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Abstract: Situation awareness (SA) of pilots” unsafe behavior can ensure safety onboard. Thus, the
cognitive mechanism that controls the SA leading to unsafe behavior must be articulated. This study
employs the SA model and theory of planned behavior (TPB) to articulate a quantitative model of ship
safe piloting. Firstly, the hierarchical classification framework of unsafe behaviors was constructed
as an analytical foundation for rational and unconscious behaviors in sight of cognitive processes,
and then the measurement elements of the cognitive mechanisms for behaviors were identified.
Subsequently, based on the structural model, a hypothetical model of the cognitive path for unsafe
behaviors was proposed by using the extended TPB, where there are four independent variables
(i.e., attitude (ATD), subjective norm (SN), and perceived behavioral control (PBC)), one mediating
variables (i.e., SA) and two dependent variables (i.e., behavioral intention (BI) and unsafe behaviors
(BE)). Finally, this hypothetical model was analyzed with the data resources from extended TPB
questionnaire of 295 pilots. Analysis results show that relationships of causation and mediation in the
cognitive mechanism are in line with the behavior pattern and SA have a pronounced mediating effect
and a strong relevance to the causal chain of extended TPB framework. This study integrated the
SA three-level model to understand the motivation—cognition—action—feedback (MCAF) mechanism
of pilots” unsafe behaviors under cognitive mode of information processing through structural
model. It would make a valuable contribution to the assessment and intervention of safety behaviors,
and provide a basic framework for monitoring the situation awareness of pilot by man-machine
interactive measurement technology in the future.

Keywords: ship pilots; unsafe behaviors; situation awareness; theory of planned behavior; structural
equation modeling

1. Introduction

Ship pilotage is an important component of marine traffic safety. With the growth of
China’s national economy, the volume of ship pilotage has, over time, become an important
measurement of a port’s economic development [1]. The pilots as the main executor of the
ship pilotage play a critical role in ensuring traffic safety and environment protection in
port waters [2,3]. With statistical analysis of pilotage accidents in Shanghai port, unsafe
behaviors accounted for more than 90% in 10 years [4]. Therefore, pilots” unsafe behaviors
as specific representations of the complex man—ship—environment-management system in
ship pilotage, the symptomatic problems of behavioral mechanism receive much interest
from experts [5].

In order to reduce the incidence of unsafe behaviors, many experts had conducted
research on performance evaluation and influencing mechanism identification for unsafe
behaviors based on system effectiveness [6]. In term of performance evaluation, it is a
direct measurement category that focuses on the effectiveness caused by specific human
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behaviors in the system, including the behavioral classification, reliability evaluation and
prevention measures [7]. For the first time, reason used the human error model to carry
out the basic research of reliability assessment, which believed that individual unsafe be-
haviors are abnormal psychological activities mainly caused by mistakes and violations [8].
Subsequently, Wu et al. [9] proposed an improved reliability and error analysis method
based on the evidence theory, which was utilized to evaluate the probability of human
error in the process of accident causation.

On the other hand, the identification of influencing mechanism is an external architec-
tural study that explored the correlated mechanism of behaviors in the cognitive processes
from the perspective of organization and system, including the influence of factors such as
fatigue, experience and safety culture. Representatively, Choo and Grabowski [10] adopted
the high reliability organization theory to construct the framework of the effect of safety
culture on the specific behaviors, and then verified the positive adjustment function of
safety culture through the questionnaire of 1169 crews. In general, performance evaluation
was an important reference way to quantify unsafe behaviors, confirmed by the study
on the identification of influencing mechanism from the dimension of organization and
system. However, the causal relationship between cognitive factors that is the essential
mechanism of unsafe behavior has not been consistently highlighted.

Through the literature review, it is shown that the true causal and associative rela-
tionship between unsafe behaviors and situation awareness (SA) of ship pilots has not
been investigated in a modeling format. Moreover, the applicability of theory of planned
behavior (TPB) formwork to pilot’s rational behaviors, and the role of SA as a mediator in
the relationship between TPB variables and pilots” unsafe behaviors based on cognitive per-
spective have not been explored yet. This study aims to confirm the cognitive mechanism
of extended TPB framework, which is improved by the SA model, influencing on pilots’
unsafe behaviors using the structural equation numerical model. In this context, hierar-
chical classification of unsafe behaviors and two questionnaires were designed, including
pilots” unsafe behaviors TPB questionnaire and three-dimension situation awareness rating
technology (3D-SART) questionnaire. It not only contributes to identification of important
social and individual cognitive paths that affect rational and unconscious unsafe behaviors
among ship pilots, but also can help behavior surveillance on accidents prevention systems.

