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Abstract: In case of a ship emergency situation and during its evolvement that might result in an
evacuation, the master and the bridge command team of a ship have to continuously assess risk. This
is a very complex procedure, as crucial decisions concerning safety are made under time pressure.
The use of a decision-support tool would have a positive effect on their performance, resulting in an
improvement in the way ships are evacuated. The purpose of this paper is to present the PALAEMON
smart risk assessment platform (SRAP). SRAP is a real-time risk assessment platform developed
to assist the decision-making process of the master and bridge command team of a ship regarding
the evacuation process. Its purpose is to provide decision support for the following aspects: (1) the
decision to sound the general alarm (GA) following an accident, (2) monitoring the progress of the
mustering process in order to take any additional actions, and (3) the decision to abandon the ship or
not. SRAP dynamically assesses the risk to the safety of the passengers and crew members in the
different phases of the evacuation process, so one model in the form Bayesian networks (BNs) was
developed for each stage of the evacuation process. The results of a case study that was implemented
reflect how various parameters such as injuries, congestion, and the functionality of the ship’s systems
affect the outcome of each model.

Keywords: marine evacuation; risk assessment; risk models; Bayesian networks; passenger ships

1. Introduction

The evacuation of a ship is a high-risk and very challenging process, especially for
the people that have to make decisions regarding the safety of everyone onboard. Each
stage of the process, as an incident evolves, has its own challenges and issues that need to
be addressed in order to perform a successful evacuation, basically in terms of time and
crowd management [1]. In case of an accident that leads to the sounding of the general
alarm, all passengers need to be alerted, proceed towards the closest/safest muster stations
in an orderly manner, assemble, be counted, be provided with life jackets, and be briefed
regarding the situation. This is a high-risk and time-consuming process that needs to be
effectively monitored by the crew members [2].

There are several approaches to trying to deal with these aspects, but the integration
of smart devices with innovative methods, besides the existing ship legacy systems, is
currently the way forward. In such a context, Liu et al. [3] proposed a new evacuation
mechanism that considers the spatial areas of a ship together with people’s behaviour.
Their goal was to generate a model of the evacuation capacity of a ship and provide an
emergency decision-making system for the evacuation of crew members and passengers.
Moreover, Yue et al. [4] proposed a general model and framework to simulate the entire
process of cruise ship evacuation, L. Liu et al. [5] proposed an improved ant colony system
(IACS) to solve the evacuation route planning of crowds on cruise ships, and Y. Liu et al. [6]
proposed an evacuation strategy that considers the path capacity and risk level to guide
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evacuees in case of a fire. In addition, Zhang et al. [7] presented a dynamic model to
quantify the domino effect of ship engine room fires.

Different quality indicators allow a comparison of different evacuation mechanisms.
There are several studies approaching this subject, and some are briefly presented in the
following section.

The purpose of this paper is to present the smart risk assessment platform (SRAP) as a
whole. SRAP is a dynamic risk assessment digital tool that provides decision support to the
master and the bridge command team of a ship during emergencies throughout all phases
of the evacuation process. Specifically, the output of SRAP is a color-coded indication to the
PALAEMON dashboard that provides assistance for the following decisions that should be
taken after the occurrence of an accident:

• Whether to sound the general alarm (GA);
• Monitoring the progress of the mustering process in order to take any additional

actions if required;
• Whether to abandon the ship or not.

The rest of the paper is structured as follows: Section 2 gives a brief overview of the
literature review of studies approaching risk assessment in the maritime domain through
the use of Bayesian networks (BNs). Section 3 presents the conducted accident analysis
of different incidents that can lead to an evacuation. Section 4 presents the concept of the
SRAP by giving the most important information for each developed risk model separately.
The next five sections are dedicated to the description of the applied methodology of the
development of the risk models. Section 5 provides an overview of the methodology
as a whole, and Sections 6–9 provide a detailed description of the way the risk factors
were established and the way the Bayesian networks were developed, quantified, and
validated, respectively. Section 10 provides a concise description of the testing of the
functionality and output of all the developed risk models in one indicative case study
and a commentary on the provided results, while the results are presented and discussed
in Section 11. The paper concludes with an insight into the use of digital tools in the
maritime domain and by presenting future work actions concerning the developed risk
models. Finally, Appendix A contains a detailed description of the individual nodes of the
mustering and pre-abandonment assessment BN models, as well as the assumptions that
were employed in their development process.

2. Using Bayesian Networks for Risk Assessment in the Maritime Domain

BNs have proven to be useful tools for analysing the risk during an evacuation in the
maritime domain [8]. There are a series of conducted studies which have used BNs in order
to perform a risk assessment aiming to assist in different aspects of the maritime domain,
some of them specifically considering ship evacuation.

Sarshar, Granmo, et al. [9] presented a Bayesian network model for the evacuation
time during a ship fire, Sarshar, Radianti, and Gonzalez [10] developed a dynamic Bayesian
network model for predicting congestion during a ship fire evacuation, which is relevant to
the mustering model presented in this paper, and Sarshar, Radianti, et al. [11] also used
dynamic BNs to model panic in a ship fire evacuation.

In addition, something relevant to the subject of BN utilisation projects is SmartRes-
cue [12], the aim of which is the development of an application that can facilitate rescue
teams’ coordinated threat assessment and evacuation planning by obtaining feedback on
threats through smartphones. In the context of the project, BN modelling was selected to
analyse the process of evacuation due to the occurrence of a ship fire. The factors causing
any delay in the evacuation procedure were identified according to a literature review
including the guidelines on evacuation analysis by the International Maritime Organisation
(IMO) [13], real data, and practical experiences.
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3. Analysis of Accidents

In the context of the study performed for this paper, five accidents were examined
involving passenger ships where an evacuation was conducted. The objective of the study
and the analysis of the accidents was to identify the key contributing risk factors and the
prevailing conditions that affected the evacuation process in each case. So, the study of
these accidents served as a basis to the applied methodology, which is thoroughly presented
in the next section. Towards this end, the information items that were considered from
each accident report were the incident type and location, the time of the day they occurred,
the way they affected the vessel’s status, and the mitigative actions that were taken by the
crew. The results of the analysis of the accident were utilised for the development of the
risk factors of the SRAP models based on the methodology presented in the next section.

The studied cases were the accidents of Sorrento [14], Viking Sky [15], Carnival
Liberty [16], Costa Concordia [17], and Queen of the North [18]. The selected accidents
occurred after the year 2000 and included cases where the events following the accident
did not unfold rapidly (i.e., there was enough time for the crew to assess the situation
and carry out the evacuation process). The analysis of the accident reports resulted in
identifying parameters that affected the decision-making process with respect to initiating
the evacuation process. The most influential factor, which affected the decision to initiate the
evacuation process, seemed to be the severity of the incident and the resulting damage to
the vessel. Another important parameter was the time (day or night) the incident occurred.
It was noted that, during night-time, the reaction of passengers and crew members may
be delayed, and the lack of light complicated the mustering process. In the Queen of the
North accident, most passengers were asleep when the ship grounded. In addition, an
incorrect assessment of the situation and of the effectiveness of the mitigation actions could
be a factor of major importance. For example, if a fire gets out of control, it may damage
the life-saving appliances (LSAs), which was the case in the Sorrento accident. Considering
that the decision to evacuate is usually made after efforts to mitigate the incident are
unsuccessful, an incorrect assessment may also lead to actions being taken too late (e.g.,
sounding the GA).

