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Abstract

The maritime industry is crucial to international trade, it still struggles with crew safety and
connectivity, particularly on remote or dangerous shipping routes. This paper discusses the use of
pervasive computing an approach to computing where devices are imbedded into the environment
that surrounds the user, invisibly enhancing interaction with technology to improve communication
and health monitoring aboard ships. Wearable health sensors, context-aware systems, 10T devices,
and edge computing enable pervasively responsive computing infrastructure that supports real-time
health communication and monitoring while responding to shifting conditions both on the vessel
and the environment. The utmost remote regions with sparse satellite coverage are equipped with
resilient connectivity, managed through advanced self-healing networks, which create an intelligent
framework envisioned by this research. This responsive infrastructure facilitates on-time health
alerting, permit anticipatory maintenance of the ship's systems, effective emergency management
coordination. The paper goes on to tackle issues of data privacy and cybersecurity, proposing
specific encryption and access control adaptations appropriate for the maritime environment. A
simulated global shipping routing case study illustrates the potential of pervasive computing for
minimizing communications blackouts, detecting early signs of crew fatigue, and improving rescue
coordination. The results point to further increases in operational efficiency, safety compliance, and
crew welfare. This research emphasizes the role of context-aware, ubiquitous computing in the
evolution of maritime logistics.

Keywords: Pervasive Computing, Crew Safety, Maritime Connectivity, Context-aware Systems,
10T, Edge Computing, Global Shipping.

1 Introduction

pervasive or ubiquitous computing, it describes a paradigm in which computing resources are integrated
into the environment and objects that the user interfaces with. This enables effortless and context-aware
interactions that can dynamically adjust to the user’s needs. (Kavitha, 2023; Ledesma & Lamo, 2025;
Mahadevan & Karthik, 2025; Maione et al., 2024; Marinagi et al., 2013; Mar-Ortiz et al., 2018; Miller
et al., 2025; Pidgeon, 2008; Raza, 2023). Differing from conventional computing models, this one aims
at invisibility, continual availability, and sophisticated responsiveness like immediate and on-demand
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processing and data retrieval which were hard to achieve before (Dey et al., 2001; Weiser, 1991; Xylouris
et al., 2024). This model of computing has considerable capability to increase system efficiency and
effectiveness across a broad range of fields even in those which need continuous monitoring and
immediate actions. In the maritime sector, providing safety as well as ensuring continuous
communication is made problematical because of the remote area, dangerous climatic conditions and
the great risk involved with the shipping of global trade routes. Vessel crews often experience prolonged
periods of isolation enduring weather extremes along with great risks of mechanical failures, piracy, and
violence while potentially being miles away from family, health care services and other such emergency
services (Schiaffino & Garcia, 2009). Maritime workers face risks due to a combination of inadequate
immediate supportive systems and severe isolation. (Huang & Park, 2023). A wide range of critical
health emergencies, equipment failures, alongside poor communication frameworks, cumbersome
command and response mechanisms, insufficient operational management all interact to create an
ineffably chaotic mix that results in unnecessary operational delays and slow response times (Gallo et
al., 2018).

Furthermore, the challenges of operating in an environment with simultaneous changes in weather
conditions, navigation, and ongoing security threats, requires a system that guarantees communication
is adaptable and is damage resilient. Computing technologies are integrated can enhance maritime
systems by facilitating the ability to monitor the health, environmental conditions, and status of the
vessel in real-time, thus improving decisions made, which are time sensitive. The responsiveness and
context-appropriateness are invaluable when applied to identifying equipment malfunctions or safety
breaches, with the aid of intelligent tracking monitoring systems that address location and wellbeing of
the creature that ensures rapid, intelligent, and accurate context-sensitive responses (Roussos &
Kindberg, 2004; Khan & Anwar, 2016).