The remainder of this paper is organized as follows. In Section 2, the studies of
the behavioral mechanism are reviewed. In Section 3, the structural equation modeling
(SEM) [11] combing with hierarchical classification and cognitive causations questionnaires
of pilots” unsafe behaviors is presented. In Section 4, our correlation hypothesis model is
confirmed in a specific case, including model application, path dependency analysis and
cognitive mechanism identification. In Section 5, the implications for research and practice
are discussed. Finally, conclusions are drawn in Section 6.

2. Literature Review

The study of unsafe behaviors was derived from marine accidents analysis, which is
defined in terms of possible adverse consequences and deviation from system norms [12,13].
Researchers generally focused on the objectivity and specificity of the outcome of the mar-
itime events, and calcified the behaviors including human error that caused the accidents
were defined as unsafe behaviors [14,15]. With the continuous development of accident
prevention, unsafe behaviors were more regarded as any behaviors that might have a
negative effect on the safety of organizations or individuals [16]. The analysis showed
that most accidents were due to decision errors and were influenced by physical and
mental states, environment, and technology [17,18]. Moreover, the performance of unsafe
behaviors was usually associated with risk assessment, in which the features of behaviors
were embodied through the expert system and machine learning, such as distance, area,
and speed in collision events [19,20]. To quantify the unsafe behaviors, researchers, in part,
showed that unsafe behaviors were the outcome of exceeding the acceptable threshold,
emphasizing the correlation between behaviors and system standards [21,22]. However,
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the determination of the standards should be evaluated in combination with the severity of
the outcomes of the maritime events, which was empirical subjectivity [23]. In this regard,
pilots” unsafe behaviors were defined in this study as rational or unintentional behaviors
that caused or may cause accidents, such as a violation of rules and regulations, lookout
negligence, and poor use of good seamanship.

Azjen [24] firstly proposed theory of reasoned action (TRA) that believe human
behavior was rational and completely controllable from a cognitive perspective, whereas
individual behavior was obviously restricted by management norms and the external
environment in the real-word. Thus, the TPB framework based on TRA was constructed,
which increased the latent variable of perceived behavioral control (PBC) to develop the
new behavioral mode (i.e., attitude (ATD), subjective norm (SN), and PBC influencing
behavioral intention (BI); PBC and BI predicting specific unsafe behaviors (BE)) [25]. At
present, the predictive function of TPB for social cognitive behaviors in critical safety fields
had been effectively verified, but the explanation of latent variables for behaviors was
the significant difference [11,26]. Wong and Lee [27] conducted a questionnaire survey
based on TPB for workers’ unsafe behaviors in a factory, and the results showed that PBC
and SN were the direct predictors of BI, while ATD was a negative prediction. Shaw [28]
concluded that ATD and BI were significantly correlated through the study of human
factors in aviation maintenance violations.

In essential, pilot’s unsafe behavior including social and individual cognition dimen-
sions was rational and unconscious, whereas the initial hypothesis of TPB theoretical
framework clarified that human behaviors was completely controlled by individual con-
sciousness [12,29]. Nevertheless, researchers had confirmed that the adoption of the
behaviors with high repeatability and experience cannot be completely explained by the
rational TPB model [30]. Thus, aiming for better interpretation of rational behaviors, un-
conscious behaviors, and its correlation function, the situation awareness (SA) variable
was introduced to identify the cognitive influencing pathway of individuals. SA was the
specific representation of individual cognitive processes, including perception of elements
(PB), situational understanding (SU) [31], and prediction of near future states (PS) [32,33],
as shown in Figure 1. Hetherington et al. [34] had determined that the deficiency of SA
is a directly critical causation of maritime accidents. Grech et al. [35] pointed out 71%, at
least in part, of human errors could be attributed to SA-related problems. SA deficiency is
a source of human errors that manifested itself as “loss of control over the situation” [36].
Since SA could perceive information through the display of devices and sensory organs, it
is vulnerable to the influence of individual and social factors, such as experience, personal
expectations, workload, and so on [37]. Therefore, the variables in the TPB framework (i.e.,
PBC, SN, and ATD) could realize the correlation of cognitive functions by influencing the
information perception, understanding, and perception of SA (Figure 1).