4. The SRAP Concept

The aim of SRAP is to enhance the situational awareness of the master and bridge
command team of a ship under the adverse prevailing conditions of the evacuation process
and provide decision support on the incident/accident management lifecycle. In order to
achieve this, SRAP performs a dynamic risk assessment to quantify in real time the risk
associated with the activities before and during the evacuation process. To this end, SRAP
consists of three different models, which cover the main phases of the evacuation (i.e.,
situation assessment, mustering, and pre-abandonment). Each model entails the dynamic
calculation of a risk index on an ordinal scale. The risk characterization is provided in real
time to the master and bridge command team for effective risk-informed decision support.
The concept of SRAP is graphically presented in a flowchart in Figure 1.

The objective and main functionality of each model are separately described below:

• Situation assessment model

The situation assessment model is activated after the occurrence of an incident/accident
through a generated signal. Its main objective is to support the master’s decision whether
to raise the general alarm (GA) in order to initiate the evacuation process. The assessment
is based on the vessel’s safety status and the level of the passengers’ exposure to hazards.

• Mustering assessment model

The mustering assessment model is activated following the sounding of the GA and
aims at quantifying the mustering effectiveness in terms of delays and whether passengers
are at risk as they move towards the muster stations. The main functionality is to assist crew
members in identifying for which areas of the ship mitigative and/or corrective actions
may be needed during the mustering process. The outcome is the level of the risk of delay
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and is calculated for the areas of the ship that are divided per the main vertical zone (MVZ)
and the specific ship deck under examination and is visualised on a colour scale.

• Pre-abandonment model

The pre-abandonment model is also activated following the sounding of the GA. It
aims at providing insight on whether the ship is no longer safe for the people on board and
supports the master’s decision to give the abandonment order. The assessment considers
the status of the vessel (that is active since the identification of the incident), people’s
vulnerability after the abandonment, and the abandonment readiness. The outcome of the
assessment provides an indication to the master.
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Both the mustering and the pre-abandonment assessment models are activated fol-
lowing the sounding of the GA and function simultaneously. Thus, the two models run
in parallel serving different purposes, although aiming at the same ultimate goal, which
is an as smooth as possible execution of the evacuation procedure. On the one hand, the
mustering assessment model calculates and provides the risk of delay per deck and MVZ
so that the master will know where and what kind of corrective actions are needed. On
the other hand, the pre-abandonment assessment model processes different parameters
including the way the mustering is progressing, the status of the vessel, the abandonment
readiness, and the vulnerability of passengers after it in order to suggest whether it would
be better to abandon the ship at a specific time frame or not.

5. Methodology

This section outlines the methodology applied to develop the SRAP risk models and
provides a detailed description of the final versions of the models, including their structures,
how they were quantified, and the way they were validated.

The methodology applied for the development of SRAP consists of two main phases
as shown in Figure 2. The results of the first phase for the situation assessment model
were presented in the paper of Ventikos et al. [19], together with the application of the
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methodology, but only for this specific model. The further evaluation of the methodology
and the results of the application of the whole procedure for all the developed models are
presented in this paper. All three SRAP models are Bayesian networks, which are directed
acyclic graphs (DAGs) that include random variables and nodes that are connected with
arrows that represent the probabilistic and causal relationship between them [20].
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The first phase of the development of the SRAP risk models consisted of the following steps:

1. Identifying the factors and parameters that affect risk during a ship evacuation
(through accident analysis, a literature survey, and the utilisation of the results of
a workshop conducted in the context of the PALAEMON project). The workshop
was attended by 44 participants from different sectors of the maritime domain who
provided valuable feedback through a questionnaire and a series of discussions.

2. Developing the risk models, which included representing the relationships among
the identified risk factors based on expert judgement, and quantifying the BNs.

3. Validating the developed risk models by engaging two experts (one principal surveyor
of a classification society and one marine operations director and former cruise ship
master) in interviews and revising the risk models. The interviewees expertise fully
covered the validation process at this stage.

The second phase of the methodology included the following steps:

1. Reviewing and revising the models based on the experts’ comments from the first
phase as well as from the results of a 2nd workshop conducted in the context of the
PALAEMON project. The second PALAEMON workshop was hosted online due to
COVID-19-related measures. It was attended by 25 participants representing stake-
holders from various sectors of the maritime domain. Similarly to the 1st workshop,
the attendees provided their input through a questionnaire and a series of discussions.

2. Validating and finalising the models by engaging 9 people in the maritime domain
(including a master of a cruise ship) in additional interviews.

6. Risk Factors

In this section, the risks factors, which are the terms in which every model evaluates
each stage of the evacuation procedure, are presented separately for each risk model.

6.1. Situation Assessment Model

The aim of the situation assessment model is to provide an inference on the post-
accident severity of the situation, which depends on whether the incident can be contained,
whether passengers are directly exposed to hazardous conditions, and whether the vessel
may provide safe conditions to the passengers and crew.

The risk factors that are considered in the situation assessment model were thoroughly
analysed by Ventikos et al. [19]. Briefly, they are categorised as described below:
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• Floatability, stability, and watertight integrity;
• Structural integrity;
• Fire safety integrity;
• Status of the critical systems for the ship’s controllability and navigation;
• Status of the critical systems for communication (internal and external);
• Passengers’ exposure and readiness.

6.2. Mustering Assessment Model

The mustering model aims at evaluating the effectiveness of the mustering process
with respect to time and in terms of the aspects described below. The risk factors that are
considered in the mustering assessment model were thoroughly analysed by Koimtzoglou
et al. (2022) [1]. Briefly, they are categorised as described below:

• Potential for individual injuries;
• The efficient movement of individuals;
• Individual status;
• Group performance;
• Status of supporting systems;
• Status of escape routes;
• The availability of muster stations;
• Passenger flow in an area.

6.3. Pre-Abandonment Model

The risk factors that affect the urgency for abandonment are as follows: (1) the vessel
status, which is affected by the containment of the incident, the status of the ship’s hull
(inc. floatability, stability, watertight integrity, and structural integrity), and the status of
the navigational systems (i.e., the ship’s ability to be navigated), (2) the vulnerability of the
passengers being exposed to the external environment after abandonment, and (3) the level
of abandonment readiness of the people and the mass evacuation vessels (MEVs). MEVs
are bigger in size and passenger capacity compared to LSAs and they are proposed within
the context of the PALAEMON project, aiming to replace them.

The following is a brief description of how each of the identified risk factors affects
the results of the pre-abandonment assessment process and what are the critical conditions
that need to be considered.

• Vessel status: The status of the vessel given the occurrence of an incident is indicative
of whether the safety of the passengers and crew on board may be directly affected
by the conditions in the ship environment. If the people on board are in danger
of being exposed to hazards, the urgency for abandonment increases. Exposure
can occur if containing the incident (e.g., fire or flooding) has not been successful
during the previous phases of the evacuation process. The critical condition to be
considered is the uncontrollable spreading of the incident that makes the vessel unsafe,
therefore leading to a great urgency for abandonment. Exposure can also occur if
the stability and structural integrity of the vessel has been compromised to a point
when there is an imminent danger of capsizing and a loss of watertight integrity and
flooding, respectively. The critical conditions that would make the vessel unsafe and
should be considered for the given damage, ship loading, and weather conditions
are: (a) whether the ship will capsize, taking into account progressive flooding; and
(b) whether the ship’s structure may collapse (globally).

The operational status of the navigational systems has an impact on the ship’s ability
to be navigated and controlled, which may increase the probability of grounding and/or
collision given the incident. The critical conditions that increase the urgency for abandon-
ment relate to the operational status of the following sub-systems: propulsion, steering,
and navigational systems (e.g., ECDIS, radar, etc.).
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• Vulnerability after abandonment: An important parameter that affects the master’s
decision to order the abandonment process is the vulnerability of the people on board
after abandoning the vessel, which indicates the potential adverse consequences to
their health and safety given their exposure to environmental hazards. The importance
of this factor was identified in the analysis of the marine accidents that involved an
evacuation described in Section 3. The critical conditions that would increase vulner-
ability after abandonment relate to: (a) the expected duration of people’s exposure
to environmental hazards, considering the adversity of the weather conditions, the
availability of external help either for mitigating the incident, or providing immediate
assistance to people after the abandonment, and (b) the potential consequences to
people if they remain on board compared to being exposed to environmental hazards.
In general, a high level of vulnerability after an abandonment combined with a safe
vessel would lead to a low urgency for abandonment. However, an unsafe vessel
could trigger an abandonment.

