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Abstract—With Maritime Autonomous Surface Ships (MASS)
slowly but steadily nearing full-scale implementation, the question
of their safety persists. Regardless of being a disruptive technology,
they will likely be subject to the same factors shaping their safety
performance as manned ships nowadays are. Yet, the impact of
these factors may be different in each case. The current study
presents an application of Fuzzy Grey Cognitive Maps (FGCMs) to
the comparative evaluation of factors affecting collision avoidance
at sea. To this end, subject matter experts have been elicited, and
the data obtained from them have been analyzed, concerning how
changes in the intensity of given factors would affect safety perfor-
mance. The obtained results showed that with the use of FGCM, it
was possible to model the relative impact of selected factors both
on a specific phase of the maritime collision avoidance process as
well as on its entirety. The conducted analysis shows noticeable
variability of the influence of some factors, depending on the timing
of their activation during the process (time dependence), and using
FGCM, it was possible to assess its quantification. Furthermore, the
results indicate that greater differences can be found between the
factors’ impact on phases of an encounter than between manned
and autonomous ships. The outcome of this study may be found
interesting for all parties involved in maritime safety modeling as
well as working on the forthcoming introduction of autonomous
ships.

Index Terms—Collision avoidance, Fuzzy Grey Cognitive Maps
(FGCMs), Maritime Autonomous Surface Ships (MASS), maritime
safety, safety modeling.

1. INTRODUCTION

NTERNATIONAL shipping is responsible for carrying over
80% of global trade volume [1]. Although it is vital to the
sustainable development of the global economy, shipping is also
facing two primary challenges, including the need for decar-
bonization [2] and shortages in the workforce [3]. A frequently
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suggested solution to both challenges, and especially the latter
one, is the introduction of autonomous merchant vessels, also re-
ferred to as Maritime Autonomous Surface Ships (MASS). With
reduced crews and various innovative technologies installed,
they offer the potential to solve numerous problems existing
within maritime transportation. Among these is a declining but
still high number of marine casualties and incidents involving
ships [4]. However, the potential positive impact of MASS
on maritime safety is still being discussed [5], [6], [7]. With
different methods and models applied [8], [9], neither appears
to have delivered a conclusive result. This can be attributed to
the lack of data on operations due to MASS being in a prototype
phase as of late 2024. This issue has in most cases been addressed
by an application of fuzzy Bayesian Belief Networks [10], [11] to
help estimate and understand related uncertainties. In our present
study, we suggest that Fuzzy Grey Cognitive Maps (FGCMs)
can also be applied to quantify, assess, and inform about these
uncertainties.

One of the aspects that is most studied with respect to MASS
is collision avoidance at sea [12]. It has been raised on several
occasions that interactions of fully crewed ships with those to
a varied extent operating in an autonomous mode can present
a major challenge to maintaining the safety of maritime traf-
fic [13], [14], [15], [16]. This can be attributed to potentially
differing ways of understanding the navigational situation by
both humans and computers [17], [18], but can also be the
effect of different factors affecting the performance of both
types of ships [19], such as density of traffic, crew performance,
or weather conditions. However, these factors may affect the
overall safety performance of either manned or autonomous
ships in a different manner and with different intensities, thus
influencing the collision avoidance process dissimilarly.

To identify the impact of these factors, an expert study has
been performed with an application of FGCM to model the rela-
tive impact of factors affecting successful collision avoidance in
two cases: 1) of a fully-crewed ship and 2) a fully autonomous
one.

FGCM is a soft computing technique combining the advan-
tages of Fuzzy Cognitive Maps (FCMs) [20] and Grey System
Theory [21]. FGCM has made some improvements over classical
FCMs and can be applied in numerous multiple-meaning prob-
lems and grey environments. The biggest advantage of using
FGCM is its ability to handle the uncertainty of the experts’
assessments for causal relations between concepts and within
the initial concepts’ states [22]. The output of the FGCM anal-
ysis presents the degree of uncertainty of the output concepts
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expressed by the greyness metric. The inference process in a
FGCM may converge to a fixed point, a limit cycle, or exhibit
chaotic behavior. Convergence is an important topic in recent
studies on the behavior of FGCMs. The conditions for the
existence and uniqueness of fixed points of FGCMs have been
analyzed in [23], [24], and [25].

FGCMs have been successfully applied to model an industrial
electrical transformer [22], a chemical process control system
[26], radiotherapy treatment planning [27], and an intelligent
security system controlling surveillance assets [28]. In [29],
FGCMs have been used to model the causal relationships be-
tween personal beliefs and types of intelligence. The uncertainty
propagation in FGCM dynamics on the example of a chemical
control problem has been analyzed in [30]. In addition, to
increase the efficiency of the model, Hebbian-based algorithms
were used in the learning process. In [31], FGCM was used
to build an Intelligent Security System model that controls
surveillance assets and enables the selection of the best surveil-
lance assets to detect an intruder. The results presented in the
research literature confirm that FGCM is an effective method for
approximating the human decision-making process. This study,
in turn, aimed to investigate the feasibility of using this type of
model for a detailed analysis of the collision avoidance process
for manned and autonomous vessels.

Till now, cognitive maps have been applied in the maritime
domain to analyze past accidents [32] as well as safety factors
in inland navigation [33]. Notably, FCMs have been applied
to model human factors in maritime collision avoidance [34].
However, to the best of the authors’ knowledge, no attempt
has been undertaken to apply FGCM to the safety of MASS,
although some studies using mere fuzzy numbers in this field
have been published previously [35], [36]. However, looking
a bit wider at the use of fuzzy set theory in maritime collision
avoidance, these were engaged to determine the size and shape of
various ship domains [37], [38], [39] as well as to properly model
the ship’s behavior [40], [41], allow for collision avoidance
decision-making [42] and prediction of a safe path as a solution
for a close-quarters situation [43], [44], [45].

It should be noted that using FGCM, it is possible to ana-
lyze the relative impact of certain predefined factors (these are
often referred to as “concepts” in FGCM-based studies) on the
process, in this case in the scope of ship collision avoidance.
This ability arises due to a lack of knowledge about the initial
magnitude of its activation in the current moment of a dangerous
ship encounter. Therefore, using the proposed approach, it is
possible to analyze the relative impact of the concept(s) on the
process, while bearing in mind that during a real close-quarters
situation, the initial state of the concept’s activation remains
unknown to a decision-maker. Thus, the change in the safety
level of a ship during an encounter caused by the simulation of
activation of one or multiple concepts should be understood as
relative rather than absolute.

The objective of this study was to develop and analyze a
model of the collision avoidance process for both manned and
autonomous ships with the application of FGCM and to identify
the most significant differences between these two types of
vessels. The secondary objective was to test the applicability of
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FGCM to investigate features of maritime autonomous systems
distinguishing them from traditional manned ones.

To this end, the following Research Questions (RQs) have
been formulated:

1) RQ1: How does the intensity of predefined concepts affect

the likelihood of avoiding collision?

2) RQ2: What are the differences in the relative impact
of given concepts on the collision avoidance process of
manned and autonomous ships?

3) RQ3: How does such a related impact change with the
development of a ship encounter?

This article presents three main contributions to the contem-
porary scientific literature in the field of maritime transportation
research, none of which have been investigated before as per the
authors’ best knowledge.

1) Application of FGCM to analyze factors (concepts) af-
fecting the safety performance of merchant vessels, both
manned and autonomous, during the collision avoidance
process.