Within the complex system of behavioral cognition, the research of unsafe behavioral
control is mainly concerned with human reliability analysis (HRA). Patriarca et al. [38]
used the multimethod approach to build an intelligent framework with identifying current
research streams and outlining the potential for future research in the HRA fields. In
maritime industries, the skills—rules-knowledge (SRK) framework attempted to introduce
cognitive concepts for effectively distinguishing behavioral performance, which was a
traditional application method for HRA quantification combining with expert system. Fur-
thermore, human factor analysis and classification system (HFACS) began to systematically
construct the influencing framework of behavioral performance based on the organizational
management level, but without consideration of the internal influencing on individual
cognitive mechanism [39]. Therefore, the SA model combines individual and external
cognitive influencing factors to construct behavioral cognitive model, which provides the
possibility for the quantification of the cognitive process.
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Figure 1. Situation awareness model.

For quantifying the relationship between latent cognitive variables in the extend TPB
formwork, SEM was proposed to analyze the interaction between structural variables based
on the covariance matrix of variables [40]. This method integrated multiple regression
analysis, path analysis, and confirmatory factor analysis, and considered the influence
of measurement errors, and was not restricted by the assumptions of path dependency.
The core of SEM is to estimate all the parameters of variables simultaneously with the
maximum likelihood method, considering the fitting degree of the model as a whole by
measuring the difference between the covariance of the theoretical model and the actual
covariance [41]. McBride, Carter, and Phillips [32] used the SEM method to explore the
intention of unsafe behaviors through TPB in conjunction with psychosocial factors when
driving among young drivers.

In a word, TPB is a social psychological model that explores the mechanism of rational
behavior, including attitude, subjective norms, perceived behavioral control, and behavioral
intention variables [32,42]. As a significant predictor of behaviors, behavioral intention had
been effectively verified in the field of transportation [43]. However, due to the complexity
and the typical empirical properties on the ship pilotage, the unsafe behaviors were the
combination of rationality and unconsciousness in the real-word. In this study, the latent
variable of SA, as the representation of information processing mechanism in the individual
cognitive processes, was introduced to modify the basic TPB model. Subsequently, the
structural equation model of pilots” unsafe behaviors was constructed to identify path
dependency from a cognitive correlation perspective.

3. Research Methods and Models

This study focused on investigating the cognitive mechanism of unsafe behaviors
among ship pilots, as shown in Figure 2. For the interpretation of rational behaviors,
unconscious behaviors and its correlation function in ship pilotage, the TPB model should
be improved from two aspects, namely behavioral cognition and model interpretation. First,
the improvement of behavioral cognition was reflected in the hierarchical classification
of pilots” unsafe behaviors. Additionally, then the questionnaires based on the extended
TPB formwork were formulated, which was developed by the SA model to identify the
crucial influence factors and pathways on the unsafe behaviors through multivariate
numerical modeling. Subsequently, the SA three-level model was integrated to construct
the motivation—cognition-action—feedback (MCAF) mechanism.
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3.1. Hierarchical Classification of Unsafe Behaviors

At present, the behavioral classification framework based on SRK was heavily adopted,
which was the attempt to introduce cognitive factors into behavioral research [44]. With
the development of the theory of cognitive psychology, the information processing of be-
havioral cognition gradually formed two modes: “controlled or conscious processing” and
“automatic or unconscious processing”, playing an associated role in the real-world [45].
During the ship pilotage, according to the rating scales on hazardous events and occur-
rence probability formulated by Darbra et al. [46], Chen [47] preliminarily determined
the measurement items related to pilots” unsafe behaviors combining with HFACS. It
could be classified into slip (SB), lapse (LB), violation (VB), and mistake (MB). For the
purpose of isotropy analysis and implicit rating of questionnaire variables, the rational
and unconscious pilots” unsafe behaviors categories were confirmed (e.g., violation of pilot
regulations, negative communication with related personnel and fatigue operation). Pilots’
unsafe behaviors hierarchical classification framework is shown in Figure 3.

Slip behaviors Mistake behaviors

,
Inadequate emergency preparedness I
Negligence of re-check Operational faults
\ Pilots” unsafe

behaviors

Dangerous channel envi }

Fatigue operation

Hydrologic condition
Navigable waters
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Negative communication |
Inadequate regulation Deviation from plan

<—| Improper use of navigation equipment | '—l Fault operation of equipment I

Violation of safe speed <—| Violation of collision regulations |

Lapse behaviors

Violation behaviors

Figure 3. Pilots’ unsafe behaviors hierarchical classification framework.

