<]
TUDelft

Delft University of Technology

A Method to Estimate the Capacity of an Intersection of Waterways in Ports

Bellsola Olba, Xavier; Daamen, Winnie; Vellinga, Tiedo; Hoogendoorn, Serge

DOI
10.1080/23249935.2019.1652866

Publication date
2019

Document Version
Final published version

Published in
Transportmetrica A: Transport Science

Citation (APA)

Bellsola Olba, X., Daamen, W., Vellinga, T., & Hoogendoorn, S. (2019). A Method to Estimate the Capacity
of an Intersection of Waterways in Ports. Transportmetrica A: Transport Science, 15(2), 1848-1866.
https://doi.org/10.1080/23249935.2019.1652866

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1080/23249935.2019.1652866
https://doi.org/10.1080/23249935.2019.1652866

TRANSPORTMETRICA A: TRANSPORT SCIENCE .
2019, VOL. 15, NO. 2, 1848-1866 Taylor & Francis

https://doi.org/10.1080/23249935.2019.1652866 Taylor & Francis Group

8 OPEN ACCESS [l Checkforupdates‘

A method to estimate the capacity of an intersection of
waterways in ports

Xavier Bellsola Olba ©2, Winnie Daamen?, Tiedo Vellinga® and
Serge P. Hoogendoorn ©2

3Faculty of Civil Engineering and Geosciences, Department of Transport & Planning, Delft University of

Technology, Delft, The Netherlands; °Faculty of Civil Engineering and Geosciences, Department of Hydraulic
Engineering, Delft University of Technology, Delft, The Netherlands

ABSTRACT ARTICLE HISTORY

The maritime transportation growth leads to more intensively used Received 24 January 2017
waterways, especially in ports. Since the capacity of an intersection Accepted 3 August 2019
of waterways becomes more important, this research presents a new KEYWORDS

method to estimate this capacity. Based on an analogy between Capacity; waterway
roads and waterways, the conflict technique is applied to an intersec- intersection; maritime traffic;
tion of waterways. The vessel flows in each direction and their con- AIS data; radar data
flicting movements are input for the capacity calculation. The generic

method can be applied to any intersection, considering the con-

flicts between the different streams in the intersection and the flows

inferred from empirical data or from predictions. The applicability

of the method is shown with two case studies, based on data from

the Port of Rotterdam. After using the proposed method, we com-

pare the real flows with the estimated ones to assess the capacity

estimates. This method can improve traffic management strategies,

traffic rules in waterway intersections or port designs.

1. Introduction

Maritime transportation is continuously growing and waterways have to handle higher
traffic flows. As a result, waterway intersections are more intensively used and more
crowded for navigation. Since port authorities are concerned about the maximum vessel
flow that intersections can accommodate, the main question in this research is: ‘How can
we determine the capacity of an intersection of waterways?’.

Capacity has been a subject of interest in maritime transportation research, but usu-
ally more focused on the terminal level rather than on the wet infrastructure level. Recent
research has focused on the effects of high vessel flows in ports with different purposes. A
recent practical study presented the application of domain analysis to a port area to assess
navigational risks (Rawson et al. 2014). Similar research was developed for seaport fair-
way capacity by (Wang et al. 2015), while analyzing different port safety and service levels.
Another application of ship domain was done to analyse the free flow efficiency of vessel
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traffic between two pilons while including a Traffic Separation Scheme (TSS) (Jensen et al.
2013). Liu et al. (2016) developed a ship domain model, based on trigonometrical relations
for capacity analysis of waterways. Their approach includes crossings in navigations, but
the different turning directions within an intersection are not included. At an aggregate
level, a method to estimate the capacity of a port network, using a simulation model, has
been recently presented (Bellsola Olba et al. 2017). Even though the capacity of waterways
and fairways or port networks has been already extensively addressed, an method to esti-
mate the capacity value of an intersection of waterways in ports have not been specifically
developed. The previous methods allow the calculation of the current capacity and it can
be compared to a service level, but how to determine objectively a maximum value has not
been performed. Because of this, we aim to fullfil this gap with this research.

The definition of capacity of a waterway intersection has not been previously formu-
lated. The definition may be similar to the definition for approach channels (McBride,
Boll, and Briggs 2014): ‘the maximum traffic volume to be handled by the approach
system satisfying the required service level and safety level’. This definition considers
an approach system instead of a waterway intersection, and the vessel composition
and traffic shares (OD matrix) are not included. The vessel composition and the traf-
fic shares have a direct effect on capacity, and it will be lower with larger vessels or
when vessels have specific encountering safety requirements. Correspondingly, we pro-
pose the following definition for the capacity of a waterway intersection: ‘the maximum
traffic volume to be handled by an intersection of waterways satisfying the required
safety level, and conditional on the traffic composition and traffic shares over differ-
ent directions’. The utilization of the intersection can be considered as the number of
vessels passing the intersection through cross-sections in each direction during a cer-
tain time interval. Thus, the difference between the estimated capacity and the uti-
lization is a proxy for assessing the current traffic situation, as it allows to find out if
there is still space for the port to grow or if new port designs or other traffic man-
agement strategies should be implemented to avoid a bottleneck in a specific intersec-
tion.

