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ABSTRACT

Safety-II terminology tries to understand how work is done in dynamic situations, dealing with multiple
constraints, yet the system can still work in (almost) normal operation. This research aimed to elaborate intensely
on ship officer performance variability in dangerous ship encounters to determine how human adaptability
maintains the system to work in normal performance. The dangerous ship encounters are created through ship
simulation. Seven licensed officers have been invited to perform an experiment for data collection. A dangerous
encounter situation was designed to force the participant to perform out of the ordinary, where the variable in
performance can be distinguished. A relatively similar system propagation has been captured in two different
forms. The effect of variability performance in the output of the maneuvering process has also been obtained. As
a result, this study presents what performance should be managed and improved to make ship navigation more
resilient.

1. Introduction

Increasing demand for safety in today’s complex socio-technical system is inevitable. In the past two decades,
a discourse in safety analysis has been raising some popular new terms, namely resilience engineering (E.
Hollnagel, Woods, & Leveson, 2006) and Safety-11 (Erik Hollnagel, 2014). The implementation of advanced
technology in the industry causes the work for systems to become more complicated. It implies the situation where
the unexpected situation becomes more intractable. As a result, it is argued that the traditional safety approach,
which used the accident as the main source to enhance system safety, has become weak to be implemented. In this
case, a new perspective is needed as a complementary and enhanced safety analysis. Performance variability is the
key concept for managing safety in complex socio-technical systems (Woods, 2015).

Today’s ship has equipped with advanced information technology. The need to apply automation technology
for navigation is also increasing. The issue of reducing the number of crew on board is in-line with the
establishment of the four degrees of Maritime Autonomous Surface Ship stated by IMO (IMO, 2021). It requires
future seafarers to have extra ordinary navigation skills to compete with technological development. Research
investigating the performance and perception of onboard work has suggested that crew reduction needs the right
kind of knowledgeable people (Ljung & Litzhoft, 2014).

The variability of system performance is inevitable as long as humans are still part of the cognitive process in
the system. On the hand, it should be admitted that the working adjustment inherited from the variable work makes
the system flexible. Ship operation that works under the demanding workload and unpredictable environmental
situation could benefit greatly from officer adaptive performance. The flexibility of function on board must always
be in line with “safety first,” such that achieving greater flexibility could enhance system safety (Ljung, 2010).

This study tried to address the onboard work flexibility in a narrower context, that is, the maneuvering process
in the unexpected encounter situation. Learning from successful avoidance in difficult encounter situations would
be valuable for safer navigation (Lutzhoft, Jones, & Earthy, 2006). It is considered critical because collision
avoidance is one of the most dominant works in ship navigation. By applying the concept of Safety-I1, this study
aimed to provide a clearer understanding of officer variability performance in unexpected ship encounters.
Elaborate phenotypes, such as time, distance, and ship’s angle, have been chosen for characterizing the variability
performance. The experimental study in the ship simulator has been done for data collection. Furthermore, we
would also present what variability performance should be managed and improved to create a higher resilient level
in ship navigation.

2. Data Collection

The context of unexpected ship encounter situations is generated by conducting a simulation experiment in a
ship simulator. The unexpected encounter situation is hard to face in actual field observation. This causes
simulation experiments to be considered more relevant for data collection. Seven licensed officers, four Japanese
and three Korean are invited to participate in this simulation. All simulations are done with the approval of the
participant, and the data is presented anonymously. Participants onboard experiences are varied from a year as a
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cadet, between three to ten years, and more than ten years. Data is captured in the form of video and audio
recordings. Furthermore, a structured interview is performed to better understand every officer’s decision to
operate their ship.

The generated data type was chosen to shed more light on officer decisions to overcome the danger of ship
collisions. In addition, structured interviews are performed to understand the complex processes of maneuvering
the ship in unexpected situations (Ritchie & Lewis, 2003). A licensed officer is chosen to provide a decision-
making process that could mimic the actual field experience. The data collected in this research is limited only to
the ship encounter process. Limitations such as the difference in navigational aids equipped in this simulator are
also applied.

