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SUMMARY

Remote operation offers multiple benefits as a viable transitional phase toward autonomous ships but also introduces situation awareness problems as identified from two feasibility studies: MUNIN and AAWA. However, it appears that situation awareness and its support systems are yet limited to visual and navigational awareness. This between-subjects study examined the effects of information organisation on situation awareness and fault detection performance of twenty-four marine engineers during engine room monitoring. The study identified better situation awareness and fault detection performance with cognitive support in information processing during challenging monitoring tasks. However, this effect appears to be mitigated during less demanding tasks. The overall fault detection rates across all trials remained at thirty-six per cent, albeit a single ship was monitored. With the prospect of a high workload at the future shore control centre, information organisation will be necessary to cultivate adequate situation awareness for engine room remote operators. 
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NOMENCLATURE




	AAWA

	Advance Autonomous Waterborne Applications




	DFFAS

	Designing the Future of Full Autonomous Ship




	DG

	Diesel Generator




	FWG

	Fresh Water Generator




	HFO

	Heavy Fuel Oil




	KASS

	Korea Autonomous Surface Ship Project




	ME

	Main Engine




	MUNIN

	Maritime Unmanned Navigation through Intelligence in Networks




	SAGAT

	Situation Awareness Global Assessment Technique




	SART

	Situation Awareness Rating Technique







1. INTRODUCTION

Remote operation constitutes a vital component of maritime autonomy as a feasible and transitional alternative with promising benefits, connecting traditional human-crewed ships and autonomous vessels. The relocation of human crews from ships to the shore control centre makes onboard accommodation space and life-sustaining equipment at sea obsolete, e.g., sewage and refrigerant systems. The simplified ship structure promises cost reduction in construction, maintenance and energy consumption (Allal et al., 2018). The cost reduction and more cargo space make slow-steaming an economically viable strategy to mitigate greenhouse gas emissions (Burmeister et al., 2014). The centralised ship operation at the shore control centre enables efficient division of labour and the control of multiple vessels with fewer operators, compared to the traditional operation in which a team of around twenty marine crews is allocated to each vessel and performs maintenance, monitoring and operation together. Furthermore, the change in workspace eliminates or mitigates traditional stressors such as motion sickness, sleep deprivation and the sense of isolation, known to contribute to the significant shortfall of young seafarers in the future (Shenoi et al., 2015).

However, remote operation introduces new challenges. A particular concern with remote operation is the removal of ship senses, such as vibration and body orientation, which play a vital role in being aware of the surroundings, that is, situation awareness (Porathe et al., 2014). For instance, Yoshida et al. (2020) conducted focus group interviews to investigate ship sense in acquiring navigational situation awareness and reported that visibility was involved with a majority of perceptual information, followed by body balance, thermal sense, sound and smell. The impact of physical separation from an object under control on situation awareness has been discussed in the field of autonomous vehicles and robots (Hong et al., 2017; Mutzenich et al., 2021; Nielsen et al., 2007). For instance, Yanco and Drury (2004) examined the situation awareness of remote operators interacting with urban search and rescue robots and discovered that all subjects reported a loss of robot orientation and spent an average of 30% of the time gaining situation awareness. Similarly, Riley and Endsley (2004) reported immediate disorientation upon a sudden change of the environment and reorientation appeared to require substantial cognitive efforts, taking several minutes to regain awareness of the remote robots. 

Two autonomous ship projects in the past provided this to be true for future shipping. The MUNIN project investigated the potential of autonomous vessels across autonomous navigation and autonomous engine monitoring capabilities at SCC (MacKinnon et al., 2015). The project concluded that monitoring all measurements from the engine room is technically possible. However, the operator must maintain their situation awareness to understand their context and take countermeasures when human intervention is required. They further suggested that a user-centred design will be a cornerstone in developing the SCC. Another project is AAWA (the Advanced Autonomous Waterborne Applications), a € 6.6 million project funded by Tekes, examining the economic, social, legal and technical aspects to develop a preliminary design of the autonomous vessel (AAWA, 2016). Similarly, they emphasised that the lack of ship sense in the SCC would be a critical challenge for operators to understand the situation, and the absence of full comprehension of the ship’s condition could lead to incidents. They suggested sensor data fusion as a potential solution, which combines various information to represent its status, i.e., sea object recognition through thermal and visual sensors, and the system should be transparent, allowing operators to understand the logic behind suggestions. 