2) Analysis of various simulation scenarios, in which dif-
ferent concepts are activated at different magnitudes, to
depict their significance and interaction in the maritime
collision avoidance process.

3) A comparison of the safety performance and vulnerability
of two types of vessels, i.e., manned ships being currently
in operation as well as just emerging autonomous ones,
during the four phases of a dangerous ship encounter.

The rest of this article is organized as follows. First, Section II
outlines the methods applied and materials used. Then, Sec-
tion III presents the results of the study, which are then discussed
in Section IV. Finally, Section V concludes this article.

II. MATERIALS AND METHODS

The following section presents the framework applied within
the current study. First, a simplified, time-dependent approach
to collision avoidance is presented along with an overview of the
impact factors considered. Then, the expert elicitation process
is described, followed by an overview of FGCM itself. Finally,
research scenarios are introduced.

A. Generalized and Time-Dependent Collision Avoidance
Process Model

In the research literature, many different models of maritime
collision avoidance process have been proposed to date using
various methods and approaches [46], [47], [48]. Nonetheless,
most of these solutions focus either on certain phases of a
dangerous encounter [49], such as conflict detection [50], [51]
and safe trajectory planning [44], [52], or on factors affecting the
(probability of) collision, such as traffic complexity [53], [54],
situational awareness [55], and weather conditions [56], [57].
Seldom are these two aspects jointly taken into consideration.
Moreover, only to a lesser extent are they evaluated through
a comparison of their performance and applicability to both
manned and autonomous ships.

Even when advanced and mature solutions are proposed, these
rarely provide a practical and time-dependent viewpoint on the
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entire collision avoidance process, as well as the variability of
its outcome throughout the development of an encounter situ-
ation. Typically, three or four stages of the collision avoidance
process are distinguished [58], [59], [60], [61], which derive
from International Regulations for Preventing Collisions at Sea
(COLREGS) and practical interpretation of these rules [62], [63].
However, even if the model takes into account a time-varying
approach [10], [64], this usually involves different actors and
actions in each stage of the process, which leads to the complex
structure of the model [10], [65], [66], which may cause its de-
manding practical application. Furthermore, some of the actions
or factors affecting one phase of collision avoidance are often
omitted in the remaining ones, even when these are present but
with limited impact on the overall process.

Therefore, the following research assumptions were set to
propose and achieve a reasonable model that could be applied
to the evaluation of the collision avoidance process regardless
of the presence of the crew on board or even the ship’s current
degree of autonomy (DoA) as understood in [67].

1) The model should be focused on the operational phase of
ship collision avoidance as watchkeeping officers, crew,
or prospective remote operators of MASS have virtually
no impact on the design stage.

2) The structure of the model should reflect the entire col-
lision avoidance process, i.e., from detection of a poten-
tially threatening object through effective resolution of a
close-quarters situation. Thus, this should account for time
dependence.

3) The model should be provided at a high level of general-
ization to be easily applied to each ship at each DoA and
allow for future development of the model.

4) The blocks (nodes) of the model should consider factors
concerning a set of specific actions, rather than considering
every single action separately. This maintains the overar-
ching level of the model and will reduce the number of its
final nodes.

After assumptions were made, possible factors contributing
to the collision avoidance process (sets of actions gathered under
the common name) were listed based on the existing litera-
ture on the subject. In Fig. 1, the generalized, time-dependent
process model of collision avoidance is presented with respect
to subsequent phases of a dangerous encounter (marked with
different colors). As can be observed, all determined factors
that exhaust (at least at a high level) the process of maritime
collision avoidance exist in each DoA, while only the con-
tributing actor differs (e.g., a human operator is replaced by an
algorithm or actuator). However, actions underlying the factors
are still present regardless of the type of ship or the phase of an
encounter.

The color code used in Fig. 1 to distinguish the phase of
an encounter will also be maintained in further sections of this
article for the sake of easy recognition of the results. Similarly,
in the subsequent figures shown, the outcomes obtained for a
fully manned ship are always presented in blue while for a fully
autonomous vessel in red.

When it comes to the relations and dependencies between
the factors, due to the generalized structure of the model, all

PHASE 1 PHASE 2 PHASE 3 PHASE 4
CONFLICT SITUATION  COLLISION EVASIVE
DETECTION MONITORING RESOLUTION ACTION
MAKE MAINTAIN PLAN EXECUTE
RISK SITUATIONAL EVASIVE EVASIVE
ASSESSMENT  AWARENESS MANEUVER  MANEUVER
Look-ouTt

DATA FROM SENSORS
AND NAVIGATIONAL EQUIPMENT

COMMUNICATION

SURROUNDING TRAFFIC

WEATHER CONDITIONS

NAVIGATIONAL AREA

COLREGSs PROFICIENCY

HUMAN RELIABILITY AND PERFORMANCE

RELIABILITY AND PERFORMANCE OF
TECHNICAL SYSTEMS

TIME

Fig. 1.  Generalized and time-dependent collision avoidance process model.

nodes are somehow linked to the others. Therefore, it seems to
be unreasonable to simply assess the impact of, for instance,
look-out on communication (especially, when one bears in mind
that behind them there are many different predefined actions,
such as, e.g., internal communication, VIS communication,
ship-ship communication, etc.). Such an influence exists, but
its importance (weight) significantly differs within the process
(time dependence) and should be analyzed in this respect. For
example, the look-out at the beginning of the process (ship
encounter) allows for detecting a target in an ample time, estab-
lishing communication, confirming the target’s intentions, and
finally taking effective countermeasures. If an operator detects
the target when ships are already in a close-quarters situation
(thus at the late stage of the encounter), the ship will not be
able to avoid a collision or a near-miss, while communication at
this stage of encounter and agreeing on evasive maneuvers may
lead to misunderstanding and an accident. Thus, this exemplary
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impact of look-out on communication will be present at each
stage of the process but will be time-dependent with different
impacts on the entire process depending on its phase.

Therefore, in this study, the collision avoidance process has
been split into four phases, which is quite a common approach.
In the research literature, there are many collision avoidance
tools rooted in the conflict detection and resolution concept also
used in nonmaritime transportation modes [68], [69], [70]. By
following this approach, the process has been developed and
expanded by adding a phase of situation monitoring (when the
target is detected but is still too far to take any evasive action)
and splitting the conflict resolution part into planning an evasive
action (when an operator knows, it will be necessary to act
but the question is how to do it), and execution of an evasive
maneuver (that is a physical execution of the maneuver). Thus,
the generalized collision avoidance process presented in Fig. 1
concerning the timeline looks as follows:

Conflict detection (make risk assessment) — Situation monitoring
(maintain situational awareness) — Collision resolution (plan eva-
sive maneuver) — Evasive action (execute evasive maneuver).

This generalized, high-level collision avoidance process al-
lowed for considering the same list of factors in each of the
proposed phases. The same actions would be present in each
DoA of an autonomous ship and during each phase of the process
(regardless of the manned ship or MASS). However, their impact
on each phase and thus on the entire collision avoidance process
will significantly differ.

