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Chapter 1

Background

1.1 Human element in maritime operation

The contribution of humans in maritime accidents, approximately number is around 80%, has been
consistently highlighted that human involvement in the accident or incident plays a significant role.
The same ratio is often found in other industries besides the maritime operation [2]. While this
number may be subject to debate in the recent decade, a comprehensive review study conducted
by Wrobel concludes that human error remains a substantial factor in maritime accidents [3]. The
recent circulation keep the importance of addressing human factors to improve safety measures
within the maritime industry, not only ended to blame the operator as the source of accident.

Recognizing the influence of human actions, the International Maritime Organization (IMO)
use the term human element to explain aspects related to human involvement in the maritime in-
dustry, not only during the operation, but also within its design and evaluation. The factors that are
noted in the human elements include knowledge, skill, experience, decision-making, situational
awareness, communication, and behavior. By acknowledging the complex interplay between hu-
man actions, organizational structure and technical system, a comprehensive approach to maritime
safety that includes human element or human factors is necessary with robust and heuristic.

One that listed in the human element by IMO is situational awareness, or interchangeable
term with situation awareness in general field of human factors. Looking back to accident reports,
situation awareness in the maritime operation is amplified since it contributes to the 71% of human
error [4]. Situation awareness in general and at the human individual level, refers to the ability of
individuals to perceive, comprehend, and anticipate the dynamic elements of their environment in
relation to their goals and objectives. The importance of situation awareness is amplified as it is
included in the non-technical skill in the crew resources management [5].

For most of the studies in the human factor or human error, the most focus is given for naviga-
tional work or bridge department, compared to the engine operation. This issue can be understood
since the concept of safety and human factors in maritime operation, including its crew resources
management, is adopted from the studies and best practice in the aviation industry [6]. However,
it is important to acknowledge the significance of the human factors in the engine department as
well. Engine operations entail their own set of challenges and potential sources of human error.
Engine operation, including the engine supervisory control, is generalized as a process control
where the vigilance task with long duration and its monitoring task of process parameters reading
[7, 8]. Looking at the situation of studies in the maritime operation, more studies are needed to
balance the studies on the navigational work to ensure holistic understanding of the human factors
or human elements also include the environment work of engine operation.
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1.2 Human-machine interface issue

The recent issue regarding human factors in engine operation is with its human-machine interface
(HMI), especially in engine control console side. As automation and technological advancements
continue to progress, the task that performed in the engine control room (ECR) have become
more demanding due to the utilization of recent information source for process control [9]. While
automation reduces the active involvement of engineers into the system, it still allows the human
to remain in the main control circuit [10]. However, the combined pressure of reduced crew
members numbers work onboard and increased automation have significantly transformed the
role of operators. It makes a trade-off between automation and operator effectiveness [4]. When
automation is introduced, the operator’s monitoring capabilities are compromised [11]. There is
a drawback when the condition is in the normal operation as the operator workload will increase
because the operator needs more time and attention to gather the situation awareness of recent
operation carried out by the automation.

With the progression of advanced automation, the role of HMI that facilitates the warning or
alarm system is becoming crucial. The reported problems with the installed alarm system recently,
for instance, the installed alarm system is considered to be overly prioritized during the monitoring
[12]. Some engineers on board, in another study also noted that the recent alarm system, in
the form of list, are subject to complaint [13]. Moreover, the concern also includes nuisance
alarms that distract operators from their current task. The lack of alarm messages clarifies is also
confusing the operators and makes the excessive workload.

The alarm data that comes simple in dataset with alarm name, type, id, activated time, and
deactivate time is the source of alarm performance assessment in the scope of alarm management
[14]. Similar guidelines in maritime operation can be found within the IMO Code on Alerts and
Indicators 2009 [15]. The data from a three-year voyage of training ship and three months voyage
of ocean-going ship is revealed the recent issue with the alarms system onboard a ship. The two
most mentioned in the recent studies in alarm management, also appear in these data. They are
false alarm and alarm floods problem.

Alarm flood is defined as the condition where multiple alarms are activated at the same time
during short period [16]. During the state of alarm flood, the engineer on board may find difficulty
in handling the alarm. Since the guideline in the maritime operation does not regulate nor give
steps to quantify the alarm floods, the guide onshore processing plant is used as a reference. For
instance, alarm floods here defined as the condition where ten alarms or more are activated during
the ten minutes. A good example is found in Figure 1.1 where there are 13 alarms floods from
the ocean-going vessel, where the horizontal axis explains 10 minutes bin of the operation and
indicated how many alarm is activated during its bin. The recent prominent alarm management
is needed to bring the number of this alarm to the lowest point. Taking the example of the effect
of alarm floods in bad condition is with Emma Maersk’s engine room floods [17]. Although the
trouble comes from mechanical breakdown, the condition is getting worse because the engine
control room at that time has another flood from the alarm that keeps coming. This condition
makes the engineer on the watch not have enough resources to attend the real water flood at the
engine room. These examples also give the statement that alarm floods may be neglected in ship
operation, but it becomes a dormant factor when it combines with the worse condition in the engine
operation.

The second most problem with the alarm system is false alarms, or in another terms nuisance
alarms. It became a nuisance since the response from the operators is not needed. Most of them
are chattering alarms where the same alarm keep repeated between activated and deactivated [14].
These alarm types may be activated by only a single error that operates close to the alarm threshold
[18]. The Fig 1.2 left part shows list of alarm when it compared with its deactivated time under
10 seconds. It is confirmed with the engineer onboard: the alarm such M/E starting air pressure
is not necessary occurred during leaving port since the engineer well understood that the air com-
pressor is just running, as illustrated in Fig 1.2 right part. The appearance of such nuisance alarm,
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Figure 1.1: Alarm floods from a three months ocean-going ship

furthermore, can reduce the performance of engineers in the first step in handling the malfunction
situation. In various workload conditions, the engineer onboard may have reaction time and accu-
racy may that declined, or in the extended condition is to silence the alarm. Moreover, in the long
exposure of nuisance alarms, it stimulates the cry-wolf syndrome where the engineer onboard trust
is reduced.

(a) (b)

Figure 1.2: False alarm ratio and sensor reading from a traning ship

Various counter problems in alarm management were introduced based on best practice ex-
plained in the guideline. To counter the nuisance alarm for instance, can be done by introducing a
delay time before alarm activated in serial activation or alarm set-point is changed to lower/higher
from the previous, this practice is introduced with the recent data, and the result has been seen in
reducing several nuisance alarms as shown in Fig. 1.2. In case the alarm floods condition, a rec-
ommended approach is to offer operators a decision aid, such as alarm prioritization, for instance
as the best practice is to prioritized alarm into low, medium, high priority with proportion of 80%,
15%, and 5% respectively. Many studies also approach by enhancement on the alarm display to
guide the operator in identifying the source of the problem and determine which alarm requires
their immediate attention.

1.3 Aim of Research

The general aim of the study is to examine the concept of situation awareness in engine resources
management. Situation awareness that has been explored in maritime operation is less comprehen-
sively defined in the engine operation, compared to the navigational department. The recent issue
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in HMI becomes the starting point of the research to address situation awareness in the scope of
human cognition how the operators construct the situation awareness and what factors that influ-
ence it. The concept of situation awareness is also addressed in the scope of human reliability to
what extent the situation awareness became the latent factor to the human error and how to mea-
sure it. Lastly, the concept of situation awareness is also examined in wider scope of the relation
between onboard engineer and onshore support management where the situation awareness plays
important roles in maintain well engine resources management.

1.4 Outline of studies

With three scopes namely in human cognition, human reliability, and socio-technical system, this
research employes different framework for each study. The outcomes of the study also differ but
mainly is recent framework improvement and its sensitivity in specific engine resources manage-
ment.

Study I Human cognition. The close HMI issue remains situation awareness as an important
concept. Within the human cognition scope, situation awareness is measured and examined its in-
terplay with other human performance factors, in this study are workload and trust in automation.
The engine plant simulator is used as the medium for conducting experiments with human factors
framework. The various measurements from subjective using questionnaire, objective using the
freeze-probe and measurement point from engine plant simulator are employed in this study. Sit-
uation awareness is also examined in the case of additional cognition aid being introduced to the
work area.

Study II Human reliability. Human reliability analysis is often constructed solely from the
accidents or incidents report. Within this study, the approach using experimental results as the
bottom-up methods is applied to predict human error probability. The performance shaping factors
that previously treated dependently are calculated using Bayesian network. To reduce uncertainty,
the data from simulator experiment is used alongside the input from the expert judgment. Different
stages of node are constructed based on its relevancy in the simulator experiment data.

Study III Socio-technical system. Another issue from alarm performance assessment is this
practice has not existed in recent maritime operation. Thus, lack of understanding between on-
board engineer and onboard management may exist. This study aims to examine the situation
awareness interplay with safety, efficiency, and workload. To model the socio-technical system
between onboard and shore management, dynamic safety theory simulated using System dynam-
ics. The observation is made for the operation behaves following the safety and efficiency pressure,
that created by existing goals and boundaries.
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Chapter 2

Situation awareness in human cognition

2.1 Information processing model

In the cognition level, situation awareness has been studied extensively in various fields, including
in maritime operation, to understand how individuals perceive and understand their work envi-
ronment. Situation awareness has been defined in many forms, regarding the level and the scope.
It depends in what environment the human should conduct the work. In the cognitive level, the
most adapted definition could be came from the Endsley who defined the situation awareness as
”the perception of the elements in the environment within a volume of time and space, the com-
prehension of their meaning and a projection of their status in the near future” [19]. Based on
this definition, there are three levels of situation awareness started with perception stage where the
operator perceived information that important to the task, comprehension stage where the integra-
tion of information done to understand the meaning of recent condition, and the projection stage
where the operator can predict the condition will be going in the future.

Senses Perception Choices Response

Working 

Memory

Diagnosis

Long-term

Memory

Long-term 

Working

Memory

Environment

Selective Attention

Clue Filtering

Situation

Awareness

Attention

Resources

Option

Risk (value)

Figure 2.1: Information processing flow, from [1]

The human cognitive study is based on the human information processing stage [1], as shown
in Fig 2.1. This model is similar to the model in process control, where the main stage is input,
process, and output as the feedback. The process starts at the sensory processing where the cues
are consumed from the environment. These include utilization of five human senses, where most
of the human information processing comes from the visual. In the context of engine operation,
this cue came from alarm sound, engine parameters at the consoles, engine vibration, and radio
communication. The next step is perception where these cues are interpreted to the brain. It gives
a meaning to the information so the human can convey such meaningful information. The role
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of selective attention then to integrate this information from working memory with the long-term
working memory. Such process includes to choose which cues to be processed to understand
recent and future state of the engine operation. The hypothesis triggers several action options
in the decision making stage. The feedback from the action will influence the system where the
human interacts with.

Situation awareness, as explained in the information processing flow above, has a role in com-
bination process of perception, working memory and long-term memory [1]. This made by the
function of attention resource that prioritize the clue that will be include in the perpception stage.
In the cognition level, the situation awareness often made by the incorrect cues, the lack in hypoth-
esis construction, a drawback in the selective attention, and working memory. In the ship engine
operation also interpret these into: error in information is not registered, information is registered
but not processed, and information registered but was illuded [20]. Thus, the function of situation
awareness is believed to be important in helping the operator to separate the information to only
that they need to execute the specific aim [21]. However, situation awareness is limited and not
include decision-making and action which choosing among different options and carrying out a
chosen course of action. However, situation awareness roles are focused on maintaining an accu-
rate understanding of the environment, which further can support effective decision-making and
action, for sure combined with other factors [22].

This situation awareness by its definition, further, cannot be directly translated that it is se-
quently linear stages [23]. Instead, situation awareness is a dynamic that involves perception and
comprehension of the current situation, leading to a higher situation awareess. For instance, the
operator who maintains the comprehension stage has better situation awareness than them who
can only maintain the perception stage. As an iterative model, situation awareness in human cog-
nition may drive the operator to actively search for information to feed the comprehension or their
perception stage [24]. Situation awareness is constantly evolving and an adaptive process that
requires ongoing attention and effort from the operator to maintain.

To process the information, for example in the case of engine supervisory control, it relies on
long-endurance work. For such, workload is important factor to influence how situation aware-
ness is constructed [23]. High workload can lead to lowering SA, as the operator ability to pro-
cess information is became overwhelmed [25]. A higher workload can also cause the operator to
misprioritize information, leading to information being overlooked or ignored. The appearance
automation to reduce workload also has other issues as the trust in automation. This situation
awareness, workload, and trust in automation became the prominent issue in human factors re-
cently [26]. These also became generally used to evaluate human-machine interface in process
control environment [27].