3. Methodology

This section explains the steps and methods applied to perform this research. The concept of Safety-II is used
to elucidate the systemic process of decision-making in ship encounters. The variability performance of ship
officers in the form of function and its dependency expresses how different outcomes could emerge in officer
action to maintain the ship works functionally under a dynamic environment. Unexpected ship encounter situation
has been designed to capture how officers react to the situation and determine how varied that reaction can be.
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Figure 1. The overview of the location of the simulation, target ships, and own ship.

3.1. Safety-1l

Safety-11 offers an alternative perspective by viewing safety as an emergent phenomenon arising from a
complex socio-technical system rather than a property of the system (Erik Hollnagel, Wears, & Braithwaite, 2015).
System performance, in this perspective, is acknowledged to be variable. Indeed, the variability comes because of
the involvement of human action. It explains why performance adjustment is essential in everyday operation
(Work-As-Done). The whole system actively performs local adjustments to maintain the system works, in every
condition, normally. Hence, the system can always achieve its goal, which means it operates safely.

The primary activity that happens during sailing is ship maneuvering. This activity is hardly dependent on
human performance, where working variability is inevitable. Safety-11 concept has been applied to learn how this
variability performance affects system output, in specific, the potency to overcome difficult encounter situations.
On the basis of the system functional level, this study specifies the variability performance of ship officers in the
form of the system’s function (Erik Hollnagel, 2012). Further elaboration in function dependency is presented in
a specific instant generated from a simulation experiment. As expressed in the Safety-I1 concept, we tried to focus
on learning the useful variability performance in ship maneuvering and what we can do to enhance ship safety
from this concept point of view.



3.2. Experimental Design

This experiment is intentionally designed to present unexpected ship encounter situations. The participant was
asked to do a simulation, in total, for about 15 minutes. There are two target ships that the participant must avoid.
Figure 1 below shows an overview of the scenario location, own ship (marked as red), the first target called Target
A (marked as blue), the second target called Target B (marked as green), and the target’s trajectory. Target A is
coming from the east and heading south. This target behavior is extremely inappropriate. The original trajectory
of Target A is marked by blue color. In this simulation situation, the appropriate way for the target ship to enter the
port is to go straight after reaching the third point. However, this behavior is intentionally changed to give a surprise
effect to the participant. Target A is designed to take the east side of the shipping lane as its way. Hence, after
reaching point three, she takes a rudder to starboard and acts like she is striking the participant’s ship.

If participants cannot recognize the unusual behavior of Target A, Target A’s trajectory is changed to a typical
response (marked by yellow color). The surprising effect is maintained by pretending to keep giving a signal to
change the target course to the starboard. After a few seconds, Target A is returned to move straight again. This
intends to perceive how participants react to the target behavior. After passing the first target, participants need to
avoid Target B. This target is coming from the northeast and heading southwest. In contrast to the first target, this
target act normally. In general, the participants were suggested to express their minds verbally while performing
the simulation in order to capture any cognitive process that happened in real time. Furthermore, a structured
interview is performed after the simulation to gain further information regarding every decision the participant
made to operate their ship.

3.3. Description of scenario

The own ship is a bulk carrier with a length over all of 185 meters. The state of loading is half loaded, and the
engine status at the start of the scenario is standby engine full-ahead at 9 knots. Moreover, the charted course is
set as “Var.” and the gyro course is set at 180°. This is a scenario of departure from the port. Participants were
asked to navigate the ship in a narrow area bounded by an island and peninsula. There are fishing vessels on port
and starboard bow. Beyond that, they can see red buoy (starboard hand marks) and green buoy (port hand marks).
All of these attributes can be seen directly on display from the beginning of the simulation.

Furthermore, there is a red and white buoy, namely “safe water marks,” on the starboard side from the port
hand mark. The ship was planned to alter course to starboard toward this safe water mark after passing the narrow
area. However, the participant will not be able to see the mark at the beginning of the scenario. There is one ship
in front of the own ship that is heading in the same direction. Therefore, the participant can follow this ship’s path
as a guide to reach the destination. There is also one other ship behind the own ship that is heading in the same
direction but moving faster.

