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Abstract— Research on maritime automatic collision avoid-
ance algorithms is nowadays abundant, and becoming more ma-
ture. Moreover, methods for the evaluation of such algorithms
are emerging. Therefore, we propose a software environment for
simulation and an evaluation framework for maritime collision
avoidance, used for testing and evaluating control algorithms.
The system comes with a set of standard scenarios that can be
augmented with random variations and a database of scenarios
based on historical Automatic Identification System (AIS) data
that can be used in the simulation. In this framework, the
user can set up scenarios with pre-programmed target ship
routes, or with target ships that exhibit proactive and reactive
collision avoidance maneuvers. Moreover, the user can specify
uncertainty in the tracking of target ships and situational
awareness, and include the presence of grounding hazards
from Electronic Navigational Charts (ENCs). The evaluation
tool computes penalties and scores on algorithm performance
according to the maritime traffic rules (COLREGS), safety, and
other performance-related metrics. The framework can be used
for verification and assurance, and further enables automatic
adjustment of collision avoidance planners online or offline.

I. INTRODUCTION

In numerous studies on automatic collision avoidance
(COLAV) for ships, a rich set of algorithms have been
developed. These range from rather reactive methods such
as Artificial Potential Field (APFs) methods [28]], Velocity
Obstacle (VO) methods [[11} |12] and interval programming
[3[], to deliberate higher level planning algorithms such as
Rapidly-exploring Random Trees (RRTs) [7], A*-search [[17]
and Scenario-based Model Predictive Control [20]]. Hybrid
combinations of proposed algorithms have also been studied
and developed [|13| |6], as well as algorithms that consider
both anti-collision and anti-grounding, [21, |5]. Many of
these studies show partial compliance with the International
Regulations for Preventing Collisions at Sea (COLREGS) [/1]]
in simulation or experiments.

Despite many of these having been tested extensively in
experiments, there is limited focus on systematic and exten-
sive testing and validation also in a simulation environment.
This is paramount for regulatory bodies and the public to
gain trust in autonomous navigation systems and will make it
easier to deploy such systems as decision support in existing
vessels and as part of the autonomy suite on emerging
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autonomous ship technology. Most of the cited studies have
created their own simulators, selected some situations for
testing, and evaluated the performance qualitatively or on
non-standard metrics. This type of simulation and evalu-
ation suffers from several limitations: First, it makes the
comparison of algorithms hard and sometimes impossible
due to the discrepancy between scenarios, initial conditions,
and metrics used. Second, studies reporting scarce amounts
of evidence might easily miss negative evidence regarding
the validity of the proposed COLAV algorithm. Third, the
completeness and robustness of algorithms are not being
gauged properly.

There are a few studies that have systematically con-
sidered simulation-based testing and/or evaluation of colli-
sion avoidance algorithms. Woerner et al. [26] developed a
framework for evaluating control performance with respect
to the COLREGS, using the geometric configurations of the
vessels at different stages to score safety, individual traffic
rules, and other important aspects. This was further extended
in [9]] to provide more details on the individual penalties
and scoring functions used in the evaluation, including the
impact of grounding hazards. It was also tested on simulated
and historic Automatic Identification System (AIS) scenarios.
A fuzzy-logic-based method for COLREGS evaluation was
introduced in [2], covering rules 2 to 19. These studies
were mostly focused on the evaluation part of ship collision
avoidance, and do not consider the full pipeline with how
to generate scenario definitions, simulate the vessel behavior
for each scenario, and evaluate vessel performance.