2.2 Human factor approach

Human factors is defined as scientific discipline with concern in the interaction between human
and other elements on the system to optimize human wellbeing and system performance [28].
As explained before, IMO prefers to use term human element to explain the factors that include
human in maritime operation [29]. The human factors in maritime became important look back
in situation that 80% accidents occurred because the human error [4]. Since the human factors
became important especially after some accident occurred, the implementation of regulatory and
classification aspect became prominent in design stage and operation. However, much of study
falls only in the analysis of accidents [30]. The limited capability of it cannot capture the human
factors in the routine work on board a ship. The accident analysis alone will only blame the
human as the cause of accident or near misses but neglect their role to prevent it happen in the
first. To approach system safety and to examine the cause behind the problem, quasi-experimental
is needed to approach everyday routine work [30].

Measurement of SA in human cognition level can be a direct measurement to its process, or
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infering it from observable processes, behaviors, or performance. The indirect measurement has
the most flexible and convenience measurement by putting the questionarie in the of trial. Despite
the potential advantages of indirect measures, direct measurement is considered the more effective
approach, as it provides a more accurate representation of situation awareness measurement [31].
However, the direct measurement has a disadvantage of being intrusive to the trial that makes the
extra scheduling to put the measurement during the trial. The direct measurement in further, can
be divided into subject and objective measurement.

For the objective measurement, the global assessment technique (SAGAT) was introduced
firstly to apply the freeze-probe technique [19]. The derivative of this freeze-probe in the pro-
cess control environment or nuclear power plants was introduced as situation awareness control
room inventory (SACRI) [32]. Both methods required the participant during the experiment to
pause the scenario and needed to answer several questions regarding ongoing operation. The dif-
ference is, SAGAT is a more general approach method where the construction of queries is not
provided as detail in SACRI. The freeze-probe requires the observer to design and understand the
scenario that wants to be evaluated. Thus, this technique requires domain-based understanding
about the experiment [33]. In maritime operation, the freeze-probe were evaluated for instance in
training of collision avoidance [34]. The result of modified SAGAT shows the ability to discrimi-
nate the effect of training to recognized number of vessels. In hardware development, freeze-probe
was also evaluated to be sensitive to find the effectiveness of integrated navigation system (INS)
compared to the recent bridge [35].

In subjective measurement methods, situation awareness rating technique (SART) is the most
notable method [21]. Subjective measurement in general needs the participant to answer the per-
ceived situation awareness [36]. These methods are noted as convenient and easy to use but have
a drawback compared to objective measurement. This is related to the participants’ beliefs rather
than realized in what circumstance their accuracy is. However, its general construct has an ad-
vantage to be applied in wide areas of research. Thus also, the subjective measurement should be
considered as complete to the objective measurement [37].

Situation awareness is critical for effective decision-making, especially in high stress and com-
plex environments [21]. Two other human performance factors that influenced this came from the
workload and trust in automation [26]. High workload can reduce situation awareness by limiting
the ability of individuals to process and integrate information. Trust in automation that is not well
maintained will lead to situation awareness loss. Thus, it is important to consider workload and
trust in automation when designing and implementing situation awareness study. Situation aware-
ness, human workload, and trust in automation then together form the measurement are used to
evaluate the human-machine interface, especially in process control [27].

2.3 Cognition aid to improve work performance

A higher level of situation awareness is achieved when the operator can comprehend the situation
and anticipate its future development, as opposed to only perceiving data [23]. The improvement
of situation awareness, for instance, can be done by provide training and cognition aid. To improve
situation awareness, it is necessary to provide operators with the necessary information, context,
and training to comprehend the situation accurately and quickly. Conversely, two approaches to
furher determine situation awareness as the concept in developing the situation awareness oriented
training and situation awareness as te way to evaluate the design concept.

Using a head-worn display can help operators focus on essential stimuli and perform attention-
requiring tasks, improving situational awareness and reducing the need for social support. This
cognitive aid can store information and provide continuous display, allowing operators to access
data without relying on confirmation from other operators in another location. This can enhance
the work environment and drastically change the way tasks are performed. However, using a head-
worn display may also have drawbacks, such as misfocus, increased workload, and disruption of

15



the learning curve. Operators may also fear that their skills may become obsolete.
In supervisory control, it is crucial to have both data-driven and knowledge-driven monitoring.

While head-worn displays can help reduce false alarms and provide contextual information before
an alarm sounds, they can also increase the workload when information saturation occurs. The
information on the head-worn display can simplify the decision-making process and encourage
better alarm prioritization. However, operators must also consider the trade-off between having
access to information and the potential disruption of their skill acquisition process. Overall, while
head-worn displays have the potential to improve performance and situational awareness, oper-
ators must carefully weigh the advantages and disadvantages before using them in their work
environment.

2.4 Situation awareness measurement in engine room situation

The first experiment aims to measure the situation awareness in an engine supervisory environ-
ment. The literature recently only supplies the examination of the SA in the environment of nav-
igation deck. Thus, within this experiment the sensitivity of SA understanding was considered.
Beside the situation awareness alone, its interaction with workload as the main correlation factor
in shaping situation awareness was also examined in this study. Another factor that is examined is
the participants’ background regarding their training experience on board a ship.

Quasi-experimental using full-mission engine plant was done. The experimental design was
mixed 2x2x3. The first factor is made by two-level scenarios: entering port (EP) and ocean-
going (OG). The intention is to create two different workload environments. Second, it contains
two levels of participation: first time (E1) and second time (E2), since the participants joined
the experiment two times. Last, the design contains quasi-experimental independent variable of
participants background on the training ship duration: one month (1M), two months (2M), and
three months (3M).

Twenty-four participants (age average 21.8 ±1.1) consist of undergraduate and graduate stu-
dents belonging to the marine engineering course have joined the experiments. The requirement
was made based on the cadet training ship duration; it is able to divide evenly the participants
into three groups. For conducting the experimental procedure, the participants were assumed to
have the same baseline knowledge of using the engine plant simulator. The difference between
participants was based solely on the onboard training experience. The experiment was designed
and performed under compliance to the code from the faculty board. Before the experiment is
conducted, the participants give the informed consent and sign the agreement to join the experi-
ment.

2.4.1 Experimental setup

High-fidelity full-mission engine plant simulator was used to conduct the experiment. In this
first experiment, only engine control room (ECR) was used, as illustrated in the Figure 2.2. The
engine control console is divided into three sections: the left section contains analog parameters,
the middle section contains the engine mimic and digital parameters, and the right section has a
group starting panel (GSP). Two scenarios were created using the simulator function to record
and replay the created scenario. The idea of using the record-and-replay modes also to prevent
the participants action from altering the process value in engine operations. Its ensure that all
participants experienced the same exposure and timestamp for malfunction events.

In order to replicate the actual working environment of engine operations, entering port and
ocean-going scenario were developed to examine the impact of task-load on situation awareness.
The entering port scenario required the participants to follow a stand-by engine procedure and
manage a larger task-load. This was created by confirming the parameters changes caused by
fictional companion engineer actions and reported by recorded voice, such as manually starting
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Figure 2.2: Engine plant simulator layout, ECR side

the compressor and changing fuel supply. Participants also had to adhere to the communications
from both engine room and recorded officer at bridge during the confirmation. However, this
procedure was not needed in an ocean-going scenario. For both scenarios, there were two different
sets of malfunctions, which were cross exchanged between trials on the different days of the
participation (E1 and E2). This was done to prevent the participants from becoming familiar with
the engine control console parameters included in the freeze-probe questions. During the scenario,
the participants were required to acknowledge each alarm caused by a malfunction by pressing the
stop button on the engine control console and reporting the alarm messages to fictional companion
engineer in the engine room by using radio communication.

Participants were scheduled to attend the simulator three times on the three separated days:
briefing days, first time participation (E1), and secondtime participation (E2). During the briefing
day, the purpose and setup of the experiment were presented, along with training on the stand-
by engine procedure. On the first time participation day, participants underwent two trials of
two different scenarios. Lastly, during the second time participation day, the same scenario was
repeated with two trials, but in a different sequence.

2.4.2 Measurement instrument

The freeze-probe technique was modified based on the SAGAT to produce measurement that is
more direct and objective. However, this technique has the drawback of being disruptive to the
task performance. To implement the freeze-probe technique, the simulator was paused several
times during the experiment, and the participants were instructed to stop their activity and answer
a set of questions related to the ongoing scenario. To prevent participants from being cued by the
parameters on the engine control console, they were asked to turn away from it while answering
the questions.

The timing of the simulator freezes, and malfunction was predetermined for each scenario as
shown in Figure 2.3, but the information was undisclosed to the participants. This prevents the par-
ticipants monitored the parameters only when approaching a simulator freeze. As the experiment
design, there were three simulators freeze per trial, each lasting less than five minutes, to comply
with the previous methods /citeendsley2012. A malfunction-sensitive and scenario-sensitive cat-
egorization was used to construct the eight questions asked during each simulator freeze, refer to
process view technique [38]. In more detail, the malfunction-sensitive questions related to a fault
that was activated before the simulator paused, while the scenario-sensitive questions were unre-
lated to the fault but were relevant to the scenario context. The difference with the SAGAT is the
questions were not randomly assigned as in the SAGAT procedure. The questions were assigned
based on the top-down sampling approach in the monitoring process.

Within the questions for each freeze, they are categorize into situation awareness perception
stage question, and comprehension stage question. Perception questions were constructed based
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Figure 2.3: Timeline for malfunction and freeze-probe

on the process parameters displayed on the engine control console, while the comprehension ques-
tions were not indicated, but the participant can answer based on the displayed parameters. Dis-
crimination of each stage is shown in Table 2.1. A total of twenty-four questions were created
for one trial, with an equal proportion of perception level and comprehension level questions, as
well as malfunction-sensitive and scenario-sensitive questions. Rather than comparing the cur-
rent position to the past position, the questions were designed to compare the current position to
a reference point in order to avoid confusion. This was done to eliminate any ambiguity in the
correct response due to differences in the interpretation of normal process control conditions. For
instance, during engine start-up, the compressed air pressure typically decreases, and as such, a
pressure drop should be anticipated under those circumstances.

Table 2.1: Freeze-probe question, P for perception, and C for comprehension

Question
P Compare with past, how was F.O INLET TEMPERATURE developed?
C Compare with past, how was F.O INLET VISCOSITY developed?
P Compare with past, how was CENTRAL C.F.W PUMP INLET TEMPERATURE developed?
C Compare with past, how was M/E AIR COOLER 1 INLET TEMPERATURE developed?

The questions were presented in a multiple-choice format, with the options of ”decreasing”,
”steady”, and ”increasing”. To calculate participants’ objective situation awareness, signal detec-
tion theory (SDT) is employed. Based on the two types of questions and two answer options,
there were four possible outcomes: the parameter was changing and the participants detected it
correctly (hit); the parameter was changing, but participant did not notice (miss); the participants
correctly reported it as steady (correct acceptance); or the parameter was not changing, and the
participants incorrectly reported it as either increasing or decreasing (false alarm). To assess the
participants’ accuracy in evaluating the situation, sensitivity (d′) as measurement of objectively is
employed by using the below equation. Where Hit is the probability of hit occurring and FA is the
probability of false alarm occurring. Sensitivity (d′) is calculated for three categories: perception,
comprehension, and overall situation awareness.

d′ = z(p(Hit))− (p(FA)) (2.1)

Subjective situation awareness using the SART questionnaire, which was divided into three
categories: attentional demand (D), attentional supply (S), and understanding of situation (U),
based on the SA-constructed dimensions listed in Table 2.2. For each dimension, original 7-point
Likert-type scales ranging from low to high, based on the dimension’s question. The perceived
situation awareness was then calculated by eliminated the total understanding with the difference
between attentional demand and attentional supply. From this point, a higher situation awareness
indicated that attentional supply exceeds the attentional demand, and vice versa. The participants
also completed the SART questionnaire after each trial; there are four sets of results for each
participant.

SA =U − (D−S) (2.2)
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Table 2.2: SART dimensions and questions

Dimension Question
Demands on attentional resources (D)
Instability of situation How changeable is the situation?
Variability of situation How many variables are changing within the situation?
Complexity of situation How complicated is the situation?
Supply of attentional resources (S)
Arousal How aroused are you in the situation?
Spare mental capacity How much mental capacity do you spare in the situation?
Concentration How much are you concentrating on the situation?
Division of attention How much is your attention divided in the situation?
Understanding of situation (U)
Information quantity How much information have you gained about the situation?
Information quality How good information have you been accessible and usable?
Familiarity How familiar are you with the situation?

NASA-TLX and its six dimensions as a subjective measurement with 20-point Likert-type
scale was used to evaluate workload subjectively. Previous research has demonstrated that NASA-
TLX is a reliable measure of workload for a variety of work environments, including the engine
plant simulator [39]. Perceived workload is calculated by adding up the dimensions in Tabel
2.3, after weighing them according to the participants’ preference from multiple comparisons.
After each trial, participants completed the questionnaire, resulting in four sets of results for each
participant.

Table 2.3: NASA-TLX dimensions and questions

Dimension Question
Mental Demand How mentally demanding was the task?
Physical Demand How physically demanding was the task?
Temporal Demand How hurried or rushed was the pace of the task?
Performance How successful were you in accomplishing what you were asked to?
Effort How hard did you have to work to accomplish your level of performance?
Frustration How insecure, discouraged, irritated, stressed, and annoyed were you?

