involving damaged infrastructure, fragmented connectivity, unstable mobility patterns and 

rapidly changing operational requirements [19], [21], [23], [69]. 

The dominant research themes within this category include UAV-assisted communication, 

topology-aware networking, aerial base stations, ad hoc communication architectures, 

mobility-aware routing and resilient wireless coverage mechanisms. A significant portion 

of the related literature focuses on rapidly deployable networking infrastructures capable of 

restoring communication services following large-scale disasters or infrastructure failures 

[42]. 

Post-disaster environments often experience severe communication disruption caused by 

destroyed base stations, fragmented terrestrial connectivity, overloaded communication 

channels and unstable wireless coverage. As a result, UAV-assisted networking has 

emerged as one of the most prominent research directions within the Data Link and Network 

layer domain. Many studies investigate the use of unmanned aerial systems as temporary 

communication relays, aerial base stations, mobile edge nodes, or wireless coverage 

extenders capable of supporting emergency coordination during critical operational periods. 

Several studies in the dataset place particular emphasis on aerial communication coverage 

optimization, UAV trajectory planning, ergodic-capacity analysis, topology-aware 

deployment strategies, multi-hop communication and adaptive routing mechanisms 

designed to preserve connectivity under unstable networking conditions. Collectively, these 

approaches aim to rapidly restore communication continuity and improve operational 

coordination during disaster response operations. Beyond UAV-assisted networking, 

several studies also investigate satellite-ground integrated communication architectures to 

ensure service continuity in geographically isolated or infrastructure-denied environments, 

further strengthening the resilience of network-layer emergency communications [21], [44]. 

Despite the high level of research activity, however, several important limitations remain 

visible throughout the related literature. A large portion of network-layer studies continue 

to rely heavily on simulation-based evaluation, analytical modeling and theoretical 

optimization frameworks. In contrast, realistic operational deployments and large-scale field 

validation remain comparatively limited. The analysis also reveals that many network-layer 
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architectures still lack advanced orchestration capabilities, autonomous adaptation 

mechanisms, integrated cybersecurity frameworks and support for large-scale 

heterogeneous interoperability across multiple communication domains. Consequently, 

although Data Link and Network layer research remains operationally essential, the related 

literature increasingly demonstrates a gradual transition toward broader cross-layer 

orchestration ecosystems capable of integrating communication, computation, sensing and 

intelligent coordination within unified operational architectures. 

6.2.3 Transport-Layer Research Attention 

Transport-layer research receives considerably less attention within the dataset when 

compared with cross-layer orchestration and network-layer communication studies, despite 

its operational importance for mission-critical emergency communications. Although 

comparatively few studies explicitly focus on the transport layer, those that do primarily 

investigate QoS continuity, congestion management, delay-sensitive communications, 

seamless handover mechanisms and session survivability across heterogeneous 

communication infrastructures [20], [21], [73]. 

The dominant research themes within this category include QoS continuity, congestion 

management, delay-sensitive communication, seamless handover mechanisms and session 

survivability across heterogeneous communication infrastructures. Many studies focus 

specifically on maintaining stable communication performance under highly unstable 

networking conditions where communication links may frequently degrade or become 

temporarily unavailable [20], [21], [42]. 

Satellite-ground handover architectures represent one of the most characteristic examples 

identified within the dataset. These systems aim to preserve communication continuity 

between terrestrial 5G infrastructures, GEO satellite systems and NTN emergency 

communication environments. The primary objective of these architectures is to minimize 

communication interruption, reduce blocking probability, limit latency degradation and 

maintain QoS consistency during transitions between heterogeneous networking domains. 

Transport-layer optimization becomes especially critical in operational scenarios involving 

command-and-control services, emergency response coordination, mission-critical voice 

communication and real-time situational awareness. In such environments, even short 

communication interruptions or latency spikes may significantly affect operational 

effectiveness and decision-making efficiency [73]. 
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Despite its operational significance, however, the analysis reveals several important 

limitations across the existing transport-layer literature. Many studies remain narrowly 

scoped, heavily simulation-oriented and insufficiently integrated with broader orchestration 

ecosystems or AI-driven adaptive management frameworks. In many cases, transport-layer 

optimization is treated as an isolated communication problem rather than as part of a larger 

intelligent coordination architecture. 

The analysis further demonstrates that transport-layer research rarely incorporates 

autonomous adaptation mechanisms, integrated cybersecurity frameworks, distributed 

intelligent coordination, or AI-native resource management capabilities. This observation 

represents one of the most important research gaps identified throughout the dataset. Future 

emergency communication systems will increasingly depend on autonomous QoS 

adaptation, dynamic traffic prioritization, intelligent congestion management and predictive 

latency-aware orchestration capable of operating under highly unpredictable and degraded 

operational conditions. Overall, although transport-layer research remains comparatively 

underdeveloped, its importance is expected to increase significantly as next-generation 

emergency communication ecosystems evolve toward fully adaptive and AI-driven 

orchestration environments. 