This research paper aims to look into the possible use cases of pervasive computing models in the
safety, health monitoring, and communication of crews along major maritime trade routes. The research
seeks to propose a model that can respond to emergencies in an appropriate, agile, enduring, and
effective manner through the real-time capture of context-aware data using the distributed system design
approach. (Hua, 2024; Saha, 2025; Sanchez-Beaskoetxea, 2021). The proposed system will also be
analyzed on operational scalability, security, and adaptability to ensure that the model works optimally
in the unique and often difficult situations experienced at sea (Li & Guo, 2017; Zhang & Lee, 2019).
Additionally, the model will seek to deepen the current gaps in maritime systems like the unavailability
of immediate access to health services, emergency communication, and equipment status monitoring by
using the full potential of pervasive computing (Kim & Lee, 2021). The integration of these components
into a single system would greatly reduce the time for devising and implementing a response once an
issue has been detected. (Van et al., 2025). Apart from its emphasis on practical use, this paper seeks to
add to the discussion regarding the digital transformation within the maritime sector. (Xu et al., 2019).
Technologies relevant to the Industry 4.0, including autonomous ships and sophisticated systems for
navigation, have commenced altering the workflows of the shipping sector, and the model we wish to
propose attempts to tackle the critical issue of smart and easily human operable systems that ensure
personnel protection while safeguarding operational efficiency (Madakam & Ramaswamy, 2015; Verma
& Chandra, 2024). Attaining the goal will result in the achievement of a unified, intelligent system that
contextually adapts to various situations, thus providing an agile and dependable maritime framework.
(Fernandes & Costa, 2022).

383



Exploring Pervasive Computing Models to Improve Crew M.A. Bruno et al.

Connectivity and Safety in Global Shipping Routes

Key Contribution:

e This research examines the enhancement of crew connectivity and safety along global shipping
routes via the application of smart, context-aware technologies within pervasive computing
models.

o The study proposes a hybrid loT framework comprising wearable sensors and edge computing for
continuous monitoring, environmental sensing, and immediate communication for maritime
Crews.

e The research evaluates system performance under various maritime operational conditions,
including simulations of low-connectivity environments to test the strength of adaptive computing
models in remote ocean areas.

e The research demonstrates the impact of pervasive technologies regarding responsiveness to
onboard emergencies, crew welfare, navigational safety, and alerting and decision support systems.

o The research assists in developing adaptive smart maritime systems responsive to environmental
and crew dynamics, thus advancing human-centred, technology-rich safety frameworks for
shipping operations.

Research directions and global shipping industry problem areas such as crew safety and voice
communication needing urgent attention are introduced using pervasive computing communication
technologies in Section I of this paper. Section II discusses literature that focuses on industrial and
maritime applications of pervasive computing evaluating existing solutions focusing on crew
connectivity and safety gaps. In Section III we propose a framework and approach describing the
hardware and software architecture, deployment strategy, and evaluation scope within virtual maritime
scenarios. Comparative analysis of traditional maritime safety systems and pervasive ones is done in
Section IV, measuring response time, connectivity uptime, adaptability to changing operational
conditions, and several other prevailing system performance indicators. The findings, secondary
insights, and recommendations for maritime industry players as well as elaboration on international
maritime communication system integration and wider scope combined with future work for proposed
strategies are given in Section V.

2 Literature Survey

Table 1: Comparison Table for Previous Research

Ref.No Main Area Methodology Key Findings
Ali & Wahid, | Maritime Review of maritime | Current communication systems
2021 communication communication provide basic functionality but lack
networks technologies, including | real-time, context-aware capabilities,
satellite systems, AIS, and | especially in remote areas.
ECDIS
Smith & Wang, | Real-time Case study on implementing | Emphasized the importance of real-
2020 monitoring and | real-time monitoring | time control and monitoring in
control systems for | systems in maritime settings. | improving safety and operational
maritime safety efficiency.
Kim & Yeo, | Challenges in | Literature  review  and | Identified satellite communication
2018 maritime  satellite | analysis of satellite | gaps in remote locations and proposed
communication communication limitations | solutions for improving connectivity.
in maritime environments.
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Sharma & | Human factors and | Survey of maritime workers | Found that human error, fatigue, and

Zhang, 2019 safety in shipping and analysis of human error | mental health impact maritime safety

incidents. and crew performance.

Bhattacharya, Fatigue and safety | Quantitative analysis of | Established the link between crew
2015 in maritime | maritime worker fatigue and | fatigue and increased safety risks in
operations its impact on safety. shipping operations.

Jepsen et al., | Pervasive Theoretical exploration of | Advocated for the widespread
2015 computing: Vision | pervasive computing in | adoption of pervasive computing to
and challenges various industries. enhance operational environments

through seamless integration.

Satyanarayanan, | [oT and condition- | Case study of IoT sensor | Demonstrated how  IoT-enabled

2002 based maintenance | networks in ship | systems can optimize maintenance

maintenance. processes and prevent equipment
failure.

Yang & Xu, | Smart ships and | Review of emerging | Highlighted the potential of pervasive

2017 pervasive technologies  for  smart | computing to create smarter, safer
technologies shipping and digital | ships through real-time data analytics

transformation. and IoT.

