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ABSTRACT 

Simulation tools has been used in ports, terminals and maritime industry since the mid-twentieth century. 

Nowadays, they are an indispensable tool in the stages of planning and design of terminals as well as in their 

daily management. However, the new technological revolution known as the Internet of Things (IoT) in which 

digital and physical worlds converge has brought a new generation of smart ports or Ports 4.0. This process has 

generated new challenges and opportunities for port managers, port users, port service providers and other port 

stakeholders. Simulation and systems interconnectivity should play a relevant role in this new era. A new 

environment is created with ports and terminals connected at global scale with the entire supply chain. Multiple 

devices, systems and services covering a wide variety of protocols, domains and applications are connected and 

all agents need to cooperate. Classical Simulation and Modelling tools and Terminal Operating Systems need 

to join this wave and evolved accordingly. In the first section of the paper, authors discussed about the different 

stages of Port Connectivity and Digitalization and how port function has changed in parallel. In the second 

section, it is described how Simulation and Modelling has evolved in port environments. In the third section, it 

is described the outlook of simulation this new port ecosystem, including new paradigms, new challenges and 

relevant aspects as distributed simulation (systems integration), cybersecurity and the use of cloud computing. 

Finally, authors drawn some conclusions of their work. 

Keywords: Smart port; Port 4.0; Port simulation; Port connectivity. 

 

1. INTRODUCTION 

Gerbert et al. (2015) defines nine pillars that form the foundation of Industry 4.0: autonomous 

robots and systems, internet of things (IoT), cybersecurity, horizontal and vertical system 

integration through new standards, cloud computing, 3D printing and additive manufacturing, 

big data and analytics, augmented reality (AR) and simulation modelling (SM). 

Rodič (2017) added a tenth key enabling technology to the list which is Green IT (the green 

information technology is the practice of environmentally sustainable computing, trying to 

minimize the negative impact of IT reducing the use of hazardous materials, maximizing energy 

efficiency and promoting the biodegradability of unused and outdated products).  
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More contemporaneously Xu et al. (2018) analysed the state of the art and future trends in 

the industry 4.0 and how this has been put in place in the project ‘Made-in-China 2025’ a 

Chinese governmental initiative to comprehensively upgrade China’s industry including the 

manufacturing sector. Apart from the enabling technologies considered by the above cited 

researchers, this author also underlines Industrial Integration, Enterprise Architecture, Service 

Oriented Architecture (SOA), Business Process Management, Industrial Information 

Integration and others.  

De los Santos (2019) describes that three forces are transforming the port and shipping 

industry but at the time, he emphasizes that there is still a lot of work to be done since the sector 

is lagging and a lot of processes remain manual and poorly digitalized if compared with other 

industries (for instance automobile, airlines, education or healthcare). For this practitioner from 

the Algeciras Port Authority, ports remain as ‘black holes’ in logistic chains with poor 

coordination between partners, lack of transparency and visibility and significant inefficiencies. 

The three forces above cited are: i) e-commerce platforms, ii) automation and autonomous 

systems, iii) artificial intelligence. 

There is no doubt, that a new era characterized by the IoT in which physical and digital 

worlds converge creating decentralized networks are gaining momentum in logistics and 

transportation. The IoT is progressively applied in many different settings in ports from 

transport optimization to warehouse and transport management systems, atomization or energy 

savings and efficiency. 

The degree in which all of these elements are developed in the Port and Maritime Industry 

(PMI) are very heterogeneous. If we refer to terminal automation or the use of SM in this 

business, we should refer to many decades back. Thus, many practical and academic 

contributions can be found. However, if we address IoT or the use of blockchain, 3D printing 

or AR in PMI, the contributions are very novel and limited in number. Therefore, the academic 

literature regarding these elements is really poor and the assessment of their actual or future 

impact might be relatively opportunistic. The structure of this work is first, to analyse how the 

forth industrial revolution has emerged in the PMI (Section 3), then to describe the past 

experiences and evolution of SM in the PMI (SMPMI) as a consolidated tool (Section 4), further 

to describe the outlook for the use of SM in the new generation of Ports 4.0 (Section 5) paying 

close attention to its connection with the other pillars of Industry 4.0 and, finally to draw some 

conclusions at the end of the paper (Section 6).  

 

2. METODHOLOGY 

Due to the nature of the topic, a bibliographical search at two different levels was carried out. 

First looking for contributions from the scientific community in the academic arena and then a 

search focussed in the business and practitioners’ environment. 

 In order to select the scientific references, the most relevant databases were reviewed (i.e. 

scopus, ASCE civil engineering database, the collection of computer science, Port Technology 

repository, etc.) and an intensive search in the most cited journals and magazines in the fields 

of port management and simulation has been carried out. A combination of keywords for the 

search was implemented. The four keywords selected related the PMI were “smart port”, “port 

4.0”, “port simulation” and “port connectivity” while the ten keywords covering the industry 

4.0 phenomena were “automation”, “internet of things”, “cybersecurity”, “system integration”, 

“cloud computing”, “3D printing”, “additive manufacturing”, “big data”, “augmented reality” 

and “simulation”.  
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In order to complete the analysis from the practitioners’ perspective, authors also reviewed 

the websites of those Port Authorities, other members of the PMI community and technology 

services providers and the most relevant magazines of the PMI in which specific projects 

connected with the “port 4.0” or “smart ports” concept have been reported.  

Finally, as a result of the initial search, once one suitable article or reference was selected a 

cascade process was implemented and authors looked further for citations included in such a 

source. As a result of the process more than three thousand references were analysed and 178 

of these were selected to ensure the best coverage of the topic covered in the work. 

 

3. FOURTH INDUSTRIAL REVOLUTION IN PORTS 

3.1. Information Systems, digitalization and technological evolution of Sea Ports 

Individual terminals, seaports and port systems are in a constant process of evolution. This is 

materialized from many different angles: operational and infrastructural capabilities (efficiency 

and reliability), applicable governance models and administrative framework, introduction of 

new technologies, alliances and business strategies, etc. 