The authors in [18]] proposed an evaluation method that
considers scores related to the ship mission, in addition to
safety and COLREGS similar to [26]. Adaptive scenario
generation and unsupervised clustering are here used to
identify low performance scenarios. For the simulation part,
generated vessels all follow constant velocity, which will
not always properly reflect real behaviours in hazardous
encounters. An automatic collision avoidance testing suite
was developed using the CyberSea simulator of Det Norske
Veritas (DNV) [[14], with a focus on the COLREGS eval-
uation proposed by Woerner [25]. The work considers the
generation of scenarios with dynamic obstacles adhering to
constant speed throughout, on which two COLAYV algorithms
were compared. An Autonomous Navigation System (ANS)
test environment was introduced in [16], where the Robotic
Operating System (ROS) is used for simulation, with usage
of Woerner‘s work [26] for evaluation.

Vagale [23]] proposed an evaluation and simulator platform
for testing algorithms with consideration of collision risk.



Fuzzy inference based on an expert rule base is used to
take static, dynamic and historic risk factors into account
for each time step along a vessel path. A root mean square
function is applied afterward in order to obtain a total
extended collision risk assessment (ECRA) score. However,
the evaluation does not consider COLREGS. Furthermore,
the Autoferry Gemini simulator [24]] is used, which is tailor-
made for testing computer vision and sensor fusion systems,
not COLAV planning algorithms.

The authors in [22] utilized Signal Temporal Logic (STL)
as a means to evaluate robustness scores for COLAV al-
gorithms with respect to safety and the COLREGS, us-
ing a Gaussian Process (GP) to estimate how the scores
depend on scenario parameters. The GP was further used
to guide the selection of scenarios to test the COLAV
algorithm, based on its confidence level on having covered
the simulation parameter space, i.e. the set of considered
scenarios. Static obstacles and dynamic obstacle uncertainty
are not considered in the simulation and evaluation. How the
approach scales with increasing complexity in the scenarios
and parameter space is not discussed.

In [27], an AIS-based scenario generation method was
proposed. AIS data was analyzed and used to estimate Proba-
bility Density Functions (PDFs) describing the parameters of
an encounter, such as distances between vessels, their speeds
and bearings. The PDFs were then used to generate a large
number of scenarios for testing COLAV algorithms. The goal
was to increase the test coverage for such systems, over that
which is possible with only expert-designed and real AIS
data scenarios. Again, generated vessels all follow constant
velocity, which does not always reflect true vessel behaviour
in hazardous encounters. Furthermore, grounding hazards are
not considered.

In this article, we propose a new framework for visualizing
and evaluating the performance of COLAV planning algo-
rithms. A mixture of historic AIS scenarios and randomly
generated variations of standard scenarios can be used, with
usage of Electronic Navigational Chart (ENC) data. The
framework can include grounding hazards, uncertain situ-
ational awareness, and intelligent or non-intelligent behavior
for any of the ships in the simulation. A scenario generator
takes in configuration files containing relevant input data for
creating or loading a scenario. The scenario can be partially
or fully specified by historical AIS data, or alternatively
with hard-coded and randomly generated components. The
simulator in the framework then goes through all scenario
definitions created by the scenario generator and generates
simulation data. The evaluation tool in [9] is used to measure
the performance of vessels involved in a scenario with re-
spect to the COLREGS, safety, and other metrics. The reader
is referred to [1, 26|] for more details on the COLREGS
protocol.

The framework is flexible in that the vessels being
simulated in a scenario can be configured with different
combinations of subsystems such as sensors, ship models,
target trackers, controllers, etc. COLAV planning algorithms
can be tested by providing them externally as input to the

simulator at run-time, or internally through configuration
files by developing a wrapper around the algorithm inside
the framework. Thus, the framework is agnostic to specific
subsystem components, as long as its interface is adhered to.
A key feature is that ship maneuvering can be considered
during simulation, as opposed to the restrictive constant
velocity assumption used by most studies. Created scenarios
can be saved, and the results from simulation and evaluation
can be analyzed, visualized, and stored as per the users’
needs. Furthermore, the framework lays the groundwork for
developing new search algorithms for finding interesting
scenarios to test a COLAV algorithm, on which its per-
formance has not been tested properly yet. It also provides
an environment for developing learning-based or data-driven
COLAV algorithms that adjust their behaviour based on the
evaluation of their performance over scenarios.