3.2. TPB Structural Measurement

To explore the correlation between TPB structural variables and SA, this study com-
bined expert experience and incident reports to adapt the TPB and SA scale. All variables
were measured by a 7-level Likert scale to identify the influencing mechanism of social
cognition and situational cognition on pilots” unsafe behaviors. In detail, the TPB structural
scales listed in Table 1 were adapted from the study of Douglas et al. [48] in vehicle driving,
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which have been reviewed by senior experts of marine technology including 10 safety
engineering and management, 15 maritime supervision, and 12 senior pilot experts. They
ranged from 40 to 55 years old, and had 15.3 years of experience in management and pi-
lotage on average. Moreover, the existing measuring items were cross validated by the vote
integration mechanism based on the majority rule. In detail, the basic measurement items
were obtained through a literature review, and the preliminary adjustment was carried out
through the expert system. After being summarized, the measurement items with more
than two-thirds of the votes were retained by independent voting. Finally, a total of 15
unsafe behaviors were measured based on SB, LB, VB, and MB. The measurement items
of the TPB structure were designed respectively from the dimensions of ATD, SN, PBC,
and BI based on four categories of specific unsafe behaviors, as shown in Table 2, in which
the “No.” indicated the number of measurement items of the questionnaire. Furthermore,
the measurement of SA variable of the SEM was shown in Table 3 of Section 3.3 through
3D-SART.

Table 1. Pilot unsafe behavior classification measurement scale.

Categories

Measurement Items

SB

Occasionally neglect the lookout

Alcohol may be consumed in small quantities before pilotage

To hold the situation, while ignoring the implementation of every helm order and engine telegraph

With extensive piloting experience, communication with relevant personnel can be reduced

LB

Use operations that deviate from normal in emergency

Occasionally forget the rules of collision avoidance when there is no danger

Occasionally forget some information about the natural environment in complex waterways

VB

Fatigued piloting for the completion of pilotage

An opportunity can demonstrate your piloting skills above those of peers

Try not to use tug for saving cost in vessel arrival and departure

To improve pilotage efficiency, the nearest route deviating from pilotage plan can be selected

MB

Don’t care too much about safe speed

Use navigation equipment inappropriately occasionally for some reason

Leave the bridge briefly to attend to important business

Due to familiar with pilotage planning and preparation work, need not spend too much energy

Table 2. Structure of pilot unsafe behaviors survey scale.

Description and Observation

Variables Items Character

Independent

Dependent

Understandability of unsafe behavior
occurring

Acceptability of colleagues or crews
when behaviors are performed
Difficulty in avoiding unsafe
behaviors

Possibility of attempting unsafe

BI SB~MB behaviors to complete the pilotage in 8
the near future

Unsafe behaviors have been

BE SB-MB committed or may be committed ?

ATD SB~MB

SN SB~MB

PBC SB~MB
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Table 3. 3D-SART measurement scale in ship pilotage.

Dimensions

Construct Measurement Items No.

The stability of the traffic environment and

Instability of situation vessel in the pilotage (without emergency) 10,11
A ional d d The number of variables, including
ttentional demands Variability of situation navigational and environmental elements, 12
should be focused
Complexity of situation Complexity of the traffic in pilotage waters. 13
Arousal The alertness of pilots in pilotage 14
Spare mental capacity How much residual energy should be used 15

to deal with emergencies in pilotage

Attentional supply Concentration Degree of concentration at initial pilotage 16
Division of attention The. ablhty. to notice multl'ple 'mformatlon 1718
variables simultaneously in pilotage
Information quantity Amount of information received and 19
Understanding of the d understood
situation Information quality Reliability of perceived information 20
Familiarity Familiarity of pilotage waters 21,22

3.3. Situation Awareness Measurement

As shown in Figure 4, all situations involving pilotage tasks were selected from the
database of qualification examinations, where the subject was Shanghai Yangshan port out-
bound. The measurement of SA was implemented by the measurement framework of SA
level, which consists of three dimensions and ten subdimensions as shown in Figure 3 [49].
Since the non-intrusive and ease of implementation, 3D-SART was one of the most rep-
resentative methods in the self-rating techniques for measuring the SA level [50]. It was
developed from three dimensions including operators” attentional demands, attentional
supply and situational understanding, then ten subdimensions were constructed as the
measurement items combining with practical pilotage situation. The results were calculated
from equation that SA score = understanding —(demand—supply). Besides, 7-level Likert
measurement was adopted in all items. Furthermore, 3D-SART was used to measure the
pilot’s SA level before and after the experiment. The score before the experiment was used
as a reference to ensure that real levels in the pilotage experiment are obtained, that is,
under the premise that the SA score before the experiment was in the normal range, the SA
score after the experiment was the actual SA level. Otherwise, the outlier data was deleted.