One of the characteristics experimenting the fastest and deepest transformation in this decade 

is the one connected with the level of integration of different agents and activities in the port, 

jointly with the increasing connectivity among different port stakeholders. 

Five stages of digitalization and connectivity in seaports could be considered: i) paper–based 

ports, ii) unintegrated digitalized ports, iii) port – terminal integration, iv) port-city integration, 

v) wider supply chain integration.  

In the first phase, flow of information among different agents was purely paper-based and 

there were no tools helping the agents to share digitalized information. With the third industrial 

revolution in the 1970s, procedure started to be digitalized and some tools helped port 

authorities, port users and port service providers to use IT technologies in their day-to-day 

operations. However, paper was still necessary since there was not a real integration of systems 

and digitalized information was not actually shared among different agents. This process started 

with a new stage of development in which ports and terminals developed joint protocols, to 

simplify administrative tasks and to reduce its paper-based relationship using Electronic Data 

Interchange (EDI) standards. This integration has been growing exponentially, first at port-city 

level (fourth stage) and finally at global scale, ensuring the connectivity of the port not only 

with the city but with the entire supply chains of which port activities are part (fifth stage) 

(Berns et al., 2017). 

The same author states that Port functions have evolved in parallel with digitalization. 

Simplistically, until the 1960s the ports were conceptualised as ‘loading / unloading ports’ and 

from the 1960s to the 1980s a second generation of ‘industrial ports’ emerged. From the 1980s 

to the 2010s, a third generation of ‘logistic/ supply chain port’ has been developed. Finally, in 

the last decade a fourth generation has appeared. These fourth generation known as ‘smart 

ports’ are moving quickly to the fifth stage of evolution above describe in which a wider supply 

chain integration and connectivity is ensured at global level  

All this evolution is addressed by Heilig and Voß (2017) and Gardeitchik et al. (2018). The 

first authors emphasized how the information systems have become indispensable to the 

competitiveness of ports and they are a key element for enhancing the visibility, efficiency, 

reliability, and security in port operations. The latter authors pointed out that digitalization is a 

significant contemporary trend and all ports and terminals are aware of the need of this 

transformation being the key questions how and where to start. As almost every deep 
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transformation, the process is difficult and complex and it has to be carried out step-by-step 

ensuring that the port community are on board. For guiding the process, the latter authors 

suggest four stages for a successful implementation:  

i) digitalization of individual part of the ports (for instance implementing a Port 

Management Systems to digitalize the process of vessels calls, from arrival to 

departure and considering dock planning and handling); 

ii) integration the systems in a port community (trying to develop reliable, efficient and 

paperless flows in which more players are added to the system); 

iii) integration of the port with the logistic chain and hinterland (improving planning 

processes involving carriers and other participants of the supply chain out of the port 

limits); and  

iv) connecting the port with the global logistic chain (integrating the port and its 

hinterland with shippers and other ports globally). 

 

3.2. Smart Port and Port 4.0. 

Probably, Kim and Hong (2010) and Brank (2013) were pioneers in using the term smart ports. 

First, Kim and Hong (2010) studied the implications of globalization and international logistics 

in PMI, focusing on the use of IT and new technologies in container terminals (CTs) and raising 

the term ‘smart container terminal’. These authors characterized these terminals as a harsh 

environment, in which wireless communication would be unstable and provide insights of how 

to improve the efficiency collecting real-time information of radio frequency identification 

(RFID), real-time location systems (RTLS), and sensor tags in order to implement an integrated 

middleware platform used to realize synchronization of port logistics. Later, Brank (2013) 

introduced the smart port concept for the Port of Koper based on five pillars: i) operational 

technological upgrades (atomization & warehouse management systems), ii) environment 

improvements (low emissions, high level of safety & security), iii) energy savings (reduction 

of consumption and alternative sources), iv) information system improvements (paperless, track 

& trace, port community communication), v) favourable modal split (green logistics: 60% 

railways in hinterland connections). 

In any case, the smart port concept has been imported from the previously defined term 

‘smart city’. Although many definitions of the means of a smart city have been provided, 

nowadays it is very well recognized by the one provided by ITU (2014) when referring to Smart 

Sustainable Cities (SSC) states that “A smart sustainable city is an innovative city that uses 

information and communication technologies (ICTs) and other means to improve quality of life, 

efficiency of urban operation and services, and competitiveness, while ensuring that it meets 

the needs of present and future generations with respect to economic, social and environmental 

aspects”. Following this path and as a result of a research project aligned with European Union 

2020 Strategy in Europe (consolidation of Europe as a smart, sustainable and inclusive 

territory), the Andalusian Institute of Technology (AIT) leading a consortium to develop Smart 

Port Projects, introduced in AIT et al.  (2015) a scheme of 23 criteria and 68 KPI’s divided in 

three groups (operations, energy consumption and environment) to guide the assessment of a 

port, against the concept of smart port that has been followed by other authors such as El-Sakty, 

(2016).  

Douaioui et al. (2018) further studied the concept of smart logistics and they determined the 

major challenges that have led researchers to think about the smart port, presenting a modelling 
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of the smart port concept by determining its main pillars, as well as the essential components 

for the success of each pillar. 

Later on, the smart port concept has been progressively displaced for a more complex and 

complete term, which is Port 4.0. The latter term has a clear predecessor in the Industry 4.0 

concept, which emerged early in the opening ceremony of the Hannover Messe 2011 when 

Professor Wolfgang Wahlster (Director and CEO of the German Research Centre for Artificial 

Intelligence) addressed for the first time this concept as the fourth industrial revolution and 

framed it within the impact of the internet on industrial processes. Furthermore, a working 

group presented the basis and recommendations for the implementation of a smart industry or 

smart factory. Finally, in April of 2013 Siegfried Dais (Robert Bosch GmbH) and Henning 

Kagermann (German Academy of Science and Engineering) made public the results of this 

working group. This new industrial age of Industry 4.0 and smart factories are based on Cyber 

Physical Systems (CPS), which has brought a real conceptual and practical revolution with an 

impact which is comparable to the introduction of mechanical production with the help of water 

and steam machine (the first industrial revolution); the establishment of a division of labour and 

mass production using electrical energy and setting assembly lines (the second revolution); and 

the use of computers, electronic and IT systems, all of them promoting further industrial 

automation and robotization (the third one). 

