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Abstract: There are many factors involved in the layout optimization of cabin equipment, and human
factors should be considered in the early stage of layout design. Human reliability is an effective
index to evaluate the probability of success of the human completion of tasks. In order to put
forward the method of human reliability which is more suitable for the layout optimization of cabin
equipment, the existing methods of human reliability analysis (HRA) are systematically studied.
At the same time, taking HRA, equipment correlation and cabin balance as objective functions, the
optimization problem of cabin equipment layout was quantified into a mathematical model. When
solving the model, the visibility graph method was used to model the cabin path planning, and a
solution platform for the optimization of cabin equipment layout was developed on the basis of a
genetic algorithm. Finally, the developed platform was applied with a ship example, and the results
before and after the layout optimization were displayed through a three-dimensional model. At the
same time, equipment layout evaluation software was used to simulate the experimental results so
as to compare the improvement of important parameters before and after the layout optimization.

Keywords: layout optimization of cabin equipment; HRA; genetic algorithm; visibility graph algorithm

1. Introduction

The layout of a ship cabin is subject to the Facility Layout Problem (FLP), an NP-hard
problem in mathematics that has high complexity in modeling and calculation [1]. The
focus of the early foreign research on equipment layout problems lies in the mathematical
analysis method of logistics sequence and material flow between equipment; until 1961,
Systematic Layout Planning (SLP) was proposed by Richard Muther. Since then, with the
discussion of the device layout problem by scholars, the layout problem has been applied
in various industries and innovated in research and solution methods. Because there
are many constraints and objectives to be considered in the equipment layout problem,
fuzzy theory and optimization algorithms are usually the important methods to solve the
layout problem [2—4]. In the layout of cabin equipment, in addition to solving the layout
problems between the equipment, it is also necessary to fully consider the human-machine
relationship issues in the layout design process [5].

At the same time, statistics show that the main reason for equipment damage in a
cabin is the lack of fuel, installation, maintenance and other problems caused by human
error or negligence [6]. The performance standard of people in the cabin can be evaluated
by human reliability. If people are in a certain environment and their reliability is higher,
human errors or negligence can be avoided. At the same time, the maintenance method of
the equipment in the cabin can also be evaluated by the human reliability method, and if
the human reliability is higher in a certain maintenance method system, it proves that this
maintenance system is more suitable for the current environment [7].

There are many methods to evaluate human reliability problems, and choosing a good
method can greatly help to solve the problem. Regarding the problem of choosing a suitable
method, the Analytic Hierarchy Process (AHC) is a possible method [8,9]. However, the
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existing HRA methods are also not applicable to all task scenarios, they should be improved
and extended according to different task scenarios and the correctness of the proposed
new methods should be proved with actual cases [10]. The improvement of the method
is usually to solve the error problem. The error problem can be solved from the error
generation conditions and error influencing factors so as to make the evaluation method
more suitable for the problem to be solved [11,12]. The main existing human reliability
methods and the evaluation of each method are shown in Table 1.

From the above analysis, we can get two methods, HCR and CREAM, which are more
suitable for solving the problem of equipment layout in the cabin. The Human Cognitive
Reliability (HCR) model is a more commonly used quantitative analysis method in HRA.
The method uses fewer Performance Shaping Factors (PSFs) and is based on cognitive
psychology, focusing on the dynamic cognitive process of humans in a certain period of
time. It includes observation, analysis, planning and execution, etc. [13]. The calculation of
the HCR method relies on the Weibull distribution formula of three parameters. The values
of the three parameters x, 3 and vy can be determined according to the type of cognitive
behavior. Cognitive behavior includes skill-based, rule-based and knowledge-based [14].
The discrimination of the three cognitive behaviors depends on the person’s knowledge of
the task. A flow chart of the three cognitive behaviors is shown in Figure 1.

P skill-based
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cLLYIne » Rule-based [ regulations and »  Execution
ognitive mode .
Analysis based on
Knowl - v
Y edge B knowledge and —
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experience

Figure 1. A flowchart of cognitive behavior.

Apart from the difference in cognitive behavior, the influence of PSFs between person-
nel cannot be ignored. In HCR, the execution time (T} /;) in the three-parameter Weibull
distribution formula was corrected. Three correction factors were selected in the model,
namely operating experience (K;), psychological pressure (K;) and man-machine interface
(K3), to reduce the error of execution time (17 /») caused by attributes.

Cognitive Reliability and Error Analysis Method (CREAM) is the second generation
of more typical analysis methods among HRA. CREAM'’s cognitive model relies on the
Contextual Control Model (COCOM). In COCOM, the cognitive function is divided into
four parts: observation, interpretation, planning and execution. The control mode is
divided into four modes: scrambled control, opportunistic control, tactical control and
strategic control. The basic method of CREAM predictive analysis can obtain the range of
the probability of human error but cannot obtain the exact value. However, its extension
method assigns or adds weights to certain parameters on this basis to obtain accurate
human error values [15,16].
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Table 1. Human reliability analysis (HRA) methods.

Name

Summary

Evaluation

Technique for Human Error Rate Prediction (THERP)

Success Likelihood Index Method (SLIM)

Human Error Assessment and Reduction Technique (HEART)

Human Cogpnitive Reliability (HCR)

A Technique for Human Error Analysis (ATHEANA)

Cognitive Reliability and Error Analysis Method (CREAM)

The purpose of THERP is to calculate the probability of the
successful execution of a task based on a predefined error
probability.

SLIM is a method of recalculation based on the expert’s
evaluation. The method is based on the following
assumptions: the task failure probability is influenced by
factors such as the individual, the environment and the
characteristics of the task; the expert can estimate these failure
probabilities or choose a reasonable given value.

HEART has been widely used to solve human reliability
problems in many organizations and sectors, most notably in
the nuclear industry, where HEART has been well validated
and its accuracy can be judged as “reasonable”.

HCR is a method for calculating the probability of failing to
successfully complete the cognitive functions of observation,
analysis, planning and execution within a specified time
period. The HCR method is based on generalizing the
probability of human-caused errors to obey a three-parameter
Weibull distribution.

Most human-caused error events are considered in the
ATHEANA approach as a product of the interaction of
system-specific conditions and Performance Shaping Factors
(PSFs). It is uniquely positioned to deal with lapse operating
conditions and to find the environmental factors that lead to
lapses.