4. Result and Analysis

The essence of the ship encounter process is divided into 11 functions, consisting of three background functions
and eight foreground functions. The analysis is focused only on eight foreground functions presented in Table 1.
The remaining three background functions, <To begin sailing>, <To follow the rules>, and <To continue sailing>,
are considered complementary. The function expresses the need for something to be done in navigating the ship.
It includes the work of humans, technology, and organization. However, this simulation focuses on the human
aspect, precisely, the officer of the watch.

Table 1. Foreground function of ship encounter process.
No. Code Foreground Function

FF1  To monitor (by OOW)

FF2  To do direct lookout

FF3  To watch electronic devices

FF4  To maintain ship direction

FF5 To communicate

FF6  To decide action (make a judgment)

FF7  To control the rudder/engine

FF8  To maneuver
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A general outline of the simulation result is presented in Figure 2. The solution for variability performance has
been obtained by characterizing it through timing and distance. The participant’s variability performance can be
viewed in two separate groups based on their ship’s trajectory. Each group shows relatively similar system
propagation. Furthermore, a specific reason for how the participant made each decision has also been obtained.
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Figure 2. The trajectory of the “own ship” operated by participant.

4.1. The first ship encounter

The relatively similar system propagation has been found in two separate patterns. The first pattern is made
by participants B, C, and D. After conducting brief observation, participants B, C, and D decide to change their
ship’s course, as shown in Table 2. They all thought about the need to pass a group of fishing vessels on the
starboard side and portside just right in the middle. Besides, they realized the existence of Target A in the first two

minutes of the simulation and decided to examine the target behavior further.

Table 2. The remarkable initial action was done by participants B, C, and F.

Participant Initial action Time and distance Active function

Participant B | Ordering “178” to Helmsman Just right after the start All foreground function
Participant C | Ordering “177” to Helmsman. At about 0:25%* All foreground function
Participant F | Ordering “178” to Helmsman. At about 1:37* All foreground function

Note: * This expresses the time scale based on a recorded simulation.

The peculiar behavior was recognized at about 6:10 on a simulation time scale. At that time, Target A changed
her heading to the northeast and kept going straight for about one and a half minutes. At this point, participants B,
C, and F have the same thought: Target A should be going straight. They also think that Target A’s movement is
unbelievable. Participant F argued that using VHF radio could be difficult in this condition because this is
congested water. In a typical encounter, because “own ship” has confessed her intention to keep going straight
(maintain heading 177°/178°), Target A must be understood that they should meet starboard-to-starboard.

Table 3. The remarkable initial action was done by participants A, D, E, and G.

Participant Initial action Time and distance Function
Participant thought there was enough distance Early after start
Participant A between his ship and a group of fishing vessels | The shortest distance FF1-FF4 and
on the starboard side. The ship’s heading was with a group of fishing FF6
maintained at 180°. vessels was about 0.1NM
After observing the situation, a participant FF1-FF4 and
Participant D | decided to use VHF radio and found Target A on | At about 1:05*
FF5-FF6
the radar.
.. . Early after start
.. Paﬂlclpgnts found.that a group of fishing . The };hortest distance FF1-FF4 and
Participant E vessels is not moving. He feels that there is no . .
need to change the ship’s course with a group of fishing FF6
) vessels was about 0.1INM
Participants found a group of fishing vessels and | Early after start
Participant G thought that the “own ship” could safely pass The shortest distance FF1-FF4 and
those fishing vessels by maintaining the ship’s with a group of fishing FF6
course. vessels was about 0.1NM

Note: * This expresses the time scale based on a recorded simulation.




This system propagation, unfortunately, leads to the collision accident for the first ship encounter if Target A
moves as designed. It was found that the participant did not perform any adjustment after noticing the unexpected
movement of Target A, such as using the ship’s whistle. For this point, participant B argued, “I do not have any
experience using a whistle. Therefore, I have no idea to use that at that time.” It shows that, in this situation, the
learning and monitoring process in FF1-FF3 <To monitor (by OOW), To do direct lookout, To watch electronic
devices> cannot trigger the activation of FF6 <To decide action (make a judgment)> to activate the FF5 <To
communicate> and perform local adjustments.