The rest of the article is structured as follows. An overview
of the simulation and evaluation framework is given in
Section Here, the components of therein are detailed
sequentially. Section [II] then showcase example usage of the
full scenario generation, simulation, and evaluation pipeline.
Lastly, Section [[V| wraps up the main content of the article.

II. COLAV SIMULATION AND EVALUATION
FRAMEWORK

The proposed framework is illustrated in Fig [T} where
the flow of information between the scenario generator,
simulator, and evaluator is shown. The framework allows
for feedback in the simulation and evaluation process, where
performance assessments from the evaluation can be used to
guide the creation of scenarios depending on where the own-
ship COLAV system performs the worst, similar to work in
[22] and discussed in [16]]. The framework is implemented in
Python 3.10, with each component in the framework being
a class object with its own variables and methods. Abstract
classes are used to enforce interfaces between the objects. An
executable is used locally to run the generation, simulation
and evaluation pipeline.

All ships, including the own-ship, which are involved in
the simulation can be configured with specific subsystems.
This allows for the consideration of various ship types
with different COLAV algorithms, target trackers, etc. The
Evaluator module can evaluate the performance of all the
ships involved in a scenario, although the own-ship running
a specific COLAV system is most likely to be considered.
We note that the simulator is not required to be of high
fidelity such as those e.g. considered by [16] or in the Open
Simulation Platform (OSP) [15], as the goal of this frame-
work is to provide an easy to use simulation and evaluation
framework for validating COLAV planning algorithms on a
large number of scenarios. In the following subsections, the
components of the framework are detailed.

A. The Scenario Generator

The scenario generator creates a set of configured scenar-
ios for the simulator to run through, based on input data and
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Fig. 1: Simulation and evaluation framework.

generation parameters. The main interface function for the
ScenarioGenerator module is the following function:

generate (configFile, xxkwargs) -> Tuple:
The function generates a maritime scenario definition based
on the input configuration file configFile, which
corresponds to the inputs in Fig. [I] It can also be called
with an already created scenario configuration object, also
with options for changing generation parameters at run-time,
hence the **kwargs argument. Any number of nepisodes
can be generated for a given scenario, thus enabling Monte
Carlo simulation. A tuple consisting of a list of fully
configured Ship objects for each episode, an ENC object
for the map information, and other scenario metadata is
returned from the function.

The generator is flexible in that both historical AIS data
and randomly generated data can be used for specifying
initial ship poses and trajectories in any given scenario. The
behavior of a ship can be fully specified by a historical AIS
trajectory, or through simulation with a configured ship ob-
ject. If AIS trajectories are used, they are interpolated to the
timespan and timescale used in the simulation. The parameter
input shown in Fig. [I] among others specifies the scenario
simulation timespan and time step. Imazu [10] developed a
set of standard scenarios for testing ship collision avoidance
maneuvering, which are included as a standard benchmarking
scenario suite in the framework, and can also be used.

The ship object can be initialized to a position, course
and speed over ground (CSOG) state Tcs0q = [2,y, U, x|
with planar coordinates = and y, speed U and course x
from AIS data or be randomly generated. The list of input
ship configurations is used to specify the initial state and
plan, subsystems, and identifiers such as its Maritime Mobile
Service Identity (MMSI). Because the ship object is pro-
grammed with interfaces for each subsystem, it makes it easy
to test different combinations of these in simulation. More
importantly, it allows for testing third-party or internally
developed COLAV planning algorithms, as long as the inter-
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23 q: 0.15
24 sensors:
25 - ais:
26 max_range: 3000.0
27 ais_class: "A" # AIS trar
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46 U_max: 15.0

