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1 INTRODUCTION 

The development of autonomous or highly automated 
navigation and control systems in the maritime sector 
comes along with complex and high-risk testing 
scenarios including near-collision situations. In 
general, such scenarios are tested in simulations with 
thousands of test runs [1], evaluating the System(s) 
under Test (SuT). In terms of approval and certification 
by a classification society, there is the need to evaluate 
the system during on-board tests and sea trials [2, 3] in 
additional test runs performing predefined scenarios. 
When examining the regulations, functionality and 
fault tolerance have an important role and need to be 
considered during on-board tests and sea trials. In 
addition, the classification societies stipulate that while 
the system to be tested is evaluated, the ship and the 
crew must not be endangered. Since near-collision 
situations in particular could quickly result in a 
collision if the SuT does not behave as expected, they 

cannot be carried out safely in a purely physical 
manner. This could result in an interruption of the test 
execution at an early stage in order to maintain safety 
for the crew onboard. This behaviour leads to 
uncertainty about the end result of the tests and if they 
could have led to a collision or another type of accident 
[4]. 

As already mentioned by the authors of [4] and [5], 
simulating target ships provides the opportunity to 
verify scenarios including near-collision or even 
collision situations if needed. As stated, it could 
increase the efficiency and coverage of tests, still 
considering the real-world ownships (OS) dynamics 
and behaviour. In addition, simulating traffic 
participants (target ships) enables much more complex 
scenarios using an extensive number of simulated 
vessels. The basic idea of combining the real- and 
virtual-world was already proposed in different 
publications such as [6] or [7], being referred to as 
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virtual-reality integration or fusion. In the mentioned 
approaches, the SuT is mainly tested in a one-
directional approach using data from the real-world as 
base for the simulation test execution. Considering the 
definition of [8], the real world is used to augment the 
initial scene of the overall scenario in which the SuT has 
a predefined goal such as avoiding a collision. The 
scenario is then executed inside a simulation based on 
the augmented scene as an initial starting point. As 
seen in these publications, there currently is a lack of 
bidirectional approaches combining the virtual- and 
physical data. This results in the need of testing 
approach, where each simulation scenario can be 
augmented based on the current real-world data and 
vice versa. This approach not only enables system 
verification of collision avoidance systems in more 
complex and interactive situations but could also 
enable verification of highly automated and 
autonomous system associated to collision avoidance. 

Considering the terminology for mixed, augmented 
and virtual reality presented in [9], which builds upon 
the base definition of [10], the strong interaction 
between the virtual and physical environment where 
the SuT physical environment is enriched with virtual 
elements that respond to physical actions can be 
classified as Alignment within the mixed reality 
spectrum. Therefore, using this approach inside the 
testing process can be defined as mixed reality testing. 

Our presented approach shows, how mixed reality 
testing can be used to test maritime collision avoidance 
systems, considering different steps in the system 
development life cycle and levels of interaction 
between the virtual and the physical world. 

The following sections present an analysis of related 
work, followed by the description of the requirements 
and steps necessary to enable mixed reality testing. 
Finally, our approach is evaluated through mixed 
reality testing of the collision avoidance function of an 
existing autonomous track control system. 

2 MIXED REALITY AND HYBRID TESTING 
APPROACHES 

Reviewing the existing research in the context of mixed 
reality reveals the need to differentiate between 
person-focused and system-focused mixed reality 
approaches. This distinction is also reflected in the 
technologies used in each of the approaches. In 
addition to the focus of the mixed reality the vehicle 
domain also needs to be considered, as much more 
approaches exist in the automotive domain. 

Starting with the person-focused maritime mixed 
reality, the existing approaches use technology to 
enrich the field of view of the operator with additional 
information like ship status or traffic specific 
information, like described in [11]. The approach 
describes the use of a Microsoft Hololens 2, which is 
used to augment the field of view of the operator with 
AIS data and internal ship parameters like the course 
or speed. Similarly, the authors of [12] present a 
person-focused approach for remote operations, where 
an existing 360-degree camera stream of the controlled 
ship are augmented with additional elements like 
electronic navigation charts. 

In contrast, system-focused mixed reality focuses 
on the interaction between simulated and real-world 
data with an automated or autonomous SuT. In 
general, this approach typically does not require 
virtual reality or augmented reality headsets. Instead, 
virtual and physical data is directly provided to the 
SuT, unless the SuT depends on optical sensors or 
camera systems. In general, system-focused mixed 
reality differs significantly from person-focused mixed 
reality. These differences result from the integration of 
the SuT on one hand and the different ratio of virtual 
elements to physical elements on the other hand.  