Figure 4. The experimental situation in ship pilotage.
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3.4. Theoretical and Hypothesis Development

7

In TPB structural variables, PBC referred to the perception of the difficulty of behaviors
implementation by oneself, reflecting the role of experience and expectation. SN manifested
the behaviors influenced by social pressures, including morality and family. ATD was
defined as a positive or negative assessment of the individual’s behaviors being discussed.
BI as the preposition of the behavior was the direct determinant of the actual behaviors,
which showed the possibility and subjectivity of the individual to adopt specific behaviors.
Since the TPB model had been widely verified in the field of behavior research, based on
the conclusions of PBC, SN, and ATD respectively in the critical safety field, and combined
with the piloting operation process, the following hypotheses were made:

Hypothesis 1 (H1). PBC has a significant effect on BL
Hypothesis 2 (H2). SN has a significant effect on BI.
Hypothesis 3 (H3). ATD has a significant effect on BI.
Hypothesis 4 (H4). BI has a significant effect on BE.

As a critical risky cognitive element, SA had been widely recognized in the maritime
industries [51,52]. With the continuous development of the theoretical model of SA, the
specific structure and influencing mechanism had begun to be explored in ship pilotage [53].
The Endsley’s three-level model separated the operator’s behavioral cognitive outcomes
and processes by three levels of perceiving, understanding, and predicting, and integrated
the influences of internal and external factors on each level into the construction of model,
which laid an important theoretical foundation for exploring the influencing mechanism of
SA on unsafe behaviors [23]. Thus, the following hypotheses were made:

Hypothesis 5 (H5). SA has a positively correlated with BI.
Hypothesis 6 (H6). SA has a positively correlated with BE.

3.5. Structural Equation Numerical Modeling

The SEM is composed of the measurement model and structural model. The mea-
surement model investigates the covariation effect between latent variables and observed
variables. The equation matrices of measurement model are shown as follows:

X=A&+06 1)

Y=Ayn+e )

where among them,

Ax: Coefficient matrixes between measurement variables and exogenous latent variables;

Ay: Coefficient matrixes between measurement variables and endogenous latent
variables;

X: Measurement variable matrixes of exogenous latent variables;

Y: Measurement variable matrixes of endogenous latent variables;

&: Exogenous latent variable matrixes;

1: Endogenous latent variable matrixes;

: Residual matrixes of endogenous latent variables;

e: Residual matrixes of exogenous latent variables.

The structural model examines the correlation between latent variables and observed
variables. The equation matrices of structural model are shown as follows:

H=pn+TE+C 3)

where among them,

[3: Coefficient matrixes between endogenous latent variables;

I': Coefficient matrixes between exogenous latent variables;

C: Residual items of random disturbance, namely the endogenous latent variable was
not interpreted part in the SEM.
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In this study, the hypothesis structure model of pilots” unsafe behaviors is thus con-
firmed, as shown in Figure 5. The category I factors of the TPB framework and SA are
used as latent variables (indicated by ellipses), and the corresponding category II factors of
measurement items are used as observation variables (indicated by boxes).

Independent variables Mediating variables Dependent variables

Figure 5. Path of the hypothetical structural equation model.

4. Case Study
4.1. Questionnaire Samples Acquisition and Correlation Analysis

In order to enable the fitting of the questionnaire data into the hypothesis model,
collected behavioral factors were quantified according to the social and individual cognitive
path of the impact on the pilots” unsafe behaviors. In this paper, a total of 306 questionnaire
samples were sent to the pilot station of Shanghai Port, 295 samples were recovered with
an effective rate of 96.4%, meeting the requirements of statistical analysis. To evaluate
and synthesize the measurement variables, a workshop was conducted with subject-
matter experts in cognitive analysis of unsafe behaviors. All the measurement items in
the questionnaires were formatted to numerical analysis data, which was simplified and
reserved by ATD, PBC, SN, SA, BI, and BE (Figure 6). The dispersion of data in different
quartiles was basically within the normal range after excluding the abnormal data values,
i.e., these dots in Figure 6. The Cronbach’s of each latent variable was thus greater than 0.7
between 0.776 and 0.885, and the combined reliability (CR) was greater than 0.88, indicating
that the structural equation model had good reliability.