CREAM is a typical second-generation approach to human
reliability analysis, which considers human reliability to be
dependent on the specific scenario in which the worker is
working, and has an extended approach that allows
quantitative analysis of a specific task.

The main contributions of THERP are the provision of a
database of basic human error probabilities and the creation of
the concept of PSFs. As the research progressed, its
shortcomings gradually emerged, the main problems being the
lack of sensitivity of the PSF and the lack of uniformity in the
application of scenario models and databases.

SLIM can perform a high level of human reliability analysis for
a particular task, but its over-reliance on the acquisition and
analysis of PSFs makes it inconvenient to carry out calculations
when used.

The HEART method can be used to calculate human reliability
by simply looking it up against the manual. This method is
relatively easy to learn from its data and models for in-depth
study because of its simple steps.

The HCR method is only time-dependent, simple and fast to
calculate and its use is not limited to a specific task. However,
its PSFs are less used, resulting in insufficient sensitivity.

The ATHEANA method is mainly applied in the nuclear
industry and its quantification is based on the probability of
forcing environmental scenarios to occur. At the same time, the
difficulty lies in the fact that the determination of the
probability of forcing environmental scenarios in areas other
than the nuclear industry is difficult.

CREAM is currently a more complete HRA method that can be
used for both retrospective and predictive analysis. However,
the predictive analysis yields interval ranges and cannot be
applied to specific numerical calculations. In contrast,
although the extended method can yield specific values, its
application is in a single task.
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There are two extension methods, one of which adds weights to the control model
and then corrects the values of the cognitive functions. The other is to derive a new table
combining the cognitive function score table and the Common Performance Conditions
(CPC) table, and then the weight of cognitive function that corresponds to the CPC factor
corrects the cognitive function value [17]. Both methods split the task into several subtasks
and determine what type of cognitive function failure it is, from which the corresponding
cognitive function failure probability is derived. Then, they correct the values of cognitive
function failure through their own methods to obtain accurate human reliability values. Of
the two methods, the first method is efficient but accuracy will be somewhat lacking; the
second method is more accurate but more time-consuming.

The difference between the two methods is the method of correction for cognitive
functions, and the similarity is that both have to find the specific value of cognitive function
first. In COCOM, the values of the four cognitive function parts are clearly defined in
CREAM. However, to determine a specific value, it needs to be combined with the type of
task. The failure probability of the whole task can be determined by the failure probability
of each subtask.

The abundant PSFs in CREAM make the factors considered in the calculation of
HRA more comprehensive. Its advantage is exactly what the HCR method lacks, but
the HCR method is more suitable for the model environment of the cabin equipment.
According to the discussion of CREAM, the use of common performance conditions is
similar to the theoretical thinking that the PSFs are assigned weights and then calculated
in the traditional HEART method. Using this theoretical idea for reference, the paper will
effectively combine CPCs and HCR methods to obtain a new human reliability analysis
method that is more suitable for the layout of the equipment in the cabin [18]. Based on this
method, the objective function and constraints for solving equipment layout in the cabin
are constructed by combining the basic requirements of cabin layout, so that an equipment
layout with full consideration of human reliability can be derived. The article concludes
with an application example to verify the effectiveness of the proposed method.

2. Methodology—Improvement of HRA Method

To obtain a HRA method suitable for the cabin environment, the existing HRA method
needs to be improved. The improvement of the HRA starts from the correction factor.
The crew in the cabin must follow the work process and record in time when working.
Therefore, the inspection and maintenance operations in the cabin are defined as rule-based.
According to the three-parameter rule in the HCR method, the available values &, 3, y are
shown in Table 2.

Table 2. The number of «, 3 and .

o §] Y
0.601 0.9 0.6

In the HCR method, three correction coefficients (K;, K; and K3) are used to correct
the execution time T3 /. Considering that HCR is to be used jointly with CREAM, K, K3, K3
and the 9 factors in CPCs are collectively referred to as correction factors and are jointly
analyzed as PSFs.

The cognitive model in the cabin environment follows the COCOM model in CREAM.
On the one hand, the reason is that the supporting use of the COCOM model and CREAM
is relatively mature and has good compatibility; on the other hand, the reason is that the
process of maintenance task in the cabin conforms to the setting of the COCOM model.

According to the basic principles and methods of the cabin layout and combined with
the crew’s tasks, [19,20] the cabin environment PSFs were proposed, and corresponding
to the correction factors in HCR and CREAM, the relationship table between CPCs and
PSFs in the cabin environment was obtained. The adequacy of human-machine interface
and operational support and adequacy of training and preparation in the CPCs table of
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CREAM are similar to the meaning of MMI (K3) and operating experience (K;) in HCR.
Additionally, the CPC factors, as a correction coefficient, are used in conjunction with the
HCR method, and the CPC factors do not affect each other. Therefore, after considering
the PSFs of the cabin environment, the CPC factors” influence weight table for cognitive
function is adjusted, as shown in Table 3. The relationship between the correction factors in
the HCR method and the PSFs of the cabin environment is shown in Table 4. The improved
correction factor more comprehensively analyzes the behavior formation factors in the
cabin environment and provides detailed theoretical support for human reliability analysis.

Table 3. CPCs and PSFs for cabin environment.

Serial COCOM Function
Name Level PSFs for Cabin
Number OBS INT PLAN EXE
Very efficient Communication systems, safety 1.0 1.0 0.8 0.8
1 Adequacy of Efficient management systems, mission 1.0 1.0 1.0 1.0
organization Inefficient activity support systems of 1.0 1.0 1.2 1.2
Deficient cabin 1.0 1.0 2.0 2.0
Worki Advantageous Visual accessibility, working 0.8 0.8 1.0 0.8
2 0;, %ng Compatible space ratio, 1.0 1.0 1.0 1.0
conditions Incompatible posture comfort 2.0 2.0 1.0 2.0
Availability of Appropriate Norms and procedures for 0.8 1.0 0.5 0.8
3 proce- Acceptable inspection and maintenance 1.0 1.0 1.0 1.0
dures/plans Inappropriate tasks 2.0 1.0 5.0 2.0
Number of Fewer than capacity . 1.0 1.0 1.0 1.0
. . . Number of equipment
4 simultaneous Matching current capacity repaired and overhauled 1.0 1.0 1.0 1.0
goals More than capacity P 2.0 2.0 5.0 2.0
Adequate 0.5 0.5 0.5 0.5
5 Available time Temporarily inadequate Allowed OYerh*?“l task 1.0 1.0 1.0 1.0
Continuously inadequate execution time 5.0 5.0 5.0 5.0
6 Time of da Daytime (adjusted) The time period for performing 1.0 1.0 1.0 1.0
y Nighttime (unadjusted) maintenance and repair tasks 1.2 1.2 1.2 1.2
Very (.—:-ff1c1ent Cabin crew technical 0 03 0 03
Crew Efficient . 1.0 1.0 1.0 1.0
7 . - complementarity,
collaboration Inefficient efficiency of communication 1.0 1.0 1.0 1.0
Deficient y 2.0 2.0 2.0 5.0