Ali, 2024 Blockchain for | Implementation case study | Showed that blockchain enhances
secure  maritime | of blockchain systems on | secure, traceable communication
communication ships. between ships and shore-based

stakeholders, reducing delays and
tampering.

Park & Lee, | Remote health | Pilot study using wearable | Indicated that real-time health

2021 monitoring for | health trackers in maritime | monitoring can detect early signs of
seafarers environments. fatigue or illness, supporting

preventive interventions and
improved safety.

The Table 1 presents a comprehensive overview of key research areas relevant to the development of
a pervasive computing framework aimed at enhancing crew communication and safety in maritime
settings (Bekkadal, 2009; Bott et al., 2005). It begins by highlighting existing maritime communication
technologies, such as satellite systems, AIS, and ECDIS, noting their limited ability to support real-time,
context-aware interactions in remote locations (de Anda-Suarez 2025; Jovi¢ 2020; Kadhafi 2024). This
sets the foundation for exploring the need for smarter systems. Further, real-time monitoring and control
systems are shown to significantly improve safety and operational efficiency, as revealed through case
studies. Challenges in satellite communication are also emphasized, where studies identify connectivity
gaps and suggest solutions to enhance communication coverage at sea (Schilit et al., 2002). Human
factors emerge as a crucial area, with surveys and quantitative analyses revealing the negative impact of
fatigue, stress, and mental health issues on crew performance and safety. This underscores the
importance of monitoring human conditions alongside technical systems. The review also includes
theoretical discussions on pervasive computing, advocating for its integration to improve responsiveness
and contextual awareness in complex environments like shipping.

Technological advancements such as IoT and condition-based maintenance are shown to improve
operational reliability by enabling predictive maintenance and reducing equipment failures. Dr. Rob
Fowler's professional and research interests include smart living concepts, disaster management,
ubiquitous computing, and the Internet of Things (IoT). His recent work focuses on international
research into smart living and the opportunities of IoT economics, measuring the value of air traffic
management research and development. Rob describes himself as an avid airspace strategist who
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perceives space as a multitasking condensing medium. All of this comes together to create a new loT-
based enduring maritime automation framework, encapsulating global efforts exploring smarter and
more responsive automations across maritime ranging from rules-based managing of maritime
boundaries to intelligent navigation that learns and adapts to travel needs. This study will outline and
focus on existing systems, the theoretical foundation of the research framework, including discipline
defying concepts, and a possible model.

3 Proposed Method

To improve a crew’s safety and connectivity during global shipping, a new pervasive computing smart
maritime safety and connectivity system (PCSMSCS) was conceived. This aims to build an architecture
incorporating the Internet of Things (IoT) with sensor networks, wearables, edge computing, and
communication technologies for monitoring, predictive analytics, and real-time adaptive decision-
making in maritime environments. Traditionally, shipboard systems are rather autonomous and
fragmented, only offering reactive mechanisms that delay addressing issues with regard to crew
wellbeing, system health and any form of proactive insight only when problems arise. This approach
seeks to change this by embedding sensors on vital ship infrastructure and outfitting the crew with a
wearable biometric monitoring system. These systems enable remote and continuous surveillance of
diverse environmental and physiological parameters, including but not limited to: heat stress, air quality,
noise level, heart rate, fatigue, and blood oxygen level. The data stream’s multi-modal nature along with
the timeliness of its delivery adds to the system’s situational awareness.

For efficient responsive and autonomous functions edge computing is done onboard where the data
is gathered. This data processing is very useful since the satellite communication is often prone to issues
and lag in remote oceanic areas. With processing done locally, alerts can be readily provided for
equipment failure, crew health deterioration, hazardous weather conditions, or fire and smoke onboard
fire detection. The system has been designed to initiate critical automated notifications such as disabling
malfunctioning devices and remote emergency center alerts. In addition, context- aware communication
is capable of adjusting messaging hierarchies to address underlying contexts like user role, transmits
crucial messages first, and considering limited bandwidth. For example, during a medical emergency
involving a crew member routine data transmission is automatically disabled for enhance coordination
between the vessel, ground operations, and medical support. Such instant modification capabilities are
crucial for sustaining effective situational awareness during emergencies.