2.4.3 Result and discussion

To analyze the result, several analytical methods such analysis of variance (ANOVA) is used. The
null hypothesis then defined as there is no significant difference between variable measurement
(dependent) under each level of independent variable. p-value less than .05 is use to neglect
the null hypothesis. For the first experiment, since the participants was recruited based on their
background on onboard training, the experience interference is separated from scenario level and
participation level.

The result from perceived workload measurement is shown in Figure 2.4 (a). There is no two-
way interference between the scenario and participation, tested with two-way ANOVA. However,
participant reported higher workload in the entering port scenario, compare to the ocean-going
scenario (F(1,23) = 57.40, p < .01). This show designed scenarios where entering port scenario
have high demand, were able to create two different workload It enables to verify the next analysis
to examine the interference between situation awareness s and workload. In the effect of partic-
ipation order, the participants reported higher workload for the firs-time participation, compare
to the second participation (F(1,23) = 11.47, p < .01). This confirmed the familiarity behavior
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of participant; the workload became lower when the human became used to the system. Sepa-
rated one-way ANOVA for experience level effect show, there was no different among the three
groups (F(2,21) = 0.26, p > .05). This result reflects the subjective measurement limitation to
discriminate the group experience level.

EP OG

Scenario

0.0

2.5

5.0

7.5

10.0

12.5

15.0

17.5

20.0

P
er

ce
iv

ed
 w

o
rk

lo
ad

E1

E2

1M 2M 3M

Experience

(a)

EP OG

Scenario

0

5

10

15

20

25

30

35

P
er

ce
iv

ed
 s

it
u
at

io
n
 a

w
ar

en
es

s

E1

E2

1M 2M 3M

Experience

(b)

EP OG

Scenario

−3

−2

−1

0

1

2

3

S
it
u
at

io
n
 a

w
ar

en
es

s 
se

n
si

ti
v
it
y

E1

E2

1M 2M 3M

Experience

(c)

Figure 2.4: Measurement result for task-load and participation interference

EP OG

Scenario

−3

−2

−1

0

1

2

3

S
it
u
at

io
n
 a

w
a
re

n
es

s 
se

n
si

ti
v
it
y

EP OG

Scenario

E1

E2

(a)

1M 2M 3M

Experience

−3

−2

−1

0

1

2

3

S
it
u
at

io
n
 a

w
a
re

n
es

s 
se

n
si

ti
v
it
y

1M 2M 3M

Experience

(b)

Figure 2.5: Measurement result divided to perception and comprehension

With the same pattern from workload analysis, Figure 2.4 (b) show the result for perceived
situation awareness. There is no two-way interaction in perceived situation awareness effected
by scenario and participation level. However, the participants reported higher situation awareness
in the ocean-going scenario, compare to the entering port-scenario (F(1,23) = 46.79, p < .01).
This shows, in more demanding situations, the participants have lower perceived situation aware-
ness. Thus, the correlation between workload and situation awareness can be explained. The
second time participation give the participant perceived situation awareness value higher than
the first time participation (F(1,23) = 15.95, p < .01). This explains the situation awareness
is involved when the human got familiar with the system. Similar to the perceived workload,
one-way ANOVA shows there was no different from the experience effect. Similar to the sub-
jective workload, subjective situation awareness is not sensitivity on the participants experience
(F(2,21) = 0.72, p > .05).

Figure 2.4 (c) show the interaction of scenario and participation level to the objective situation
awareness (sensitivity). However, the participants have higher sensitivity during the ocean-going
scenario compared to the entering port scenario (F(1,23) = 39.03, p < .01). This reflects also
when the situation awareness sensitivity break down into perception and comprehension as shown
in Figure 2.5 (a). The different is both found in the perception level (F(1,23) = 20.15, p < .01)
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and comprehension level (F(1,23) = 15.21, p < .01). This explains the freeze-probe technique
for objective follow the subjective measurement finding where the situation awareness tends to
increase in less demanding situations.

For the effect of participation level, participants have higher situation awareness sensitivity
in the second-time participation (F(1,23) = 8.65, p < .01). This pattern followed in the per-
ception (F(1,23) = 9.94, p < .01) but not in comprehension level, but not with the participation
(F(1,23) = 3.30, p = .08). In the participation effect, the second time or more familiar condition
gives the higher situation awareness, similar pattern with the subjective measurement. However,
when it breaks to the perception and comprehension, this familiarity effect did not happen to in-
crease situation awareness in comprehension level.

For the grouping based on the experience, one-way ANOVA shows the difference between the
three groups (F(2,21) = 4.80, p = .02). Post-hoc analysis done by Tukey-HSD bring the results
of SA sensitivity of group of one-month experience has lower situation awareness compared to
the two-month and three-month experience. Shown in the 2.5 (b) This finding is not found in the
perception level (F(2,21) = 1.93, p > .05), but it is exist in the comprehension level (F(2,21) =
5.7, p = .01) with the same finding where the one-month experience has lower situation awareness
compare to the other groups. The background of training contains can explained this result. The
two-months and three-months training have a greater portion of engine watchkeeping.

2.5 Head-worn display utilization

The implementation of head-worn displays in work condition presents various advantages; how-
ever, it is crucial to investigate the potential drawbacks in the design and installation. The second
experiment study aims to explore the effect of head-worn display application and how they can
enhance department work, particularly in managing false alarms. Beside the workload and situa-
tion awareness that have been examined in the first experiment, there is trust in automation that is
included in the second experiment.

Twelve marine engineering students, both undergraduate and graduate, with an average age of
21.7 ±1.1 has participated as subjects. The participants were cadets who had been onboard a ship
for duration of one month to one year. Based on their training and academic background, it was
assumed that all participants were equally capable of performing the designated tasks during the
experiments. informed consent was obtained from all participants through a participant agreement
form. The recruitment of participants and experimental procedures followed an ethical code by
the faculty board.

For the experimental design, 2x2 within participant design is employed. All participants were
exposed to two information display status condition: on and off, while wearing head-worn dis-
plays continuously in both conditions to reduce additional workload interference. Additionally,
participants were exposed to two levels of task load condition: high and low-load conditions, as
indicated by the number of alarms activated in one session.

Participants visited the engine room simulator five times, three times during the training ses-
sion and two times for data measurement. The training sessions allowed participants to become
familiar with the experimental setup and tasks. The first data-measurement session was divided
into two trials with different workloads, but with one head-worn display status. The second data-
measurement session followed the same pattern but had different head-worn display status condi-
tion. The high and low-load scenarios each had 12 and 6 alarms introduced, respectively, and the
ratios of true and false alarm were identical between the two scenarios. In the high-load scenario,
there were 4 true and 8 false alarms, while the low-load scenario had 2 true and 4 false alarms.
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Figure 2.6: Engine plant simulator layout, ECR and ER side

2.5.1 Experimetal setup

The same engine room simulator was utilized to conduct the experiment. This time, engine room
(ER) side is also used as shown in Figure 2.6. The ER was designed to simulate the equipment and
components of an actual engine plant on a ship and featured two monitoring displays. Participants
were able to control the system process, such as opening or closing valve, starting or stopping
a pump, and performing other machinery operations. Similar with the first experiment, an ECC
was installed in the ECR to monitor engine operation conditions and alarm indicators, allowing
participants to acknowledge alarms and take necessary action to return to normal condition.

To replicate work on a ship, the participants were assigned two tasks. Firstly, they had to
carry out maintenance tasks on the ECR side, such as opening or closing a valve, starting or
stopping a pump, and conducting a tank-sounding task. These tasks required cognitive and spatial
task-load capabilities as the participants had to locate the components along the flow line of the
engine system on the monitor displays. Additionally, in some tasks like taking a tank-sounding
measurement, the participants also had to conduct simple calculations to estimate the tank level.
Secondly, the participants had to conduct a monitoring task by acknowledging the alarm from the
ECR on its activation.

During the experiment, two alarm types were used: true and false alarms. True alarms were
triggered when the process value exceeded (or fell below) a particular threshold due to engine
operation conditions. False alarms, on the other hand, were triggered by sensor malfunction or
ship movement and did not require any action. In each session, there are 12 and 6 alarms in
the high and low-load situation, respectively, resulting in the same true and false alarm ratios.
Specifically, there were 4 true alarms, and 8 false alarms in the high-load scenario: 2 true alarms
and 4 false alarms in the low-load scenario.

The Epson Moverio BT-200, a binocular head-worn display shown in Figure 2.6, was used in
this experiment. The binocular display was preferred because it’s more comfortable and easier to
focus on, as it can be observed by both eyes [40]. Through the experiment, participants were able
to view the engine indicators on the ECC located at the ECR and on the head-worn display during
the information-on scenario, as illustrated in left part of Figure 2.6. A subject matter expert (SME)
selected the engine indicator parameters based on their importance during engine supervisory con-
trol, which included the process value, high-alarm threshold, and low-alarm threshold. An active
alarm has different indicator colors on the display, and it is accompanied by audible alarms. All
alarms were configured to be turned off automatically after 20 seconds one it has acknowledged.
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2.5.2 Measurement instrument

The measuring instrument in this scenario is following the first study to use the subjective and
objective measurement. NASA-TLX is used to measure the task workloads in each trial. SART is
used to measure the situation awareness subjectively. For trust in automation, is measured using
TiA (Trust in Automation) questionnaire [41]. TiA has 12 dimensions, divided into the group of
seven dimension measuring trust, and five dimension measuring distrust.

To measure objective performance, the simulator system recorded the response time of each
participant. Response time (RT) was defined as the duration between alarm activation and deacti-
vation. If a participant did not respond to an alarm, it was automatically deactivated, resulting in
a maximum response time of 20 seconds. The simulator system also recorded the percentage of
maintenance tasks completed by each participant.

2.5.3 Result and discussion

The analysis follow the same procedure as the first experiment, the result shown in Figure 2.7 (a).
There is no two way interaction between display status and task-load (F(1,11) = 0.04, p = .85).
For the perceived workload, participants reported that they have higher workload where the dis-
play status on the head-worn display is off (F(1,11) = 7.96, p < .05). This indicated when the
participants have adequate information to discriminate between true and false alarm, they can obey
to return to ECR. Therefore, the workload is lower since physical movement can be minimized.
However, the number of activated alarm to make different task-load did not appear to make dif-
ferent perceived workload (F(1,11) = 1.34, p = .27). It turns the disability to analyze further the
correlation between workload and situation awareness with trust in automation. From the ver-
bal interview with several participants also found that they did not see any difference between
high-load and low-load.
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Figure 2.7: Measurement result from display status and task-load interference

The perceived situation awareness is shown in Figure 2.7 (b). There is no two-way interaction
between display stats on the display status and task-load (F(1,11) = 0.04, p = .85). In the single
effect, there was only different in task-load interference (F(1,11) = 6.97, p < .05), but not in
the display status (F(1,11) = 2.58, p = .14). This result is beyond the hypothesis since putting
information on the head-worn display is aimed to improve situation awareness. In the perceived
situation awareness, there may be a trade-off between attention demand and supply, where putting
information will increase attention supply, but in other way also increase the attention demand.
Therefore, putting continuous information on the head-worn display is not effective.

The perceived trust in automation result is shown in Figure 2.7 (c). There is no two-way
interference between display status and task-load (F(1,11) = 0.55, p = .47). In individual effect,
there is no effect by task-load (F(1,11) = 0.33, p = .58), but display status give the effect where
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Figure 2.8: Measurement result from display status and alarm type

participants perceived more trust in automation during display status on, compare to display status
off (F(1,11) = 7.32, p < .05). This finding is then compared to the participant behavior in the
objective measurement.

For the first objective measurement, the total alarm response ratio shown there was a two-way
interaction between display status and alarm type (F(1,11) = 41.18, p < .01), as shown in Figure
2.7. The following post-hoc analysis using T-test shows the participants respond less often to the
false alarm during the display status on. This reflects the participants were hesitant to return to
ECR to attend false alarm when the display status on. There is also tendency the participant follows
”better-safe-than-sorry” approach to make a balance between maintenance task and monitoring
task during display status off. This is shown as the participants take safe strategy; they return to
the ECR every alarm sounded.

On the other objective measurement, alarm response time shown in Figure 2.8 (b).There is no
two-way interaction between the variable (F(1,11) = 0.51, p = .49). However, the participants
take longer time to the response alarm in the session with display status on (F(1,11) = 7.69, p <
.05). Additional interview after the experiment shows the participants said they only look at the
head-worn display information after the alarm sounded. Therefore, they took time to confirm this
information and made the response time longer, compared to scenario where display off. Thus,
there is trade-off between suitable response action to the response time in this case.

For the interaction between display status and task-load with completed task, is shown in Figure
2.7 (d). There is no two-way interference (F(1,11)= 0.38, p= .55). However there is single effect
from display status where the participant completed more maintenance task in display status on,
but with less significance value (F(1,11) = 12.97, p= .07). The total maintenance task completed
is increased since the participant can safely neglect the false alarm. Thus, with trust in automation,
they can prioritize multiple task efficiently.