In the automotive domain, several authors have 
discussed the use of this type of mixed reality in the 
testing of automated systems. Beginning with the work 
presented in [13], the authors propose a mixed reality 
testing approach in which a car equipped with specific 
interfaces can provide virtual representations of other 
traffic participants to the onboard systems via a CAN 
bus. The traffic and the environment (including lanes 
or road signs) is simulated by a co-simulation running 
onboard of the vehicle. Real objects are not sensed by 
the sensors onboard as they were not used in the test 
runs. In addition, while measurement from the state 
sensors (like the IMU or GPS sensor), was used to 
localize the vehicle inside the simulation, it was not 
used by the simulated traffic participants. A similar 
approach was presented in [14], utilizing a physical 
vehicle providing state measurements and receiving 
environmental and traffic information from the SUMO 
traffic simulation. In [15] on the other hand, the 
physical measurements from the environment of the 
physical vehicle are included. This enables the 
simulated information provided to the SuT, to enrich 
the physical measurements with the virtual 
environment and virtual traffic participants. One 
aspect that is the same for all approaches is that the 
tests were only carried out on a test track. Similar to the 
automotive domain, the authors of [16] present a mixed 
reality approach for testing of military ground vehicles, 
which focuses on generating visual objects by a virtual 
object generator which enriches the LiDAR and camera 
data stream. The injection is made based on a ROS 
architecture using GAZEBO as simulation 
environment providing the simulated objects.  

Similar to the approaches presented in the 
automotive sector, mixed reality testing is also used in 
the maritime domain. Here, [6] describes a setup, 
where an SuT was integrated as part of a digital twin 
navigating through a simulated environment. This 
digital twin mirrors the physical and motion 
parameters of a real ship. In addition to this mapping, 
the simulation is based on historical environment data 
like wind, waves and current, as well as historic traffic 
data, based on AIS reports creating the simulated 
environment where the SuT operates in. Similar to this 
approach, the authors of [17] present a concept for a 
digital twin technology, where the live data coming 
from a physical ship including for example sensor 
information is mapped onto a digital twin. Based on 
the provided sensor data in combination with existing 
sensor models, the ship motion is predicted and 
provided to the captain onboard. This approach was 
extended in [7] by proposing a method for testing 
collision avoidance systems based on bare simulation 
and virtual-reality fusion. In this case, predefined 
scenarios are dynamically adjusted based on the OS 
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position, generating AIS data of the virtual target ships. 
While the integration of the SuT is not further 
described by the authors, the physical OS is controlled 
by the captain on board using recommendations of the 
collision avoidance system. Differing from the above 
approaches where predictions and simulations are 
based on real-world data, the authors of [18] evaluated 
autonomous navigation algorithms in a two-step 
process. At first, the motion of the vessel is simulated 
across several scenario test runs. This is followed by 
transferring the scenarios to a physical vessel by 
replicating the movements of the simulated vessel in 
the real-world for evaluating simulation test results. 
Here, control is achieved primarily by providing a 
navigation path while the driven trajectory is 
evaluated against the simulated trajectory. In [19], an 
architecture for the interaction between physical and 
virtual elements is proposed and evaluated using an 
experimental vessel track controller with collision 
avoidance. The target vessels are provided by a 
simulation, while navigation measurements are 
provided by sensors onboard (including course, 
heading, speed) with the controller being deployed 
onboard of the physical vessel. 

In summary, system-focused mixed reality 
approaches in the maritime domain are mainly 
concerned with predictions based on real-world data 
or evaluation of simulated data against real-world 
trajectories while in the automotive domain, most 
experiments are made on test tracks, not in the 
operational environment of the SuT. However, the 
bidirectional interaction between digital twin and real 
vessel is not covered in the maritime and only 
considered to a very limited extent in the automotive 
domain. Although some approaches in the maritime 
domain already use virtual-physical or mixed reality 
testing to evaluate navigation functions, the operator 
onboard is in general still involved in combination 
with the autonomous systems. Therefore, these 
approaches remain confined to simulated 
environments and are not deployed on the physical 
vessels with a few exceptions. If these SuT are being 
deployed, the interaction between virtual and physical 
elements is very limited. This highlights the need for 
an approach which considers bidirectional data 
exchange with different sensor types and setups, 
providing data from the simulation to the physical SuT 
and vice versa and enabling the interaction between 
the real-world system and simulated elements. 