The capacity estimation of vessel traffic in intersections of waterways is difficult due
to the uncertainty in vessel arrivals, which has been shown to be random (Fararoui 1989;
Pachakis and Kiremidjian 2003), and the different traffic shares, which vary over time as
well. A good estimate of the capacity of an intersection of waterways could be obtained
using a port simulation model, but a method to estimate its capacity does not yet exist.
The objective of this research is to develop a generic method to estimate the capacity
of any waterway intersection on a high level. The method is suitable for and applicable
by any stakeholder to compare the current situation with the estimated capacity. Since a
similar method has not been previously developed, research in other fields is considered.
This paper continues with the review of existing capacity estimation methods for roads
and their characteristics (Section 2). Based on the literature review, an analogy between
waterways and unsignalised intersections in roads can be drawn because of their similar-
ities. Based on this analogy, a capacity estimation method for waterway intersections is
developed (Section 3). Section 4 presents two case studies where a data analysis is per-
formed and the method is applied to two different intersections. This case study describes
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the data used, which leads to the input for the method, followed by the capacity calcula-
tions and a sensitivity analysis. The last section presents the summary and future research
(Section 5).

2, Background

Waterway intersections have many similarities with unsignalised road intersections, such
as certain headway between vessels and different choice of directions, but also important
differences, such as communication among vessels and between vessels and the port, with
the Vessel Traffic Services (VTS), exist. Moreover, there are no queues at intersections, to
indicate that the capacity has been reached.

Though a method to estimate the capacity of waterway intersections does not exist, the
concept of estimating intersection capacity has been extensively studied for road traffic.
Previous research on unsignalised road intersections presented two methods to estimate
capacity: the gap-acceptance theory (among others, Brilon, Koening, and Troutbeck 1999;
Amin and Maurya 2015), and the conflict technique (Brilon and Miltner 2005).

Thefirst method is based on the idea of estimating the minimum critical gap, whichiis the
minimum headway during which each individual driver will accept to enter the intersection.
This critical gap is different for each individual, resulting in a critical gap distribution. In
unsignalised crossings, the driver of the vehicle without priority will accept a gap between
vehicles in the main stream to enter the intersection if the offered gap is larger than his/her
critical gap. This critical gap can be estimated with different methodologies, such as the
maximum likelihood or Hewitt's method (Brilon, Koening, and Troutbeck 1999). The value or
distribution for the critical gap, estimated with any of the existing methods, can be used to
determine the capacity of the intersection. However, the critical gap estimation method has
some drawbacks, as stated by Brilon and Wu (2001). For example, the critical gap estimated
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Figure 1. Definition of traffic movements at an intersection of waterways.
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is different depending on the direction of the vehicle, and requires a clear definition of traffic
rules, which hampers its use for the estimation of a single capacity value for other transport
modes. There are many rules in waterways which are based on the sailors code of conduct
and the local port regulations and, since each combination is unique, it is difficult to come
up with a generic definition.

The second method, the conflict technique, simplifies the movements and operations
of an intersection representing the intersection as a queuing system (Brilon and Miltner
2005). For the intersection capacity calculation, they consider the flows in each stream and
the interactions between them. Road users, from both traffic streams, will occupy the con-
flict area. This area is the space in the intersection that cannot be used simultaneously by
vehicles from different streams. Road users from the major stream can pass the intersec-
tion, while the ones from the minor stream must wait when the conflict area is occupied.
The probability that the intersection is blocked can be calculated for each stream by multi-
plying the traffic flow and the time that a vehicle occupies the intersection. As a road user
could enter the intersection when the conflicting streams are free of traffic, the capacity for
each movement is calculated as the probability that the conflict area is not occupied times
the probability that no other vehicle is coming during a specific time interval. A total of 28
movements are allowed at a 4-way intersection with two-way traffic, including the move-
ments of cyclists, pedestrians and vehicles. However, in case of just considering the cars, a
total of 12 movements would be allowed (see Figure 1). The more streams in an intersection,
the more conflicts will occur between the different streams.

3. Capacity estimation method for waterway intersections

The gap-acceptance theory is not suitable for our purposes because vessel traffic flows are
not constant and do not have high densities for long periods of time. In addition, since ves-
sel communication and decision making are different from road traffic when approaching
an intersection, the gaps could not be estimated using a similar method.

