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1. ABSTRACT:

Port development projects require
reliable data for cost-benefit
evaluation of the investment and
selection of the best alternative.
The objective of the analysis is to
confirm that they will respond to the
future capacity of the port together
with an adequate safety/risk level,
optimizing the dedicated resources.
A methodology is described
combining a mathematical model of
traffic forecast with the evaluation
of nautical risks. As aresult, it allows
to establish the service&safety
level of the navigation channel or
the new infrastructure and to set the
basis for decision-making. SiFlow21
is a predictive simulation model
for maritime traffic, developed by
Siport2l1. It allows to quantify the
movement of ships in the waterplane
area of a port. It takes into account
the topology of the port, the various
traffics with their particular volume
and seasonal distribution, the
navigation rules, tidal conditions and
local maritime climate. It is extremely
versatile to adapt to channels
and ports that can become very
complex.

Keywords: Traffic Flow simulation, port
efficiency, AIS data, Risk Assessment.

2. INTRODUCTION

Portinfrastructure development projects require reliable data for
the cost-benefit evaluation of the investment and the selection
of the best alternative [1]. The dredging works to deepen port
access channel are an outstanding example to illustrate this
kind of projects. The objective of the analysis isto confirm that
these development projects respond to the planned capacity
of the port in the future, providing admissible congestion levels,
together with their level of safety/maritime risk, optimizing the
port resources and, therefore, the associated costs [2].

At the request of several international entities and companies,
Siport21 has developed a very versatile mathematical model,
which is able to complete this kind of analysis in a wide range
of complex environments and with different types of traffic.
Siflow21 (Maritime Traffic Flow Simulation) allows reproducing
the movement of ships in a navigation channel or port area
considering their specific characteristics. The construction of
the modelincludes as a first step the calibration against the real
situation described by the AIS (Automatic Identification System)
data [3] [4], and detailed port terminal data, which ensures its
reliability. Thus, future scenarios are compared with the current
situation based on the definition of a set of evaluation indices.
These refer to both service levels of the port or waterway
(congestion, delays, use of resources, ...) and safety levels
(risks of grounding, collision, ...).

To determine safety levels a preliminary assessment of the
individual risk per ship type based on different parameters
(manoeuvring models, navigation areas, encounter & grounding
areas) is required. Further on, with the SiFlow21 results the
future risk levels can be estimated based on the infrastructure
and operational modifications together with the increase in the
number of ships, encounters, overtaking, ... [5] [6]
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3. METHODOLOGY

The methodology applied combines a mathematical
model of traffic prediction with the evaluation of
nautical risks, thus allowing to establish the optimum
safety &service [19] levels of the navigation channel
or the future port infrastructures (basins and/or
berths).

These studies typically start with the AIS
data analysis, allowing to accurately describe
quantitatively the traffic movements in the current
scenario (type of vessels, number, sizes and

drafts, routes, speeds, crossing / overtaking
manoeuvres, anchorage operations, scheduled
calls, seasonality, traffic interferences, berths

occupancy, etc.). Given the enormous volume of
data (milions of records each year), the analysis
is based on Big Data, Data Analytics and DataViz
techniques [7] (algorithms to identify space-time
relationships between the different traffics and
physical conditions with advanced representation
methods).

The AIS data analysis allows defining most of the
inputs required for the accurate building of the
maritime traffic simulation model (base model).
Siflow21 is an in-house predictive simulation model
of port capacity. It allows to accurately quantify the
movement of ships in the port waterplane, taking
into account the topology of the port area (access
channels, berths, basins and anchorage areas),
the different types of traffic with their particular
frequency, seasonal distribution, navigation rules
(DST, priorities, maximum speeds, minimum UKC,
Pilot or tug assistance, crossing rules, ...), the tidal
conditions and the local maritime climate; all of this
with a great versatility to adapt to channels and
ports that can become very complex.

The program modules describe the different system
components with their particular attributes and
the interaction among them. Once the system
is defined, ship arrival/departure processes are
launched according to the observed statistical
distributions [8] (AIS data) and tackling current
navigationregulations.

Once the model is built, it is calibrated against
real data (mainly extracted from the AIS analysis
and other available sources). Then, future scenarios
are described and quantified (infrastructure works,
new terminals, changes in navigation rules, increase
in traffic volume). The different scenarios are
simulated using arandom method that covers typical
periods of one year. The corresponding quality and
safety KPIs [9], defined ad-hoc for each specific
project, are computed. In this way, a reliable
assessment of the future situation is available as a
basis for decision-making.
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This methodology has already been applied in
numerous cases: Bahia Blanca (Argentina), a project
to expand the channel in a long estuary operating
with tidal windows, interference with LNG traffic
(channel priority); Buenaventura (Colombia), cost-
benefit of an expensive deepening project; Rio
de La Plata-Hidrovia (Argentina), with demanding
draft limitations, new traffic, increased volume;
Guadalquivir River (Spain), optimization of
operations, increase in capacity of the fairway
without dredging, rescheduling of manoeuvres; bays
in the Philippines, with high anchorage congestion in
mixed traffic areas; Tarragona (Spain), new terminal
close to the port access channel, interference and
risk assessment. Some case studies and the benefit
of the results obtained are shown.