• Abandonment readiness: The readiness to abandon the vessel depends on whether all
people on board have assembled at the mustering stations, whether they can safely
board the MEVs, and whether the MEVs can be safely launched. If any one of these
preconditions are not met, then the master will most likely not order the abandonment
of the vessel, according to the feedback obtained from the expert interviews. The
importance of all people being accounted for in the mustering stations is also evident
from the accident involving the Ro-Pax ferry Queen of the North in 2006. In that
case, the lack of a clear and structured way of accounting for the mustered people led
to the abandonment order being delayed until the correct total number of mustered
passengers were counted. The critical conditions that would decrease the abandon-
ment readiness relate to: (a) a small number (e.g., lower than 50% of the people on
board) of assembled people at the mustering stations, (b) damages to the MEVs that
affect their seaworthiness or conditions that prevent the mustered people from safely
boarding the MEVs (e.g., fire spreading close to the MEVs), and (c) the capability of
the launching system to operate as expected given the conditions on the vessel (e.g.,
power availability, large heel angle, etc.). Therefore, the readiness of the people and
the escape means that to abandon the vessel is considered a very important factor
that affects the decision to order the abandonment. For example, a small number of
mustered people will likely not lead to an abandonment regardless of the level of
vulnerability after the abandonment and the status of the vessel, except in cases where
the incident is developing rapidly (e.g., rapid flooding leading to sinking).

7. Bayesian Network

In this section, a detail description of the Bayesian network and its development
process for each of the three risk models is presented.

7.1. Situation Assessment Model

The analysis conducted that resulted in the Bayesian network shown in Figure 3 is
thoroughly described by Ventikos et al. [19]. However, compared to the analysis presented
there, a utility and a decision node were included in the BN model to evaluate the decision
of whether to sound the GA based on its “utility” according to the states of the final chance
node “Pax vulnerability”. Specifically, the final chance node is connected with a value node
where the “utility” of each decision alternative is evaluated on a qualitative scale from 1
to 3 as a “reward” for sounding the GA considering the conditions of the situation. For
example, sounding the GA when the vulnerability of the passengers is low is considered
an undesirable outcome, which is penalised through the utility node because it would lead
to unnecessary panic and would lower the possibility for effectively handling the situation.
On the contrary, sounding the GA with a moderate and/or high passenger vulnerability is
a desirable outcome, which is rewarded through the utility node, because it would help
towards protecting the health and safety of the people on board. The evaluation of each
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decision alternative (i.e., sound the GA, do not sound the GA) results as the sum product
of the utilities with the probabilities of each state of the final chance node. The alternative
with the highest score is the decision that is proposed to the master.
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7.2. Mustering Assessment Model

For the mustering assessment model, a stratified (bottom-up) approach was applied
to characterize the status of the mustering process for the vessel, which is thoroughly
presented in the published work of Koimtzoglou et al. (2022) [1].

The mustering assessment model consists of two separate BN models as shown in
Figure 4. The first aims at assessing the individual status of each passenger, whereas the
second aims at assessing the risk of delay for the areas of the vessel divided per MVZ and
deck. Figure 4 shows the relationships between the identified risk factors that were stated
in the previous section. A detailed description of the individual nodes of the BN model
and the assumptions that were employed is presented Table A1 of Appendix A.
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The following categories of risk factors are considered in the analysis:

• The passenger’s (individual) status with respect to the efficiency of his/her movement
towards the muster station as well as his/her health status.

• The group performance of the passengers in the examined deck considering an in-
dividual’s performance and the characteristics of the deck related to a passenger’s
attempt to approach the muster station, such as the distance of the deck from the
muster station and the existence of congested areas.

• The risk of delay of the mustering process, which is assumed to be associated with
the status of the evacuation routes and of the ship systems that support the mustering
process. The risk of delay is also visually presented as shown in an indicative example
in Figure 5.
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By combining the group performance index with the risk of delay, an index that reflects
the effectiveness of the process in the examined deck is derived.

7.3. Pre-Abandonment Model

The identification of the risk factors that affect the urgency for abandonment provided
the basis for developing the structure of the BN model shown in Figure 6. Table A2 of
the Appendix A provides a detailed description of the individual nodes of the BN model,
including information about the discretization and the assumptions that were employed in
the development.
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Similarly to the situation assessment model, a utility and a decision node were included
in the BN model to evaluate the decision of whether to give the abandonment order based



J. Mar. Sci. Eng. 2023, 11, 1014 10 of 25

on its “utility” according to the states of the final chance node “Urgency for abandonment”.
Specifically, the final chance node is connected with a value node where the “utility” of
each decision alternative is evaluated on a qualitative scale from 1 to 3 as a “reward”
for ordering the abandonment. For example, giving the abandonment order when the
urgency for abandonment is low is considered an undesirable outcome, which is penalised
through the utility node because it may unnecessarily expose passengers to environmental
hazards after the abandonment while, for example, the vessel is considered safe. This was
also verified from the feedback obtained during the expert interviews. On the contrary,
giving the abandonment order with moderate and/or high urgency for abandonment is
a desirable outcome, which is rewarded through the utility node because it would help
towards protecting the health and safety of the people on board. The evaluation of each
decision alternative (i.e., abandon, stay and check) results as the sum product of the utilities
with the probabilities of each state of the final chance node. The alternative with the highest
score is the decision that is proposed to the master.

8. Quantification

For the quantification of the risk models, a qualitative rationale was applied to estab-
lish/develop the conditional probability tables (CPTs) of each model’s nodes. For example,
with increasing the passenger proximity to hazards, the probability of their exposure is
increased. The magnitude of the effect was assessed by qualitatively weighing the contri-
bution of each risk factor, which was subsequently reflected in the CPTs. To this end, the
CPTs were developed based on the conducted accident analysis (presented in Section 3),
the information collected from the literature, and the experts’ judgment. After that, the
CPTs were revised according to the results of the second PALAEMON workshop and the
comments obtained from a second set of interviews. So, the importance of each risk factor
is reflected in the CPTs of the model.

Thus, the results of each risk model indicate that the developed CPTs adequately reflect
the relative weights among the risk factors. The results are also visually represented in
Figure 3 for the situation assessment model, in Figure 4 for the mustering assessment model,
and in Figure 6 for the pre-abandonment assessment model. The thicker arrows show a
greater influence of the parent to the connected child node with respect to their probabilities.

8.1. Situation Assessment Model

The qualitative rationale that was applied to develop the CPTs of the model’s nodes
is described in detail by Ventikos et al. [19]. Figure 3 shows the results of the strength of
influence analysis for the situation assessment BN model.

8.2. Mustering Assessment Model

The extruded results of the aforementioned procedure concluded with the ranking
of the following aspects from the most to the least important: blocked evacuation routed,
number of trapped passengers, condition of muster stations (open/blocked), the presence
of crew members to guide/assist passengers, and congested evacuation routes.

Figure 4 shows the results of the strength of influence analysis for the mustering
assessment BN model, which reflect the relative weights of the employed parameters based
on the quantification rationale described.

• Movement efficiency (passenger speed, heart rate, O2 saturation): the most critical fac-
tor that affects movement efficiency is the passenger speed, followed by O2 saturation
and heart rate, which can also affect movement.

• Potential for injuries (the presence of hazards, fall detection): the probability that
passengers may be injured is assumed as the combination of the presence of hazards
and an alarm indicating whether a passenger has fallen or not.

