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Abstract

This research focused on improving a current traveltime estimation system called
the Trajectplanner. This system simulates the movements of inland ships on a
network model of the Dutch inland waterways in order to calculate and to
estimate the Estimated Time of Arrival (ETA) for every ship that sails the inland
waterways (excluding pleasure crafts). There are errors in the estimation of this
ETA and this research focused on the cause of these errors and find ways to
improve the system. These improvements were than tested via a self-made

simulation tool.

1. Introduction

Inland shipping is an important part of the Dutch
economy, 34% of all transport is done by inland
shipping (1).Just like trucks have uncertain travel
times due to possible traffic jams and road works,
inland ships have uncertain travel times due to locks,
water levels and other ships. For both modalities,
Rijkswaterstaat is the organization which controls and
maintains the Dutch infrastructure. Rijkswaterstaat is
part of the Dutch Ministry of Infrastructure and
Environment and responsible for the design,
construction, management and maintenance of the
main infrastructure facilities in the Netherlands. Which
include among others the inland waterways and the
management of inland shipping. The management of
inland shipping is now done from many locations
where objects and sectors are being operated
individually. Rijkswaterstaat wants to centralize the
management of inland shipping and has started the
project CBB (Corridor gericht Bedienen en
Begeleiden) which, when translated, stands for
Corridor oriented Operating and Guiding. The goal of
this project is to centralize the management of inland
shipping.

The inland waterway system is divided into corridors.
These corridors represent important shipping routes
and are shown below
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Figure 1 Corridor map (5)

The idea of CBB is that a ship can sail over a corridor
faster and more efficient than it would do today due to
better planning of objects and a better knowledge of
the situation on the waterway.

In order to achieve this, the CBB project will centralize
the management of the inland waterways. The goal is
to have 1 location for each corridor (figure 1) from
where all the objects and sectors are being operated.
For Rijkswaterstaat, this means more efficiency with
operating objects and better and easier
communication between objects and sectors. When
objects and sectors are being operated from the same
location, it is easier for operators to communicate with
each other and because multiple objects are operated
from one location, one operator can operate multiple
objects. For the skipper this means a better service
with better information about his journey and the
situation on the water and near objects.

Next to centralizing the operation, the CBB project is
also creating and updating systems in order to
implement corridormanagement. These systems help
the operators with their jobs and facilitate the skipper
in giving him better service and better information. For
example, a new system is being developed to track
ships. Other systems, like data systems about water
levels and waterway characteristics are being
updated. Another new system is the Trajectplanner.
This system is a tool which helps both the skipper and
Rijkswaterstaat with managing inland shipping. It
does this by using data from many other systems and
using that data to simulate the entire journey the ship
will be making.With this simulated data it makes
schedules for locks and bridges which the ship will be
passing and will make prognoses of the occupancy
rate of the inland waterways. With these prognoses
and schedules, the skipper can adapt his speed
and/or route in order to sail more efficient. For
example, when a ship starts its journey, the skipper
has to give information about his cargo, destination
and draft to Rijkswaterstaat. This information is then
used by the Trajectplanner to predict the route the
ship is going to take. When this is done, the
Trajectplanner knows which objects the ship is going
to come across. It can than schedule the ship in with
the objects. in the case of bridges, if the ship is low
enough and the bridge doesn’t have to open, the ship
can than sail through without stopping or slowing



down. But when the ship encounters a lock, it has to
go through the lock procedures. Which means it has
to wait for the lock chamber to be ready and maybe
ships that have to go in first. If it is busy at the lock, it
can be that the ship has to wait for an hour to let other
ships go through the lock. The Trajectplanner can
schedule all ships into the lock procedures, so when it
is busy at the lock, the Trajectplanner can tell the ship
to slow down, so it doesn’t have to wait when it
arrives at the lock. Because the Trajectplanner has all
this data it can tell the skipper when to arrive at a
lock, but it also knows when it is through the lock and
can therefore tell the skipper when he will arrive at his
final destination. The data which is estimated by the
Trajectplanner is also used by Rijkswaterstaat to
efficiently control their objects and corridors. When
the lock operators know when ships will arrive, they
can reduce the amount empty lock operations. And
when corridor managers know when certain parts of
the waterway will be busy with ships, they can take
actions accordingly. For the Trajectplanner, the Dutch
waterway system was modelled with dots and lines
which are similar to a network of nodes and arcs. This
will be further discussed later in this report. These
arcs represent part of the waterway and the nodes
represent points on the waterway. When a ship is
starting his journey, the Trajectplanner predicts the
route the ship will take. This route is predicted along
the nodes and arcs. Each node the ship passes has
an ETA (Estimated Time of Arrival) for that ship.
These ETA’s are estimated by the Trajectplanner. To
estimate the ETA for the next node, the
Trajectplanner uses the ETA it estimated for the
previous node and ads the cost of the arc between
the nodes. For arcs without objects the cost consists
of is the sailing time for that arc which depends on the
type of ship, the type of waterway and if the ship is
loaded or not.

For arcs with an object on them, the cost consists of
the sailing time for that arc plus the time it takes to
pass the object. This paper is structured as follows.
The next section describes the research and analysis
that was done into the problem and its cause. Section
3 describes the improvements that were thought of
after the analysis of the problem and section 4
describes the Simulation tool which was made in
order to test the improvements. Last, section 5 will
describe the conclusion and recommendations.

2. Research and analysis

As mentioned before, the ETAs which are estimated
by the Trajectplanner are important. Because the
Trajectplanner uses the ETA of one point to estimate
the ETA for the next point, it is important that these
estimations and simulations are accurate. At the
moment, this is not always the case. Inaccurate ETA’s
is a problem for single ships, but also for the other
ships.

Single ships: If an ETA of a ship for one of the nodes
is incorrect/inaccurate, all the points following will be
incorrect/inaccurate. And when there is a lock on the

route and the ETA for that lock is inaccurate, the
schedule for that ship will be inaccurate. The
inaccuracy which occurred at the first point will
become bigger at the last point.

Multiple ships: If the schedule for a single ship is
incorrect because of an incorrect ETA, the schedule
for all the other ships that were in the same schedule
will be incorrect. And so, if an ETA for one ship is
inaccurate, ETA’s for other ship will also become
inaccurate.

A literature review was first performed in order to
analyse any previous research and systems. Reports
about inland shipping often didn’t use a true node and
arc representation of the waterway, although Li (2017)
(2) comes close. Zhou et al.(2016) (3)described an
interesting model which could easily be converted for
use to describe an inland waterway system. The
model used by Zhou et al.(2016) (3) combined with
the model used by Li (2017) (2) could be used to
make a full model of the inland waterway system. The
paper by Li (2017) (2) also shows that locks are a big
source of uncertainty. However, the model used by Li
assumes that ships will follow the route given by the
model which would only be true in a perfect situation.
Parolas (2016) (4) showed the importance of an
accurate ETA when multiple stakeholders come
together in the transportation of goods. Problems with
the received data about position and speed or
problems with traffic on the way will not be used in
this paper because the error in location and speed
compared to the size and travel times of the ships are
assumed neglectable. A search for other system like
the Trajectplanner gave programs like SIVAK and
BIVAS. These are used in order to analyse influences
like blockages, new lock design and policy changes
on inland shipping. The output of these programs is
for example, average waiting times, occupancy of the
waterways, etc. They are used to look at the bigger
picture, not at individual ships.

Rijkswaterstaat uses KPI’s for all their services, but
because the Trajectplanner is not operational yet (it is
running and working, but it is not yet used in the
operation (guiding ships, lock operations, etc.)), there
are no KPI's formulated yet. This means that a new
KPI needs to be thought of. Considering the problem
this paper describes it is logical to include the
estimated arrival time (ETA) in the KPI.

Just like a car navigation system, a system which
simulates the movements of ships will simulate every
couple of seconds or minutes. This means that the
ETA to the destination will change if new events occur
in the simulation. This also means that the estimated
ETA can be tracked over time and with the knowledge
of the actual arrival time (ATA), the accuracy of the
ETA can be monitored (afterwards).
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Figure 2 ETA fluctuations through time

The skipper needs an accurate ETA when he plans
his journey, or when he is at the beginning of his
journey. The ETA needs to stay accurate, also during
the journey. If the skipper wants to use Trajectplanner
the way it is intended (More efficient planning and
sailing, slowing down or speeding up), the accuracy of
the ETA needs to stay constant during the trip. It is
therefore important that the ETA doesn’t fluctuate to
much. This can be represented by a max difference
between ETA and ATA which is small.
The proposed KPI is therefore:

KPI, = MAX|ETA, — ATA,|
This means that the KPI is based on the max
difference between the ETA and ATA. This is done
because a spike in the ETA estimations would cause
errors throughout the journey but also for other ships.
It is therefore important that this value is as low as
possible. This KPI can be determined for every point
in the system and different point are important for
different users, for example, for the skipper, the point
before a lock and the final destination point are
important. But for this research the points before and
after a lock are important because of the influence of
a lock on the estimation.
As explained before, the Trajectplanner is a system
which estimates, simulates and predicts the
movements of all the inland ships which sail on the
Dutch waterways system and have an AIS
transponder (A radio device which sends out the
position, speed and ID of the ship). To simulate this,
the Trajectplanner receives information from other
systems and uses this do run the simulation. For
example, the system receives GPS data for all the
ships as well as their departure and destination
points. To be clear, the Trajectplanner has no
influence on the ship, the way a ship sails or the
workings of objects. The RTA it gives out for ships
and the schedules it gives out for objects, are
suggestions for the skipper and the operator. The
Trajectplanner does not make decisions.
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Figure 3 Trajectplanner part map of waterways

In figure 3, part of the Dutch waterways system is
displayed as used by the Trajectplanner. Figure 3
shows the area around Utrecht/Nieuwegein in which
the Beatrix, Irene and Marijke locks are positioned.
The locks are not shown or indicated in this figure. In
figure 3 blue lines and dots can be seen. These lines
represent the waterways on which ships sail and the
points represent points on the waterway to where
ships can sail to and from. It could be said that the
lines are arcs which connect the nodes, in this case
the blue dots.

The dots are used to represent junctions, begin/end
positions like ports and docks. These dots don’t
represent objects like locks and bridges.

These dots are used to estimate ETA’s. For every
ship in the system, the Trajectplanner estimates the
ETA’s for each dot that ship will encounter. In order to
do this the Trajectplanner uses data like: Type of ship,
max speed of ship, max speed allowed on waterway,
depth of waterway, If the ship is loaded or empty,
draft of ship, dimensions of waterway, dimensions of
ship. Every 6 minutes, the Trajectplanner simulates all
the ships and their movements in the inland waters of
the Netherlands which have AIS transponders on
board. The skipper itself has to put in the destination.
The Trajectplanner combines all the information it has
and uses it to calculate the best route for the ship and
uses this route to determine which objects the ship
will encounter. And if needed, the Trajectplanner
schedules the ship in a lock. It does this every 6
minutes and does not keep track of previous
simulations. In other words, it starts over every 6
minutes. The Trajectplanner uses an event based
simulation which means, certain simulations will only
be done if an event is triggered.

The analysis of the output of the system was
performed with the Ul which is also available for the
operators. This means that the data which is shown
by the Trajectplanner is the same data that is used by
the operators and systems like IVS Next.