As a starting point to develop a capacity estimation method for waterway intersections,
we therefore consider the conflict technique. This technique considers the intersection as
a queueing system with probabilities of conflict between different streams from the traffic
flow shares in each stream. This method has the drawback of simplifying the intersection
into a queuing system which does not respect the complexity of reality. However, a generic
method which includes all the specificities of waterway intersections is not feasible, and it
might not provide great differences compared to a simplified one on an aggregated level.
The advantage of the method presented is that it allows the estimation of the capacity
with the consideration of traffic shares and the time vehicles are blocking the intersection.
Hence, we consider that a capacity estimation method for waterway intersections can be
derived from the conflict technique method.

There are similarities and differences between roads and waterways, and the relevant
ones need to be described. The total number of possible vessel movements in a waterway
is 12, as shown in Figure 1. These movements are the same as for vehicles on roads, exclud-
ing cyclists and pedestrians. With respect to priorities, waterways do not have right-of-way
priority, vessels communicate amongst each other and the VTS provides information and
navigational advice to support their navigation, always under navigators responsibility.
Apart from this, each crossing may have specific priorities according to some vessel types
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or sizes, the waterway design and dedicated port regulations, such as Traffic Separation
Schemes (TSS), where vessels have idependent sailing lanes. Otherwise, vessels navigators
behaviour should satisfy to COLREGs (COLREG 1972) and common practices. For example,
LNG tankers might not be allowed to cross with other vessels, so the intersection should
be completely blocked for other vessels while these tankers are crossing. One more differ-
ence is related to the flow. During the peak times, the stochastic vehicle arrival at a road
intersection might have less variation than the vessel arrival in waterways.

The input required by the conflict technique is the total vehicle flow, the occupation
duration of the intersection and the traffic share for each direction. Based on the specifici-
ties in waterways, as done in road traffic, some assumptions are made in order to turn the
conflict technique into an applicable method for waterways. First, although a large variety
of vessel types exists, no difference in vessel types and sailing speeds are considered. There
are faster and slower vessels, as cars and other vehicles on roads, but they can be respre-
sented with an average value when looking into an aggregated level. As explained before,
the navigation is assisted by VTS and there might be specific priorities for some vessel types
that limit the traffic because dangerous encounters, which might lead to a reduced capacity.
In this research, we aim to find a maximum value, so the assumption is useful for high-level
calculations where the value is used for strategic or tactical assessment of navigational or
infrastructure changes. Second, the occupation time of the intersection will be averaged
according to the speed used, as previously used in the method for unsignalised road inter-
sections (Brilon and Wu 2001). Last, we consider that, with a high traffic flow, VTS control
might have stronger influence which leads to dependent arrivals. Hence, the vessel arrival
is assumed to be uniform over time.

Since the waterways are usually not sufficiently congested, it is difficult to estimate a
minimum headway between vessels. This minimum headway could be estimated from data
when having reliable data available. In this research, we use a theoretical minimum safe
time clearance kept by each vessel with respect to its predecessor, and we name it as safe
headway (hs3e [s]). Previous studies considered the safe vessel braking distance (d, [m])
in confined waters as 3 times the vessel length (Fujii and Tanaka 1971; Pietrzykowski 2008),
independent of vessel speed and load of the vessel. More recent studies, based on AlS data,
have shown that a longitudinal space in front of a vessel suits the comfort zone of ship
navigators in open waters (Hansen et al. 2013). Thus, for confined waters, we define the
individual safe vessel braking distance (d,) as 3 times the vessel length. Hence, the safe
headway for each individual vessel (h%2%) can be calculated as d,, divided by its speed over
ground (v, [m/s]) in the direction towards the intersection (speed measured on surface,
while the vessel might navigate at a higher or lower speed depending on the current in the
water), as shown in the following equation:

d
h;afe _n 1)
Vn

In vehicular traffic, it is assumed that while a vehicle is occupying the area of conflict,
no other vehicle can enter until the first vehicle leaves the area of conflict. For waterways,
due to the larger distance to cover and the low sailing speed, two conflicting vessels could
be allowed simultaneously at the intersection. Hence, we consider that when the vessel
inside the intersection has travelled more than half of the length of her path through the
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intersection to her specific direction, the next vessel can safely enter the intersection area,
always respecting d,.

The mean safe headway (h*'¢) can be calculated as the mean of h$?fe. Since this is depen-
dent on data availability, in case of not having this individual speed data, an educated
estimation of the mean speed, for example, in relation to waterway limits (width and water
depth), can be made by expert consultation. In case of a large vessel, the mean safe head-
way might be larger than the length of the area of conflict, thus only one ship could enter
the intersection.

