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Abstract: The fidelity of a maritime simulator refers to how realistic the representation of a vessel 

and its environment look, behave, and feel in real life. Despite the benefits of using simulators in 

maritime training and education, there is a lack of understanding of different debates on whether 

higher levels of fidelity translate into better training outcomes. Therefore, to investigate and sum-

marise what is known about maritime simulator fidelity, we conducted a systematic literature re-

view on the maritime simulator-based training literature from 2005 to 2021. We performed biblio-

metric, authorship, and content analyses of thirty-six references, including white and grey literature. 

The results show that simulator fidelity is divided into physical and functional fidelity. While the 

former includes the ergonomics layout of the bridge, visual system, vessel manoeuvrability, and 

hydrographic modelling, the latter involves training program design, simulator session design, and 

the role of the instructor. The results reveal that there is no prevalent tradition in the literature, a 

low number of citations, and the references are dispersed among many publications, authors, and 

institutions. Despite the fact that the prevalence of studies employing high-fidelity simulators can 

positively impact training, most of the studies are based on subjective evaluation, if any evidence is 

provided, and were produced by Scandinavian and European institutions and researchers. To ad-

dress these limitations, we propose a research agenda containing three recommendations. 
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1. Introduction 

Maritime simulators provide several benefits to real-world operations. They provide 

a flexible learning environment creating conditions for training not usually possible in 

real-world work settings, such as running repetitive scenarios, simulating emergencies 

and challenging weather conditions, and pausing operations to provide feedback or carry 

out detailed discussions [1–4]. Further benefits of maritime simulators include overall 

lower costs compared with similar real-world activities, ease of information assimilation, 

scenario control, learning process efficiency, and material availability [3,5]. Additionally, 

these characteristics provide unique circumstances and conditions for students to develop 

critical incident management and stress-coping skills [3,6]. 

There are currently four types of maritime simulators commonly employed by Mar-

itime Education and Training (MET) institutions. Desktop-based simulators consist of 

desktop computers replicating some aspects of maritime operations using preloaded sim-

ulation software. Full-mission bridge simulators consist of a realistic ship’s bridge replica 

with all essential instrumentations, displays (i.e., the physical space of the ship), and pho-

torealistic digital projections of the marine environment; this option greatly enhances the 
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simulation realism and is currently preferred. Virtual reality (VR) simulators immerse us-

ers in a realistic experience of the work environment using wearable head-mounted dis-

plays. The virtual scene is continuously updated according to the user’s head position. 

Finally, cloud-based simulators enable instructors and trainees to run the simulation 

online using a web browser with their own devices [7–9]. 

‘Fidelity’, ‘realism’, and ‘accuracy’ are concepts used extensively in the simulator-

related literature. Borgvall [10] (p. 244) defined fidelity as ‘the degree of similarity be-

tween a simulator and the environment it is designed to simulate’. Owen [11] (p. 9) de-

fined realism as ‘the extent to which the simulation or simulator appears, feels and/or 

behaves the same as the real-life system’. Finally, accuracy is defined as the degree to 

which a simulator’s real object representation is precise and is normally associated with 

an objective measurement [12]; it is about exactness [3]. Given the similarity among these 

concepts, fidelity is arbitrarily used throughout this study as an umbrella and subjective 

term meaning ‘the degree of similarity between the training situation and the operational 

situation being simulated’ (National Academies of Sciences, Engineering, and Medicine 

[12] (p. 118). 

Measuring maritime simulators’ fidelity level has been debated for years, as simula-

tor fidelity is a complex variable and does not determine the overall fidelity of simulated 

practices alone. Moreover, authors, such as Sellberg and Wiig [13] and Salas et al. [14] 

questioned whether achieving the highest fidelity level at the cost of appropriate utilisa-

tion, better alignment with teaching methods and better preparation of instructors is the 

way forward. Maran and Glavin [15] and Dahlstrom et al. [16] noted that effective training 

can be achieved with simple simulators and without sophisticated graphics, provided that 

the synthetic training device creates the conditions for developing the intended skills, and 

proper teaching methods and pedagogical approaches are used. However, what are the 

features present in a maritime simulator that create the conditions for marine pilots to 

develop the intended skills? How can those features support the appropriate level of fi-

delity, and therefore, achieve the learning objectives? 

To answer these research questions, this systematic literature review (SLR) aims to 

map the literature landscape and clarify the types of simulator fidelity and how best to 

use them. Systematically reviewing the state-of-the-art maritime simulator fidelity can 

provide insights to maritime practitioners on how fidelity features can be effectively used 

during training and evaluation. It can also help with identifying the gaps in the literature, 

thus informing a research agenda for future studies. 

2. Materials and Methods 

An SLR is a research method employing a predetermined protocol for reviewing lit-

erature surrounding a particular topic aiming at answering research questions. The aim 

is to assess the extent of academic literature on simulator fidelity, including (i) who has 

undertaken the research; (ii) where and when it has been published; and (iii) what the 

literature discusses about simulator fidelity. Based on principles of transparency, clarity, 

integration, focus, and equality, the method includes the following steps: (1) using key-

words to find the literature on scientific databases, (2) screening the literature based on 

inclusion and exclusion criteria, (3) codifying the literature using a database (literature 

grid), and (4) in-depth analysis and comparison [17–19]. 

2.1. Initial Search 

A search was conducted through a university’s library database using the keyword 

string ‘maritime (OR marine OR sea) training’ AND ‘pilotage (OR navigation OR sea-

farer)’ AND ‘education (OR training)’ AND ‘simulator (OR simulation)’. The university’s 

library collection is comprehensive; it is composed of more than 1072 different databases, 

including Ebsco, ProQuest, Science Direct, and Web of Science. 
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The search was limited to ‘white’ (journal articles, books, e-books, book chapters, 

conference proceedings) and ‘grey’ literature (dissertations, thesis, industry reports, tech-

nical reports, and trade publication articles). Since the objective was to understand how 

different aspects of the simulator fidelity are used, we included grey literature, such as 

commercial publications, as part of the search strategy. Only references published in Eng-

lish and within the last 16 years (October 2005 to October 2021) were selected. The search 

resulted in 12,760 references. 

2.2. Inclusion and Exclusion Criteria 

Different from traditional SLRs, in which authors only retrieve papers meeting a par-

ticular set of criteria, we decided to conduct a more objective selection. Meta data retrieved 

directly from the library webpage allowed a corpus analysis and selection of papers in 

which the title and abstract contained maritime simulation training- and education-re-

lated keywords. This approach assisted in minimising bias and selecting the references in 

a large dataset. 