Schwab (2016) put emphasis on the deep impact of this fourth revolution and how it is 

potentially larger than the previous ones, first due to the speed of changes (developments are 

reaching exponential levels while other revolutions introduce linear changes) and second 

because this revolution not only affects the ‘what’ but the ‘how’ of the things.  

Rodič (2017) observe exaggerated expectations and highlights that the industry 4.0 is still 

more a concept than a reality since many standards have to be developed and adopted, which 

will require that the concept of 4.0 has to be defined in more precise terms.  

As it has been highlighted by Berns et al. (2017), due to the special characteristics of the 

seaports, which are integrated in larger transport and logistics supply chains and in which a 

large number of companies work on them, these transport infrastructures are clearly exposed, 

to the benefits that this wave of technological innovation and activities integration implies. It is 

a matter of fact that, many of the most relevant ports are in a deep transformation process 

seeking for being leaders in a new era of smarts ports. As stated by Berns et al., becoming a 

smart port is not only a matter of competitiveness but the survival and “it is no longer the largest 

port that will survive but he smartest port”. 

In this context, a wide spectrum of solutions has been developed to optimize port operations, 

taking into consideration safety and security risks, addressing sustainability in the day-to-day 

management of the port, etc. The complexity of multiple stakeholders’ requirements, the 

increasing technological needs of customers and users of the port, the enormous pressure of 

port productivity and the hyper-competitiveness environment in which seaports operates are 

forcing Port Authorities, terminal owners and operators and port services providers to work 

together in this new generation of Ports 4.0. However, although the smart ports initiatives are 

commendable, there is a long way left to reach the fully integrated ports concept and the future 

will bring more opportunities to those ports wishing to capitalize the potential of IoT.  

As highlighted by Berns et al. (2017), while some barriers have to be considered in the 

digitalization process, three main challenges are driving the need of smart ports: i) operational 

excellence (capacity, efficiency, reliability, security, traceability), ii) migrating activities and 

sharing information requirements (related to external market or agents) and iii) new business 

opportunities. In terms of the barriers the following could be cited: i) heterogeneity of data, ii) 
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lack of infrastructure, iii) scale constraints to undertake the required investments, iv) fear of 

transparency due to competition concerns of companies working in the same market (being not 

willing to share information with others in integrated systems not fully controlled by them).  

 

4. PRACTICAL EXPERIENCES ON THE USE OF SIMULATION IN PMI 

4.1. The origin of simulation: an overview  

Simplistically, simulation is a methodology based on building real (prototype) or imagined 

models (mathematical or conceptual) representing an existing or a proposed system, in order to 

operate on this model in a faster and cheaper way to better understand the reality. As such, 

simulation is a very old technique. However, if we refer to a modern concept of mathematics-

based simulation many sources cite the Buffon-Laplace ‘needle experiment’ developed in 1777 

to calculate the number ‘π’ as the origins and further, the works of W.S. Gosset (t-student) as 

Head Experimental Brewer of Guinness as the first researcher to apply simulation in an 

industrial environment.  

In accordance with de la Peña (2018) the basic milestones in the origins of the history of 

modern simulation started when, in the 1940s, the first electronic general-purpose computer 

(ENIAC) was developed and S. Ulam and J. V. Newmann came out with the Monte Carlo 

method, which had been first developed but never published by E. Fermi in the 1930s. In 1958, 

D. Tocher presented the first computer based simulator (General Simulation Program or ‘GSP’) 

and in 1959 Tocher, Fox, Pugh and Duren issued the simulation language DYNAMO using 

Forrester’s System Dynamics (SD) formulation. In 1960, IBM developed the General Purpose 

Simulation System (GPSS) based in discrete-event-simulation (DES) and in 1961, the Royal 

Norwegian Computing Centre jointly with Univac launched SIMULA, probably the most 

influential simulation language ever. In 1962, Rand Corporation presented the FORTRAN-

based simulation language SIMSCRIPT as an alternative for GPSS. To finalize this exciting 

five-year period of explosion of simulation and optimization tools, in 1963 K. D. Tocher 

published ‘The Art of Simulation’ (Tocher, 1962) which is considered an iconic text in SM. 

From these origins, many systems and relevant academic contributions have been released 

based on SD, GPSS, SIMULA and Object –Oriented Programming concepts or influenced by 

FORTRAN and SIMSCRIPT developments. 

Further to the first SM exercises based on the use of different programming languages or 

simulation languages, starting in the 1990s but especially in the 2000s and hastily in the 2010s, 

the use of simulators has been spread massively and users have hundreds of available tools. The 

main contributing factors for the increasing use of simulators have been: i) universal access to 

micro-computers, ii) user-friendliness (users don’t need to possess a strong background in 

computer science or programming), iii) its affordable costs, iv) the limited time required to 

build models (existence of libraries permitting a fast development of common routines). 

 

4.2. Experiences of SM in seaports and maritime industry. 

Although most of the pillars of the Industry 4.0 described by Gerbert et al. (2015) are relatively 

modern and its implementation in seaports are still in progress or in its earliest stages, 

simulation modelling (SM) has been present in port planning and management since many 

decades ago. Simulation is without doubt the oldest and more developed tool among those nine 

pillars of Industry 4.0. De la Peña (2018), having reviewed more than 1,000 different works 

about SM in the PMI (‘SMPMI’), suggested a schematic classification for SMPMI based on six 

key elements: type of terminal, paradigm, specificity, underlying tool, scope and approach. 
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4.2.1. SMPMI considering the type of terminal 

Probably the first SMPMI is the one included in Tompkins (1952) who developed an algorithm 

to optimize the bunkering to the United States (US) navy fleet. Two years later, Dantzig and 

Fulkerson (1954) opened a future-vast scientific literature family, by addressing for the first 

time the Inventory and Routing Problem (‘IRP’) using Mixed-Integer Programming (MIP) to 

size and optimize the fleet of oil tankers. An evolution of this problem is cited in the scientific 

literature as Inventory and Scheduling Problem (‘ISP’).  