Equation (2) introduces the maximum flow in any stream without any conflict (q1p [ves-
sels/hour]), which can be calculated with the inverse of hs2fe ([h]). As a result, the calculated
flow is the total number of vessels that is able to cross the intersection within an hour in any
direction without any conflict with other directions.

1

hsafe (2)

qip =

The probability that a vessel from stream i occupies the intersection (P;) can be obtained
by multiplying three factors (see Equation (3)). The first factor (¢;) is the percentage of traffic
volume from an origin to a destination. If vessels are considered to sail simultaneously from
the same origin towards different destinations, because of the existence of TSS with exclu-
sive lanes for each direction, this factor would be one. When there is no TSS in the area, o;
represents the share of traffic going to each direction. The second factor is the maximum
flow in one direction without any constraint (q1p), previously defined, and the third one is
the occupation time (3;). ; represents the time that a vessel occupies the intersection, and
it is obtained by dividing the sum of the path that follows the direction of stream i and the
vessel length, as the conflicting distance previously discussed, by the average speed over
ground of all vessels. The conflicting distances are defined for each combination of origin
and destination at the intersection. After a vessel has travelled the corresponding conflict-
ing distance, the conflict area is free and a coming vessel from any direction is allowed to
enter the intersection.

Pi=oaj-qip- 6 3)

A conflict matrix (A), which identifies all movements that cannot occupy the area simul-
taneously, is used to define whether a conflict occurs between two streams (0 if no conflict
occurs or 1 if a conflict occurs). The conflicts are defined considering two opposite streams
as free of conflicts, while the rest of directions will have conflicts with these free streams.
Then, the probability of conflict of each stream (P.,) is defined in Equation (4). To calculate
it, the conflict probability of each stream should be obtained. The probability of occupy-
ing the intersection by stream i multiplied by the sum of probabilities that any of the other
streams occupies the intersection in case of conflict, and by the conflict factor (Aj), equals to
the probability of occupation from stream i. When there is no conflict, the resulting value is
0.Hence, P, can be calculated as the sum of probabilities of conflict for each of the streams:

Pei=Y |Pi-D Pi-Aj (4)

i i
Equation (5) defines the capacity of each stream by multiplying the maximum flow for
stream i («; - g1p) and the probability of not having encounters in stream i, which equals
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to one minus the probability of having an encounter (P.). The resulting value provides an
estimated value of the maximum vessel flow of each stream.

CG=aj-qip-(1—Pc) (5)

The value of C for the whole intersection is obtained with the sum of the capacity in each
direction by using Equation (6).

C= Z G (6)

4. Case study

The application of the estimation method in a real scenario is used to demonstrate its appli-
cability. Therefore two case studies of intersections from the Port of Rotterdam have been
carried out. Data from the Automatic Identification System (AIS) and the radar have been
used. An explanation of both types of data and what is included in both datasets is pre-
sented in the Subsection 4.1. The following subsections present the research area and the
content of the dataset (Subsection 4.2), the analysis of the datasets used (Subsection 4.3),
the results of the capacity estimation (Subsection 4.4) and a evaluation of the method (Sub-
section 4.5). To investigate the effect of the input variables from the method, a sensitivity
analysis is performed in Subsection 4.6.

4.1. Automatic identification system (AlS) and radar data background

Since we want to apply the method previously developed in a real waterway intersection,
we use data from two different vessel traffic recording systems.

The Automatic Identification System (AIS) was established by The International Associa-
tion of Marine Aids to Navigation and Lighthouse Authorities (IALA). AlS is an autonomous
and continuous broadcast system, that operates in the Very High Frequency (VHF) maritime
mobile band (IALA 2004). The principal functions of AlS, indicated by IALA (2004), are: (1) the
information exchange between vessels within VHF range of each other to increase the sit-
uational awareness and safety; (2) the information exchange between a vessel and a shore
station, such as a Vessel Traffic Service (VTS), to improve traffic management in congested
waterways; and (3) the automatic location reporting in areas of mandatory and voluntary
reporting. The shipboard information from the vessel sensors includes static, dynamic and
voyage related data.

Similar data can be obtained with radars; they are obtained from the reflection of short
pulses of radio waves generated by the radar that are reflected back by the vessels. The
distance between the vessel and the radar can be obtained (Sonnenberg 2013).

There are advantages and disadvantages for both AIS and the radar datasets to be
applied in this case study (Lin and Huang 2006). The coverage for AlS is around 40 nauti-
cal miles, while for the radar coverage is limited to 24 nautical miles, even though different
radar coverages can be fused. Regarding the vessel position, although the AIS and the radar
data have some differences in the dynamic variables (speed, latitude, longitude, etc.), their
accuracy is similar (Lin and Huang 2006). In specific cases there are large differences that
might be due to problems with the AlIS or the radar signals.
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Table 1. AlS and radar information.