These insights have led the contemporary and recent MASS initiatives to include and develop the situation awareness support system. For example, the KASS aims to commercialise mid-size merchant vessels operating in the shore control centre by 2025 (KASS, 2021). The project includes the situation awareness support system as a part of an intelligent navigation system along with other core technologies such as a machinery automation system and performance demonstration technology. The DFFAS is another project developing a crewless domestic coastal containership with a commercialisation target by 2025 (NYKLINE, 2020). Core technologies include the 3D surrounding bird view through virtual reality and automatic berthing and unberthing. These key-enabling technologies show that situation awareness is hinged on visibility and navigational awareness. 

The main problem with the current paradigm is that situation awareness is deemed equivalent to visual awareness of the surroundings, and navigation is the sole task requiring the situation awareness support system, even though the ERM forms another half of ship operation safety. Consequently, the support applications are limited to no more than replicating traditional visual stimuli for navigation and portraying them on the screens assisted with automated functions, such as object detection. This narrow conception appears to be an outcome of directly adopting and employing situation awareness from the aviation sector without considering industrial differences. Remote aerial vehicles are much smaller, less complicated, and run for shorter periods, so the chances of technical malfunction when in action are minimal. This allows operators to be attentive in manoeuvring under a volatile environment, which is the main goal of the operation and situation awareness support system, not in detecting irregular changes in the system state for future inspection or maintenance. The latter, however, becomes vital for ocean-going vessels where monitoring and diagnosis activities on numerous systems and machinery are undertaken at sea and port to ensure operational continuity. This elaborates that the conception of a vessel as merely a maneuverable vehicle needs to be shifted toward a system that requires manoeuvring and monitoring. In fact, numerous studies have shown that situation awareness issues are not limited to the physical manoeuvring of an object in direct proximity but extend to knowing the status of distant systems. These include air traffic control (Endsley, 1999), cyber defence (Kott et al., 2015), healthcare (Dekker, 2015), power plants (Burns et al., 2008), military (Selkowitz et al., 2017), medical dispatch centre (Blandford & Wong, 2004) and offshore plants (Sneddon et al., 2017). Healthcare practitioners, air traffic controllers and power plant operators do not drive any objects. Still, their awareness of patients’ status, air traffic and power plants is fundamental, as well as remote ERM, which has been neglected in the maritime sector.Many similar characteristics can be found between the ship engine room and power plant control rooms. For example, the active exploration of information through review logs, shift turnover, panel walkthroughs, and field tours is central to developing the situation awareness over the plants (Lau et al., 2011). Both are embedded with numerous systems striving for operators’ attention and require sophisticated information processing skills to develop situation awareness over systems. Contrary to ERM, situation awareness in the area of nuclear power plants has been extensively studied (Reinerman-Jones et al., 2019; Wang et al., 2022; Zuo et al., 2020). For instance, Patrick et al. (2007) discovered that deficient awareness of previous actions, plant and sub-system status were the most prevalent causes of the forty-one nuclear power plant incidents, and half of the incidents involved attention deficit from distraction and multitasking. Similarly, another study found that over half of fifty-eight incidents involved comprehension errors, such as lack of mental model and overreliance on default values, followed by perception and projection errors (Solberg et al., 2023). This strongly suggests that situation awareness of the ship engine room is equally vital as navigation and requires a carefully designed support system, as the high level of automation and the lack of ship sense will likely have a detrimental impact on the situation awareness. 