B. Predefined Factors

As a foundation for an expert elicitation, a set of nine factors
affecting the safety performance of a ship in an encounter
situation, as well as their descriptions, has been refined based
on a literature review on collision avoidance of both manned
and autonomous ships. In particular, factors in [12], [65], [71],
[72],[73], and [74] have been addressed. The set of factors along
with their descriptions and symbols used in further parts of this
research is presented in Table I; note that the underlined key-
words provided there are afterward used as a reference in further
sections of this article. These factors have then been distributed
among the SMEs, using proprietary web-based software with a
request for their evaluation.

C. Expert Elicitation

Expert elicitation has been carried out using an online survey,
which allowed for determining SMEs’ opinions on the impact of
aparticular factor on the overall safety of the collision avoidance
process, using an interval scale described with linguistic vari-
ables. Proprietary web-based software was used, and afterward,
the results obtained were then transformed into numerical fuzzy
data. Since the survey applied to both manned vessels and future
autonomous vessels, invitations to complete the questionnaire
were sent out to both seafarers with practical experience in ship
collision avoidance as well as to researchers working in the field
of maritime safety and MASS. For this reason, the established
eligibility criteria included two types of respondents: 1) holders
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of atleast an operational license in the deck department under the
International Convention on Standards of Training, Certification
and Watchkeeping (STCW), i.e., the Officers of the Watch
(OOW) diploma or higher, regardless of the declared level of
formal education; 2) holders of a doctoral degree, regardless of
maritime license status.

First, the experts were familiarized with research assumptions
as well as instructions on how to fill out the questionnaire, includ-
ing handling interactive slider-type questions and interpretation
of the interval scale. Second, both the list of predetermined
factors, along with their descriptions and definitions of manned
and autonomous ships used in this study, were presented to them.
Finally, SMEs were asked to assess the impact of each of the
predetermined factors in increasing or decreasing the likelihood
of success in collision avoidance separately for manned and
autonomous ships. This was achieved by indicating an interval
between the fully negative (growth of likelihood) and fully
positive (reduction of likelihood) impact on ship collision. The
assessment of each factor’s impact on the collision process
was made for each of the proposed phases as well as on the
entire process for a fully manned and then repeated for a fully
autonomous ship.

To avoid biasing the respondents by suggesting any values, the
interval-type slider was used in the questionnaire, with numeri-
cal values hidden from the participants of the study, leaving only
linguistic descriptions of the scale. In addition, at the beginning
of the study, both sliders’ tips were set to the neutral position to
enforce their movement by the respondent. SMEs were aware
that the survey was anonymous, and only some statistical data
used to depict the profile of the respondents were collected.
A total of 43 respondents filled out the questionnaire. Among
the answers collected, 14 did not meet the eligibility criteria
or were deemed unreliable during the preliminary stage of data
processing and cleaning. The unreliable responses were verified
by assessing their share of a given SME’s total answers before
admitting them to further calculations. A significant number of
responses in which neither of the two slider tips was moved
(i.e., the beginning or end of the interval was set to zero) were
considered unreliable. While a few such responses may have
been intentional, their significant share of a respondent’s total
responses suggested that the SME was bored and seeking to
complete the survey as quickly as possible without providing
thoughtful answers. Accordingly, for the sake of the credibility
of further FGCM results, the SMEs whose responses contained
more than 30% of such zero-type intervals were thus considered
unreliable and excluded from the dataset.

Therefore, n = 29 responses were eventually used in the fur-
ther steps of the study. To make these even more meaningful and
realistic, the authors decided to additionally consider onboard
experience affecting respondents’ professional knowledge. This
was achieved by introducing arbitrarily set weights that have
been assigned to each of the SMEs, based on the maritime license
held. Therefore, the responses of participants who did not declare
the STCW license in the deck department were considered with
weight w; = 0.4. OOWs were analyzed with w; = 0.75, Chief
Officers with w; = 0.85, and Master Mariners with w; = 1 as
the most experienced experts, thus providing (most likely) the
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TABLE I
FACTORS AFFECTING THE COLLISION AVOIDANCE PROCESS

Factor Reference Symbol Description

All issues related to (natural and artificial) characteristics of
the navigational area in the vicinity of a ship, affecting her
Navigational area [711, [74], [75] X safety and performance. For instance, the sufficiency of water
depth, distance to the shoreline or other No-Go Areas, nature
of the coastline, shoals and shallows, presence of wind farms

and other offshore installations, etc.

All issues related to good reliability and performance of
humans present in the control loop (conning officer, bridge
[73], [76] X> team, operator in the Remote Operation Centre - ROC, etc.).
For instance, a lack of fatigue, good mental and physical

Human reliability and

performance

conditions, sobriety, good health, good situation awareness,
etc.

A proper understanding, interpretation, and use of
COLREGs COLREGs (International ~Regulations for Preventing
[12], [77] X3 Collisions at Sea) by the watchkeepers, including, but not

limited to identification of lights, shapes, and fog signals;

proficiency

giving way according to the Rules; etc.

Proper performance of all kinds of look out by a watchkeeper
Look-out [721, [77] Xy (human or machine) including, but not limited to visual,
auditory, RADAR, etc.

Data from sensors A proper tuning, receiving, and use of navigational

and navigational [78], [79] Xs equipment, as well as the correct interpretation of data collected

equipment by sensors and devices (RADAR, AIS, etc.).

All issues related to the density of maritime traffic in the
vicinity of a ship, affecting her safety and performance. For
Surrounding traffic [19], [71], [80] Xs instance, the number of ships nearby, presence of privileged
vessels (ships with right of way), presence of fishing or sailing
vessels, traffic (un)regulated by the VTS, etc.

All issues related to weather conditions in the vicinity of a
Weather conditions [74], [81], [82] X ship affecting her safety and performance. For instance,
visibility conditions, wind speed, sea state, presence of sea ice,

etc.

All issues related to the good fitness of technical systems

L required to maintain the safe operation of the vessel. For
Reliability and

performance of [651, [73], [83] Xs

technical systems

instance, a lack of defects and malfunctions within safety-
critical systems; a proper operation of navigational equipment,
steering gear, engine, etc.; correct maintenance, reliability of

the systems, etc.

A proper establishing and conducting of all kinds of external
and internal, two-way communication by a watchkeeper
Communication [12], [84] Xo including, but not limited to ship-ship, ship-VTS, ship-ROC,
within bridge team, bridge-ECR, etc.

most valuable knowledge to the study. The basic demographic ~ described by the relationships between them [20]. FCMs can be

information about the SMEs is presented in Fig. 2. initialized with the use of machine learning algorithms or based
on expert knowledge [85]. In the FGCM, each relationship is
D. Fuzzy Grey Cognitive Maps described by its grey intensity ®@w; ; [21]

The FCM model consists of concepts important for the ana- B
lyzed problem. Concepts influence each other with the strength ®wi; € [w;;, i) M
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(b)
Fig. 2. Experts’ breakdown by maritime license held [(a) upper part] as well

as country of origin and declared level of education [(b) lower part].

where

,j=1,...,n;

n is the number of concepts;

w; ; and w; ; are the lower and upper limits of the relationship;

®w;,; is the grey intensity of the relationship between the ith
concept and the jth concept

W; ; < wy

W; i u‘)m} S [—1, 1}

i

The FGCM allows for what-if analysis to describe possible
grey scenarios. The analysis begins with a determination of the
initial grey vector state ®C'(0) described as follows [21]:

@C (0) = (C, (0),0C5 (0),...,8C, (0))
= ([€1(0),C1(0)],[C2 (0),C5 (0],
- [Cn (0),Cn (0)]) 2
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Fig. 3. FGCM example.