3.1 AIS data analysis

The AIS system [3] [4] allows the identification and
tracking of ships, automatically, from other ships,
or coast stations. This system is based on a device
installed onboard that continuously and automatically
transmits information that allows other ships in the
area or onshore stations to identify them and to find
out their position and movement parameters.

The AIS has been developed under the auspices of
the International Maritime Organization (IMO) and its
installation and use in ships, subject to the SOLAS
Convention (Safety of Life at Sea), is mandatory
since December 31, 2004. The vessels obliged to
incorporate these devices are:

«  All vessels oninternational voyages with a gross
tonnage (GT) greater than or equal to 300

All vessels on non-international voyages with
gross tonnage (GT) greater than or equal to
500

+ Al passengers regardless of size

The AIS equipment emits messages containing
data related to the position and state of the ship
movement with a variable periodicity depending on
the navigation status, speed, and the manoeuvre
she performs.

Once the quality and reliability of the available AIS
data has been verified, a large number of variables
are analysed in order to know with a high accuracy
level the behaviour of maritime traffic within the port
system, as well as to define the input data required
for the maritime traffic simulation model [18]. Some
of the most relevant variables in this type of studies
are listed below:

+ Analysis of ships during navigation:
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Figure 1: Vessels size according to the cargo. Source:
Siport21

o Calls frequency and seasonality (cruise ships,
for example)

o Crossing / overtaking manoeuvres: if any,
location and frequency of these events,
combineddimensions of meeting ships, speed
and distance, etc.

o Manoeuvring strategy: waiting, turning areas,
navigation speed, use of tugboats

o Load condition based on access or
departures and, therefore, type of operation
(import orexport)
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Figure 2: Import and export operations analysis. Example of
loading condition for approach and departure manoeuvres.
Source: Siport21

o Vessels' route: access channel to the
system, exit channel and intermediate points
(anchorages, terminals)
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Figure 3: Route analysis. Example of a ship route in a
complex system. Source: Siport2]1

« Analysis of ships at anchorage:

o Frequency of anchorage operations (ratio

anchoring vessels/ total vessels)

o Type of vessels that usually anchor (cargo

and size) and priority traffic (unusual
anchorage,direct access without waiting)

o Time spent at anchor depending on the type

of vessel

o Anchorage preferences: area in which ships

usually anchor depending on the type of ship
(cargoand size) and terminal

o Occupation of the anchorage areas (average
occupied area,
vessels)

number of simultaneous

Mean number of anchored vessels

Figure 4: Occupation analysis of anchorage areas. Example
of a bay occupation map. Source: Siport21
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« Analysis of ships at berth:

o Type and size of vessels that access each
terminal
o Occupancy level of the terminals
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Figure 5: Occupancy level time series. Source: Siport21

o Time sFent at berth depending on the
terminal (efficiency of loading / unloading
equipment),cargo and size of ships

The results of the AIS data analysis can be collected
in a wide variety of graphs, from point clouds
to single track plots, occupancy density maps
("heatmaps”) or position distributions.

Figure 6: Occupancy density of port areas (left) and access
trajectories to a navigation channel (right). Source: Siport21

Figure 7: Geometric distribution of vessels in a relevant
passage section. Source: Siport21

3.2 Definition of Key Performance Indicators
(KPlIs)

In order to facilitate decision-making, a series of key
indicators is defined that will allow different future
scenarios to be compared with the current situation.
The KPIs (Key Performance Indicators) [9] must be
aligned with the objectives and particularities of the
project. In addition, the same indicators will serve as
the basis for the calibration process of the maritime
traffic model.

After calibrating the maritime traffic model and
analysing the different scenarios proposed, the ad
hoc indicators are elaborated, and the advantages
and disadvantages of the different measures
considered (infrastructure projects) are compared.

The most common indicators in this type of studies
are those referring to the efficiency of the port
system. However, there are other indicators such
as risk or economic indicators that may be relevant
indecision-making [101].

Some examples of the most common key indicators
are highlighted below:

+ Related to the use of the terminals: the
occupation of the terminals as well as the fraction
of time that the ships remain berthed and are not
waiting (efficient time at berth) are indicators of
both capacity (extra margin of the terminals to
absorb more traffic) and efficiency (demurrage in
the terminals).