For each dot the Trajectplanner estimates the ETA’s
for all the ships that pass that dot. These dots don’t
have any characteristics other than being a point for
which an ETA is estimated.
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Figure 4 Trajectplanner Ul data

The data which the Trajectplanner shows is shown in
figure 4. For normal dots the only data the
Trajectplanner gives is the ETA for that point, for dots
with a lock or bridge behind it, the Trajectplanner also
gives an RTA (Requested Time of Arrival) for when
the ship is requested. This RTA indicates at which the
the ship has to be there in order to go through the
lock or past the bridge. This RTA value can be used
by skippers to decide if they can slow down or have to
speed up. The data which is shown in figure 4 is used
to analyse the Trajectplanner. The Trajectplanner
simulates every 6 minutes which means that every 6
minutes, new data is available.

In order to perform an analysis, a ship is chosen to
follow for a couple of hours. The routes these ships
take can be different, but often there is a lock within
the route to see how this effects the ETA’s. During the
analysis, comments are written down about speed,
other ships on the waterway, location in front of a lock
etc. In order to start an analysis a ship is chosen and
2 or more points are chosen along the route to track.
Every 6 min (or when new data is available) the ETA’s
and RTA’s for every chosen point are recorded.
These data points are put into a graph in order to see
how the ETA fluctuates over time. An example with
explanation is given below.

On both the X and Y axis time is displayed. On the Y-
axis the different ETA’s are plotted and on the X axis,
the simulation time is displayed. So in figure 5, the
ETA for KP2 at 12:00:00 was 14:13:41

The ATA’s (Actual time of arrival) are displayed as a
horizontal straight line in order to clearly see the
difference between the ETA and the ATA. The ATA
itself is of course a single value only known after the
ships has arrived at the node. But to make the
difference visibly clear, the straight line is shown.

The figure 6-3 above shows the ETA, RTA and ATA
of 1 ship passing 1 set of locks. This means that
before the ship arrives at the first point it doesn't
encounter other locks or bridges which can influence
its sailing. In other analysis, a route is chosen where a
ship encounters multiple locks and/or busy
intersections in order to see how other locks can
influence the ETA of different points. The bars in the
graph show when the ships is before, in and out of the
lock. This is to help analyse the graphs and to show
what the ETA data does when a ship is near a lock.
The analysis shown in figure 6-3 is of a ship passing
the Beatrix locks on 19-9-2017. In this analysis KP1 is
the node south of the Beatrix locks and KP2 is the
node north of the Beatrix locks. See figure 6-4 The
lock itself is not shown in the figure but sits in
between KP1 and KP2. When the analysis was
started the ship was sailing on the Lek from
Rotterdam. The ship would not encounter any objects
until the Beatrix locks.

What can be seen in figure 6-3 is that the ETA and
RTA for KP1 are equal for most of the time. What also
can be seen is that the RTA for KP1 and the ETA for
KP2 have an almost fixed distance between them.
ETA KP1, RTA KP1 and ETA KP2 all make a jump
around 12:00:00. There was no explanation found for
the ‘jump ' itself, but after the jump the ETA for KP1
becomes accurate within +/- 2 minutes.
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Figure 5 Left:Example of ETA fluctuations in Trajectplanner data/Right: Map with KP1 and KP2 marked

and once the ship is near the lock, both the RTA KP1
and the ETA KP2 keep rising. Even when the ships is
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‘in’ and ‘after’ the lock, the ETA KP2 keeps rising.
After analysis of multiple ships with different journeys,
several conclusions can be drawn. The different
analysis that were done show that when a ship is near
a lock, the ETA for the point after the lock keeps
rising, as if the Trajectplanner keeps scheduling the
ships into the lock without knowing the ship is already
near, or even in the lock. When there are no objects
between the ship and the KP that is analysed, the
ETA for that KP is accurate within a few minutes and
doesn’t change very much. The RTA for a point keeps
changing which indicates the schedule or planning
changes every time. This makes sense as the
Trajectplanner keeps no record of previous
simulations.

Because of the first point made above, if a ship
encounters multiple locks, the ETA for the end point
will fluctuate a lot. This was seen when a ship was
analysed with multiple locks on the route.

Factors like other ships, wind and current are not
taken into account by the Trajectplanner but will be
reflected in the current speed of the ship. This was
confirmed by reviewing the programming code of the
Trajectplanner. To determine the accuracy of the
current system, the KPI was used on the analysis of
the output of the system.

And for a data set or analysis of a ship’s journey, this
would give a table like this (Table 1):

Table 1
KPI KPI KPI KPI
KP1 KP2 KP3 KP4
Max KPlI =~ 00:12: 00:32: 00:28: 00:31:
34 05 19 28
Max 754 1925 1699 1888

KPI(seconds)

From the KPlIs of all the ships that were followed, the

following conclusion could be drawn. If the route of a

ship has no locks, the Trajectplanner is accurate

within a few minutes (+/- 5min, with exceptions)

If the route of a ship does have lock(s) on it, the
accuracy of the
Trajectplanner
fluctuates with a
maximum of about an
hour. So far, the
analysis of the system

=7 . suggests that the locks

s within the system are

the biggest source of

inaccuracy for the
prediction of the ETA.

To confirm this, an

analysis was

performed on one lock

for the duration of 6

hours and the ETA for

North no;ie

South node

Figure 6 Map with N- and S- node all the ships that came

mapped

through the lock were

monitored. The analysis was performed by monitoring
the north and south node at the Bernhard locks. See
figure 6. Ships in both directions were followed and
analysed. From the previous part of the analysis it is
expected that the ships that sail toward the lock have
almost straight lines in the graph, meaning that their
ETA is estimated correctly from the start of the
analysis.It is also expected that ships sailing away
from the lock have a rising ETA when they come near
the lock and the node. The ETAs and ATAs from this
analysis were also compared to determine the KPI for
each journey and each ship. These were than used to
get the KPI averaged over several ships making the
same journey. After this analysis it is clear that locks
are a big factor in the accuracy of the estimated
ETAs. There are several factors that play a role in this
problem

- The Trajectplanner doesn’t know when a ship
is in front, in or out of a lock and keeps
planning the ship into the lock. What happens
is that the ETA for the next node keeps going
up with the passing time of the lock.

- Because the Trajectplanner doesn’t know
what it has previously done it makes a new
schedule every time it simulates, even if the
previous schedule was good, the system
doesn’t know

- Missing or incorrect/old data is a problem for
the Trajectplanner because the simulation
cannot be done then. This is not directly the
fault of the Trajectplanner, but it is a problem.

3. Improvements

In an ideal situation, all the ETAs that are estimated at
the start of the journey are accurate and don’t change
much during the journey. This would mean that the
schedules that are made with these ETA’s will stay
the same and skippers can start to use the schedules
and improve their efficiency.

The current model of the Dutch waterway network
could be altered. In this network model, the objects
are represented by an arc between two nodes, one on
each side of the object. For locks, these nodes can
lay on the position of the doors. This way, the RTA for
such a point would make much more sense as it is
the requested time at the door. Not the requested
time for a node which can be kilometre away. For
bridges these nodes can lay on the spot where ships
would normally have to wait for the bridge to open.
For bridges that can’t open, a single node would
suffice as it would only indicate the position of the
bridge and would occur no extra travel time as with
other nodes. With the model of the network improved,
the lock model needs some improving as well. The
Trajectplanner already uses the in- and outsail times
of the ships, schedules ships into the procedures and
uses this to estimate when certain ships can go
through the lock. But it still doesn’t know when ships
are in the lock or waiting to sail in or out. An
improvement would be that the simulation knows
when ships are waiting to sail in or are in the lock and
if the lock is in procedures or not. This way it could



use this information in the estimation for the ETAs for
the following nodes and make these estimations more
accurate. As mentioned, the Trajectplanner doesn’t
remember data from previous simulations and starts
over every 6 minutes. This means that the schedules
made for all the ships are made every time the
simulation runs. This is shown in chapter 6 were the
RTA for the node before the lock changes a lot. An
improvement should be that the Trajectplanner has a
memory where it can store the schedule that it made.
With this memory it could check if all ships can still
make their scheduled times. And if so, no other
schedule should be made. If this was the case, the
schedule could be passed on to the skippers and they
could make sure that they would make that scheduled
time.The memory could also be used for more
improvements, like if the ETA for a specific node
changes a lot from one simulation to the next, it could
signal that something is wrong or has changed. This
could be used by the Trajectplanner to check
estimations, data or send a warning to someone who
can check it out.

4. Simulation
The simulation tool has to simulate the movement of
inland ships sailing over a piece of waterway with a
lock on it. To do this, discrete event simulation is used
to create a simulation environment. The waterway is
modelled as a straight line with the only property
being its length. The lock is situated on this line. The
lock and ships are modelled as components of the
simulation. Components can have different properties
like size, location etc. An important component within
the simulation environment is the Estimator. This
component tries to estimate where the ships will be
and at what time they will be at either A or B. It
calculates and estimates the ETA for these points.
These points can be defined in the simulation and will
be modelled after a real-life scenario.Other
components that are used are: ship generator
(generates ship on each side of the waterway), the
ships, the lock and small components that are used
as monitor systems.The simulation simulates certain
things accurately, other things are simplified and
some things are not modelled. These are listed below.
Modelled accurately:
- speed of ships
length of ships
- in- and outsail times of ships at the lock
- lock size
- service time of the lock
Simplified:
- areal/capacity of the lock chamber
o The capacity of the lock chamber is
modelled only with length
- The exact procedures at a lock
o The procedures are simulated as a
constant length of time
- Placement and room between ships in locks
o The rules for ships carrying
dangerous materials are not modelled

o The room between ships in a lock is
neglected. For example, in a 300 m
lock, 3 ships of 100 m will fit.
Not modelled:
- Influences on the sailing of ships
o  Ships will have their own speed which
will not be affected by other ships,
wind, current or other influences.
- Small pleasure vessels
o Small ships and pleasure vessels that
would have AIS in the real world are
not modelled
- Curves and corners in the waterway
- Rules for watermanagement
- Draft and cargo of ships
When the simulation starts, ships are created at the
two ends of the network. The ships start to sail until
they encounter the lock. They will then want to go
through the lock. After the ship went through the lock
it will then sail on to the end. When it reaches the end,
the ships will stop. As long as the simulation runs, the
lock is active. The lock checks whether there are
ships waiting to go through the lock on both sides of
the lock. When a ship wants to go through the lock,
the lock will check whether the water is on the ‘right’
side. If not, it will go through the procedure empty. It
will then open the doors and let the ship(s) in. When
the lock is full or no more ships want to go through on
that side. The lock will close the doors and start the
procedures. When the procedures are done. The lock
will open the doors on the other side and let the ships
out. Then the process starts over again by the lock
checking whether any ships want to go through.
During the simulation, an estimator is running as well.
Simply said, this estimator will estimate the ETAs for
all the ships in the system. The above is a simple
description of the simulation of the different
components. What can be seen is that the ships, the
lock and the estimator don’t influence each other. The
ships have full control over their own speed. The lock
only gives permission to sail in or out, but does not
actually tell the ships to sail in. The estimator only
looks at the data from the ships and makes
estimations based on that.
The simulation tool was first verified with a simulation
run with 1 ship from each side. It was then validated
by comparing the results of a long run to data
gathered from the real world and from the
Trajectplanner itself. The new network model(Design
1) and new lock model (Design 2) were than tested
with the simulation tool.
The output of this simulation looked like the graphs
shown in figure 7(next page). The average of all max
KPIs over all ships is shown in table 2. Based on table
2, The improvements do actually improve the KPI of
the simulation tool. Especially when one takes the
median value into account
The big difference between the estimators used in this
simulation and the Trajectplanner is the planning
module. The simulation did not schedule ships for
locks, it looked how many ships were at the lock
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Figure 7 Example of data output from simulation environment

before another ship and estimated the extra waiting
time. This estimation was based on the ETAs of those
other ships. This is also why the ETA for some ships
was ‘jumpy’. The conclusion of these test is therefore
that the extra nodes, the awareness of being in a lock
and knowing when the lock was entered would
improve the ETA estimation a lot.