Then, the concepts influence each other, and the new grey
vector state is calculated based on the selected dynamics model.
Each concept can be updated based on the following formula:

n

®C;(t+1)=f|@C; )+ > w,, @C;()

i=1, i#j
= [C;(t+1),C; (t+1)] 3)
where

C;(t) and C;(t) are the lower and upper limits of the jth concept
at the ¢ iteration;
f(z) is the activation function, which normalizes the values.

The most frequently used activation functions in FCMs are
the sigmoid activation function and the hyperbolic tangent [86].
Thus, the FGCM designers must select the activation func-
tion and determine the value of its parameter A. The choice
of activation function and A value depends on the FGCM
designers’ preferences and the analyzed problem [86]. The
experiments presented in this article have been undertaken
using the hyperbolic tangent as an activation function with
A =0.5.

The process ends when stability is achieved. Fig. 3 depicts the
FGCM model example. In addition, the adjacency grey matrix
A( ®) is shown in the following:

0 Quwip 0 Oamp; Quwijs

0 0 Rws 3 0 0
A®)=10 0 0 Qw3 4 0 4

0 0 0 0 0

0 0 0 Qws 4 0

The grey values of the concepts and the relationships can be
transformed into white numbers with the use of whitenization
[87]. The whitenization values can be calculated as follows:

& wij = ow;; + (1 —0)w, 4
& C; =00, + (1-6)C; ©6)
where ¢ € [0,1].

For 6 = 0.5, the calculated value is called equal weight mean
whitenization.
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TABLE I
DESCRIPTION OF THE CONDUCTED RESEARCH SCENARIOS

Research Activated concepts The magnitude of the Scope of analysis
scenario (X0 concept activation
Impact of a single concept
A Human (X2) {0.1- X,|X, € [-10..10]} on the overall collision
avoidance process
Impact of a single concept
B COLREG (X;) | {0.1- X;|X, € [-10..10]3 | ©on the collision avoidance
process for its four time-
dependent phases
Impact of a single concept
o on the collision avoidance
C Communication (X9) | {0.1-X4|X, € [—10..10]} process for its four time-
dependent phases
Impact of combined
t the collisi
Look-out (X4) (0.1 Xg|X, € [—10..10]} | COncCP's onthe cotusion
avoidance process for
D Sensors (X3) X5 €{~0.75,0.75} manned ships broken down
Traffic (Xo) X, €{=0.25,0.25} into its four time-dependent
phases
Impact of combined
Sensors (Xs) {0.1 - X;|X, € [-10..10]} concepts on the collision
E Traffic (Xs) X5 € {—0.75,0.75} avoidance process for MASS
Weather (X7) X, € {~0.25,0.25} br.oken down into its four
time-dependent phases
Look-out (X4) Impact of combined
Sensors (Xs) {0.1- X|Xs € [—10..10]} concepts on the collision
F Traffic (Xs) X4, X6, X, =05 avoidance process for its four
Weather (X7) time-dependent phases

Greyness metric for grey values in the FGCM can be also
calculated. Higher values of greyness mean a higher uncertainty
degree. Greyness metric for relationships and concepts is de-
scribed as follows [22]:

_ |H(®wi )
_ (&)

where

|l(®w; ;)| is the absolute value of the length of the relationship
QWi 53

[l(®C})| is the absolute value of the length of the concept @C;;

[(®1) is the absolute value of the range in the information space

_J1 if {&Ci,®w; ;) C [0,1]
l(®¢){2, if {®Ci,®wi,;}§[—171]- )

The advantage of using FGCM is that experts can introduce
both white numbers and grey numbers with varying degrees of

uncertainty to describe the causal relationships between con-
cepts, as well as to initialize the initial states of the concepts.

E. Research Scenarios

FGCM allows for what-if analysis, using different initial
vectors of the activated concepts. Therefore, six exemplary
research scenarios (A—F) have been determined to analyze the
collision avoidance process of manned and autonomous ships
using FGCM (see Table II). The sample sets of the concepts used
under the considered research scenarios were selected based
on two main reasons: 1) due to their common occurrence as
contributing factors to maritime accidents [4], as well as their
direct relation to challenges of the safe operation of both manned
and autonomous ships [73], [81], [82], and 2) because of their
largest influence on the established FGCM model. The latter was
investigated and verified through a variance-based sensitivity
analysis using Sobol S7; [88], and the results of which are
presented in the last subsection of Section III-A.

In the first three conducted scenarios (A—C), the impact of
a single concept, namely, Human (X2), COLREG (X3), and
Communication (Xg). To this end, the considered concept was
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Fig. 4. Proposed FGCM.

activated using a discrete 0.1 step of the white values incremen-
tation while the remaining concepts were inactive. Scenario A
considered the entire collision avoidance process, while Sce-
narios B and C consisted of investigating the impact of a given
concept on the individual phases of the process.

The research scenarios D and E consider the simultaneous
activation of several factors for either manned ships (D) or
autonomous ones (E). In these complex cases, the outcome was
always presented as a function of the activation of the concept
to which the model was the most sensitive.

The final scenario F investigated the impact of four concepts,
selected based on their prevailing impact on the outcome of the
model.

Higher order research scenarios have not been pursued due
to the large number of possible combinations and the observed
dilution of the concepts’ impact. Similarly, in future research,
other single- and multiconcept scenarios could be investigated,
also using various magnitudes of their initial activation values.

III. RESULTS AND ANALYSIS

To analyze the FGCM results, it was necessary to convert the
responses collected from the experts into grey numbers. Then,
the obtained results were investigated twofold: 1) by checking
the impact of the individual concept on the entire collision
avoidance process for manned and autonomous ships, respec-
tively, and 2) using predefined research scenarios, in which
both single and combined concepts were activated at different
magnitudes.

A. Overview of the FGCM Results

After collecting, the results of expert elicitation were pro-
cessed using a weighted geometric mean to reflect SMEs’ pro-
fessional experience in their joint opinion. The weighted results
were then transformed into fuzzy numbers and applied to the
proposed FGCM model. The model itself is depicted in Fig. 4.
As presented, it contains ten concepts (nine factors as listed in
Table I and the resulting concept of an overall collision avoidance
process X1g) and nine relationships. Although one may expect
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that some factors can be affected by others (i.e., Look-out X4 on
Communication Xg, see Section II-A), these impacts have not
been pursued here for the sake of simplification of the expert
elicitation process, and the fact that it could potentially create
infinite loops of mutual impacts, thus rendering the network
unresolvable.

1) Results Concerning the Entire Collision Avoidance Pro-
cess: The numerical FGCM results obtained with respect to
the relative impact of a given concept on the entire collision
avoidance process are collated in Table III and depicted in Fig. 5.
This overview allows for some basic analysis and preliminary
drawing of conclusions about the influence of a given factor on
ship collision avoidance, as well as on the FGCM usability in
maritime safety assessment.

As can be seen, the experts were not usually in agreement, and
the level of uncertainty in their answers (expressed by greyness)
was significant. The X9 Communication was identified as the
concept affecting the worst ship safety in avoiding collisions by
manned vessels. This was reflected through the largest negative
grey and the smallest whitened value. The opposite relationship
applies to the Xo concept for MASS, where this was considered
potentially (but not very) beneficial. In the case of the lowest
rated factor for an autonomous ship, one can point to Human
reliability and performance (X3), among other concepts.