Fig. 2: The scenario configuration file used to generate the
example case shown in Fig m

face is adhered to. The COLAV algorithm can be provided
through the scenario configuration file, or as an external
input to the simulator at run-time. Any of the target ships
can be configured as intelligent or cooperative, i.e. with an
onboard COLAV planning algorithm, or non-intelligent/non-
cooperative in the sense that it will blindly follow a pre-
planned trajectory. Note that the ships do not need to be fully
configured in the input configuration file, as the scenario
generator will fill in missing information through random
generation. Fig. 2] shows an example scenario configuration

file, which was used to generate the first example case in
Section [

The Sea Charts Application Programming Interface (API)
Python package [4] is used for visualizing and utilizing Elec-
tronic Navigational Charts (ENCs) data. The map data shown
in this article can be obtained from the Norwegian Map-
ping Authority (NMA): https://www.geonorge.no/.
A generated classic head-on COLREGS scenario is shown in
Fig. [7) for the own-ship (OS) and a nearby dynamic obstacle



(DO). As per Line 6 in Fig. [2] different COLREGS scenarios
can be randomly generated by specifying the scenario type,
which will influence the random generation of CSOG states,
waypoints, and speed plans. For scenarios with more than
two ships, the scenario type is configured to a multi-ship
setting, where the specific COLREGS situation for ship pairs
is randomized. The ScenarioGenerator has distribution
parameters that can be specified by the user, which will
influence the variation ranges in initial ship CSOG states and
plans. The initial state distributions are conditioned on the
type of scenario being generated. In e.g. a head-on scenario,
the own-ship can have an initial CSOG state generated from
a uniform distribution

Tmin Tmazx
s ~ U Uymzn Uymam (1)
0.0° 360.0°

where Zpin, Ymin aNd Tyaz, Ymae are found from the ENC
data bounding box, and the minimum and maximum speeds
Uos,min and Ugs mq. from the configured ship model. Then,
the opposing dynamic obstacle can have a CSOG state
generated from

Tos + dos,do * COS(XOS + ﬂos,do)
Yos + dos,do * Sin(Xos + ﬂos,do) (2)
Udo
Xos t+ 180.0° + ’(/}do,range

with Udo ~ u(Udo,min) Udo,mam)’ c.g. wdo,range ~
U(—10.0°,10.0°), and with distance d,sq, and bearing
Bos,do between the ships drawn from e.g. dosgo ~
4(1000.0m, 2000.0m) and Bos40 ~ U(—15.0°,15.0°),
respectively. The limits of the uniform distributions are
here chosen arbitrarily and will vary depending on the
COLREGS situation and the variation ranges specified by
the user. The generation of random waypoints and speed
plans also uses uniform distributions, incrementally sampling
waypoints with distances dy,p, ~ U(dwp mins dwp,mas) and
bearings Bwp ~ U(X + ﬂwp,mmy X + ﬂwp,maac)a with corre-
sponding desired speeds along each waypoint segment drawn
from Uy ~ U(U~+Uqg,min, U+Ud,maz) until n,,ps waypoints
are drawn, starting at the ship initial position and with the
nominal direction along its initial course .

As the initial ship CSOG states and plans must be feasible
with respect to grounding hazards (ENC data) and not be
on top of other ships, sampling from the distributions is
repeated until collision and grounding-free configurations
and waypoint segments are created.

Two scenario examples are shown in Figs. 3] - ] The first
depicts a case with a randomized OS CSOG state and plan,
and historical AIS data for specifying trajectories of multiple
DOs of different types. The second case shows a fully
random generated scenario, with the generated waypoint
plans for all vessels shown.

B. The Simulator

The
run ()

Ldo =

simulator has one main interface function
—> dict, which runs through a list configFile

Fig. 3: Screenshot from simulation of a scenario with usage
of historical AIS data.
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Fig. 4: Screenshot from simulation of a scenario with random
generated data outside Alesund, Norway.

for the specified scenarios. This list is either provided at the
construction of the Simulator object or afterward through
a setter function. The output dictionary stores simulation
data, ship information, and scenario definitions which can
be used for further result inspection by the user, or in the
evaluator described in the next section.