The maintenance task in the cabin can be described as judging whether the equipment
in the cabin is in normal working condition within a certain period of time. The main-
tenance process is usually to observe the instruments of each equipment and check for
abnormal sounds and oil leakage. There is usually a defined maintenance path in the cabin
and both sides of this path cover as much of the equipment in the cabin as possible. When
people perform maintenance on each device along the maintenance path, the reliability of
the human will change according to the time required to complete the entire task and the
environmental impact factors of the cabin.
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Table 4. HCR method correction factors with PSFs of cabin environment.

Correction Factors

Level PSFs Value

e  Experienced and frequently

perform such operations Experience of

] ) e  General experience, occasional maintenance personnel —0.22
Operating experience Ky experience with such operations and frequency of 0.00
e  Inexperienced and less likely to maintenance; 0.44
perform such operations
e  Very serious 0.44
e  Serious Quality of mind when 0' 28
Mental stress K e  General inspecting and 0' 00
e Little repairing tasks 0:28
. g?ry distinction Interactivity of MIMI, —0.22
° istinction i i
service location 0.00
Adequacy of MIMI and K3 e Good accessibility, 0.44
operational support *  Average maintenance tool 0.78
e Poor availability 0.92

Based on the overhaul tasks in the cabin and the above analysis of the improvement
of the correction factor, the formula for calculating the probability of human-caused errors
based on the cabin layout was proposed:

p(t) =e (—a )b 1)

where o, 3, v is the behavior type parameter, t is task-allowed execution time, T /; is task
execution time and C is correction factor.

The values of «, {3 and Y were determined according to Table 2. The value of t varies
according to different types of ship models, and the specific value is determined by the
average time of inspection tasks for ship cabins and similar types of cabins designed by the
research institute. The value of T, was corrected according to Formula (2).

Ty = Ty (1 + K1) (14 K2) (14 K5) )

,normal

Through the above analysis of HCR and CREAM, the modification of the HCR pa-
rameters only needs to modify the execution time (T3 /7), and the correction method is to
consider the influence of human state and surrounding environment on human reliability
and to quantify the influence factor. However, the CPCs are used in CREAM as a correction
to CFD, so it was proposed to logically calculate the weights corresponding to the cabin
environment PSFs in Table 3 to derive the correction coefficient C. C was then used to
make a more comprehensive correction to the cabin environment for the execution time
(T1/7) in the HCR method. The determination of the correction coefficient C is based on the
following two reasons.

(1) Methodology—The correction coefficient processing method in the classic human
reliability calculation HEART method is used for reference.

(2) The cabin environment—The possible cognitive function failures of each device in
the cabin are different, and the evaluation of the PSFs in the method needs to be
conducted according to the environment and task flow of the entire cabin.
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Therefore, we took the maximum value of the four cognitive function products corre-
sponding to each correction factor evaluation level in Table 3 as the correction coefficient C.
The formula for the correction coefficient C is shown below.

7
C= ’ 3
e e o

where j is the serial numbers in the CPCs weights and PSFs table of the engine room
environment, i is the 4 cognitive functions of the COCOM and w;; is weights of factors for
different levels of CPCs.

For the PSFs of cabin environments in different ships, the factor levels that can be
determined in Tables 3 and 4 are different. The specific ship cabin factor level is determined
by the relevant experts or the ship’s cabin crew scoring the factors in the two tables. See
Appendix A.

3. Optimizing Engine Room Layout
3.1. Optimization Model of Equipment Layout in Engine Room

In addition to the equipment in the cabin, there are numerous pipelines, which are
simplified and assumed as follows in order to better solve the problem of equipment layout
optimization.

(1) The main consideration in the study is the equipment that has a large impact on the
layout of the cabin, without considering pipes, lines, wall hangings, etc.

(2) Simplify complex shaped devices or modular devices into appropriate enveloping
cubes.

(3)  The three-dimensional equipment in the cabin is reduced to a two-dimensional layout
problem in the deck plane by the projection method.

(4) The basic equipment such as the diesel engine and gearbox in the cabin is assumed to
be fixed equipment.

(5) The parameters of the questionnaire are needed in the HRA to be calculated as known
data.

Then, we defined the layout space S in the cabin.
S={(xy)lx € [0,D],y € [~H/2,H/2]} @

where D is the length of the cabin in the x-axis direction and H is the length of the cabin in
the y-axis direction.

The equipment in the cabin is all simplified as a cuboid, and the sides of the cuboid
are parallel to the x-axis and y-axis, respectively. When analyzing the layout of the device,
the simplified rectangular parallelepiped of the device can only be translated or rotated by
90°. The shape of the device can be defined as follows.

Ly =eia;+ (1 —¢)b; .
e ] 5
{ Lyi = (1—¢)a; + &b ! ©)

where g; is the length of equipment, b; is the width of the device, n is number of equipment,
L,; is the length of the device in the x-axis direction, L,; is the length of the device in the
y-axis direction, ¢; is the coefficient for determining the direction, the value is 0 or 1 and I,
is a collection of the number of devices.

The device (A;) in the value range S can be expressed as:

Aj = {(x,y)

v=ntby =yt -2 2 pe -2 2] @

where (x;,y;) is centroid coordinates of device i.
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According to the above description, the schematic diagram of the cabin space and
equipment is shown in Figure 2.

Ya
H/2
L
) L,
0 L D >
X; 8 X
(Xj’ }{,) L

ol

Figure 2. Diagram of cabin equipment.