3 PREREQUISITES FOR MIXED REALITY TESTING 

Mixed reality testing in maritime domain involves 
multiple prerequisites, which need to be considered 
and differ from each other regarding the interaction 
level between virtual and physical elements.  

At first, an architectural view is required. Based on 
the findings from existing research, the communication 
between the simulation and the real-world SuT on 
board of the vessel needs to be established. For this, a 
digital twin is needed inside the simulation. For the 
first stage, the digital twin inside the simulation needs 
to be kept in sync with the real-world based on the 
measured data from the sensors onboard of the real 
vessel. In the second stage, data from the simulation is 
provided to the real-world SuT based on the digital 

twin’s state, considering for example the location, 
speed or other characteristics of the real vessel. These 
stages require a data exchange interface on both sides 
which enables the simulation to interoperate with the 
real-world SuT and vice versa. To ensure the 
interoperability, standardized maritime protocols 
could be used or an inter operation layer needs to be 
introduced, abstracting the communication protocols 
used by the SuT. In order to enable this 
communication, the physical setup on board of the 
vessel needs to be prepared and made compatible to 
enable a bidirectional communication. To ensure this 
interoperability, an overall vessel system architecture 
capable of integrating bidirectional access on physical 
communication links on the vessel was proposed in 
[20]. In the proposed architecture, vessel zone 
controllers provide an abstraction layer ensuring 
compatibility between the components. Using this 
architecture, data originating from a real-world vessel 
can be provided to the simulation and simulated data 
can be forwarded to a SuT. On the physical side, data 
streams provided to the SuT need to be managed by a 
mixed reality injection module. This module should 
not only be capable of exchanging data but also enable 
the selective replacement of physical data with 
simulated data, depending on the test scenario. 

The simulation used for the mixed reality approach 
must fulfil several specific requirements. First of all, the 
simulation must be capable of operating in real time, 
having a simulation step size which is using a real-time 
clock (RTC) as reference in order to synchronize the 
simulation and physical vessel data streams. 
Optionally, the synchronization could be event-based, 
triggered by states of the physical vessel such as 
position and velocity of the vessel. However, since this 
influences the execution of the scenario as it could 
introduce undefined or unexpected behaviour like 
jumping target vessels, it is influencing the realism of 
the execution. This issue could be addressed by 
introducing predefined entry points based on events 
such as a specific position or velocity of the physical 
vessel at the beginning of the scenario. After the initial 
start, the simulation should not be stopped. To ensure 
full synchronization between the simulation and the 
SuT, the systems should be synchronized using a 
common time source as already mentioned. Next to the 
timing aspect, the simulation should also be capable of 
exporting data in near real-time. This export needs to 
include all necessary measurements that replicate the 
output of onboard sensors or receivers, ideally 
provided in a standardized protocol. If transformation 
is required, it can be handled within the governing 
vessel zone controller. It is also important to ensure 
that the digital twin is kept up to date with the real-
world data originating from the sensors from the real-
world vessel. Depending on the scenario, other real-
world environmental data could be used to augment 
the simulated world, like wind or current to be 
considered by the simulated target vessels. Next to 
interoperability, the simulation should include a 
sensor simulation capable of replacing physical sensors 
on board with simulated ones that are activated on the 
digital twin, as for the sensor simulation the digital 
twin must be the basis to ensure operational 
correctness of simulated measurements. In addition, 
the sensor simulation should be as realistic as possible, 
including common distributions of failures (systematic 
or random) and response delays. The overall quality of 
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the mixed reality testing scenario depends on the 
quality of the used models as well as the design of the 
test scenarios. The simulation should support the 
execution of diverse scenarios and enable control over 
the behaviour and interaction level of each simulated 
entity. Interaction therefore can be defined as the extent 
to which simulated entities respond to physical 
elements and vice versa. An example for such an 
interaction is the swerve of a simulated traffic 
participant to avoid a collision with the digital twin, 
representing the real vessel. 