The dataset contained the following fields: DOI, authors, title, year, journal, and ab-

stract and was transferred to an Excel spreadsheet. To clean duplicates, DOI, title, year, 

journal, and abstract were inspected. References in which the abstract’s word count was 

lower than 50 were excluded. Based on some manual evaluations, it was identified that 

irrelevant references’ abstracts contained error messages or unrelated content. Moreover, 

only references with abstracts available for retrieval were selected. Consequently, the da-

taset was reduced to 3330 references. 

Based on the title and abstract, an initial corpus analysis was conducted to verify 

whether references were related to maritime training and education. The computer-as-

sisted thematic analysis software Iramuteq® was used after preprocessing the dataset us-

ing Python libraries [20]. Python was used to remove non-significant words, such as prep-

ositions, auxiliary verbs, and articles. The objective was to map the themes surrounding 

the literature. 

The initial analysis showed a variety of references with 24 thematic classes, i.e., word 

clusters, found. The vocabulary clustered in three classes seemed the most relevant to this 

SLR; therefore, 196 references related to these classes were selected for further analysis. 

Forty-one references were identified as related to maritime simulator-based training, di-

rectly or indirectly discussing fidelity dimensions, levels, and training impact. Given data 

availability or duplicated content, this list was reduced to 36 references. Figure 1 provides 

a summary of the number of references at the end of each step. 
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Figure 1. PRISMA flowchart and the number of publications at the end of each step. 

2.3. Data Analysis 

The selected corpus’s analysis was based on an Excel spreadsheet prepared after the 

literature screening. Three approaches were considered: bibliometric, authorship, and 

content analyses. Bibliometric analysis (Section 3) involves reviewing references’ objective 

aspects, i.e., authorship, year of publication, first author’s affiliation and country, publi-

cation title (journal, book, or conference), study type, main subject, number of citations, 

research methods, and analysis. Authorship analysis (Section 4) revealed the authors who 

were published and cited the most, collaboration networks, and their main topics of re-

search. Content analysis (Section 5) aims at extracting relevant literature excerpts and 

findings and classifying them into themes, allowing the visualisation of the literature 

trends. 

The content analysis revealed many common themes, such as the role of instructors 

and the degree of similarity between the bridge controls and the vessel being simulated. 

These themes were then classified according to Stanton’s fidelity classification [21] as ei-

ther physical (or engineering) or functional. Physical fidelity refers to the degree to which 

the simulator’s physical features and characteristics look or feel like the real environment. 

It included ergonomic layout, visual system, vessel manoeuvrability, and hydrographic 

modelling. However, functional fidelity concerns the degree to which the simulator works 

or behaves as the real environment and encompasses training program design, simulator 

session design, and the instructor’s role. In addition to the content analysis, we analysed 

how these categories are related to the authors and evolved over time. 

3. Result: Bibliometric Analysis 

3.1. Timeline 

The evolution of publications contained in the last 15 years is presented in Figure 2. 

There is an upsurge of publications after 2012, with a peak in 2017. Despite a reduction in 

2019, the number of publications increased again in 2020 and 2021, with five publications 

each year. Therefore, there has been increasing interest in the topic since 2012, with an 

uptrend movement for years ahead. 

 

Figure 2. Number of publications by year. 

3.2. Prominent Periodicals 

The 36 selected publications were distributed among 33 journals, conferences, or 

books, displaying a wide variety of periodicals. Only the conference 19th Annual General 

Assembly (AGA) of the International Association of Maritime Universities (IAMU) in 2018 
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and the journals International Journal on Marine Navigation and Safety of Sea Transpor-

tation (1), Simulators for Transportation Human Factors (2), and WMU Journal of Mari-

time Affairs (3) contained two articles each. 

3.3. Citation Distribution 

The analysis found that most papers have few citations, usually below ten, as seen in 

Figure 3. Publications, such as Hontvedt [1], Saus et al. [22], Sellberg [4], and Gekara et al. 

[23] are exceptions, receiving more than 30 citations each, with 55, 39, 33, and 31 citations, 

respectively. Thirteen publications have no citations, which may imply that they are not 

relevant or visible enough to be found. 

 

Figure 3. Number of publications by range of citations received. Source: Google Scholar. 

3.4. Main Topics 

Table 1 illustrates the number of papers by year of publication containing mentions 

of physical fidelity and functional fidelity. It seems that these two topics have gained trac-

tion since 2016 and may continue to dominate the discourse in the foreseeable future. 

Table 1. Distribution of the references per topic by year. 

Year ID 

Physical Fidelity Functional Fidelity 

E
rg

o
n

o
m

ic
 

la
y

o
u

t 

V
is

u
al

 s
y

st
em

 

M
an

o
eu

v
ra

b
il

it
y

 

H
y

d
ro

g
ra

p
h

ic
  

m
o

d
el

li
n

g
 

T
ra

in
in

g
 

p
ro

g
ra

m
 d

es
ig

n
 

S
im

u
la

to
r 

 

se
ss

io
n

 d
es

ig
n

 

In
st

ru
ct

o
r'

s 
ro

le
 

2005 33 1       

2008 16  1  1    

2009 17  1  1    

2010 25 1    1 1  

2011 6   1     

2011 10      1  

2012 35  1      

2014 1       1 

2014 20      1 1 

2015 12 1 1   1  1 

2015 19 1  1 1    

2016 2     1   
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2016 7 1  1  1  1 

2016 14    1    

2016 22  1      

2017 5 1     1  

2017 21        

2017 24 1 1   1 1  

2017 26 1    1   

2017 29       1 

2018 3       1 

2018 11    1  1 1 

2018 27 1    1   

2018 30      1  

2018 32 1 1   1  1 

2018 34  1  1    

2020 4 1       

2020 13 1    1  1 

2020 28     1   

2020 31 1    1   

2020 36   1     

2021 8 1    1  1 

2021 9        

2021 15 1       

2021 18 1       

2021 23  1  1 1   

Table 1 also breaks down physical and functional fidelities and presents the number 

of publications per subcategory. As more research is conducted in the field, discussions 

about the physical features of the simulator, very often referred to as ergonomics, have 

dominated the literature since 2017. 