• Individual status (movement efficiency, potential for injuries): medium movement
efficiency combined with medium potential for injuries leads to a delayed movement
of the passenger towards the muster station. In the case of low movement efficiency
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and/or the presence of hazards, it is assumed that assistance by the crew will be
required. Moreover, the potential of injuries is considered more critical compared to
movement efficiency.

• Passenger flow in an area: The flow of the passengers in the vessel area under exam-
ination relates to the individual status of every passenger located in that area. The
aggregation of all the individual status indices in the specific area provides the basis
for the CPT of the node “Passenger flow on area”.

• Escape routes status (congestion, blockage): congestion is assumed to be more critical
than blockage due to the fact that crew members expect that congestion issues will
occur during the mustering stage of the evacuation process.

• Status of supporting systems: to assess the status of supporting systems for the
mustering process, the following nodes were considered: the status of the public
announcement (PA) system, the status of the wayfinding system, and the presence
of crewmembers.

• Risk of delay (escape routes status, availability of muster Station, status of supporting
systems): The risk of delay for each deck of every MVZ is calculated through the
combination of these three nodes. The most critical is assumed to be the status of the
escape routes.

• Group performance (individual status, congestion, deck distance from muster station):
The group performance is referred to as the summary of the individual status of the
passengers in every deck of every MVZ of the vessel. Therefore, the most critical node
is considered to be the aggregation of the individual status, followed by the distance
from muster station in terms of decks and then the presence of congestion.

• Mustering status (group performance, risk of delay): The main priority on cruise
ships and Ro-Pax ferries during emergencies is the protection of life for the people
onboard them; therefore, the passengers’ group performance is considered to be a
more significant node compared to the risk of delay.

8.3. Pre-Abandonment Model

The CPTs of the following nodes are the same as in the situation assessment BN model:

• Spreading (effectiveness of mitigation measures onsite, status of passive containment)
• Hull status (stability, structural integrity)
• Ability to navigate (propulsion system status, steering system status, navigational

systems status)
• Vessel status (spreading, hull status, ability to navigate)

Additionally, the extruded results of the workshop concerning the risk factors for
the pre-abandonment assessment model was ranked as follows from the most to the least
important: criticality of condition, percentage of passengers arrived in muster stations,
weather conditions, MEVs conditions, nearby vessels, and distance from nearest port.

These aspects were also considered from a similar point of view by Solberg et al. in a
study assessing the time to rescue (TTR) for different scenarios, utilizing different paths to
survival (PTS), and investigates the factors influencing the outcome. In this study, it was
stated that the time needed for a possible rescue depends on numerous variables, including
the number of persons to be rescued, the number and type of evacuation platforms, and
the meteorological and oceanographical conditions [21].

Figure 6 shows the results of the strength of influence analysis for the pre-abandonment
assessment BN model, which reflect the relative weights of the employed parameters based
on the quantification rationale for the nodes described below.

• Status of external assistance (proximity of another vessel for assistance, availability
of search and rescue—SAR—vessels): According to the requirements of the SAR
convention, nearby vessels are required to provide assistance to any vessel in distress,
and SAR vessels are required to respond to distress calls. Therefore, the influence of
these parent nodes is considered to be equal with respect to their influence on whether
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external assistance is expected or delayed. This means that assistance is considered
equally likely regardless of whether it comes from SAR or other nearby vessels.

• Vulnerability after abandonment (status of external assistance, distance from shore,
expected weather conditions): The probability of external intervention (i.e., SAR or
other nearby vessels) arriving immediately and the distance from the shore affect the
duration of people’s exposure to environmental hazards once they have abandoned
the vessel on the MEVs. The adversity of the expected weather conditions affects
the magnitude of the potential consequences to the people after the abandonment in
terms of: (1) whether the integrity and floatability of the MEVs could be compromised,
putting the people on the MEV at risk, and (2) for people stranded to sea, whether they
are exposed to conditions that have an immediate danger to their health and safety
(e.g., very low water temperatures). The effect of the expected weather conditions on
people’s vulnerability after the abandonment was assigned a higher weight compared
to the other two factors considering the higher possibility of immediate adverse effects
compared to delayed external assistance.

• MEV launching status (maximum roll angle_MEV, MEV availability): The maximum
roll angle of the ship required for the MEV launching mechanism to operate as expected
might result in an inability to launch the MEVs and render the abandonment process
unfeasible. The same result can be obtained if the MEVs have been damaged by the
incident (e.g., a fire) or if people cannot safely approach them for boarding, regardless
of the status of the launching mechanism. Therefore, the effect of these factors on
whether the MEV can be launched is considered to be equal.

• Abandonment readiness (MEV launching status, Pax at muster stations): The percent-
age of people assembled at the muster stations plays a crucial role in the master’s
decision to order the abandonment of the vessel. Therefore, this risk factor was at-
tributed a higher weight compared to the effect of the MEV’s launching status to
the abandonment readiness. Whether people are unable to board the MEVs or if the
MEVs cannot be launched will also render the abandonment unfeasible. However,
comparatively, it is considered to contribute less to the master’s decision.

• Urgency for abandonment (vessel status, vulnerability after abandonment, aban-
donment readiness): The weights assigned to the contributors to the urgency for
abandonment are considered in the following order of importance (from higher to
lower): (1) vessel status, (2) abandonment readiness, and (3) vulnerability after aban-
donment. During an evacuation, the main objective is to protect the health and safety
of the people on board. Therefore, whether the vessel status directly and immediately
endangers the people on board has the greatest effect on the master’s decision to aban-
don. When a vessel is relatively safe, the master’s priority is to complete the mustering
process and be ready for abandonment considering the potential development of the
vessel’s safety. Vulnerability after abandonment plays a role mainly in the case where
the vessel is relatively safe. In the case of an unsafe vessel, the priority is to abandon
the vessel independently from the expected weather conditions and other hazards that
are related with the vulnerability after abandonment.

9. Validation

Considering that the developed BN risk models were elicited from expert knowledge,
a validation approach similar to the framework proposed by Pitchforth and Mengersen [22]
was applied. This process includes evaluating the following types of validity:

1. Nomological validity to establish that the problem examined fits into a wider domain
in the literature.

2. Face validity to determine whether the relationships between the random variables
reflect the problem.

3. Content validity to establish that all important parameters that affect the problem
have been included in the model.
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4. Convergent validity to determine the similarity of the model in terms of structure to
other models for similar purposes.

5. Discriminant validity that reflects the degree to which the model is different compared
to other models, and

6. Predictive validity to establish that model behaviour and output is fit-for-purpose.

The nomological validity of the models was established based on a literature review.
In addition, the developed models were validated in terms of face and content validity
by conducting a discussion with an expert (crew member of a Ro-Pax ferry) (phase 1 of
methodology) and, in terms of predictive validity, through a tested case study (presented in
Section 10). In addition, the face and content validity were evaluated by feedback received
from expert interviews. The evaluation of all three risk models in terms of their convergent
and discriminant validity was established by comparing them to similar models identified
in the literature.

The following subsections describe the results of the validation activities that were
conducted for evaluating the convergent and discriminant validity of each risk model
separately by comparing them to similar models in the relevant literature (briefly presented
in Section 2).

9.1. Situation Assessment Model

The similar models identified take into consideration the fire location and condition
and the extinguishing systems. The developed situation assessment model considers these
aspects through the nodes “Incident location” and “Spreading”, which are affected by the
nodes “Status of adjacent detectors”, “Status of containment doors”, and “Status of passive
containment”, whereas the nodes referring to the extinguishing systems are “Status of
mitigation systems”, “Effectiveness of mitigation systems”, and “Effectiveness of mitigation
measures on site”. Some additional risk factors of the similar models include the passenger
location, heat/smoke exposure, and the trim/heel. The similar points in the situation
assessment model are the consideration of the passenger location, the interpretation of
the “Passenger proximity to hazards” node, and the “GZ_GM” and “Maximum Roll
Angle” nodes.