+ Related to the use of the anchorage areas: as
with the terminals, the occupation of the anchorage
areas also indicates the capacity of the system
(extra margin of the anchorages to absorb more
traffic). Likewise, higher use of anchoring areas
indicates greater congestion and, therefore, less
efficiency.
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Figure 8: Indicators related to the use of anchorage areas.
Simultaneously anchored vessels. Source: Siport21

- Related to the vessels that access the system:
waiting times, depending on their size, draught,
cargoand target terminal:

o Average waiting time
o Area where they wait
o Reason for waiting. Bottlenecks identification

[11]

+ Related to economic income: if enough
information is available, the economic income
derived from nautical activities can be estimated,
such as port entry fees, use of the VTMS service,
use of anchorage, terminal, pilotage, towing and
mooring fees.

3.3 Model building

The model building consists of defining and
characterizing the following elements, which make
up the creation of a navigation system:

« Vessels: all the characteristics of the vessels to
be generated are described in this module to create
arandom arrival sequence close to reality (according
to type: destination, arrival patterns, route to be
sailed, destination, minimum time at berths, ...).
The time it takes to navigate each section of the
channel is also defined, linked to navigation speed
(according to type/size of vessel, approach /
departure). This module also determines how many
ships are generated according to the type of fleet
and how the arrival time varies between ships,
including seasonality.

+  Static elements of the port:

o Terminals. Points where the ships access,
remain for a determined minimum time required
to carry out the loading / unloading operations
and wait in the terminal before starting the
departure manoeuvre, only if needed. The
main parameters are the maximum number
of simultaneous vessels, the berthing length
available and the depth.

o Anchorages. Points where ships wait, only if
needed. It is also possible to require ships to
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wait a minimum time before continuing their
route for carrying out any kind of activity
such as pilot boarding. The main parameters
are the maximum number of vessels anchored
simultaneously, the available anchoring area
and depth, as well as special anchorages
(dangerous cargo, for example).

o Channel sections. These are the sections
transited by ships between elements of the
port (channel to anchorage, anchorage to
terminal, etc.). The depth and the maximum
number of vessels that can navigate
simultaneously through a section of channel
are defined.

« Navigation rules (traffic control, Pilots). This
extensive module describes (for each navigation
area and ship type) the rules applicable to crossing
and overtaking manoeuvres, minimum distance
during navigation and minimum underkeel clearance.
Finally, the environmental limits (tide, wind, current
and waves) are also included.

« Wind, wave, and visibility conditions: annual/
seasonal distributions of wind (direction and
speed), waves (direction, period, wave height),
and visibility (good or bad) are described in this
module, representing the local climate.

« Tide and current: the variations of the water level
and current intensities are defined in the different
elements of the system (terminals, anchorages and
sections of the navigation channel) throughout the
year.

3.4 Simulation

Once all the modules of the model have been
defined, the simulation process starts with the
'vessels’ module, random generation of vessel
arrivals based on statistical distributions tuned to
the AIS data. After the generation of each ship, the
restrictions along its pre-defined navigation route
are checked. The checking process is as follows:

« Regulations are checked at the closest port
element where the vessel can wait (water level and
availability /capacity).

+ Once the feasibility of waiting at the closest
possible port element has been verified, the
regulations are checked during the route from the
current position to the mentioned waiting point.
In each section of this route, the regulations are
verified:

o  Crossing events: based on the navigation
area, vessels type and size, the crossing is
allowed ornot.

o Minimum safety distance: to the nearest
vessel, depending on the type and size of the

http://apc.aast.edu



http://dx.doi.org/10.21622/MARL0G.2023.12.1.124

vessels.
o Minimum under keel clearance.

« In case there are restrictions:

o During the route to the nearest waiting
point, the vessel will wait before starting its
navigation until this navigation is feasible in
compliance with the applicable regulations.

o At the closest waiting point: the vessel will
wait before beginning its navigation through
the corresponding sections until waiting in this
area is feasible in compliance with regulations
or until complete navigation to the next waiting
area is feasible.

This verification process is repeated along the
complete route of the ship. The terminals are
considered as a point where ships can also wait.
However, unlike anchorages, ships must remain for a
pre-defined service time in the terminals (whether
they wait there or not).

Once the model is built, the calibration is carried
out running the model in an iterative process of
simulation - analysis of results - adjustment until
reaching results close enough to reality. The
calibration process is always carried out based
on a real scenario, from which information on the
behaviour of maritime traffic is available with an
adequate level of detail and accuracy.

The level of detail required to achieve reliable results
is based on the analysis of AIS data. However, there
is some information that cannot be extracted from
its analysis, such as the actual draft or the causes of
waiting events. Therefore, it is advisable to consult
additional sources and hold interviews with local
experts who can expand the available information.