4 TESTING COLLISION AVOIDANCE SYSTEMS 
WITH MIXED REALITY 

Once the necessary prerequisites are met, the concept 
of mixed reality testing can be applied to specific 
scenarios such as collision avoidance and its associated 
system adaptions. In the area of collision avoidance, 
distance measurement sensors, especially those 
capable of estimating the distance between OS to other 
target ships, play a central role. In the maritime 
domain, this is primarily provided by radar in 
combination with AIS reports sent by the target 
vessels. The radar system provides a radar video 
containing a 360-degree overview based on the 
mounting location of the radar on board, which needs 
to be processed first. In general, this processing is made 
by a tracking service, which extracts targets from the 
radar video. Each of these targets is characterized by 
attributes such as width, speed (if the target is in 
motion), distance and bearing to the expected target 
relative to the OS. To integrate target ships into the 
perceived environment of the SuT, the simulation 
needs to provide pre-processed tracks and generate 
AIS reports of the simulated target ships. The radar 
track needs to be calculated based on the current 
position of the digital twin representing the real-world 
OS. As the radar targets are measured relative to the 
OS position, the digital twin needs to be synchronized 
with the physical OS in terms of position, heading, 
course and speed as already mentioned. In terms of the 
AIS reports just the position as well as the AIS sensor 
and antenna configuration is important, to ensure that 
the digital twin receives reports within a realistic 
range. In more complex scenarios the shading, 
inference or number of ships in the area that can lead 
to frequency overload should be considered. These are 
dependent on the simulation model of the sensor and 
its quality, as already mentioned, and apply to all 
sensors, including the radar. 

To minimize the communication delay between 
simulated and real elements, all systems should 
operate within a local area network on board of the 
vessel. Integration of shore-based systems would 
introduce additional latency, which is beyond the 
scope of this paper. In terms of communication 
protocols, the simulation needs to adhere to the timing 
specifications (for example regarding message 
frequency) of the used protocols, such as ITU-R 
M.1371-5 [21] or maritime protocols like NMEA0183 
[22] or NMEA2000 [23].   

The resulting system architecture, based on the 
open testbed vessel architecture [20], can be seen in 
Figure 1. 

 

Figure 1. Integration between physical components onboard 
and simulation. 

Based on this architecture, the interaction level 
between vessels needs to be considered, as there are at 
least two options for the vessel interaction in terms of 
the behaviour. First, a vessel could behave 
independently of other vessels, following a predefined 
route, maintaining a constant heading or just staying in 
position. Second, more complex behaviours are 
possible, where one vessel changes the route based on 
the location of other vessels. Here, different scenarios 
and behaviours are possible, including a simple 
COLREG-compliant collision avoidance behaviour. 
Along with the interaction level, the complexity and 
realism of the execution can be improved and adjusted 
accordingly. 

5 EVALUATION 

In order to evaluate the approach, the collision 
avoidance function of an already existing market-
ready autonomous track control system (in the 
following referred to as the SuT) was tested. The SuT is 
a black box, where just the interfaces where known, 
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whereas the functionality and internal processing 
procedures were not. The described system was 
interconnected to the drive system and the 
navigational sensors through a vessel server and the 
corresponding vessel zone controller for the SuT. 
Considering the situational awareness, radar and AIS 
were provided by the digital twin of the simulation. 
The tested system expects radar tracks and AIS reports 
in the NMEA0183 protocol over a serial input. 

For testing, the eMIR platform [24] was used with 
the virtual and physical testbeds in conjunction, 
utilizing the test carrier Sally of the physical testbed 
and the Maritime Traffic Simulation (MTS) of the 
virtual testbed. The SuT was integrated on board of the 
test carrier. The integration including the data flow is 
shown in Figure 2. As seen in the Figure, the engine 
telemetry was directly forwarded through the vessel 
server to the engine zone controller. The regular 
navigation data flow including the Position, Heading, 
Course and Speed was forwarded from the ship 
navigation zone controller through the vessel server to 
the SuT zone controller and the simulation. The 
simulated data to augment the real world, including 
AIS reports and radar targets, coming from the 
simulation was provided through the vessel server to 
the SuT zone controller.  

 

Figure 2. Data flow and integration of the SuT into the eMIR 
test carrier. 