6.2.4 Application-Layer Research Attention 

Application-layer research within the dataset primarily focuses on disaster-management 

intelligence, public warning infrastructures, emergency coordination platforms, citizen-

awareness applications, and situational-awareness systems designed to support operational 

decision-making during crisis events. Unlike the lower networking layers, which primarily 

concentrate on communication continuity, routing efficiency, and connectivity preservation, 

application-layer architectures emphasize transforming information into operational 

knowledge that supports emergency coordination, response management, and real-time 

situational awareness [22], [73]. 

A significant portion of the reviewed literature investigates the integration of AI, edge 

intelligence, Big Data analytics, IoT sensing infrastructures, cloud- and edge-based 

processing, and predictive disaster-management frameworks into unified emergency-

response platforms. Rather than functioning solely as communication endpoints, these 

systems increasingly transform raw communication and sensor data into actionable 
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operational intelligence capable of supporting faster, more accurate, and context-aware 

decision-making during highly dynamic emergency scenarios [73]. 

Application-layer architectures are particularly important because they directly support 

several mission-critical operational functions, including emergency coordination, resource 

allocation, disaster monitoring, situational-awareness generation, decision support, and 

public information dissemination. Numerous studies further investigate intelligent 

dashboards, AI-assisted coordination platforms, and integrated command-and-control 

environments capable of aggregating heterogeneous communication, sensing, and 

operational data streams in real time to improve emergency response effectiveness. 

At the same time, the analysis demonstrates that modern application-layer systems are 

becoming progressively dependent on lower-layer networking and orchestration 

mechanisms. In practice, disaster-management applications cannot operate effectively 

without resilient wireless connectivity, low-latency communications, edge-computing 

support, QoS continuity, and distributed orchestration capabilities capable of maintaining 

reliable system performance under degraded operational conditions. This growing 

dependency highlights that application-layer intelligence is no longer developed 

independently but increasingly relies on tightly integrated communication and computing 

infrastructures. 

Consequently, application-layer research is progressively converging toward broader cross-

layer architectural ecosystems in which communication, computation, sensing, AI-driven 

intelligence, and orchestration operate as tightly interconnected components rather than as 

isolated functional entities. This finding is also consistent with the advanced paradigms 

identified in RQ2, where AI-native networking, edge intelligence, SDN/NFV orchestration, 

and cyber-physical integration collectively redefine the architecture of next-generation 

emergency communication systems. Overall, the findings reinforce the broader architectural 

transition identified throughout the dataset, namely the shift from isolated networking 

mechanisms toward integrated, intelligent, adaptive, and highly resilient emergency 

communication ecosystems capable of supporting mission-critical operations under highly 

dynamic disaster conditions. 

6.3 Final Answer to RQ3 

The analysis conducted throughout Chapter 6 demonstrates that contemporary emergency 

communication research is increasingly dominated by cross-layer orchestration 



 

Vasileios Karagiannakis, Communication Technologies for Man-

Made Disasters and Emergency Response: A Comprehensive Study 

 

Postgraduate Dissertation   158 

architectures rather than isolated networking-layer optimization. This transition reflects the 

growing operational complexity of modern disaster response environments, where 

communication systems must simultaneously support ultra-low latency, reliability, 

scalability, interoperability, survivability, mobility management, cybersecurity, distributed 

sensing and autonomous coordination under highly unstable operational conditions. 

Among all networking domains, cross-layer architectures receive the highest level of 

research attention. The related literature consistently demonstrates a strong convergence 

between SDN, NFV, MEC, UAV-assisted communication, AI-driven orchestration, edge 

computing, CPS, network slicing and distributed intelligent infrastructures. Rather than 

operating independently, these technologies increasingly function as tightly integrated 

orchestration ecosystems capable of dynamically coordinating communication, 

computation, sensing, virtualization and intelligent resource management across 

heterogeneous disaster environments. 

The second strongest concentration of research activity appears within the Data Link and 

Network layer domain. Research in this category focuses heavily on maintaining 

communication continuity under infrastructure-deficient conditions through UAV-assisted 

networking, aerial base stations, ad hoc communication architectures, topology-aware 

routing, multi-hop networking and mobility-aware communication mechanisms. The 

dataset demonstrates that UAV-assisted networking has emerged as one of the dominant 

architectural directions because unmanned aerial systems can rapidly restore 

communication coverage and support emergency coordination when terrestrial 

infrastructures become unavailable. 