4. Result: Authorship Analysis 

4.1. Researchers Who Published the Most 

Table 2 shows every author who published at least three papers during the period 

analysed. Charlott Sellberg, Michael Baldauf, and Knud Benedict stand out as the re-

searchers who published most on the topic, with at least four publications each. 

Table 2. Authors who published most. 

No. of Publications Author Institution Country 

4 Sellberg, C. University of Gothenburg Sweden 

4 Baldauf, M. 
World Maritime Univer-

sity/Hochschule Wismar 
Sweden/Germany 

4 Benedict, K. Hochschule Wismar Germany 

3 Nazir, S. 
University College of South-

east Norway 
Norway 
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4.2. Country and Universities of the First Author 

Scandinavian countries, such as Norway and Sweden, figure high in the list, with 

eleven and five publications, respectively. Germany also presents a high output, with four 

publications and is followed by China, Australia, and the USA, with two publications 

each. 

A list of prominent institutional affiliations is shown in Table 3. Similar to Section 3.3, 

Scandinavian countries’ universities figure very high on the list, particularly the univer-

sities of South-Eastern Norway and Oslo, which are both in Norway, and the University 

of Gothenburg, in Sweden. Dalian Maritime University in China and Hochschule Wismar 

in Germany are also highlighted. 

Table 3. Number of publications per main author’s institutional affiliation. 

No.  University 

5 University of South-Eastern Norway, Norway 

4 Hochschule Wismar, Germany 

4 University of Gothenburg, Sweden 

4 Dalian Maritime University, China 

2 University of Oslo, Norway 

4.3. Topic Distribution 

Table 4 shows the distribution of publications per main authors and the category of 

simulator fidelity. Only authors with at least two publications in any given category are 

included in Table 4. It is evident that the literature discusses functional fidelity in greater 

detail compared with physical fidelity, which is normally generically mentioned. This fact 

is even more evident when considering studies by Baldauf, Benedict, and Sellberg that 

concentrate on training program design, simulator session design, and the instructor’s 

role. 

Table 4. Number of papers per author (ordered alphabetically) and per topic. Only the authors who 

have published two or more papers are displayed. 
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BaldaufM 2    1 1 1 

BenedictK 2    1 1 1 

HontvedtM 3 2   3 1 2 

JinY  2  2    

LiY  2  2    

NazirS 2 1  1 1 1 2 

ØvergårdKI 2 1   2 1 1 

SellbergC 3 1   4  2 

SharmaA 2 1   1  1 

WiigAC 1 1   2  1 



Educ. Sci. 2022, 12, 817 8 of 21 
 

4.4. Coauthorship Analysis 

Despite having identified 65 different authors across 36 papers, we noticed a concen-

tration of publications authored by a group of 9 researchers (Table 5). The coauthorship 

analysis of this group revealed established partnerships between Baldauf and Benedict, 

with four papers authored by them in conjunction. In contrast, Sellberg does not have two 

papers published with the same coauthor. 

Table 5. Most frequent pairs of coauthors. 

No. of Publications Coauthorship 

3 Baldauf M. Benedict K. 

2 Kirchhoff M. Gluch M. 

2 Schaub M. Benedict K. 

2 Jin Y. Li Y. 

2 Schaub M. Kirchhoff M. 

2 Schaub M. Gluch M. 

2 Gluch M. Benedict K. 

2 Kirchhoff M. Benedict K. 

5. Result: Content Analysis 

The following subsections present the findings of the content analysis. The results 

are presented based on the categories and subcategories of simulator fidelity. We start 

with physical fidelity, which includes the ergonomic layout of the bridge, visual system, 

vessel manoeuvrability, and hydrographic modelling. Then, we present functional fidel-

ity, including training program design, simulator session design, and the role of the in-

structor. 

5.1. Physical Fidelity 

Physical fidelity refers to the degree to which the simulated environment resembles 

the real environment from the vessel bridge [24]. The aim of physical fidelity is to repre-

sent the same views as much as possible, as well as vessel behaviour, controls disposition, 

and displays that trainees would normally encounter in a real vessel. In the next sections, 

the following dimensions are introduced: the bridge’s ergonomic layout, the visual sys-

tem, the vessel manoeuvrability, and the hydrographic modelling. Table 6 summarises 

the main features of the physical fidelity dimension and the main aspects discussed by the 

literature. 

5.1.1. Ergonomic Layout of the Bridge 

A total of 9 out of 36 papers explicitly report the use of a fully functional bridge [1,4,6–

8,22,25–28], while 3 describe low-fidelity simulator systems [29–31], and 2 describe simu-

lator platforms based on multiple stations [26,31,32]. As stated by Lützhöft et al. [3], de-

spite the development of a simulator that replicates other workplaces and tasks on a ship, 

the majority of the simulators try to emulate a bridge operation. 

Lin et al. [31] reported a 5G and VR-based distributed simulator. The platform would 

involve one instructor and multiple students, each performing training in their own vessel 

and environment. The authors believed that having an immersive and distributed simu-

lator could overcome the geographical and temporal limitations of the traditional mari-
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time simulator and provide more flexibility for training. Shi and Hu [32] proposed a mul-

tiagent system-based framework that allows the integration of remote simulator stations. 

The objective is to allow students to develop communication and coordination skills when 

navigating areas of great traffic density. Longo et al. [26] reported the development of a 

joint and cooperative simulator platform to train port pilots. The platform is composed of 

a full bridge containership simulator, a full control tower simulator, and a tugboat bridge 

simulator. The aim is to increase fidelity by allowing different actors to interact in the 

simulated scenario of the last mile of navigation. 

Low-fidelity simulators discussed in the literature are mainly used to train specific 

skills. Benedict et al. [29] proposed a desktop simulator for safety and security in METs. 

Instead of simulating the bridge and operations of a ship, the simulator aims to reproduce 

the whole vessel, including its different rooms and decks, where participants can move 

freely around it in the first person. For each scenario, trainees must interact with the secu-

rity and safety gear and address the problem. The system is composed of one instructor 

station and two to sixteen simulator stations. Benedict et al. [30] describe fast time simu-

lation (FTS), a software that simulates a real ship manoeuvre in less time. Based on a 2D 

interface, the system can be used as an effective tool for lecturing and demonstrating 

ships’ motion characteristics, as well as for the ship handling simulator training and dur-

ing real ship operations. Its value lies in the possibility of preparing a plan and verifying 

its feasibility, thus allowing instructors and trainees to better assess the situation and re-

view what did and did not work. Lin et al. [31] proposed a conceptual simulator based on 

VR and integrated through 5G that does not have any physical component. The system is 

fully immersive and can be used in any place. 