It was necessary to wait until the following decade to export SMPMI to the dry bulk sphere 

(Steer and Page, 1961) and to jump until the 1980s to universalize SMPMI to the container 

world throughout the Container Loading Problem (‘CLP’) (George and Robinson 1980). To the 

best of our knowledge, it was not until the 1990s when SMPMI appears in the passenger sectors 

(Galea and Owe, 1994) and to the 2000s to apply SMPMI on the emerging LNG traffic 

(Kuwahara et al., 2000), automobile terminals (Mattfeld and Kopler , 2003) and RORO cargoes 

(Mangan et al., 2002; Yildirim, 2006). Due to its complexity, there is no sufficient references 

tackling with general purpose terminals. 

However, there is a clear asymmetry about the use of SMPMI in different types of terminals. 

Hundreds of works have been developed around CTs, and many authors have compiled and 

classified them, either discussing import-export terminals (Steenken, Voß and Stahlbock, 2004; 

Vacca et al., 2007; Stahlbock and Voß, 2008; Vacca et al., 2010; Angeloudis and Bell, 2011; 

Rashidi and Tsang, 2013), or focusing specifically on transhipment (Vis and de Koster, 2003; 

Luo et al., 2011; Gharehgozli et al., 2016). This asymmetry has also materialized in the variety 

of problems that have been addressed by different researchers, reflecting the different nature of 

each terminal. Thus, while SMPMI in CTs tackles many different problems, approaches and 

paradigms (as those described in subsequent sub-sections), the scope of SMPMI in RORO, 

passengers or automobile terminals are much more restricted (de la Peña 2018). Dragović, et 

al. (2016) confirmed the lack of focus on other types of terminals from a bibliometric point of 

view. After analysing 219 articles the authors concluded that 171 of them (78%) look at CTs 

while the remaining 48 (22%) look at other kinds of port environments. Of the latter, only14 

articles (6.4%) focus on SM addressing the problems of dry or liquid bulk terminals.  

 

4.2.2. SMPMI considering paradigm (simulation approach) 

Borshchev and Filippov (2004) described three main paradigms: SD, DES and Agent-Based 

Simulation (‘ABS’). The main difference among them is the level of abstraction required to 

build the model and the level of detail in them. SD is typically prescribed when less detail is 

necessary, to face strategic decisions at macro-level and with a high level of abstraction. On the 

other side, DES is more used to develop micro or operational models in which the programmers 

are required to understand the process to be modelled in detail but they use low abstraction 

effort. ABS is the middle way, and it is used to solve tactical problems with a medium level of 

abstraction and detail. While SD modellers spend more time in conceptualizing the model and 

less in programming it, DES developers require less effort to conceive the model but more to 

build it. Due to the characteristics of the supply chain and transport sectors, Borshchev and 

Filippov concluded that SMPMI can be successfully addressed using any of these paradigms. 

However, most of the academic and practical contribution on the SMPMI are DES-based 

models and the use of SD approaches in this field did not start until 1990 (Munitic et al. 1990), 

and ABS models started to be used with Buchheit et al. (1992).  
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It is widely accepted that three ancestors can be cited when ABS is discussed, i.e. Von 

Neumann’s architecture (Von Neumann 1945), Thomas Schelling’s segregation model 

(Schelling, 1969) and the Artificial Adaptive Agents in Economic Theory (Holland and Miller, 

1991). Based on these three main contributors, this category of SM was developed from the 

theoretical point of view and universalized with the aid of specific ABS-tools as Smartlogo 

(launched in 1990), Repast (in 1995), NetLogo (in 1999) or AnyLogic (in 2000). As far as 

SMPMI is concerned, the first application ABS was developed in 1992 to optimize maritime 

routes (Buchheit et al. 1992) but other authors have introduced the paradigm to solve different 

problems related to CTs. Considering the architecture of this technique in which ‘agents’ are 

able to run autonomously and learn by themselves from other ‘agents’ presented in the system, 

the operation of Automatic Guide Vehicles (AGV’s) has been the main topic within this family 

of SMPMI (Gambardella et al., 1996; Bontempi et al., 1997; Rizzoli et al. 1997; Gambardella 

et al., 1998; Rebollo et al. 2000; Thurston and Hu, 2002). Another use has been the assessment 

of the global operation of the container supply chain (Shinha-Ray et al., 2003). On top of those, 

it is remarkable the work of the Department of Systems and Software Engineering of the 

Blekinge Institute of Technology (Sweden) leaded by L.H. Henesey and its efforts to introduce 

ABS in PMI (Henesey and Törnquist 2002, Henesey 2002, 2003, 2004a, 2004b, 2006a, 2006b; 

Henesey et al. 2002, 2003a, 2003b, 2006a, 2006b, 2006c, 2006d, 2007, 2008, 2009a, 2009b; 

Davidsson et al. 2005a, 2005b; Henesey and Persson 2006; Bakht and Ahmad, 2008). This 

group has developed a specifically-purposed model to be used in port environments named 

SIMPORT ABS (Henesey 2006a) which has been the seed of a larger use of ABS in the PMI.  

The use of SD in the SMI has been concentrated in two separate groups of researchers that 

might be cited as the Croatian and the Asian ‘SD-Schools’. The scope of the Croatian School 

has been to apply SD in the operation of CTs, while the goal of the Asian School has been the 

assessment of the environmental and economic impact of ports and its relationship with the city 

or region in which they are located (with special focus on super-port developments in China). 