2.6 Discussion

As the non-technical skills endorsed by IMO, situation awareness is well studied but only in the
scope of navigational tasks. However, the work at the engine room operation with its ERM is
different with strategy of BRM on the bridge. To address this gap, two experiments were conducted
using an engine plant simulator to investigate situation awareness in the scope of human cognitive
levels. Additionally, workload and trust in automation were also examined when developing a
head-worn display as a cognition aid. The first experiment utilized a full-mission engine plant
simulator to assess the feasibility and sensitivity of subjective and objective measurement methods
for situation awareness, taking into account factors such as task load, familiarity, and experience.
In the second experiment, the use of head-worn displays was investigated using the same simulator
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setup, revealing the balance between information availability, visual complexity, workload, and
trust in automation when building situational awareness.

The sensitivity of subjective and objective situation awareness measurement methods varies.
Although subjective measurement is a convenient method, it only responds to task complexity and
not experience. On the other hand, objective measurement is sensitive to both task complexity and
the participant’s experience. The freeze-probe technique is a general-purpose objective measure-
ment method that enables researchers or evaluators to develop scenarios relevant to the study’s pur-
pose and tailor the technique to the training’s objective. Measuring situation awareness is crucial
to non-technical skill training in the engine supervisory work, aiding in attention, contingency, and
planning. The experimental results demonstrated that higher workload reduced situation aware-
ness, highlighting the need for efficient information integration through established mental models
and schemata. Additionally, measuring situation awareness can evaluate the process of designing
interfaces for novices and assist with developing mechanisms for switching between goal-driven
and data-driven tasks. Situation awareness oriented training and device design should prioritize
this type of mechanism.

The benefit of using the head-worn displays in the engine room work is the reduction of en-
gineers’ movement between engine and control rooms, which lowers their workload. However,
continuously displaying information on the head-worn display does not necessarily improve situ-
ational awareness because it can overload the visual attention. It is recommended to turn off the
head-worn display when engine parameters are normal and activate it when the engine parameters
are move towards alarm thresholds. The increased trust in automation is reflected in the alarm re-
sponse ratio, where participants did not respond to false alarms when information was available on
the head-worn display. This led to an improvement in maintenance tasks, allowing for safe neglect
of false alarms from the control room. Participants prioritized multiple tasks efficiently with the
information available, but response time was longer due to the confirmation process. Nonetheless,
a suitable response action for engine control is more important than a short response time, and the
trade-off between confirmation and response time can be accepted for better performance.

Although utilization of the simulator can be able to explore situation awareness at a cognitive
level, there are several limitations to be considered. First is the participants were cadet student
when the experiment is conducted. Therefore, the designed scenarios were simplified and lim-
ited representation, and several details were removed to comply with it. In the first experiments,
there were no mitigation actions necessary to bring the system return to normal condition when
the trouble or alarm is activated. In result, the mental model of advance troubleshooting was not
investigated in this study. Future study may consider covering active action scenarios and also
communication, since both of these factors are essential for critical situation management. One
should consider also covering wider difference of cadet experience and to utilize more represen-
tative scenarios. Second is the number of participants is to be considered small. Therefore, qual-
itative study may be considered to be additional instrument regarding the number of participants.
The small number of participants in the second experiment also made the experiment design to put
participant to perform all scenario combinations. Thus, carry-over effect from participation to the
next participation may exist and the objective performance data can be affected. Such kind of lim-
itation can be overcome by inviting more participants and divided into between-group experiment
design. The limitation also comes from the hardware side. Since the experiment used the engine
plant simulator as the instruments, the condition became visual saturated at the second experiment.
Thus, one may consider increasing the ability of head-worn display feature to be activated only
when the alarm is activated.

Within these two experiments, the ability of human factors concept such as workload, situation
awareness and trust in automation as demonstrated in this study is advantages not only to ex-
plore different states of human behavior but also to as evaluation methods of hardware or cogition
aid to the work environment. However, several limitations are mentioned as before. In the next
consideration, measurement of situation awareness should be addressed beyond individual human
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cognition and thus able to able to cover situation awareness effectiveness in team communication
in engine department. Moreover, situation awareness should also studied between the engine room
department and deck department, where the recent studi often treat both as separate work enviro-
ment and conduct the study separately. Future studies in human cognition level may consider te
actual engine room situation where evaluation such additional cognition aid still persist. There are
lot of opportunities to examine the human cognition level.
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Chapter 3

Situation awareness in human
reliability analysis

3.1 Effort in quantify human reliability

Human error is the term that is often mentioned in maritime safety study to describe the human
contribution in activated of an accident, regardless the human role also to mitigate the accident to
occurs [3]. Human error can be breakdown into several parts and one of them, situation awareness
loss, is defined as the disability of operator to maintain their situation awareness during the opera-
tions [21]. The initial error in situation awareness will result in the operator failure to understand
the operation condition and it leads to the failure to take appropriate action. In maritime operation
alone, the report by Grech et. al revealed 71% of incidents in maritime operation are due to the sit-
uation awareness loss [4]. This may be in line with the IMO action to include situation awareness
as one of non-technical skill in crew resources management [42, 43].

Effort in quantifying the human error, or in contrary say, human reliability analysis (HRA),
have been conducted in decades for various field [44]. In the maritime operation, IMO includes
the HRA as one of the scopes in their Formal Safety Assessment guideline [45]. Based on the
guideline, the HRA is treated the same as the technical system analysis, starting from hazard
analysis, risk analysis and risk control option. In terms of methodology, the process of HRA and
its quantification aligns closely with established risk analysis techniques such as fault-tree analysis
and the utilization of historical data for risk quantification. The guideline also emphasized that the
result from HRA is able to fit into hardware analysis.

HEP =
Number of human error that have occured
Number of opportunities for human error

(3.1)

IMO defines human error as the condition that departure from acceptable or desirable practice
in individual or group, resulted in unacceptable results [45]. Human error probability as explained
in equation above, defined as the ratio of number of human errors compare to the number of oppor-
tunities for the human error itself occurs. Some human error quantification is already mentioned
in IMO FSA guideline but most of the method use the bottom approach where various data is
used, but commonly from the accident report. Compared to hardware reliability, accident reports
are relatively few. This most of the time tackle by including another data [46], such as the expert
judgment. Expert judgement can provide valuable insights into the factor but also can be sub-
jective and biased. Advances in technology have enabled the use of simulations to evaluate the
impact of human factors on system performance.

The development of HRA in maritime operation has contributed to several methods. Yang et al.
for instance, modified the cognitive reliability and error analysis method (CREAM) by applying
fuzzy and Bayesian inference to suggest instant estimation of human reliability performance for
specific case in marine engineers’ behavior [47]. The approach using combination of system theo-
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retic process analysis (STPA) and success likelihood index methods (SLIM) give more perfective
from the human-machine interaction system for LNG ship-to-ship bunkering [48]. For future pro-
jection, HRA in operation error for maritime autonomous has been conducted using combination
of SLIM and fuzzy sets to predict error in maritime autonomous surface ships (MASS) operation
[49].

Most HRA methods tread performance shaping factor (PSF) independently. Although they al-
ready recognized that the PSF undoubtedly contains some overlap [50]. PSF is defined as factors
which have influence either is positive or negative effect on the human performance [45]. It sup-
ported by finding in the psychology and human factors to indicate that there is inter-relationship
between PSF. The second challenge is using human error data alone also has a drawback since
once can extract information on the frequencies of failure, but not number of successful perfor-
mances [51]. Indeed, this probability is needed to failure probability empirically, but extraction
from accident report alone should be expanded to include another perspective.

To answer the issue of dependency between PSF, the utilization of Bayesian network is steadily
increasing in HRA methods [44]. By allowing for the modeling of complex dependencies and un-
certainties, Bayesian networks offer powerful tools for analyzing it. Bayesian networks allow
to model PSFs and their interaction in a probabilistic framework. Thereby, analysts assess the
likelihood of human error and identify the most critical factors that contribute to it. The second
advantage using Bayesian network comes from combining the data, since experts have big uncer-
tainty. That is why we need to combine it with another data, to reduce uncertainty. On year-to-year
analysis, utilization of the Bayesian network is starting to commonly use also in offshore indus-
try [52] [53], ship engine operation [47], offshore emergency situation [54], and ship collision
[55]. It has a wide application range from operator safety assessment to the evacuation training
development.

The challenge in quantifying human reliability analysis is in integrating and combining infor-
mation from diverse sources, including databases, simulator data, and expert judgement. Specif-
ically, it is in characterizing the information and understanding how the parameters of Bayesian
network interact with the newer information. This process enables researchers and analysts to
make more informed decisions and predictions based on the combined evidence from multiple
sources, enhancing the reliability and effectiveness of the modeling approach.

Situation awareness is not a general performance shaping factor, but it is a more popular human
performance measurement in the field of human factor engineering and psychology. Specifically
in study to evaluate digital control rooms where operator plays more important role in the field
of human cognitive behavior [56]. This study aims to examine situation awareness as one of
performance shaping factors in shaping human reliability analysis. The Bayesian network is used
as modeling tools and the data from the experimental result is utilized to combine with expert
judgement.

3.2 Bayesian network for model construction

Bayesian theorem has different differences for model construction and updating. In the model
construction, Bayesian inference is used, while in the model updating, Bayesian inference is ap-
plied. Bayesian network, where the graphical method is used does not have to follow the Bayesian
inference. It is called Bayesian network since has similar rules for inference.

In Bayesian network, a causal model is established through directed acyclic graphs composed
of nodes and arcs, with nodes serving as variables and arcs representing the causal link between
the nodes. The target of arcs called child nodes, where the source of arcs called parent nodes.
The parent nodes that act as the initial node in graph without another parent node are called root
nodes. The impact of one node to another node, if it discreate, can be quantitatively represented by
a conditional probability table (CPT). The value of CPT then shows the influence of parent nodes.

The stage in model construction using the Bayesian network is shown in Figure 3.1. Here,
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Identify parent and child nodes
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Calculate nodes distance

Create conditional probability distribution

Calculating target nodes probability
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Subject matter 
experts
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experiment data

Figure 3.1: Proposed flow of model construction and updating

the recent model in HRA for maritime operation is applied a big portion of its decision on the
subject matter expert. Specifically in Bayesian network, the subject matter experts are often used
to weighing the importance of each node to calculate the node distance and give the input directly
in creating the conditional probability distribution. In this study, the role of subject matter expert
is still important, but to reduce the additional uncertainty based on the lack of knowledge and
bias, the scope of subject matter experts in creating the conditional probability distribution is
eliminated. As a substitution, the simulator experiment data is employed. The detail of integrating
the simulator experiment data with the Bayesian model will be explained below.

3.2.1 Experiment based construction

An advantage of construction of Bayesian network is its capability to construct causal framework.
As shown in 3.2, the proposed model employs a causal factor mapping to estimate the probability
of human failure event (HFE) as the target of the analysis. To construct this, there are three levels
of construction as shown in Figure 3.2 in general, and Figure 3.3 in specific from the simulator
experiment design from Chapter 2.

HFE

FM1 FMN-1 FMN

CF1 CF2 CFN-1 CFN

PSFN-1 PSFNPSF3PSF2PSF1

…

…

…

Figure 3.2: General structure of proposed Bayesian network
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Task-load Expertise Familiarity

Figure 3.3: Proposed Bayesian network based on the experiment

The state of failure mode (FM) as the first stage below the human error, has a function to
determine the probability of human failure event. This stage also explains the various types of
supporting events leading to HFE. In this case, the loss of SA is assigned as a single FM contribut-
ing to HFE. Although it only covers the initial process of information processing, other factors
such as decision making, and response execution may be considered as another FM nodes.

The cognitive function (CF) layers lie directly below the FM in the proposed model and consist
of variables that closely influence FM. CF is the variable that can be observed in the controllable
environment such as simulator but not in the real environment. In the experimental design, this
is what interpret as the dependent variable. Based on the first experiment in Chapter 2, two CF
nodes of perception and comprehension. As the definition from Chapter 2, perception is how the
operator consumes the cues from the experiments, comprehension is stage where the information
is combined and make meaningful representation.

Performance Shaping Factors (PSF) represent the final layer of the proposed model and are
considered the nodes that can be observed in a real workplace situation. PSF are constructed based
on the independent variables in the experiments, with three specific factors: task-load, expertise,
and familiarity. These factors are impacting the situation awareness in the stage of perception
and comprehension. Task-load refers to the amount and complexity of the work being performed,
while expertise reflects the level of skill and knowledge possessed by the worker. Familiarity
relates to the worker’s experience with the task or environment, which can affect their ability to
recognize and respond to potential hazards.

3.2.2 Node relative importance

Since the child nodes have multiple parent nodes, each parent node in influencing the child nodes
is represented by relative importance. The best practice to determine it is by using the weight Wi

for each parent node i [52]. In this study, AHP is using pairwise comparison is used. The list of
academia who also have professional onboard experience as chief engineer, listed in Table 3.1.
They gave the weighting by questionnaire that provided individually after interviewing.