For each scenario being run through, the simulator pro-
vides the scenario generator with a configuration file and gets
a full scenario definition in return. As mentioned briefly in
the previous section, a scenario definition consists of

o A list of fully configured Ship objects, with specified
subsystems. This also includes an initial CSOG state, a
set of waypoints and a speed plan to follow, or usage of
a historical trajectory if this is specified. Furthermore,
it includes the timespan for when the ships enter and
exit the simulation.

o Scenario metadata. This among others includes loaded
and preprocessed ENC data into polygons, coordinate
system and transformations used, and the simulation
timespan and time step.

The simulator then sets up the map environment through
the preprocessed ENC data and uses the configured Ship
objects through its interface. A flow chart representing the
simulation process is shown in Fig.[5] and shows the follow-
ing main ship interface functions:

track (t, dt, trueDOstates) -> Tuple: This
function uses the onboard configured ship sensors and target
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Fig. 5: COLAV simulator flow chart illustrating the internal
of its run () —-> diect function. The input scenario defi-
nition data, output simulation data, and other miscellaneous
details are not shown for simplicity.

tracker to estimate the states and error covariances for
target ships or dynamic obstacles (DOs) in its vicinity. The
parameter ¢ is the current simulation time, dt is the time
between the current and previous track update, and the true
DO states are used to generate sensor measurements. A tuple
consisting of a tuple list of nearby DO information (ID,
state estimates, and corresponding covariances) and sensor
measurements used (if any) is returned.

plan(t, dt, doList, enc) -> np.array:
Main planning function for the own-ship and other dynamic
obstacle ships. The parameter dt is here the time between
the current and previous planning iteration. It utilizes the
input list of dynamic obstacles and available ENC data. A
COLAV planning algorithm is used to facilitate intelligent
behaviour if such an algorithm is configured or provided.
The utilized algorithm computes a reference trajectory
(one-step or multi-step depending on the approach) r,.
Otherwise, a nominal guidance system is used to compute
references representing non-intelligent behavior.

forward (dt) -> Tuple: Simulates the vessel dt sec-
onds forward in time, using its ship model, controller,
guidance, and/or COLAV planning algorithm. If the ship is
configured to use historical AIS data, it will use its historical
trajectory at a possibly interpolated time step. This function
returns a tuple consisting of the new ship state, inputs, and
references to get there. The simulator, in general, considers
3DOF motions, meaning a ship state € R® and an input
vector u € R? as is commonly used in [8]. The references
computed by the ship COLAV system or guidance system
are in general a trajectory rq € R™ >N where n, = 9
consists of the desired poses, velocities and accelerations for
the ship over a horizon of N samples. Note again that the
framework is agnostic to specific subsystems, meaning that
it is possible to use other models, as long as the input/output
interfaces are adhered to. The 3DOF kinetic model in

and kinematic model in are implemented in the current
framework version.

As the sensors in the Ship class can be configured
with parameters for different maximal ranges, measurement
sample rates, and accuracies, it allows for emulating sensor
data under varying conditions. The target tracker is in the
simplest case a Kalman Filter as was chosen in the con-
figuration file shown in Fig. [2] but can in general be any
type as long as its tracking interface is adhered to. This is
also the case for the sensor types, where implementations
of a Radar sensor class and an AIS transponder class
are included in the current version. Future work involves
developing more realistic sensor models that e.g. consider
the effect of occlusion by objects such as land and other
ships when detecting dynamic obstacles.

Information from the simulation can be visualized live, as
specified by the user through a simulator configuration file.
The previously shown Figs. 3] - [ are all screenshots from the
live visualization in the simulator. Fig. [6| shows a screenshot
from a live simulation where sensor measurements, DO
estimates, and error covariances are also shown. Results
can alternatively be shown after a simulation run, as shown
in Fig. [/ When simulating and evaluating thousands of
scenarios, the simulations can also be run automatically in
the background.

.