Application-layer research also receives substantial attention, particularly in relation to 

disaster-management intelligence, situational-awareness systems, emergency coordination 

platforms, public-warning infrastructures and AI-assisted operational decision support. 

However, the analysis reveals that modern application-layer ecosystems increasingly 

depend on resilient lower-layer infrastructures, edge-computing support, distributed 

orchestration and low-latency communication mechanisms in order to operate effectively 

under crisis conditions. 

In contrast, transport-layer research remains comparatively underexplored despite its 

operational importance for mission-critical communication environments. Existing studies 

primarily investigate QoS continuity, congestion management, delay-sensitive 
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communication, seamless handover and session survivability across heterogeneous 

terrestrial and non-terrestrial infrastructures. Nevertheless, most transport-layer 

contributions remain narrowly scoped, heavily simulation-oriented and insufficiently 

integrated with broader orchestration ecosystems, AI-driven adaptive management, 

cybersecurity mechanisms, or autonomous coordination capabilities. 

Physical-layer research receives relatively lower attention and is frequently incorporated 

within broader orchestration-oriented architectures rather than investigated independently. 

Most physical-layer studies focus on communication survivability, resilient wireless 

transmission, spectrum reliability, anti-jamming resilience and satellite-assisted 

communication under degraded operational conditions. 

Another major limitation concerns the incomplete integration of cybersecurity and trust-

management mechanisms. Although security increasingly appears within modern 

emergency communication architectures, many studies still treat cybersecurity as an 

auxiliary subsystem rather than as a foundational architectural component integrated across 

all networking layers. Similar limitations appear in relation to autonomous orchestration and 

AI-native coordination. While AI-assisted optimization is becoming increasingly common, 

fully autonomous adaptive orchestration ecosystems capable of predictive resiliency 

management and distributed intelligent coordination remain relatively immature. 

The findings therefore demonstrate that emergency communication research is undergoing 

a broader systemic transformation from isolated protocol-centric networking approaches 

toward highly adaptive, intelligent and distributed orchestration ecosystems. Future crisis 

communication systems will increasingly depend on the seamless convergence of 

networking, edge intelligence, distributed sensing, AI-driven orchestration, cyber resilience 

and autonomous operational coordination across heterogeneous terrestrial and non-

terrestrial infrastructures. However, despite the substantial architectural sophistication 

demonstrated throughout the related literature, the transition from experimental frameworks 

toward fully operational resilient emergency communication ecosystems remains an 

ongoing challenge for both academia and industry. 
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7. Conclusions and Future Research Directions 

This dissertation investigated the evolving role of advanced communication technologies in 

man-made disaster environments, focusing on the transition from conventional public safety 

communication systems toward intelligent, distributed and highly adaptive mission-critical 

ecosystems. The study systematically analyzed how modern emergency communication 

architectures integrate 5G, emerging 6G paradigms, MEC, AI-native networking, UAV-

assisted communication, NTNs, CPS and cross-layer orchestration mechanisms in order to 

address the increasing operational complexity of disaster response environments. 

The findings demonstrate that contemporary emergency communication systems are 

undergoing a profound architectural transformation. Traditional communication 

infrastructures based primarily on isolated radio systems and static networking architectures 

are progressively evolving into integrated cyber-physical ecosystems combining 

communication, sensing, computation, orchestration and intelligent decision-support 

mechanisms within unified operational environments. This transformation is driven by the 

growing operational demands associated with modern disasters, where communication 

systems must simultaneously support ultra-low latency, interoperability, scalability, 

survivability, distributed situational awareness, autonomous coordination and resilient 

service continuity under highly unstable operational conditions. 

The overall analysis further demonstrates that future disaster communication ecosystems 

will increasingly depend on the convergence of distributed intelligence, AI-driven 

orchestration, edge computing, UAV-enabled networking, IoT sensing infrastructures and 

non-terrestrial communication systems operating within highly heterogeneous and 

dynamically coordinated environments. Rather than functioning as isolated communication 

technologies, modern emergency communication systems increasingly operate as intelligent 

operational ecosystems capable of adaptive coordination and autonomous resilience 

management. 

7.1 Conclusions Related to RQ1 

The analysis presented in Chapter 4 revealed that simulation-based evaluation remains the 

dominant validation methodology across the majority of contemporary emergency 

communication studies. Most research contributions rely primarily on analytical models, 

synthetic traffic generation, network simulators and controlled emulation environments in 
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order to evaluate routing protocols, QoS management mechanisms, orchestration strategies, 

UAV-assisted communication architectures, AI-driven optimization frameworks and 

resilient networking approaches for disaster response operations. 