Table 3.1: Experts profile

Expert Professionals Onboard (years)
1 Academics 15
2 Academics 5
3 Academics 14.5
4 Academics 10

The result from the weighting process expresses the relative importance of workload, expertise
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and familiarity are WT = 0.26, WE = 0.41, WE = 0.33, respectively. While in the construction
of comprehension, three PSF have relative importance of WT = 0.13, WE = 0.55, and familiarity
with WF = 0.32. For the relative importance of CF node to construct FM node, the perception has
WP = 0.14 and comprehension has WC = 0.86.

3.2.3 Node distance

The relative importance result obtained from the weighting process was utilized to establish the
relationship between child nodes and their respective parent nodes. In other ways, the distance
between the child node and its parent node was defined based on their relative importance. This
approach was employed to assign lower probability values to the child node when its parent nodes
were in different states. Given the example, if the PSF node task-load were high, expertise is in
high state, and familiarity is in good state, the CF node perception should have higher probability
of being in the distance compared to medium and low state.

D j =

⃓⃓⃓⃓
⃓ n

∑
i= j

Di jWi

⃓⃓⃓⃓
⃓ D j ∈ [0,1] (3.2)

3.2.4 Conditional probability for child nodes

Pj =
e−RD j

∑
c
j=a e−RD j

Pj ∈ [0,1] (3.3)

The equation above is used to quantify the distance between the child node and its parent nodes.
It can confirm the condition, for instance, the PSD node task-load is in the easy state, expertise in
high state and familiarity in good state, the child node perception should have higher probability of
being in the high state compared to other state. In other says, this distance method assigns smaller
probability if the parent nodes are in different states. Different with Røed, Li method to consider
the direction of change of its parent nodes into absolute value is used in the question above [52]
[56].

Table 3.2: Perception and comprehension sensitivity (d) from simulator experiment result

Variable Perception, comprehension
Task Load Easy Complex
Familiarity Good Bad Good Bad
P1 1.40 0.54 0.42 0.42 1.81 1.38 0.95 0.00
P2 1.38 0.42 1.40 0.95 1.94 0.42 0.00 0.00
P3 2.35 1.38 1.38 0.42 1.40 0.95 -0.42 0.00
P4 2.77 0.95 0.95 0.42 2.35 0.00 0.86 0.00
P5 2.35 0.42 1.38 1.40 1.40 0.54 0.97 0.42
P6 2.77 1.94 1.93 0.00 2.77 0.42 2.77 0.54
P7 2.35 0.95 1.38 0.95 0.97 1.81 1.94 -0.54
P8 2.77 0.42 1.81 0.95 0.97 0.00 1.40 0.95
P9 1.38 1.38 1.93 0.95 1.93 1.81 2.35 0.97
P10 1.40 0.54 0.95 0.42 1.81 0.00 -0.54 0.00
P11 1.38 0.00 1.81 0.00 0.97 0.00 1.38 0.00
P12 1.40 0.42 1.38 0.95 1.81 0.42 0.54 0.00
P13 1.81 -0.54 0.97 -0.42 0.97 -0.42 -0.43 0.00
P14 2.77 0.00 0.95 -0.42 0.54 0.54 0.97 0.00
P15 1.94 0.00 1.94 -0.42 0.95 -0.42 0.86 0.00
P16 2.35 0.42 1.38 0.54 2.35 0.42 0.97 -0.95

31



Table 3.3: Threshold and number of trial grouping

State Perception Comprehension
Threshold Trial Threshold Trial

Low d ≤ 0.86 9 d ≤ 0.00 27
Mediate 0.86 < d < 2.35 42 0.00 < d < 1.4 33
High d ≥ 2.35 13 d ≥ 1.40 4

Table 3.4: Experiment result distribution for perception

Parent or CF Pr (CF | Parent State)
Task-load Easy Complex
Experience High Low High Low
Familiarity Good Bad Good Bad Good Bad Good Bad
Perception High 0.75 0.00 0.25 0.00 0.25 0.13 0.13 0.13

Mediate 0.25 0.88 0.75 1.00 0.75 0.50 0.75 0.38
Low 0.00 0.13 0.00 0.00 0.00 0.38 0.13 0.50

The Table 3.2 shows the situation perception and comprehension sensitivity from the experi-
ment in Chapter 2. The high value means higher situation awareness: the participants are more
able to discriminate the question in freeze-probe. Based on the participant recruitment process, P1
until P8 are categorized with expertise high, while P9 until P16 categorized expertise low. Two
thresholds are then applied to divide the sensitivity categorized into three states to comply with
the model explanation: low, mediate, and high. Applying the threshold must be comply to the best
practice that remains the average distribution, which in this case is the mediate state. Table 3.3
shows two thresholds that are defined by adjusting the number of hit and false alarm in situation
awareness freeze-probe calculation. By defined these two threshold, the sensitivity (d) in Table
3.2 can be grouped and the number is shown as number of trials that included in low, mediate and
high state.

In the previous paper, R value is decided from the expert judgment [52]. The variation assumed
the R to be 1 to 5, is compared to the conditional probability retrieved from the conditional prob-

Table 3.5: Experiment result distribution for comprehension

Parent or CF Pr (CF | Parent State)
Task-load Easy Complex
Experience High Low High Low
Familiarity Good Bad Good Bad Good Bad Good Bad
Comprehension High 0.13 0.13 0.00 0.00 0.13 0.00 0.13 0.00

Mediate 0.88 0.75 0.50 0.50 0.63 0.38 0.38 0.13
Low 0.00 0.13 0.50 0.50 0.25 0.63 0.50 0.88

Table 3.6: Conditional probability distribution for perception

Parent or CF Pr (CF | Parent State)
Task-load Easy Complex
Experience High Low High Low
Familiarity Good Bad Good Bad Good Bad Good Bad
Perception High 0.80 0.34 0.23 0.10 0.44 0.13 0.11 0.03

Mediate 0.17 0.55 0.64 0.46 0.46 0.64 0.55 0.17
Low 0.03 0.11 0.13 0.44 0.10 0.23 0.34 0.80
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Table 3.7: Conditional probability distribution for comprehension

Parent or CF Pr (CF | Parent State)
Task-load Easy Complex
Experience High Low High Low
Familiarity Good Bad Good Bad Good Bad Good Bad
Comprehension High 0.54 0.36 0.25 0.19 0.46 0.29 0.23 0.16

Mediate 0.30 0.42 0.46 0.35 0.35 0.46 0.42 0.30
Low 0.16 0.23 0.29 0.46 0.19 0.25 0.36 0.54

ability from experiment result. Below RMSE function is applied to find the lowest difference. It
simply compares the probability from the experiment e and the probability from Bayesian model
f in the scenario i and the state j, where the m and n explain the number of scenario and states
respectively. Based on the calculation, R value then decided as R = 3.15 for the perception and
R = 1.22 for comprehension. The conditional probability distribution (CPD) as the result is shown
in Table 3.6 and 3.7.

RMSE =

√︄
1

mn

m

∑
i

n

∑
j=1

(ei j − fi j)2 (3.4)

3.2.5 Calculating target node probability

An alignment is needed since the situation awareness loss as FM node is binary node with either
true or false state, while the CF has three states. The failure mode is calculated based on the
probability of the CF nodes with Pik with state from k = a,b,c, while the weighted value Wi was
retrieved same step as the previous step using subject-matter experts. Qik is the 100-fold for the
Pbasis adjustment, where Pbasis is retrieved following the previous study that use Pbasis = 0.01.

Pj = Pbasis

n

∑
i=1

Wi

f

∑
k=a

PikQik (3.5)

To demonstrate how the scenario combination produced the probability of situation awareness
loss, the example of scenario with experience in high state, familiarity in bad state, and task-load
in complex state is calculated with below equation. The input is the probability distribution of
perception with 0.13, 0.64, and 0.23 and the probability distribution of comprehension is 0.29,
0.46, and 0.25.

Pf ail = Pbasis(0.14x(0.13x0.01+0.64x1+0.23x100)+0.86x(0.29x0.01+0.46x1+0.25x100))

= 0.253

3.2.6 Validation

The validation of the Bayesian network is barely conducted in the correction level of its value.
However, several steps can be followed such as using the comparison with the expert judgement
as follows. In this section, the expert gives the free scale measurement of how likely the participant
will fail in maintaining the situation awareness in each scenario. As the result, shown in Fig. 3.4,
Bayesian network result’s pattern is in the same direction as the expert expectation, except in the
scenario where familiarity is good, and expertise is low. In this intersection, the Bayesian network
result has tendence of higher probability.

Another validation step as sensitivity test is to satisfy several axioms [55]. One of the axioms
states if a child node has more than one parent node, the combination of each parent nodes effect
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should always stronger than the sole effect of parent node separately. This satisfied by explanation
shown in Table 3.8. The combination where only one parent node in its lowest stage gives the
target nodes situation awareness failure probability half, compare if all parents’ nodes are in its
lowest stage.

Table 3.8: Combination of lowest state effect

Task-load Expertise Familiarity SA failure probability
Complex High Good 0.18
Easy Low Good 0.27
Easy High Bad 0.22
Complex Low Bad 0.58
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Figure 3.4: Comparison of result from Bayesian Network and Expert Expectation

3.3 Bayesian inteference for model updating

P(H|D) = P(H)
P(D|H)

P(D)
(3.6)

The second stage after the model was constructed is model updating. In this section, the prob-
ability of each combination of performance-shaping factor, cognitive function, and failure mode is
recalculated based on whether new experimental data from the simulator is available. These meth-
ods use Bayesian inference, as described in the equation above. To update the posterior distribution
P(H|D) using the prior knowledge distribution P(H) and data collected from the likelihood mode
P(D|H) using the prior knowledge distribution P(H), which is normalized with the distribution
probability P(D). From this perspective, the posterior data from one modeling process becomes
the prior data for the next modeling process.

3.3.1 Construction of prior distribution

The binomial distribution, which is described by the equation below, can be used to explain how
human error events can be attributed to situation awareness factors. The distribution represents
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Table 3.9: Prior distribution p0

Expertise Task-load Familiarity E(p0) α β Prior Distribution
High Easy Good 0.145 0.5 2.9 p0,Beta(0.5,2.9)

Bad 0.215 0.5 1.8 p0,Beta(0.5,1.8)
Complex Good 0.179 0.5 2.3 p0,Beta(0.5,2.3)

Bad 0.253 0.5 1.5 p0,Beta(0.5,1.5)
Low Easy Good 0.269 0.5 1.4 p0,Beta(0.5,1.4)

Bad 0.465 0.5 0.6 p0,Beta(0.5,0.6)
Complex Good 0.357 0.5 0.9 p0,Beta(0.5,0.9)

Bad 0.584 0.5 0.4 p0,Beta(0.5,0.4)

the uncertainty around the number of failures (x) that occur in each set of demands (n), with the
parameter of failure probability (p). This parameter is often uncertain and can be derived from
either expert judgment or data. Groth et al. have suggested that Bayesian inference can be used to
obtain this probability p [57].

f (x|p) =
(︃

n
x

)︃
px(1− p)β−1 (3.7)

The Beta distribution was employed using a similar approach as the previous, to determine
the p. The equation below represents the probability density function, which expresses the beta
function B(α,β ). From the explanation from Groth et al, the distribution can be conjugated with
binomial distribution, where the posterior distribution parameters apost and bpost are assigned using
the equation below [57]. To proceed with Bayesian inference, the value of α and β need to be
assigned.

f (p;α;β ) =
pa−1(1− p)β−1

B(α,β )
(3.8)

αpost = αprior + x (3.9)

βpost = βprior +n− x (3.10)

The contained non-information (CNI) distribution to define the prior distribution P0 is utilized.
The equation below depicts that the number of failures in the prior distribution is estimated as a,
while the denominator (α +β ) is interpreted as the number of demands. Following the existing
study, the beta distribution in this case is constructed by a value 0.5, while b value is obtained using
the equation below. Table 3.9 displays the extracted prior distribution P0 from the experimental
data.

E(Beta(α,β )) =
α

α +β
= E(p0) (3.11)

3.3.2 Posterior distribution updating

Equation 3.8 and 3.9 is used to explain the process of updating the prior distribution with new ex-
perimental data. The prior distribution P0 represented by its beta distribution Beta((aprior,βprior),
is updated to obtain the posterior distribution P1 with its distribution Beta(apost ,βpost).