With respect to the discriminant validity, the main difference between the situation
assessment model and the similar models from the literature is that the former includes
factors that only affect the master’s decision to sound the GA, while the latter examine the
evacuation procedure as a whole. The result is that some factors that were identified as
important in the literature were been included in the situation assessment model.

9.2. Mustering Assessment Model

The similar models identified utilized risk factors considering the passenger condition
and panic. These aspects were considered in the development process of the mustering
assessment model by evaluating the passenger condition in terms of movement efficiency
(speed and oxygen saturation) and in terms of potential injuries, which is indicated by
factors such as the node “Fall detection” and by incorporating the “Heart rate” node.
Two additional risk factors from the literature models that have common points with the
developed model are the existence of a rescue team and the condition of the escape routes,
which were taken into consideration through the nodes “Presence of crew members” and a
combination of the nodes “Congestion” and “Blockage”, which affect the node “Escape
route status”.

With respect to discriminant validity, it was noted that the main difference between
the mustering assessment model and the similar models from the literature is that the
former focuses on estimating the status of each passenger and the risk of delay for a specific
area of the vessel, whereas the latter focus separately on issues including evacuation time,
modelling panic, predicting congestion during the mustering process, or estimating the
probability of a successful escape. In addition, the mustering assessment model considers
the operational status of the ship systems that support the mustering process, while the
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similar models from the literature only consider the support and guidance provided by the
rescue team to the passengers.

9.3. Pre-Abandonment Model

The similar models from the literature consider the severity of the accident and the
rescue area and manner as risk factors. From the similar models found in the relevant
literature, a model presented by Ping et al. [23] and a DNV model [24] were the most
relevant to the pre-abandonment model. The similarity of these models with the developed
one results from the fact that the node “Vessel status” is part of the developed model, as
well as the nodes “Status of external assistance” and “Distance from shore”. It should be
noted that the “Vessel status” node is the most important parameter affecting the decision.
Furthermore, a similarity was also observed in the comparison of the “Pax at muster
stations” and “Abandonment readiness” nodes with the literature risk factors considering
the failure to muster, as well as in the comparison of “MEV availability”, “Maximum
Roll Angle_MEV”, and “MEV launching status” with the literature risk factors regarding
missing life-saving means.

In the pre-abandonment model, the effect of weather conditions with respect to the
vulnerability of people on board after abandoning the vessel were also included. The
latter is one of the three main parameters that affect the master’s decision to order the
abandonment. Regarding the number of passengers assembled at the muster stations, the
model includes this as a parameter that affects the node “Abandonment readiness”, which
has the second highest importance among the three risk factors that affect the abandonment
decision, as described in the quantification section (Section 8).

To determine the discriminant validity, the following is a brief description of the
differences between the pre-abandonment model and the two similar models from the
literature. One of the main differences is that the pre-abandonment model focuses only
on the master’s decision to abandon the vessel following the initial assessment of the
situation that leads to sounding the general alarm and starting the mustering process. The
objective of the other two models is, respectively, to assess (1) the probability of success for
the whole evacuation process (i.e., from the initial assessment to the abandonment), and
(2) the probability of human losses considering all phases of the evacuation. On the other
hand, the objective of the model described here is to support the specific decision to give
the abandonment order, while aspects of the other evacuation phases are addressed by the
other two risk models included in SRAP (i.e., situation and mustering assessment).

The different objective of the pre-abandonment model also led to excluding some
risk factors from the similar models, even though they are considered important for the
evacuation process, while some of these factors were included in the other two SRAP
models. Specifically, the factor “Daytime/night-time” was considered in the situation
assessment model, where it affects the passengers’ readiness to muster, and the factor
“Accident during the evacuation process” was indirectly considered in the mustering
assessment model as the potential for injuries due to exposure to hazards. For the pre-
abandonment assessment phase, factors such as the time of day do not affect the decision
of the master, which mainly depends on the status of the vessel. In addition, the similar
models in the literature are not intended for real-time decision support but as tools to
study the contribution of different risk factors and evaluate risk control options. In this
context, other factors in the similar models, such as those referring to the number and type
of survival suits and evacuation and rescue devices, were not included. What is considered
more important for real-time decision support is the availability of evacuation and rescue
devices (i.e., the MEVs) compared to the total number of passengers.

10. Case Study—Fire Scenario

The section presents the application of the BN risk models to one case study based on
a fire incident scenario. The objective of this application was to test the functionality of the
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BN models and to illustrate their sensitivity. A brief description of the scenario is provided
in this section and the results of its application are provided in the next one.

The scenario was divided into different periods of time by specific time stamps, i.e.,
t1 to t6. Tables 1–4 show the state of each parent node of the risk models per time stamp.
The purpose of this procedure was to illustrate, as realistically as possible, the way the
incident evolves and to make clear which is the output of each risk model as the event
unfolds. It was noted that the first three time stamps refer to the situation assessment
model, but when this risk model gives its final result, the mustering assessment model and
the pre-abandonment model start functioning simultaneously, where the t4, t5, and t6 time
stamps refer to both of them.

Table 1. Parent node state and output per time stamp of the situation assessment model.

Parent Node t1 t2 t3

Time of day Day Day Day

Incident type Fire Fire Fire

Incident location ER ER ER

Response team onsite Yes Yes Yes

Status of mitigation systems Not activated Activated Activated

Status of adjacent detectors Not activated Not activated Not activated

Status of containment doors Closed Closed Closed

Global stresses Not exceeded Not exceeded Not exceeded

Restoring capability (GZ/GM criteria) Covered Covered Covered

Maximum roll angle Not exceeded Not exceeded Not exceeded

Internal communication Operational Operational Operational

External communication Operational Operational Operational

Propulsion system Operational Operational Operational

Steering system Operational Operational Not operational

Navigational systems Operational Operational Operational

Sound the GA Yes: 45%
No: 55%

Yes: 44%
No: 56%

Yes: 54%
No: 46%

Table 2. Parent node state and output per time stamp of the Mustering Assessment model (a).

Parent Node t4 t5 t6

Deck distance from muster station Long Long Long

Accessibility of muster station Accessible Accessible Accessible

Congestion Low Moderate High

Blockage No No No

Status of PA system Operational Operational Operational

Status of wayfinding system Operational Operational Operational

Presence of crew members Yes Yes Yes

Passenger flow on area
80% Normal
20% Delayed
0% Disrupted

60% Normal
40% Delayed
0% Disrupted

30% Normal
70% Delayed
0% Disrupted
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Table 2. Cont.

Parent Node t4 t5 t6

Risk of Delay
Low: 60%

Moderate: 27%
High: 13%

Low: 30%
Moderate: 36%

High: 34%

Low: 12%
Moderate: 36%

High: 52%

Table 3. Parent node state and output per time stamp of the Mustering Assessment model (b).

Parent Node t4 t5 t6

Deck distance from muster station Moderate Moderate Moderate

Accessibility of muster station Accessible Accessible Accessible

Congestion Low Moderate Moderate

Blockage No No Yes

Status of PA system Operational Operational Operational

Status of wayfinding system Operational Operational Operational

Presence of crew members Yes Yes Yes

Passenger flow on area
80% Normal
20% Delayed
0% Disrupted

50% Normal
35% Delayed

15% Disrupted

30% Normal
70% Delayed
0% Disrupted

Risk of Delay
Low: 62%

Moderate: 26%
High: 12%

Low: 28%
Moderate: 36%

High: 36%

Low: 20%
Moderate: 34%

High: 46%

Table 4. Parent node state and output per time stamp of the Pre-Abandonment model.