Somewhat surprisingly, in the case of another reliability, i.e.,
this considered in technical systems Xg, the SMEs assessed the
impact of this concept on the outcome of the collision avoidance
process very similarly (quite significant and mostly positive) in
both cases of the manned and autonomous vessel.

It is noteworthy that in the case of concepts that imply
the involvement of humans (Look-out, COLREGsS proficiency,
Human reliability and performance, Communication), SMEs
evaluated these concepts with a high degree of uncertainty
expressed by a significant range of greyness. This may indicate
difficulties in quantifying the impact of humans on maritime
operations.

The impact of the Navigational area (X;) and Surrounding
traffic (Xg) concepts was also assessed quite similarly for both
vessels. Interestingly, in this case, MASS was considered to
perform slightly better than a manned ship in congested waters.
It is of note that, in the case of the Weather conditions factor
(X7), respondents rated the impact as significantly greater for
autonomous vessels with a large spread of the results, indicating
the uncertainty of the answers as well as the fact that the impact
of weather on MASS can be both extremely favorable and
unfavorable during collision avoidance.

2) Results Concerning Time-Dependent Phases: As for the
grey results concerning a specific phase of the collision avoid-
ance process, the numerical results are summarized in Table IV
and depicted in Fig. 6. It can be noted that despite the similar
shape of the fuzzified SMEs’ results in each phase, the as-
sessment regarding some specific concepts significantly differs
depending on the stage of the process. For instance, the beneficial
impact of the Navigational area factor was assessed in both types
of ships much larger in phases regarding planning and execution
of evasive maneuvers (Phases 3 and 4) than in the former ones,
where target detection and monitoring are conducted. This time



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

GIL et al.: TOWARD USING FGCMS IN MANNED AND AUTONOMOUS COLLISION AVOIDANCE AT SEA 9

Fully manned ship Fully autonomous ship

X1

X3 Xg

Xe Xs X6 Xs

—— Lower limit

(a) (b)

—— Lower limit  —— Upper limit Upper limit

Fig. 5. Breakdown of the grey numbers obtained from the SMEs’ answers regarding the impact of a given factor on the entire collision avoidance process of
fully manned [(a) blue] and fully autonomous [(b) red] ships.

TABLE III
GREY WEIGHTS OBTAINED FOR THE FGCM MODEL IN THE EVALUATION OF THE ENTIRE COLLISION AVOIDANCE PROCESS
Fully manned ship Fully autonomous ship
Q wy; — ,\
w; Wi Qwy; | P(Qw)) w; Wi Qwy; | P& w;))
® w10 0.03 0.67 0.35 0.32 0.13 0.72 0.42 0.30
®wy1o | -0.13 0.71 0.29 0.42 -0.19 0.23 0.02 0.21
® ws 19 0.0 0.73 0.36 0.37 -0.14 0.57 0.21 0.36
® Wy 10 0.18 0.74 0.46 0.28 0.08 0.64 0.36 0.28
® ws 19 0.1 0.66 0.38 0.28 0.25 0.79 0.52 0.27
® We .10 0.18 0.81 0.49 0.32 0.13 0.73 0.43 0.30
® wy 19 0.04 0.56 0.3 0.26 0.23 0.82 0.53 0.30
® wg1o | -0.03 0.67 0.32 0.35 0.00 0.75 0.38 0.38
QO wgqio | -0.27 0.39 0.06 0.33 -0.01 0.52 0.26 0.27

dependence is also clearly visible, especially in the case of the
Xg factor, i.e., Communication. First, the concept was rated
from neutral to slightly positive until the commencement of
collision resolution, when its impact was assessed as unfavorable
in the case of a manned ship while beneficial for an autonomous
one. Similar tendencies regarding the different evaluation of
the factors in time may be also observed in the cases of the
COLREGs proficiency (X 3), Data from sensors and navigational

equipment (Xs), and Surrounding traffic (Xg) concepts. It is
also noteworthy that the assessed impact of factors, such as
X7 Weather, Xg Technical, and X9 Communication, also varies
between ship types (manned/autonomous), but these differences
appear to be phase-dependent.

3) Sensitivity Analysis of the Model: To adequately design
the simulation scenarios for the case studies (see Section II-E),
a variance-based sensitivity analysis of the established FGCM
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GREY WEIGHTS OBTAINED FOR THE FGCM MODEL IN THE EVALU/;I;?(])?’NLOEFI?TIOUR CONSIDERED PHASES OF THE COLLISION AVOIDANCE PROCESS
Fully manned ship Fully autonomous ship
Phase | ® w;; ,\ _
w; j Wy Qwy; | P(@wij) w; Wi j Qwy; | P(@wi))
®wyq0| -0.03 0.41 0.19 0.22 0.10 0.56 0.33 0.23
®wy19| -0.13 0.72 0.29 0.43 -0.13 0.21 0.04 0.17
®wsio| -0.15 0.62 0.23 0.39 -0.18 0.48 0.15 0.33
® wy 10 0.13 0.79 0.46 0.33 0.01 0.68 0.35 0.34
1 ® ws 1o 0.18 0.67 0.43 0.25 0.12 0.82 0.47 0.35
® We 10 0.11 0.73 0.42 0.31 0.08 0.63 0.35 0.28
Qws10| 0.04 0.64 0.34 0.30 0.27 0.88 0.57 0.31
® wg 1o 0.11 0.61 0.36 0.25 -0.10 0.72 0.31 0.41
®wgqo| -0.12 0.43 0.15 0.28 -0.22 0.51 0.15 0.37
®wyq| -0.02 0.40 0.19 0.21 0.10 0.50 0.30 0.20
®wy19| -0.16 0.72 0.28 0.44 -0.14 0.22 0.04 0.18
® ws 1 0.00 0.63 0.32 0.32 -0.18 0.48 0.15 0.33
® wy 10 0.18 0.76 0.47 0.29 0.12 0.69 0.40 0.29
2 ® ws 1o 0.22 0.70 0.46 0.24 0.31 0.83 0.57 0.26
® we 10 0.13 0.71 0.42 0.29 0.07 0.58 0.32 0.26
® wy 10 0.03 0.56 0.3 0.27 0.26 0.84 0.55 0.29
® wg 1o 0.07 0.59 0.33 0.26 -0.1 0.72 0.31 0.41
®wgqo| -0.02 0.46 0.22 0.24 -0.15 0.51 0.18 0.33
® wy 10 0.09 0.64 0.36 0.28 0.17 0.68 0.43 0.26
®wy19| -0.03 0.69 0.33 0.36 -0.16 0.29 0.06 0.23
® ws 1 0.07 0.74 0.41 0.34 -0.13 0.63 0.25 0.38
® wy 10 0.12 0.55 0.34 0.22 -0.06 0.55 0.25 0.31
3 ® ws 10 0.05 0.58 0.32 0.27 0.28 0.76 0.52 0.24
® We 10 0.20 0.80 0.50 0.30 0.19 0.79 0.49 0.30
® wy 10 0.04 0.46 0.25 0.21 0.19 0.74 0.46 0.28
® wg 10 0.00 0.49 0.24 0.25 0.01 0.69 0.35 0.34
®wgqo| -0.34 0.31 -0.02 0.33 0.02 0.54 0.28 0.26
® wy 10 0.20 0.77 0.48 0.29 0.20 0.76 0.48 0.28
®wy19| -0.14 0.60 0.23 0.37 -0.17 0.26 0.04 0.22
®wszi9| -0.05 0.61 0.28 0.33 -0.18 0.46 0.14 0.32
® Wy 10 0.09 0.46 0.28 0.19 0.01 0.41 0.21 0.20
4 ® ws 19 0.05 0.44 0.24 0.20 0.17 0.63 0.40 0.23
® we 10 0.21 0.81 0.51 0.30 0.15 0.77 0.46 0.31
® wy 10 0.10 0.54 0.32 0.22 0.22 0.79 0.51 0.29
® wg 10 0.07 0.70 0.39 0.32 0.06 0.75 0.41 0.35
®wg1o| -0.26 0.26 0.00 0.26 -0.07 0.44 0.18 0.26
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Fig. 6. Grey results obtained from SMEs’ answers regarding the impact of a given factor on a specific phase of the collision avoidance process.
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Xs Sensors
Xs Traffic
X7 Weather
Xg Technical