The next step would be to improve the scheduling
module in the way mentioned before.

5. Conclusion and recommendations
As mentioned, this report analysed the
Trajectplanner in order to find the cause of

improvement it should be possible for the system to
make a better schedule but also to be aware whether
ships are inside the lock or not.

Other improvements could be found in:

- Improvement of the scheduling. The
scheduling keeps changing every 6 min, this
would not work for a skipper. For example, if
a schedule is made it should stay that way as
long as all the ships in that schedule are still
able to make the RTA.

- A memory of passed simulations. With a
memory, the Trajectplanner could check itself

inaccurate ETAs. After an analysis of the ] “—
current Trajectplanner backed by a literature £ o c
review. It was concluded that the way the %’_ § o - ~
inland waterway network is not modelled 5% & & g g
correctly within the Trajectplanner. Therefore, = -% 2 g ‘D 7
. o o (S [} [}
an improved model was thought out and tested X - > % o o
with a simulation. After the simulation it can be Mean 2986 2870 1494 1685
concluded that the improved network model :
worked. But the simulation did not schedule Median 2495 2719 1463 1448
ships the way the current Trajectplanner does. Standard 2550 689 269 688
It can be seen that in the simulation, the deviation
waiting of ships before entering a lock takesup  Data type  Real world Validation New model New model

the most time. Because of this, the scheduling
becomes the next big problem after the network
model and lock awareness issues have been solved.
The overall conclusion after the analysis and
simulation tests is that there is quite some room for
improvement of the Trajectplanner. Especially when
the goal is to advise skippers to adjust their speed
and to make inland shipping more attractive by giving
accurate travel times. One of the goals of the
Trajectplanner is to inform skippers that they can sail
faster or slower. And with that achieve more efficiency
with accurate travel times and less laying still with
engines running. In the bigger picture, this could
improve the whole supply chain where inland ships
are involved and make them more attractive to use.
To achieve this, the Trajectplanner needs to be
improved, apart from the suggestions done in this
report further study should take place.

The first step should be to implement the new model
which models the inland waterway network. With this

when the ATA for every node is known. It
could also be used to flag big fluctuations in
ETA estimations. This could indicate
something is wrong with the system or with
the ship.

- Atest to see how much impact it would have
when ships are scheduled into locks based
on the Trajectplanner instead of the arrival
time at the object. Now, ships enter the lock
on the same order as they arrive at the lock.
For the Trajectplanner to reach its full
potential, it is needed that ships need to rely
on a schedule they are given and not worry
about being overtaken.



6. References

1. Binnenvaartcijfers. [Online]
http://binnenvaartcijfers.nl/.

2. Li, K. Dynamic traffic assignment model for inland
waterway freight transport. 2017.

3. W. Zhou, H. Teng. Simultaneous passenger train
routing and timetabling using an efficient train-based
Lagrangian relaxation decomposition. 2016.

4. Parolas, loannis. ETA prediction for containerships at
the Port of Rotterdam using Machine Learning
Techniques. 2016.

5. Rijskwaterstaat.



Appendix B — Chapter 6

This Appendix contains the graphs and analysis which are discussed in chapter 6
The next figures show the graphs from other ships sailing through the Beatrix locks

12:57:36 -1
12:28:48
12:00:00 mm |n front of lock
s |n Lock
/-\ e Out of lock
11:31:12 + \V
— ETA KP1
= RTA KP1
11:02:24 = ETA KP2
~— ATA KP1
10:33:36 ——ATAKP2
100448 T T T T T T T r O

S PP PSPPSRSO
v. Q- b. fL. %- . Q. b- f». %. v. Q. b. I». %. v- Q.
NSNS R AR AR SN AT SN SN RN N 4

Figure 0-1 Graph showing ETA and ATA data from an anlysis

Figure B-1 displays the analysis of a ship which sailed through the Beatrix locks on 19-9-2017. It went
the same way, so KP1 and KP2 are the same as in figure 6-4 (See main report).

It can be seen that the RTA and the ETA are a fixed width from each other. And again, the ETA KP1 is
accurate within a few minutes from the start of the simulation. The same phenomenon can be seen as
in the previous analysis and that is that the ETA KP2 keeps rising while the ships is in the lock and
even when it is out of the lock.
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Figure 0-2 Graph showing ETA and ATA data from an anlysis

Figure B-2 Shows another ship passing the Beatrix locks. This ship went the other way, so the KP’s
are as in figure 6-4 (See main report) but reversed. The analysis shows the exact same behaviour as
the previous graph’s.
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Figure 0-3 Graph showing ETA and ATA data from an anlysis

Figure B-3 Shows the analysis of a ship sailing from Nijmegen, past the Bernhard locks and the Irene

locks. In this case, 4 KP’s were chosen in order to follow the ETA data of the 2 locks. The KP’s are
shown below in figure B-4
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Figure 0-4 Location of KP1, KP2, KP3 and KP4
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Figure B-5 shows a different ship sailing the same route the other way. The KP’s are the same points
but 1=4, 2=3, etc.

In both figures the lines run straight, this is because a lot of the time the simulation could not run and
no new data would be available. So the few points of data that are available, have been connected by
straight lines. Both figures do show that again, the locks have a big influence on the ETA calculation of
the points after the lock.
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Figure 0-7 Data from 1 lock analysis
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B. Appendix C — Chapter 9

This Appendix contains all the data from the experiments and some discussion about some of these
experiments

C.1 Sailing time validation experiment

The results from this experiment need to show a one thing in order for the simulation to be validated.
For the simulation of the ships it is necessary that the ATA’s from the simulation are similar to the
ATA’s from the validation data.

The simulation that was run to test the simulation of the ship movements had a lock with 720 m space
(2*360). 720m because most of the time, 2 ships fit next to each other in the lock. With the assumption
that 2 ships will fit next to each other the simulation used twice the length of the lock in the simulation.
The service time that was used is 12 min.

Table C-1 shows the actual ATAs from ships and the difference between them
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Table B-1 Data from sailing time analysis.

Schip ATA1
AShipl = 13:08:41
A Ship2 = 15:25:41
A Ship3 = 13:21:53
B Ship4 = 15:28:21
B Ship5  14:12:12
B Ship6 = 13:16:33
CShip7 | 12:44:57
G Ship8 = 15:07:35
JShip9 = 14:58:13

L Ship10 @ 13:56:22
M Ship11  14:56:41
P Ship12  13:17:31
SShip13  15:15:08
UShipi4  14:19:58
VShip15 13:13:54
ZShipl6  15:22:09

ATA2

13:44:30
14:44:58
12:54:11
14:48:00
13:44:08
13:49:00
13:07:39
14:13:30
15:34:04
14:31:20
15:32:30
13:47:50
14:32:07
14:55:01
13:47:30
14:36:31

Difference

(hh:mm:ss)
00:35:49
00:40:43
00:27:42
00:40:21
00:28:04
00:32:27
00:22:42
00:54:05
00:35:51
00:34:58
00:35:49
00:30:19
00:43:01
00:35:03
00:33:36
00:45:38

Difference

(seconds)
2149
2443
1662
2421
1684
1947
1362
3245
2151
2098
2149
1819
2581
2103
2016
2738

The ships in table 9-4 came from both directions, so it could happen that ATA1 is later than ATA2 and

vice versa.
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In the tables below (table 9-5), the simulation results are shown. Each simulation step is a second, so
the difference in ATAs is in seconds as well.

In the simulation, seeds are used to create random numbers and sequences. This is also done to
recreate results if the seeds are known. The test above was repeated with different seeds and the

resulting tables are shown below

Table B-2 Results from validation test

Name

eShip.0
eShip.2
eShip.1
wShip.1
eShip.4
eShip.3
eShip.5
wShip.3
wShip.4
wShip.5
eShip.6
eShip.8
eShip.7
eShip.10
wShip.6
wShip.7
wShip.8
eShip.9
eShip.12
eShip.11
eShip.13
eShip.14
wShip.9
wShip.11
wShip.10
wShip.12
eShip.16
eShip.15
eShip.18
eShip.17

Type

Vilb
1]

I
Vib
Il
Vib
Vilb
Va
]
Via
Vic
Vb
Vilb
I

Il

1]
Vilb
Vb
A
Vilb
1]
Via
Vib
Vb
Vib
1]
Vb
Vilb
Vb
Via

Start

784
2353
1568
2303
3921
3137
4705
4606
5758
6909
5490
7058
6274
8627
8061
9212
10364

7842
10195

9411
10979
11764
11515
13819
12667
14970
13332
12548
14901
14116

End

4730
4751
4808
6180
7861
7900
8180
9513
9608
9882
11790
11922
11945
12162
13540
13631
13952
15820
16095
16132
16183
16460
18227
18339
18363
18428
20471
20491
20714
20740

ATAl

988
2501
1756
2532
4086
3326
4918
4792
5939
7168
5699
7218
6485
8835
8251
9402
10606

8008
10341

9629
11134
11951
11755
14000
12910
15152
13498
12741
15048
14338

ATA2

4479
4564
4562
5981
7676
7651
7930
9366
9457
9681
11541
11738
11697
11914
13392
13480
13751
15631
15909
15882
15996
16209
18028
18188
18164
18279
20285
20242
20529
20491

Difference
(seconds)

3491
2063
2806
3449
3590
4325
3012
4574
3518
2513
5842
4520
5212
3079
5141
4078
3145
7623
5568
6253
4862
4258
6273
4188
5254
3127
6787
7501
5481
6153
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Table B-3 Results from validation test

Name

wShip.0
eShip.1
eShip.0
wShip.2
wShip.1
eShip.2
eShip.3
wShip.3
wShip.4
eShip.5
eShip.4
eShip.6
wShip.6
wShip.7
eShip.7
eShip.9
eShip.8
wShip.8
wShip.9
eShip.10
eShip.11
eShip.12
wShip.11
wShip.12
eShip.14
eShip.13
eShip.15

Type

Vic
I
Vilb
Vb
MO
\

I
Vib
Vic
1]
Vib
Vilb
Vib

Vb
i
Via
Vb
Vilb
I

MO
Vilb
MO
1]
MO
Il

Start

1247
2303
1152
3741
2494
3455
4606
4989
6236
6909
5758
8061
8730
9977
9212

11515

10364

11224

12471

12667

13819

14970

14966

16213

17273

16122

18425

End

3630
5009
5040
6287
6310
7507
7746
9153
9316
10837
10903
11153
12765
12854
14189
14407
14466
16022
16342
17577
17813
17874
19182
19249
20489
20545
20599

ATAl

1494
2455
1359
3927
2739
3593
4810
5235
6490
7050
5946
8256
8977
10239
9366
11670
10558
11420
12735
12832
14019
15168
15223
16461
17438
16326
18570

ATA2

3435
4820
4790
6138
6110
7322
7497
8955
9120
10652
10655
10904
12565
12653
14005
14218
14219
15877
16144
17389
17565
17625
18986
19049
20302
20295
20413

Difference
(seconds)