This strong dependence on simulation-oriented evaluation is largely understandable. 

Emergency communication systems are designed to operate under highly complex and 

unpredictable conditions that are extremely difficult to reproduce in real-world 

environments. Large-scale disasters often involve damaged infrastructures, unstable 

communication links, mobility disruptions, overloaded networks, environmental 

interference and rapidly evolving operational conditions. Conducting realistic field 

experiments under such circumstances is not only financially demanding, but in many cases 

operationally dangerous or practically infeasible. Consequently, simulation environments 

provide researchers with a controlled and cost-effective mechanism for investigating system 

behavior under a wide range of hypothetical disaster scenarios. 

Simulation-based methodologies also offer several important scientific advantages. They 

allow repeatable experimentation, precise parameter control, scalability analysis and 

comparative evaluation across different architectural approaches. Researchers can therefore 

examine how communication systems behave under varying levels of congestion, 

infrastructure failure, mobility conditions, or communication interference without the 

logistical complexity associated with large operational deployments. This methodological 

flexibility has significantly accelerated innovation within the field of emergency 

communications and has enabled the rapid exploration of advanced technologies such as 

AI-native networking, UAV-assisted relays, edge orchestration, network slicing and 

distributed cyber-physical coordination. 

However, despite these advantages, the analysis also demonstrated that simulation-oriented 

validation introduces important limitations regarding the generalizability and operational 

realism of research findings. Many proposed architectures demonstrate strong theoretical or 

simulated performance but remain insufficiently validated under realistic disaster response 

conditions. In practice, emergency environments are influenced by a wide range of 

unpredictable operational variables that are difficult to model accurately within controlled 

simulation environments. 

Several important operational dimensions remain comparatively underexplored throughout 

the related literature. These include the effects of infrastructure degradation under real 
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disaster conditions, the influence of unpredictable human behavior during crisis situations, 

the complexity of multi-agency interoperability, unstable communication availability, 

cyber-physical coordination failures, environmental interference and the scalability 

challenges associated with large heterogeneous emergency-response deployments. In real-

world operations, communication systems must often function across fragmented 

infrastructures involving police forces, firefighters, healthcare providers, military units, civil 

protection agencies and critical infrastructure operators operating simultaneously under 

extreme time pressure and incomplete situational awareness. Such operational complexity 

is rarely reproduced comprehensively within simulation-based evaluation frameworks. 

The findings therefore reveal a substantial gap between theoretical architectural 

sophistication and practical deployment maturity. Although modern emergency 

communication research demonstrates a high degree of technological innovation, many 

proposed solutions remain experimentally immature when evaluated from the perspective 

of real-world disaster response applicability. In many cases, architectures that appear highly 

efficient within controlled simulation environments may encounter significant operational 

limitations when exposed to infrastructure instability, unpredictable mobility patterns, 

human decision-making constraints, or large-scale interoperability requirements during 

actual emergencies. 

For this reason, future research must progressively move beyond purely simulation-oriented 

evaluation and prioritize more operationally realistic validation approaches. Greater 

emphasis should be placed on large-scale pilot deployments, field experimentation, 

interoperability exercises and real-world emergency-response validation environments 

capable of testing communication architectures under realistic operational stress. Hybrid 

evaluation ecosystems combining digital twins, AI-driven simulation, edge-based emulation 

and operational field testing may provide a more balanced and realistic validation 

methodology for next-generation emergency communication systems. 

At the same time, future evaluation frameworks should adopt a more multidisciplinary 

perspective integrating technical, organizational, operational and human-centric dimensions 

simultaneously. Emergency communication systems do not operate purely as networking 

infrastructures, they function within highly complex socio-technical ecosystems involving 

human decision-making, institutional coordination, operational doctrine and dynamic crisis 

management processes. Consequently, improving the realism and generalizability of future 
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emergency communication research will require closer integration between communication 

engineering, AI, cyber-physical systems, disaster management and operational field 

practice. 

7.2 Conclusions Related to RQ2 

The findings presented in Chapter 5 demonstrate that contemporary emergency 

communication research is increasingly shaped by deep technological convergence rather 

than isolated technological innovation. Modern emergency communication architectures no 

longer approach networking, sensing, computation, orchestration and operational 

coordination as independent technical domains. Instead, recent research increasingly 

integrates multiple advanced technologies into unified and highly interconnected 

operational ecosystems capable of supporting complex disaster response environments. 