Parent Node t4 t5 t6

Status of mitigation systems Activated Activated Activated

Response team(s) on site Yes Yes Yes

Status of containment doors Closed Closed Closed

Status of adjacent detectors Not Activated Activated Activated

GZ-GM Covered Covered Covered

Maximum roll angle Not exceeded Not exceeded Not exceeded

Global stresses Not exceeded Not exceeded Not exceeded

Propulsion system status Operational Not operational Not operational

Steering system status Not operational Not operational Not operational

Navigational system status Operational Operational Operational

Proximity of other vessels for assistance High High High

Availability of SAR vessels On the way On the way On the way

Distance from shore Moderate Moderate Moderate

Expected weather conditions Fair Fair Fair

Pax at muster stations Below 50% Between 50–80% Over 80%

Maximum roll angle_MEV Not exceeded Not exceeded Not exceeded

MEV availability Yes Yes Yes

Abandon Vessel Yes: 38%
No: 62%

Yes: 45%
No: 55%

Yes: 62%
No: 38%
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The output of each of the three risk models is presented below:

• The situation assessment model gives a suggestion to the Master on whether to sound
the GA or not. The results are presented in percentages for two options, i.e., (a) sound
the GA, or (b) do not sound the GA, so the master takes into account the suggestion
with the higher percentage. If the “sound the GA” percentage exceeds 50%, the model
suggests the initiation of the mustering process.

• The mustering assessment model result is the percentage of the risk of delay per
specific area of the ship, so the results are presented with percentages on whether the
risk of delay is at a (a) low, (b) moderate, or (c) high level.

• The pre-abandonment model gives a suggestion to the master on whether to order
the abandonment of the vessel or not. The results are presented in percentages for
two options, i.e., (a) order the abandonment, or (b) do not order the abandonment,
so the master takes into account the suggestion with the higher percentage. If the
“Order abandonment” percentage exceeds 50%, the model suggests the abandonment
of the vessel.

10.1. Situation Assessment Model

Table 1 presents the input data of the situation assessment model per time stamp
according to Figure 3. The results per time stamp are presented in the last row of the table.
In this scenario, during daytime, a fire breaks out in the engine room and starts spreading
inside of it, while a response team (fire patrol) immediately arrives on site (t1). The fire
sprinklers (mitigation system) in the ER get activated, and it is assumed that all the ship’s
legacy systems are working properly (t2). Smoke detectors have not yet been activated,
while the doors of the ER have been closed. The efficient planning of the escape routes in
this situation highly depends on mastering the spread of the fire in the ship and creating a
fire information field Situations such as this usually generate a big amount of smoke in a
relatively closed environment [25]. The smoke detectors get activated, but the fire is getting
out of control and causes a problem with the steering system (t3). The status of the situation
is circulated between the crew members as the internal communication is working properly.
SRAP provides an indication to the master to sound the GA.

10.2. Mustering Assessment Model

As previously stated, this paper focuses on the application of a model aiming at
assessing the risk of delay for the areas of the vessel divided per MVZ and deck. An
application of the risk model considering the calculation of the individual status of every
passenger separately, taking into account the heart rate, O2 saturation, speed, the presence
of hazards, and fall detection, is presented by Koimtzoglou et al. (2023) [26].

Table 2 presents the input data for the mustering assessment model according to
Figure 4. At this point in the scenario, the master has already sounded the GA, and the
mustering process has been initiated due the fire incident. In this scenario, the deck with
the longest distance to the muster stations of the MVZ, which are all available, is examined.
At first, a low level of congestion occurs near the staircases that lead to the muster stations,
there is no blockage, and the crew members are at their designated spots. In addition, the
PA and wayfinding systems are operational (t4). All systems that support the mustering
process are still available, and the crew is still present for assistance, but the congestion is
getting worse, so the relevant parent node changes to “Moderate” (t5). Due to the prevailing
conditions, the congestion is getting even worse as more people are heading towards the
muster station, and the congestion parent node indication changes to “High” (t6). In this
case, SRAP provides an indication to the master for this deck and MVZ of a “High risk of
delay”. The results for this MVZ and deck of the mustering assessment model per time
stamp are shown in the last row of Table 2.

In order to better illustrate the utilisation of this risk model, a scenario taking place
simultaneously in a different MVZ and deck of the ship is also presented. As the event
takes place at the same time, the time stamps remain the same (t4–t6). In this case, a deck
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with a moderate distance to the muster stations of the MVZ is examined. At first, a low
level of congestion occurs near the staircases that lead to the muster stations, there is no
blockage, and the crew members are at their designated spots. In addition, the PA and
wayfinding systems are operational (t4). All systems that support the mustering process
are still available, and the crew is present for assistance, but two people trying to reach their
muster station get injured on their way. This initially causes congestion, and the parent
node changes its state to “Moderate” (t5). Due to the injury of one of the two passengers,
which happened in a hallway, there are a number of people who are trying to help them, but
they cause the route to be blocked, so the blockage parent node status changes accordingly
(t6). In this case, SRAP provides an indication to the master of a “High risk of delay” for
the specific area. The results for this MVZ and deck of the mustering assessment model per
time stamp are shown in the last row of Table 3.

Based on these representations, the master will be aware of the progress of the mus-
tering process for these compartments of the vessel, and he/she will proceed to correc-
tive/alternative actions to provide assistance to the areas requiring it.

10.3. Pre-Abandonment Model

Table 4 presents the input data for the pre-abandonment model according to Figure 6.
At this point it, is assumed that the mustering process has started and is progressing, while
the pre-abandonment model has also been triggered. At the beginning, it is assumed that
the mitigation systems are activated, the response teams remain on site, the containment
doors remain closed, the adjacent detectors are not activated, and the steering system has
stopped working, as stated in the last time stamp of Table 1. The proximity of other vessels
is characterized as high, SAR vessels have been informed, and they are on their way, the
distance from shore is moderate, and the prevailing and expected weather conditions are
fair. In addition, the maximum roll angle has not been exceeded, and all the MEVs are
available. At this point, less than 50% of the passengers have reached the muster stations
(t4). After a while, the adjacent detectors get activated, and as the fire cannot be successfully
contained, the propulsion system also gets affected and is no longer operational. At this
point, the number of passengers that have reached the muster stations has increased,
reaching a percentage between 50–80%. Finally, the last time stamp is characterized by
an increased percentage of passengers that have successfully reached the muster station,
which exceeds 80%, and the model suggests to the master to order the abandonment of the
vessel (t6). The results of the pre-abandonment model per time stamp are shown in the last
row of Table 4.

11. Results and Discussion

As previously stated, the results of the application of the three risk models are pre-
sented in the last row of each of the tables (Tables 1–4). The results are also visually
presented in Figure 7.

It was noted that the engine room was a vulnerable space of the ship, as from the
beginning of the incident (t1), the model came really close to proposing to the master to
raise the GA, as it reached the 45% “Sound the GA” result compared to the 55% result, i.e.,
not to sound it. After that, due to the activation of the mitigation systems, the percentage
proposing to sound the GA decreased to 44% (t2), but the fact that the fire affected the
steering system of the ship (t3) was crucial and had an immediate effect on the percentage
suggestion of sounding the GA. At this point, the risk model result to sound the GA
reached 54%, so the master followed the proposed advice from SRAP and initiated the
evacuation process.

Subsequently, the two remaining models got simultaneously triggered. The result of
the mustering model, especially in the described scenario where the mitigation systems
were operational and the crew members were at their designated spots, were highly affected
by the congestion. At t4, as the congestion was characterized as “Low”, the passengers’ flow
progressed within acceptable limits, resulting in a low risk of delay (60%). As the incident
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evolved and the congestion became “Moderate” at t5 and “High” at t6, the passenger flow
was also affected and this resulted in an increased risk of delay. The risk of delay was
characterized as “Moderate- 36%” for t5 and “High- 52%” for t6.
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Figure 7. Visual representation of the results of the three risk models.