Among them, the value of Ly;, L,; is not the simple envelope value of the equipment,
but also considers the value of the maintenance space. MSC.158 (78) in SOLAS stipulates
that the ship inspection and repair channel should be greater than 600 mm. In order to
meet the principal provisions as well as the working space required by the human, on the
basis of the actual size of the equipment, it is necessary to increase the length and width of
simplified devices by 390 mm, which is the standard mannequin P90 half-hand function
extension size after rounding. In addition, the entrance and exit are special equipment.
The doorway must be able to pass normally, and there must be enough space for the
maintenance of surrounding equipment. Therefore, the door was defined as a special
fixed device with a length and width of 780 mm, as shown in the lower-left corner of the
schematic diagram.

1. Objective Functions
(1) Human Reliability

The human error rate has a vital impact on the smooth operation of the cabin. There-
fore, the human error rate function fi(x,y) was considered one of the objective functions
to reflect human reliability. The smaller the value, the better.

t

-

|

C><l
2

filxy) =e (T )%k )

where C is as described in Formula (3); the correction method of T; is as described in (2),

2
Ty ,ormar 18 the basic inspection time of the cabin crew, which can be defined according to

27

the inspection path.

+n Xty (8)

%,normal -

S(x,y)

where ty is the average inspection time per device and v is the average walking speed of
the inspectors.

S(x,y) is the shortest distance for maintenance personnel from the entrance to the
inspection of each piece of equipment and back to the entrance; the value S(x, y) is obtained
by path planning, and the specific solution will be described in detail in the optimization
algorithm design subsection.
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(2) Cabin balance

The equipment in the cabin is heavy and large in quantity. Therefore, the torque
caused by the weight of the equipment on the ship should be fully considered in the layout.
The torque formula is shown in Formula (9).

fa(x,y) = zlmi XYil X g )

i=1
where m is the mass of the equipment and g is the gravitational acceleration.
(3) Relevance of the equipment

The relevance of the equipment f3(x, y) refers to the degree of connection between the
devices. The closer the connection degree, the closer the device should be placed. We then
defined matrix D as the distance matrix between devices, and its expression is shown in
Equation (10).

dll d12 e dln
pofa]—| S (10)
dn—l,l dn—l,Z e dn—l,n
dnl dn2 e dnn

The D is the symmetric matrix, i.e., D = DT. dij = 0when i =j, where dij is the distance
between devices i and j, which can be expressed by Equation (11).

dij = |x; — xj| + |yi — ;] (11)

Another important parameter of equipment relevance is the degree of linkage between
the equipment. A matrix of equipment relevance coefficients was defined, which can be
represented by the matrix R.

1 12 s "n
'n—11 ¥n=12 - Tu-1n
"n1 n2 T Yun

where 7;; is the correlation coefficient of the devices i and j, and r;; = rj;; wheni=j, d;; =1,
since r;; = r;; will lead to the duplication of the definition of the degree of connection in
the calculation process. Equation (12) is transformed into the upper triangular matrix as
shown in Equation (13).

1 rp T1n
0 1 7

R=[rj] = . " (13)
. . Th—1n

where the values of r;; range from [~1, 0) U (0, 1], and the stronger the correlation, the
larger the value should be.

In summary, the correlation of the device f3(x,y) can be calculated and solved by the
matrix D and R, as shown in Equation (14), and it can be seen from the question asked that
the value of device correlation is as small as possible.

f(x,y) = tr(D-R) (14)
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2. Restrictions

In addition to satisfying the above-mentioned objective function, the final layout plan
of the cabin equipment is also subject to some constraints.

(1) No interference between equipment

Non-interference between the equipment ensures the location between the equipment
and leaves enough space for maintenance. The constraints expressed in terms of equipment
Aj and A, are as follows.

Gi(x,y) = {AiNA =0o|Vijel,i#]} (15)

(2) The equipment needs to be arranged within the allowable range of the cabin

The equipment should all be arranged within an acceptable cabin range, and no
interference with the engine room wall is allowed. The specific restrictions are as follows.

Ga(x,y) = {A € SVie I, } (16)

(3) The equipment’s own function limitation

Certain equipment in the cabin can only be positioned in a certain area according
to functional restrictions. For example, the main engine of a single-engine ship is only
allowed to be positioned on the central axis, etc.

Ga(x,y) = {g()|vie (L,n)} (17)

where g(7) is considering the constraints of equipment functional requirements and knowl-
edge of the cabin layout.

According to the rules of cabin compartment equipment layout, design experience
and the human reliability requirements proposed in this paper, the objective function and
constraints are determined and the mathematical model of the layout optimization design
of the cabin is established as follows.

V —minF(x,y) = [fi(x,y), f2(x,y), f3(x, )] (18)
s.t.{ i((i% ig;z iiz eg. (15), (16), (17) (19)

3.2. Optimal Solution of Engine Room Equipment Layout Based on Genetic Algorithm
3.2.1. Solution to Optimization Model of Engine Room Equipment Layout

In genetic algorithms (GA), the fitness function is a more important indicator; that
is, the fitness function is used to evaluate the merit of the calculation results. The fitness
function of the basic GA is usually a simple transformation of the objective function, and it
is known from the mathematical modeling part that the cabin equipment layout problem
is a multi-objective optimization problem [21,22]. This paper uses the weight coefficient
transformation method to determine the Pareto solution, which is calculated as shown in
Equation (20).

u=Yy wi-fi(x,y) (20)
i1

where f;(x,y) is the sub-objective function and w; is the weight of the i-th sub-goal.

The three objectives of the cabin equipment layout problem are f; (x,y) human factor
reliability, f(x,y) cabin balance and f3(x,y) equipment relevance. According to Equa-
tion (20), the first thing to determine is the weights of their three, and the weights can be
determined by the analytic hierarchy process (AHC) [23]. The three elements discussed in
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this paper, f1(x,y) f2(x,y) and f3(x,y), are constructed by selecting the scale values from
the rules in the AHC and constructing the judgment matrix A.

. fl(?lc,y) fz(?zc,y) f3(§,y)

X,y

A= fi(x,y) 3 1 2 b
f3(x,y) 3 3 1

From A, we can get its eigenvalue A = 3.0092 and the eigenvector « = ( 0.8468 0.4660
0.2565)T.

To judge whether the structure of matrix A is reasonable, it is necessary to judge
whether A can pass the consistency test. The consistency test must first determine the
consistency index, and the formula for calculating the consistency index is shown below.