One way to improve situation awareness is to organise information around the goal through interface design, relieving operators’ effort from sorting and integrating raw data into usable information (Bolstad et al., 2006; Endsley, 1995, 2001). In fact, multiple studies have shown that information presentation played a paramount role in supporting situation awareness (Kim et al., 2012; Naderpour et al., 2014; Oliveira et al., 2014). For instance, Wei et al. (2013) developed three aircraft cockpit interfaces—Boeing, Airbus, and ARJ21—and assessed the situation awareness of 30 participants during a virtual flight from take-off to landing. The results indicated that participants had significantly higher overall situation awareness with the Boeing interface compared to the Airbus. Also, each interface had distinct strengths: the Airbus interface provided better comprehension, while the Boeing interface supported perception more effectively. These findings raise a possibility that the information organisation for situation awareness can also be a promising approach for remote engine room monitoring. However, no research has attempted to develop a situation awareness support system for engine room monitoring nor to examine its impact on remote operators. Hence, this research aims to investigate the effects of information organisation around the higher-level situation awareness on remote operators based on the information requirements identified in a previous study (Han et al., 2024) according to the three levels of situation awareness theory Endsley (1988). The current study provides an insight into whether an existing approach to enhance situation awareness from other industries can be directly applied to the maritime domain specifically for remote engine room monitoring, and if not, what are weaknesses and how further improvement can be made.

2. METHODOLOGY

The research has been approved by the University of Tasmania Human Research Ethics Committee (Project ID: 24900). This research also employed a simulation-based experiment over other human factors methods for interface investigation (e.g., qualitative questionnaires and focus interviews) as the simulation provides task environments similar to the actual setting as well as typical psychological stressors of a target domain (e.g., stress and fatigue) that are known to influence the situation awareness. It also enables identifying changes in the level of both subjective and objective situation awareness over time in contrast to the qualitative methods in which a continuous and objective measure of situation awareness is challenging. 
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2.1 PARTICIPANTS

This between-subjects study recruited twenty-four marine engineers with an average sea experience of 11.7 years via the researcher’s professional contacts. Participants were divided into two groups for each interface type as a between-subject variable, considering their occupational titles in ships. Table 1 shows participants’ demographics. 

2.2 MONITORING INTERFACE

This study employed the Kongsberg engine room simulator (ship model: MC90-V) to generate time-series datasets and Matlab Simulink to design the two engine room monitoring interfaces: type “A” and “B”. The type “A” interface presents groups of perception elements comprising comprehension based on the situation awareness information requirements which thirty-one subject matter experts participated to unveil what sets of information needed for higher understanding study (Han et al., 2024). On the contrary, the type “B” interface presents perception information, resembling the default presentation of the Kongsberg simulator. As the simulator has been designed and used for training on-going seafarers, this allowed to depict the traditional monitoring interface closely. Furthermore, there are two highlights in blue and orange on both interfaces for sub-comprehension and comprehension elements or page titles, respectively. For instance, the type “A” interface has comprehension elements highlighted in orange, whereas monitoring page titles are highlighted for the type “B” interface. The blue highlights indicate sub-comprehension elements that comprise higher comprehension with perception elements. For instance, the exhaust gas temperature deviations are highlighted as they form an understanding of combustion status with each cylinder’s max and compression pressure, which are perception elements. When these sub-comprehension elements were available in the simulator, they were displayed in the type “B” interface; otherwise, they were only shown in the type “A” interface. Both monitoring interfaces comprise three Dell 23” vertical monitors, and each screen contains three engine room systems. From the top left to the bottom right, the systems include generators, air compressors, a boiler, a main engine, steering gear, a freshwater generator, a fuel oil purifier, an air handling unit and an oily water separator. The overall layouts and main engine screens of the type “A” and “B” interfaces are shown in Figures 1 and 2, respectively.
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2.3 MONITORING SCENARIO

The research developed three monitoring scenarios through the Kongsberg engine room simulator. Each monitoring scenario ran for 8.5 minutes and contained one system fault. In order to avoid the learning effect on fault timing, each fault was triggered at a different time. System faults include uneven generator loading (F1), purifier heater failure (F2) and main engine air cooler leakage (F3). Each fault contained different numbers of abnormality indicators to differentiate the monitoring task difficulty. The fault description is shown in Table 2.