While most researchers do not specify the environment’s size, the range for horizon-

tal visual fields varies considerably between studies. It ranges from 120° (in four of the six 

bridges used in Sencila et al. [27]) to 360°, with 200°–240° being the most common values 

encountered [1,2,22,27,33]. Saus [22] describes the full mission simulator with a 360° hor-

izontal visual field used in the study as having 14.0 m of diameter and 3.4 m of height. 

Longo et al. [26] developed a full bridge container ship that contains 3 screens of 2 × 1.5 m 

dimensions located at 2.5 m in height, which we believe would provide 120° of horizontal 

visual field. 

Table 6. A summary of the main points of discussion in the literature about physical fidelity. 

Subcategories of 

Physical Fidelity 
Reference What Is Discussed? 

Section 5.1.1 

Hontvedt and Øvergåd 

[2], Sellberg [4], Lützhöft 

et al. [5], Chamber and 

Main [6], Kim et al. [7], 

Sellberg [8], Saus et al. 

[22], Danylenko et al. [25], 

Longo et al. [26], Sencila 

et al. [27], Sharma et al. 

[28], Benedict et al. [29], 

Benedict et al. [30], Lin et 

al. [31]  

Fully functional bridge simulator used in either training or re-

search is the most common type of simulator reported. Simulator 

platforms consisting of multiple simulators and low-fidelity simu-

lators are also found in the literature, even though to a lesser ex-

tent. 

Longo et al. [26], Lin et al. 

[31], Shi and Hu [32] 

A remote VR-based simulator is composed of an instructor station 

and four to eight independent remote students. Integrating multi-

ple remote simulator stations can create an environment for train-

ees to develop communication and coordination skills. To train 

port pilots, the full replica of a ship bridge is connected to a full 
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control tower simulator and a tugboat bridge simulator. 

Benedict et al. [29], Bene-

dict et al. [30], Lin et al. 

[31] 

Low-fidelity simulators, such as a desktop simulator for security 

and safety in MET; the Fast Time Simulation can complement the 

training conducted in full bridge simulators or a completely VR-

based simulator. 

Hontvedt [1], Hontvedt 

and Øvergåd [2], Saus et 

al. [22], Longo et al. [26], 

Sencila et al. [27], Mansuy 

et al. [33] 

Horizontal visual fields range from 120° to 360°, with 200°–240° 

being the most common. 

Hontvedt [1], Chamber 

and Main [6], Longo et al. 

[26], Sencila et al. [27] 

Bridge equipment includes bridge conning station, ARPA/radar, 

ECDIS, GMDSS stations, communication module with VHF radio, 

internal communication, ship status information, environmental 

data, GPS, log, echo sounder, and UAIS. 

Sellberg [8], Longo et al. 

[26]  

Motion platform provides the kinaesthetic feedback of a real ship 

sailing at sea. The sense of motion could be simulated through vis-

ual input. The use of surrounding systems that reproduce sounds, 

signals, and the constant background noise from the engine room 

as normally found in the bridge can increase the sense of presence 

and immersion. 

Section 5.1.2 

Song et al. [34] 
A typical image refresh rate stabilises at 60 Hz with a maximum 

texture size of 1024 × 1024 pixels for models. 

Mansuy et al. [33] 

A simplified two-dimensional aerial view of the marine environ-

ment includes the layout of the port, the coastline, and the specific 

mooring areas for the different types of vessels. 

Li et al. [16], Li et al. [35], 

Madushani et al. [36] 

Fidelity is enhanced by the incorporation of reflection effect, the 

appearance of small waves on the sea surface, the simulation of 

foam after the wave breaks, and the highlight effect of the sun. En-

vironment light module can create a light source and make the 

sea, sky, and the port environment visible at night. Visual effects 

improved the simulation results (three waves was the optimum). 

Li et al. [35], Madushani 

et al. [36], Li et al. [37] 

Sea surface must have a polygonal representation to render (ap-

proximately a form of grid) and Boussinesq equations can be use-

ful for this. 

Hontvedt [1], Lützhöft et 

al. [3], Smith and Oskamp 

[9], Sharma et al. [28] 

Negative training and disengagement can happen when there are 

discrepancies between the electronic map, other bridge systems, 

and the visual depiction outside the bridge windows or noticeable 

lag due to computer processing. 

Smith and Oskamp [9] Real-time computation is a key component of simulation. 

Section 5.1.3 
Longo et al. [26], 

Zheleznyakova [38] 

Vessel models should have good levels of realism and smooth 

simulation. Slight discrepancies can reduce the sense of immer-

sion. A range of mathematical models are used to model the ship’s 

behaviour. 
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Berg and Ringen [39] 

A preprocessing program to prepare the input to the manoeuvring 

prediction program on the basis of the shape of the underwater 

hull in digitised form. 

Chambers and Main [6] 
Vessel continuously changes its response depending on the actual 

depth/draft ratio at the vessel’s location. 

Longo et al. [26], Gao [40]  
A simple model of steady turning motion of ships can increase the 

vessel manoeuvrability despite the reduction in accuracy. 

Section 5.1.4 

Longo et al. [26], Mansuy 

et al. [33], Li et al. [37]  

The submersed layout and the sea floor should be 3D modelled by 

bathymetric models for each port in the simulation. Two types of 

view-dependent grids (projected and radial) can be used for sea 

surface geometry modelling. Creator and Vega Prime by Presagis 

can provide highly optimised geometric models and virtual envi-

ronments. 

Smith and Oskamp [9], 

Mansuy et al. [33], Ji et al. 

[41] 

Wave modelling in real-time simulators should focus on the wave 

field’s visual representation and wave forces. A coastal hydrody-

namic model of current vectors is required at navigable water 

depths and across navigation channels. Weierstrass–Mandelbrot 

function is used to simulate coastline wave deflection. 

Smith and Oskamp [9]  

Good wave effects’ representation can be achieved through an ir-

regular long-crested wave model. Sea state and currents can be 

based on a static current field representing peak and ebb or flood 

tide or by simple representative vectors. 

Hjelmervik et al. [42] 

The combination of both homogeneous and heterogeneous current 

models contributes to education of higher-skilled nautical stu-

dents, resulting in optimal learning. 