X9 Communication

Fig. 7. Total-effect Sobol indices obtained for manned and autonomous ships
with respect to the entire collision avoidance process.

model was first performed using the SALib library [89], [90].
This was to find the concepts to which the model is most
sensitive, that s, those that have the greatest impact on the results
it yields. The analysis was made with regard to the total-effect
Sobol S7; [88], in which the top three results depicting the most
influential concepts are presented in Table V for a given phase
of the collision avoidance model as well as for the entire FGCM
model.

Because the obtained values of Sp; vary depending on the
process phase, the sensitivity analysis was also conducted for
the entire collision avoidance process. Consequently, the most
influential concepts having the highest S7; determined for the
entire process model were selected to be activated in the simula-
tion scenarios introduced in Section II-E. These are presented in

Fully manned ship Fully autonomous ship

1 1
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35 35
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© ©
= X
g} -}
1 0 1 T4 0 1
Activation of the Human (X3) concept Activation of the Human (X3) concept
(a) (b)

Fig. 8. Impact of the Human reliability and performance (X2) concept on the
likelihood of avoiding a ship collision.

detail in Fig. 7, where a comparison between all total-effect in-
dices determined for manned and autonomous ships is depicted.

B. Simulation Scenarios

The results of the conducted FGCM modeling are presented
in the following paragraphs according to the research scenarios
described in Section II-E. In each of the figures presented
(see Figs. 8—13), the neutral value indicates that a given factor
does not affect the process (in this case, the likelihood of ship
collision). The horizontal axis represents the changing intensity
of a given factor, while the vertical axis indicates its effect
on the process. Due to the questionnaire setup during expert



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

12

IEEE JOURNAL OF OCEANIC ENGINEERING

TABLE V
RESULTS OF THE TOP THREE TOTAL-EFFECT SOBOL INDICES ST; OBTAINED FOR EACH PHASE OF THE COLLISION AVOIDANCE PROCESS

Phase Top Manned MASS
results Top 3 Sri concepts Sri value Top 3 S7i concepts Sri value
#1 X4 Lookout 0.2083 X7 Weather 0.3142
1 #2 Xs Sensors 0.1796 Xs Sensors 0.2062
#3 Xo Traffic 0.1764 X Traffic 0.1299
#1 X4 Lookout 0.2095 Xs Sensors 0.2821
2 #2 Xs Sensors 0.1976 X7 Weather 0.2674
#3 Xs Traffic 0.1682 X+ Lookout 0.1495
#1 Xs Traffic 0.2497 Xs Sensors 0.2177
3 #2 X3 COLREG 0.1636 Xo Traffic 0.1946
#3 X1 Area 0.1435 X7 Weather 0.1830
#1 Xs Traffic 0.2531 X7 Weather 0.2331
4 #2 Xi Area 0.2349 Xi Area 0.2098
#3 Xs Technical 0.1506 Xs Traffic 0.1904

elicitation, the vertical axis should be understood as the likeli-
hood of successfully avoiding collision (not: the likelihood of
collision).

Unless otherwise indicated, the columns separating the sub-
plots in a figure marked with lowercase letters a and b denote
the results obtained for a fully manned ship (a) and a fully
autonomous ship (). For the sake of meaningful and legible
presentation, the results obtained for a given phase of encounter
or type of a ship are color-coded as introduced before in
Section II-A.

1) Scenario A: Fig. 8 represents the influence of Human
reliability and performance (X3) on the overall safety of the
collision avoidance process and is interpreted as follows. Zero
(neutral value) indicates that in default conditions, the Human
reliability and performance concept has a certain effect on
the collision avoidance process. If the conditions change from
default to negative (that is, humans have a lesser impact on the
process in given circumstances), the safety of the process is
affected negatively in the case of manned ships (left-hand part of
Fig. 8), and vice versa, increased intensity of X, (positive values
on the horizontal axis) affects safety (that is, the likelihood of
avoiding collision) positively. The greater the impact of the Hu-
man reliability and performance concept on collision avoidance,
the greater the safety (on average) is and the greater the chance
of successfully avoiding a collision. However, since some of the
experts evaluated that impact differently, this introduced a level
of uncertainty into the overall assessment of the impacts. This is
represented by a range with its center in whitened values (bold
blue curve). The latter follows the general notion that the more
intensive impact of the X5 concept in manned ships, the greater
the likelihood of avoiding a collision, thus the greater the level
of ship safety.

On the other hand, the right-hand side of Fig. 8§ indicates that
the impact of the Human reliability and performance concept
on the overall safety performance of a fully autonomous ship
is rather vague. Regardless of how intensive X, is in this case,
safety depicted by whitened values is not affected significantly.
This is understandable as fully autonomous ships would by
definition be less affected by human performance, at least on the
sharp end of the system. Interestingly, lesser greyness indicates
a greater certainty among the SMEs than in the case of manned
vessels.

2) Scenario B: Fig. 9 depicts results for the (X 3) concept, i.e.,
COLREG proficiency. In this and following scenarios, the ana-
lyzed process has been broken down into four, time-dependent
phases, as described in Fig. 1 and Table I.

As can be noted, the changing intensity of the COLREG con-
cept has a comparable effect on both manned and autonomous
ships’ ability to avoid collisions at sea with rather small levels
of uncertainty. However, good adherence to COLREG affects
MASS performance less positively than that of manned ships.
Lesser upward deflection of the whitenization curve for MASS
compared to manned ships indicates that a fully autonomous
vessel is likely to be slightly more susceptible and vulnera-
ble to the risk of collision in COLREGe-intensive situations.
This is depicted by a correspondingly lower or higher like-
lihood, depending on the direction of the concept activation
on the right-hand side of Fig. 9. In the present legal setup,
one can hardly imagine a ship encounter that does not involve
COLREG.

3) Scenario C: Fig. 10 depicts the impact of the Xg concept:
Communication on the collision avoidance performance of both
manned and autonomous ships. The Communication concept
seems to have benefits for avoiding a collision for two considered
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ship collision.

types of vessels, especially at the beginning of the process,
that is, when the conflict between the parties must be detected
and then the situation constantly monitored. This may arise
from seagoing experience that SMEs have gained during their
service onboard conventional ships, as it is usually claimed to be
useful and beneficial [91], [92] for ship safety to get an idea of
other ship’s intentions during a dangerous encounter, to increase
situational awareness and act accordingly.