This transition reflects the growing realization that modern crises require far more than 

conventional communication connectivity alone. Large-scale emergencies involve rapidly 

changing operational conditions, fragmented infrastructures, unstable communication 

availability, dynamic mobility patterns and the simultaneous coordination of multiple 

heterogeneous actors. As a result, communication systems are progressively evolving into 

intelligent cyber-physical ecosystems where communication, computation, sensing, 

analytics and decision-making mechanisms operate together in a coordinated manner. 

One of the strongest technological trends identified throughout the dataset is the emergence 

of AI-native networking and intelligent orchestration architectures. AI increasingly 

functions as a central enabling mechanism within modern emergency communication 

systems rather than as an auxiliary optimization tool. Across the related literature, AI-driven 

architectures support adaptive resource allocation, predictive congestion management, 

autonomous routing optimization, intelligent QoS enforcement, distributed resiliency 

engineering, edge orchestration, anomaly detection and predictive situational awareness 

generation. 

The growing integration between AI and MEC represents one of the most important 

architectural developments identified in the analysis. By combining AI-based analytics with 

edge-computing infrastructures located near the disaster area, modern emergency 

communication systems can process operational data locally and support distributed real-

time decision-making without relying exclusively on centralized cloud infrastructures. This 

convergence significantly improves operational responsiveness, reduces communication 
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latency, enhances service continuity under degraded networking conditions and enables 

partial operational autonomy even when communication links to centralized infrastructures 

become unstable or unavailable. 

Another major architectural trend involves the rapid expansion of UAV-assisted 

communication ecosystems and the integration of NTNs. The analysis demonstrated that 

unmanned aerial systems increasingly function as multifunctional operational platforms 

capable of supporting communication, sensing, coordination and infrastructure recovery 

simultaneously. Modern UAV-based architectures are no longer limited to simple 

communication relays. Instead, UAVs increasingly operate as aerial base stations, 

temporary communication extenders, airborne sensing platforms, mobile edge-computing 

nodes, distributed telemetry collectors and adaptive infrastructure-recovery mechanisms 

during disaster response operations. 

At the same time, NTN and SAGIN architectures significantly improve communication 

survivability by integrating terrestrial, aerial and satellite communication infrastructures 

within unified operational environments. These architectures are especially important 

during large-scale disasters where terrestrial communication infrastructures may become 

partially destroyed or completely unavailable. By extending communication coverage 

beyond conventional terrestrial limitations, NTN-enabled systems improve communication 

continuity, operational coordination and disaster-area connectivity under highly degraded 

conditions. 

The research also demonstrated growing interest in blockchain-enabled trust mechanisms 

and secure distributed coordination frameworks. As emergency communication ecosystems 

become increasingly distributed and heterogeneous, the need for trusted coordination and 

secure information exchange becomes substantially more important. Blockchain-based 

architectures increasingly support decentralized authentication, distributed access control, 

trusted operational logging, secure information sharing and resilient coordination among 

heterogeneous stakeholders operating across multiple communication domains. 

This trend is particularly important because future disaster response ecosystems will likely 

involve highly decentralized operational environments integrating public authorities, 

emergency responders, critical infrastructure operators, autonomous systems, UAV swarms, 

IoT infrastructures and distributed edge-computing platforms simultaneously. Under such 

conditions, centralized trust management mechanisms may become operationally 
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insufficient or vulnerable to disruption. Blockchain-enabled coordination frameworks 

therefore represent an important step toward resilient and distributed trust management 

within future emergency communication ecosystems. 

Furthermore, the convergence of ISAC, digital twins, CPS, IoT-enabled sensing 

infrastructures and intelligent situational-awareness platforms collectively indicates that 

future emergency communication systems are evolving toward fully integrated cyber-

physical operational environments. These emerging ecosystems increasingly combine 

communication, distributed intelligence, sensing, autonomous coordination, predictive 

analytics and operational awareness within unified adaptive infrastructures capable of 

continuously responding to rapidly changing disaster conditions. 

Overall, the findings of Chapter 5 demonstrate that the future of emergency communications 

will not depend solely on faster networking infrastructures or isolated protocol optimization. 

Instead, next-generation disaster response ecosystems will increasingly rely on the deep 

integration of AI, edge computing, UAV-assisted networking, distributed sensing, 

blockchain-enabled trust management and intelligent orchestration mechanisms operating 

together within highly adaptive and resilient cyber-physical environments. 

7.3 Conclusions Related to RQ3 

The analysis conducted in Chapter 6 demonstrated that cross-layer orchestration 

architectures currently receive the highest concentration of research attention within 

contemporary emergency communication literature. This finding reflects a broader 

architectural transition occurring across the field of crisis communications. Researchers 

increasingly recognize that isolated protocol optimization is no longer sufficient for 

addressing the operational complexity of modern disaster environments, where 

communication systems must function under conditions of infrastructure instability, 

mobility disruptions, heterogeneous networking environments and rapidly changing 

operational requirements. 