The application of the mustering assessment model in the second area was similar
to the first one. The main difference was observed in the occurrence of the injuries of
two passengers. Through the observation of the results, it was highlighted that an injury
could be a highly effective parameter for the MVZ and the deck where it takes place, as it
can highly and directly affect the passenger flow by causing congestion or even blockage.
Specifically, when the injuries occurred, the risk of delay was converted from low to
“Moderate 36%”, and, after a while, when the prevailing conditions led to the blockage of a
hallway, the risk of delay was clearly characterized as “High 46%” due the large percentage
of delayed passengers (70%). It was noted that although the risk of delay was high (46%),
it was lower than the respective percentage of the scenario of the other area described in
the previous paragraph, even though the conditions were worse due to the two injuries.
This was justified by the fact that, in this case, the distance from the muster station was
moderate, while in the previous case it was long.

Finally, considering the results of the pre-abandonment model, it was noted that
the percentage of passengers that reached the muster stations was a parameter of major
importance. When the propulsion system was affected by the fire and the percentage of
passengers in the muster station was between 50 and 80%, the model was still proposing
that the best option was not to abandon ship. However, when more than 80% of the
passengers were ready to safely abandon the vessel also, taking into account the high
proximity of other vessels, the assistance from SAR vessels that were notified in time,
the moderate distance from shore, and the expected fair weather conditions, the model
proposed that the abandonment of the ship was the proper decision with a percentage
of 62%.

12. Conclusions

Ship evacuation is a very challenging process to handle, and the analysis of accident
reports showed that it can have undesired consequences if an incident gets out of control
due to a lack of situational awareness. It is believed that the way forward in the handling
of such difficult situations is the interpretation of new technologies and digital tools, and,
in this respect, various researchers are focusing on this aspect.

A dynamic risk analysis seems to be an appropriate approach for the evacuation pro-
cess, which is a highly dynamic process. A dynamic risk assessment should be able to take
any new information into account and to adjust to the dominant dynamic environment [27].
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However, there are some challenges to face in the implementation of risk models and in
performing such an analysis, such as those described in this paper. The most significant
and common limitation is the lack of statistical data relevant to each application. This data
forms the basis of the analysis and gives an indication of the frequency and the most likely
consequences of the relevant accident scenario under consideration. An insufficiency of
statistical data could result in large uncertainties in the outcomes of the analysis and the
need to make simplifying assumptions in the modelling process. Expert judgment that
can be employed for quantification purposes and to address the limited availability of
statistical data, as in this study, can affect the reliability of risk models due to the inherent
subjectivity and related uncertainties [28,29]. On the other hand, the use of Bayesian net-
works for the development of risk models also has a series of specific advantages. Some
of the benefits of BNs include the explicit representation of dependencies among events,
updating probabilities, and coping with uncertainties. BNs facilitate a flexible way to
exploit expert knowledge by providing the ability to quantify conditional probability tables
(CPTs), even with partial information [30]. Moreover, BNs have been used to dynamically
update probabilities by continually taking into account new information [31].

SRAP is a risk-based, digital tool of the PALAEMON ecosystem that aims to enhance
the situational awareness of the master and bridge command team of a ship under the
adverse conditions of a ship evacuation process and to provide decision support for the
incident/accident management lifecycle. This is achieved by performing a dynamic risk
assessment to quantify the risk associated with the three main phases of the evacuation
process in real time, i.e., a situation assessment, mustering, and a pre-abandonment assess-
ment. For the development of SRAP, a structured methodology was applied, where three
different BN models were developed and validated. This goes along with the opinion that
the utilisation of technology is an efficient way to deal with the very challenging procedure
of a ship evacuation due to accidents in the maritime domain.

The outcome of the case study showed that the application of SRAP gave promising
results. In addition, there was confidence in the model’s predictive validity, considering
that the outcome reflected the data and information collected from experts in the maritime
field. Specifically, the case study results showed that at least 80% of the total number of
passengers must be assembled before an abandonment order is proposed by the model.

Future work includes the application of the developed risk models in numerous
simulations in order to enhance their sensitivity, reliability, and the robustness of their
results even more.
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Appendix A

Tables A1 and A2 provide a detailed description of the individual nodes of the muster-
ing assessment and pre-abandonment assessment BN models respectively, together with
the assumptions that have been employed.

Table A1. Description of nodes and related assumptions of the mustering assessment BN.

Node States Description and Assumptions

Passenger speed
As expected

Below expected
Immobilized

Each state corresponds to a range of % deviation of the achieved walking speed of
each passenger from the nominal one. Each passenger is assigned in a population
category according to IMO MSC Circ. 1553 [32]. For each category, an expected
walking speed is defined based on the type of terrain (corridor/staircase).

Presence of
hazards

Smoke, toxic gas
Fire

Water
No hazard

Indicates the presence of these hazards within the vicinity of the passenger
location (impair the visibility of exit signs, reduce the walking speed due to a lack
of oxygen, or the presence of water). It is assumed that hazards are present when a
passenger is located within the coverage area of an activated sensor (e.g.,
a smoke detector).

O2 saturation
Normal
Critical

Dangerous

Indicates the probability of a person being able to move based on the O2
saturation in his/her blood. It is assumed that there are three levels of criticality
based on the O2 saturation. Normal: more than 90%, critical: between 80% and
90%, dangerous: below 80% [33].

Movement
efficiency

Low
Medium

High

The likelihood of an individual passenger’s movement being efficient in terms of
individual safety, walking speed, and O2 saturation. The lower the walking speed
deviation from the expected values, the higher the efficiency. The presence of
hazards reduces the movement efficiency. A low movement efficiency contributes
to potential delays. Low levels of O2 saturation indicate difficulties in movement.

Heart rate Normal
Panic

Heart rate is used as an indicator of stress. In particular, a higher heart rate than a
specific threshold may indicate extreme stress (i.e., fight or flight zone). For each
passenger group, a normal heart rate range is determined from the relevant
literature based on the age of the passenger [34].

Fall
detection

Yes
No

Indicates whether a passenger has fallen. If the respective alarm is activated, then
it is assumed that the passenger has an increased probability to suffer an injury,
leading to a delayed arrival at the muster station.

Potential for
injuries

Low
Medium

High

Hazards in the vicinity of the passenger location, deviations from normal heart
rate values, and the activation of the fall detection alarm increase the likelihood
that a passenger has been injured.

Individual status
Assistance required
Movement delayed

Free movement

Likelihood of individual passengers requiring assistance for getting to the muster
station and/or medical assistance. Individual status is inferred for each passenger
separately and provides the input to the group status node in statistical terms. It is
assumed that a passenger needs crew assistance when they move through
hazardous areas, their speed is lower than expected, and their heart
rate is abnormal.

Passenger flow
in area

Normal
Delayed

Disrupted

The probability that the flow of passengers in an area is normal, delayed, or
disrupted based on the percentage of the individual status of them in the area.

Deck distance from
muster station

Long
Moderate

Short

Acts as a measure of the duration of exposure to a hazardous environment. It is
assumed that the longer the distance to be covered, the higher the direct exposure
to hazards and the higher the impact from the conditions during the mustering
process, such as anxiety, falls, and panic.

Group
performance

Low
Medium

High

An assessment of the passenger group performance is correlated with the
performance of the mustering process in terms of delays and passenger exposure
to hazards, as well as the distance of the group from the muster station. In
addition, group performance is considered to be a function of individual status.
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Table A1. Cont.