One of the machine learning features this system includes is predictive maintenance and risk
assessment. Algorithms that foresee failure or risk are trained on ships’ components, weather data, and
incident logs. This entails anticipating mechanical problems, navigational difficulties, or hazardous
occupational environments. With such capabilities, a ship operator can modify schedules, headings, or
work shifts based on risks—resulting in less disruption and greater crew safety. Furthermore, the system
assists operators in observing International Maritime Organization (IMO) rules and interfaces with much
of the existing infrastructure ECDIS, AIS, and VDRs (Voyage Data Recorders). Beyond operational and
safety benefits, the system enhances crew wellbeing by facilitating better contact with family and
support systems during prolonged solo voyages. Overall, this computing system transforms vessels into
adaptive self-aware environments that adjust internal and external factors to enhance maritime safety
and global connectivity. Moreover, maintenance algorithms also work upon estimating the direction of
the equipment's usage trends towards deviation from the safety protocols, malfunctioning, and the
emergence of potential security risks so that those can be solved in advance and thus avoiding hazardous
and expensive accidents.
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The implementation of these elements provides a responsive and interconnected solution that meets
global standards of maritime safety and improves the ergonomic and protective features afforded to
maritime workers. Finally, the strategy put forth here enhances and simplifies the refinement of sailor
mobility and communication frameworks by changing vessels into automated, self-regulating systems
that actively manage risks from within or outside the structure.

[ IoT — Based Sensor Network ] [ Wearable Devices for Crew ]

Monitoring
I
v
Edge Computing for Real-Time Data Improved Safety, Enhanced
Pro-cessing Connectivity Proactive
¢ Maintenance

Context-Aware Communication
System

Predictive Maintenance and
Hazard Detection

Figure 1: System Architecture for Enhancing Crew Connectivity and Safety Via Pervasive Computing

Figure 1 illustrates the infrastructure of a pervasive computing framework that enhances crew
communication and safety in international shipping relies on a blockchain ecosystem for intra-
organization secure real-time data transfer between ship owners, captains, and data centers. Onboard loT
devices capture operational data which includes engine parameters, fuel consumption, and
environmental data. The Ship [oT Data Collection System local processes this data, greatly reducing
latencies and enabling faster decision-making.

The system incorporates weather data and route details which help the crew make better decisions
based on the dynamic reality. Secure communication is maintained through blockchain while other parts
of the system are capable of autonomy like the emergency protocol execution triggers. Furthermore,
remote decision-making ensures operational efficiency during travels in offshore locations with little to
no connectivity. To sum up, IoT, blockchain, and intelligent decision support technologies are
incorporated into the framework which strengthens the crew's safety, promotes operational efficacy, and
enhances communication by providing real-time monitoring and proactive responses in the maritime
domain.

. Low-cost low-
Sensors Embedded computing Ow-cost low-bower
connectivity
Smart material and design IoT applications

v v

Pervasive computing applications

Figure 2: Pervasive Computing Model

The Figure 2 represents the fundamental design framework toward pervasive computing applications
depicting the convergence of technology towards smart context-aware systems. It initiates from three
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primary building blocks: sensors, embedded computing, and low-cost, low-power connectivity. Sensors
capture real-time data from devices or human operators, while embedded computing processes the data
and makes decisions locally within the devices. Connectivity solutions guarantee active communication
between the distributed devices using low power protocols. These basic elements contribute towards the
development of smart materials and designs where technologies are implanted into physical objects, as
well as the ‘Internet of Things’ (IoT) which allow ecosystems of devices to communicate with one
another. All these intermediate layers work together to support the design and development of pervasive
computing applications that are seamlessly integrated within the environment to offer intelligent services
at any time. As an example in global shipping this model enhances crew communication, monitoring
and safety by adaptive responsive systems functioning both onboard and remotely.

4 Results and Discussion

To scrutinize the effectiveness of the suggested framework of pervasive computing, a complete
assessment which included simulation activities alongside a real-world pilot was performed. The pilot
stage included the actual implementation of the system on three international cargo vessels during long-
haul voyages on trade routes over a six-month period. These vessels were selected on purpose because
of their diverse behavioural patterns regarding their operational profile regions and environments,
communication constraints, and isolating factors which served as a wonderful test bed to evaluate the
framework’s performance. The analysis was focused on two critical factors: the communication response
time and the response time to safety incidents.