=
[V}

Information Radar

MMSI number
Length [m]

Beam [m]
Longitude (X coord.)
Latitude (Y coord.)
Speed

Heading

Course over ground
Draught

Date/Time

Vessel type

Track number X

XXX X X X X X X X X
X X X X X X X

< X<

Radar coverage might be limited in space due to radar blind and shadow areas, and some
areas might be uncovered. If this happens, it can be identified. Moreover, all vessels are visi-
ble under the radar coverage, while in AlS data, only vessels with AlS transmitters are visible.
Since 2000, the requirements have been changing and, nowadays, most of the cargo and
passenger vessels need to have a transmitter installed (International Maritime Organization
2000). Since just part of the inland vessels have an AlS transmitter, and almost none of the
recreational ones, the radar coverage is normally better than the AlS inside a port.

Both AIS and radar data have several practical applications, such as collision avoidance,
vessel traffic services (VTS), maritime security, aids to navigation, search and rescue and
accident investigation (Yip 2008; Kujala et al. 2009; Mou, van der Tak, and Ligteringen
2010; Tsou 2010). The use of AIS and radar data for research provides the opportunity to
develop statistical analysis of accidents, vessel behaviour, etc., taking into account differ-
ent circumstances, including weather, time of the day or year, among other things. The
relevant information included in the AIS and radar messages for this research is summa-
rized in Table 1. As it can be seen, there are few differences in content between AlS and
radar datasets, but these differences do not affect the application of the method and
the required inputs are available in both datasets. One main difference between the two
datasets is the signal identification. The AIS signals are recorded based on the MMSI, which
is a unique number for each vessel and allows to follow their path with the consecutive sig-
nals. Although, the radar data records signals without any information for the identification
of which vessel is it, the dataset used has already a track number that identifies each vessel
trip with a unique number. Recent studies have shown the possibility of using data fusion
algorithms to combine the both datasets, which might allow the detection of errors in the
AlS data among others (Kazimierski and Stateczny 2015).

4.2. Research area and dataset

The estimation method introduced has been tested in two intersections in the Port of
Rotterdam (the Netherlands) shown in Figure 2. The research areas considered are two T
junctions between two waterways, Oude Maas—Hartelkanaal (see plain square in Figure 2),
and Oude Maas—Nieuwe Maas (see striped square in Figure 2). The chosen intersections
are ones of the busiest intersections in the Port of Rotterdam, and the intersections do not
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Figure 2. Research areas in the Port of Rotterdam (Oude Maas—Nieuwe Maas intersection (striped
square) and Oude Maas—Hartelkanaal (plain square)).

have a TSS scheme. The datasets for this research were provided by the Port of Rotterdam
Authority.

The first dataset used is from the Oude Maas—Hartelkanaal intersection (I1), and it con-
tains the information of a week of both AIS and radar data, from the 1st until the 7th of
September 2014. The daily patterns in vessel traffic have been derived by investigating a
week of data. The weather conditions during that week were favourable, which do not have
any implication on the vessel behaviour from the dataset.

The Port of Rotterdam has radar stations all along their waterways covering the complete
area, with some areas with lower radar effectiveness. However, as previously introduced,
not all inland vessels are AlS-equipped. In this research, in case of just using the AIS infor-
mation, the total amount of vessels would be underestimated. The dataset contains all the
signals from vessels using radar data, but only 62% of these signals have AlS details. For this
reason, the radar data have been used for the analysis.

Figure 3 shows a detailed layout of |1 with some vessel trajectories. Although vessels do
not follow specific lanes, and there is no a TSS scheme for this intersection, they tend to sail
along similar paths. In the research area, based on the density analysis of the dataset, the
paths are defined more or less by two separated directions in each waterway (see Figure 4,
left), except for the north part of the Oude Maas, due to an infrastructure constraint. In
that location there is a bridge crossing the waterway, thus vessels need to adjust their path
between the piles of the bridge. The width between the piles is large enough not to affect
vessel navigation when encountering other vessels in this area. The intersection area cho-
sen for the calculation is the area between each of the cross-sections defined in Figure 4
(left).

The minimum interval between consecutive signals from a vessel is 5 s, and the dataset
has almost half a million messages recorded from 5209 different vessels. Each signal con-
sists of a coordinate point in the area and the tracks are obtained by linking all the points
that belong to the same track for each vessel. Each of these tracks is a vessel passing the
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Figure 3. Example of vessel trajectories in the Oude Maas—Hartelkanaal intersection (11).
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Figure 4. Oude Maas—Hartelkanaal map (vessel paths (left) and traffic shares (right)).

intersection, which means that repeated visits from the same vessel count as independent
tracks.