Li et al. [35] 
A simulation area size of 9000 × 8100 metres was simulated as a 

grid area of 2001 × 1801. 

Bridge instruments, displays, and the full set of ship controls for navigating and 

manoeuvring are commonly included, ranging from full mission bridge conning station, 

automatic radar plotting aids (ARPA)/radar, electronic chart display and information sys-

tem (ECDIS), global maritime distress and safety system (GMDSS) stations, communica-

tion module with very high-frequency (VHF) radio and internal communication, ship sta-

tus information (e.g., engine status) and environmental data, to navigation aids, such as a 

GPS, log, echo sounder, and universal automatic identification system (UAIS) [1,6,26,27]. 

Sellberg [8] commented on the disadvantage of simulators lacking a motion platform, 

and thus, lacking the kinaesthetic feedback of a real ship sailing at sea even though the 

sense of motion could be simulated through visual input. Sellberg [8] also emphasised the 

need for auditory stimuli in the form of either sounds, signals, or constant background 

noise from the engine room. Longo et al. [26] showed how a surrounding system can con-

tribute to increasing the sense of immersion and presence. Nonetheless, Sellberg [8] 

warned that costly improvements in technical fidelity were found to have a rather small 

impact on learning. 

5.1.2. Visual System 

Given the preferred usage of full-mission bridge simulators, descriptions of visual 

fidelity refer mainly to digital projections of the marine environment, although even such 
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descriptions are limited in this field. It should be noted that ‘visual’ refers to the projected 

images on screens outside of the bridge windows. The visual system is composed of the 

sea surface, sky, and geographic features, infrastructure placed on land and in water, and 

vessels. Mentions of refresh rate and resolution are mostly absent. An exception is Song 

et al. [34], who described a typical image refresh rate stabilising at 60 Hz with a maximum 

texture size of 1024 × 1024 pixels for models. 

Mansuy et al. [33] described how the part of the port above sea level is represented 

by a simplified two-dimensional aerial view in their simulations, with the marine envi-

ronment including the layout of the port, the coastline, and the specific mooring areas for 

the different types of vessels. Li et al. [35,37] added details on the implementation of the 

reflection effect and small waves on the sea surface, the simulation of foam after the waves 

break, and the highlight effect of the sun. Findings from Madushani et al. [36] reported 

that the addition of visual effects was associated with an improvement in the simulation 

results, and when the number of waves equalled three, the proposed solution had the best 

outcome from their experiments when assessed through a user test conducted with ten 

expert naval users from the Ocean University, Sri Lanka, and Sri Lanka Navy. 

Madushani et al. [36] also noted that the sea surface must have a polygonal represen-

tation for rendering, which needs to be approximated with a form of grid. The authors 

attested that it is appropriate to first create a planar grid and then displace points accord-

ing to the height field variation. They then selected wave models to generate the height 

field and added visual effects on top of the simulated states. For that task, Li et al. [37] 

employed Boussinesq equations to generate an approximation in fluid dynamics for water 

waves valid for weak nonlinear and long waves. 

Hontvedt [1] noted that the lack of accuracy on the visual system can affect marine 

pilots’ training, as it may force them to rely on instruments for fine navigation, leading to 

frustration and distractions. In their study, participants complained about the visual in-

consistencies between the electronic map, the visual display, and the actual waters. In this 

case, the authors argued that the lack of accuracy may lead participants to manipulate the 

underlying rules and dynamics of the simulations instead of engaging in the appropriate 

professional practice. Similarly, Sharma et al. [28] reported on marine pilot detection and 

paid attention to discrepancies between the electronic map and the visual outlook through 

bridge windows in their research. They found this to be an issue because close manoeu-

vring, such as during berthing, requires much higher fidelity, greater consistency, and 

accuracy than other types of training in terms of the relationship between information 

presented on bridge equipment and the visual display representation. Lützhöft et al. [3] 

reinforced the importance of having accurate simulators so participants can take the sim-

ulator training seriously. Additionally, Smith and Oskamp [9] argued that real-time com-

putations are key components of simulations and that a marine pilot should not notice 

any lag due to computer processing. 

5.1.3. Vessel Manoeuvrability 

Zheleznyakova [38] stressed that vessel models should aim for good levels of realism 

while guaranteeing smoothness of simulation, as slight discrepancies becoming noticea-

ble to users can considerably reduce the sense of immersion. The author modelled vessel 

behaviour by making the vessel fully determined by its hull’s 3D geometry, a solid object 

endowed with mass and volume, disregarding manoeuvrability characteristics. The ves-

sel’s outer surface 3D geometry is covered with a detailed triangular surface mesh, which 

is used as input data. This solid vessel model’s creation is performed with computer-aided 

design (CAD) software (e.g., AutoCAD). Longo et al. [26] adapted the six-degree-of-free-

dom mathematical model and the manoeuvring mathematical modelling group model to 

reproduce a containership motion at sea. Berg and Ringen [39], employing MARINTEK’s 

simulation software, described a similar approach, with a preprocessing program prepar-

ing the input to the manoeuvring prediction program based on the underwater hull’s 

shape in digitised form. Moreover, Chambers and Main [6] examined the DEN-Mark1 
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ship models, whose handling was continuously changed depending on the actual 

depth/draft ratio at the ship’s current location. This ensures that the ship is handled accu-

rately as it progresses from deep water in an anchorage area into the shallow water of a 

swing basin. 

Last, Gao [40] proposed a multiblock fuzzy cognitive map (FCM) for the steady turn-

ing motion of ships, as it can represent nonlinear systems effectively. His results indicate 

the important role of hyperparameters and that the trade-off between accuracy and calcu-

lation burden can produce satisfactory results. The strengths of the proposed model in-

clude the simplicity of parameter estimation, the performance of neural networks with 

enhanced interpretability, and independence on measurement apparatuses compared 

with traditional models. Drawbacks include time-lag dynamic response problems, meas-

urement noise, and the oversimplification of a nonlinear system into one FCM. Moreover, 

an excellent model will require trial and error to obtain reliable hyperparameters. 

5.1.4. Hydrographic Modelling 

Hydrographic modelling is the digital replication of features of a seabed area, coast-

line, and key underwater (and above) water infrastructure that could influence vessel 

manoeuvring or aid a mariner in control of that manoeuvring. It includes the underwater 

contours and seabed composition since both the depth and firmness of the bottom topog-

raphy affect vessel control in differing manners. It also includes underwater features, such 

as pipelines, dredged channels, and key observation features, including raised land, 

prominent buildings, jetties, lighthouses, beacons, and buoys. Some simulator facilities 

categorise other features, such as currents, swells, and wind waves as either instructor 

inputs or visual or vessel modelling. However, the academic literature categorises these 

types of features under hydrographic modelling, prompting them to be coupled within 

this physical fidelity dimension in this study. 