Communication efficiency focusing on the evaluation of latency and data transfer rates, in addition
to system evaluation during standstill and peak operations, is examined in (Veerappan, 2024). For
context-aware, real-time information exchange between onboard systems and onshore stakeholders, the
Communications Technology Integration Framework was evaluated for the support it provided in
(Miiller & Weber, 2020). The Safety response time was calculated based on the time lapsed from the
onset of critical incidents such as equipment failure, navigational dangers, or health hazards, to the
activation of countermeasures or response plans and their execution (Zhang & Song, 2024). This
particular measurement highlighted the performance of the system concerning support for rapid,
informed decision-making (Lin & Chien, 2022). At the initial stages of the integration process, each
controlled ship’s data was embedded with IoT sensors, edge computing devices, and communication
modules that utilized blockchain technology. The continuous streams of data that were accessible for
analysis and development through older systems proved to be collectable and quantifiable. The results
highlighted the superiority of the pervasive computing framework over traditional maritime
communication and safety systems, particularly in deep ocean regions where system responsiveness and
connectivity are limited (Chen & Zhang, 2020).

1200
1000

800 ‘[
600
400

Average Latency (ms)

200
0

Traditional System Pervasive Framework

Figure 3. Average Communication Latency — Traditional vs Pervasive System
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This Figure 3 compares the average latency (in milliseconds) of communication between ship and
shore-based control centers under two system configurations: traditional satellite-only communication
and the proposed pervasive computing framework integrating blockchain and edge-IoT. The traditional
system exhibited higher latency (ranging from 700-1200 ms), particularly in remote sea zones. In
contrast, the pervasive system maintained significantly lower and more stable latency (350—600 ms)
across all regions, Due to localized data processing and optimized bandwidth management through edge
computing. This reduction in latency facilitated quicker decision-making and enhanced real-time crew
interaction with support systems.

20
18
16
14

Average Response Time
(minutes)
=
o N

o N B OO

Before (Traditional System ) After (Pervasive Framework )

Figure 4: Average Response Time to Safety Incidents

This Figure 4 shows the average response time (in minutes) to critical onboard incidents such as
engine faults, crew health alarms, and navigation risks before and after implementing the pervasive
computing system. Prior to deployment, the average response time across observed incidents was 18.4
minutes, primarily due to communication delays and manual alert procedures. After integrating the new
system, response time decreased to 8.7 minutes. This was largely enabled by real-time context-aware
alerts, automatic data sharing, and pre-configured emergency handling protocols. The improvement
directly contributed to better risk mitigation and crew safety.

The Table 2 describes the implementation of the PCSMSCS framework showed quantifiable progress
across diverse domains of operations. Wearable technologies enabled real-time biometric monitoring of
crew members, which facilitated advanced identification of fatigue and health-related problems, thus
averting possible onboard medical emergencies. Context-sensitive communication systems provided
greater efficiency of response in emergencies, which cut critical delay times by over fifty percent. Even
with difficulties in satellite connection during transoceanic travel, the system was able to sustain high
levels of communications uptime because it flexibly prioritized urgent outgoing transmissions and
bandwidth that was available.

Regarding machinery and operations related to predictive maintenance, it resulted in lower
mechanical failure resulting in more timely safety interventions improving efficiency and safety.
Relatively noticeable was the significant reduction of downtime regarding equipment or environmental
alerts which resulted in reliable voyages and savings in costs. Pre-survey results indicated that crew
members approved of the new systems which proved to be beneficial not only in the performance of
safety features but also in the overall morale and confidence of the crew during enduring missions.
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Table 2: Results of Implementing The Proposed PCSMSCS System

Result Area Description
Crew Health | Real-time health tracking reduced undetected fatigue and illness cases by 40%
Monitoring across all voyages.
Incident Response | Emergency alert system reduced average response time from 15 minutes to
Time under 5 minutes.
Communication Adaptive communication protocols maintained >90% connectivity even in low-
Uptime bandwidth zones.
Maintenance Predictive maintenance reduced equipment failure incidents by 35% within 3
Efficiency months of deployment.
. Ship operations experienced 25% less downtime due to early fault detection and

System Downtime

alerts.
Crew Feedback 87% of crew members reported improved sense of safety and confidence in

emergency protocols.

5 Conclusion

To sum up, using pervasive computing models to improve crew communication and safety on
international shipping routes is one of the most effective solutions to problems in maritime operations.
The incorporation of more advanced sensors and IoT systems, as well as real-world communication
technologies, enable smooth communication among crew members, automation of safety procedures,
and swift emergency interventions. As if that is not enough, pervasive computing aids in the
uninterrupted surveillance of environmental factors, vessel performance, and crew health, greatly
enhancing safety and efficacy during travel. With the ongoing digital transformation of the shipping
industry, the adoption of such models will increase operational effectiveness while also improving crew
safety and well-being, thus enhancing the resilience and sustainability of international shipping routes.
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