The base scenario for testing represents a Head-On 
scenario between the physical OS and the simulated 
target vessel. Both vessels try to follow the predefined 
route. Starting from the base scenario, three different 
interaction behaviours and therefore concrete 
scenarios were tested. The first scenario (Scenario 1) 
was mainly performed for preparing the evaluation. 
Here, the simulated target vessel avoids a collision, 
while the physical OS follows a predefined route 
without avoiding collisions. In all setups the digital 

twin was updated with the sensor measurements. In 
the second scenario (Scenario 2), the target ships follow 
a behaviour without reacting to the digital twin. In the 
third scenario (Scenario 3), the target vessel contains a 
collision avoidance behaviour, avoiding collisions with 
the OS by following the COLREGs. The scenarios 
including the starting positions and example routes of 
the autonomous track control system and the 
simulated target ship, are shown in Figure 3. A 
summary of the scenarios with their number is shown 
in Table 1. 

 

Figure 3. Maritime Traffic Simulation with the base route and 
scenario. The target ship (red) and the digital twin (green) are 
marked. (Professional+ chart data from Lloyd's 
Register/i4Insight in a ChartServer solution from 
ChartWorld). 

Table 1. Evaluation Scenarios. 
Scenario 
Number 

Name Description 

1 Reality to 
Simulation 

The digital twin represents the physical OS 
based on the sensor measurements onboard. 
The simulated target vessel follows a 
preplanned route and avoids collisions with 
other traffic participants. The SuT receives no 
information about other simulated traffic 
participants besides from the digital twin 

2 Simulation 
to Reality 

The digital twin represents the physical OS 
based on the sensor measurements onboard. 
The simulated target vessel follows a 
preplanned route without active collision 
avoidance. The SuT receives information 
about other simulated traffic participants from 
the digital twin and avoids collisions. 

3 Interactive The digital twin represents the physical OS 
based on the sensor measurements onboard. 
The simulated target ship follows a 
preplanned route and avoids collisions with 
other traffic participants. The SuT receives 
information about other simulated traffic 
participants from the digital twin and avoids 
collisions. 

 
Based on the requirements, the SuT should follow 

the COLREGs and the recommended manoeuvre in the 
situation. The CORLEGs state that in a Head-On 
situation, both vessels should change their course to 
starboard and they should pass each other on the port 
side [25]. Based on the COLREGs the expected 
behaviour can be defined as follows: 
− The OS should change the current course to 

starboard (COLREG Rule 14) 
− The course change should be large enough to be 

clear to the target vessel (Rule 8) 
− If necessary, the speed can be decreased (Rule 8) 
− The course or speed change needs to be clear, 

smaller changes should be omitted (Rule 8) 
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To ensure a realistic scenario execution, the data 
input as well as the resulting transmission and 
processing latency needs to be evaluated. For this, the 
latency is analysed, showing how fast the data is 
available, especially for the simulated target vessel. In 
addition, the actuality in terms of the position from the 
physical OS compared to the digital twin is analysed to 
determine at which position the target ship should 
show a reaction. As seen in Table 2, the mean distance 
between the physical position and digital twin position 
was about 34 centimetres. Depending on the speed of 
the OS, it is around 4 centimetres up to around 2 meters 
in the 95th percentile. The analysis shows that the 
latency in general is approximately 270 milliseconds. 
This latency is needed by the simulation to receive and 
process the incoming sensor measurements. In 
addition, the common cross track error of the 
autonomous track control system in normal operation 
must be analysed. The cross-track error without a 
collision avoidance manoeuvre is shown in Figure 4. 
The shown test execution corresponds to Scenario 1 
and shows the functionality of the collision avoidance 
behaviour and function of the simulated target vessel 
if the physical vessel keeps following a predefined 
track. The behaviour is shown based on the common 
cross-track error of the target ship. In regular 
behaviour of the SuT, there is an oscillation around the 
planned route, having a cross-track error vary between 
-5 meter up to 5 meters. Further, the collision avoidance 
manoeuvre made by the simulated target vessel is 
shown with a course change accordingly to the 
COLREG requirements, as can be seen with the small 
number of changes in cross track error having a clear 
manoeuvre. This can be confirmed with the 
corresponding relative course change shown in Figure 
5, which varies between -10 and 10 degree per second 
course change. 

Table 2. Distance and Latency between OS in the real world 
and the Digital Twin inside the simulation. 
 Distance offset: Real 

Ownship to Digital Twin 
position 

Latency of information 
inside the simulation 

Mean and 
Median 

0.343775 Meters 273 Milliseconds 

5 Percentile 0.04 Meters 255 Milliseconds 
95 Percentile 2.3568 Meters 286 Milliseconds 

 

 

Figure 4. Base Distribution of the cross-track error (XTE) of 
the autonomous track control system, in combination with 
the cross-track error of the simulated target ship. 