Table 3.10 displays display with additional eight participants. The calculation of sensitivity
is similar to that in Table 3.2 calculated using signal detection theory in freeze-probe method.
To recall the previous definition, sensitivity here reflects the participant’s ability to distinguish
between hit and false alarm; higher sensitivity indicating better performance and zero sensitivity
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Table 3.10: Experiment result to update the model

Variable Perception and comprehension
Task Load Easy Complex
Familiarity Good Bad Good Bad
P17 1.81 1.38 1.81 0.54 0.95 0.00 2.35 0.95
P18 1.81 0.42 1.40 0.00 0.43 0.00 0.95 0.00
P19 2.35 0.95 2.35 0.95 1.40 0.54 1.40 0.42
P20 1.94 0.54 1.81 0.54 1.40 0.00 2.35 0.54
P21 1.81 0.43 1.94 1.38 1.40 0.97 1.81 0.97
P22 2.35 1.38 2.35 2.35 1.40 0.97 1.38 1.38
P23 1.81 2.35 1.38 0.42 2.35 0.42 0.00 1.40
P24 2.35 1.38 2.35 0.95 2.35 1.38 1.81 0.42

Table 3.11: Posterior distribution p1

Expertise Task-load Familiarity Datax/n α β Posterior Distribution E(p1)

High Easy Good 0/8 0.5 10.9 p1,Beta(0.5,10.9) 0.044
Bad 1/8 1.5 8.8 p1,Beta(1.5,8.8) 0.145

Complex Good 3/8 3.5 7.3 p1,Beta(3.5,7.3) 0.324
Bad 2/8 2.5 6.4 p1,Beta(2.5,6.4) 0.282

indicating inability to discriminate it. Further, in this updating section, the sensitivity of 0 is
categorized as situation awareness (SA). Using this calculation, we assigned the value of n = 8 is
the number of opportunities of failure and identified the number of failures x. Table 3.11 provides
an explanation of the parameters distribution P1.

3.4 Discussion

Bayesian network and Bayesian inference in general were demonstrated to constructed human re-
liability analysis, specifically for ship engine operation. Its effectiveness in combining the data
from simulator experiment and expert judgment were used to construct and updating the human
error probability. The advantage is given when the new data from simulator exists, the probability
value is updated to the newest without reconstructing the model. Additionally, Bayesian networks
demonstrate their strength in handling variable dependencies, which is crucial in accurately con-
structing human reliability analysis.

The construction of three stages: PSF, CF, FM to accommodate the experiment design is also
able to explain the human factor construction in theoretical perspective. PSF, denoted as inde-
pendent variable in experimental design is designed to cover the possibility to add more scenario
construction in simulator data. Meanwhile, CF that covers dependent variable can rely on the
measurement method in hand. And lastly FM in this case is demonstrated as a single variable of
situation awareness loss. Thus, the possibility to expand it if the experimental setup has ability to
cover more PSF, the measurement methods can cover more CF, and of course more FM instead of
single situation awareness can be covered.

While the Bayesian network is a valuable tool for human reliability analysis, it contains certain
limitations. First, the initial construct is often weak on detecting all PSF exists. Determining which
PSF to include in the model becomes a trade-off, as it is challenging to capture the full range of
factors that influence human performance. This limitation can potentially lead to an incomplete
representation of the complex relationships between variables. Second, utilizing the data from the
simulator data is not without a drawback since the participation during the experiment is conscious
that their action will not have any consequences in the real system. Otherwise, knowing that their
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actions are being observed also motivates them to perform better than they would under normal
circumstances. These limitations emphasize the need for caution and careful interpretation when
using Bayesian networks in human reliability analysis.

Human error in general, that calculate by the ratio of number of human errors occurred and
number of opportunities for human error is the approach methods came from the hardware re-
liability where the number of opportunities is defined as the duration of the component or part
running over the time. In terms of human or operators’ opportunities, the duration in the time
is unlikely to be measured and recorded. The undefined divider in human error remains on each
method. For example, in this study using the simulator data, the opportunity of error is translated
into the number of trials in a sample data. Thus, to combine the human error result from one
method to other methods need adjusting step to normalize the divider in human error probability.

Compared to the shore industry such as nuclear power plant where the general PSF is already
defined and agreed as the standards to record the the human error probability, there is no exist the
PSF in maritime operation. Perhaps since the area of work on board is also divided into two mains
are of bridge and engine room, defining the PSF for general ship operation is not an easy task.
The future may interact with this issue. The general PSF for maritime operation then can became
reference under the IMO guideline, especially in formal safety assessment.
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Chapter 4

Situation awareness in socio-technical
system

4.1 Engine resources management between onboard and shore

Embark from the scope of internal human cognition and human-machine interface. The concept
of situation awareness in maritime context is also considered to be important in the scope of the
humans in complex environment of sociotechnical system. More specifically in the ERM, the
balance between onboard team and shore support is critically argued to support safety operation
[58]. The shifting also happens in the safety understanding lately. From the understanding of
accident has special cause to the accidents as the product of relation in complex system [59, 60].
For thus, engine room resources management in the sociotechnical system where the engine room
onboard and shore support is to be considered more in this study.

Ship operation has characteristic of distributed operation; not only onboard operation but also
shore staff. It indicated the geographical operation is distributed in different places, and operation
time also temporarily different, where most of them work in different shift or time difference
[61]. As mentioned in Chapter 2 and 3, despite decreasing number of accidents in the maritime
operations, human error especially the failure to maintain situation awareness is still dominant
[4]. The lack of situation awareness is not only due to challenges in effectively communicating
mental model among onboard team members but also between onboard team and the shore team
[62]. Further, it is developed into individual perceptions of the overall situation that are based on
incomplete and inaccurate information. In distribution team context, the team remain locked into
a false understanding of situation until accident or incidents eventually occurs [21].

The finding from the alarm performance assessment for instance, implicates such practice to
updating how the operator on board handle the situation is not barely a practice to be conducted
in shipping industry. The alarm data remains onboard, and it is not mandatory to report the alarm
rates or indication of other alarm performance assessment such as alarm floods or which one is
considered to be catering alarm. There is a possible mismatch between the onboard operation
and shore support management to update their situation awareness about the current operation.
Therefore, to maintain situation awareness between two parties in sociotechnical system is the
major point to in recent engine resources management.

To normally operated, there is often a trade-off to balance the efficiency and thoroughness
in the ship operation [63]. It’s natural for an organization such as shipping, ship owner, or ship
management company to operate based on the optimum cost-effectiveness; the hidden layers bring
the operation also to the accident [64]. The interaction of onboard operation and shore support
needs to be deeply observed, but in the wide perspective of socio-technical system. Traditional
approach on system safety is inefficient to tackle this issue. The study in this chapter aims to
model the system dynamic to provide holistic interaction between safety and pressure allocation
in sustaining safe operation.
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4.2 Dynamics safety theory

The concept of safety in complex sociotechnical systems extends beyond the traditional view of
the absence of errors and accidents. Safety is a dynamic property of the system. It encompasses
proactive measures, risk management, and resilience. For thus, safety should be seen as system
characteristic rather than an individual performance [65]. This perspective aligns with the notion
that safety emerges from the interaction and interdependencies of various components within the
system. As the importance of system think, safety can be seen as the property of the system,
and it arises from the effective integration of human, organizational and technological system [2].
Therefore, understanding and enhancing safety in sociotechnical system necessitate a compre-
hensive approach that acknowledge the complex interaction and interrelationship between various
elements as it aims to optimize the system performance while minimizing the risk and hazards
[66].
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Figure 4.1: Rasmussen’s dynamics safety model

Rasmussen with his theory introduces the descriptive side of safety dynamic in socio-technical
system [64]. Illustrated from the Figure 4.1, an organization can operated on the feasible three
boundary: efficiency boundary, safety boundary and workload boundary. The operating point is
then influenced by three pressures according to their boundary. First pressure is to move far away
from efficiency boundary to gain more profit. The second pressure is to move far away from safety
pressure to avoid loss by incident or accidents. And the last pressure came from the field worker
who, in daily routine, tries to reduce the workload. Since the system in considered to be dynamic,
the operation point of the organization is continuously move and reduce the movement once the
movement is small and random [67]. Once the organization passes the safety boundary, it means
an accident. Since this boundary is difficult to define before the accident happens. There is another
boundary called marginal safety boundary. This boundary marks the acceptable limit of accident
result if the operation point stays within this marginal boundary. Crossing this marginal boundary
what it called a near miss.

In Rasmussen theory, it is not only the operating point that considered move continuously
but also this marginals safety boundary [64]. The location of it is the product of sociotechnical
process. The occurrence of an accident will bring the marginal safety boundary far from the safety
boundary. In other hands, long operation duration without an accident may bring the marginal
boundary move outward closer to the safety boundary. There is also a testing movement, what
Morrison defined as excursion pointed, as shown in Figure 4.1 left side, to deliberately cross the
marginal safety boundary. As mentioned before, because this practice only produces near misses,
does not immediately produce accident, the organization then adjust the marginal safety boundary
lower. The organization remains in the operating point with new acceptable operating point.

40



4.3 System dynamics to model socio-technical system

In Rasmussen theory, it is not only the operating point that considered move continuously but also
this marginals safety boundary [64]. The location of it is the product of sociotechnical process. The
occurrence of an accident will bring the marginal safety boundary far from the safety boundary.
In other hands, long operation duration without an accident may bring the marginal boundary
move outward closer to the safety boundary. There is also a testing movement, what Morrison
defined as excursion pointed, as shown in Figure 4.1 left side, to deliberately cross the marginal
safety boundary. As mentioned before, because this practice only produces near misses, does not
immediately produce accident, the organization then adjust the marginal safety boundary lower.
The organization remains in the operating point with a new acceptable operating point.
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Figure 4.2: Causal-loop Diagram and Stock-and-flow

Construction of SD consists of quantitative and qualitative modelling. The qualitative part
used the Causal-loop diagram (CLD) to map the causal relationship between the variables within
a system. The CLD also draws the feedback loops to demonstrate the system behavior [68].
CLD enhances the understanding of models. While the quantitative part uses the stock-and-flow,
equipped with differential equations. In this Chapter, the SD is used to model the dynamic safety
theory as mentioned before, with application on ship operation.

A CLD is simply visual representation to describe the system on the system dynamics mod-
elling. This diagram capture the interation between various components and highlight the feed-
back mechanims from the loops. The interconnected loops indicate how the system influece each
others, either it is reinforce (positife feedback) or balancing (negative feedback). The arrow in
the diagram indicates the direction of influence, how one variable change can lead to change in
others, vice versa. Thus, CLD helps to understand how the systems behaves over a certain peiod,
emphasizing the role of self-reinforce or self-correcting mechanism.

While CLD is used as qualititave method, stock-and-flow diagram are fundamental concept
used for quantitative study purposes. Stocks are described as variables that accumulate quantities
of interest within a system. Flow, that often describe like a valve, on the other hand, describe the
rates of change in stocks over the time. It indicates the inflow or outflow of the quantity from
or into a stock. Stock accumulated of te net inflow and outflow through the associated flows
and store the history of the system behaviour and represent the current state of the variables. The
understanding of quantitaive approach allow for the analyis can be conducted to observe long-term
behaviour.

4.4 Causal loop diagram construction

The base model in this CLD development is based on the Rasmussen safety dynamic theory that
first approach to model it was done by Morrison and Wears [60]. In their approach, workload
and safety was simplified as a single boundary. In maritime operations where the team is divided
geographically and temporally, such kind of unique approach is needed. The CLD was developed
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Figure 4.3: Causal loop diagram

as shown in Figure 4.3. Each the arrowhead has + or − symbol at the end where + means the
target variable will move in the same direction when the source variable moves, vice versa. In the
construction, the first approach is based on the literature study. Second, a safety manager from
ocean going shipping company was invited to conduct a hearing about the model. CLD was then
updated according to the feedback from the expert.

4.4.1 Operating Point

The operating point in the middle of CLD model demonstrates the operation from the combination
of all boundaries. The operating point undergoes continuous movement, driven by a trade-off
between effective cost management by the management or onshore side and the worker onboard
seafarer who will seek effort gradient. Migration context here refers to the management inclination
to seek more suitable positions to gain performance or profit. The analogy of Brownian Movement
is used by Rasmussen to explain the phenomenon. The operating point is illustrated as point
random that varies within the space of these three boundaries, and the movement will achieve
stability when it is minimal and random [64]. However, this movement made the operating point
move away from the efficiency and workload boundary, came to closer to the safety boundary;
when it cross the safety boundary it leads to an accident.

The operating point is reflected as the result of combining safety pressure and efficiency pres-
sure to determine its magnitude and direction of movement. As previously explained, the + sym-
bol in B1 signifies as the safety pressure increase, the operating point will move to a higher po-
sition, indicating greater safety. Conversely, when the safety pressure decreases, the operating
point will move to a lower position. The symbol − in loop B2 indicates that as the efficiency
pressure increases, the operating point will move to a lower position, implying less safety. From
this mechanism, safety and efficiency are operated in similar ways but in different directions. The
management strategy of more operational performance is represented as the excursion. The neg-
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ative arrow input from the excursion suggests that as the excursion value increases, the operating
point is moved close to safety boundary.