In order to ensure the explanatory ability of latent variables for pilots” unsafe be-
haviors, significant correlation paths were identified by the confirmatory factor analysis
(CFA). The average variance extracted (AVE) (greater than 0.5) and the square root of AVE
(greater than the correlation coefficient of other different latent variables) were effective
indexes that verify the convergence and discriminant validity of the model. Furthermore,
it was found that the adjusted endogenous latent variables had a better performance as
shown in Table 4. In addition, combined with the standardized path coefficient and its
significance analysis, effective correlation modes were obtained as shown in Table 5. As for
the measurement model, the correlation coefficient of cognitive paths reached a significant
level, and the correlation coefficient of SA and PBC was the largest, indicating that the
individual cognitive processes and self-control ability of unsafe behaviors influenced each
other. However, SN had no significant correlation with SA and ATD, respectively. This
result in line with the reality, that is, the experiential properties of individual cognition on
behaviors during ship pilotage made pilots less susceptible to the influence of social norms.
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Score

ATD SN PBC SA BI BE

Figure 6. Box whisker plot of the questionnaire samples.

Table 4. Correlation coefficients and AVE square roots of latent variables.

Variables AVE PBC SN ATD SA
PBC 0.594 0.771
SN 0.648 0.382 0.805
ATD 0.587 0.419 0.250 0.766
SA 0.548 0.627 0.387 0.551 0.740

Note: the diagonal is the square root of AVE.

Table 5. Correlation characters via adjusted SEM simulation.

. . Standardized
Correlation Mode Estimate S.E. C.R. p Path Coefficient
PBC < SN 0.311 0.067 4.950 * 0.382
SN <+ SA 0.288 0.062 4.630 — 0.387
ATD < SA 0.252 0.045 5.634 i 0.551
ATD + PBC 0.219 0.044 5.027 * 0.419
SN < ATD 0.195 0.057 3.419 — 0.250
SA < PBC 0.317 0.052 6.130 i 0.627

% p < 0.01, ** p < 0.05.

4.2. Parameter Estimation

The goodness-of-fit index of the amended model was shown in Table 6, which was
evident that each index was within a reasonable adaptation standard. It was indicated that
the model fit well and could be used for subsequent path identification and analysis of the

latent variable.
Table 6. Model-fit indices.
Indexes xZ/df GFI AGFI NFI CFI TLI RMSEA
Reference (1,3) >0.8 >0.8 >0.9 >0.9 >0.9 <0.08
Estimate value 1.902 0.914 0.883 0.904 0.951 0.941 0.055

Note: x2/df, chi-square and degrees of freedom; GFI, goodness of fit index; AGFI, adjusted goodness of fit index; NFI, normed fit index;
CFI, comparative fit index; TLI, Tucker-Lewis index; RMSEA, root mean square error of approximation.
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4.3. Path Dependency Analysis

The cognitive moderating model of pilots” unsafe behaviors (Figure 7) could be
constructed by the path dependency analysis of the research hypothesis and the estimated
result of the path influencing coefficient (Table 7). Figure 5 showed that the mediate effect
of Bl between PBC, SN, ATD, and BE had been effectively verified in ship pilotage. Firstly,
the path coefficient of SN and ATD on BI was relatively low, indicating that ship pilotage
emphasized the importance of individual roles and the experiential properties. Secondly,
PBC implied the interaction between individual and social cognition, and had a directly
significant effect on BI from the perspective of self-control ability. It was clarified that
pilots often made decisions after taking the initiative to evaluate the difficulty of behaviors
in real-word. Subsequently, two paths were not significant (dashed in Figure 7): ATD
correlated with SN and SA correlated with SN. For this reason, these two paths were
removed to improve the cognitive mechanism model. Finally, SA that is an extended
variable at the individual cognitive level in the TPB framework produced indirect and
direct effects on both Bl and BE with a high significance level in the path dependence
analysis. This result proved that the perception, understanding, and prediction mechanism
based on information processing progresses could effectively explain the specific cognitive

process of pilots” unsafe behaviors.
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Figure 7. Cognitive path dependency of pilots” unsafe behaviors.
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Table 7. Model path regression coefficient.