- 05 waypoints
0 0 true traj.

DO 0 waypoints.

Fig. 6: Screenshot from simulation with target tracking
uncertainty information also visualized, when using an AIS
transponder as the own-ship sensor. The 3¢ probability
ellipse for the dynamic obstacle position tracking is also
shown at the current time in red color.

C. The Evaluator

After going through all considered scenarios with the
simulator, one can use the Evaluator module to assess the
performance of the vessels involved in all the scenarios. The
simulation data from the simulator must first be converted
into VesselData objects, which store all relevant ship



information to be used by the Evaluator. Alternatively,
one can also use the evaluation class stand-alone by loading
e.g. AIS data directly for use in the class. After the data
is loaded, one can interface with the following main class
function:

evaluate () -> EvaluatorResults: This func-
tion is responsible for scoring the behaviour of all vessels
with respect to all other vessels, using the approaches out-
lined in [9]. The main behavioural rules 8, 13-17 from the
COLREGS are considered, which are relevant for power-
driven vessels. The return type EvaluatorResults con-
tains scores, penalties, and other information for all vessels,
with respect to all metrics considered in the Evaluator.

The method outlined in [9] has a core functionality based
on [26]], and computes scores and penalties for vessel per-
formances in COLREGS situations. This is based on metrics
such as having a sufficient range to the other ship at the
Closest Point of Approach (CPA) and whether or not a
sufficiently large course and/or speed change during the
situation has been undertaken in the case of the give-way
vessel. The scores and penalties are compensated for the
presence of grounding hazards by analysis of ENCs, see [9].
The module thus serves a good purpose for evaluating the
performance of ships configured with COLAV planning algo-
rithms. Furthermore, the module also enables the adjustment
of COLAV planning algorithms, by using the performance
assessment as feedback.

III. EXAMPLES

We here illustrate usage of the full pipeline in two example
cases. The first is a randomly generated head-on scenario,
shown in Fig. []] To generate the scenario, the configura-
tion file from Fig. 2] was used. It is specified with map
data and coordinate system information for the considered
Alesund area. Then, the scenario type parameter is set to
specify a two-ship head-on case. The simulation timespan
and time step are also provided. The own-ship is configured
with specific subsystems, whereas the dynamic obstacle was
configured to default subsystem settings as an entry for it was
not provided in the ship configuration list. The default ship
configuration settings entail the usage of a simple kinematic
ship model with Line-of-Sight (LOS) guidance as described
in [2I]. The Evaluator is tuned similarly to what is
found in [9]. All examples were generated and run on a
Macbook Pro with an Apple Silicon M1 chip, for a scenario
episode timespan of 500s and time step of 0.1s. Then, a
crude run-time estimate based on 50 script executions for
the entire scenario generation (excluding map data loading),
simulation, and evaluation pipeline were 4.54 £+ 0.04s and
10.56 £ 0.15s for the first and second case, respectively.

The results from evaluating the OS and DO performances
are given in Table[l] for which full definitions of the variables
shown can be found in [9]. It shows that the OS attains a
reasonably good total score for COLREGS rule 14 (S14),
with a slight penalty due to a delayed give-way maneuver.
This is evident through a non-zero Pgejqy. The OS gets a
good safety score Sgqfety, Which is given as a conditional

weighted sum over the scores S, and Sg for the OS range
and pose at the CPA, respectively. Furthermore, no penalty
for non-apparent maneuvering (P,“?) is given. The DO gets
a lower score, due to making a maneuver at an even later
stage than the OS. The reader is referred to [9)] for more
information on the calculation of the scores and penalties,
and/or for more details on COLREGS evaluation.
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Fig. 7: A randomly generated head-on scenario near Alesund,
Norway. The vessels are shown at three different times over
the simulation timespan.

TABLE I: Head-on scenario evaluation for OS. Variables &
denote scores whereas variables starting with P are penalties.

(a) OS evaluation. (b) DO evaluation.