1941
2365
3431
2211
3371
3729
2687
3720
2630
3602
4709
2648
3588
2414
4639
2548
3661
4457
3409
4557
3546
2457
3763
2588
2864
3969
1843
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Table B-4 Results from validation test

Name

wShip.0
eShip.0
wShip.1
wShip.2
eShip.1
eShip.2
wShip.3
wShip.4
wShip.5
eShip.4
eShip.3
wShip.6
wShip.7
wShip.8
eShip.6
eShip.7
wShip.10
wShip.9
wShip.11
eShip.10
eShip.9
wShip.12
wShip.14
wShip.13
wShip.15

Type

Vilb
Vb
Vic
Vilb
Vib
Vilb
I
Vic
Via
1]
Vilb
Il

1]
MO
v
v
v
Vilb
Vilb
Va
Vilb
Vib
Il

Vilb

Start

1078
1379
2155
3233
2759
4138
4311
5389
6466
6897
5518
7544
8622
9700
9656
11036
11855
10777
12933
15174
13795
14011
16166
15088
17244

End

3488
4482
6126
6292
7698
7863
9370
9531
9657
11193
11259
12671
12759
12975
14103
14219
16048
16086
16365
18122
18154
20077
20125
20159
20439

ATAl

1322
1531
2420
3513
2975
4332
4566
5632
6714
7037
5736
7735
8815
9948
9797
11174
12048
11038
13182
15323
13986
14262
16342
15340
17478

ATA2

3287
4297
5928
6091
7449
7614
9170
9333
9457
11009
11010
12522
12611
12776
13916
14033
15899
15887
16167
17936
17904
19876
19974
19961
20239

Difference
(seconds)
1965
2766
3508
2578
4474
3282
4604
3701
2743
3972
5274
4787
3796
2828
4119
2859
3851
4849
2985
2613
3918
5614
3632
4621
2761
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Table B-5 Results from validation test

Name

wShip.0
eShip.1
eShip.0
wShip.1
wShip.2
eShip.2
eShip.3
eShip.4
wShip.4
eShip.5
eShip.6
eShip.7
wShip.6
wShip.5
eShip.8
eShip.10
wShip.8
wShip.7
wShip.9
eShip.11
eShip.13
eShip.12
wShip.10
wShip.11
eShip.14
eShip.16
eShip.15

Type

Vb
v
Vilb

Via
Vic
Vic
MO
Vilb
Il
Vilb
Vib
1]
Vic
Il
Via
v
Via
Il

1]

Il
Via

Vb
MO
11
Vib

Start

1379
2155
1078
2759
4138
3233
4311
5389
6897
6466
7544
8622
9656
8277
9700
11855
12415
11036
13795
12933
15088
14011
15174
16554
16166
18322
17244

End

3394
4921
4961
6391
6513
8127
8293
8351
9543
11000
11316
11453
12744
12805
14250
14639
16115
16150
16234
17662
17897
17933
19200
19328
20807
20883
20941

ATAl

1565
2297
1281
2988
4372
3438
4515
5588
7147
6628
7734
8816
9842
8529
9853
12056
12613
11289
13984
13087
15238
14217
15347
16740
16353
18471
17440

ATA2

3245
4734
4711
6192
6314
7881
8043
8105
9343
10814
11070
11203
12595
12609
14063
14392
15965
15954
16086
17475
17709
17683
19052
19180
20560
20694
20692

Difference
(seconds)
1680
2437
3430
3204
1942
4443
3528
2517
2196
4186
3336
2387
2753
4080
4210
2336
3352
4665
2102
4388
2471
3466
3705
2440
4207
2223
3252
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Table B-6 Results from validation test

Name

wShip.0
eShip.0
eShip.1
wShip.1
wShip.2
wShip.3
eShip.2
eShip.4
eShip.3
wShip.4
wShip.5
wShip.6
wShip.8
wShip.7
eShip.5
eShip.7
eShip.8
wShip.10
wShip.9
wShip.11
wShip.13
eShip.9
eShip.11
eShip.10
eShip.12
wShip.12
wShip.14
wShip.16
wShip.15
wShip.17

Type

Vilb
Il
Vib
Vilb
Vilb
Vilb
|

Il

I

Il
Vic
Vib
Il
Via
Vib
Vilb
MO
i
Vic
Vib
Via
11

Vib
Via
Vilb
Vib
Il
Vilb
MO

Start

824
1048
2096
1648
2473
3297
3144
5240
4192
4121
4945
5769
7418
6594
6288
8384
9432
9066
8242
9890

11539
10480
12576
11528
13624
10714
12363
14011
13187
14835

End

3214

4374

4657

6457

6618

6777

8138

8188

8223
10247
10560
10691
10777
10814
12685
12966
13032
14805
14871
15097
15217
16750
16997
17035
17269
19360
19491
19612
19655
19836

ATAl

1072
1199
2307
1923
2739
3536
3333
5387
4401
4300
5199
6007
7615
6863
6506
8592
9627
9253
8503
10130
11799
10623
12730
11738
13799
10970
12608
14199
13443
15071

ATA2

3018

4185

4411

6259

6419

6580

7888

8001

7976
10099
10363
10495
10631
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Difference
(seconds)
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2986
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C.2 Sailing validation - Results

By comparing the table with the real ATA and the table with the simulated ATA it is clear that the ships
in the simulation take longer to complete the same distance than the ships in real life. But the
difference can be explained. With the simplifications that were made in the simulation, some key
aspects of the lock procedure got lost. A big aspect is the second chamber that the lock has in real life.
This makes it that the operators can use the chambers in such a way that ships can sail in on both
side for most of the time. This means that ships don’t have to wait for the water to go to their level. The
simulation only has 1 lock chamber so if the water is on the ‘wrong’ side, the ship has to wait for the
lock to go through the procedure and get the water on the ‘right’ side. In this case, 720 sec. This can
clearly be seen when the simulation is run with 2 ships, 1 on each side.

Table B-7 Results Validation with 1 ship from each side

Name Type Start End ATA1 ATA2 Difference
(seconds)
wShip.0  Vic 1247 3630 1494 3433 1939
eShip.0 Vb 1152 4823 1359 4574 3215

What can be seen in table 9-4 Is that both ships start around the same time (368 s = 6 min) but finnish
with quite a difference (1276 s= 21,5 min). The lock starts at the west side, so the East ship(eShip.0)
has to wait the 12 + insailtime(2 min) + outsailtime(1,5 min) = 14,5 min already. The lock component
waits 5 minutes for other ships to arrive at the side of the lock on which the doors are open. This put
together (19,5 min) explains the longer traveltime. The west ship (wship.0) can sail right through and
has a realistic traveltime (1939 s or 32 min)So if one uses the above explanation on the tables shown
above, the longer travel times make sense.

The text above points out another big aspect of lock operation. In real life, the lock is operated by
people, which check other system such as a radar if more ships arrive, or make sure ship can sail in
from both sides. This can of course also be done with a simulation, but this simulation is purely to
show improvements of the Trajectplanner and not an exact representation of the real world.

C.3 Estimator validation

The second validation test was to validate the workings of the estimator that tries to copy the
behaviour of the current Trajectplanner. As mentioned before, this estimator is a simplification, it does
not schedule the ships, it does not place the ships and it does not give out an RTA. For these reasons,
the estimator will not give out the same estimation as the Trajectplanner. It does however predict when
the ships arrive at their nodes. With this prediction, this version of the predictor tries to copy the
Trajectplanner. This means that when the ships is between 2 nodes, the Trajectplanner does not know
where the ships is exactly. This was seen in chapter 6, in figures 6-5 to figures 6-11. The lines in these
graphs are the ones that this simulation tries to copy and show the same behaviour. The same
simulation as in the previous section is used for this test, so the parameters are the same.

The simulation code makes a graph out of the collected data per ship. This looks somewhat like the
figures in chapter 6 and can be read in the same way. The simulates is run for 6 hours (simulation
time). All the graphs can be found in Appendix C.4
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C.3.1 Estimator - Results

As mentioned in chapter 8, the simulation put in a small variation in the speed of the ship which the
estimator does not know about. In the figures above, this is not clearly visible. But if one looks at a
graph (figure C-2) which only displays the ETA towards node 1, this can be seen

eShip.0 Node 1

1370
1365
o /\/\
€ 1360 / \W/\
- N~
E 1355 /—\/\l
> —ETAL
E 1350 \/\V
——ATAL
1345
1340 T T T T T T T T T T T T T T T T T T T T T T T T 1
AT APV C IR AR\ I ISR MRS
NN NN N N RN NN N I SR

Simulation time

Figure B-1 Graph of data for Node 1 for eShip.0

It can be seen that the variation does not cause a lot of fluctuation in the ETA calculation, only 10
seconds at max. This is somewhat true to the actual Trajectplanner although those variations are
within a couple of minutes.

The location of the ship is also plotted in the graph to indicate when a ship is at what location. The
location line has the left vertical axes as indicator. As mentioned, all ship either sail from 2000 to -2000
or from -2000 to 2000.

As can be seen in the description shown in chapter 8, the ship’s location becomes the location of the
door (180 or -180) when the ship waits to enter the lock.

In figure 9-5 it can be seen that when the ship passes the first node and comes between 2 nodes with
the lock between them, the ETA keeps climbing. Although it is not an exact representation of what was
shown in chapter 6. It is very similar behaviour. The max KPI from the shown figures was 2123 s =35
min which is very similar to the max KPI found in chapter 6 for ships with 1 lock on the route to KP2.

The variation seen in chapter 5 is probably caused by the scheduling the Trajectplanner does. The
estimator used in these tests didn’t do any planning.

To replicate these fluctuations assumed caused by the scheduling done by the Trajectplanner, the test
was done with an estimator which tries to replicate the scheduling of the Trajectplanner in a simple
way. This estimator has an extra function (extrawaitingtime), which checks on both sides, which ships
arrived at the nodes first. It checks how many switches it takes to let these ships through and adds
that time to the ETA. It uses to ETA for Node 1 of other ships to estimate how many ships will arrive at
the lock before the current ship
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C.3.2 Estimator validation - Planning
All the graphs from this experiment can be found in Appendix C.5

C.3.2.1 Estimator planning validation - Results

As can be seen in the table at the end of section C.5, the ‘planning’ did not improve the KPI but it did
bring more fluctuations into the graph which is more accurate to the Trajectplanner. The average,
median and standard deviation from all the KPIs is shown as well in the table. This shows that the
estimator gets very similar results as the Trajectplanner. The goal of this estimator was to give similar
results as and have similar behaviour as the Trajectplanner and that it did. There will be differences
because the Trajectplanner makes schedules and in this case has two chambers to work with. This
means that ships have less waiting time in the real-world than in the simulation, which means that in
the simulation, there is more time for the ETA estimation to rise.
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C.4 Estimator validation — Graphs

The graphs made by the simulation in the estimator validation experiment are shown in this section
At the end of this section, the table with the max KPlIs for each ships and each node is displayed
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8,333333
3,666667
13
9,333333
20,66667

MaxKPI2
1594,333
1352,5
1845,667
1846
1602,333
2785,5
1364,5
1592,333
2819
1378,5
1715,667
2402,667
1601,333
2078,25
1351,5
3149,667
1377,5
2123
2961,333
1770
1587,333
2377,25
3253,667
1600,333
2661
1592,333
3198,5
1943
1590,333
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C.5 Estimator planning validation — Graphs

The graphs made by the simulation in estimator planning validation are shown in this section.
At the end of this section, the table with the max KPlIs for each ships and each node is displayed