2.4 PROCEDURE

All participants signed the consent form before commencing the one-to-one simulation experiment at Australian Maritime College. The experiments started with fifteen minutes of familiarisation sessions to construct an initial mental model of machinery types, available parameters and their locations in the assigned interface design, and questionnaires. Half of the participants commenced from the hard to easy monitoring scenario for each interface type, whereas the scenario order was reversed for the rest to prevent fatigue effects. During monitoring, participants had to answer multiple questions using the given tablet. Once the experiments were completed, the participants had opportunities to discuss the assigned interface.
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2.5 MEASUREMENT

2.5 (a) Techniques

The research employed objective and subjective measurements of situation awareness: the SAGAT and the 3-dimensional SART. Both measurements are sensitive to the effects of display concepts (Endsley et al., 1998) and are typically used together for research credibility (Endsley, 1997; Feng et al., 2020; Sun et al., 2017; Vu et al., 2009). Munir et al. (2022) noted that a focus area of each measure differs, e.g., accuracy for SAGAT and throughput for SART. 

The SAGAT is a freeze-probe recall technique initially developed to measure pilots’ situation awareness (Endsley, 2000). This technique takes multiple snapshots of objective situation awareness in the course of the simulation by comparing participants’ answers to the ground truth. It was initially developed for, but not limited to, aviation pilots, as seen from numerous studies in multiple domains that validated its reliability with other situation awareness and performance measures in multiple domains (Endsley, 2021; Gardner et al., 2017; Salmon et al., 2009; Shuang et al., 2014). One drawback of this technique is that it requires an in-depth understanding of the work domain in which task analysis is fundamental to identifying what information constitutes operators’ situation awareness and how they are interrelated. This is known as situation awareness information requirements necessary to develop SAGAT queries. The queries used in the current research are based on the information requirements for engine room monitoring of the current authors’ unpublished research, which interviewed thirty-one senior marine engineers with an average sea experience of 9.78 years.

The SART is a self-rating technique originally designed to investigate the aircrew system design (Taylor, 2011). It comprises three main dimensions: attentional supply, demand, and understanding. The main dimensions are measured by multiple seven-point scale questions, or the main dimensions are directly rated at the end of each trial, based on the type of the technique (i.g. 13D, 10D and 3D). The SART has also been validated in numerous studies but used most typically with other measures, as it is challenging to clarify whether it measures the individual’s confidence level about their own situation or actual situation awareness when used alone. In the current research, the 3D SART was employed over other versions to reduce the time demand for participating in experiments in order to attract more voluntary participants. 

2.5 (b) Queries

This research developed eight perceptions and seven comprehension SAGAT queries based on the situation awareness information requirements for engine room monitoring. Projection queries were not included due to the lack of operational and historical information found to comprise the marine engineer’s projection. Each scenario contained three sets of five SAGAT queries administered during freezes. According to the SAGAT guidelines (Endsley, 2000), no two freezes were made within one minute of each other; the first freeze was made after three minutes of simulation to develop initial mental models, and questions were randomly distributed except for system fault questions that appeared three minutes after the system fault. As a result, thirty-six samples per SA query in each design option were collected. The SAGAT queries are shown as follows.

Perception Queries

• P1. What is the load of the No.1 DG generator in Kw?

• P2. What is the sump tank level of the main engine?

• P3. What is the compressed air pressure of the No.1 main air reservoir?

• P4. What is the fuel consumption rate of the No.2 DG generator?

• P5. What is the oil feed rate for HFO purifier?

• P6. What is the fuel level of the No.1 settling tank?

• P7. What is the bilge discharge rate of an oily water separator?

• P8. What is the freshwater production rate of FWG?


Comprehension Queries


• C1. Is the No.1 air cooler of the main engine adequate?

• C2. Is the status of electricity generation normal?

• C3. Is the HFO purifier heater operating adequately?

• C4. Is the boiler running in auto mode adequately?

• C5. Are bilge wells in an adequate state? (less than 85% of the well capacity)

• C6. Is the lubrication state of the No.1 generator adequate?

• C7. Is the combustion status of ME adequate?