Mansuy et al. [33] described how the submersed layout and the sea floor are 3D mod-

elled by bathymetric models for each port in the simulation. Li et al. [37] described two 

types of view-dependent grids used for sea surface geometry modelling, namely, pro-

jected and radial grids. In the projected grid method, the grid vertices are evenly spaced 

in the view plane and then projected to sea level. In the radial grid method, the radial grid 

central position is the camera position at sea level, and it provides more detail closer to 

the viewer. Both alternatives have a level of detailed effects. Longo et al. [26] used Creator 

and Vega Prime by Presagis to create highly optimised 3D geometric models and high-

fidelity 3D real-time simulations of the port of Salerno. 

Smith and Oskamp [9] detailed wave modelling in real-time simulators, focusing on 

the wave field’s visual representation for marine pilots and wave forces in the simulator. 

Real-time simulations are a highly reliable method mostly based on electromagnetic tran-

sient simulations of complex systems, which are composed of many domains. Smith and 

Oskamp [9] also described the preparation of a coastal hydrodynamic model, emphasising 

that current vectors are only required in simulations at navigable water depths or over 

navigation channels. Mansuy et al. [33] detailed current modelling, with annual swell data 

used for their generation. The authors modelled two current conditions, moderate and 

extreme. Finally, Ji et al. [41] used the Weierstrass–Mandelbrot function to simulate coast-

line wave deflection. 

Smith and Oskamp [9] elaborated on metocean condition implementation in real-

time simulations, which could be truncated based on a simple characterisation of sea state 

and currents in a snapshot of time, represented by a static current field indicating peak 

and ebb or flood tide or by simple representative vectors. Hjelmervik et al. [42] recom-

mended training nautical students on homogeneous currents (unidirectional currents 

with constant strength) before moving to heterogeneous ones (currents varying in both 

direction and strength). As they reached a satisfactory skill level with homogeneous cur-

rents, they were transitioned to scenarios containing heterogeneous currents where the 

other skills are developed. They noted that students would experience higher difficulty 
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and rely on the skills developed to cope with homogeneous currents, leading to optimal 

learning. 

While the simulation area size is mostly absent in the literature, only Li et al. [35] 

detailed the parameters used for shallow water wave simulation in the Port of Dalian. The 

simulation region employed is 9000 metres by 8100 metres, with the number of grid points 

at 3,603,801 (2001 × 1801). 

5.2. Functional Fidelity 

Functional fidelity is defined as the degree to which the simulated environment acts 

like the real operational equipment [21], such as training program design, simulator ses-

sion design, and the instructor’s role. Each of these subcategories is further presented be-

low. Table 7 presents a summary of the main features discussed by the literature with 

regard to functional fidelity. 

5.2.1. Training Program Design 

Training program design is the pathway through which students systematically and 

progressively develop their skills. A training program contains multiple simulator ses-

sions, each with a delimited duration and specific objectives that will contribute to the 

program’s overall learning objectives. It is also focused on skills required to pilot a ship 

and avoids placing too much emphasis on skills required to manage the simulator, as 

these skills are not transferable to a ship. 

Across the literature, different authors emphasised that training design needs to pay 

close attention to learning and training objectives, the international conventions regulat-

ing maritime training, and the working demands of students’ future professions 

[1,2,6,8,13,33]. The key training skills sought include resource prioritisation, effective com-

munication, assertiveness and leadership [3], and theoretical understanding of ship han-

dling (such as vessel pivot points) with simulated performance [6]. Employing student 

teams seems to be a common practice in simulation scenarios, attempting to simulate a 

full crew normally found in real situations [4,22,43]. 

Table 7. A summary of the main points of discussion in the literature about functional fidelity. 

Subcategories of 

Physical Fidelity 
Reference What Is Discussed? 

Section 5.2.1 

Hontvedt [1], Hontvedt 

and Øvergård [2], 

Øvergård et al. [3], Sell-

berg [4], Chambers and 

Main [6], Sellberg [8], 

Sellberg and Wiig [13], 

Saus et al. [22], Da-

nylenko et al. [25], 

Mansuy et al. [33], Bal-

dauf et al. [43]  

Training design needs to pay close attention to learning and train-

ing objectives, the international conventions regulating maritime 

training, and working demands of students’ future professions. 

Key training skills include resource prioritisation, effective com-

munication between vessels and among the bridge team, manoeu-

vring and controlling a ship in any conditions, theoretical under-

standing of ship handling, use of modern electronic radar tools, 

electronic navigation and information system complexes, finding 

the ship’s location and laying sea and ocean routes, evaluation of 

navigation information obtained from all sources, assertiveness 

and leadership, and teamworking using the full crew. 

Sellberg [4], Sellberg 

and Wiig [13] 

The training approach should take advantage of challenging sce-

narios that lead students to make mistakes, creating the conditions 

for them to learn how to analyse and discuss these mistakes and 

learn how to recover and avoid them in the future. 
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Hontvedt and 

Øvergård [2], Sencila et 

al. [27], Sharma et al. 

[28] 

Exposing trainees to different hydro-meteorological conditions, 

various ports and straits spanning different parts of the globe sce-

narios, and steering strategies affecting the ship can enhance train-

ing effectiveness. 

Section 5.2.2 

Lupu et al. [44] 

A simulator session should be divided into different phases: brief-

ing (10%), starting and conducting the simulation session (65%), 

assessment (15%), and debriefing (10%). 

Hontvedt [1], Saus et al. 

[22],Gekara et al. [23], 

Hjelmervik et al. [42] 

The duration and number of scenarios in a simulation session vary 

considerably throughout the research: 

- 2 routes with 75 and 60 min; 

- 1 scenario of 30 min; 

- 1 scenario of 90 min; 

- 5 runs of 17 min each. 

Hjelmervik et al. [42], 

Sen Do et al. [45] 

Varying conditions (meteorological, current, geographical charac-

teristics, and practical traffic) can add more realism to the sce-

nario. However, starting with simple conditions before moving to 

more challenging ones can be effective. 