4.4.2 Safety Pressure

Due to the uncertainty surrounding the location of the safety boundary until an accident occurs,
the concept of a marginal safety boundary is introducing a gap from the safety boundary. In the
case of ship management companies, it is common to operate near the marginal safety boundary
since it offers increased efficiency and reduced workload. When the marginal safety boundary
unintentionally crossed without any accident, it is considered as near-miss event, as explained
before. In addition, crossing the marginal safety boundary provides the organization with a new
perspective that the current operational state is acceptable and thus it is normal to periodically
lower the marginal safety boundary as a part of the practice.

Loop R1 in Figure 4.3 represents the safety pressure result from the presence of the marginal
safety boundary. When the operating point exceeds the marginal safety boundary, a new lower
boundary value is established, positioned lowers to the previous one. This new lower marginal
safety boundary reduces the safety pressure as the operating point moves further away from it.
With lower operating points, it encourages the operating point to move closer to the safety bound-
ary. Consequently, the feedback loop is the reinforce loop.

4.4.3 Efficiecy Pressure

The company’s nature in conducting business is driven by the pursuit of greater profits. Often, for
the organization to compromise on safety measures or limits to meet demand from the operational
side [65]. The role of manager, such as marine superintendent, involves efficiently allocating re-
sources such as budget and time. However, this allocation process is not without its challenges.
Even if the shore staff has extensive experience at sea, the pressure to meet the targets and perfor-
mance indicators often overlooks the actual onboard situation [69]. These are one of the possible
factors in contributing to collecting the pressure to achieve higher efficiency, but unfortunately it
also compromise the safety.

According to an extended theory proposed by Morrison and Wears, both marginal safety
boundary and efficiency boundary adjusted based on the organization recent experiences and pres-
sure [60]. In the model shown in Figure 4.3, both moveable safety boundary and the efficiency
are seen as opposites. In loop R2, the efficiency boundary shifts towards lower levels, indicating
increased efficiency but reduced safety due to feedback from operating at lower points without
breaching safety or experiencing accident. Conversely, a lower efficiency boundary amplifies the
pressure to improve efficiency and further pushes the operating point downwards. Similar to the
safety pressure, this loop is categorized as reinforced loop.

4.4.4 Excursion

An excursion results in the operating point moving closer to the safety boundary or less safe
condition. Crossing the marginal boundary does not immediately cause an accident, rather it
indicates that the current operating point is considered acceptable. Additionally, the organization
adjusted the marginal boundary to a lower position in response. Rasmussen explained the factors
that influence the direction of the excursion [64]. Additionally, Morrison and Wears explains the
factors that influence the magnitude of excursion [60]. The proposed model includes the safety
pressure and efficiency pressure as factors that influence the excursion. Increasing safety pressure
decreases the excursion and at the same time, increase in efficiency pressure leads to a higher
excursion.
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4.4.5 Least Effort Workload

In the context of ship operation, where the operator and shore management are geographically and
temporally separated, there may be unintended discrepancies in resource allocation. In a broad
sense, ship companies prioritize efficiency in staffing by reducing the number seafarers onboard,
often opting to eliminate the position of a third mate as a cost-saving measure. This decision
places an additional workload on the remaining seafarers [69]. Consequently, maintaining safe
operation becomes challenging as the remaining seafarers tend to limit their rest hours and work
longer shifts. According to Rajapakse et al report, there have been instances where the work
tasks were assigned to seafarers on board without considering their limitation [63]. This results
in an allocation that fails to account for the human aspects of seafarers. Increased workloads
prompt operators to seek strategies to reduce the burden and achieve a more manageable workload
level. These strategies are often seen as shortcuts or workarounds. Furthermore, due to a lack of
understanding between shore-based and onboard operators, seafarers frequently withhold specific
events or activities from the shore-based staff [69]. Unfortunately, shore management fails to
recognize these deviations in the actual work environment.

The crucial point that is emphasized is the presence of additional pressure excursions that
occur in the actual field but beyond the estimation of management. This is based on the original
model and introduces workload as a distinct factor separate from economics efficiency pressure.
As described in loop L1, a movement either increase or decrease in operating point leads to higher
workload for front-line operators due to inherent human limitation that define the boundaries of
workload. Consequently, a higher workload naturally drives operators to seek strategies that go
beyond the workload boundary in order to reduce it and achieve a more suitable workload level.
This practice, within the feedback loop, amplifies the significance of the least effort willingness,
directly resulting in a decrease in operating point, or in other meaning is less safety.

4.5 Stock and flow diagram construcion
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A stock and flow diagram, which was developed based on the CLD, is depicted in Figure 4.4.
This diagram visually represents the relationships between different variables, including stocks
and flows. The variables in the stock and flow diagram can be broadly classified into two cate-
gories: level variables and rate variables. Level variables refer to the quantities that change over
the course of the simulation, representing the stocks or accumulations of a particular entity. On
the other hand, rate variables are influenced by various factors and subsequently impact the level
variables, leading to changes in their values. To facilitate the creation of the stock and flow dia-
gram, as well as the simulation environment, the PowerSim software was employed. This software
provided a convenient platform for designing and visualizing the diagram, as well as running sim-
ulations to observe the dynamic behavior of the system.

4.6 Simulation result

Since the simulation study in this chapter focuses on construction of theoretical and dynamic
pattern, the variables are created most on the assumption. Apart from time, the units used in the
simulation are defined as dimensionless (dmnl). The simulation is carried out with a timestep of 1
step, and its definition is independent of real-world time measurements such as days or years. To
provide an example, as shown in Figure 4.5, the simulation was executed over a range of 0 to 500
steps, allowing for the observation and analysis of the system’s behavior within that timeframe.
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Figure 4.5: Running simulation example

The vertical axis in the graph represents the operation point, where a higher value indicates
greater safety, and a lower value indicates less safety. The safety boundary and margin safety
boundary are displayed in the lower section of the graph. On the horizontal axis, the operating
point is depicted over the time variable, highlighting the dynamic behavior of the system and its
changes over time. The objective of this graphical representation is to provide a clear understand-
ing of how the operating point changes and behaves dynamically within the time step dimension.

In the initial of the simulation, the model is run under equilibrium state; the safety and effi-
ciency pressure is equal and the operating poin is on the middle of vertical axis. As shown in
Figure 4.5, during the simulation, the excursion that combined with the safety pressure brings
the operating point move upward to the higher safety position. In the following step, the effi-
ciency pressure is balancing the condition and moving it to the downward position. Simulating
the dynamic properties of marginal safety boundary, the position value of it also moving down as
the operating point several times cross the boundary. Last, when the marginal boundary is often
brought down and operating point fluctuated in lower part and crossed the safety boundary, acci-
dents happen. In sudden, the safety pressure is increased, and operating point move to the upper
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part, and the marginal safety boundary is restarted at the initial position.
Situation awareness variable here became the control variable where the simulation is run under

various situation awareness level. It demonstrated the condition where the onshore management
sufficienct situation awareness of the actual excursion practice onboard operation. For instance,
the scenario is divided into the most upper and lower situation awareness as in the Figure 4.6. It
can be discriminated, the operating point where the onboard and shore can maintain the situation
awreness well, is slightly higher. Instead of created only two scenario, in order to seek its sensi-
tivity, the scenario is divided into five scenarios where the situation awareness is spend accross the
0%, 25%, 50%, 75%, and 100%.
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Figure 4.6: Comparison Scenario 1 and Scenario 2

Figure 4.7 shown the simulation result under 100 times running set for each scenario. The
vertical axis explains the number of accidents that occur during the duration of simulation. One
can notice is that the scenario with higher situation awareness tends to lower its accidents num-
bers. There is also a pattern where the simulation which has long duration tends to have one way
reduction pattern, compare to shorter simulation duration where the there is different pattern with
SA in 50% and 75%.
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4.7 Discussion

Dynamics safety theory from Rasmussen has been applied in various field of operation, mainly
in high-risk organization where the understanding of running operation of organization in the
boundary of safety, efficiency and also operator workload is important. In this chapter, the theory is
applied in the context of engine resources management between onboard and shore management.
Not only qualitative by reproducing and modifying the CLD from the previous study, but also
running the quantitative part with creating the stock and flow diagram, running the simulation
under differential equation. During the model construction and validating, the expert from safety
manager of a shipping company is present to give feedback on the model. Here the validity of
the model does not remain only on the theoretical basis of the literature, but also extends into the
subject matter expert.

The simulation result shows the ability of the model to follow the Rasmussen theory in most
aspects. The trade-off of the safety and efficiency pressure brings the dynamic movement of the
operating point. The marginal safety boundary is changed the operating point cross the boundary,
and restart when the accident happens. In addition, workload pressure from the operator in this
model is reflected on the additional excursion that overshows if the onshore management cannot
maintain the situation awareness. In other ways, if the onshore management have this sufficiency
understanding about onboard operations, it allows both parties to allocated appropriate safety and
efficiency pressure. In the end, the number of accidents can be reduced. Maintaining good coor-
dination between onshore and onboard teams is an essential point in sociotechnical where safety
is viewed as control; the leading indicator before accident is known and an intervening action can
be conducted.

The system dynamic itself shows the advantage of running the simulation for a long duration
where consistency is maintained. However, there are several limitations of using system dynamic
to model a safety system. First, as other system dynamic modelling in the sociotechnical system,
the numerical assignment is assumed. Therefore, many simplifications on the construction are
done in this chapter. More approach study may support the quantitative part, but the dynamic
behavior pattern that became interest in system dynamic study may shown the same pattern.
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Chapter 5

General Discussion

This chapter summarizes the three studies’ approach and result, including the practical and method-
ological implication of the studies to the area of research. Moreover, the general discussion also
mapped the problem during conducting the study. The conclusion is closed by possible future
works within the topics.

5.1 Summary and Conclusion

Together with the advancement in ship operation with increasement of automation, also comes a
challenge how the operators should adapt to the recent and future operation profile. The situa-
tion awareness that introduced as human performance factors, is examined in the scope of human
cognition, human reliability, and socio-technical system. The studies are done with the aim of ex-
ploring the concept of situation awareness by employing the human factor experiment framework,
Bayesian network in human reliability analysis, and dynamic safety theory in system dynamics.

The issue from human-machine interface analysis in engine control highlights the importance
of examining situation awareness in the level of human cognition scope. The points from the first
study can be summarized below.

• Situation awareness studies in engine resources management is less or limited compare to the
navigational operation. Even in the same onboard operation, the work area and characteristic
between bridge resources management and engine resources management is different.

• Objective and subjective measurement of situation awareness are applicable in engine re-
sources management with various sensitivity. While subjective measurement is only sensi-
tive to the scenario difficulty or task complexity, objective measurement is also sensitive to
the participants experience background.

• The combination objective and subjective with the trade-off of its convenient and customable
to the scenario condition, is applicable in evaluation engine resources management training
program intended to maintain and improve situation awareness.

• Situation awareness, combined with trust in automation, and workload are beneficial as mea-
surement methods to test the effectiveness of cognition device such as head-worn display.
Where the adding addition cognition aid can increase the attention supply, it also increases
the attention demand during the utilization.

Considering the situation awareness as the human performance factors is beneficial in con-
structing the methods to measure the human error analysis. The point from the study in the second
chapter is as below.

• Recent human reliability analysis rely on the accident or incident report as the main re-
sources. While the accident report only shows the number of error ratio, not the successful
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ratio of human conducting the task, the approach using another probability from the simula-
tor experiment is beneficial.

• Proposed structure of Bayesian network consist of performance shaping factor (PSF) as the
independent variable from experiment, cognitive function (CF) as the dependent variable,
and failure mode (FM) as single variable of error. The structure demonstrates the adaptability
of Bayesian network to the experiment design.

• The subject matter expert that previously have big portion in quantify the condition proba-
bility distribution is reduced and replace by the experimental result. Thus, the uncertainty
can be eliminated.

• The advantage of Bayesian Network is demonstrate with addition step to employ Bayesian
interference to update condition probability distribution in the case of the new experimental
data exists. It is implied that general PSF database should be useful to combine various
resources of simulator data near the future.

In the third study, situation awareness was observed in the scope of sociotechnical system
under system dynamics environment. The modelling result of the study brings several conclusions
as below.

• The system dynamics model is able to follow the dynamics safety theory by Rasmussen in
most aspect, such the operating point of a sosio-technical system is driven by the safety and
efficiency pressure.

• The workload aspect that is not modeled in the previous research is included in the model to
implicate the workload made by the operator onboard and affected the operating point closer
to the safety boundary.

• The role of situation awareness is demonstrate in maintain the undestading of workload
level of onboard operation by both parties. Different levels of situation awareness affect the
number of accidents produced during the simulation duration.

• Able to allocate appropriate workload level onboard result in reduced number of accidents
during the simulation duration. Thus the implementation such strategy to maintain situation
awareness between onboard operation and shore management can sustain safe operation.

The limitation remains for each framework used in these three studies. Experiment with simu-
lator must be understand of simplification of real-world environment to able control the indepen-
dent variables. The simplified scenario also came with the participants who were cadets at the time
of experiment are assumed to have enough understanding of the experiment setup. In the second
study of Bayesian networks, the limitation remains on the small amount of performance shaping
factors that are included in the study. This limitation came across the performance shaping fac-
tors that retrieved from the experiment design. The third study limitation came from the system
dynamics study that constructed firstly based on the assessment to construct the equation in the
system dynamics.