The following 3D SART questionnaire was presented at the end of each scenario for each design option.


• Attentional Demand. How demanding task is on your attentional resource?

• Attentional Supply. How much attention are you supplying to the task?

• Understanding. How well do you understand the situation? (high = well, low = not well)


The participants’ fault detection rate on each fault was measured based on their answers to the fault-relevant comprehension questions. These include C1, C2 and C3, corresponding to the main engine air cooler leakage, purifier heater failure and generator uneven loading, respectively. The questions appeared three minutes after the fault trigger time, along with other SAGAT queries. 

3. RESULT

3.1 SAGAT CORRECTION RATES

The study employed a chi-square test to evaluate the effect of two interfaces on situation awareness, as recommended by (Endsley, 2000). The correction rates were calculated for each perception and comprehension query and presented in Figures 3 and 4, respectively. Overall, the results indicated the mixed effects of interface types on situation awareness by monitoring task difficulties. During easy monitoring scenarios, participants with the type “B” interface correctly answered more perception and comprehension queries (n = 4 and 3) than those with the type “A” interface (n = 2 and 0). The chi-square test showed that the difference was significant for one comprehension query (C1), X 2 (1, N = 24) = 4.8, p < .05. The trend of correctly answered queries was similar in the moderate monitoring scenarios. The higher ratings on five perception and three comprehension queries were observed with the type “B” interface, while there were three and two queries with the type “A” interface. The differences were significant in three perception queries, including P4, X 2 (1, N = 24) = 10.67, p < .01, P5, X 2 (1, N = 24) = 6.75, p < .01 and P7, X 2 (1, N = 24) = 8.22, p < .01. Interestingly, the trend was reversed during the hard monitoring scenarios. There were more correctly answered perception and comprehension queries with the type “A” interface (n = 3 and 3) than with the type “B” interface (n = 2 and 2). A difference in one perception query (P6) was significant, X 2 (1, N = 24) = 5.04, p < .05. Two comprehension queries (C1 and C5) showed differences at some degrees, but they were not significant (p = 0.064). It is important to note that the current results show only limited significant effects; therefore, further studies are necessary to clarify the relationship more clearly.
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3.2 3D SART SCORES

The mean 3D SART scores (i.e., attentional demand, attentional supply, understanding and total) were calculated per scenario and interface type and shown in Figure 5. The results carry several implications; however, cautious interpretation is necessary due to their limited statistical significance. First, it is possible that the type “A” interface better supported the participants’ understanding throughout all trials, and the participants allocated the same or less attention to the monitoring task than the type “B” interface. Interestingly, the average attentional demand scores remained the same at 6.33 in all trials with the type “A” interface. On the contrary, participants with the type “B” interface reported that the easy monitoring task was the least demanding, and the moderate task was the most demanding in terms of attention. The mean total scores revealed that subjective situation awareness was higher with the type “A” interface during easy and hard monitoring tasks than with the type “B” interface, in which participants had better awareness during moderate monitoring tasks. However, no significant differences were found.
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3.3 FAULT DETECTION RATE COMPARISON

The number of correct and missed detections on each system fault by interface type is shown in Table 3. The results indicated no significant differences in fault detection rates during easy and moderate scenarios (p = 0.41 and p = 0.68). Surprisingly, no participants with the type “B” interface detected the difficult system fault, while three subjects successfully detected air cooler leakage with the type “A” interface. However, while the current result might be an early sign of better information processing with the situation awareness display, it is important to note that the difference was not statistically significant (p = 0.06). This suggests that future studies with increased sample sizes are necessary to confirm such effects.

4. DISCUSSION

This research investigated the effects of information organisation around comprehension on situation awareness and fault detection during engine room monitoring with twenty-four marine engineers. The current research yields several insights. First, when comparing traditional and new displays, sufficient familiarisation is essential to reduce the influence of existing mental schemas. Second, in high-demand environments, easing the cognitive load associated with information processing can have a significant impact. This also promotes more efficient attention allocation, leading to improved fault detection. Lastly, detecting system faults in real-world settings can be extremely challenging due to the overwhelming volume of information.