The moored vessels, mainly in the north side of the Hartelkanaal, keep also sending sig-
nals every 1-3 min. This means that from the whole dataset, almost 70% of the messages are
from moored vessels, which are removed from the dataset as they do not occupy space in
theintersection, and as such, these are not relevant for the capacity estimation. Hence, there
are 3395 individual sailing vessel tracks remaining. From the remaining individual vessel
tracks, only 66% have a whole track going from one of the cross-sections of the intersec-
tion to another one (see Figure 4, right). Most of the partial tracks consist of few signals next
to the berthing areas, which are assumed to be moored vessels, and these vessels do not
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Figure 5. Oude Maas—Nieuwe Maas map (vessel paths (left) and traffic shares (right)).

affect to the vessel traffic in the intersection. The remaining signals are partial tracks with
few signals which do not provide enough information for their analysis. These might be
erroneous recordings with missing data or signals from vessels moored which coordinates
are wrong. Many of these signals have a time interval longer than expected for a sailing
vessel to cross the intersection. In this research, we assume that the distribution of wrong
signals is equal in all directions, thus, it does not have an effect on the traffic shares in each
direction. Therefore, the estimation method is not affected by their removal.

The second dataset is from the Oude Maas—-Nieuwe Maas intersection (I2). This dataset
is more limited and it contains the passing vessel information from three cross-sections in
that intersection (see Figure 5). This dataset contains the information of a week of radar
data during a busy week from 2015, from the 9th until the 15th of May. This dataset con-
tains a total of 8192 recordings, which correspond to a total of 3745 vessel identified vessel
tracks that go from a cross-section to another one. The rest of the signals (around 9%) are
unidentified vessels which cannot be tracked.

4.3. Data analysis

Once the datasets have been cleaned, the resulting information has been analysed and
used to evaluate the applicability of the estimation method presented in Section 3.

The estimation method considers the assumption of an average speed for all vessels
to calculate the occupation time in the intersection. A first hypothesis is that a correlation
between vessel dimensions and sailing speed exists for vessels in a port. However, as shown
in Table 2, the data analysis for 11 revealed a low correlation between the length or the beam
of the vessels and their speed. This could be explained because ships are sailing within
a limited speed range due to port regulations. So, even though vessels might be able to
sail faster, in some cases, they maintain a lower speed. Thus, the assumption of an average
speed for all vessel types holds for the application of the method. Regarding the correlation
between vessel speed and headway (passing time interval with respect to the predecessor
vessel), the dataset does not reflect any pattern between them due to the stochastic traffic
flow during the day. Hence, we do not consider any possible correlation in this research.
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Table 2. Correlation values
between variables for I1.

Variables Speed
Length —0.32
Beam —0.31
Headway —0.07

Safe Headway [min]

0 5 10 15
Headway [min]

Figure 6. Density plot of safe headway vs actual headway in 1.

In order to apply the method, the first step is to obtain the safe headway for each ves-
sel (hf,afe), which is calculated from each vessel length. We expect the safe headways to be
lower than the real hedways (hy). As shown in Figure 6, it can be seen with a density plot
that more than 95% of h,, are higher than hf,afe, and most of the lower ones occur due to
overtaking situations or incorrect data that cannot be verified. In reality, vessels maintain
always safe distances as shown in previous studies (Pietrzykowski 2008). Based on this, the
authors consider h; to be a suitable approximation of the minimum headway to calculate
the vessel flow. The figure shows two main clusters of results. Since h3?f€ is obtained based
on dy, dependent on the vessel length, these clusters might happen because of the most
representative vessel lengths.

Similar results are obtained for 12, where more than 93% of h,, are higher than h?f¢ (see
Figure 7). The time in this dataset is rounded to minutes. Because of this, the headway values
in two columns are 0, and the results show a similar pattern as in the previous dataset.

The method assumes a unique speed for all vessels to calculate h,s,,afe. As shown in Table
2, there is little correlation between speed and vessel characteristics. The data showed that
vessels with the same characteristics do not keep a specific range of speeds and any vessel
type can have low and high speeds. Hence, based on the average speed results from the
datasets (see Figures 8 and 9), a vessel speed of 8 knots for 11 and 9 knots for I2 are used
to calculate h53'e, For |1, with an average vessel length of 120 m, h53f equals to 1.46 min. By
using hsafe in Equation (2), g1p equals 123.5 vessels per hour (ves/h). For 12, with the same
average vessel length, the hfe equals to 1.30 min, and g1p equals 138.9 vessels per hour
(ves/h). These values are based on the assumption of uniformly distributed vessel arrivals,
but in reality the arrival is not uniform and uncontrolled. When having dense traffic situa-
tions, the vessel flow might be substantially influenced by the VTS advice. Hence, the vessel



1860 X. BELLSOLA OLBA ET AL.

4

20

Safe Headway [min]
(3] w

0 5 10 15
Headway [min]

Figure 7. Density plot of safe headway vs actual headway in 12.
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Figure 8. Vessel speeds per hour of the day (I1).

arrival distribution could become uniform. The flow is the maximum value that ideally could
be obtained with continuous vessel traffic in one stream.