Nevertheless, a sudden shift can be noted in the performance
of a manned ship in Phases 3 and 4; thus, the Communication

avoiding ship collision broken into four phases of an encounter (presented in
TOWS).

negatively affects his or her performance during the Collision
resolution and Evasive action phases. This is in line with gen-
erally recognized difficulties in human-to-human coordination
of collision avoidance actions [93], including so-called very
high frequency (VHF)-assisted collisions [94]. On the other
hand, for autonomous ships, the opposite effect can be observed,
especially in Phase 3, which may imply that SMEs firmly believe
that MASS may more effectively communicate their intentions
or even negotiate and coordinate their evasive maneuvers with
other MASS, in particular [79], [91].
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Fig. 11.  Impact of the Lookout (X), Sensors (X5), and Traffic (Xe) concepts on the likelihood of avoiding collision by a fully manned ship with different

magnitudes of their activation (presented in columns) and concerning four phases

4) Scenario D: Another aspect of the investigation of the
FGCM collision avoidance process is the mutual interactions
between activated concepts. To this end, Fig. 11 depicts the
influence of three concepts, namely, Look-out (X;), Sensors
(X5), and Traffic (X¢) at different phases and magnitudes of their
activation for fully manned and autonomous ships, respectively.
The magnitudes of the concepts’ activation have been set as a
combination of —0.75 and +0.75 for X5 and —0.25 and +0.25 for
X, and are presented in the subsequent columns marked from
a) of the figures, given as follows:

of an encounter (presented in rows).

1) Sensors (X5) = +0.75, Look-out (X ;) = +0.25;

2) Sensors (X5) = +0.75, Look-out (X;) = —0.25;

3) Sensors (X5) = —0.75, Look-out (X;) = +0.25;

4) Sensors (X5) = —0.75, Look-out (X;) = —0.25.

The activation set has been chosen to depict how the changes
in the activation magnitude of a very influential concept of
Sensors and a fairly influential concept of Look-out affect the
entire collision avoidance process. The Xg has been modeled like
in previous scenarios; thus, the whole process has been simulated
as a function of the Traffic concept.
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magnitudes of their activation (presented in columns) in the four phases of an encounter (presented in rows).

It can be noted that reversing the value of Sensors (X5) activa-
tion from (+0.75) to (—0.75) has a more prominent effect on the
outcome of the process than reversing the value of Lookout (X ),
as can be seen by comparing the second and third column with
the first. In neither of the cases (phases or activation magnitudes)
does the reversing of the values change the overall trend in which
the more Traffic-dependent the process, the better its outcome.
It must be highlighted that this does not imply that the traffic
itself is intensive in each situation, but that its outcome heavily

depends on factors related to its intensity and organization.
Furthermore, it can be noted that the likelihood of avoiding a
collision does not depend on the outcome of a particular phase
of an encounter as much as it does on the intensity of concepts
considered.

5) Scenario E: Like scenario D, scenario E investigated the
top three concepts to which the model of MASS performance is
the most sensitive. These included Sensors (X5), Traffic (X¢), and
Weather (X7) with various magnitudes of activation, as depicted
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(X7) concepts on the likelihood of avoiding ship collision broken into four
phases.

in Fig. 12. The results are comparable with those of scenario D
in the sense that they do not depend on the phase of an encounter
as much as on the magnitude of analyzed concepts.

6) Scenario F:1In the final scenario, the Look-
out/Sensors/Traffic/Weather (X4, Xs, Xs, X7) quadruplet
has been analyzed, as depicted in Fig. 13. As presented, the
quadruplet has a predominantly positive impact on the safety
of collision avoidance operations, regardless of how influential
these factors are in each situation. Noteworthy differences
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between respective phases and types of ships are minimal,
which strengthens the argument that none of the concepts
has a dominant impact on the outcome of the entire collision
avoidance process, even though their individual assessments
vary significantly. It is of note that the greyness of combined
impact is smaller on the positive side of the X5 spectrum
as if SMEs were more certain of the positive impact of the
investigated factors than the negative one. Just as if they could
imagine what positive effect more sensors-intensive ships would
have on safety, but had difficulty assessing what would happen
if sensors were of lesser relevance for collision avoidance. This
effect is less apparent for manned ships in their Phases 3 and 4.

IV. DISCUSSION AND IMPLICATIONS

In this section, the findings of the study as well as their
significance are discussed. This is followed by an analysis of
the identified limitations of the conducted study. Finally, the
potential for further developments is outlined.

A. Findings

The results suggest that in several cases, the SMEs were
generally not convinced of their judgments, which may be
exemplified in Figs. 5 and 6. This is not surprising and may
result from the very narrow spectrum of specialization that
was sought because of the topic raised in the study. Here, the
question arises: is there anyone around the world who knows
enough about how both manned and prospective autonomous
ships would operate to provide precise and certain answers
related to safety-critical aspects of their operation? Arguably
so; however, the number of such experts is tiny, due to their
unique knowledge and professional experience, and access to
them is extremely limited. Therefore, the participants engaged
in the study most likely have greater expertise in the operation
of one of the two examined ships, and due to their similarity,
per analogiam, they tried to assess the remaining one. In some
decision-making methods, it is argued that additional fuzzifi-
cation of the experts” answers does not lead to better outcomes
[95]. However, in this case, where it is challenging to find experts
in the still novel area, the use of intervals to collect judgments
seems to be a promising approach. First, it allows us to deal
with uncertainties of the SMEs’ responses, and second, it allows
us to determine the values of impacts crucial in safety-critical
systems.

Surprisingly, when it comes to the interpretation of the FGCM
results, similar and sometimes wider ranges of grey values
were attributed by the SMEs to manned than to autonomous
ships. One of the possible reasons for such an outcome may be
that contemporary manned ships are more familiar to maritime
experts than prospective autonomous ones. It may have been
easier for SMEs to conceive and evaluate the impact of given
concepts on the former. Paradoxically, it is MASS that can
be characterized by greater uncertainty due to their largely
unknown design and performance, but this ambiguity appears
difficult to grasp. Just as if SMEs had a clearer vision of MASS
than the understanding of manned ships; the novelty of MASS
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and related uncertainties were compensated by SMEs knowing
how chaotic manned shipping can be.

When it comes to discussion on the results obtained, it is of
note that some of the factors revealed interesting differences
between their impact on manned and autonomous ships (RQ?2).
One such example that may be pointed out is, for instance, X9 —
Communication, where the differences in the values determined
depending on the type of ship considered are quite significant
(see Figs. 6 and 10). Interestingly, the SMEs indicated that
communication during collision avoidance of a manned ship
can be both beneficial and detrimental in ensuring its safety.
This can arise from the practical and routine use of VHF radio
onboard ships operating nowadays. The watchkeeping officers
should not coordinate an evasive maneuver, as this can lead to
numerous misunderstandings [96] and eventually, to an accident
[97]. Yet, direct ship—ship communication may still be beneficial
to determine the intentions [98] of the other vessel at a long
range. For this reason, the SMEs perhaps responded, showing
a high degree of uncertainty (this is indicated by a large inter-
val, thus greyness, of the X9 Communication results), as this
factor can impact the entire collision avoidance process of the
manned vessel twofold. On the contrary, the results obtained for
autonomous ships indicated that the Communication factor influ-
ences the collision avoidance process mainly in a positive way by
decreasing the likelihood of a collision. Furthermore, the experts
in this case were more certain of their opinion. This may result
from a reduction of the human factor involved in MASS-MASS
automatic communication (when the fully autonomous ship
is considered). Therefore, the probability of misunderstanding
between two machines in the experts’ opinion is much smaller,
and communication may be beneficial in ensuring collision
avoidance. That is also why some researchers recommend using,
for instance, negotiation algorithms [79], [99] or other forms of
ship cooperation [91], [100] during a dangerous encounter of two
MASS to coordinate and finally agree on the details of evasive
maneuvers [44].