The second system propagation happens in the simulation done by participants A, D, E, and G. They are all
choosing to maintain their ship’s course at 180°, as explained in Table 3. There is no particular action taken for a
couple of minutes later. The vicinity observation is done continuously, especially to pay attention to Target A.
Participant D is the only person who chooses to use VHF radio for further examination. The lack of an AIS device
is why participant D chose this action. The contact with Target A was done three times in total. The last call
happened at 08:11 on the recorded simulation time scale because Participant D worried that Target A would violate
the meeting agreement.

Table 4. The action related to participants A, D, E, and G for the first ship encounter.

Participant Action Time and distance Function
Target A behavior has been observed At about 3:44* FF1-FF3
Participant saw that Target A changed her | Distance with Target A was | FF6
bearing and thought she would safely pass his | about 3NM

.. ship bow (heading at 180 °).

Participant A Target A was observed changing her course to | At about 5:43* FF1-FF3
the north
Ordering “Starboard 20” to Helmsman. At 6:10*%, DCPA = INM FF6 — FF7
Blowing the whistle to warn Target A At 7:31*%, DCPA £ 0.3NM | FF6 — FF7
Port-to-port agreement with Target A has been | Start at about 5:42%*, a FF6 — FF7

Participant D made through VHF communication. The | distance about 1.5NM
participant also gradually changes the ship’s | away from the target
direction, from 188 °, 190 °, to 200 °.
Participant saw Target A’s bearing was not | At about 4:03* FF1-FF3
changing and suddenly felt the danger of ship | Distance with Target A was
collision. about <3NM

Participant E Participant decided to go to the port side and | At about 6:42* FF6 — FF7
order port 5 to the Helmsman.
Participant changed his mind and took a | Atabout 7:10%, DCPA + FF6 — FF7
massive leap to the starboard side by ordering | 0.6NM
“starboard 20” to the Helmsman.
Participant realized there is a danger of | Atabout 6:00%, DCPA + FF1-FF3 and

Participant G collision wi.th Target A. He decided to go to the | INM FF6 — FF7
starboard side by ordering “starboard 20 to
avoid that target.

Note: * This expresses the time scale based on a recorded simulation.

The relatively similar reaction from Participants A, E, and G can be seen from 6:00 to 7:00 on a recorded

simulation time scale, as presented in Table 4. At that time, Target A turned her course to the port side and headed
north. It causes the “own ship” in a head-on situation with the target. Therefore, they all decided to go to the
starboard side and take “starboard 20” to avoid Target A. There are minor differences in their action. While
participant A instantly ordered “starboard 20”, participants D and E gradually turned their ship’s direction to the
starboard side. Participants D and E started with a low angle and realized that their ship’s rate of turn (ROT) was
low. They decided to take a huge leap by ordering “starboard 20 a few seconds later. This variable in activation
time of FF6<To decide action (make a judgment)>, number of interactions between FF6-FF7 <To decide action
(make a judgment), To control the rudder/engine>, and ship’s angle have been captured. However, that does not
affect the output of the maneuvering process. The only noticeable adjustment happens only by participant A. He
took further action by operating the ship’s whistle. By considering the intended inappropriate movement of Target
A in this simulation, this system propagation leads the ship to avoid the danger of ship collision successfully.



4.2. The second ship encounter

The second ship encounter happens after the participant passes Target A. All participants, except participant G,
can successfully avoid the danger of ship collision with Target B. The earliest decision, at about 6:50 on the
recorded simulation time scale, was made by participant D using VHF communication. This action is normally
performed in advance because it takes time to be done properly. However, in this case, it should be admitted that
participant D uses VHF communication too much. The work generally starts by activating FF1-FF3 to gather
information about Target B. All participants did a relatively similar process to determine target speed and direction
to activate FF6 and judge whether Target B could pass their ship bow safely or not. A minor detail is recognized
in more experienced participants. They argued that if there are sudden changes happen to the target heading, they
will make a call by VHF radio.