Relevant contributions within the Croatian School are Munitic et al. (1990), Munitic and 

Šimundić (2000), Munitic et al. (2002, 2003a, 2003b, 2003c, 2003d, 2003, 2003f), Dvornik et 

al. (2006), Munitic et al. (2007) and Dundovic et al. (2009). On the other side, the most relevant 

works of the Asian School would be Han (2006), Cui (2007), Yang (2007), Cao (2009), Zhao 

(2009), Liu et al. (2010), Zhang (2010), Wang (2010), Xiaodong et al. (2010), Fu (2011a, 

2011b), Dai (2012), Xing (2012), Gao (2012), Li and Wang (2012) and Yu et al. (2014).  

Apart from the regional classification described above, Oztanriseven et al. (2014) and Long 

et al. (2014) considering the main characteristics of SD distinguished four main areas of interest 

related to SD in SMPMI: i) optimization of terminal operations including port handling 

(Munitic et al. 2003b, 2003c, Dvornik et al. 2006, Dunvovic et al. 2009) and berth or yard 

operations (Revetria et al. 2008, Briano et al. 2008, 2009, Cheng et al. 2010), ii) port economics 

and port competitiveness (Choi et al. 2007, Ho et al. 2008, Fu 2011a, Li & Wang 2012), iii) 

optimization of routes, costs and fleet management in the shipping industry (Wijnolst 1975, 

Munitic et al. 2003d, 2003e and 2003f, Randers and Göluke 2007, Engelen et al. 2009, Lam 

and Yap 2011, Handini and Uchida 2013), iv) risk assessments in port environments (Saranen 

& Hilmola 2010, Lattila and Saranen 2011, Croope and McNeil 2011). 

 

4.2.3. SMPMI considering specificity and Terminal Operating Systems (TOS) 

Generally speaking, SM tools can be split into two segments related to their specificity. The 

first group, or General Purpose Systems (‘GPS’), is formed by those systems developed 

considering general requirements of simulation regardless of the environment in which they are 

going to be implemented. The second set of tools, or Specific Purpose Systems (“SPS’), are 
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those developed to meet specific characteristics of a particular industry. GPS are more flexible 

to solve any problem in any sector, but they require a deeper knowledge of programming and 

simulation techniques. The construction of the model in SPS can be substantially simplified 

saving time, cost and requiring a less – skilled programmer, however they present more 

constraints to face specific simulation challenges and non-customizable requirements of the 

model since its use is restricted to one particular field. 

The introduction of SPS in SMPMI appeared as early as 1969 with the Port Operations 

Model of the United Nations Conference on Trade and Development (UNCTAD) and it was 

followed by ‘PORTSIM’ of the World Bank (Comer and Taborga, 1974), the ‘MIT Port 

Simulator’ developed by Frankel (Frankel, 1987) in the Massachusetts Institute of Technology 

(MIT) and the Port Embankment and Des-Embankment models, developed respectively in the 

Argonne National Laboratory and in the Virginia Modelling, Analysis and Simulation Centre 

(Howard et al. 2004). From the 2010s an explosion of different commercial simulators and 

specific libraries designed for port and terminals management have flooded the market being 

described in de la Peña (2018) (for instance Flexsim TC®, Simio®, ARENA®, PortOPS®, 

CHESSCON®, Entrerprise Dynamics, Container terminal® SIMULART-PROMODEL®,…).  

Additionally,  many vendors like DSP Data and System Planning, JADE Logistics Group, 

NAVIS, SOLVO Ltd, TGI Maritime Software, TBA, TGI, COSMOS or Inplan GmbH have 

developed and set up the so-called ‘Terminal Operating Systems’ (TOS) as a specific tool to 

control and manage port operations in a wide spectrum of activities: from berth to yard or gate 

operations, to  providing voyage planning and management of operations tools to assist in 

scheduling, warehousing & storage planning, dispatch planning, hatch wise charge or discharge 

planning or providing features for reporting, processing EDI output in real time or 

accomplishing accounting and invoicing tools, etc. Nowadays, if not all, most of the needs of 

the entire cycle of a modern terminal can be found in these TOS and the key issue is how to 

choose the TOS fitting the needs and requirements of the terminal in a universe of multiple 

options (Willis 2015). To succeed in this selection, it is necessary to optimize the resources for 

its implementation in a cost-benefit perspective, to test its consistence and reliability via 

emulation exercises and tuning its capabilities to the same extent possible (Saanen 2005, Boer 

and Saanen 2008, 2012, Angeloudis and Bell 2008, 2010). Examples of emulations tools for 

the port industry are those developed by TBA (CONTROLS), Institute of Shipping Logistics 

(ViTo and SCUSY), Total Soft Bank of Korea (O-CPS) or PortEC (LIMEN). 

Although the number of pre-structured commercial tools available in the market is relatively 

large, another possibility is to develop and ad-hoc system for the terminal considering the needs 

and desired scope of the TOS on a case-by-case basis. Benefits of the first solutions are well 

known (reduced costs since the developments should be covered by several users, guarantee of 

technical assistance and maintenance, future upgrading, timing for implementation, robustness 

of the systems proved in other cases, benchmark and possibility of capturing previous 

experiences reducing the learning curve,…) but the potential rigidity of existing TOS, the 

difficulty to implement some unavailable features or the need to meet special requirements 

configuring a different desired scope might be pushed to go for these ad-hoc solutions. As a 

matter of fact, TOS have experienced the most important developments when associated to 

large CTs (Saanen, 2002, 2003, 2005; Angeloudis and Bel 2011) where these systems have 

been upgraded with the deployment of simulation and optimization routines seeking to improve 

overall productivity by reducing down times, saving operational costs and minimizing 

unproductive operations (Saanen 2008). In fact, while the use of TOS is a standard pre-requisite 

in this kind of large terminals, the market place for using TOS in the bulk sector is not clearly 

established (Trueman, 2015). 
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These two limiting ‘cealings’ (type and size of terminal) is being overcome by the course of 

the time. First, TOS have been exported to small and medium sized terminals (SMTs) by 

gaining simplicity and eliminating certain limitations that have constrained its use: costs, staff 

availability & capabilities and local environment (Chanmmard 2017). Additionally, traditional 

SPS and TOS boundaries have been superseded and they are also available to manage dry or 

liquid bulks, breakbulk, general cargo, RORO or multipurpose terminals. CommTrac TOS, 

DBIS or Trafalquar-bulk developed by TBA, TerminalControlTM by SAAB, Master Terminal 

by Jade Logistics or Infyz TOS by Infyz Solutions Pvt Ltd are good examples of the 

universalization of TOS solutions in a wider range of terminals. 