36



eShip.0 2 Nodes

Simulation time

7359 2000
6359 AN —
2 s350 1\ | 1000
= N\ —4 1 c ——ETAlL
< 4359 \ i S
= 2359 \ - -1000 ——ETA2
1359
ATA2
359 \HH\\HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH\HHHHHHHH\HHH\HHHHHHHHHH\\}H '2000
OO0 WOUWNMMANHONDWOINITETANTdDNDONL S N ocation
NN I MNOEA MW OO NS OO I mMmwWwn N O
T A A AN AN AN AN AN OOOOON ST
Simulation time
eShip.1 2 Nodes
7455 2000
£ 5455 e —ETAL
< N\ el | S
3 3455 AN 2
= L -1000 ——ETA2
w
2455 \
ATA2
1455 TTTTTTT T I T T I I T I I I T T I T T I T I T I T T T T T T T T I T I T T T T T T T I T T T T T I T T T I T I T T I T T T I T T I T I T I T TTT _2000
O =+ O +H O 4 O 1 O 4 O ««*4 O «+* OW «d O Location
N <4 O N N M 0 < O 1n O W N N 0 ™M
Mm N W 0 O 4 N < I SN OO O N O 1n O
AN N &N N AN N o NN TS
Simulation time
eShip.2 2 Nodes
10593 2000
. \ ‘//\/\
.g 8593 \ ——— _— | 1000 g ETAL
2 6593 7 \ o %
s L— \ g
< —
= 4593 \ -1000 ——ETA2
ATA2
2593 \HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH\\HHHHHHHHH\\HHHHHHHHHH\HHHHHHHHHHHHHH\}H _2000
N O N < H 0O ANOOWOUMONSS dI00W1n NGO M L t'
ONMINMNOMONMNMIDLNOAONSTINNO ON ocation
NI MmN O NS OO0 TdMmMWL N O A< O
N N N - T T T DWW WM O OO OUONDNNIDNS

37



eShip.3 2 Nodes

Simulation time

11824 \ 2000
g 9824 — | 1000
E N\ / \ g —ETAL
~ o
S L :
B 5824 N -1000 ——ETA2
3824 2000 ATA2
M MH NO OO MNMANAONOWWIW I N — O 0 ocation
O 0 O AN M INMNOdHMWmMmM O 0 O N O oo O o
S S LDLLOIINOOO O  ORNRNNRKNRKNRKNO®
Simulation time
eShip.4 2 Nodes
10914 2000
o 9914 \ —
£ L — — | 1000
= 8914 N f \ s —FETAl
E 7914 0 B —atA1
~ \ <]
< 6914 =
= \ -1000 ——ETA2
5914
4914 \ 2000 ATA2
O NS OO A< ©O—dmM®© WO MIN 0 O N LN ocation
N OO Ad AN < 1D OMNODODO AdT N < 1N O~NO O
N wn OW O O VW VW OVW O ONDNNNMNMNNNOOO®
Simulation time
eShip.5 2 Nodes
16111 \ 2000
SN o 1000
s 1211 - —) $ ETA1
- X \—\ 0 ©
g 10111+ —— \ § —ATAL
5 8111 \ | 1o ——ETA2
6111 T T T T T T T T e T I e T rrorroT _2000 ATA2
< H 0N ANOOLOMONSS TdToINMANOOOMmOIN
DA M OONT OOV —AMINOD AT O WO N ocation

38



eShip.6 2 Nodes

Simulation time

15258 2000
o N\
€ 13258 1000
< S § —om
\, L
g uzss \ © 8 —am
= 9258 < -1000 = A2
7258 H\HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH\HHHHHHHHHHHH\HHHHH}H _2000 ATA2
N 00 < O O N 00 < O OV N 0 < O O N 0 <
(o] O 00 O 1N N N 1 OO 00 O N < N 1 OO 0 Locati n
4 M < O 0 O N ORNOA N WU NOGO O N o
00 00 00 00 00 O O Oy O O OO O O O O O = «
™ = = o -
Simulation time
eShip.7 2 Nodes
18430 \ 2000
. W
; 14430 \ 1\ o g —_—ETAl
= . T
g 12430 _,f \ § ATA1
£ 10430 \ -1000 ———ETA2
8430 T T T T T T T T T T T T T T T T T T T T T T T T T T T T I T T T T T T T T T ovr T _2000 ATA2
AN MO AN MO AN OO AN MmO
O - O OVOMOMOT AT T O MmO MO0 N Location
NN ~NO AN ILNOANIhNMNOANSNONSNSNON
OO OO OO0 00 d dddd AN AN NN OO H N S
™ =
Simulation time
eShip.8 2 Nodes
17556 2000
o \ ///\/\
£ 15556 1000
= \c,/‘\/ | § —ETAL
= 13556 \ 0 =
< \ S ——ATAl
B 11556 1000 = A2
9556 LN hmminnnminmimnimnantmnannannannnn '2000 ATA2
O N O N < 4 0N N O O O NN 100 I N
TR SRBRADPNBISNLTBIS D Location
O OO0 d d d d d N N AN N N onHn on on N < <
R K e B o R K R R o R R R B IR R B R R B O B |

39



eShip.9 2 Nodes
17666 2000
E 15666 1000 _
E 14666 N - | 0 = ETAL
< 13666 \\ § ——ATAL
< —
= 12666 N\ -1000 ——ETA2
11666 <
10666 TTTTT T T I I I T I I I T T I I T T T T T T I T T T T T T T T T T T T T I T T T T T T T T T T T T T T T T T T T I T T T T T T T T T T T I I T roITTT '2000 ATA2
M 00 M 0O M 0O M 0O M 0O M 60O M 0O M O M 0O ™M
O a4 N N OO MO O < O N 1 O AN INMOOO T O N Locati n
N NOWOHdMNMS OW 0O AN INOWO A m o
I A N N AN AN N ANAN OO OO DN S S
™ o A A 1
Simulation time
eShip.10 2 Nodes
23861 N 2000
o 21861
£ 10361 \ 1000
= —ETAL
E 17861 R — N 0 % ——ATAL
E 15861 \ 1000 S
& 13861 - ETA2
11861 T T T T T T T T T T T T T T T T T T T T T T T T T T e T T T T T T T T T T T T T T T T T T '2000 ATA2
O OO0 N O N < T O N 4 O OO0 ~N O N <  n N
- 00 O < N OO0 O T NON~NL MO AHAONLL M Location
N O NN O A M WO AN INMNOM WO A < I~
N N OO "N - T T NDIND DLW O OWONDNIDN
™ = H e el
Simulation time
eShip.11 2 Nodes
22976 \ 2000
@ 20976 \ r/ 1000 _
= 18976 \ _J/ & —FEAl
- Iy \ \ 0 4‘;
g 16976 \ 8 ——ATA1
5 14976 \—| 1000 — ETA2
12976 T I T T T T T T T T T T T T T e T T T T e T T T T T e T T T T T T T T T T T T T T oo '2000 ATA2
N < 4 00D N OO O ONSS 4 0N AN O O M
N N O O NS IDNO A N < O O A N < O Location
00 O N N N O H MWW o O N < W0 = NN I~
N < & < S S ND D NN N O W W O OUNDNNIDN
Lo R o R o B o B o B R B B o O o B O o R o SR I e IR B o I B |
Simulation time

40



eShip.12 2 Nodes

24171 \ 2000
g 22171 N - 1000
= c
% 20171 \ i S —ETAL
= ‘/"-J A § o 3 —
§ 18171 \\ & ATA1
£ 16171 1 -1000 ———ETA2
14171 H\H\HHHHHHHHHHHHH\HHHHHHHHHHHHHH\HHHHHHHHHHHHHHHHHH}H _2000 ATA2
S ot ot o o ot OO O OO ot o
B eITRIABBIFTARRSSESIFIRIRTES Location
N O WWmWmmwm W OWWOUWOUOUOUNNNNNDNDMNO®
™ = ™
Simulation time
eShip.13 2 Nodes
25280 2000
2 23280 \\ /,\///M“' - 1000
B c
= 21280 \ S . $ —ETAL
= \—\ - s
5 17280 =l -1000 ——ETA2
15280 HHHHHHHHH\HHHHHHHHH\H\HHHHH\HHHH\HHHHHHHHHHHHHHHHHHH\HHHHHHHHHHH\H\HHHHHHHHHHHHH\}\ _2000 ATA2
N O 00 O < T N OO0 VO T AN OO0 VU< AN O OV T
NN SFTORLIBRIYIIITD Location
W O OV O NNMNMNMNMNOWOLWOOOOLWO O OO O) O OO O
™ o o = A A A A H A NN NN

Simulation time




eShip.14 2 Nodes

Simulation time

26484 N 2000
g2 TN T 1000
= 22484 s —FEAlL
g \{ 0 g —atal
§ 20484 \ 3
o 18484 N 1o° ——ETA2
16484 H\H\\H\H\HH\\H\H\H\\HH\\HH\\H\H\H\\H\H\H\HH\\H\H\\H\H\H\H\H\HH\\H\\H\HHHHHHHHHHH}H _2000 ATA2
A O M O NN < o 0 1IN AN O O O < « 0 N
PP RIITISRIINILERI BRI A Location
N IN IN N 00 00 00 00 O O OO OO O O O O O i
T o AN NN AN AN
Simulation time
eShip.15 2 Nodes
25643 2000
£ 23643 \ -—-—"’\_,/"Ij 1000
= : { § —F€TAL
=
g 21643 \ 0 : ATAL
= 19643 N 1000 T ETA2
17643 HH\HHHHH\\H\H\H\\H\HHH\\HHHH\H\\HHHHH\HHHHHHHHHHHH\%H _2000 ATA2
W a4 O 4 O 4 VW 4 O 4 O 4 O 4 OV 4 OV - O
SORISLAIBRNRIINIIRIA=S Location
00 00 60 00 Oy OO O OO O OO O O ©O O O O O i
™ e e 1 " AN AN AN AN AN AN N NN

42



wShip.0 2 Nodes

5494 //\/ 2000
4494

£ A‘____——,Jx_./~————“" \ -~ 1000
304 — § — A
[ -0 © —
< 2494 e 8 ATAL
2 / - 1000 ——ETA2
W 1494 —
ATA2
494 TTTTTT T T T T I T T T I T T I T T I T I T T T T T I T T T T T T I T T T T T T T I T T T T T T T T T I T I T T T T T T T T T T I T TITITTTT '2000
N O O < 0N O O ST O N OO T 0N O O < Location
ON DLW NONSRKOAST ©OD o ™M O 0 4 m o
N < n O~ o0 O (e} O O d N < un
I = " T AN AN AN AN AN AN NN OO N N M
Simulation time
wShip.1 2 Nodes
9739 %/ 2000
g 7739 1000
5 Y / | s —ETAL
E 5739 N 7 0 8  ——ATAL
S~ o
< —%—’J i
= 3739 / -1000 ——ETA2
ATA2
1739 ﬁ\\\\\\HHHHHHHHHHH\HHHH\HHHHHHHHHHHHHHH\HHHHHHHHHHHHHHHHHHHHHHHH\HH _2000
S N dOO0ONINETMdO0ON~NOUTETM AN ocation
NN A NS OO NSNS MWL NOO O N
AN ANAN O OO ON I T TSI DD ND NN OO
Simulation time
wShip.2 2 Nodes
9998 2000
L 8998 4_—_‘———___j;;1,/’
-~ 1000
E 7998 —— | s ——ETAl
= 8 ——ATAL
< 5998 S
> )y 5
= 4998 / - -1000 ——ETA2
3998 1= ATA2
2998 TTTTTTT I T I T I I T I T I T T T T T T T T T T T T T T T I T T T I T T T T T T T T I T T T T T T T T T T T T T T T T T I T T I TToorTTT _2000
[ I T o R I o AN o S o VAN o S o VAN S o A A VA o S o N S o B :
MmO S OB odONN®MO®B®SST OIS O Location
N O O N < ID SN 00 O d N < O OO 4 N <
n N - < S 85 T <SS DD N N NN n n O w o