The different output of the second avoidance can be recognized from the participant who chose to go straight
compere with the participant who took the rudder to the starboard side in the first encounter. The final destination
of this simulation is located in the southwest. Participants B, C, and F did only one order to navigate their ship to
the destination. It indicates that the time activation of FF6 is more flexible. On the other hand, participants A, D,
E, and G must perform a consecutive order to navigate their ship to the final destination. Participants A, D, E, and
G start positioning their ship to the southwest at around 9:25. Participant G takes a huge leap to the port side and
orders “port 20” to the Helmsman. In contrast, Participants A, D, and E slowly maneuver their ship to the port side.
They all manage to perform that action in about two and a half minutes. Participant G does not realize that his ship
is quickly approaching Target B, located on the port side of his ship. At about 0.5NM away from Target B,
Participant G suddenly realize the danger of ship collision. However, that was too late to take action. Some actions
have been performed to save the “own ship.” Participant G argued, “I thought about using the whistle, but it was
different from the actual operation. I do not think that could work in this situation. I decide not to do that.”

5. Discussions

This study reveals how variable the OOW works can be in a simulated difficult ship encounter situation. This
inappropriate situation allows the variable in response can be easily recognized. There are some limitations that
differentiate the actual and simulated working environment, such as the lack of natural disturbance, time
boundaries, social interaction, and work routines. However, we should admit that unexpected situation is rare in
nature. It means the situation could involve any kind of problem, including something that we could never imagine.
The spirit presented in this work is how to understand safety from its present. The learning process is started from
how solutions are created, in which motivation and initiative of the officer are valued as a resource. Furthermore,
technological developments can always take advantage of human flexibility without having to remove it from the
system.

Two different system propagation has been captured from the simulation. It is important to note that both
decisions can lead the ship to avoid the collision accident successfully. The first system propagation caused Target
A to be in the position on the starboard side of the “own ship” at about 6:10 on a recorded simulation time scale.
It is clearly understandable why participants B, C, and D decide to keep their ship going straight. The point should
be remarked if considering the unusual movement of Target A is the need for FF6 <To decide action (make a
judgment)> to be more flexible. In this kind of situation, FF6 <To decide action (make a judgment)> must be able
to be activated and adjust the situation by performing some responses, such as utilizing the ship’s whistle.

On the other hand, at the same time in the simulation, the second propagation leads the “own ship” to be in a
head-on situation with Target A. In this case, all participants could possess relatively identical responses. It
indicates the variability performance is managed and controlled. The other important thing that should be remarked
on is the proper use of VHF radio. The overuse of VHF radio could cause unnecessary action that could emerging
dangerous situations. In line with this finding, Tasaki et al. have pointed out the importance of proper bridge-to-
bridge communication via VHF in congested water (TASAKI, KASHIMA, KUNIEDA, & TAKEMOTO, 2015).
In addition, the second ship encounter has shed light on how variability performance could be varied and produce
noticeable unwanted system output. The continuous and repetitive activation of function causes functional
resonance among functions to become higher. Especially the variable in the ship’s angle and the function activation
time hardly affect the maneuvering process.

The simulation has also revealed that at some point, the participant with less onboard experience could perform
as participants with higher onboard experience did. The noticeable difference in performance adjustment between
young and senior seafarers is how they utilize communication aids, such as whistles and VHF radio. This can be
used to indicate that officer performance’s flexibility should be enhanced. This study, indeed, presents the specific
result of a specific scenario that cannot be generalized for every situation. However, the commitment to appreciate
human performance (Erik Hollnagel, Laursen, & Serensen, 2022) is what we try to obey. Human performance is
variable, and that is what makes the system flexible and resilient.



6. Conclusions

The analysis indicates that timing in the function’s activation and rudder angle strongly affect the output of the
maneuvering process. Practical knowledge of officer adaptability in unexpected encounter situations has also been
obtained based on how the adjustment takes place in the simulation. This study presents one of the ways to
understand safety from routine challenges happening in everyday ship operations. It provides a small example of
what to learn from a successful activity. The simulation experiment is hard to conduct in today’s situation. In
addition, it is also difficult to invite professionals to join the experiment. Future analysis is suggested to be done
by constructing mathematical simulations to get a more comprehensive result of human variability performance.
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