4.2.4. SMPMI considering the scope 

In its origins and due to programming constraints and capacity limitations (in both storage and 

time consumption), SMPMI were used to solve specific problems in an isolated approach either 

in the seaside or in the transport or landside of the operation. As the capacity increased, SM 

techniques allowed to cope with two or more problems in a combined model or, even, to manage 

the entire operation of the port or terminal in a fully integrated model with a holistic approach. 

Pioneer authors in solving isolated problems are captured in the upper part of Figure 1 while 

those researchers who opened fields in integrated or combined problem resolution are included 

in the lower part of the same figure. A more extensive and compiling list of authors addressing 

specific problems and how all of them have improved each of these problems, eliminating their 

initial constraints can be found in de la Peña (2008) and a complete set of models evolution on 

the seaside, transport and landside of CTs has been compiled by Carlo et al. (2014a, 2014b and 

2014c). Additionally, Vacca et al. (2010) further discussed the differences between hierarchical 

and integrated approaches in CTs. 

Figure 1: Pioneers authors in solving SMPMI problems. 

 

Source: Own elaboration 
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4.2.5. Underlying tool. Programming Language vs Simulation Language and simulators 

By reviewing, the underlying tool used in SMPMI a general conclusion can be reached. While 

the academic world has preferred the use of more flexible approaches using programming or 

simulation languages to discuss new models, algorithms or approaches to solve specific 

problems, practitioners and the industry have oriented their efforts in developing projects with 

the aid of simulators and SPS’s. Although, this is not a universal rule, this is especially true in 

the earliest stages of SMPMI with the implementation of the above-described SPS tools 

developed by the World Bank, MIT and UNCTAD and from the 2000s with the introduction in 

the market of commercial simulators, some of them with specific features and libraries adapted 

for port management. Among the most used port simulators might be cited Flexsim TC® / 

FLEXTERM, Simio®, ARENA®, PortOPS®, CHESSCON®, Entrerprise Dynamics  

Container terminal® and SIMULART-PROMODEL. In our experience, this polarization 

between researchers and practitioners and the universalization of the use of simulators by the 

latter is a trend expected to continue in the future being an issue to be followed from a scientific 

approach in coming researches. 

 

4.2.6. SMPMI considering the approach. Strategic versus Tactical and operational. 

First Günther and Kim (2006) and later Vacca et al. (2007) and Bierwirth and Meisel (2010) 

presented a classification of SMPMI focused on two parameters: the nature, goals and horizon 

of the model (distinguishing between strategic, tactical and operational) and its location 

(seaside, yard and seaside). For these authors, those models in which a long-term decision 

affecting the design of the terminal and large capital investments are concerned (such as the 

optimization of the lay-out of the yard or gates, surface of the terminal, or the number and length 

of berths) are strategic in nature, while those concerning the capacity of the terminal (as the 

selection of the typology and number of quay cranes or horizontal transport equipment) should 

be considered mid-term and tactically oriented. Finally, the models addressing control of the 

terminal in real time, daily, weekly or monthly basis by solving problems such as the berth 

allocation problem (BAP), the quay crane assignment problem (QCAP), the quay crane 

scheduling problem (QCSP), the master bay plan problem (MBPP), the yard crane scheduling 

problem (YCSP), the yard crane allocation problem (YCAP), the stowage planning or models 

related to hinterland operations are purely operational and developed with the goal to assist the 

port managers in their daily duties and decisions and to improve the overall performance of the 

terminal. 

 

5. OUTLOOK FOR THE USE OF SIMULATION IN PORTS 4.0 

5.1 New challenges for SM in the industry 4.0 

Although SM has been used for decades in many sectors to support designs and to manage daily 

operations, the Industry 4.0 has introduced new demands on SM (Sturrok 2019a) which has 

been encouraged by the explosive growth in computing power and conditioned by ubiquitous 

sensing, pervasive computing, and unprecedented systems interconnectivity (Xu et al. 2016). 

Needless to say that new horizons have just been discovered but also that many others are to 

come since we are facing the earliest stages of this new era and the speed of transformation is 

exponential. Among the future challenges of SM in this new industrial revolution a group of 

authors in a joint work have highlighted the following: i) the integration of IoT and simulation 

(Abduri, 2019), ii) the development of Interactive Virtual Reality-Based Simulation, combined 

with the use of Robotics and Automated Vehicles (Alasti et al., 2019), iii) data collection using 

drones and its integration with SM (Gunal, 2019), iv) the emergence of high speed simulation 
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analytics (Taylor et al., 2019), v) the use of digital twins as a new paradigm (Sturrok, 2019b), 

vi) the need to integrate many systems from different players and to develop Distributed 

Simulation tools to allow all players to take the advantages of sharing information in a common 

simulation environment (Katsaliaki and Mustafee, 2019). These new demands are being or they 

will be necessarily reflected soon in SMPMI.  

As far as Port 4.0 is concerned, SM is facing some challenges in connection with simulation. 

Among the most relevant could be cited: i) the new paradigm of digital twin, ii) the use of IoT, 

Big Data, Advanced Analytics combined with Simulation, iii) the distributed simulation: 

horizontal and vertical system integration, iv) cybersecurity and models integrity, v) the use of 

the cloud in SMPMI and TOS.  

These big-five challenges above cited are not the only ones, but they are some of the first. 