Figure 4, left, shows the possible movements in each direction for I1. Based on these
paths, the conflicting movements of vessels in the different directions can be identified.
The individual conflicts allow us to build a conflict matrix for the intersection (see Table 3).
The table shows, for example, that there is a conflict between vessels going in the direction
SW and NS. Thus, their value in the conflict matrix is identified with 1. Table 4 shows the
conflicting movements for 12.

4.4. Results of capacity estimation method

With the results from the data analysis, the calculations to estimate capacity can be per-
formed. First, in order to calculate the probability of conflict per direction, there are several
values that need to be defined, and these are summarized in Table 5.

The traffic shares for each direction, which can be extracted analysing the different vessel
paths from the dataset, are shown in the second column. The time that a vessel from one
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Figure 9. Vessel speeds per hour of the day (12).

Table 3. Conflict matrix I1.

Direction NS NW SN SW WN WS
NS

NW 0

SN 0 0

W 1 1 0

WN 1 0 1 1

WS 1 0 0 0 0

Table 4. Conflict matrix 12.

Direction SW SE WE WS EW ES
SW

SE 0

WE 1 1

WS 0 0 0

EW 1 0 0 1

ES 1 0 1 1 0

Table 5. Probability of conflict per direction (11).

Direction Traffic Share (%) Distance to cross [m] o - qipx[ves/h] ti[min] P; 1—P, Ci[ves/h]
NS 20 750 26.7 1.76 0.78 1.00 26.7
NW 1 365 14.5 0.98 0.24 1.00 14.5
SN 20 750 21.5 1.76 0.63 1.00 21.5
SW 19 695 19.7 1.65 0.54 0.45 8.8
WN 10 680 133 1.62 0.36 0.30 4.0
WS 20 575 27.8 1.41 0.65 0.49 13.6

stream is occupying the intersection (§;) is calculated based on the following conditions:
the intersection length is defined for each of the directions of each stream, according to
Figure 4, left, and the distances vary between a minimum of 365 m up to 750 m; the vessel
length is added to the total intersection length for each direction; the distance to be trav-
elled by a conflicting vessel is considered as 50% of these lengths, which leads to a longer
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Table 6. Probability of conflict per direction (12).

Direction Traffic Share (%) Distance to cross [m] «j - q1px[ves/h] ti[min] P; 1—Pi Cilves/h]
WE 33 920 36.4 1.43 0.87 1.00 36.4
WS 9 720 9.9 1.30 0.21 1.00 9.9
EW 32 900 36.1 1.39 0.84 1.00 36.1
ES 9 700 10.2 1.1 0.19 0.80 8.1
SW 9 830 245 1.28 0.52 0.01 0.1

SE 8 910 21.8 1.41 0.51 0.56 12.1

distance than 3 times the median vessel length (d,,), as explained in Section 3; and, a speed
of 8 knots is used, as explained in the previous subsection.

Considering this occupation time, the different shares per direction and the flows, the
probability that each stream occupies the intersection (P;) is obtained. With this value, con-
flict probabilities for each direction (P.,) are obtained. Using Equation (4), the capacity for
each stream is calculated. Hence, the resulting estimated capacity (C) of I1 is the result of
the sum of the capacity of each stream, and it equals 89.0 ves/h, considering these specific
traffic shares.

When applying the method to the second research area (12), it can be seen in Table 6,
that the traffic shares in this intersection are different. For this intersection, the vessel speed
chose is 9 knots, based on the dataset, and with the specific distances for the intersection,
the method results on an estimated capacity (C) of 102.8 ves/h.

4.5. Evaluation of the method with real data

In order to assess the capacity estimates calculated with the proposed method, the results
can be compared to the maximum observed vessel flow for each intersection from real data.
Since usually there are not many traffic peaks in this area due to stochastic arrivals and port
regulations, we decided to use a small time interval that allows us to find out significant
traffic peaks. Because of this, we decide to use an interval of 6 min (0.1 h).

For 11, the dataset reveals that the maximum number of vessels passing the intersection
in this interval has a peak of 7 vessels. The peak of 7 vessels per interval of 6 min can be
considered as the capacity value of the intersection. Using this maximum flow, the resulting
maximum flow per hour that would cross the intersection is 70 ves/h. From the estimation
method, we obtained a value of 89.0 ves/h. This result shows that the intersection has not
reached the capacity value, and the maximum flow is around 79% of utilization during peak
times. Thus, the intersection could still allocate higher vessel flows.