5.2 Future Work

The concept of situation awareness has been examined in the scope of human cognition, human
reliability, and socio-technical system. Although each scope has the limitation of study, the fu-
ture challenges remain. For the scope of human cognition, measurement of situation awareness
should be addressed beyond the individual human cognition, namely in team format. Considering
this able to cover situation awareness effectiveness in team communication not only in engine re-
sources management, but also between engine and deck department. Moreover, human cognition

50



level in actual engine room situation is the challenge that must be undertaken in the future. In
the scope of human reliability, the performance shaping factors should contain any factors than
in this study, the failure mode also can be extended to cover other decision making and action in
human factors. For socio-technical systems, the challenges remain in changing assumption-based
equations and gathering the representative data for safety and efficiency.

The human factors approach that mainly became based on this study is useful to apply in mar-
itime operation towards advancement of automation and autonomous ship era. The changing of
seafarer’s task with different work environment in the future, from onboard a ship to shore control
center as the projection must reflect the limitation of the operator. Therefore, understanding and
quantifying human behavior, human reliability such as the situation awareness is such important
in dealing with future work environment.
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Simulator Setup
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Set A and Set B Freeze Probe Questions 

Set Trouble Level Condition System Parameters in questions 

A  

M/E L.O Pump 

Trouble  

SA1 Decrease M/E L.O INLET PRESSURE 

SA1 Decrease T/C L.O INLET PRESSURE 

SA1 Decrease M/E L.O INLET TEMPERATURE 

SA1 Decrease CAMSHAFT L.O INLET PRESSURE 

SA1 False CENTRAL C.S.W PUMP NO.2 

SA1 Steady M/E SCAVENGING AIR PRESSURE 

SA2 Steady M/E AIR COOLER 1 OUTLET TEMPERATURE 

SA2 Steady M/E SCAVENGING AIR TEMPERATURE 

M/E Jacket 

CFW Inlet 

Press 

SA1 Decrease M/E JACKET C.F.W INLET PRESSURE 

SA2 Increase M/E JACKET C.F.W CYLINDER 1 OUTLET TEMPERATURE 

SA2 Increase M/E JACKET C.F.W CYLINDER 5 OUTLET TEMPERATURE 

SA2 Decrease M/E JACKET C.F.W INLET TEMPERATURE 

SA1 Steady F.O INLET TEMPERATURE 

SA2 Steady F.O INLET VISCOCITY 

SA1 Steady M/E EXHAUST GAS CYLINDER 1 OUTLET TEMPERATURE 

SA2 Steady M/E AIR COOLER 1 OUTLET TEMPERATURE 

Control Air 

Low Pressure 

SA1 Decrease M/E CONTROL AIR PRESSURE 

SA2 Decrease CONTROL LINE AIR PRESSURE 

SA2 Decrease M/E SAFETY AIR PRESSURE 

SA2 Decrease M/E EXHAUST VALVE SPRING AIR PRESSURE 

SA1 Steady CENTRAL C.F.W PUMP INLET TEMPERATURE 

SA2 Steady M/E AIR COOLER 1 INLET TEMPERATURE 

SA1 Steady CENTRAL C.S.W PUMP OUTLET PRESSURE 

SA2 Steady M/E AIR COOLER 1 C.F.W OUTLET TEMPERATURE 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Set Trouble Level Condition System Parameters in questions 

B 

F.O Viscosity 

High 

  

  

  

  

  

  

  

SA1 Decrease F.O INLET TEMPERATURE 

SA2 Increase F.O INLET VISCOCITY 

SA1 Steady M/E JACKET C.F.W INLET PRESSURE 

SA2 Steady M/E JACKET C.F.W CYLINDER 5 OUTLET TEMPERATURE 

SA1 Steady T/C L.O INLET PRESSURE 

SA2 Steady T/C L.O INLET FLOW 

SA1 Steady M/E PISTON C.L.O INLET PRESSURE 

SA2 Steady M/E PISTON C.L.O INLET FLOW 

Air Cooler 1 

Contamination 

SA1 Decrease M/E SCAVENGING AIR PRESSURE 

SA1 Increase M/E EXHAUST GAS CYLINDER 1 OUTLET TEMPERATURE 

SA1 Increase M/E EXHAUST GAS CYLINDER 2 OUTLET TEMPERATURE 

SA2 Increase M/E SCAVENGING AIR TEMPERATURE 

SA2 Increase M/E AIR COOLER 1 OUTLET TEMPERATURE 

SA2 Increase M/E AIR COOLER 2 OUTLET TEMPERATURE 

SA1 Steady M/E L.O INLET PRESSURE 

SA2 Steady M/E L.O INLET TEMPERATURE 

Central CSW 

Pump Trouble 

SA1 Increase CENTRAL C.F.W PUMP INLET TEMPERATURE 

SA1 Increase CENTRAL C.S.W PUMP OUTLET PRESSURE 

SA2 Increase M/E AIR COOLER 1 INLET TEMPERATURE 

SA2 Increase M/E AIR COOLER 1 C.F.W OUTLET TEMPERATURE 

SA1 Steady M/E CONTROL AIR PRESSURE 

SA2 Steady CONTROL LINE AIR PRESSURE 

SA1 Steady T/C L.O INLET PRESSURE 

SA2 Steady M/E CAMSHAFT L.O INLET PRESSURE 

 

 



On-going task at the engine room simulator 

No Task Step 

1 Start Transfer Bilge Water, Bilge Well -> Bilge Tank 6 

2 Stop Transfer Bilge Water, Bilge Well -> Bilge Tank 6 

3 Start Bilge Separator 7 

4 Stop Bilge Separator 7 

5 Start Transfer Waste Oil, F.O Sludge Tank -> Waste Oil Tank 4 

6 Stop Transfer Waste Oil, F.O Sludge Tank -> Waste Oil Tank 4 

7 Start Transfer Waste Oil, L.O Sludge Tank -> Waste Oil Tank 4 

8 Stop Transfer Waste Oil, L.O Sludge Tank -> Waste Oil Tank 4 

9 Start Transfer Waste Oil, Waste Oil Tank -> Waste Oil Service Tank 4 

10 Stop Transfer Waste Oil, Waste Oil Tank -> Waste Oil Service Tank 4 

11 Start Waste Oil Incinerator 7 

12 Stop Waste Oil Incinerator 7 

13 Start No.2 F.O Purifier  10 

14 Stop No.2 F.O Purifier 10 

15 Start No.2 L.O Purifier 10 

16 Stop No.2 L.O Purifier  5 

17 Start D.O Transfer, D.O Tank -> D.O Settling Tank 5 

18 Stop D.O Transfer, D.O Tank -> D.O Settling Tank 5 

19 Start F.O Transfer, F.O Tank -> F.O Settling Tank 5 

20 Stop F.O Transfer, F.O Tank -> F.O Settling Tank 5 

21 Boiler Water Chloride Test 6 

22 Makeup Water Chloride Test 6 

23 Boiler Water Alkalinity Test 6 

24 Condensate Water Ph Test 6 

25 Sounding F.W Tank PS 5 

26 Sounding F.W Tank SB 5 

27 Sounding D.O Tank PS 5 

28 Sounding D.O Tank SB 5 

29 Sounding F.O Tank PS 4 

30 Sounding F.O Tank SB 4 

31 Sounding L.O Tank PS 4 

32 Sounding L.O Tank SB 4 

 

 



Appendix B

System Dynamics Source

The appendix explained the simulation environment for the model used in this paper. This includes the
equation for all variables in the model, the unit of measure are all dimensionless (dmnl). The setting for all
simulation is included. The system dynamic simulation mode is built and runs under Powersim Studio 10,
Academic version. The simulation is run using timestep of 1 step.

 

indicated excursion

perceived workload

workload
perception

perceived workload
transform

workload goal
least effort
willingness

perceived efficiency
point

efficiency perception

efficiency boundary

efficiency goal
efficiency distance

efficiency pressure

marginal safety
boundary

safety adjusment

safety boundary

safety goal

safety pressure

perceived safety
point

safety perception

ｔｙsafe  distance

indicated operating
point

operating point

operating point
adjusment

operating point
actual

efficiency adjusment

indicated efficiency
boundary

delayed excursion

excursion
adjusment

stressed excursion

accumulative
pressure

operating point
used

situation
awareness

operating point
workplace

workload boundary

workload distance

efficiency perception = (operating point used−perceived efficiency point)/21

The flow of efficiency perception is defined by the management as a fraction of difference between the
operating point used and perceived efficiency point with initial setting in 40 dmnl. The fractional adjustment
rate is 21 steps.

efficiency pressure = perceived efficiency point/efficiency goal

efficiency goal = efficiency boundary− efficiency distance

efficiency adjusment = (indicated efficiency boundary− efficiency boundary)/21

indicated efficiency boundary = perceived efficiency point+ efficiency distance
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The value of efficiency pressure is defined as ratio between perceived efficiency point and efficiency
goal. Where the efficiency goal value is gap set below efficiency boundary with efficiency distance constant
10 dmnl. Efficiency boundary where the initial is set in 60 dmnl, is the product of change by efficiency ad-
justment by fractioned it with indicated efficiency boundary in adjustment rate 21 steps. Indicated efficiency
boundary as a goal is simply 10 dmnl efficiency distance from perceived efficiency point.

safety perception = (operating point used−perceived safety point)/7

Safety perception is determined as fraction between operating point used and the perceived safety point.
The initial point of perceived safety point is set with 40 dmnl, with the fractional adjustment rate is 7 steps.

safety pressure = safety goal−perceived safety point

safety goal = marginal safety boundary− safe distance

safety adjusment =IF(operating point used < marginal safety boundary,
IF((operating point used < safety boundary)
OR(operating point workplace < safety boundary),(initial marginal safety boundary−
marginal safety boundary)/1,(operatin point used−marginal safety boundary)/4,0)

The value of safety pressure is defined as ratio between perceived safety point and safety goal. The safety
goal is several distances from the marginal safety boundary, in this case is set to 10 dmnl where the initial
marginal safety boundary is 30 dmnl. Marginal safety boundary is a stock variable that will be changed
according to safety adjustment with fractional adjustment rate is dependent on the state of operating point
used. If the operating point used is below the m‘arginal safety boundary, the safety adjustment becomes the
function of fraction between initial marginal safety boundary and marginal safety boundary with fractional
adjustment 1 step. But when the operating point used is still above the safety boundary, the fractional
becomes between it and the marginal safety boundary with fractional adjustment 4 step.

accumulative pressure =IF(safety pressure > 1,safety pressure,1)/
IF(efficiency pressure >,efficiency pressure,1)

Accumulative pressure acts as the variable to combine and limit the used safety pressure and efficiency
pressure. The value of both pressures is used unless they are above 1 or it means the multiple effect is none.

indicated excursion = NORMAL(1,0.2×SQRT((2−1/10)/(1/10)))

excursion adjustment = (indicated excursion−delayed excursion)/10

stressed excursion = delayed excursion× accumulative pressure

Indicated excursion in the Powersim is generated as white noise with function of normal distribution
where mean is 1, and standard deviation is set in 0.2. This white noise is then filtered by creating pink
noise with excursion adjustment, similar to the delay function. Stressed excursion acts as excursions that
are influenced by accumulative pressure.

indicated operating point = operating point× accumulative pressure

operating point adjusment = (indicated operating point−operating point)/5

r The operating point adjustment has the function to adapt the operating point, with has initial point at 40, to
update in approaching indicated operating point, with fractional adjustment 5 step. The indicated operating
point adjustment itself is the multiple effect of accumulative pressure to the operating point.

operating point actual = operating point× stressed excursion
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operating point workplace = operating point actual/MAX(1, least effort willingness)

operating point used =operating point actual+ situation awareness×
(operating point workplace–operating point actual)

There are three stages of operating point, first is operating point actual where the multiple effect by
stressed excursion is introduced. Operating point workplace where operating point is multiple by least
effort willingness in reduction direction. Operating point used is the function of additional difference is
added with the variable of situation awareness level. Here the situation awareness has range between 0 and
1.

workload perception = (operating point used–perceived workload)/83

perceived workload transform =IF(perceived workload ≥ initial perceived workload,perceived workload–
initial perceived workload, initial perceived workload–perceived workload)

The flow of workload perception is defined by operator as a fraction of difference between the operating
point used and perceived workload with initial setting in 40 dmnl and fractional adjustment is 83 steps.
Perceived workload transform has function to translate both direction of change on the operating point into
the increasement of workload.

least effort willingness = perceived workload transform/workload goal

workload goal = workload boundary–workload distance

The value least effort willingness is defined as ratio between perceived workload transform and work-
load goal. The workload goal is several distances from the workload boundary, in this case is set to 2 dmnl,
where the initial workload boundary is 5 dmnl.
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