Traditional communication architectures typically focused on improving the performance 

of individual networking layers independently. However, modern emergency 

communication ecosystems require continuous interaction between communication, 

computation, sensing, orchestration and intelligent resource management mechanisms. As 

a result, recent research increasingly prioritizes integrated orchestration environments 
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capable of dynamically coordinating heterogeneous infrastructures and distributed 

operational resources under highly unstable conditions. 

The findings revealed particularly strong research interest in technologies associated with 

cross-layer orchestration and distributed intelligent coordination. Modern emergency 

communication systems increasingly prioritize SDN and NFV orchestration mechanisms, 

MEC-enabled distributed intelligence, AI-native networking architectures, UAV-assisted 

communication ecosystems, IoT integration, CPS coordination, edge-cloud convergence 

and interoperability between terrestrial and non-terrestrial communication infrastructures. 

These technologies are rarely investigated as isolated architectural components. Instead, the 

related literature increasingly approaches them as tightly interconnected operational 

ecosystems where communication infrastructures, edge computing, sensing platforms, 

virtualization frameworks and AI-driven coordination mechanisms operate together in order 

to preserve communication continuity and operational effectiveness during crisis situations. 

The Data Link and Network layers also receive extensive research attention throughout the 

dataset. This strong concentration reflects the operational importance of maintaining 

resilient connectivity under disaster conditions where conventional terrestrial infrastructures 

may become degraded, fragmented, or completely unavailable. In particular, a substantial 

portion of the related literature focuses on UAV-assisted networking, topology-aware 

routing, resilient wireless coverage mechanisms, multi-hop communication architectures, 

ad hoc networking environments and infrastructure-independent communication systems 

capable of rapidly restoring operational connectivity during emergency-response 

operations. 

UAV-assisted networking emerged as one of the most dominant architectural directions 

within this category. Modern unmanned aerial systems increasingly function not only as 

communication relays, but also as aerial base stations, mobile edge-computing platforms, 

distributed sensing nodes and adaptive communication extenders capable of supporting 

dynamic disaster response coordination under highly unstable operational conditions. 

In contrast, transport-layer research remains comparatively underdeveloped despite its 

critical importance for mission-critical communication environments. Existing transport-

layer studies primarily focus on QoS continuity, congestion management, latency-sensitive 

communication, seamless handover mechanisms and session survivability across 

heterogeneous communication infrastructures. These functions are particularly important 
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for command-and-control systems, real-time situational awareness, mission-critical voice 

communication and emergency coordination services where communication interruptions 

or latency degradation may significantly affect operational effectiveness. 

Nevertheless, the analysis demonstrated that transport-layer adaptation remains relatively 

isolated from the broader architectural evolution occurring across emergency 

communication research. Most transport-layer studies remain heavily optimization-oriented 

and rarely integrate AI-native orchestration, autonomous coordination mechanisms, 

predictive resiliency management, distributed operational intelligence, or integrated 

cybersecurity ecosystems. As a result, transport-layer research currently represents one of 

the most important underexplored domains within next-generation emergency 

communication architectures. 

A similar observation applies to application-layer systems. Although modern application-

layer architectures increasingly support advanced situational-awareness generation, 

intelligent coordination services, disaster-management platforms and AI-assisted decision-

support systems, their operational effectiveness remains highly dependent on lower-layer 

communication resilience and orchestration mechanisms. In practice, application-layer 

intelligence cannot function effectively without reliable wireless connectivity, resilient edge 

processing, low-latency communication and adaptive infrastructure coordination operating 

beneath the application environment. 

Another critical limitation identified throughout the related literature concerns operational 

validation maturity. Although many proposed architectures demonstrate substantial 

technological sophistication, large-scale field validation and real-world operational 

deployment remain comparatively limited. Most studies continue to rely heavily on 

simulation-based evaluation, analytical modeling, or controlled laboratory experimentation. 

Consequently, several important operational dimensions remain insufficiently validated, 

including large-scale interoperability, multi-agency coordination, infrastructure 

degradation, communication instability, human behavioral uncertainty and operational 

scalability under realistic disaster conditions. 

The findings therefore reveal a substantial gap between architectural innovation and 

deployment maturity. While contemporary emergency communication research 

demonstrates significant progress toward intelligent, distributed and highly adaptive 

communication ecosystems, many proposed solutions remain insufficiently validated for 
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real-world operational deployment. Future research must therefore place greater emphasis 

on operational realism, interdisciplinary validation methodologies, autonomous 

orchestration capabilities, integrated cyber resilience and large-scale deployment 

experimentation capable of bridging the gap between theoretical architectural sophistication 

and practical disaster response applicability. 