A—n

I:
¢ n—1

(22)

The magnitude of the consistency index is measured by the consistency ratio, which is
shown in Equation (23).

cr_Cl_ _A-n__30092-3
" RI (n—1)-RI  2x058

= 0.0079 (23)

where RI is the random consistency index; the value was selected from Table 5.

Table 5. Random consistency index (RI).

N 1 2 3 4 5 6 7 8 9 10 11
RI 0 0 0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49 1.51

It is generally believed that when CR < 0.1, the structure of the judgment matrix is
reasonable, and its eigenvectors can be used as element weights after normalization. The
element weights (W) are as follows.

W= (0539 02969 0.1634 )

The weights of the three objectives of the cabin equipment layout problem, fi(x,y)
human factor reliability, f>(x,y) cabin balance and f3(x, y) equipment relevance, are 0.5396,
0.2969 and 0.1634, respectively.

Then, the multi-objective optimization problem was transformed into an objective
function, according to Equation (20) as in Equation (24).

F(x,y) = 0.5396f1(x,y) +0.2969f>(x,y) + 0.1634f3(x, ) (24)

The evaluation function in the GA can be obtained according to the objective function
and the relationship between the objective function and the evaluation function, as shown
in Equation (25).

Fit(F =———¢>0 F >0 25
() =1 gy © 2 0 +HFow) 2 @)
In the formula, f1(x,y) f2(x,y) and f3(x,y) are as shown in Formulas (7), (9) and (14);
the constraint conditions are as shown in Formulas (15)—(17).
In genetic algorithms, both the fitness function and the determination of control

parameters are important components. The control parameters include the binary code
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length, crossover probability (P.) and variation probability (Py,), etc. The binary code length
(k) is limited by Equation (26).

2k < (U —Up) x 104 <2k —1 (26)

where Uy, U, is the value of variable interval [U7, U] and d is the required accuracy.

The P, controls how often the crossover operation is used. Too high a P. will lead to
the destruction of goodness in the population, and too small a probability will lead to an
insufficiently comprehensive search so that the results fall into a local optimum and its
value will generally fit within the recommended value. The effect of P, on the population
is essentially similar to that of P, but P, contributes mainly to preventing the generation of
local optimal solutions. Py, is also too large or too small and cannot produce more desirable
results; usually, its value will generally be in line with the recommended range of values.

In addition, there are selection operators in the algorithm, and the roulette wheel
selection method is one of the more commonly used methods of selection operators and
can meet the needs of the problem. The population size (N) in the control parameter is
similar to the nature of Py, and the value taken will generally be within the recommended
range. A population size that is too small will easily produce a local optimal solution; the
opposite will lead to a larger computational effort and lower efficiency.

3.2.2. Solving Cabin Environment Path Planning Based on Visibility Graph

The problem is that f1(x,y) is a non-deterministic polynomial (NP) in a mathematical
model. It is necessary to construct an environmental model and use an intelligent algorithm
to find the optimal path to determine fi(x,y). In addition, path planning is also an
important reference basis for determining the maintenance access in the optimized layout.

The simplified device model in this paper is a quadrilateral, and the device was
considered an obstacle. Therefore, the more suitable visibility graph algorithm was chosen
as the method to construct the environment model. The modeling environment expressed
by the visibility graph algorithm is two-dimensional, connecting the starting point S, the
vertices of the obstacle and the target point G, and ensuring that all connecting lines do not
cross the obstacle. The diagram composed of all elements is called viewable [24,25].

The maintenance and overhaul path in the cabin requires entering from the entrance
and exit of the cabin and finally back to the entrance and exit, and the path needs to pass
through every device. However, the viewable lines of the optimal path in the viewable
view do not necessarily intersect with every device, so the cabin devices are redefined here
as in Figure 3, where all parameters are used only when solving for the optimal path.

TR a0 Lx; (xR, y RV
(xi, yi) ly,
2,y (2, ¥fP)
lx' RU RU
G, 1) - G
(xerj) Ly;
P,y 2,y

Figure 3. Schematic diagram of equipment coordinate parameters.
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Where (x;,y;) (x;,y;) is the center coordinates of devices i and j; I;l,; and I;l,; are the

x-axis direction length and y-axis direction width of the device envelope; and ( Lu, yE)

(xRU, yRU) (xEP, yED) and (xRP,yRP) are the upper-left, upper-right, lower-left and lower-
right coordmates of device i, respectlvely, which are related to the center coordinates (x;, y;),

as shown in Equations (27)—-(30).

(B, 1) = (o= ) @)
(R = (gt %) (28)
(GE2, 00 = (5= = ) *)
(xF2,450) = (= 5y~ ) G0

The coordinates of the upper-left corner, upper-right corner, lower-left corner and
lower-right corner of device j are the same as those of device i. Then, the shortest path of
the two devices can be obtained by comparing the length of the viewable line/The shortest
path is the one with the smallest total length S;;. The shortest path S;; from device i to j in
the schematic diagram can be expressed by Equation (31).

2 2
Sij = \/ (P = )7+ (P =it (31)

The path planning requirements in the cabin must pass through each device. Accord-
ing to the nature of the problem to be solved, it can be judged as a Travel Merchant Problem
(TSP). TSP means that the coordinates of each city are known and the traveler is required to
visit each city once and eventually return to the city of departure. The overview diagram
for solving the shortest path in this process is shown in Figure 4, and the results need to be
found with the help of programming [26,27].

Figure 4. Schematic of TSP.

The problem to be solved is different from the traditional TSP. In cabin path planning,
the environment is modeled using the visual graph method, and each device will have
four vertex coordinates. There will be 4 X n + 1 coordinate points in the cabin layout plan,
where 1 is the number of devices and 1 is the departure point. Any two equipment barriers
with visible lines are considered separately as sub-views, and the path of the entire cabin is
planned as a collection of all subsets.

The nature of the cabin equipment layout optimization problem shows that only
one of the four vertex coordinates of each device can be used. When using the intelligent
algorithm to search the path, in addition to the coordinates used, the other three coordinates
on the one device are not in the range of subsequent path search vertices. It follows that the
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coordinates of device i in the path S;; between devices i and j can be considered as known
and obtain the expression for the path S;;.