Øvergård et al. [3] 

Scenarios involving integrated operation of two bridge teams (a 

seismic vessel and a support vessel) or one bridge team and Vessel 

Traffic Services (VTS) can create conditions for collaboration and 

coordination. 

Benedit et al. [30] 

Fast Time Simulation (FTS) can provide adequate support for 

briefing and debriefing by simulation of the ship manoeuvre be-

fore or after it happened. The system provides means for instruc-

tors and trainees to discuss the success and failures of actions and 

strategies in ship handling. 

Section 5.2.3 

Chambers and Main 

[6], Lupu et al. [44], 

Sellberg [46] 

Instructors and their role are fundamental for a successful training 

since the pedagogy, simulator, or environment themselves cannot 

teach trainees. They can guarantee simulation is as realistic as pos-

sible. 

Hontvedt [1], Hontvedt 

and Øvergård [2], 

Chambers and Main 

[6], Danylenko et al. 

[25], Sharma et al. [28], 

Lupu et al. [44], Anony-

mous [47] 

The instructor should implement the designed scenario, change 

parameters depending on the lesson objective, and play roles to 

increase the simulation fidelity. 

Hjelmervik et al. [42], 

Benedict et al. [48]  

Instructors could act as if they and the trainees are about to board 

a real vessel for sea training at the beginning of the session. 

More specifically, Danylenko et al. [25] and Sellberg [4] believed that a simulator 

training program should focus on developing the ability to manoeuvre and control a ship 

in any condition using modern electronic radar tools, electronic navigation and infor-

mation system complexes, communication between vessels and among the bridge team, 

and operation-suitable methods for finding the ship’s location and laying sea and ocean 

routes. Moreover, skills in evaluating navigation information obtained from all sources 
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should be exercised with the purpose of making decisions to avoid collisions and manage 

the vessel’s safe navigation. 

Sellberg and Wiig [13] described an approach where students are expected to be ac-

countable for mistakes, trained to analyse and discuss errors, and learn to recover and 

avoid them in the future. In this context, scenarios are designed to lead students into chal-

lenging situations where mistakes are easily made [4]. The idea is that errors or mistakes 

provide an opportunity for retrospective discussions during debriefing, enabling the 

whole group to learn. 

Sencila et al. [27] focused on a variety of hydrometeorological conditions combined 

throughout 30 scenarios. These conditions are based on a port’s bathymetric data and real 

environmental elements. Similarly, Sharma et al. [28] described that, over a program’s 

course, students were exposed to 80 scenarios covering various ports and straits world-

wide to ensure optimum exposure to traffic scenarios encountered by navigators working 

on ships engaged in trade. Hontvedt and Øvergård [2] tested different weather conditions 

and steering strategies affecting the ship to develop and reinforce mental models of these 

dynamics, where trainees’ situated experiences are supported through guidance and fre-

quent debriefings. 

5.2.2. Simulator Session Design 

A simulator session is defined as conditions, scenarios, and activities that happen 

within a period of time and aim to help trainees reach part of the learning outcomes. The 

simulator session design contributes to functional fidelity by creating conditions that al-

low the simulator to act like a real vessel. In contrast to a ship, within a session, it is pos-

sible to reproduce a situation hardly encountered by trainees, such as emergencies or chal-

lenging weather conditions, or pause the scenario. Nonetheless, if those scenarios are too 

unrealistic, they negatively affect the simulator’s perceived fidelity, such as multiple non-

related emergencies or an unrealistic improvement or deterioration of weather. 

The work of Lupu et al. [44] is the only study that provides a time estimate of differ-

ent phases of the simulation exercises: 

1. Briefing (10%); 

2. Starting and conducting the simulation session (65%); 

3. Assessment (15%); 

4. Debriefing (10%). 

The duration of simulation sessions varies considerably throughout the research. The 

two routes considered in Saus et al. [22] lasted 75 min and 60 min, while the assessment 

in Gekara et al. [23] for deck officers lasted 30 min, covering navigation, manoeuvring, 

docking, and collision avoidance in a scenario where two engine problems were pro-

grammed to occur. Moreover, Hontvedt [1] considered 90 min scenarios, and Hjelmervik 

et al. [42] described participants completing 5 runs of 17 min each at full speed in their 

experiments. 

Sen Do et al. [45] reported that meteorological, geographical characteristics, and prac-

tical traffic conditions are included in the scenarios to be used in the simulator training. If 

applicable, storms, currents, wind, waves, tides, depths, and other weather conditions, 

such as rain, snow, ice, day, or night, are also added to make the scenario more realistic. 

Hjelmervik et al. [42] suggested starting with a session that does not involve ocean cur-

rents and then progressively include either homogeneous or heterogeneous currents var-

ying in both direction and strength. 

Øvergård et al. [3] considered training scenarios involving the integrated operation 

of two ships, a seismic vessel, and a support vessel, and the two bridge teams of each of 

these vessels must collaborate and coordinate their efforts to perform the work tasks safely 

and efficiently. In the same lines, another example would be the integration of a bridge 

simulator and a VTS, allowing the crew and the VTS operator to interact as if they were 

in a real situation. 
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Benedit et al. [30] suggested that fast time simulation (FTS) can provide adequate 

support for briefing and debriefing. It allows instructors and trainees to plan for manoeu-

vres, discuss effects and strategies for different environmental conditions that might affect 

the ship unexpectedly at critical positions, and assess the probability of success of the 

trainee’s action. 

5.2.3. The Role of the Instructor 

Instructors are fundamental for successful training since pedagogy, simulators, or 

the environment themselves cannot teach trainees [6]. The instructor’s role is an important 

component of functional fidelity, ensuring that the simulation is as realistic as possible 

[44] and bridging theory and practice [46]. 

During the simulator session, the instructor should implement the designed scenario 

and change parameters depending on the lesson objective [6,25,28,44,47], such as chang-

ing weather conditions and ocean dynamics or adding other ships [1,2,28,47]. In some 

situations, Sharma et al. [28] argued that instructors should play roles, such as another 

person in the bridge or VTS, or a crew in another vessel to increase the scenario’s fidelity 

whenever possible and ensure that learning outcomes are met. This flexibility also helps 

manage unexpected training session changes, such as when there is one student missing 

or simulating a VTS station that is needed. 