7.4 Conclusions Related to Stakeholder Communication Needs 

The analysis showed that modern disaster communication systems must address a wide 

range of heterogeneous operational requirements across multiple stakeholder groups 

operating under crisis conditions. Unlike conventional communication infrastructures 

designed primarily for stable civilian environments, emergency communication ecosystems 

must support the coordinated interaction of public authorities, first responders, citizens, 

healthcare services, military units and critical infrastructure operators, all of whom possess 

different operational priorities, communication requirements and decision-making 

responsibilities during disaster response operations. 

As a result, contemporary emergency communication architectures are increasingly 

evolving into integrated, multi-domain coordination ecosystems that support differentiated 

operational functions across highly dynamic and unstable environments. Rather than 

operating as isolated telecommunications systems, modern emergency communication 

platforms increasingly function as interconnected operational infrastructures combining 

communication, sensing, distributed intelligence, orchestration and real-time situational 

awareness within unified crisis-management environments. 

For public authorities and governmental coordination centers, communication systems 

primarily emphasize strategic situational awareness, large-scale operational coordination, 

inter-agency interoperability, predictive analytics, distributed command-and-control and 

real-time operational visibility. During large-scale emergencies, governmental agencies 

must continuously coordinate multiple organizations simultaneously, including emergency 

responders, healthcare services, transportation authorities, civil protection organizations, 

military units and infrastructure operators. Under such conditions, communication systems 

must support not only reliable information exchange, but also adaptive operational 

management and rapid decision-making under uncertainty. 

The analysis demonstrated that AI-driven orchestration mechanisms, digital twins, edge 

analytics and integrated situational-awareness platforms increasingly support these strategic 
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operational functions. By aggregating information from distributed sensing infrastructures, 

communication networks, UAV platforms, IoT ecosystems and operational telemetry 

systems, modern disaster-management platforms significantly improve the ability of public 

authorities to monitor evolving crisis conditions, allocate resources dynamically and 

coordinate large-scale emergency-response operations in real time. 

For first responders, the operational priorities are substantially different and far more time-

critical. Mission-critical communication environments require URLLC, resilient mobile 

connectivity, uninterrupted voice and video communication, autonomous coordination and 

continuous situational awareness even under degraded infrastructure conditions. 

Firefighters, police units, medical teams, military personnel and search-and-rescue operators 

frequently operate in highly unstable environments where communication interruptions may 

directly affect operational effectiveness and human safety. 

The findings revealed that technologies such as 5G PPDR architectures, network slicing, 

MEC-enabled edge processing, UAV-assisted relays and NTN-based communication 

infrastructures increasingly support these operational requirements. These technologies 

improve communication survivability, support distributed field coordination, reduce latency 

and enable more resilient communication continuity in environments where conventional 

terrestrial infrastructures may become damaged or unavailable. 

The analysis also demonstrated the growing importance of communication technologies for 

affected civilian populations. For citizens, modern emergency communication systems 

increasingly support public-warning dissemination, emergency alerting, real-time 

information access, evacuation coordination and crisis-awareness services. During disasters, 

civilians require immediate access to reliable and continuously updated information 

regarding evacuation routes, infrastructure disruptions, healthcare availability, 

environmental hazards and emergency-response instructions. 

Application-layer systems integrating IoT sensing infrastructures, AI-based analytics, 

cloud-edge coordination and public safety communication platforms increasingly improve 

communication transparency and situational awareness for affected populations. In many 

cases, modern emergency communication architectures also support bidirectional 

communication, allowing citizens not only to receive alerts, but also to transmit emergency 

information, situational updates and distress signals to operational coordination centers. 
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For infrastructure operators, communication systems focus primarily on maintaining 

operational continuity and protecting critical infrastructures under crisis conditions. Energy 

grids, transportation systems, industrial facilities, healthcare infrastructures, 

telecommunications networks and water-distribution systems increasingly depend on 

resilient communication ecosystems capable of supporting continuous monitoring, 

predictive maintenance, distributed sensing, cyber resilience and adaptive infrastructure 

management during emergencies. 

The integration of CPS, IoT ecosystems, distributed telemetry, AI-based anomaly detection 

and edge-enabled monitoring architectures significantly improves the resilience and 

adaptive management capabilities of critical infrastructures. These technologies allow 

infrastructure operators to identify failures rapidly, isolate damaged system components, 

optimize recovery procedures and maintain partial operational continuity even under 

degraded conditions. 