The SAGAT scores from easy and moderate scenarios revealed that participants with the traditional style of monitoring interface (type “B”) correctly answered more perception and comprehension queries than those with the situation awareness-oriented interface (type “A”), and all significant differences were in favour of the traditional display. This result was in contrast to the research hypothesis that the information organisation would benefit participants in all measurements. One possible explanation is that the higher objective situation awareness might be attributed to the robust schema that participants developed over a prolonged service at sea with the traditional style monitoring interface and a short familiarisation session of fifteen minutes incapable of cultivating a similar level of mental models with the situation awareness support interface.

The schema refers to an individual’s mental construct that drives an active exploration for more information, and its outcome modifies the schema (Neisser, 2014). This notion was described as a prototypical mental model, serving as a core tenet of the situation awareness theory (Endsley, 1996). One of the pivotal roles of schema is anticipation or expectation, which directs one’s attention to a particular location to seek potentially important cues of an anticipated situation and enables an efficient information-searching strategy. The examples in practice include relocating eye gazes towards a particular point of ship trajectory based on the current speed and staring at the starting lamp after running a pump to verify the execution. Hence, the information-searching strategy of participants might have been more efficient with the traditional layout as, on average, participants spent around eleven years at sea. On the contrary, the existing schema might have hindered operators from efficiently searching for information on the situation awareness-oriented interface due to the lack of familiarisation.

However, the impact of the existing schema on the objective situation awareness appears to be less influential during the difficulty monitoring task scenario. Participants with the situation awareness-oriented interface correctly answered more SAGAT perception and comprehension queries. These results might be best addressed by the mental resource and task demand relationship. According to the cognitive resource depletion hypothesis, individuals hold limited information-processing resources, and the task depletes cognitive resources over time, eventually deteriorating vigilance. In other words, the high-demand task causes faster resource depletion than the low-demand tasks, and the depletion can be slowed down with cognitive support. Several studies have supported this perspective. For example, Smit et al. (2004) investigated the task demands and vigilance relation through visual stimuli experiments and identified poorer performance ratings with high-demand tasks. Similarly, Helton and Russell (2011) examined whether vigilance degradation resulted from cognitive resource depletion by imposing spatial and verbal working memory load during vigilance tasks and discovered that additional cognitive loads accelerated vigilance decrement. These results imply the possibility that alleviating cognitive load from sorting and integrating perception elements could have facilitated better situation awareness, and its positive impact could have been more notable under high-demand environments. 

A similar finding on cognitive support and situation awareness was reported in a study of a nuclear power plant that closely resembled the ship engine room environment. Burns et al. (2008) examined traditional, ecological, and advanced interfaces for nuclear process monitoring, in which the latter two displays were built upon task domain analysis and operator insight, respectively. The ecological interface was similar to the situation awareness-oriented interface, presenting higher-level information and variables depicting functional relationships (e.g., temperature profile). The domain experts participated in two types of scenarios: anticipated or unanticipated situations, differentiated by the availability of procedural support for fault diagnosis. They discovered that the ecological interface improved objective situation awareness during unanticipated situations in which fundamental reasoning was critical as procedural support could not directly address the system fault. Similar to the current research findings, they found that the traditional interface exhibited better support in anticipated situations. This was attributed to the high familiarity of the participants with the traditional layout, which enabled efficient comparison of existing cues with the known situation.

The 3D-SART scores revealed that the subjects had a higher understanding despite less or the same degree of attentional supply throughout all trials and higher subjective situation awareness in easy and difficult monitoring tasks, indicating the more efficient attention allocation with the type “A” interface. Effective allocation is vital for the safe operation of the shore control centre, in which numerous systems strive for operators’ attention. Without attention, conscious change perception through encoding and comparison of pre and post-change stimuli is impossible (Simons and Rensink, 2005). On the contrary, if a particular object is attended for a suboptimally long duration, there is a high likelihood of missing other information presented simultaneously (Wickens and Alexander, 2009). This is attentional narrowing, which is introduced as one of the situation awareness demons (Endsley, 2016) and one of the potential issues in a highly automated MASS environment (Karvonen and Martio, 2019).