In the case of 12, for the same interval of time, the maximum number of passing ves-
sels equals to 9. Considering this flow per 6 min interval, the resulting maximum flow
crossing the intersection is 90 ves/h. Comparing this result with the estimated capacity of
102.8 ves/h, the utilization during peak times reaches 88%, which is a really high value. A
possible explanation for this is because the main flow is from EW and WE (66% as seen in
Figure 5, right), which means that the number of conflicts is substantially lower than in 1.

4.6. Sensitivity analysis

This section presents a sensitivity analysis performed to test the effects of various parame-
ters on the estimated capacity in 11. In Figure 10, the estimated capacity of the intersection
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is drawn against various parameters: safe vessel braking distance (dy), intersection length
and average vessel speed.

Figure 10, top left, shows that the factor used to calculate d,, provides the maximum
capacity for this intersection. The difference between the chosen d,, value and the lower
one is 7ves/h difference. The relevant change appears when d, reaches 1 or 5. When
increasing the distance, the capacity would increase the headways between vessels and,
consequently, decrease the flows to around 10 ves/h less for each increase. On the oppo-
site side, when decreasing d,, many more vessels might be sailing and blocking specific
directions.

The relation between capacity and intersection length (Figure 10, top right) shows a
negative relation. An increase in the intersection length leads to a decrease in capacity.
Thus, intersections with the same traffic shares, but with different area would have differ-
ent capacities. However, the difference between the extrem values is less than 12 ves/h,
which shows that the specific location of the cross-section will not significantly affect the
estimated capacity.

The effect of the average vessel speed (Figure 10, bottom left) is opposite to the previous
one. An increase of average vessel speed leads to shorter headways and a higher capacity
of the intersection. A variation of 0.5 knots leads to a 6% variation of the estimated capacity.
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Thus, it is important to choose a suitable speed for the specific study area when applying
the method.

As seen for each of the comparisons, the outcome of the method is dependent on
the main variables chosen. The safe vessel braking distance (dy), defined in previous
research as 3 times the vessel length, is acceptable for this port location. Regarding
the intersection length, the method is not very sensitive to variations of them, which
shows that the method is not strongly influenced by the choice of the location for each
cross-section.

The average vessel speed used in the method has a strong influence on the resulting
estimated capacity. Therefore, a wise choice of every parameter is important because of
the sensitivity of the method, and none of them can be excluded because of their relevant
effects on the final results. Hence, a comparison of the estimated capacity with real data in
busy situations, as we previously presented in this research, is a good way to evaluate the
parameters chosen.

5. Summary and future research

The method introduced in this paper is a generic method to estimate waterway intersec-
tion capacity. The base of this method is the conflict technique, developed for unsignalised
road intersections. The analogy between road and waterway traffic helps to develop the
method, that identifies the conflicting interactions between vessel movements that occur
atan intersection. The result of the method provides the maximum amount of vessels pass-
ing the intersection in a time period, e.g. an hour, assuming that we have homogeneous
and independent vessel arrivals. The method developed is mainly dependent on the aver-
age vessel speed and the traffic shares in each direction, and it slightly depends on the
intersection area chosen.

In order to test the feasibility of the method, two case studies from real intersections
from the Port of Rotterdam have been performed. The case studies show that the current
maximum vessel flow in the intersections is below the estimated capacity, and it proves the
applicability of the method. As discussed in the previous section, the method is sensitive
to changes in its main variables. Thus, a good initial value has to be chosen carefully for
an accurate result in future applications. Moreover, the traffic shares have a considerable
impact on the resulting capacity, which proves that different traffic management strategies,
such as changing traffic routes or origins and destinations in a port, might lead to higher
capacities with less conflicts in waterway intersections.

The estimated capacity value of a waterway intersection can be used as a proxy value
to assess the current traffic situation. This may lead to changes in the current traffic man-
agement strategies to reach higher vessel traffic flows. It can also be used to change some
traffic rules, as well as the assessment of new port designs. In future research, a comparison
microsimulation could be used to estimate the capacity of an intersection. The results could
be compared to the ones obtained with the presented method at the same intersection to
ensure the usefulness of the method and its generic applicability. The sensitivity analysis
also shown the influence of a variation in certain parameters, which could be further anal-
ysed in other scenarios. Weather conditions such as current or wind effects might also be
considered in order to improve the method.
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As a next step, after determining the traffic composition and traffic shares, the data
analysis results can be compared to simulation results or other methods, such as queuing
theory.
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