Overall, the findings demonstrate that modern emergency communication ecosystems are 

progressively evolving beyond traditional telecommunications infrastructures toward 

integrated multi-stakeholder operational environments. Future disaster response systems 

will increasingly depend on the ability to coordinate heterogeneous communication, 

sensing, computational and decision-support mechanisms simultaneously while addressing 

the distinct operational requirements of governmental authorities, first responders, citizens 

and critical infrastructure operators within highly dynamic and uncertain crisis 

environments. 

7.5 Final Remarks 

Overall, this dissertation demonstrates that emergency communication research is 

undergoing a rapid and fundamental architectural transformation toward highly integrated, 

intelligent and orchestration-centric operational ecosystems. Modern emergency 

communication systems are no longer designed solely as networking infrastructures 

responsible for transmitting information between isolated communication nodes. Instead, 

they are progressively evolving into complex cyber-physical ecosystems that combine 

communication, sensing, distributed computation, AI, autonomous coordination and real-

time operational awareness within unified and adaptive disaster response environments. 

The findings of this dissertation reveal that the future of disaster response communication 

will not depend exclusively on faster wireless connectivity or isolated protocol optimization. 
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While advances in communication performance remain important, future resilient 

emergency ecosystems will increasingly rely on the seamless integration of cross-layer 

orchestration, AI-native networking, edge intelligence, cyber-physical coordination, 

autonomous operational management and adaptive multi-domain resiliency mechanisms 

capable of operating under highly dynamic and degraded conditions. 

One of the most important conclusions emerging from the analysis is that communication 

infrastructures are becoming deeply interconnected with distributed intelligence and 

operational decision-making processes. Technologies such as MEC, AI-driven 

orchestration, UAV-assisted communication, non-terrestrial networking, IoT sensing 

ecosystems, digital twins and cyber-physical coordination frameworks are progressively 

transforming emergency communication systems from reactive infrastructures into 

predictive and partially autonomous operational environments. These architectures 

increasingly support real-time situational awareness, adaptive resource allocation, 

intelligent congestion management, distributed sensing, predictive failure analysis and 

resilient coordination across heterogeneous operational domains. 

At the same time, the dissertation demonstrates that substantial challenges remain 

unresolved despite the significant technological progress achieved in recent years. One of 

the most persistent limitations identified throughout the related literature concerns 

operational validation maturity. A large portion of contemporary emergency 

communication research continues to rely heavily on simulations, analytical models and 

controlled experimental environments, while realistic field deployments and large-scale 

operational validation remain comparatively limited. As a result, the practical applicability 

and scalability of many proposed architectures under real disaster conditions remain 

insufficiently verified. 

Additional challenges involve the integration of cybersecurity and trust-management 

mechanisms across increasingly distributed and heterogeneous operational ecosystems. As 

emergency communication architectures evolve toward AI-native and highly interconnected 

infrastructures, the attack surface expands significantly, introducing vulnerabilities related 

to unauthorized access, malicious data manipulation, denial-of-service attacks, 

communication interception and infrastructure compromise. The findings demonstrated that 

cybersecurity remains insufficiently integrated into many proposed architectures and is 
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often treated as an auxiliary subsystem rather than as a foundational architectural 

requirement. 

The analysis also revealed important limitations regarding autonomous resiliency 

management, large-scale interoperability, transport-layer intelligence and real-world 

deployment scalability. Although modern communication systems increasingly incorporate 

intelligent orchestration and distributed coordination mechanisms, fully autonomous 

disaster response ecosystems capable of predictive adaptation and self-organizing 

operational coordination remain relatively immature. Similarly, interoperability between 

heterogeneous communication domains, agencies, infrastructures and operational 

stakeholders continues to represent a major technical and organizational challenge. 

Consequently, the evolution toward fully operational AI-native 6G disaster ecosystems 

remains an ongoing multidisciplinary challenge that extends far beyond conventional 

communication engineering alone. Future disaster response architectures will require the 

close integration of networking technologies, AI, cyber-physical systems, operational 

doctrine, public safety policy, distributed sensing, resilient infrastructure engineering and 

human-centric crisis management methodologies within unified operational frameworks. 

Ultimately, this dissertation demonstrates that the future of emergency communications lies 

in the development of intelligent, resilient, adaptive and deeply interconnected operational 

ecosystems capable of continuously coordinating communication, sensing, computation and 

decision-making processes under highly uncertain and rapidly evolving disaster conditions. 

The transition toward such ecosystems represents not only a technological evolution, but 

also a broader transformation in the philosophy of crisis management itself, where 

communication infrastructures increasingly function as the cognitive and operational 

backbone of future disaster response environments. 
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