 

Figure 5. Course Change of OS Sally and the simulated target 
ship in scenario 1 in combination with the distance at the 
different times inside the test run. 

5.1 Scenario Execution 

Based on the presented setup, the collision avoidance 
functionality of the SuT is analysed in the following. 
For evaluation, the cross-track error and distance 
between the simulated target vessel and the OS are 
analysed. In addition, the clarity of the collision 
avoidance manoeuvre is evaluated based on the driven 
track, course change and cross track error. The Figures 
6 and 7 show the driven tracks of the simulated target 
ship and the digital twin. While Figure 6 shows 
scenario 2, where the simulated target ship does not 
react to the digital twin, Figure 7 shows scenario 3, 
where the simulated target ship reacts to the digital 
twin. The corresponding cross track error and course 
change plot for scenario 2 is shown in Figure 8 and 10 
and for scenario 3 in Figure 9 and 11.  

 

Figure 6. Driven Tracks in Scenario 2. The red dots represent 
the track of the target ship, while the green dots represent the 
real-world ownship. The yellow, blue and purple points 
represent the position of the real-world ownship and the 
simulated target ship at the same time on key positions. 
(Professional+ chart data from Lloyd's Register/i4Insight in a 
ChartServer solution from ChartWorld). 

 

Figure 7. Driven Tracks in Scenario 3. The red dots represent 
the track of the target ship, while the green dots represent the 
real-world ownship. The yellow, blue, purple and white 
points represent the position of the real-world ownship and 
the simulated target ship at the same time on key positions. 
(Professional+ chart data from Lloyd's Register/i4Insight in a 
ChartServer solution from ChartWorld). 
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Figure 8. Distribution of the cross-track error (XTE) over time 
in Scenario 2. 

 

Figure 9. Distribution of the cross-track error (XTE) over time 
in Scenario 3. 

 

Figure 10. Course Change of the real-world ownship and the 
simulated target ship in scenario 2 combined with the 
distance at the different times in the test run. 

 

Figure 11. Course Change of the real-world ownship and the 
simulated target ship in scenario 3 combined with the 
distance at the different times in the test run. 

5.2 Discussion 

Before the performance of the SuT on the physical OS 
is analysed, the tracks and cross track error of the 
simulated target vessel needs to be considered. As seen 
in scenario 2, the cross-track error of the simulated 
target ship deviates. The reason for this deviation is 
related to the dynamics of the simulated target ship, 
which lead to overshooting the waypoint, which in 
turn led to a deviation from the planned route. 
Continuing with the collision avoidance manoeuvre 
carried out by the simulated target ship in scenario 3, it 
shows a clear manoeuvre. The simulated target vessel 
is following the COLREG recommendation by 
changing the course to starboard to avoid the digital 
twin. Due to the behaviour of the SuT, a course change 
was needed. 

The manoeuvre carried out by the SuT is not clear. 
In the first scenario, the SuT detects the simulated 
target ship and starts with the collision avoidance 
manoeuvre, as seen by the increasing cross track error. 
This shows that the OS is moving away from the route 
to avoid the simulated target ship. As seen in the course 
change rate, the SuT showed undecided behaviour by 
rapid course changes. The course change rate shows 
the intensity of the carried out manoeuvre and the 
frequent changes between negative and positive 
change rates from 100 degree to -200 degree per 
second. This behaviour of the SuT shows missing 
clarity and consistency in the manoeuvre. Moreover, 
the course change rate shows the correlation between 
the distance of both vessels to each other and the 
intensity of the performed control, as the course change 
strongly increases with decreasing distance between 
the physical OS including the corresponding digital 
twin and the target ship inside the simulation. While 
the manoeuvre is clear in the first few seconds, the SuT 
tries to return to the route after a short time. A few 
seconds later the SuT detects the next possible collision 
and starts with a second collision avoidance 
manoeuvre which ends in a complete rotation. After 
the rotation completes, the situation is clear. Scenario 2 
was ended earlier to prevent a collision with static port 
structures. As the SuT does not contain the 
functionality to avoid collisions with said structures, 
this can be ignored. When examining scenario 3, the 
SuT behaves similar to scenario 2. At the beginning the 
situation is clear and the SuT follows the route as 
expected. After the first detection of the simulated 
target vessel from the digital twin and the possible 
approaching collision, the SuT starts with the collision 
avoidance manoeuvre. The simulated target vessel is 
performing clear manoeuvres to prevent the 
approaching collision while the SuT seems not to be 
capable to take a clear decision. Similar to scenario 2, 
this undecided behaviour can be seen in the course 
change rate, which is higher than in scenario 2, 
reaching up to a change rate of nearly -350 degree per 
second. Similar to scenario 2 the SuT tries to return to 
the route and switches between the decision to follow 
the route or to avoid the approaching collision, leading 
to strong and very frequent course changes. This 
results in two complete rotations, after which the 
simulated target vessel already has passed and the SuT 
is capable to end the scenario with a clear manoeuvre. 