As far as all of them are concerned, they are extremely contemporaneous, and therefore there 

is not scientific literature for analysing in depth, nor are there many practical experiences to 

refer to their achievements. However, they are described in this paper as a first attempt to 

address the issue from an academic point of view and thus to open a future research field. 

 

5.1.1. A new paradigm in SM: the digital twin 

The fifth revolution has introduced a new challenge on simulation. The industry 4.0 requires 

the integration of a large number of activities and players throughout the entire value added 

chain with the aid of digitalisation. Product life cycle is shorter and products are highly 

customized requiring more flexible solutions. Many different technologies should be fully 

integrated (information, communication and automation technologies) and many systems from 

different sources has to be connected, networked and consolidated in real time (partners, 

suppliers, original equipment manufacturers, customers, ...).  

Consequently, networking and transparency in the 4.0 era provide a change of paradigm 

from ‘centralized’ to ‘local’ in which ‘embedded systems’ have to collect and pass on specific 

data (KPMG, 2016). This change of simulation modelling paradigm has been addressed by 

Rosen et al. (2015), Stark et al. (2016) and Rodič (2017) and described as the ‘Digital Twin 

Concept’ (DTC).  

In accordance with the Rodič (2017) three main points summarize the change of the 

paradigm: i) connectivity and integration are the key elements, ii) the model has to be 

conceptualized holistically with a high level of detail and a low level of abstraction, iii) 

construction and modification of models should be automated (data based) to the highest 

degree. Typically, DTC requires the need to extend the use of simulation to all phases of the 

cycle. The products are first developed and tested in a virtual environment and then, the 

subsequent phases of the process use the information generated in the previous one.  

Goossens (2017) underlines three synergistic benefits of using DTC. Firstly, the 

accumulation of knowledge that the process generate permits any operator to train on a virtual 

machine in which a set of information has been fully stored. Secondly, a DTC can be used to 

test the reasons behind a malfunction of a given machine (by running the machines and the 

model synchronously observing when results diverge). Lastly, a DTC would allow to optimize 

the own performance of the model for given duty cycles, diagnose and compensate for faults, 

and coordinate operation with other machines with minimal input from the operator. 

DTC are also evolving Ports (PTI, 2019) and covered by González and Cadenas (2019) 

which defines how a digital representation of the port may allow it to predict its behaviour, 

anticipating potential failures if a mathematical model is accomplished to describe how the 
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asset works. Recently, the Port of Antwerp has announced that using all the data, video images 

and 3D models available and/or collected with different sensors, it is building a digital twin 

copy of the port called APICA (Antwerp Port Information & Control Assistant). APICA has 

integrated multiple systems collecting the ‘up-to-date information on shipping movements, the 

operation of bridges and locks, camera images, weather conditions, water levels, personnel of 

various port services, air quality measurements, statistical data on the geographical situation 

in the port ...’ ant it can be used a virtual assistance combined with augmented reality (Port of 

Antwerp, 2018). 

The Port of Rotterdam is also commissioning a DTC as a key element of digital 

transformation initiative (MAREX, 2018). To materialize the project, the port will use IBM 

Cloud and IoT technologies creating an exact replica of its operations being able to track ship 

movements, infrastructure, weather conditions, geographical and water depth data. The ultimate 

goal of this project is to test out different scenarios using accurate data and improving the 

overall efficiency of port operations (IBM, 2018).  

Singapore is also working in this direction and the Centre of Excellence in Modelling and 

Simulation of Next Generation Ports (C4NGP) depending on the National University of 

Singapore and the Singapore Maritime Institute are working jointly with Singapore Port 

Authority in a research project about DTC for ports to create a virtual replica of physical port 

systems to test operational efficiency and scenarios for possible disruptions to operations, 

including natural disasters and extreme weather (PTI, 2018). 

 

5.1.2. The use of IoT, Big Data, and Advanced Analytics combined with Simulation. 

The combination of IoT, Big Data and Advance Analytics with SM is one of the trendier topics 

in Industry 4.0 and this wave has reached PMI.  

Egbersten (2016) focused on the relevance of combining big data and simulations in future 

smart ports. This author underlines the five dimensions of big data to be implemented in ports 

using a practical experience in the Port of Rotterdam: volume, velocity (speed retrieve and 

process), variety (sources), veracity (quality of data) and value (useless). This author also 

described how sensors, machine learning, predictive analytics and simulation are used co-

operatively in the Port of Rotterdam using many different angles (maintenance planning, port 

planning, cargo flow analysis, optimization of rail, road and water traffic, etc…).  

De los Santos (2019) presented the digital platform for operations implemented in Algeciras 

Port Authority under a holistic intelligent synchromodality concept. This tool uses IoT and 

sensors to collect data from the operational situation of the Port (situational awareness 

execution through image analysis, gate automation, track and trace systems,…), advance 

analytics to improve predictability (operational events planning and virtual management 

system) and a simulation tool in form of a Decision Support System (DSS) to maximize the 

value creation and optimize the operations (simulation of oceanographic and environmental 

variables, Montecarlo scenarios simulation for port operations,…). The project has been 

divided in three phases, the first with the goal of defining the digital port ecosystem, the second 

to introduce automation and advance analytics and the last to be developed for preparing the 

port Authority for a new era and new businesses. 

 

5.1.3. Distributed Simulation: Horizontal and vertical system integration  

Another key pillar of Industry 4.0 is the integration of many interconnected systems and the 

accomplishment of simulation tools as Decision Support Systems. In accordance with Rodrigue 
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(2017), PMI have always been exposed to horizontal and vertical integration processes from 

the physical and business point of view. Thus, Port Authorities have historically seen to its 

foreland and its hinterland trying to connect services vertically. Similarly, logistic operators 

have taken broader positions in different links of the supply chain in the same vertical 

integration process. Additionally, terminals and shipping companies have expanded their 

activities horizontally by acquiring other companies or creating strong alliance with other 

companies. This trend was exacerbated by the 2008’s financial crisis (Dragomir 2011). 