Another noteworthy observation concerns the factor denoted
as Xo, i.e., Human reliability and performance. As expected, for
the autonomous ship, the SMEs assessed the influence of this
factor considerably less than in the case of the manned ship. It is
quite natural at first glance since in MASS (especially the fully
autonomous one), the presence of humans and their performance
is almost totally reduced, which is highly misleading, as their
presence will be in fact clearly visible [9], [76], [101]. However,
it is of note that the respondents do not account for human oper-
ators in the case of, for instance, supervisory control [65], [102]
of MASS (even in the case of monitoring) or as an important and
indispensable element to be considered during their design phase
[71], [103]. The whitenization of the results indicated that the
SMEs assessed the human reliability and performance in MASS
as almost neutral with limited greyness. On the other hand, in the
case of the manned ship, the X5 factor plays an essential role in
the ship—ship collision avoidance process in the SMEs’ opinion,
which is confirmed by existing research literature [104], as well
as ordinary seamanship practice. In the case of the manned ves-
sel, the greyness was considerably greater, which suggests that

respondents were not confident about the impact of this factor,
and that human reliability may lead to both a reduction and
growth of the likelihood of collision depending on human action,
which is also in line with the scientific and professional litera-
ture. Even if there is no consensus among researchers on how
large the contribution of human factors in maritime accidents is,
it is definitely present among the most common causes of ship
collisions [105].

Upon inspection of the multiple concepts being activated
(scenarios D through F), it can be noted that the outcome of
the process generally improves with their higher magnitude
(RQI), and that the positive trend exists for both manned and
autonomous ships (RQ2). However, the resultant impact of the
analyzed concepts on the outcomes of given phases of the
process may have proven negative in certain combinations of
activation values. This indicates that, especially in cases where
the negative magnitude of some concepts was analyzed (scenar-
ios D and E), factors of positive magnitude could not prevail
and help achieve a positive impact. From a practical point of
view, even presumably insignificant factors can derail the entire
process if not properly taken care of.

Finally, it must be noted that in reality, ship encounters
are dynamic processes and as such can undergo rapid change.
For instance, some concepts generally positively affect safety
but can in some cases induce a negative impact (and reduce
safety) when in high intensity (RQ1). Such an effect is visible
especially when whitened numbers are considered. A clue for
the reason behind such an outcome can be found in Fig. 10,
particularly on its left-hand side. Therein, X9 Communication
suddenly changes its impact in Phase 3, thus leading to an overall
reduction of safety (RQ3). The more the intensive Communica-
tion, the more it reduces safety—slightly but notably. It is of
note that the discussed effects are more apparent for manned
ships.

B. Limitations

Expert studies are always burdened with some typical lim-
itations related to the process of gathering and processing the
participants’ knowledge. This is mainly due to the subjectivity
of their opinions, which may cause some biases. Moreover, in
safety-related studies concerning high-risk transportation sec-
tors, such as maritime or aviation, the experts may try to present
themselves in a better light than in reality by proving themselves
as responsible and safety-focused individuals. Therefore, the
survey was designed in a way allowing, to some extent, a
reduction of the negative impact of these issues. That is why,
among others, the study was anonymized, and all numerical
or default values were hidden to SMEs to not suggest any
values and responses. Moreover, numerous factors affecting
the process of collision avoidance were categorized into nine
concept categories, as specified in Section II-B, to allow for their
easier evaluation by SMEs. This may have caused some level of
oversimplification, which, on the other hand, would allow SMEs
to assess more generalized factors affecting somewhat uncharted
operations of MASS.
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FCMs are also prone to errors in expert knowledge. If the
relationships determined by experts contain any errors, this may
lead to incorrect results. Therefore, grey numbers were used to
handle the uncertainty of the experts’ assessments. This study
focused only on analyzing the direct relationships between nine
input factors and the likelihood of avoiding a ship collision.
There may also be hidden connections between these input fac-
tors that may indirectly impact safety. However, such influences
will not be as significant as direct relationships.

Another limitation associated with the expert elicitation is the
relatively small sample of respondents (n = 29). Furthermore,
the scope of the survey was, at least to some extent, unfamiliar
to the experts, as the modeling collision avoidance process of
autonomous ships remains in the realm of conjecture and predic-
tions. Despite MASS being far from full operation, assessments
regarding their safety are being made on strong foundations by
transferring SMEs’ knowledge and expertise from well-known
manned ships. This is possible because presumably autonomous
ships will largely face the same problems regarding collision
avoidance, but they will use slightly different methods and means
to solve them.

C. Future Work

An interesting direction for future work seems to be the
determination of the initial (current) magnitude of the concept’s
activation during a given phase of the collision avoidance pro-
cess. This would allow for a determination of not only the relative
impact of a given factor on the process or its phase but also for
analyzing the change in the entire state of the model’s safety,
including its time dependence.

Moreover, mixed-traffic conditions were not considered in the
current study, where certain levels of global shipping saturation
with MASS may affect how ships interact with each other.
Should autonomous ships push manned ones out of the shipping
lanes, the significance of certain factors may change.

Finally, FGCM applications in the risk and safety domain
have been mostly limited to reliability analysis [22], [106]. The
herein application of FGCM to more abstract phenomena than
previously pursued failure probabilities opens up the possibility
of seeking their use in novel safety analysis models, including
those from the Safety-II and Safety-III realms. One such appli-
cation may consist of prioritization of tasks, functions, control
actions, and other items used in respective approaches.

V. CONCLUSION

The goal of the performed study was to investigate differences
between collision avoidance processes for manned and fully
autonomous ships. This was achieved through an application
of the FGCM technique, coupled with the development of a
generalized time-dependent model of a process in question as
well as expert elicitation. Such an approach allowed for the
analysis of nine factors affecting the performance of respective
kinds of ships (manned and autonomous) in four phases of
an encounter, which answered the research questions raised in
Section I. It also allowed for depicting uncertainties related to
experts’ aggregated opinions.
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Several interesting outcomes can be drawn from the per-
formed study. First, there are significant differences in the rela-
tive impact of certain factors on the overall performance of the
collision avoidance process. These do not only differ between
manned and autonomous ships but also change significantly
across phases of an encounter, and their impact can even turn
from positive to negative in some cases.

Interestingly, aggregated responses of the experts as depicted
by grey numbers appear to illustrate a greater level of confidence
toward the performance of autonomous ships than their manned
counterparts. The reasons for this remain unclear but may be a
demonstration of a more mindful and conservative approach of
experts toward the more familiar notion of manned ships than
more imaginary autonomous ones.

These results can be found relevant by scholars and practi-
tioners of a growing field of autonomous shipping but also for
modeling the safety of the collision avoidance process in its
generic form. The successful application of FGCM in dynamic
transportation processes opens up possibilities for its further de-
velopment toward use in conjunction with novel safety modeling
approaches.
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