Simulation time

43



wShip.3 2 Nodes
14238 / 2000
o 12238 f\/«7 -~ 1000
= 10238 —— . 5 —ETAL
- l—‘ B © —
< 8238 [— g ATA1
IE _f' -~ -1000 - e ETA2
W 6238 -/ -
4238 2000 ATA2
NN o O O AN OO MmMAOAITAOT O N O M ocation
onN NN O AN I MNO AN DN N~NOANSNNO N S S
N wmwmwwWw WO ONNMNMNIMNOOOOOD©ODOOOO
Simulation time
wShip.4 2 Nodes
13480 2000
@ 11480 "/’\’//// 1000
£
5 /J / \ g —ETAL
e r"/\\, -
~ o
3 / 38
= 7480 — 1000 ——ETA2
ATA2
5480 {HHHHHHH\HHHH\HHHH\HHHH\HHHHHHHHHHHHHHHHHHHHHHHH\HHHH\HHHHHHHHH _2000
ONOIMNMNONMOOINMNAN A0 O I F N ocation
N < OO0 O N < T N INO A MOWININOO AN < O 0
O O O O NNMNNMNMNNMNMNOOWODOOLWOOLWWO O O O O
Simulation time
wShip.5 2 Nodes
12669 Y 2000
11669 —\
e [ — / 1000
£ 10669 — / s —FETAl
E 9669 — - S—
~ o
IE 8669 / -1000 - e ETA2
w
7669
6669 7 2000 ATA2
NN O OO N AWML OO NN AN OO N 1" O H
MINOVONINNONSNONST OO S O ® Location
N OMNOODO A AN < T N ONOO AN MW ONOO
N ININN N0 0000 00 00O OO OO Oy Oy Oy O O O
Simulation time

44



wShip.6 2 Nodes
15925 M 2000
£ 13925 1000
= 11925 7 0 =
g / § — ATA1
E 9925 - -1000 —ETA2
7925 (HHHHHHH\HHHHHHHHHHHHHH\HHHHHHHHH\HH\HHHHHHHHHHHHHH\HHH\HHHHHHH ‘2000 ATA2
M O N A MNOODODWW ANMOOW ANOMOOOOWM ANM
N < N 400N O dOoOONN O < naN OO L t'
N O AdMNMINNOOWONST OO AdMIINNOGO A M < ocation
00 00 OO OO OO OO OO OO0 A ™H™H A N N
™
Simulation time
wShip.7 2 Nodes
16157 2000
o 15157 4/__’7(/
£ _——\ 1000
E 14157 —— \— V! < ETAL
< 12157 7 . g ——ATAL
< —
= 11157 7 -1000 ——ETA2
10157 V4
9157 TTTTTTIT I T I I T I T I I I T I T I T I T T T T I T T T T T T T I T I T T I I T T T T T T T T I T I T I T I T I T I T I T I T I T T T TITTITTIo TITT ‘2000 ATA2
M 00 M O M O M 0 M 0 M O M 0 M 0 M o0
I O NN MO 0 < O 1N O O d N N 0 M < L tion
O d M & ON DO NF I NOGWO-CHM O OcCa
O O O O OO0 0O d d +dH +d 4 4 N N N N
i i i i i i i i i i i i i i i i i i
Simulation time
wShip.8 2 Nodes
20471 / 2000
2 18471 /f/'/ 1000
= 16471 S — § —EA
— 0
%14471 _"fb, g ——ATAL
£ 12471 y4 -1000 ———ETA2
10471 1\\\\\\\\\\\\\\HHHHHHHHHHHHHHHHHHHHHHH\HHHHHHHHHH\\HHHHHHHHHHHHHH\HHHHHHHHHHH\H\HHHHHHH\HHH ‘2000 ATA2
<t AN O 0 O < NOOW O S ANON O ST ANO 0 O
oMo AN NANNOCHOUCH OO, O Wn o [e2] Location
NN NO AN NMNMNOANINNMNMNOANI NDNNOANLNO
A NN AN AN OO T ND WD N NN
Lo IR o B o IO o R o R o B o O R o B o B o K o R o B o B o R R B B o B |
Simulation time

45



wShip.9 2 Nodes

2000

—ETAl
—ATAl
——ETA2

uoned’o]

1000
-1000

ATA2
Location

-2000

7ot
85097

19729

17729
15729 -

awn viv/vl3

Simulation time

wShip.10 2 Nodes

2000

—ETAl
—ATAl
——ETA2

uoned’o]

- 1000
- -1000

ATA2

-2000

e
—-

19960
18960
17960
16960
15960
14960
13960
12960

awn viv/vla

Location

66€£9T
ot
68091
V€6ST
6/4LST
7C9ST
697ST
P1esT
6STST
00ST
61811
v69vT
6ESYT
P8EYT
6¢Crl
vLOVT
6T6¢€T
V9LET

Simulation time

46



wShip.11 2 Nodes

Simulation time

24226 7 2000
g 22226 /\/./7 1000
= 20226 § —ETAL
< —- ——f o =
;18226 _74—’ § —ATA1
£ 16226 —~ -1000 ———ETA2
14226 ﬁmmHHHHHHHHHHHHHHHHHHHHHHHHHHHH\HHHHHHHHHHHHHHHHHHHHHHHHHHH\HHHHHHHHHHHHHHH _2000 ATA2
< N O 00 O < N O 0 O < N O 0 OV < N O 0
SHAIRIIIRIRIRREISRNGANS Location
N wn wmwwmwnmw W O OW O NNDMNMNIMNOOWOWOW O O
™ o - e H Al
Simulation time
wShip.12 2 Nodes
23460 2000
) M
£ 21460 E—— 1000
s / \ 5§ —FTAL
=)
E 19460 / 7 0 § ATAL
< —
= 17460 ~ -1000 —ETA2
15460 4\H\HHHHHHHHHH\HHHHHH\H\HHHHHHHHHHH\HHHHHHHH\HHHHH\HHHHHHHHHHH _2000 ATA2
T O O AN OO < O VO AN OO T O LV AN OO - O O N
S0 RSN IRISITEIBNIAR Location
W O OV OW O NNMNMNMNMNOOLWOGD OO O O OO OO,
™ el o

47



wShip.0
eShip.1
eShip.0
wShip.1
wShip.2
eShip.2
eShip.4
eShip.3
wShip.3
wShip.5
wShip.4
eShip.5
eShip.6
wShip.6
wShip.7
eShip.7
eShip.9
eShip.8
wShip.8
wShip.9
wShip.10
eShip.11
eShip.10
eShip.12
wShip.11
wShip.12
eShip.13
eShip.14
eShip.15
Average
Median

Standard
deviation

MaxKPI1
5

8,25

6
6,333333
18,33333
12,5
10,25
15,33333
5,333333
3,75
10,33333
6
6,666667
11,75
10,75

17

7
9,333333
7,666667
12,33333
7

8,75

12
6,666667
8,333333
3,666667
13
9,333333
20,66667
9,632184
8,75
4,27029

MaxKPI2
1594,333

1658,5
1881,333
2416,333
2556,333

2479,5

2318,5
2546,333
2830,333

2525,5
2719,333
3414,333
3425,333

2571,5

2452,5
2675,333

2324,5
2568,333
2768,333
2768,333
3338,333

3827,5
4059,333
4071,333
3037,333
3282,333

3074,5
4028,333
4018,333
2870,075
2719,333
688,9542
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C.6 Design 1 - New network model — Graphs

The graphs made by the simulation in the evaluation of design 1 are shown in this section.
At the end of this section, the table with the max KPlIs for each ships and each node is displayed
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C.7 Design 2 - New Network model + Awareness of lock — Graphs

The graphs made by the simulation in the evaluation of Design 2 are shown in this section.
At the end of this section, the table with the max KPlIs for each ships and each node is displayed

62



eShip.0 Nodes

5359 - 2000 —FETAL
N
@ 4359 \ % 1000 ——ATAL
3359 A= 8
2 "‘——'\\:5-;&\ 0 = ETA2
< (5]
< 23 \ S ATA2
= R -1000
w1359 ——ETA3
359 TTTTTTII T T I T T I T T T T I T T T T T T T I T T T T T T T T T T T T T T T T T T T T T T T I T T T T T T T IrTIrTTT '2000 _ATA3
D < OO O O OO T OO O
o A NN OO MM O O N 4 O N O OV +d N~ N
NmMwnmwoddNSTONDDONOT ON —ETA4
I Hd A A AN N AN AN NN
Simulation time — ATA4
eShip.1 Nodes
5455 2000 —ETAL
g 4455 1000 ——ATAL
o— c
)
o
E 3455 0 5 ETA2
3 ;, \ 9 ATA2
= 2455 -1000
\ ——ETA3
1455 TTTTT T I T I T T T T T T T T T I T T T T I T T T T T e T T T T e v T T I T T v v T T T i o oror oo T _2000 _ATA3
O N OO < O OO M WO N LN OO JdA < NN O I O
N <t N 1 O 00 1 O OO oo™~ OO WINnN < O 0™~V
N NOOA NS NWLONOWNONDOOANT NN D —FETA4
AN AN AN AN OO O O NN N on oo on F < F S5 T S
Simulation time — ATA4
eShip.2 Nodes
8593 N 2000 —FETAL
7593 ==
(]
1000 —ATAL
£ 6593 N\ / <
< 4593 S ATA2
5 i N\ - -1000
3593 N ——ETA3
2593 - -2000 ——ATA3
M O M O MO MO MO MOMOMONMOEKAN NN
ONHd O ANMNMMOWOTAOAOAWM O OV ANNOOMO WM
N O©OOoWRHAdNISTINOOONMLL OO LN O K —FETA4
MmN N N - - I T OO WLM ONDNIDN
Simulation time — ATA4