Multiple studies have reported attentional tunnelling as an underlying cause of situation awareness loss. For instance, Hunter, Porter, Phillips, Evans-Brave, and Williams (2021) discovered tunnel vision was the most prevailing cause of situation awareness lapses among paramedic students. Similarly, Tone and Irwin (2021) identified that attentional narrowing caused the failure to perceive data, contributing to most agricultural accidents and incidents involving situation awareness lapses. On the contrary, the positive effects of information integration on situation awareness and task performance can be found in the intensive care unit study (Koch et al., 2013). Their findings showed that the integrated display around individual nursing tasks resulted in faster task completion and better three levels of situation awareness than the traditional display, ascribed to the reduced memory load from presenting related information in one location.

The fault detection rates were similar to the trend of objective situation awareness. As task difficulty increased, participants with the type “A” interface tended to perform better than those with the type “B” interface, and the difference was most notable during the difficulty monitoring scenario. With the type “A” interface, three subjects successfully detected the air cooler leakage, whereas all subjects failed to report the system fault with the type “B” interface. These results again implied that cognitive support in information processing enabled better change detection and less attentional narrowing, and its positive effects were more notable during high-demand tasks than low-demand tasks. 

Another fascinating finding is that the overall fault detection rates across all trials and interface types were only thirty-six per cent, albeit a single vessel was monitored in the current experiment. This result explicitly demonstrates a severe risk of situation awareness lapses and change blindness for the future shore control centre, limiting the economic viability of the remote operation from monitoring multiple vessels. A crew configuration in the shore control centre hinges on the mental workload of individual operators (Sushereba et al., 2019) because monitoring multiple vessels inevitably incorporates a large amount of information, which increases the mental workload (Grisé and Gallupe, 1999) and deteriorates situation awareness (Endsley, 2001). For instance, Sterling et al. (2007) reported an increase in workload with increasing numbers of unmanned vehicles under remote control, and Hao et al. (2007) found that under high traffic, drivers experienced a high mental workload and low situation awareness compared to the low traffic conditions where there was less information to process. These suggest that situation awareness deterioration will likely worsen in the shore control centre with more ships to monitor per individual operators, compounded by any efforts to replicate or transform information received through the traditional ship sense, e.g., vibration and heat.

5. IMPLICATIONS AND RECOMMENDATIONS

While an excessive workload appears more likely due to massive information volume, the underload should not be neglected as it is known to induce passive fatigue, reduced arousal, boredom, and under-stimulation, leading to decreased vigilance (Saxby et al., 2013). Operators might withdraw their attention from the primary task and shift it to task-unrelated thoughts (Smallwood and Schooler, 2006). In this regard, McVay and Kane (2010) argued that it was a failure of executive control against automatically generated internal thoughts in contrast to the traditional perspective that sees mind-wandering as a means to regain executive control. More recently, it was suggested that mind-wandering could be deliberate and unconscious (Robison and Unsworth, 2018; Seli et al., 2016). In addition, the workload optimisation must consider individual and task characteristics, such as the cognitive abilities of individuals within the team, vessel types, size and sailing schedule, and training and system designs should involve and stimulate human operators to cultivate better situation awareness (Graafland et al., 2017; Greenlee et al., 2015; Hancock, 2017). 

An important consideration is that remote engine room monitoring can be both monotonic and dynamic. The ships remain relatively stable in the open and calm seas without much variances in system status, e.g., speed, compared to those entering the congested water or the port. That means vigilance decrement or situation awareness lapses can stem from underload and overload, and workload optimisation through interface design should be flexible. One promising solution is information filtering based on a network of situation awareness. In the course of acquiring situation awareness, pattern matching occurs between integrated environmental cues and mental models or schema. When these combinations of cues are similar or the same as previous events one experienced, one becomes aware of the surroundings. In the context of the engine room, schema and environmental cues can be understood as a phenomenon and indicators that reflect the phenomenon. For example, a sharp decrease in the service fuel tank level raises the potential presence of fuel leakage, high fuel consumption or malfunction in the refuelling process. To clarify whether it is due to the high fuel consumption, operators need to be aware of ship speed, weather and fuel consumption rates of each machinery. Each potential cause represents a schema composed of multiple sets of information. 