3.5 Alternative scenarios assessment

In general, the new alternative scenarios of interest
will be those that have an impact on the current
traffic flow, such as increase in traffic volume,
changes in infrastructure (new terminals, channel
expansion dredging, additional entrances, ...), new
regulations (VTS, traffic separation schemes (TSS),
organization of anchorages, crossing, minimum UKC,
assignment of Pilots or tugboats, ...), new types of
significant traffic for the port system (for example,
LNG import), etc.

Once the model has been built and calibrated,
the results of the current situation are used as a
reference for the comparison of the KPIs of the
alternative scenarios. Siflow21 is a very versatile
tool that allows to adapt the model and include
various changes in order to assess their impact
(positive or negative) on traffic behaviour, based
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on the key indicators defined for each study.

Onthe otherhand, and with the objective of analysing
the impact of relevant changes in the traffic flow
not only in the short term, but throughout a certain
period of time (lifetime of a new infrastructure, for
example), a minimum of 3 traffic volume scenarios
must be analysed in order to allow interpolations
with an adequate level of precision.

The traffic volume for future scenarios is defined
through forecast studies, considering relevant
information such as historical evolution of traffic,
investment needs and capacity improvement,
masterplans for expansion of current facilities and
planning of new terminals [12].

Traffic forecast. Liquid cargo

—Historical data

& 250 Forecast

5

S 200 .

7]

£ 150 g E

3 - -

=z 100 _:E_’ ur:"
50 vj\ E -

Figure 9: Example of traffic forecast based on historical
data. Source: Siport2]1

The analysis of several traffic volume scenarios
also allows to determine the capacity of a given
infrastructure scenario (maximum number of
vessels that can access the system), under

congestion acceptability criteria (waiting times)
according to the type of traffic. This process makes
it possible to establish recommendations regarding
the most appropriate corrective action, at the most
appropriate moment.

Figure 10: Example of corrective measure (crossing area,
double lane) for a scenario with high congestion levels
(single lane area). Source: Siport21
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Figure 11: Example of application of corrective measures
at the optimum application time (unacceptable level of
congestion). Source: Siport21

Based on a preliminary assessment of the individual
collision and grounding risk per ship type and size
in the different channel stretches and port area,
it is possible to estimate the future global risk of
the navigable area based on the future number
of accesses per each ship type and size, and the
number of estimated encounters/overtakings for
each of the alternate scenarios.

Finally, the combination of key indicators results
allows to determine the optimum combination of
actions on the scenarios, establishing adequate
combined levels of congestion and safety for
nautical activities [13] [14].

Global Risk Variation for different Alternate Scenarios

Figure 12: Nautical risk assessment for the alternative
scenarios. Source: Siport21

4. CONCLUSIONS

The methodology described involves carrying out
studies with ahighlevel of detailin order to accurately
reproduce both current and future scenarios, by
means of a verification process of the reliability of
the results. Likewise, Siflow21 model allows many
variables to be introduced as input parameters
that precisely define the reality of maritime-port
traffic systems with high complexity. As aresult,
the optimum safety &service can be given for any
complex maritime system for both, current and
future scenarios. Some of the most relevant case
studies, due to their innovation or relevance, are
shown below:

+  Channel deepening project. When access to a
navigation channel is determined by the tidal level,
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one of the most effective measures to reduce
waiting events is to deepen the corresponding
navigation areas to increase the tidal windows.
In this sense, maritime traffic simulation makes it
possible to find out to what extent a given dredging
project reduces traffic congestion and, likewise,
determines the capacity of the new dredged
channel (how many more ships per year can access
after dredging). A balance point is sought between
the dredging depth (with the corresponding cost)
and the operating gain due to the reduction of
demurrage.

+ New dangerous cargo terminals. The LNG
transport, especially, entails the implementation
of a series of strict and specific safety measures.
One of the main concernsis, therefore, the possible
effect that this new traffic may have on the general
behaviour of a given port.

- Enabling of crossing areas. Crossing areas are
frequently applied to reduce congestion. However,
these are critical areas in terms of nautical risk.
Maritime traffic simulation studies support decision-
making, finding the optimum point for congestion
reduction while keeping safety level.

« Rearrangement of anchorage areas. There are
port systems, such as bays or refuge areas, in
which anchorage operations represent a common
and important operation. As the volume of
traffic grows in these areas, it is common for the
anchorage operation, to evolve into more chaotic
and optimizable situations. Different criteria for
rearrangement of the anchorage areas can be
simulated, also including changes in the regulation.
This evaluation can achieve a substantialimprovement
notonly in the efficiency of the system, but also in
nautical risks.

« Global or individual increase in traffic intensity
(number of arrivals). In terminal expansion projects
that involve a significant increase in the number
of calls or access for larger vessels with more
demanding restrictions (draft, towing, weather
limitations), the impact of this increase onsystem
congestion can be assessed. The same can be said
of an organic increase in port traffic.
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