Path Mode Estimate S.E. CR. p Path Coefficient Results
PBC — BI 0.339 0.107 3.172 o 0.301 H1 was found
SN — BI 0.060 0.052 1.150 ** 0.079 H2 was found
ATD — BI 0.226 0.084 2.710 ** 0.215 H3 was found
BI — BE 0.370 0.096 3.836 o 0.378 H4 was found
SA — BI 0.333 0.123 2.713 ok 0.289 H5 was found
SA — BE 0.370 0.105 3.491 e 0.328 H6 was found

***p <0.01, ** p <0.05.

The results of path dependence analysis could generalize the cognitive process of
pilots” unsafe behaviors as a self-stress response with experiential cognitive procedures in
a specific situation, and it was influenced by social cognitive factors including SN, PBC,
and ATD. With regard to the level of social cognition, PBC had the greatest influencing
coefficient on the path of BI (0.301), indicating that the pilots might actively evaluate the
difficulty of unsafe behaviors during the implemental processes. Additionally, as a specific
representation of individual cognitive processes, SA had direct (0.328) and indirect (0.289)
effects on endogenous and exogenous latent variables, and was significantly correlated
with PBC (0.627, p < 0.01) and ATD (0.551, p < 0.01). It implied that there was a mediate
effect in the influence path of SA on behavioral intention and unsafe behaviors.

4.4. Cognitive Mechanism Identification

Cognitive mechanism recognition was used to integrate social cognitive and individual
cognitive factors to reveal the cognitive processes of rational and unconscious unsafe
behaviors. The mediating role of SA in the path dependency analysis had been effectively
verified. Therefore, according to the hierarchical classification of behavior categories and
the three-level model, the structural model was optimized to clarify the influence of the
structural contents of SA on specific unsafe behaviors. The structural model of observed
variables with goodness-of-fit (Table 8) was determined in the structural equation numerical
model by combining the questionnaire data (Figure 8). This result showed that SN and
ATD significantly had an effect on PB (0.352, 0.441), while ATD also making a difference
to SU (0.237). Additionally, PBC not only had a significant impact on SU (0.615), but also
played a significant role in PS (0.453). Furthermore, both unconscious and rational unsafe
behaviors could be effectively explained by SA, and the direct effects on VB (0.691) and MB
(0.593) were more significant.

Table 8. After modified model-fit indices.

Indexes x2ldf GFI AGFI NFI CFI TLI RMSEA
Reference (1,3) >0.8 >0.8 >0.9 >0.9 >0.9 <0.08
Estimate value 1.592 0.925 0.897 0.907 0.938 0.945 0.043

In detail, pilots first needed to have a strong motivation to take unsafe behaviors when
they had a positive attitude towards special unsafe behaviors of slip, lapse, violation, or
mistake, and believed that this behavior could be socially acceptable and easily controlled
in a specific situation. The pilots prepared for the construction of mental model, driven
by specific motivation, which was manifested that the selective perception was conducive
to the positive information of unsafe behaviors, and understanding and prediction of
the feasibility in the current situation, thus generating the clear enforceable intention.
When such cognitive processes formed fixed experiences or habits, the specific unsafe
behaviors were more likely to be taken frequently. Furthermore, the fluke mind and
comfortable sensation after the unsafe behavior was adopted would feed back and form a
new motivation, prompting the pilot to implement it again. From the above, to realize the
embodiment of cognitive mechanism of pilots” unsafe behaviors, the motivation—cognition—
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action—feedback (MCAF) mechanism of pilots” unsafe behaviors was constructed as shown
in Figure 9.
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Figure 8. Structural model of the cognitive mechanism.
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Figure 9. The motivation—cognition-action-feedback (MCAF) cognitive mechanism of pilots’ unsafe behaviors.

5. Discussion

Ship pilotage is one of the most hazardous situations in navigation, where there is
a disastrous loss of accidents that is mainly caused by unsafe behavior. To identify the
cognitive mechanism of pilots” unsafe behaviors, this study used a structural equation
model based on extended TPB questionnaires to explore the influence of cognitive factors



Int. J. Environ. Res. Public Health 2021, 18, 3052 14 of 17

and their impact paths on unsafe behaviors. Then, the MCAF cognitive mechanism
was constructed composed of the causal and associated effect of cognitive factors on
rational and unconscious unsafe behaviors by 295 samples. The findings provide important
theoretical foundation for designing interventions to promote pilotage safety. Additionally,
the detailed contributions of this research are twofold as follows:

The pilots” unsafe behaviors include rational and unconscious dimensions, however,
the TPB framework is mainly the focus on rational behaviors. Thus, the introduction of
potential variables of SA is conducive to the effective identification of specific behavioral
cognitive processes. This study added SA variables in the TPB framework to construct
a structural equation model based on the integration of explicit and implicit cognition
at the social and individual levels. As a result, the TPB as a research framework of
rational behavior has been effectively verified in ship pilotage. In detail, the PBC, ATD,
and SN variables all had significant direct effects on BI, and BI had the highest path
impact coefficient (0.912) on violations (Figure 8). Moreover, SA had significant correlation
effect with PBC (0.627, p < 0.01), and as a critical mediating variable had significant
direct and indirect effect on BI (0.289, p < 0.01) and BE (0.328, p < 0.01), respectively. In
the case of stress and information uncertainty, the recognition-primed decision (RPD)
was proposed to effectively explain the process of “bounded rationality” individual’s
exploration, judgment, evaluation, and selection of behavioral purpose and implementation
path [54]. Based on the findings, the identification pathways of behavioral cognitive
processes were complementary to the RPD, which also emphasized the importance of
the situational assessment and experience. However, the RPD model is a qualitative
description of the decision-making process. In this paper, SA and environmental factors
were materialized, and the cognitive influencing path was identified through the situation
assessment variables of perception, understanding, and prediction and the environment
variables of ATD, PBC, and SN.

With respect to the cognitive mechanism, the SA model realizes the embodiment of
cognitive processes of pilots’ unsafe behaviors based on information processing mechanism,
including perception, understanding, and prediction. Therefore, the cognitive mechanism
of motivation—cognition-action—feedback (MCAF) was constructed in combination with
the calculation results of structural equation model to identify the influence path of hi-
erarchical structures of SA cognitive progresses on pilots” unsafe behaviors. Example
verification shows that SA is a mediating factor between the variables of motivation and
action structure, where the manifested form of perception, understanding, and prediction
conforms to the path dependency mode. The prediction variable of SA structure in the
MCATF cognitive mechanism has a strong correlation with the interpretation of the rational
and unconscious pilots” unsafe behaviors.

In application of modern safety science, the identification of behavioral cognitive
mechanism at the view of traditional risk and safety provides a good theoretical foundation
for the study of resilience engineering at system level. As a new approach of systemic
risk management, resilience advocates different agents of man-machine-environment—
management system to improve their own and their system’s adaptability in response
to the compound disaster and risk, and establishes a risk governance mode covering all-
hazard management approach throughout the whole process before, during and after the
disaster based on cooperation and organizational learning mechanism [55]. The cognitive
mechanism of MCAF considered the individual as a subsystem to conduct research on the
behavioral cognitive process. In order to measure with the existing TPB framework, this
paper only generalized the contextual factors to the variables of ATD, PBC, and SN. There-
fore, subsequent studies will focus on the measurement of contextual factors, and build
a resilience governance model for complex pilotage systems based on a comprehensive
behavioral cognitive mechanism.
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6. Conclusions

The cognitive progresses of pilots” unsafe behaviors are complex, and the influence
degree and correlation mode of variables in the cognitive mechanism are different. It
is worth noting that the correlation strength of the variables determines the cognitive
path of the unsafe behaviors. In this paper, the extended TPB framework, which was
developed by SA model, was utilized to research the identification of cognitive mechanism
for pilots” unsafe behaviors during pilotage, based on the structural equation numerical
model. The conclusion clarified that ATD and PBC was the strongest factor to PB and
SU respectively, and SA had a significant mediating effect on VB and MB. This provides
important theoretical support for overall understanding of pilots” cognitive processes and
effective prevention of unsafe behaviors. More specifically, limited resources should be
distributed to improve pilots” ATD and PBC that was effectively positively impacted on
the prevention of VB and MB.

There are limitations in the study, but it also associated with future directions. First,
SA as a consciousness based on a particular situation should be discussed with the develop-
ment of subscenes during ship pilotage. Thus, the following experimental procedure could
be divided into questionnaire measurement before and after the departure, navigation
in fairway, encounter, poor visibility, and anchoring subscenes according to the actual
pilot’s competency requirements. Although there are inevitably subjective characteristics
in the questionnaire measurement, a starting point is presented for future studies to be
conducted in physiological monitoring technology owing to the finding provides the cog-
nitive foundation of unsafe behaviors from pilots” subjective perspective, which conforms
to the experience attribute during actual pilotage work. Therefore, a future study may be
conducted the cognitive progresses measurement of PB and SU variables in SA structure
among ship pilots using real-time eye-tracking and electroencephalogram monitoring
technology, respectively. Moreover, in modern safety science, the resilience governance
mode is influenced by the internal and external mechanisms of its complex subsystems,
and the behavioral cognitive mechanism at the individual level, as the critical subsystem,
lays an important foundation for the establishment of subsequent risk resilience monitoring
and early warning model.
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