Score/penalty  Value Score/penalty  Value
Si14 0.83 S14 0.54
S16 1.0 Si6 1.0
Ssa,fety 1.0 Ssafety 1.0

Se 0.97 Se 0.99
Sr 1.0 Sr 1.0
Pdeiay 0.16 Pdelay 0.45
PP 0.0 LN 0.0
Py 0.0 LN 0.0
(N 0.0 (N 0.0

The second case is a multi-ship scenario with four vessels,
shown in Fig. [§] with resulting scores for the OS given in
Table [l As the OS does not properly give way to DO 1 in
the head-on situation, a zero score is given here. For the give-
way crossing with DO 0, the OS performs a late maneuver
and therefore gets a significant delayed penalty Pge;q,, Which
leads to a low crossing score S15 and give-way score Sig.
The OS comes near collision with DO 2 as the obstacle
does not give way properly. A near-perfect score is given
for the OS here as it stands on correctly, with no penalty for
port turns P, and no penalties for changing course P, Ay



or speed up/down, P, Ayt and P, apy. As the OS in the
stand-on situation also had give-way obligations for DO 0
and 1, it received a compensation Cy gq, [E[] for this. With
respect to all DOs, the OS kept a sufficiently high safety
margin to avoid a low safety score.
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Fig. 8: A randomly generated multi-ship scenario near
Alesund, Norway. The vessels are shown at three different
times over the simulation timespan, but without time anno-
tation shown to simplify the figure.

IV. CONCLUSION

This paper has introduced a simulation and evaluation
framework for testing and validation of maritime automatic
COLAV planning algorithms. It allows for testing any third-
party or internally developed COLAV algorithm, in scenarios
with intelligent and/or non-intelligent maneuvering obstacle
ships. The framework is flexible in how scenarios used in
validation are generated, where both randomly generated data
and historical data can be used. As ENC data can also be
included, it allows for grounding hazard visualization and
consideration for the COLAV planning and evaluation. The
framework simulator can run through a list of scenarios,
from which the simulation data and results can be saved
or used in an evaluator module for assessing vessel COLAV
performance.

The random generation of states and plans when consider-
ing collisions with grounding hazards and other vessels can
be computationally expensive. Thus, parts of this process
should be implemented with multi-threading or parallelism,
or in another language like Rust, C or C++, in order to speed
up the pipeline.

In the future, the framework should be used as a pipeline
for offline or online training/adjustment of the parameters
in automatic COLAV algorithms, where the evaluation part
will be a key component. Furthermore, as the COLAV
performance assessment is highly dependent on the situation,
better adjustment of the evaluation parameters based on the
considered location, situation, and vessels involved must be
properly investigated.
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TABLE II: Multi-ship scenario evaluation for OS. Variables
S denote scores whereas variables starting with P are
penalties.

(a) OS scores with respect

to the give-way crossing (b) OS scores with respect

with DO 0. to the head-on with DO 1.
Score/penalty  Value Score/penalty  Value
Sis 0.25 S1a 0.0

S16 0.25 Si6 0.0
Ssafety 1.0 Psts 1.0
Se 0.56 Phrsb 0.0
Sr 1.0 Ssafety 1.0
Pdelay 0.75 So 0.97
PLP 0.0 Sy 0.94
LN 0.0 Pielay 1.0
—a —a
(N 0.0 Pa i’ap 0.0
PAEP 0.0
Pax 0.0

(c) OS scores with respect to the stand-on
crossing with DO 2. Stage 2 and 3 corre-
spond to the different parts of a COLREGS
situation [9].

Score/penalty Value
S15 0.95
Ssafety 1.0
Se 0.99
Sr 1.0
Si7 1.0
Ppt 0.0
Stage 2 Stage 3
P 0.0 0.0
Pz, Ax 0.0 0.0
Pz, AUt 0.0 0.0
Pz, AUL 0.0 0.0
Ce,gw 0.2 0.2
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