Looking at the manoeuvres carried out by the SuT, 
the evaluation shows that the decisions taken by the 
SuT are not consistent and clear. In terms of 
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consistency, the SuT is not capable to take a decision 
and follow it until the collision situation is cleared. In 
addition, the SuT has issues handling targets with 
active collision avoidance. As seen, the SuT returns to 
the route several times while the collision situation is 
not clear. In addition, the decision taken by the SuT is 
confusing to other systems or personnel on board of 
other vessels. This is clearly demonstrated in the 
second manoeuvre made by the simulated target vessel 
after the SuT returns to the route. This results in the 
next head-on situation after the first one was cleared. 
The behaviour of the SuT does not follow the COLREG 
recommendations and therefore does not fulfil the 
requirements. 

The experiments show the applicability of our 
mixed reality testing approach in the evaluation of 
testing an autonomous track control system with 
collision avoidance functionality. As seen in the 
experiments, the data was forwarded from the physical 
real-world into the simulation and vice versa. 
Providing simulated data to the SuT and measured 
data from the real OS to the simulation works 
seamlessly. The experiments were mainly performed 
with one simulated target vessel but in future, more 
simulated target vessels could be added to the scenario, 
as it relies on the same principle. As shown, the SuT 
was not capable to carry out clear and consistent 
collision avoidance manoeuvres. While the simulation 
was started manually in the experiment, better results 
could be achieved when the simulation is started by a 
trigger, for example when the OS is reaching a 
predefined position. The tests were performed until the 
whole scenario was completed, with the exception in 
scenario 2, where the test was interrupted to prevent a 
collision with static port infrastructure. This shows that 
nautical charts are not used by the SuT and that a test 
area should be chosen without any static structures. 
Using this approach, the injection of static port 
structures into the real-world OS could also be made 
possible. Using the proposed approach, the SuT has the 
capability to complete the whole collision avoidance 
manoeuvre. An additional advantage of the behaviour 
of the simulated target vessel is that it reacts exactly as 
needed, minimizing the influence of the human factor, 
for example when the situation is misunderstood. In 
conclusion, the experiment helped to gain more 
insights into the execution, having a more holistic view 
on the whole test. 

6 CONCLUSIONS 

The Mixed Reality Testing approach as shown in this 
paper is a possibility to increase the test efficiency, by 
enabling testing of different scenarios in a short time. It 
is also possible to restructure scenarios during the tests, 
enabling a fast reaction on needed changes. Using 
scenario-based testing as a base enables different use 
cases which the mixed reality testing can be applied to, 
like shown with testing the collision avoidance 
function of an autonomous track control system. 
However, the quality of the mixed reality depends on 
the used simulation, as the simulation is the limiting 
factor in terms of function scope, sensor model scope 
and other functions. The technical part on board of the 
ship can be carried out fast and easy, and is also 

possible without using the whole generic test carrier 
system architecture as mentioned. 

Based on the tested SuT, the evaluation shows the 
need for testing solutions as the existing systems still 
could have weaknesses and unrecognized errors that 
could potentially lead to serious faults. This also shows 
that the testing of such new systems is of the highest 
priority in order to allow the systems to operate safely 
and on the other hand not to endanger other traffic 
participants, regardless of whether the other traffic 
participants are controlled by autonomous systems or 
personnel on board. 

In conclusion, the developed approach can be used 
to perform tests after the system are integrated on 
board in their operational environment considering 
interrelations with other systems on board by enabling 
complex and critical scenarios in real-world field tests, 
considering dynamics, changing environments and 
conditions. 

In the future the approach could be used to create 
more complex traffic situations including the 
integration of multiple traffic participants. In addition, 
predefined test catalogues could be designed to test 
other types SuT in the future. 
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