A_{ﬁ

2 2
S}Sj:\/(xi—x}() —I—(yi—y}() }/k—l,Z,m,Vn -
Sij=Z2,2¢cA

where k is the C Standard of the viewable point among the four vertices on the device j
and the values 1, 2,- - -, Vn correspond to the visible parts of the above-defined LU, LD, RU
and RD. Vn is the number of visible points of the visible line on the device .

According to the above discussion, the cabin path planning problem can be categorized
as a special TSP problem. In this paper, GA was used in the layout optimization model
design stage, and GA has certain advantages in solving the TSP problem; therefore, it was
also chosen as the solution algorithm in this path planning problem.

The ultimate goal of the cabin environment path planning problem is to find a path
where the distance of the path is the shortest, that is, to find S(x,y) in the mathematical
model of cabin layout optimization. According to the analysis in the environmental
modeling process, solving the TSP problem is key, and the mathematical model is now
established according to the TSP problem-solving ideas.

The viewable view G = (V, E), V is the vertex set, E is the edge set and the distance Sl-j
of each vertex. Assuming that

1 iand jbelong to the loop path
%ij = { 0 Others 33
We derived the shortest path objective function.
n n
H(x,y) = min(}) ) Si;- ;) (34)
i=1j=1
n
0jj = 1 ieV
j=1
L .
s.t. igl Oij =1 J €V (35)
Y Yo <|W-1 VWCV,2[W <n-1
iEW jEW
0jj € {0,1}

where 7 is the number of viewable coordinate vertices in the set.
According to the relationship between the evaluation function and the objective
function, the evaluation function can be obtained as shown in Equation (36).

. 1
Flt(H(x,y)) = m,c > O,C+H(x,y) > 0 (36)

4. Results and Discussion
4.1. Application

The main engine compartment of this vessel is divided into the diesel cabin and
the auxiliary machine cabin. The diesel cabin has less equipment, except for the propul-
sion diesel engine and generator, so the layout optimization is not very representative.
Therefore, this paper selected the auxiliary machine cabin with more equipment for lay-
out optimization analysis and verification. The length of the auxiliary machine cabin is
7000 mm and the width is 8400 mm, where the name, size and weight of the equipment are
shown in Table 6, where the double weight is arranged for two identical devices together.
Their relative positions are determined according to the original layout, and the length and
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width in the table are also the overall length and width of the two devices. Eventually, we
considered the two devices as one device.

Table 6. Parameters of equipment name, size and weight in the cabin.

Serial Number

Name Length (mm) Width (mm) Weight (kg) X Coordinate Y Coordinate

1 Drinking water treatment plant 600 600 187 2034 6532

Freshwater chamber

2 . ) . 750 650 340 3204 6380
disinfection device

3 Washing water supply device 1900 900 200 x 2 5131 6250

4 Hot water cabinet 1180 820 400 7171 6290

5 Condenser water collection 1240 740 660 7629 1428
device

6 Desalination equipment 1430 1900 1550 x 2 7359 3796

7 Water disinfection device 750 400 250 6011 560

Seawater cooling pump for
8 diesel 900 400 180 x 2 4881 1500
generator sets

9 Seawater cooling pump for 1108 458 180 x 2 3056 700
chillers

10 Seawater cooling pump for 700 350 180 x 2 1017 1450

Refrigeration device
1 Seawater cooling pump for 400 400 280 1231 2500
propulsion equipment
12 Fuel barge pump 376 376 330 2781 1900
13 Seawater cooling pump for 1100 400 165 x 2 1681 3500
propulsion motor inverter
14 Seawater cooling pump for 400 350 180 1630 4000
atmospheric condenser

15 Freshwater transfer pumps 400 400 280 641 4300

16 Air conditioning function 1830 1100 2000 3331 3830
module

17 Chiller 2450 1400 1600 5131 3525

18 High-pressure air compressor 700 700 560 836 5303

19 Whistle air bottle module 1000 475 300 991 6587

For the convenience of the person being tested, the range of correlation coefficients for
each device is [—1,0) U (0, 1]. In order to facilitate the evaluation of correlations for each
device, the range of values was linearly transformed according to Equation (37), and the
range became [0, 0.5) U (0.5, 1].

y=2x-1 (37)

Based on the contact information between the equipment, the determination of the
correlation coefficient was made as specified in Table 7.

Table 7. Quantitative table of equipment relevance.

Relevance Value
The two devices are not in a system, and the two systems are not 0
obviously connected.

The two devices are not in a system, but the system where the two 02
devices are located has some connection. '

Both devices are part of the same system, but there is no obvious 0.4
connection. )

Both devices are part of the same system and are indirectly connected. 0.6

Both devices are part of the same system and have a direct connection. 0.8
The connection between the device and itself. 1

Following this provision, the correlation coefficient matrix structure of the equipment
in the cabin is shown in Table 8. In the example, the required overhaul time ¢ = 300 s and
the average time t, = 7 s for inspecting a device in special cases are taken. Then, 20 people,
including wheelwrights and experts and scholars on board the ship, were asked to rate
the parameters of Tables 3 and 4, and the questionnaire was used in Appendix A. The
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selections were summarized after the questionnaire was completed, and the results are
shown in Tables 9 and 10.

Table 8. Correlation coefficient matrix.