Hjelmervik et al. [42] and Benedict et al. [48] reported how instructors at a session’s 

beginning could act as though they and the trainees were about to board a real vessel for 

sea training. This would involve conducting a briefing covering the vessel description, 

route, theoretical introduction to ship handling in ocean currents, ship manoeuvring char-

acteristics, harbour area, starting situation, and environmental conditions within this area 

using conventional sea chart maps. 

6. Discussion 

The research’s first part revealed relevant bibliometric aspects. Publications contain-

ing mentions or discussion about fidelity dimensions upsurged after 2012 and have con-

tinuously grown despite a small reduction in 2019. However, a high number of citations 

is concentrated in only a few publications. Similarly, only one conference proceeding and 

three journals out of 33 periodicals have two publications each. Both facts, low citation 

and small number of papers in the same journal, suggest that either there is not enough 

interest in the scientific community to evaluate maritime simulator fidelity or models have 

yet to be found with dimensions that can be better studied, assessed, and quantified. 

Concerning the authorship analysis results, Sellberg, Baldauf, and Benedict are the 

authors who published the most, although only after 2016. The main topics of interest 

have been session and training fidelity and the instructor’s role in increasing realism. Few 

authors discuss the implications of other simulator fidelity dimensions in depth. These 

findings also reinforce the need for a more comprehensive approach to assess simulator 

fidelity, going beyond subjective evaluation of functional fidelity. 

Authors from Scandinavian universities rank at the top in the number of publica-

tions, followed by German institutions. This finding may indicate that the scientific evi-

dence can be biased towards specific regions of the planet and developed countries. The 

same reality may not be found in countries outside Scandinavia and Europe. 

Regarding physical fidelity, the majority of the papers refer to the ergonomic aspects 

of bridges. Some authors suggest that the simulators should project between 200° and 240° 

of visual fields, although a variation from 120° to 360° was found in the literature. Addi-

tional visual effects, sea surface polygonal representation, vessel modelling based on ac-

curate behaviour, and hydrodynamic models may arguably improve the simulation re-

sults and therefore the sense of immersion. The argument is that not having a high-fidelity 

replica may divert professional and experienced trainees’ attention away from what is 

important and focus on the glitches and imperfections. We believe this argument works 

for experienced marine pilots, however, we could not verify if the argument applies to 
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novice mariners as well. Despite a strong orientation towards high-fidelity full mission 

bridge simulators, there are some references that propose low-fidelity, limited, or special 

task simulators and integrated simulators allow the development of particular competen-

cies not possible in a full mission simulator alone. 

As the most discussed topic among scholars, functional fidelity is mainly discussed 

through the training program design, simulator session design, and the instructor’s role. 

A training program should have very clearly the training skills that should be mastered 

at the end of the program as well as expose students to as many different scenarios as 

possible, so to give trainees the chance to develop experience, strategies, and skills for the 

various conditions they may face in the sea. Training designs involving challenging situ-

ations that may lead to mistakes are seen as a positive element in the learning process for 

experienced mariners. Despite a lack of agreement on the session length, it seems most 

authors agree that the session should start with a brief, then the scenario would be run, 

and a debrief would be conducted at the end. Finally, there is an agreement that the in-

structors are essential to guarantee that the training fidelity meets the learning objectives, 

which includes playing roles if required. 

Despite the extensive proposals aiming to enhance the simulator fidelity, the review 

could not identify many references justifying the rationale for setting up full mission sim-

ulators in the way they are set or how the simulator’s setup impacts the training outcomes 

and evaluation. The few that justify the choices only make qualitative arguments. Con-

versely, those who propose low-fidelity simulators or integrated simulators do not pre-

sent evidence that these setups are better to train particular skills compared with 

standalone full mission bridge simulators. 

Finally, there is a lack of standardised terminology to refer to simulator fidelity, real-

ism, and accuracy. Perhaps this happens because of the granularity of publications and 

authors and the fact the field has not achieved a level of maturity to guarantee standardi-

sation of the terminology. 

Research Agenda 

Most of the literature makes qualitative arguments for the use of various simulator 

features and different types of simulators without adequately assessing their impact on 

training. Apart from their quantitative measurement, a comparison of the values of these 

impacts could also lead to a better understanding of which categories of fidelity should 

be given priority in the development of a simulator. Likewise, the interactions between 

dimensions and the disproportionate benefits of their combined use in training should be 

explored, as both academia and practice would greatly benefit from these results. Perhaps 

a standardised terminology may allow better communication among the scientific com-

munity. 

Concerning the representation of different realities in the literature, the balance has 

weighted more heavily towards studies conducted in Scandinavian countries. Further 

studies could be focused on a larger set of nations with different conditions, regulations, 

and policies in place to allow the literature to be more easily generalised to different con-

texts. 

Moreover, currently, only six authors have been noted to have collaborated more 

than once with any given author, despite 65 authors identified in the field in the last 15 

years. It is concluded that more granularity is needed in the participation of authors from 

different backgrounds and traditions. 

7. Conclusions 

In this paper, a systematic literature review was conducted, and the scientific litera-

ture on simulator fidelity over the past 15 years was assessed. We conclude that physical 

fidelity is comprised of the ergonomic layout of the bridge, visual system, vessel manoeu-

vrability, and hydrographic modelling, and functional fidelity involves the training pro-

gram and session design and the instructor’s role. Equally important as physical fidelity 
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is functional fidelity, which can increase the effectiveness of training and overcome some 

limitations. 

We also conclude that the literature favours full mission simulators and high fidelity 

to avoid distracting trainees with inconsistencies and inaccurate representations. How-

ever, there is little evidence of the real impact of each of the fidelity features on the 

trainee’s performance or whether this also applies to novice mariners. In addition to that, 

low-fidelity, integrated, or distributed simulators can also be as useful as full mission sim-

ulators, as indicated by only a few references. 

Our last conclusion is that the literature does not follow a particular tradition. The 

granularity may be responsible for a lack of understanding on what constitutes simulator 

fidelity, realism, or accuracy, to name a few common terms used. Despite the literature 

granularity, there is a prevalence of studies from Scandinavian and European institutions, 

which may not reflect the reality of universities and maritime facilities located elsewhere. 

Despite a careful process of searching, screening, reviewing, and analysing the pa-

pers, and given the great number of references found, relevant studies may have been 

neglected or misrepresented. Authors’ biases may have also impacted the analysis of the 

papers. As a suggestion for future studies, we recommend further systematic literature 

reviews on the impact of maritime simulator fidelity on training outcomes focusing on 

quantitative studies that isolated some dimensions or configurations. 
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