Node States Description and Assumptions

Congestion
Low

Moderate
High

Congested areas in critical locations (e.g., exits, staircases) affect the performance
of the group (e.g., disordering, anxiety, and the incurrence of injuries such as
trampling). According to IMO MSC.1/Circ. 1533 [35], congestion occurs when the
ratio of the number of passengers/square meter exceeds a value of 3.5.

Blockage Yes
No

Indicates the availability of exits or part of a route on ship deck X due to the
presence of a hazard that results in the accessibility of the exits/route. There is a
direct effect on the delay of the mustering process, as passengers will need to be
re-directed to other evacuation route(s). It is assumed that the presence of a hazard
and/or an incident on a deck blocks the corresponding evacuation route(s).

Availability of
muster station

Accessible
Not accessible

If a muster station of an MVZ is not accessible, this will possibly increase the time
needed to arrive at alternative muster stations and, thus, increase the required time
for completing the mustering process. A muster station may not be available or
accessible due to hazardous conditions within its area or in case it cannot be used
as an access point for the MEVs (e.g., fire on the deck outside the muster station).

Escape routes
status

Opened
Disrupted

Closed

Escape routes are considered to be open when the likelihood of congestion is low
and there are no blockages, they are considered to be disrupted when there is the
existence of either congestion or blockages, and they are considered to be closed
when passengers need to be redirected to alternative routes.

Status of PA
system

Operational
Not operational

It is assumed that if the PA system is operational, the crew know how to use it and
will use it appropriately for the specific situation.

Status of
wayfinding

system

Operational
Not operational

Indicates whether the wayfinding system is operational for supporting passengers
with reaching their assigned muster station. The ship’s wayfinding system for
evacuation includes low lights and exit signs that provide the necessary signage to
follow through an escape route to the assigned or nearest muster station. This
equipment is vital for the effectiveness of the mustering process, especially when
visibility is low or when lights are not working (e.g., in the case of a blackout). It is
assumed that the ship’s wayfinding system complies with
SOLAS II-2/Reg. 13 [36].

Presence of crew
members

Present
Absent

Indicates whether crew members in an area under examination are present to
assist and guide the passengers. Crew members provide guidance and assistance
to passengers during the mustering process; thus, their absence will result in
delays to the mustering process. In the context of this node it is assumed that crew
members will be at their designated positions, according to the ship’s emergency
procedures, and that they will carry out their duties as intended.

Status of
supporting

systems

Operational
Degraded

Not operational

The likelihood that the systems that support the mustering process are operational
based on the status of the PA and wayfinding systems and the presence of the
crew. If supporting systems are not fully operational, then the likelihood that the
mustering process will be delayed is increased. Supporting systems are
operational if the PA and wayfinding systems are operational and crew members
are at their designated places, they are degraded if any one of the above are not
operational, and they are not operational if all of the above are not operational.

Risk of
delay

Low
Medium

High

Represents the probability of a risk of delay for the specific area of the vessel
depending on the status of escape routes and supporting systems, as well as the
performance of the passengers in the area. A high risk of delay implies that
immediate actions need to be taken to assist passengers and to restore passenger
flow towards the muster stations. A medium risk implies there are specific areas
where the mustering process could be delayed, and therefore special attention is
required for this area. A low risk of delay indicates that the mustering process is
developing smoothly, but continuous monitoring is required.
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Table A2. Description of nodes and related assumptions of the pre-abandonment assessment BN.

Node States Description and Assumptions

Proximity of other
vessels for
assistance

Low
Moderate

High

Indicates the possibility of other vessels providing assistance with respect to
rescuing passengers abandoning the vessel with lifeboats. The proximity of other
vessels depends on the frequency of maritime traffic in the area. Vessels in the
vicinity respond to distress calls as per the requirements of the SAR convention. A
high proximity may decrease the amount of time that the passengers are exposed
to environmental hazards after the abandonment.

Availability of
SAR vessels

On the way
Delayed

Indicates whether a search and rescue (SAR) operation has commenced from the
competent authorities after a distress signal has been sent. The time it takes for the
SAR vessels to arrive at the scene depends on the distance from the nearest marine
rescue centre and the prevailing weather and sea conditions.

Status of
external assistance

Expected
Delayed

Indicates whether assistance is expected once people have abandoned the ship on
the lifeboats. This depends on the mobilization of a SAR operation and the
distance to nearby vessels. External assistance is expected when at least some SAR
vessels have been notified and are on the way and nearby vessels are close to the
ship involved in the incident.

Distance from
shore

Low
Moderate

High

Indicates whether passengers, after the abandonment, can reach the shore safely in
a reasonable amount of time. If an incident happens near the shore, the passengers
have a higher probability of getting rescued even in the worst-case scenarios (e.g.,
lifeboats are unavailable).

Expected weather
conditions

Fair
Moderate

Harsh

Information about prevailing weather conditions is taken in the form of a 3 h
forecast. Fair, moderate, and harsh characterizations are based on the following
sea states, as described by ITTC 7.5-04-01-01.1 [37]: 0–3 (fair), 4–6 (moderate),
greater than 7 (harsh). Harsh weather conditions increase the probability of
adverse consequences to human safety. Extreme temperatures (low or high) can
also affect passenger vulnerability.

Vulnerability after
abandonment

Low
Moderate

High

This aspect relates to potential adverse consequences to passenger safety after
being exposed to environmental hazards. This depends on how quickly they can
be brought to safety, either at shore or on board another vessel, as well as on the
prevailing weather conditions. Low levels of vulnerability are related to minimum
exposure, either due to fair environmental conditions (independently from the
time until SAR) or due to a quick SAR (independently from the
prevailing conditions).

MEV availability Yes
No

Indicates whether MEVs are damaged, inaccessible, or unsafe to approach for the
crew and passengers due to the incident. The MEVs are considered available if
they have not suffered damages to an extent that their floatability and water
tightness are affected and if they are safely accessible by the crew and passengers.

Maximum roll
angle_MEV

Exceeded
Not exceeded

Indicates whether safe limits for the maximum roll angle have been exceeded with
respect to whether the launching system of the MEVs can operate as expected. The
threshold values depend on the vessel and the MEVs’ characteristics.

MEV launching
status

Able to launch
Unable to launch

Indicates whether the launching system of the MEVs is expected to operate as
intended, considering the operational constraints with respect to the ship’s
maximum roll angle (i.e., the ship’s heel) and damages that the system may have
suffered from the incident. The MEVs will be able to launch if they have not
suffered any non-extensive damage either to their launching system or to their
structure and at a maximum ship heel angle that at least complies with the
requirements set by the LSA code Ch. IV-4.4 §4.4.1 [38].

Pax at muster
stations

Below 50%
Between 50–80%

Over 80%

Indicates the number of passengers that have arrived at muster stations as a
percentage of the total number of passengers on board. All expected passengers
must have arrived at muster stations in order to be able to order vessel
abandonment and for the mustered passengers to start boarding the MEVs. The
specific percentages can be treated as a parameter that reflects the attitude of the
decision maker towards risk aversion.
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Table A2. Cont.

Node States Description and Assumptions

Abandonment
readiness

Low
Moderate

High

The level of abandonment readiness depends on the percentage of passengers at
the muster stations that can start boarding the MEVs and on the capability of
launching the MEVs. A high level of readiness implies that nearly all passengers
have arrived at their designated muster station and can safely board the MEVs
that can be launched.

Urgency for
abandonment

Low
Moderate

High

An assessment of the pre-abandonment situation by considering the impact to
passenger safety if they (1) remain on board at their designated muster stations, or
(2) board the MEVs, evacuate the vessel, and wait for SAR. The assessment
depends on the integrity of the vessel and the operational status of its subsystems
given the incident and the degree to which it has been contained, the potential
impact to human safety given an abandonment order, and the readiness to
abandon. The decision alternatives for the master that are supported by the
assessment are to delay and further evaluate the situation or immediately give the
order to abandon the vessel.
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