NO.1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
1 1 08 06 08 0 08 08 0 0 O O O O O 04 0 02 0 O
2 051 08 06 0 08 08 0 0 O O O O O 08 0 02 0 O
3 0505 1 06 04 08 06 0 0 O O O O O 06 O 02 0 O
4 05 05 05 1 06 06 06 0 0O O O O O O 06 O 04 0 O
5 05 0505051 0208 0 0 0O O O O O O 0 04 0 O
6 05 05 05 05051 040 0 O O O O O 08 0 08 0 0
7 05 05 05 0505051 0 0 O O O O O 08 0 08 0 O
8 05 05 05 05 050505 1 0 O 04 06 04 0O 0 O 08 0 O
9 05 05 05 05 05 0505051 0o O O O O O O 08 0 O
0 05 05 05 05 05 05 05 05 05 1 0O O O O O 08 08 0 O
1 05 05 05 05 05 05 05 05 05 05 1 04 04 0 O O 08 0 O
12 05 05 05 05 05 05 05 05 05 05 05 1 04 0 0 O O O O
13 05 05 05 05 05 05 05 05 05 05 05 05 1 O O O 08 O O
14 05 05 05 05 05 05 05 05 05 05 05 05 05 1 O 08 08 0 O
15 05 05 05 05 05 05 05 05 05 05 05 05 05 05 1 0 0 O O
16 05 05 05 05 05 05 05 05 05 05 05 05 05 05 05 1 08 0 0
17 05 05 05 05 05 05 05 05 05 05 05 05 05 05 05 05 1 0 O
18 05 05 05 05 05 05 05 05 05 05 05 05 05 05 05 05 05 1 08
19 05 05 05 05 05 05 05 05 05 05 05 05 05 05 05 05 05 05 1
Table 9. Questionnaire summary of CPCs factor weights.
Serial COCOM Function
Name Level Scores
Number OBS INT PLAN EXE
1 Adequacy of organization Efficient 72 1.0 1.0 1.0 1.0
2 Working conditions Compatible 5.9 1.0 1.0 1.0 1.0
3 Availability of procedures/plans Appropriate 9.1 0.8 1.0 0.5 0.8
4 Number of simultaneous goals Matching current capacity 5.8 1.0 1.0 1.0 1.0
5 Available time Temporarily inadequate 6.2 1.0 1.0 1.0 1.0
6 Time of day Daytime 6.1 1.0 1.0 1.0 1.0
7 Crew collaboration Very efficient 8.5 0.5 0.5 0.5 0.5
Table 10. Questionnaire summary of HCR correction factor.
Correction Factors Level Scores Values
Operating experience Ky Experienced and frquently 8.0 —0.22
perform such operations
Mental stress Ky General 42 0.00
Adequacy of MIMI and Ks Good 53 0.44

operational support

According to the nature of the work of the equipment, the equipment can be char-
acterized as no special location requirements, but the door is a special fixed equipment.
Therefore, the data to be input are as follows: (a) The number of required position equip-
ment (17) and the number of other equipment (11;) are n; = 1 and np = 19 respectively. (b)
The required inspection time t = 300 s. The cabin width D = 8400 mm. The cabin length
L = 7000 mm. The average time to inspect a device t;=7s.

To facilitate the calculation of the data, the grouped data were processed in an entry
format. The parameters for grouping included: the coordinates, length and width and
weight of all equipment, correlation coefficient matrix, weights of CPCs and the number of
correction factors.

After the above analysis, the basic parameters of the ship required to solve the sim-
ulation platform were obtained, and these parameters were entered into the platform
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developed by applying the GA to obtain the layout optimization results as shown in

Figure 5.
o - 0O X
7000 = Equipment
5600 = =
- 1
4200 =
2800 . =
1400 =
0
0 1680 3360 5040 6720 8400
Last step Layout Coordinates End

Figure 5. Optimized layout.

The position of each device was determined, and the actual assembly visualization
model was obtained according to the optimized before and after coordinate position
assembly 3D model, as shown in Figure 6.

11 [

3D model before optimization

i)
=

==
Optimized 3D model

Figure 6. 3D model before and after layout optimization.

4.2. Analysis of Results

From the three-dimensional model of layout optimization before and after, it is obvious
that the optimization of the passage and maintenance space was improved. Thus, the
human comfort, vision range, ease of use of tools and psychological pressure will be
improved, which affect human reliability. In the experiment, 20 people who are either
experts, scholars or experienced workers evaluated the environment of the cabin after the
layout optimization and the scoring table used in Appendix A. The scores of each factor in
the table can determine a part of the parameters in the Formula (7). The optimized layout
got the average score, as shown in Tables 11 and 12.
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Table 11. Questionnaire summary of CPCs factors weights after layout optimization.

i COCOM Function
Serial
Name Level Scores
Number OBS INT PLAN EXE
1 Adequacy of organization Efficient 7.4 1.0 1.0 1.0 1.0
2 Working conditions Advantageous 9.2 0.8 0.8 1.0 0.8
Availability of .
3 procedures /plans Appropriate 8.9 0.8 1.0 0.5 0.8
4 Number of simultaneous goals Matching Furrent 6.2 1.0 1.0 1.0 1.0
capacity
5 Available time Temporarily inadequate 6.3 1.0 1.0 1.0 1.0
6 Time of day Day-time 5.7 1.0 1.0 1.0 1.0
7 Crew collaboration Very efficient 8.8 0.5 0.5 0.5 0.5

Table 12. Questionnaire summary of HCR correction factor after layout optimization.

Correction Factors Level Scores Value
Operating experience Ky Experienced and frquently 8.3 —0.22
perform such operations
Mental stress Ky Little 2.3 0.28
Adequacy of MIMI and K; Distinction 7.8 0.00

operational support

According to the values in Table 11 and Equation (3), we can obtain C, = 0.4 (human
reliability correction coefficient after layout optimization); the human reliability correction
coefficient before layout optimization can be calculated according to the data in Table 9 to
obtain C, = 0.5.

Another important parameter in the process of calculation, in addition to the correction
coefficient, is Ty /5, which the data in Table 12 and the time of complete task can determine;
however, the time needs to be determined with the help of a simulation. According to
the actual maintenance process in the cabin, we know that the main point of the check is
whether some equipment parameters are within a certain range, including temperature,
pressure, power, voltage, current and frequency, etc. In addition, it is also important to
check whether there are any running and leaking phenomena and abnormal sounds and
smells in the cabin. According to the above discussion, we know that the main tasks of the
simulation of the cabin crew inspection process are divided into the following two kinds.

a.  For non-pump equipment, the crew should go to the equipment to observe and
record the meter values and check for oil leaks or abnormal noises;

b.  For the pump body equipment, the crew should go to the pump to observe if any oil
leakage occurs and to check if the pump is running properly.

The main check paths before and after the layout optimization should be determined
first. The main passage path in the layout before optimization is provided by the crew in the
cabin of the ship, and the main passage path in the layout after optimization is determined
by cabin environment path planning. However, what is obtained from path planning is the
optimal solution of theory. Some of the paths may be omitted by human turns and other
movements in practice. Therefore, the path after layout optimization should be further
determined by experts who refer to the results of the path optimization algorithm.

To ensure the comparability of the experimental data during the simulation, the
parameters of the time to complete the task in both the pre-optimized and post-optimized
layouts were obtained from the simulation, and the flow of the task was the same. In
the simulation process, for the task of observing the instrumentation, the time was set to
5s. For the task of checking whether there was oil leakage, abnormal sound and normal
operation of the pump, the time was set to 3 s.
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The optimal path in the optimized layout can be obtained by the path planning
algorithm, and the results are shown in Figure 7. Based on the path planning results, the
main paths in the actual cabin environment can be further determined by experts. The main
paths and equipment inspection points are shown in the simulation Figure 8a, where the
red markers are places where certain tasks need to be performed, and they are determined
according to the actual requirements.