9824

eShip.3 Nodes

2000

N —ETAL
8824
& N 1000 ——ATAL
-i 7824 = T 5 ro
5 6824 0 ®
< 5824 S ATA2
E - N -1000
4824 ——FETA3
3824 TTTTTT T T T T I I T T I T I I T T T T T T I T T I T I T I T I T T T T T T T T I T T T I T T I T I T T T I I T T I T T T T T I I I T I T I T I I T T IToTT '2000 _ATA3
O N O 1N O 1N O 1N O 1N O N < &N IS AN IS N
n O W " N N OO MO OO O O N O N 4 O N
W OO d NN OO o4 MWL © O o —ETA4
< < < DN N W N N W W OW O NDNMNNNNNO®
Simulation time —— ATA4
eShip.4 Nodes
9914 \ 2000 -
p 8914 ‘\ 1000 ——ATAL
= c
E 7914 . S fm
©
< i Q
< 6914 Y \ S ATA2
"'-" 5914 - \ -1000 ——FETA3
4914 LN LNRiLmmmumnmimuninipnunnnonnnninnnanannnninnnnnn _2000 _ATA3
Nt A NO NS OO dA M OO MWLMN AN < -
DA AN A NNOMOOOOWMW AHAO O M ANOOTNLINOO
NOANSITNOONWOMDNDOO TANNNT OO —[ETA4
n W W W W WOVWLWOVWOUOOUOUNNMNNMNNMNNMNDNDNDNMNO®
Simulation time ——ATA4
eShip.5 Nodes
12111 N 2000 —ETAL
o 11111 - — - 1000
.g 10111 | 4/_/,/7\’\:“;,1 < —ATA1
< Nao— - S ——ETA2
£ oLl —\ 0 5
< 8111 S ATA2
= A -1000
7111 N ——ETA3
6111 TITTTT T I I T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T e T T T T T T T T T T T T T T T T T e T T T T T T T T T rrrTanT _2000
T O VAN OO LONOWSTO WANOWST O F O W = ATA3
< N - 0O~N O < N 14 0O 0O N O MO0 NN O <
D A MmN OW 0 O N < OO OO I M WM ININO - M
ONMNNBNNNGOG O 00O DO O - - —ETA4
™ = =
Simulation time — ATA4

64



eShip.6 Nodes

Simulation time

12258 2000
- —ETAL
g 11258 AN NN - 1000 c —ATA1
< 10258 AN 5
= \ L0 s ——ETA2
< 9258 ]
3 \ S ATA2
D 8258 - -1000
—ETA3
7258 T T T T T T T T T T T oY _2000
N OO OVUMONTdIOWOMNOSNCOO®MmON ——ATA3
N MO IO N OOOO NS O N A MmO O WU NN S O
AN N ON S ONDODO d A NSNS A M
PEHEBO 3805382933334 —ETA4
Simulation time —— ATA4
eShip.7 Nodes
15430 2000 ETA1
o 14430 \\\ =
g 13430 AN — r ~ 1000 - — ATA1
-
<« 12430 % g —ETA2
[~ -0 [v]
3 loao -~ AN g ATA2
£ 10430 N -1000 ©
9430 —ETA3
8430 H\HHHHHHHHHHHH\HHHHHHHHHHHH\HHHHHHHHHHHH\HHHHHHHHHHHHH\HHHHHHHHH}H _2000
DO NONT - 0N NGO WOMON o 0 LD ——ATA3
O 0 O N MM N NV O N MWLl N OOOMN X O
N < IS O 1 O in N~ 0 O M O 0 —+H M
D DO O OO0 A ddAddNNM® S —FETA4
T =~ H
Simulation time ——ATA4
eShip.8 Nodes
15556 2000 ETA1
g 14556 \‘\ ——— 7 1000 ATA1
S 1355 T ——— W s
< 11556 S ATA2
= SN - -1000
W 10556 \ —ETA3
9556 TTTTTTIT T T I T I I T I I T T T T T T T T T v T T T T T T T T T T T roroToTT _2000
O N O F O OVONOWSTO O N O O O N 0 ——ATA3
I O 00O~ O < N0 1 O OO O 0 N AN = O
< O N QO = N NN OO N << 1D W 0 O 1 m
O 000 ddddd N NNNNO I < < —FETA4
D B B B B e B R B B e B B B B B e IR e R O o |

——ATA4




eShip.9 Nodes

Simulation time

15666 2000 ETA1
g 14666 1000 c — ATA1
=
ﬁ 13666 . 0 .% ETA2
§ 12666 \ 1000 § ATA2
& 11666 \ ) ETA3
10666 LR RN _2000
N =T ONLANWINMNOMLLOKWAMWOOO N O F N — ATA3
O A 1N O INMN O N AN-EINOOUANCHOOANIN~NN
N 00 O M WUN N OO A A AN N < 1N ONOO ™M
T d N NN NNANOOOOn®OoOOoNnon S S ——FETA4
™ o = A A A A A A
Simulation time — ATA4
eShip.10 Nodes
18861 2000
17861 \ ETAL
[9) N 1000 ATAl
€ e —_—
£ 16861 = c
<« 15861 \ X = = e ETA2
= Te— A\ 0 ®
5 14861 \ S
ATA2
£ 13861 N -1000 ~
12861 \ ——ETA3
11861 T T T T T T T T T T T I T T T T T e o T T T o v ovToorT _2000
ONS 401N NGO WOWMONT-T - W0 O N~ < — ATA3
AN < ON O d N < OO0 DA Mt O O~
N O A D NSNS O N < OO MWL MNSNO M Wn N
NN OO O STETETIEITNODNN;NLNDNNN —ETA4
™™ = = A A 1l
Simulation time — ATA4
eShip.11 Nodes
18976 N 2000 —ETAL
17976 \,
g N T 1000 — ATA1
= 16976 g
E 15976 - v o F —Fm
T 14976 S
3 - \N 1000 ATA2
W 13976 \ —ETA3
12976 TTTTTT T T I T I I T I T T I T T T I T I T T T v T T T T T T e T T T T T T T T T I T T T I T T T T T o oo _2000
NANRNANANANNANNANACNNOANOLWN O N — ATA3
N 4 O ANMNMOMOOOTDADWM O OWAEANNNOGDOANN
N0 O I M T OMNIODOANSTININOOO A A MWL O
NI ETTITLITLTT OO LMOOOKNNNRK ——FETA4
o R o B o K o B o B o B o O o O o K R R B O R e O R o IR B B o B |

——ATA4




eShip.12 Nodes

19171 X 2000 —ETAL
g 18171 1000 _  ——ATAL
E
o
< 17171 o 2 ETA
< 16171 g
3 \ S ATA2
5 15171 -1000
——ETA3
14171 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T I oo ‘2000
T NONVNOUTNONNMOVOMWOXATNNO 00 = ATA3
ON O T A MmO MO NN ON SN o
oN NN MNOAN NSETWMWLONDOIDDDO AN OO
MWW WOLWOWOOOOOOOORNNNRINDKNDRN —FETA4
L K o B o T R o B o TR o B O B o O R B o R O o O R B o R B o B |
Simulation time —— ATA4
eShip.13 Nodes
21280 | . 2000 —ETAL
o 20280 —a |
€ 19280 —= . - 1000 _  ——ATAl
2 N —— 5
£ 18280 L\ o § ~—EA2
< 17280 S ATA2
= | N\ - -1000
W 16280 ——ETA3
N\
15280 TTTTTT T T T T T T T T T T T T T T T T T T T T T T T T I T T T T I T T T T I T T T T T I T T T T v T T T T orT ‘2000
N WO LOUNOTO ONOWSTSTO WONOWS MO N = ATA3
O uwVonNcstANTdTOOTOR~NILLTSES N TN N AN
A M UOMNDDOA AN OO NS ONIODEHOMOWLNOOD
O WWOWUOUORNNRNRNNOGOOWORONONMNVNNO OO ——FETA4
™ = A A A A H NN N
Simulation time ——ATA4

67



eShip.14 Nodes

21484 £ - 2000 —ETAL
@ 20484 ‘\ ‘/ﬁwi 1000 _  ——ATAL
E
o
< 19484 N ~ o 3 ETA2
< 18484 | e
< \ 1000 = ATA2
D 17484 .
——ETA3
16484 TTTTTTTT T I T I I I T T e T T T T T T T T T T T T T T T T T T T T T T T T I I T T T T I T T I oo _2000
DT OLTOLTONT DTS T OO A MO MO0 M — ATA3
N MO T OWINdOANNMOT O ONO O AN
N T O N A ANTNDNNOO A NI N ONOWO
INISISNININO0O0O0O0WWOWNWaH NN O O oA —ETA4
™~ AN AN NN
Simulation time — ATA4
eShip.15 Nodes
23643 2000 ETAL
g 22643 1000 ATA1
£ 21683 5
= 20643 — 0 £ —ETA2
< \ )
< 19643 3 ATA2
= — N - -1000
18643 ——ETA3
17643 - -2000
O N O W NONLI OO MWW NI ™M — ATA3
N NN AN O N ST O DD W ST MmO O O N AN
St SN O N < ON0O OO d N OO & O O
0 00 00 O OO O OO O O O O O —FETA4
™ o e e AN AN AN AN N AN N AN
Simulation time — ATA4

68



wShip.0 Nodes

4494 2000 —ETAL
o AN /
1 ——ATAL
.g 3494 ﬁ/ 7/\%7 / 1000 g
’_, - — R
E 2494 ] e 0 ..é. ETA2
I - / S ATA2
E 1494 -1000
/ ——ETA3
494 TTTTTTT T T T I T T I T T I T I T T T T T T T T T T I T T I T T T T T T T T T T I T T T I T T T T T T T T T I T T T I T I T T T ITITITITT '2000 _ATA3
N O O 0N O O S 0O N OO St 0oN O O <
o NN ™SO AN SIS NOO A S S OO0 A M W o — m
MSTNONOOAINTINONOOSIAN T 0 —ETA4
I = " T AN AN AN AN AN AN NN OO N N M
Simulation time — ATA4
wShip.1 Nodes
6739 - T 2000 —ETAL
e\ pd
@ 5735 — 1000 ——ATAL
B 4739 A 5
< — — 7 g A2
= . ° %
< 373 / S ATA2
= -
w2739 P 1000 ——ETA3
1739 TTTTTTT I I I T I T T T I T T T T T T T I T T T T T T T T T T T I T T T T T T T T T T T T T T T T T T T I T I T I ITrTITrTITTT _2000 _ATA3
AN IS AN AN NAN NN NSNS AN™NNDND O N O W
<t O N O O A NN 0O N O O N O & O W
N © 0O dMTONAOAONFT N OO N M —ETA4
N N AN O O o on onon N - & S S nDn O 0o
Simulation time — ATA4
wShip.2 Nodes
7998 / 2000 —FETAL
g 6998 17— 1000 —— ATAL
— c
E 5998 - 0 % ——ETA2
g 4998 A 8 ATA2
& 3908 k 1000 ——ETA3
2998 TTTTTTTTT T T T T T T T T T T T T T e T T T T T e e T T T T T T e T T T v TroroTToT _2000 _ATA3
N OO < OOV AT HNOMUOVOUOAONLWOW HWL ANMO
00 O N T ANON OO INS MO AN TdIA MmN OO N
N < MmO © Od N M NONO N —[ETA4
N N - - - - S S < D DD W W WM OW OO
Simulation time — ATA4

69



wShip.3 Nodes

10238 7 2000 —FETAL
9238 £
2 /| 1000 ——ATA1L
£ 8238 pv— c
< w— e —— / L —A2
E 7238 7 0 E
I 6238 | S ATA2
E L - -1000
5238 ~ ——ETA3
4238 TTTTT T T T T T T T T T T T T T T T T T v T T T T T T T T e T T T T T T T T T I I e T T T T T T T T ovvToT T '2000 _ATA3
N O < O O N OO S OOV NOO T O VN O WL AN
N O OO0 O IN M AN 1 OO0 O N T AN —H O N <
O MINNO = mMINO©®XO NI O NN T O © —FTA4
nwwmwmwmwm oW O O O ONNMNNNMNNMNOOOOOO
Simulation time —— ATA4
wShip.4 Nodes
10480 2000
P —FETAL
g 9480 1000 ——ATAL
o— c
< 8480 2 —ETA2
5 ° B
< 7480 / S ATA2
5 6480 — - -1000 e
5480 TTTTTT T T I T I I I T I T T T I T T I T T T T I T T T T T T T T T T T T T I T T T T T I T T T T T T T T rorTTT _2000 _ATA3
M o0 M 0 MO M OO MO M OO o < 1 O 1 O
At ON 1 O ANINMOON T MAN OO MO T O Wn
NSTONDNDONMINOWODNDOOd NS OND ——ETA4
O O O OV O NNMNNMNMNMNMNMNMNMNMOLOODWODO O O OO O
Simulation time ——ATA4
wShip.5 Nodes
12669 7 2000 —ETAL
o 11669
£ /- 1000 ——ATAL
£ 10669 £
= 9669 = 0§ TFW
E 8669 // Yvy 1000 S ATA2
5 eeo - ——ETA3
6669 T T T T T T T e T T I T v orooTT _2000 _ATA3
M O NI NOO AT OO0 A MW 0O NN O N O
MW OO MNMOOOWM A NOMO AN SENM WL IN
DN DA NMFTINONN®NONDNO I NS O X ——FETA4
NN IN N 00 00O 00 00O 00 00 00 00 00 00 00 00O O OO O OO OO O
Simulation time — ATA4