This horizontal and vertical expansion is not limited to physical or business structures. In 

fact, in the Port 4.0 world we are seeing the earliest stages of development of fully integrated 

systems in which several players of the supply chain share information feeding simulations and 

optimization routines working multi-directionally. In accordance with Chu et al. (2018) Port 

4.0 will be powered by artificial intelligence, optimization through advanced analytics, and 

dynamic scheduling. Thus, real-time berth planning, predictive maintenance for key assets, 

automated yard planning and demand planning at the gate will be fully integrated. Chu et al. 

state that “every player—terminal operators, trucking companies, railroads, shippers, logistics 

companies, and freight forwarders—will be connected to optimize not just the port itself but 

also its entire ecosystem”.  

The integration of ports in larger supply chains is also addressed by Egbersten (2016) who 

described the Port Community System (named Portbase) developed by the ports of Amsterdam 

and Rotterdam in order to share information in the simpler and more efficient way between 

them. 

 

5.1.4. Cybersecurity: Models integrity and Recovery Plans 

As far as the number of interconnected systems, players and devices increase in a terminal and 

its processes are more and more dependent on SM tools and TOS’s, the vulnerability of these 

assets also increases. In this context, cybersecurity is a very relevant issue and it will be even 

more important in the future. Indeed, cyberattacks have been reported in the ports of Antwerp 

(Belgium) (2013), Rotterdam (2016), Barcelona (2018) or San Diego (2018). Shipping lines 

and operators have also been affected as A.P. Moller Maersk (2017) and Cosco Shipping-

affiliated terminal at the Port of Long Beach (2019).  

In this environment, future SMPMI will request to develop security protocols and protecting 

tools to ensure the integrity of the systems, but also to design crisis and recovery plans to ensure 

the continuity of operations and the reestablishment of SM functionalities in the shortest 

possible time. In fact, as explained by Şakar and Sürücü (2018) in a recent survey developed in 

Q4-2016 among PMI shareholders regarding the potentiality and need of certain new 

technologies in the industry, the first position was occupied by Cybersecurity (41%).  

Many organizations at global level have published standards to address the cybersecurity 

issue as those from the National Institute of Standards and Technology (NIST) known as the 

NIST Framework (NIST, 2018), the ISO/IEC 27001 or the British Standards - BS 7799-2. 

Following this trend some shipping organizations have published guidelines and 

recommendations specifically designed to this industry as the ‘Guidelines for Cyber Security 

Onboard Ships’ (BIMCO et al., 2017), the ‘Guidelines for Cyber Security Onboard Ships’ 

(IMO, 2017) or the ‘Awareness Paper on Cybersecurity in Inland Navigation’ (PIANC, 2019). 

Similarly, public authorities as the US Coast Guard (USCG) has also addressed the topic by 

requesting the terminals to include cybersecurity in their Facility Security Assessments and to 

address any vulnerability in this field in their Facility Security Plans (USCG Navigation and 
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Vessel Inspection Circular NVIC 05-17 titled ‘Guidelines for Addressing Cyber Risks at 

Maritime Transportation Security Act (MTSA) Regulated Facilities’). 

In the academic ground, it is notable the work of Beaumont and Wothusen (2017) who 

disserted about cyber-risks in CTs. These authors using DES analysed the threats and simulate 

the impacts of attacks. 

 

5.1.5. The use of the cloud in SMPMI and TOS. 

Cloud computing relies on sharing computer resources located in remote areas which are 

accessed and controlled by users over the internet (Pegden, 2019). The benefits of cloud 

simulation tools and platforms in terms of limited software and hardware requirements and 

costs, fast-track implementation, automatically updated, adaptability, accessibility, scalability 

and flexibility are well known. Additionally, as addressed by Byrne et al. (2017) many cloud 

computing simulation platforms can be found and implemented (in their work these authors 

compare 33 of them) and some of the simulators with specific developments for PMI as Simio 

or Anylogic offers cloud-based solutions for simulation and scheduling.  

For all the above, although there are still significant challenges for its development in PMI, 

as data security and regulatory constraints (limits to locate sensible information out of the 

country); cloud-based solutions for SM is one of the future challenges in Ports 4.0. As a way of 

example, recently, Infytz Solutions Pvt. Ltd, a solution developer specialized in the PMI, has 

launched iTOMS, which is in accordance with its developers the first cloud-based TOS 

permitting to be deployed in dry bulk, RORO, breakbulk, liquid bulk, mixed cargo and CTs. 

 

6. CONCLUSIONS 

In the 2010s, PMI has entered into a new era facing a deep digital transformation with many 

implications. Most of the potentialities of the Industry 4.0 (i.e. IoT, AR, blockchain, etc.) are in 

their earliest stages in this sector, which has substantially lagged with respect to others. 

Therefore, there is not any solid scientific literature to assess the real significance of the changes 

and to know the scope of the transformation that ports are implemented. 

Two elements are key in this revolution. First, the co-operation of multiple agents in 

integrated ecosystems in which the environment is no longer local or regional but the whole 

supply chain. Second the existence of multiple devices collecting and sharing information and 

manifold systems processing them in a mega-data space.  

SM is one of the nine pillars of the Industry 4.0, being the one in which PMI has the strongest 

experience. Starting in the 1950s SMPMI has evolved enormously and nowadays is an 

indispensable tool in all phases of port planning and management, from design to operation. 

SMPMI provides solutions for any need. Tools has been optimized over the course of the years 

and PMI can enjoy different providers and solutions. 

However, in the wave of Ports 4.0, SMPMI needs to evolve further since new challenges 

have appeared. The new paradigm of digital twin, the use of IoT, Big Data, Advanced Analytics 

combined with SM, the distributed simulation (horizontal and vertical system integration), 

cybersecurity and models integrity and the use of the cloud in SMPMI and TOS are one of the 

most relevant in which some (but still few) ports have started to work. The scientific community 

has to work together with practitioners to develop these systems and to assess its practical 

results in several grounds (for instance cost reduction, market expansion or efficiency gains) in 

which data was not available at the time. 
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