One characteristic of schema is that each cue does not contribute equally to instantiating the schema. For example, Anderson et al. (1976) discovered that instantiation-relevant cues remind participants better of the sentence they read than general cues. The instantiation cues were the images of the subject in the given sentence (i.g., actor), whereas general cues were the subject (i.g., woman) with the sentence of the woman was outstanding in the theatre. Similarly, Mutzenich et al. (2021) proposed that some information, such as the vehicle colour, may not be as important as vehicle trajectory and that knowing a minimum situation awareness requirement for remote drivers would be critical for future training. The potential differences in cue strength for pattern matching were described as categorisation mapping in the situation awareness theory, stating that the environment does not need to be identical to the schema (Endsley, 2016). If this is the case, operators could acquire the same level of situation awareness with fewer but critical sets of perception elements comprising comprehension and projection. This can enable workload regulation in terms of situation information quantity and quality to develop a flexible situation awareness-oriented interface capable of coping with vigilance decrement from both underload and overload conditions. However, the existing methodology to unveil situation awareness information requirements does not differentiate the strengths of each perception element in forming the higher-level situation awareness information. Hence, as a next step, this study will explore cue strength differences and examine their impact on the operator’s situation awareness during engine room monitoring.

6. LIMITATION

The current study is limited in that individual cognitive differences in information processing were not considered, including working memory (Cak et al., 2020), spatial and perceptual skills (Endsley and Bolstad, 1994) and static and dynamic visual processing (Gugerty and Tirre, 2000). In particular, working memory is considered crucial to the measure of objective situation awareness since subjects are required to recall parameters. In this regard, Endsley (2021) argued that its predictive power did not apply to experienced operators. In the current between-subjects study, five junior and cadet engineers were present on each interface condition; therefore, potential variances in their working memory might have influenced the current findings.

7. CONCLUSIONS

The loss of situation awareness will likely be a major hurdle to the safe shore control centre operation where remote operators are envisaged to monitor multiple vessels simultaneously. However, the industrial and academic endeavours appear limited to providing visual and navigational supports, leaving engine room monitoring in the hands of automation without considering human elements, albeit much research efforts have been made in other domains, irrespective of the physical manoeuvring of a vehicle, e.g., power plant, healthcare and traffic control. This between-subjects study investigated the effects of perceptual information organised around comprehension on objective and subjective situation awareness and fault detection of twenty-four marine engineers during engine room monitoring. Two groups of twelve participants were assigned to one of two interfaces, the situation awareness interface and the traditional interface, and conducted three monitoring scenarios with varying monitoring task difficulties from easy to hard scenarios. The study discovered that, in general, participants exhibited better situation awareness and fault detection performance with cognitive support in information processing during difficult monitoring scenarios. In contrast, the traditional interface appeared to support better during less demanding tasks due to the strong existing mental models. The overall fault detection rates across all trials and interface types were a mere thirty-six per cent, albeit a single ship was monitored. This indicates a severe risk of situation awareness lapses at the future shore control centre, where remote operators are expected to monitor multiple ships simultaneously. Situation awareness training with new interfaces is essential for remote operators during transitional period, as the information and its presentation will differ significantly from traditional systems requiring new information processing strategy. The current research suggests the following points in developing the situation awareness support system for the future shore control centre. 


• The presentation of perception information organised around higher-level situation awareness facilitates efficient attention allocation, particularly during challenging monitoring tasks.

• The development of the support system must accompany sufficient situation awareness training to develop solid new mental models and update or replace existing mental models of engine room remote operators.

• The potential improvement in the support system design to mitigate situation awareness lapses in both monotonic and dynamic ship operating environments might be feasible with information quantity and quality control, considering the cue strength differences in higher-level situation awareness.
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