7000 T T T T T T T T
6000 \:L EI/.,-/" \ i
< A
5000 i —— i
™ A
N, I .\
4000 ~ i
‘\
3000 - 1
|
I
2000 i
| N
\\ .'.II
1000 m _‘:’ 1
0 . . . . . . . .

Figure 7. Path planning results.

(a) Optimized (b) Before optimization

Figure 8. Schematic diagram of the main paths and task execution points.
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In the layout before optimization, the settings of the parameters are the same as those
in the layout after optimization, and the device needs to execute the task at the same place
as the optimized layout. However, the main path was determined by the actual situation.
The main path and task execution points are shown in Figure 8b.

The simulation results before and after the layout optimization are shown in Figure 9.
The result before optimization is ¢,=180.08 s; The result after optimization is 1£,=168.084 s.

[+][168.0845

(a) Before optimization (b) Optimized

Figure 9. Simulation results.

According to the simulation results and the human reliability correction coefficient

(C), the human error probability can be obtained from Equation (7). The human error

probabilities before and after layout optimization are HEP, and HEP,, and their values are
as follows.

{ HEP, = 0.0289067 (38)

HEP, = 0.0030453

From the results, it can be seen that the error rate of cabin crew working in the layout
before optimization can reach 2.89067%, while the error rate after layout is only 0.30453%
and the error rate after layout optimization has significantly decreased. In addition, the
unbalance moment generated by the weight of the equipment itself is also an important
parameter in the layout of the cabin. According to the weight and coordinates of the
equipment before and after the layout optimization., the value of unbalance moment before
layout optimization (M) was 62601.48 and the value of unbalance moment after layout
optimization (M,) was 39,155.24 from the moment calculation Formula (39).

M=G-L (39)

where G is the weight of the equipment and L is the arm of force the device from the
midline.

The unbalanced moment of the optimized layout was significantly reduced, thus the
ship’s capsize resistance will be relatively better. Through the discussion of the maintenance
space and human reliability, etc., each index of the cabin after layout optimization was
improved and the overall layout was more reasonable.
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5. Conclusions

This paper takes the ship cabin layout optimization problem as the research object.
Two HRA methods were analyzed, and a new HRA method was derived by combining
the characteristics of a cabin environment. The new analysis method not only has the
advantages of two HRA methods, HCR and CREAM, but also analyzes the PSFs in the
cabin environment in more detail than the existing methods.

A mathematical model of ship cabin layout optimization considering constraints such
as equipment correlation, cabin balance, location constraints between the equipment and
its own function was proposed, and the model was solved by GA. Finally, the proposed
method was applied to the actual ship cabin as an example, and the before and after results
of cabin equipment layout optimization were analyzed using equipment layout evaluation
software to verify the feasibility of the proposed method. This method can be used to
obtain a better layout during the arrangement of equipment in the cabin.

However, there are some limitations to this paper. First, the environmental conditions
of the cabin were limited while meeting the assumptions. For example, the equipment
could be projected as two-dimensional without violating the actual function of the equip-
ment; the number of wall hangings was not very large, and the impact on the whole
cabin environment was within a manageable range, etc. Secondly, the group of people
completing the score were either experts in theoretical design or experienced workers, who
are very familiar with the cabin environment. Finally, the proposed method requires more
parameters to be prepared before use. Subsequent research can develop an expert system
based on this to achieve a more convenient layout optimization design of the equipment.
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Appendix A

Table Al. The Evaluation of Cabin Environmental PSFs.

Name

Level

Score
(1-10)

Description

Adequacy of organization

Very efficient
(7.5,10]
Efficient

(5,7.5]
Inefficient
(2.5, 5]
Deficient
(0,2.5]

The quality of resources in the cabin that provide assurance for
maintenance tasks, including communication systems, safety
management systems, and mission activity support systems.

Working conditions

Advantageous
(6.5,10]
Compatible
(3, 6.5]
Incompatible
(0,3]

The environment in which the cabin works, such as visual
accessibility, size of operating space, posture comfort, etc.

Adequacy of MIMI and operational support
(Ka)

Very distinction
(8,10]
Distinction
(6, 8]
Good
(4, 6]
Average
(2,4]

Poor
(0,2]

What is the quality of the human-machine interface of the
equipment in the cabin, as well as the accessibility of the
maintenance location and tool availability of the equipment
during maintenance work.

Availability of procedures/plans

Appropriate
(6.5,10]
Acceptable
(3, 6.5]
Inappropriate
(0, 3]

The protocols to be followed for cabin equipment maintenance
tasks, including routine and emergency situations.
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Table A1. Cont.

Name

Level

Score
(1-10)

Description

Number of simultaneous goals

Fewer than capacity
(6.5,10]
Matching current capacity
(3, 6.5]

More than capacity
©,3]

The number of tasks or equipment to be serviced to which the
maintenance operator must pay attention.

Available time

Adequate
(6.5,10]
Temporarily inadequate
(3, 6.5]
Continuously inadequate
(0,3]

The time required for repair and overhaul when the ship is
underway:.

Time of day

Day-time
(5,10]
Night-time
(0, 5]

The time at which the task was performed, and in particular,
whether the personnel was adjusted to the current time.

Operating experience
Ky)

Sufficient and experienced
(6.5, 10]

Sufficient and little experienced

(3, 6.5]
Not sufficient
(0,3]

Whether the maintenance personnel is experienced and whether
they perform maintenance work frequently.
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Table A1. Cont.

Name

Level

Score
(1-10)

Description

Crew collaboration

Very efficient
(7.5,10]
Efficient

(5,7.5]
Inefficient
(2.5, 5]
Deficient
(0,2.5]

Quality of cooperation of maintenance personnel, including
personnel technical cooperation, level of trust and mutual
relations.

Mental stress
(K2)

Very serious
(7.5,10]
Serious
(5,7.5]
General
(2.5, 5]
Little
(0,2.5]

Stressful situations in the mind when performing maintenance
tasks.

Note: Simply mark the score at the point.
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