70



wShip.6 Nodes

- — N N on OO <
< < < < < <
v v~ v = v
uoned’ol
o o
8 8 8 8
RS o - «
| | |
c €6vCT
Y :
- 8EETT
- €8121
i /r - 820¢T
- E¥60T
- 88.01
= €€90T
- 8/¥0T
- €Ce0T
= 89101
- €100T
- 8986
- €0L6
- 8YS6
- €6€6
- 86
\ E
- €806
/wwmmm
| S €18
N N N N N N
o o o o o o
(o)} (o)} (o)} (o)} (o)) (o)}
o — o ()] o0 ™~
i i i

awn viv/vl3

——ATA4

Simulation time

wShip.7 Nodes

—ETAl

2000

—ATAl
——ETA2

ATA2
—ETA3

uoned’o]

- 1000
0

- -1000

-2000

/

!
7

14157

13157
12157
11157
10157

awn viv/vla

9157

——ATA3
—ETA4

L1911
TEVT
144"
6590CT
70617
TI8TI
8T/LTT
SC9TT
CeSTT
6EVIT
IETT
€GCTT
09TTT
£90TT
€r60T
£LSL0T
T/S0T
S8€0T
66107
€100T

——ATA4

Simulation time

wShip.8 Nodes

—ETAl

2000

—ATAl
——ETA2

ATA2
—ETA3

uoned’o]

- 1000
- -1000

——ATA3
—ETA4

-2000

Z

—

0c¢t1ot
ve6ST
8YLST
94941
09¢vt
vLOVT
888¢ET
[4V7AY
9TSET
oecet
1244
8596(T
CLLTT
9849¢T
oovet
14744"
8¢0CT
81T
99911

16471

14471 —X)\

15471
13471
12471
11471

awn viv/vli3a

< O©
0 N
N <
— -
—

10471

——ATA4

Simulation time

71



wShip.9 Nodes

17729 V% 2000 —ETAL
y 16729 —_— L 1000 ATAL
2 14729 M 0 B —ETA2
< P )
< 13729 S ATA2
E - - -1000
12729 — ——ETA3
11729 TTTTTITT T T T I I T I T T T T T T T T T T T T T T T T T T T T T T T T I T T T T T I T T roIorrTTT _2000
T O T OT DT DHDTOT OMO NN O WO —— ATA3
NN N 0 < O n O I NN N < N A4 O N
N O 00 O o N < O N OO OAN M T © 0 O
NN NN OO OO S S S S nw;nmo ——FETA4
Do B e I I e IR e B B R o IR o B B B O o B e B e B I e I |
Simulation time —— ATA4
wShip.10 Nodes
18960 7 2000 —ETAL
g 17960 /| 1000 ATA1
Y g
E 15960 o § —EA2
< 14960 Vv S ATA2
E AR -1000
13960 7 ETA3
12960 T T T T T e T e T e T I I e v _2000
T N O VO MUWVOWAST OVAOANSTNOLL M AN —— ATA3
O «+4 OO NN O N 1+ O O N WM +H O O N O .n O
N O N N N O NN N O < 1D WO +dA M
D IR e TR e B B O B B e B e B TR R e R O O O B B I B o |
Simulation time ——ATA4

72



wShip.11 Nodes

20226 [ 2000 —ETAL
o 19226 — -
1000 ——ATAL
£ 18226 WQJ/ .
= 17226 — 0 £ —FEA2
< S/ ]
< 16226 S ATA2
E 4 -1000
15226 ——ETA3
14226 TTTTTTTT T I T I I T T I T T T I T T T T T T T T T T T T T T T T T T e T T T T T T T T T T T T T T v T T T T v T I T ooTaT ‘2000
T OO NOWT O WVONOWSTOONOWRS-STTO O = ATA3
o o~ O M N O N O N AN O OO N O O
O =1 MmO 1NN dH M T O 0 N < ONO N < 0
N W0NwwmiwnwmueouovwuowowOURNNNNNODOOD —[ETA4
™ =
Simulation time —— ATA4
wShip.12 Nodes
21460 / 2000 ETAL
o 20460 1000 ATA1
-§ 19460 \ 5
= 18460 0 £ —FEA2
< N ]
< 17460 3 ATA2
E 4 -1000
16460 / —ETA3
15460 T T T T T T T T T T T T T e T T T T T T T T T T T I T T T T oo, ‘2000
T N O 0 WO T NN OO TN O O 0 O < = ATA3
< O T 0O MO0 N A WO 4 M WO —H 1N O W
N < N O NS NOO A NS, ONOO A S O
W O W OMNNKNNDBNIRDBNOGOKDONONWOWOW W N D A D —ETA4
™ o - 1 Al e
Simulation time ——ATA4

73



wShip.0
eShip.1
eShip.0
wShip.1
wShip.2
eShip.2
eShip.4
eShip.3
wShip.3
wShip.5
wShip.4
eShip.5
eShip.6
wShip.6
wShip.7
eShip.7
eShip.9
eShip.8
wShip.8
wShip.9
wShip.10
eShip.11
eShip.10
eShip.12
wShip.11
wShip.12
eShip.13
eShip.14
eShip.15

MaxKPI1
5

8,25

6
6,333333
18,33333
12,5
10,25
15,33333
5,333333
3,75
10,33333
6
6,666667
11,75
10,75

17

7
9,333333
7,666667
12,33333
7

8,75

12
6,666667
8,333333
3,666667
13
9,333333
20,66667

MaxKPI2
13,66667
28,25

34
12,33333
20,33333
3876
17,5
35,33333
25,33333
15,25
13,33333
11,33333
8,666667
31,25
33,25

30

14

12
16,33333
11,33333
10

26,5
16,66667
22,66667
20,33333
26,33333
16

17888
43,66667

MaxKPI3
1046,333
1109
1816,333
1351,333
1127,333
7486
1447,75
1321,333
3500,333
1979
1373,333
1667,333
920,3333
1322
1218,5
2473,333
1169
1364,333
1960,333
1227,333
1535,333
1659
1986,333
1183,333
1671,333
2283,333
3905,5
2657
20741

MaxKPi14
1063,333
1098,5
1827,333
1372,333
1148,333
7764
1425,25
1301,333
3514,333
1965
1364,333
1677,333

1311
1224,5
2475,333
1166,5
1344,333
1967,333
1210,333
1562,333
1660,5
2002,333
1169,333
1670,333
2289,333
3904
2651
21093
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C.8 All max KPIs

Below is the table which displays the max KPIs from each experiment for each ship. It should be

noticed that some values are in red. This is done because they are incorrect. This is due to a mistake
during the simulation which cause one of the ETA to become 0.

Ships

wShip.0
eShip.0
wShip.1
eShip.1
wShip.2
eShip.2
wShip.3
eShip.3
wShip.4
eShip.4
wShip.5
eShip.5
wShip.6
eShip.6
wShip.7
eShip.7
wShip.8
eShip.8
wShip.9
eShip.9
wShip.10
eShip.10
wShip.11
eShip.11
wShip.12
eShip.12
eShip.13
eShip.14
eShip.15

Estimator
validation

1594,333
1845,667
1846
1352,5
1602,333
2785,5
2819
1592,333
1715,667
1364,5
1378,5
2402,667
2078,25
1601,333
1351,5
3149,667
2961,333
2123
1770
1377,5
1587,333
3253,667
2661
2377,25
1592,333
1600,333
3198,5
1943
1590,333

Estimator
planning
validation

1594,333
1881,333
2416,333
1658,5
2556,333
2479,5
2830,333
2546,333
2719,333
2318,5
2525,5
3414,333
2571,5
3425,333
2452,5
2675,333
2768,333
2568,333
2768,333
2324,5
3338,333
4059,333
3037,333
3827,5
3282,333
4071,333
3074,5
4028,333
4018,333

New
network
model

1534,667
1401,333
1129,333
1301,5
1462,667
7764
1729,333
1268,667
1263,667
1530,5
1979
1305,333
1089
1138,667
1495
2049,333
1541,333
1350,667
1248,667
1655,5
1857,667
1652,333
1337
1348,5
1601,667
1347,667
1859,5
17888
21093

Ne network
model +
Lock
Awareness
1063,333
1827,333
1372,333
1109
1148,333
7764
3514,333
1321,333
1373,333
1447,75
1979
1677,333
1322
920,3333
1224,5
2475,333
1967,333
1364,333
1227,333
1169
1562,333
2002,333
1671,333
1660,5
2289,333
1183,333
3905,5
17888
21093
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The table below has the ‘wrong’ values manually checked and corrected.

Ships

wShip.0
eShip.0
wShip.1
eShip.1
wShip.2
eShip.2
wShip.3
eShip.3
wShip.4
eShip.4
wShip.5
eShip.5
wShip.6
eShip.6
wShip.7
eShip.7
wShip.8
eShip.8
wShip.9
eShip.9
wShip.10
eShip.10
wShip.11
eShip.11
wShip.12
eShip.12
eShip.13
eShip.14
eShip.15
Average

Estimator
validation

1594,333
1845,667
1846
1352,5
1602,333
2785,5
2819
1592,333
1715,667
1364,5
1378,5
2402,667
2078,25
1601,333
1351,5
3149,667
2961,333
2123
1770
1377,5
1587,333
3253,667
2661
2377,25
1592,333
1600,333
3198,5
1943
1590,333
2017,77

Estimator
planning
validation
1594,333
1881,333
2416,333
1658,5
2556,333
2479,5
2830,333
2546,333
2719,333
2318,5
2525,5
3414,333
2571,5
3425,333
2452,5
2675,333
2768,333
2568,333
2768,333
2324,5
3338,333
4059,333
3037,333
3827,5
3282,333
4071,333
3074,5
4028,333
4018,333
2870,075

New
network
model
1534,667
1401,333
1129,333
1301,5
1462,667
1794,5
1729,333
1268,667
1263,667
1530,5
1979
1305,333
1089
1138,667
1495
2049,333
1541,333
1350,667
1248,667
1655,5
1857,667
1652,333
1337
1348,5
1601,667
1347,667
1859,5
1174,667
1864,333
1493,517

Ne network

model + Lock
Awareness

1063,333
1827,333
1372,333
1109
1148,333
2106,5
3514,333
1321,333
1373,333
1447,75
1979
1677,333
1322
920,3333
1224,5
2475,333
1967,333
1364,333
1227,333
1169
1562,333
2002,333
1671,333
1660,5
2289,333
1183,333
3905,5
1112,333
1864,333
1684,876
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